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Abstract
We investigated spatiotemporal distributions of dissolved inorganic nutrients and organic carbon (DOC) and
nitrogen (DON) in coastal waters and land-based fish farm wastewater to determine effects of wastewater on
seawater of Jeju Island, Korea. The nutrient concentrations in seawater were lower than in wastewater with
negative correlations against salinity, indicating a terrestrial source. Wastewater-derived DOC and DON were
transported offshore while wastewater-derived inorganic nutrients were effectively removed, likely via biological
production, and this was closely linked to decline in N:P ratios. The correlations between DOC, DON, and colored
dissolved organic matter suggest that organic matters likely originate from the fish farm wastewater. Quanti
tatively, the estimated wastewater-derived DOC flux was equivalent to that through submarine groundwater,
which is a significant water source on the island. Our results will be able to trace contaminant sources and
support assessments of seawater quality for appropriate regulation of fish farm wastewater discharge into coastal
zones.

Coastal ecosystems are strongly affected by water inputs from both
natural and anthropogenic sources including rivers, fresh/saline
groundwater, and wastewater from livestock farming, agriculture, and
industrial facilities. Among a range of anthropogenic sources, aquacul
ture using marine cages or coastal ponds can lead to nutrient enrichment
(e.g., nitrogen and phosphorus), eutrophication, harmful algal blooms,
and fish mortality events (Azanza and Benico, 2013; Azanza et al., 2005;
Holmer et al., 2003). Similarly, land-based fish farms can affect coastal
environments by discharging wastewater containing nutrients excreted
by the fish and unconsumed feed (Kim et al., 2009a; Koh et al., 2013;
White et al., 2011). For example, White et al. (2011) reported that
nutrient enrichments by land-based aquaculture facilities can affect
morphology and growth of Ascophyllum nodosum, a brown and fucoid
macroalga, in the coastal zone of Canada. Furthermore, organic matter
derived from fish-farm wastewater has been found to accumulate in the
bottom of coastal zones, having an adverse impact on coastal water
quality and biological habitats (Herbeck et al., 2013; Takeuchi, 1999).

In the last few decades, the number of land-based fish farms on Jeju
Island, Korea, has increased following its development in 1986; along
the coast of the island, there were 259 farms in 2011 and 289 in 2015
(Kim and Kim, 2017b; Kim et al., 2003; Koh et al., 2013), which con
stitutes >50% of total land-based fish farms in Korea (KOSIS, 2016).
Because temperature of saline groundwater, which is fresh groundwa
ter–seawater mixed groundwater in coastal zones, is constant (approx
imately 17 ◦ C) all year round, the saline groundwater of the island is
used for fish farms after being mixed with seawater (Kim et al., 2003).
Because the wastewater from fish farms contains high nutrient con
centrations and is discharged off the coast of the island, however, it acts
as a potential local source of biological and chemical pollutants (Kim
et al., 2009b).
With increasing land-based fish farms industry in Jeju Island, con
structions of fish farms and discharging wastewater from fish farms
could induce environmental problems, including organic matter
enrichment of coastal waters, declines in seaweed communities and
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Fig. 1. A map for sampling stations of seawater (S1–S11, red circles) and locations of land–based fish farm wastewater (E1–E7, blue squares) in coastal zone of Jeju
Island, Korea, from March and November 2017. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Box plots showing statistical analysis results for the concentrations of (a) salinity, (b) DOC, and (c) DON in the seawater and (d) salinity, (e) DOC, and (f) DON
in the fish farm wastewater between March and November 2017. Median and average values are represented by a solid line and a red line, respectively. The edges of
the boxes are the 25%and 75% quartiles and the bars indicate the 10% and 90% data spread. Outliers are indicated by solid circles. Note different Y-axis scales.
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Fig. 3. Scatter plots for salinity against (a) DIN, (b) DIP, (c) DSi, and (d) N:P ratio respectively. Red, blue, and black colors represent Group I, II, and III, respectively
(see main text). Open and closed circles denote the wastewater (WW) and seawater (SS), respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Table 1
Pearson's correlation coefficients (R) between nutrients and salinity in seawater.
Group I
Sal.

Group II

Group III

DIN

DIP

DSi

DIN

DIP

DSi

DIN

DIP

DSi

0.66

0.39

0.66

0.51

0.40

0.51

0.84

0.52

0.84

Values in the highlighted bold indicate a significant relationship between two parameters with a significant level at 0.001 (p < 0.001).
Table 2
Pearson's correlation coefficients (R) between nutrients and salinity in wastewater.
Group I
Sal.

Group II

Group III

DIN

DIP

DSi

DIN

DIP

DSi

DIN

DIP

DSi

0.85

0.05

0.73

0.85

0.02

0.54

0.90

0.30

0.24

Values in the highlighted bold indicate a significant relationship between two parameters with a significant level at 0.001 (p < 0.001).

coral reefs due to coral bleaching (Kim and Kim, 2017b). Koh et al.
(2013) reported that the coastal water of Jeju Island was under eutro
phication condition associated with enhanced nutrient levels near fish
farms. In addition, changes in water quality such as nutrient concen
tration due to discharged water are expected, but there is no research on
water quality characteristics resulting from this. There is, however, a
notable lack of research on the effects of land-based fish-farm waste
water discharge on dissolved organic matter (DOM) in the coastal waters
of Jeju Island.
To address this gap, we sought to (1) evaluate temporal and spatial
patterns of dissolved inorganic nutrients (N, P, and Si) and DOM con
centrations in the coastal water (~2 km from the coast line) in com
parison to fish farm wastewater, (2) identify the sources of dissolved

organic nitrogen (DON) and dissolved organic carbon (DOC) on the basis
of correlations between DON, DOC, and colored dissolved organic
matter (CDOM), and (3) quantify the wastewater-derived DOM flux to
the seawater.
Jeju Island is a volcanic island of approximately 1800 km2 mainly
composed of porous basaltic rocks formed by Quaternary basaltic and
trachytic volcanism (Won, 1976) (Fig. 1). The annual average precipi
tation and air temperature are approximately 1560 mm and 16 ◦ C (Kim
et al., 2013), respectively. The experimental site in this study is located
in the northeastern part of the coastal zone where there is no river. Some
studies conducted in the eastern part of Jeju Island have reported that
submarine groundwater discharge (SGD) is an important source of nu
trients and trace metals (Cho et al., 2019; Jeong et al., 2012). Due to the
3
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Fig. 4. Scatter plots for the distance from the coastline against (a) DIN, (b) DIP, (c) DSi, and (d) N:P ratio, respectively. Closed and open circles denote the average
nutrient concentration and N:P ratio in the seawater for each station and average values of the wastewater, respectively. The gray circles denote the seawater samples
nearest to the coastline.

island's geological characteristics, saline groundwater is common in the
eastern coastal areas, including our study area where there are currently
seven intensive land-based fish farms in operation (Song et al., 2007).
Monthly samplings of the surface seawater (total sites = 10; total
samples = 96) off the northeastern coast of Jeju Island and fish farm
wastewater (total sites = 7; total samples = 63) between March and
November 2017, were conducted (Fig. 1). Seawater samples were only
available for 9 months (March to November) as it was difficult to access
the coast by a ship due to the strong wind in winter seasons (December
to February). All samples were filtered using GF/F filter (Whatman, pore
size: 0.7 μm) in the field. For dissolved inorganic nutrients (NO−3 , NO−2 ,
3−
NH+
4 , Si(OH)4, and PO4 ), each sample was collected in 100-mL poly
ethylene bottle and filtered. The samples were stored in 50-mL conical
tube and frozen until analysis. Dissolved organic carbon (DOC) and total
dissolved nitrogen (TDN) samples were transferred into glass ampoules
after filtration and stored at 4 ◦ C until their analysis. The samples used
for CDOM analysis were transferred into dark-colored glass bottles after
filtration and stored in a refrigerator at <4 ◦ C before being analyzed. All
filters and glass bottles were pre-combusted at 500 ◦ C for 5 h. The
wastewater discharge rates from each fish farm in the study area were
directly measured using a large plastic container, and the sum of each
measured discharge rate was defined as total wastewater discharge (7.8
× 105 m3 day− 1) in this area (Lee et al., 2020).
Water temperature and salinity were measured in situ using a
portable salinometer (YSI Professional). Nutrient concentrations were
measured using a Nutrient Auto-Analyzer (Seal analytical GmbH, Model
QUAATRO) in the laboratory after the samples had been thawed. Here,
we define dissolved inorganic nitrogen (DIN) as the sum of NO−3 , NO−2 ,
3−
and NH+
4 , dissolved inorganic phosphorus (DIP) as PO4 , and dissolved
inorganic silicate (DSi) as Si(OH)4. The detection limits of NO−2 , NO−3 ,
3−
NH+
4 , PO4 , and Si(OH)4 were 0.02, 0.4, 0.05, 0.01, and 0.14 μM. The
accuracy of nutrient concentrations was verified using certified

reference materials (MOOS-3, National Research Council of Canada).
The concentrations of DOC and TDN were measured using a Total
Organic Carbon Analyzer (TOC-VCPH, Shimadzu, Japan) within 2 weeks
after sampling. Five-point standard curves for acetanilide (C:N ratio = 8)
were used to standardize the DOC and TDN measurements. In the in
jection system, acidified seawater samples were bubbled with highpurity air gas (purity = 99.999%) to completely remove inorganic car
bon species. The carrier gas was passed at a controlled flow rate of 150
mL min− 1 through the combustion tube filled with thermal decompo
sition catalyst heated to 720 ◦ C. The samples of DOC and TDN were
oxidized to form CO2 and NO, which were detected by a non-dispersive
infrared detector and chemiluminescence detector, respectively. The
reliability of the measurements was verified daily by comparing the
measured values with a DOC-certified seawater sample (DSR; 44–46 μM
for DOC and 33 μM for TDN, University of Miami) and procedural
blanks, which were always in good agreement (deviation <5%). The
concentrations of DON were indirectly determined by subtracting the
concentration of DIN from the TDN.
CDOM fluorescence spectroscopy was performed using a spectro
fluorometer (SCINCO FS-2) within 2 weeks after sampling (Kim and
Kim, 2017a; Kim and Kim, 2017b). The CDOM signals were analyzed in
a scan mode, monitoring only the signal from the sample. Excita
tion–emission matrix spectroscopy (EEMs), which produces a threedimensional contour plot with a series of fluorescence wavelength sets
and has been used to characterize DOM (Coble, 1996), were recorded by
repeatedly scanning emission (Em) wavelengths from 250 to 500 nm in
2-nm intervals at excitation (Ex) wavelengths from 250 nm to 400 nm in
5-nm intervals. On each analysis day, deionized water was used as a
blank and subtracted from sample spectra to remove Raman signals. The
inner filter effect was not corrected since this artifact was negligible
(only 1–3% of the fluorescence intensity) for various water samples
using the spectrofluorometer (Kim and Kim, 2017a; Kim et al., 2018).
4
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Fig. 5. Scatter plots for salinity against (a) DOC and (b) DON and with distance from the coastline (c and d, respectively. The gray circles in (c) and (d) denote Group
II seawater (see main text). Note the different Y-axis scales.

The fluorescence intensities were normalized using a quinine sulfate
standard solution in 0.1 N sulfuric acid at an Ex/Em of 350/450,
expressed as quinine sulfate units (QSU). Before mapping the EEMs, data
were filtered using the Savitzky Golay filter (first-order) using MAT
LAB® software. For a more detailed evaluation of the sources of DOM,
the parallel factor analysis (PARAFAC) for 94 EEMs data, which is an
important statistical tool for characterizing the complex DOM pool, was
conducted using the MATLAB R2019b program with the DOMFluor
toolbox (Stedmon and Bro, 2008), and three fluorescence components
were characterized. The peaks of component 1 (C1), component 2 (C2),
and component 3 (C3) showed Ex and Em spectra at Ex/Em = 375/460
nm, Ex/Em = 285/336 nm, and Ex/Em = 325/396 nm, respectively.
These peaks indicated a terrestrial humic-like substance (Component 1,
C1), a protein like substance (Component 2, C2), and a marine humiclike or anthropogenic humic-like substance (Component 3, C3) (Coble,
1996; Henderson et al., 2009).
The daily average air temperature during the sampling period ranged
from 6.6 to 29 ◦ C with an average of 19.0 ± 5.7 ◦ C. Given the monsoonal
climate, the daily precipitation in the study area was high in July to
September (Fig. S1).
Box plots of salinity, DOC, and DON concentrations in the seawater
and wastewater are shown in Fig. 2. The salinity of the coastal seawater
ranged from 30.2 to 34.7 with an average of 33.0 ± 1.3. The average and
median values of the seawater salinity are not temporally constant,
perhaps reflecting the rainfall events in each month (Fig. 2a and S1). The
minimum salinity (30.2) of the seawater was measured at S3 station near
the coastline in August due to the relatively lower salinity of fish farm
wastewater, and the maximum salinity (34.7) was observed at S11 sta
tion in May. Additionally, the observed salinity gradient with distance
offshore (Fig. S2) may also reflect contributions from fish farm waste
water discharge, which had a lower salinity (Fig. 2d; average: 29.6 ±

2.6) than that of the seawater.
The DOC concentrations in the seawater and fish farm wastewater
ranged from 56 to 125 μM and from 41 to 307 μM, respectively. The
concentration of DON in the seawater and fish farm wastewater ranged
from 0.3 to 12 μM and from 2 to 29 μM, respectively. The average
concentrations of DOC (116 ± 52 μM) and DON (13 ± 5 μM) in the
wastewater were higher than the average concentration of DOC (83 ±
19 μM) and DON (6.0 ± 2.9 μM) in the seawater. The monthly averaged
DOC and DON concentrations in the seawater showed similar seasonal
trends to each other but opposite seasonal trends to salinity, showing
higher values in summer (from June to September) relative to other
seasons (Fig. 2a–c). The higher DOC and DON concentrations may be
due to high biological production in the coastal zone of this study area in
the summer season. Furthermore, the seawater and fish farm wastewater
showed the highest DOM concentrations from July to October. This
slight time lag of DOM concentration may reflect seawater infiltration
times into coastal aquifers because the fish farms generally have used
saline groundwater for their water source. For understanding mecha
nisms of higher DOC and DON concentrations in the summer season and
time lag, however, specific studies related to coastal biology and hy
drogeology and short-time series data of DOM concentration are
necessary. The DOC and DON concentrations in the wastewater also
showed similar seasonal patterns to each other (Fig. 2e and f).
The fluorescence intensities of the C1, C2, and C3 peaks of the
seawater samples ranged from 0.20 to 2.27 QSU (average: 0.86 ± 0.35
QSU), 0.54 to 7.14 QSU (average: 2.06 ± 1.21 QSU), and 0.38 to 3.01
QSU (average: 1.33 ± 0.42 QSU), respectively.
The concentrations of nutrients in the fish farm wastewater were
generally higher than those of the seawater during the entire sampling
period (Fig. S3). In the seawater, the concentrations DIN ranged from
1.5 to 49 μM (8.2 ± 8.2 μM) compared to a range of 15 to 190 μM (70 ±
5
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Fig. 6. Scatter plots for (a) DOC and C1, (b) DOC and C3, (c) DON and C1, (d) DON and C3, (e) C3 and C1, and (f) DON and DOC in the seawater samples.

40 μM) in the wastewater. The concentrations DIP in the seawater and
wastewater ranged from 0.1 to 2.9 μM (0.6 ± 0.4 μM) and 0.9 to 4.6 μM
(2.4 ± 0.9 μM), respectively. The DSi concentrations in the seawater and
wastewater ranged from 4.1 to 78 μM (16 ± 14 μM) and 22 to 290 μM
(122 ± 62 μM), respectively. As such, the averages of DIN, DIP, and DSi
concentration were 8.5, 4.1, and 7.9 times higher in the wastewater than
in the seawater, respectively.
To characterize the seasonal variation of nutrient concentrations in
the seawater, the seawater and wastewater samples were classified into
the following three groups based on seawater temperature and precip
itation: between March and June (spring) as Group I (temperature:
4–19 ◦ C and precipitation: 130–250 mm month− 1), between July and
September (summer) as Group II (temperature: 22–27 ◦ C and precipi
tation: 370–610 mm month− 1), and between October and November
(fall) as Group III (temperature: 17–22 ◦ C and low precipitation: 30–240
mm month− 1).

All groups of the seawater, in general, showed high DIN and DSi
concentrations at lower salinity, and were relatively lower than those of
the wastewater (Fig. 3a and c). Tables 1 and 2 show the correlation
coefficients of the relationships between nutrients and salinity. Scatter
plots of distance from the coastline against the average nutrient con
centrations in the seawater for each station showed that DIN and DSi
concentrations dramatically decreased with offshore distance (Fig. 4a
and c). This suggests that the high concentrations of DIN and DSi of the
seawater within 0.5 km of the coast may be attributed to terrestrial
sources, including fresh/saline groundwater as well as wastewater. On
the other hand, the concentrations of DIP in the seawater showed nonconservative behavior against salinity with a large variation (Fig. 3b)
and similar values irrespective of the distance from the coastline
(Fig. 4b).
The N:P ratio of the seawater and wastewater ranged from 2.8 to 46
(14 ± 10) and 6.9 to 79 (32 ± 18), respectively (Fig. 3d). The N:P ratio of
6
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the seawater showed no significant relationship with salinity and no
differences were found between each group. The N:P ratio of the
wastewater showed conservative mixing with salinity because saline
groundwater, which has a higher N:P ratio (~70, Cho et al., 2019), is
mixed with seawater for use in the fish farms (Fig. 3d). The N:P ratios of
samples obtained from the stations of S1, S2, and S3, which were located
within 0.5 km from the coastline, were ~ 7 times higher than those
obtained from the other stations (Fig. 4d), perhaps reflecting high N:P
ratios of the fish farm wastewater. Additionally, the N:P ratios of the
seawater sampled >1 km away from the coastline were lower than the
Redfield ratio (16). This is considered to be due to the mixing of the
wastewater from the fish farms and offshore seawater which has low N:P
ratios (< 5) (Kwon et al., 2018).
In contrast to the N:P ratios, the concentrations of DOC and DON in
the seawater and the wastewater did not show any discernible temporal
changes (Fig. 5a and b). Additionally, DOC and DON in the seawater
were relatively constant with distance from the coastline (Fig. 5c and d).
These results indicate that the fish farm wastewater-driven DOM (DOC
and DON) can be transported from the near-shore zone to further
offshore. In particular, the relatively higher concentrations of DOC and
DON in Group II may reflect relatively strong transport of wastewaterdriven DOM to further offshore likely because of a strong stratifica
tion, which is attributed to high sea surface temperature during the
summer months. Another possible source of DOC is rainwater-derived
DOC. However, DOC concentration in rainwater in summer season is
expected to be relatively lower than those of other seasons because of
low use fossil fuel and dilution effect due to a large amount of precipi
tation in summer season (Lee, 2019). The transported wastewaterdriven DOM in summer season may play an important role in
nutrient-depleted open-ocean biogeochemistry.
CDOM has been used as a tracer to identify the origins of DOM in
seawater (Del Castillo et al., 1999; Kim et al., 2012). Because the study
region is not influenced by fluvial activity, the potential sources are
either groundwater or the land-based fish farm wastewater discharged
into the coastal zone. We characterized the distributions of and re
lationships between CDOM, DOC, and DON to understand the sources of
water affecting the seawater quality in this region. The concentrations of
DOC and DON in the seawater showed a positive and significant cor
relation for both the C1 (terrestrial) and the C3 (anthropogenic or ma
rine) components (Fig. 6a–d). Furthermore, the C3 showed a significant
and positive correlation with C1 (Fig. 6e), and the DOC was also posi
tively and significantly correlated with DON (Fig. 6f). These results
suggest that the organic matter (DOC and DON) in the seawater may
originate from the same terrestrial and anthropogenic sources such as
groundwater or fish farm wastewater. In particular, previous studies
conducted in the Jeju Island reported the DOC concentrations in fresh/
saline (salinity: 0.1–35.5) submarine groundwater were generally lower
than that of seawater (Kim and Kim, 2017b; Song et al., 2018), indi
cating that groundwater of the Jeju Island is not contaminated by
anthropogenic activities in terms of DOC. Therefore, our results suggest
that the terrestrial and anthropogenic fish farm wastewater can be a
more important source of DOC rather than groundwater.
The wastewater-derived nutrient fluxes in the study area have been
previously estimated (Lee et al., 2020). In this study, we estimated the
wastewater-derived DOC and DON fluxes by multiplying the wastewater
discharge rate of 7.8 × 105 m3 day− 1 (Lee et al., 2020) by the average
concentrations of DOC (116 ± 52 μM) and DON (13 ± 5 μM) in the
wastewater. Based on this, the wastewater-derived DOC and DON fluxes
in the study area were estimated to be 9.0 × 104 and 9.8 × 103 mol d− 1,
respectively. Our estimated wastewater-derived DOC flux is comparable
to previous estimates of DOC flux (9.8 × 104 mol d− 1) through SGD,
which is considered as one of important water sources of Jeju Island as
mentioned above, in the 19-km2 Hwasun Bay of Jeju Island (Kim et al.,
2013). Previous studies have shown that SGD in Jeju Island is a quan
titatively and qualitatively important water source due to geological
characteristics of the island (Jeong et al., 2012; Kim et al., 2011; Kim

and Kim, 2011; Kim et al., 2013; Kwon et al., 2017).
Land-based fish farm wastewater can affect the spatial and temporal
patterns of dissolved inorganic nutrients and organic matters in coastal
water. In the northeast Jeju Island, N:P ratios measured near the
coastline were ~7 times higher than those of the further offshore,
resulting from the discharge of N-enriched wastewater from fish farms.
Furthermore, wastewater-derived DOC and DON could be an important
source of the nutrients after mineralization because these organic mat
ters from fish farms were transported to >2 km offshore. The
wastewater-derived DOC flux was estimated to be equivalent to that
through SGD, which is a significantly important water source of Jeju
Island. Crucially, if seawater for fish farming is obtained from near the
wastewater output points, water quality in the fish farm may deterio
rate, and reducing primary production and whitening events could be
occur. Our results can provide basic data to develop efficient monitoring
and management strategies for environmental pollution in coastal
waters.
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