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Abstract: In semi-closed coastal brackish systems, the stratification of the water column due to
the interaction between freshwater and seawater can lead to a reduction in the dissolved oxygen
(DO) levels in the bottom layers, consequently affecting the benthic nutrient flux and causing the
degradation in water quality. We performed in situ investigations using a benthic lander to examine
changes in the sediment oxygen demand (SOD) and benthic nutrient flux during the development
of stratification in the downstream area of an artificially constructed brackish lake. During each
measurement period, the temperature and salinity of the water column showed vertically stable
stratification. The potential energy anomaly was 88.1–125.7 J/m3, with the stratification intensity
strengthening gradually over the measurement period. The concentration of DO in bottom waters
gradually decreased as the stratification of the water intensified and the temperature increased,
establishing hypoxic conditions. As the stratification intensified, the SOD decreased with the DO
concentration in bottom waters, while the benthic fluxes of NH4-N and PO4-P exhibited an opposite
effect. When the effect of offshore water (introduced through a sluice gate) was insignificant, the
SOD contributed 33% of the net loss of DO below the pycnocline. During this period, the benthic
NH4-N and PO4-P fluxes were estimated to contribute 55% and 87% to the net fluxes in NH4-N and
PO4-P, respectively, in the water column below the pycnocline. The benthic NH4-N and PO4-P fluxes
resulted in excess phosphorus in the bottom water. When the inflow of seawater through the sluice
gate was sufficient, the flow in the upstream direction of the bottom layer moved phosphorus-rich
bottom water downstream, which is important for algal growth in the middle-upstream region.

Keywords: benthic nutrient fluxes; brackish lake; eutrophication; hypoxia; stratification; potential
energy anomaly

1. Introduction

Stratification is the physical condition of a water column that reduces the vertical
mixing of the surface and bottom layers in an aquatic environment and has a significant
effect on the distribution, dispersal, recirculation, exchange, and partitioning of microbial
communities, algae, nutrients, and metals [1–4]. In an estuarine environment, stratification
is largely a result of horizontal and vertical density gradients created by a difference in the
densities of seawater and freshwater in the water column. The stratification of the water
column blocks the supply of dissolved oxygen (DO) from the surface to the bottom layer
and causes hypoxia due to the decomposition of organic substances that accumulate in the
bottom layer [5,6]. Hypoxia is a state in which the DO concentration is less than 2 mg/L,
which is deleterious to fish and invertebrates [7]. Exposure to long-term hypoxic conditions
can hinder the ability of fish larvae to capture prey and makes them more vulnerable to
predators [8,9]. In coastal environments, hypoxia has been reported most often in micro-
and meso-tidal systems with weak tidal energy [10–12]. In eutrophic estuaries, high pelagic
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primary production and strong stratification lead to a continuous flux of organic matter
to the sediment, resulting in stronger nutrient fluxes into the water column from hypoxic
and anoxic conditions in the bottom layers, creating a feedback loop between pelagic
productivity and anoxic conditions [13].

Sediments contribute to the biogeochemical cycling of organic matter through the
mineralization of deposited particles driven by benthic macro- and micro-organisms [14].
Additionally, the benthic fauna influences benthic fluxes by performing life functions
such as bioturbation and bioirrigation [15,16]. These processes at the sediment–water
interface have a significant impact on both local and global cycling, especially in shallow
coastal environments with higher primary productivity compared to the open ocean [17].
In shallow coastal zones, the fluxes of inorganic nutrients from the sediment to the overlying
water column can act as an important source of primary production through benthic–
pelagic coupling [18–21]. Studies of coastal intermittently closed and open lake lagoon
(ICOLL) systems located sporadically across the world have shown that sediments are the
most important sink and source of nitrogen and phosphorus in the water column [22–24].
Stratification can accelerate the release of nutrients from sediments under hypoxic and/or
anoxic conditions in bottom waters [25,26]. The measurement of the benthic nutrient flux is,
therefore, important for understanding nutrient behavior in shallow coastal environments.
However, our knowledge of nutrient fluxes from sediments in semi-closed systems such as
ICOLL is still lacking.

Benthic nutrient fluxes can be measured using two main methods. The first estimates
the flux using an advection–diffusion model based on the vertical distribution of nutrients
in pore water [27]. However, flux measurements using diffusion can result in underes-
timates because they do not include physical mixing induced by benthic activity [28].
The second method calculates flux by measuring the change in the nutrient concentration
of the overlying water over time through the incubation of sediment. Sediment incubation
involves culturing an intact sediment core in the laboratory [29] and installing a benthic
chamber directly in the field [24,30]. Laboratory incubation offers the advantage of examin-
ing changes in the benthic flux under various environmental conditions, such as aerobic
and/or anaerobic conditions [31,32], and in situ measurements provide more accurate and
reliable information because they are performed in real environments [33,34]. Recently, in
situ measurements of the benthic flux have been made using a benthic lander equipped
with a measuring sensor, data recorder, and sampling device [35,36].

We investigated the intensity of the stratification, the vertical distribution of water
quality, and the benthic flux using a small benthic lander as stratification developed in an
artificially constructed brackish coastal lake. Based on these field observations, the effect of
the stratification intensity on the benthic flux was investigated, and the effect of the benthic
flux on bottom water quality during the stratification period (when the vertical exchange
of the water column was blocked) was evaluated.

2. Materials and Methods
2.1. Study Area

Saemangeum Lake is an artificial brackish lake created when dike construction was
completed in 2006. The lake is a semi-closed brackish environment, as the Mangyeong
and Dongjin Rivers flow continuously from the east, and seawater from the Yellow Sea
flows in and out of the west through a sluice gate in the dike. In addition, as a road
running in an east–west direction across the center of the lake was built in 2020, the
Mangyeong Basin in the north is separated from the Dongjin Basin in the south (Figure 1).
The tidal cycle of the sea area outside the dike means the sluice gate does not operate during
neap tides but is operated mainly during spring tides, when a large tidal range develops.
The depth of the lake increases gradually from upstream to midstream and deepens sharply
downstream; the maximum water depth is approximately 40 m near the Sinshi sluice
gate [37]. The average annual inflow of river water flowing from the upstream watershed
of the lake is 1100 × 106 m3/year from the Mangyeong River and 700 × 106 m3/year from
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the Dongjin River [38]. Precipitation in the watershed is concentrated in the period from
June to September. Accordingly, stratification of the lake strengthens during periods of high
river inflow [32]. Kwak et al. (2023) recorded water temperature and salinity data at 1 min
intervals for approximately 40 days at a point downstream of the lake during a period
of increased freshwater inflow due to concentrated rainfall [39]. Despite external factors,
such as the operation of a sluice gate and wind temporarily weakening the strength of the
stratification, they found that the stratification remained continuously strong throughout
the observation period.
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Figure 1. Map of Saemangeum Lake showing the sampling site (•: M-O) and weather station (×).

After construction of the dike, mixing of seawater and lake water decreased and
the influence of freshwater from the upstream watershed expanded, resulting in a sharp
increase in the concentrations of chlorophyll-a (Chl-a) and nutrients in the lake. Following
the initial completion of the dike, the mean concentrations of NH4-N, PO4-P, and Chl-a in
surface water increased to 0.19 mg/L, 0.05 mg/L, and 11.7 mg/m3, respectively, compared
to their pre-construction levels of 0.10 mg/L, 0.02 mg/L, and 5.6 mg/m3, respectively [40].
An excess of nutrients was reportedly supplied from the bottom waters of the lake [38,41].
From seawall completion in 2006 to 2010, hypoxia with strong salinity stratification was
observed only in the mid-upstream region of the lake, which is directly affected by river
inflow [40]. Since 2016, hypoxia and strong salinity stratification have been observed
continuously in the downstream regions of the lake [32,42,43]. To understand the change in
the water quality of Saemangeum Lake, it is, therefore, necessary to accurately measure the
nutrient flux at the sediment–water interface during the stratification period and evaluate
the effect of this flux on the water quality of the lake.

2.2. Sampling

A brief but intensive investigation was performed to understand the vertical struc-
ture of the physical and chemical parameters during development of stratification in
Saemangeum Lake. Field measurements were taken three times according to the operation
of the sluice gate of the dike at site M-O downstream of Mangyeong Basin. During the three
survey periods, the water depth at site M-O was 8–10 m. The first measurement was taken
on 15 June 2021, when the outer seawater and lake water were exchanged by the operation
of the sluice gate (once per day). The second measurement was taken on 6 July 2021, when
there was no seawater inflow due to the sluice gate not operating. Finally, a third measure-
ment was taken on 13 July 2021, when the lake water was discharged to the outer sea area
by the operation of the sluice gate (once per day). During each measurement period, the
daily precipitation was 85.5 mm one day before the second measurement, and there was no
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rainfall during the other measurement periods. The mean wind speed was approximately
4 m/s at the first and third measurements and 2.6 m/s at the second measurement.

In each investigation, pH, water temperature, DO, and salinity were measured from
the surface layer to the bottom layer at intervals of approximately 1 m using a multi-
parameter water quality analyzer (HL4, Hydrolab Company, Loveland, CO, USA). Samples
for water quality analysis were collected from the surface to the bottom at intervals of
approximately 1 m by connecting a hose washed with HNO3 to a peristaltic pump and
stored at −20 ◦C until laboratory analysis.

2.2.1. In Situ Measurement of Benthic Oxygen and Nutrient Fluxes

Benthic oxygen and nutrient fluxes were investigated by miniaturizing the benthic
lander developed by Lee et al. (2010) [35]. Benthic oxygen and nutrient fluxes have been
measured in situ using a benthic lander by many researchers [20,44–47]. The outer frame
of the benthic lander used in this work was made of stainless steel. A stirrer was attached
to the lid of an opaque rectangular chamber made of polyvinylchloride and measuring
18 × 18 × 32 cm to mix internal water at 30 rpm. The average flow velocity inside the
chamber at 30 rpm was 4.4 cm/s, and the diffusive boundary layer (DBL) was estimated
to be approximately 180 µm based on the relationship between shear velocity and the
DBL [46].

The benthic lander was placed at the bottom of site M-O for 1 day at the same time
the physical and chemical measurements in the water column were taken (Figure 2). After
arriving at the site using a small vessel, the benthic lander was moved to the floor with
the support of a scuba diver with the chamber lid left open. The lid of the chamber closed
automatically after 1 h to account for the effect of resuspended sediments during installation
of the benthic lander on the seafloor. The concentration of DO in the overlying water in the
chamber was measured every 10 s using an oxygen sensor (OXYBase WR-RS232, PreSens,
Regensburg, Germany) attached to the chamber’s lid and stored automatically in the
memory of the main board. Water samples within the chamber of the benthic lander were
collected to estimate the benthic fluxes of nutrients. Six samples were collected (each 50 mL)
in the chamber using an automatic-syringe water sampler at intervals of 3 h. After the
benthic lander was recovered, the sample was immediately filtered and stored at −20 ◦C
until analysis.
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Figure 2. Photographs of the benthic lander. (A) Components of benthic lander: 1. frame, 2. main
board, 3. battery, 4. chamber lid with stirrer and DO sensor, 5. chamber body, 6. motor, and
7. sampling syringes. (B) The benthic lander on the floor of the lake.

2.2.2. Laboratory Analysis

Nutrient samples collected from each layer of water at site M-O were analyzed using
two auto-analyzers (SAN PLUS, Skalar, Breda, The Netherlands; QuAAtro, BLTEC, Osaka,
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Japan). Total nitrogen (T-N) and total phosphorus (T-P) were analyzed for the unfiltered
samples, and dissolved inorganic nutrients (NO3-N, NO2-N, NH4-N, and PO4-P) were
analyzed after GF/C (Whatman, Maidstone, UK) filtration. Organic nitrogen (Org-N) and
organic phosphorus (Org-P) were calculated as the difference between T-N and dissolved
inorganic nitrogen (DIN; NO3-N + NO2-N + NH4-N), and the difference between T-P and
PO4-P, respectively. Total organic carbon (TOC) was analyzed using a TOC analyzer (Multi
N/C 3100, Analytik Jena, Jenna, Germany). Chl-a was extracted using 90% acetone and
quantified with a spectrophotometer (Specord 200 plus, Analytik Jena, Jena, Germany) [48].
Measurements of inorganic dissolved nutrients in the in situ benthic chamber were carried
out using the same analytical method as for the water layers.

2.2.3. Potential Energy Anomaly and Benthic Flux Calculation

The intensity of stratification was quantified as the potential energy anomaly (PEA),
which measures the amount of mechanical energy required to mix the stratified water
column completely:

PEA =
g
H

∫ 0

−H
(ρ − ρ(z))z dz (1)

ρ =
1
H

∫ 0

−H
(ρ(z))z dz (2)

where PEA is the potential energy anomaly (J/m3), g is the gravitational acceleration
(m/s2), H is the total depth (m), ρ is the depth-averaged density (kg/m3), and ρ is the local
density (kg/m3) at depth z.

The benthic fluxes at the sediment–water interface were calculated as follows [49]:

BF =
(Ct − C0)× V + ∑n

j=1

(
Cj−1 − Ca(j−1)

)
Va(j−1)

A × t
(3)

where BF is the benthic flux (mg/m2/d) of nutrients, Ct is the concentration at the elapsed
time (mg/L), C0 is the initial concentration (mg/L), Cj−1 is the concentration of the acquired
sample at the elapsed time (mg/L), Ca(j−1) is the concentration of the replenished sample
at the elapsed time (mg/L), V is the volume of the chamber (L), n is the number of samples,
Va(j−1) is the volume of the replenished sample at the elapsed time (L), A is the area of
contact between the sample and overlying water (m2), and t is the time (days).

2.2.4. Other Data Sources

The inflow of freshwater into the Mangyeong Basin of Saemangeum Lake was esti-
mated using the drainage–area ratio method, which is based on the flow rate observed
at the Samrye-kyo gauging station (station ID 3301670: 35◦53′54′′ N, 127◦04′16′′ E) 1 km
upstream of the Mangyeong River and Mangyeong River watershed. The inflow of sea-
water through the sluice gate of the dike was analyzed by acquiring data according to the
operation of the sluice gate and the water level in the lake, as measured by the Korea Rural
Community Corporation (Naju, Republic of Korea).

2.2.5. Statistical Analysis

The Spearman correlation coefficient was used to test the correlations between various
water quality parameters in the water column during each survey period. All data analyses
were conducted using SPSS (ver. 12.0; SPSS Inc., Chicago, IL, USA). The significance level
was 0.05, and the extremely significant level was set to 0.01.

3. Results
3.1. Hydrologic Conditions

The inflow of freshwater into the Mangyeong Basin of Saemangeum Lake was
2.1 × 106 m3/day during the first measurement period, 36.5 × 106 m3/day during the
second measurement period, and 4.5 × 106 m3/day during the third period. The freshwater
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inflow decreased after the second period, when it peaked. The inward and outward move-
ments of water from the lake were affected by the number of times the sluice gate opened,
lake water level, and tide level in the open sea during the period excluding the neap tide.
The amount of seawater inflow increased gradually during the operation of the sluice gate
from June 8 to June 16 before the first measurement period, and then decreased (Figure 3).
This change in seawater inflow was more evident from 21 June to 30 June, when the sluice
gate was operated twice daily. This phenomenon occurs because the amount of seawater
flowing into the lake increases before and after the spring tide, when the tidal range of the
open sea peaks. Between the second and third measurement periods, little seawater flows
through the sluice gate. During this period, the lake water level increased due to the rapid
increase in river inflow along with the increase in precipitation. Accordingly, the lake water
was discharged to the open sea through the sluice gate.
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The first measurement was in a period during which the influence of seawater on the
lake was relatively high (because the inflow of seawater through the sluice gate was higher)
compared with other periods. The second measurement was taken during a period when
there was no inflow of seawater (because the sluice gate was closed for approximately 7 days
before the survey date), and the influence of freshwater inflow was greater compared with
the first measurement due to the increased inflow of freshwater. The third measurement
period (when the water level in the lake rapidly decreased) was a period during which
fresh water from the upstream moved further downstream because the lake water was
discharged to the outside through the sluice gate. The influence of fresh water in the lake,
therefore, increased more than it did during the second measurement period.

3.2. Vertical Profiles of Salinity, Water Temperature, DO, and pH

The vertical distributions of salinity, water temperature, DO, and pH observed at site M-O
during each measurement period indicate that stratification strengthened over time (Figure 4).

Salinity showed a vertical distribution that increased with increasing water depth. Be-
tween the first and third measurements, the salinity of the surface water decreased from
18.0 to 7.3 under the influence of freshwater inflow, but the salinity of the bottom water de-
creased from 28.9 to 27.6, showing a small change compared to that showed by the surface
water. The difference in salinity between the surface and bottom waters increased gradually
over the three survey periods, indicating a gradual strengthening of haline stratification.

Water temperature showed a vertical distribution that decreased with increasing water
depth. The contour lines of water temperature and salinity showed a similar distribution.
The difference in water temperature between the surface and bottom waters showed a
tendency to increase with time, similar to salinity, indicating that thermal stratification
gradually strengthened. As a result, the haline and thermal stratifications of the water
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column over the three survey periods were enhanced due to the increase in freshwater
inflow to the surface and the increase in water temperature.
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The PEA indicating stratification intensity was 88.1 J/m3 in the first measurement,
104.4 J/m3 in the second measurement, and 125.7 J/m3 in the third measurement, and the
stratification strengthened gradually over the three survey periods.

As the stratification strengthened, the DO in the bottom water gradually decreased,
with hypoxic conditions evident at a depth of 5 m or less in the third measurement.
The vertical distribution of pH was similar to that of DO, with the lowest pH observed in
the bottom water in the third measurement (when the stratification was strongest).

3.3. Vertical Profiles of TOC, Chl-a, and Nutrients

The TOC, Chl-a, and nutrients at site M-O during each measurement provided evi-
dence of a clear difference in the vertical distribution as haline and thermal stratifications
developed (Figure 5).

The TOC concentration was between 1.65 and 6.63 mg/L during the three survey
periods. The vertical mean concentration of TOC was highest in the third measurement.
The vertical distribution of TOC in all measurements decreased with increasing water
depth. As the influence of freshwater increased over time, the TOC concentration of the
surface water showed a tendency to increase gradually, whereas the TOC concentration of
the bottom water showed relatively small changes.

The concentration of Chl-a was between 0.05 and 17.12 mg/m3 during the three survey
periods. The vertical mean concentration of Chl-a was highest in the third measurement,
similar to that of TOC, and tended to decrease with increasing water depth in all measure-
ments. In the third measurement, which was influenced the most by freshwater and had
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the highest stratification intensity, the difference in concentration between the surface and
bottom waters was the greatest.

Water 2024, 16, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 5. Vertical profiles of TOC, Chl-a, and nutrients at site M-O. 

3.4. Sediment Oxygen Demand and Benthic Nutrient Fluxes 
Calculations of the sediment oxygen demand (SOD) at site M-O were based on the 

change in DO in a chamber of a benthic lander over a period of 10 h and measured at 
intervals of 10 s during each measurement period. Considering the stabilization of water 
in the in situ chamber when calculating the SOD, DO data from the beginning of the meas-
urement to 1.5 h were removed before analysis. At the first measurement, DO decreased 
from 4.51 mg/L to 1.92 mg/L and the SOD was 1.00 g/m2/d. At the second measurement, 
DO decreased from 2.07 mg/L to 0.72 mg/L, and the SOD was 0.52 g/m2/d. At the third 
measurement, DO decreased from 0.46 mg/L to 0.07 mg/L and the SOD was 0.15 g/m2/d 
(Table 1). As the initial concentration of DO in the chamber decreased gradually from the 
first to the third measurement, the DO concentration gradient gradually became gentler 
and the SOD also decreased gradually (Figure 6). 

  

Figure 5. Vertical profiles of TOC, Chl-a, and nutrients at site M-O.

The concentration of T-N was between 0.458 and 1.262 mg/L during the three survey
periods. The vertical mean concentration of T-N was highest in the third measurement, but
the difference between the surface and bottom waters was the greatest in the second mea-
surement, when the stream flow rate was highest, as the concentration of the surface water
increased rapidly. The vertical distribution of NOx-N (NO2-N + NO3-N) was similar to
that of T-N, and its concentration decreased sharply at depths below 5 m, where hypoxic
conditions were observed in the third measurement. The vertical distribution of NH4-N
showed a tendency to increase with water depth, as opposed to NOx-N, as the stratifica-
tion strengthened. In particular, the NH4-N concentration in the bottom water increased
gradually throughout the measurement period.

The concentration of T-P was between 0.034 and 0.086 mg/L during the three survey
periods. The vertical mean concentration of T-P was highest in the third measurement,
as was the case for the other measurements, and the difference in concentration between
the surface and the bottom waters was the greatest in the second measurement, similar to
trends for T-N. The vertical distribution of PO4-P tended to increase with water depth as
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the stratification strengthened, and the concentration of bottom water increased gradually
during the three survey periods, similar to that of NH4-N.

3.4. Sediment Oxygen Demand and Benthic Nutrient Fluxes

Calculations of the sediment oxygen demand (SOD) at site M-O were based on the
change in DO in a chamber of a benthic lander over a period of 10 h and measured
at intervals of 10 s during each measurement period. Considering the stabilization of
water in the in situ chamber when calculating the SOD, DO data from the beginning of
the measurement to 1.5 h were removed before analysis. At the first measurement, DO
decreased from 4.51 mg/L to 1.92 mg/L and the SOD was 1.00 g/m2/d. At the second
measurement, DO decreased from 2.07 mg/L to 0.72 mg/L, and the SOD was 0.52 g/m2/d.
At the third measurement, DO decreased from 0.46 mg/L to 0.07 mg/L and the SOD
was 0.15 g/m2/d (Table 1). As the initial concentration of DO in the chamber decreased
gradually from the first to the third measurement, the DO concentration gradient gradually
became gentler and the SOD also decreased gradually (Figure 6).

Table 1. SOD and benthic nutrient fluxes at site M-O.

SOD (g/m2/d)
Benthic Nutrient Fluxes (mg/m2/d)

NOx-N NH4-N PO4-P

1st 1.00 −7.31 55.83 13.38
2nd 0.52 9.59 68.88 14.64
3rd 0.15 −3.14 91.08 22.71
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The change in the flux of inorganic nutrients in the chamber of the benthic lander
according to the elapsed time at site M-O is shown in Figure 7. In the second measurement,
the second sample (taken before 3 h) could not be obtained because of an operational error
by the automatic water collector of the benthic lander, and the flux between 0 and 3 h
could not be calculated. The NOx-N fluxes were negative from 0 to 9 h in the first and
third measurements, but were between 9 and 12 h in the second measurement. The mean
fluxes of NOx-N were −7.31, 9.59, and −3.14 mg/m2/d at the first, second, and third
measurements, respectively (Table 1). NOx-N was removed from the overlying water
during the first and third measurements and supplied to the overlying water during the
second measurement. The fluxes of NH4-N showed high values from 0 h to 6 h for all
measurements. The mean fluxes of NH4-N were 55.83, 68.88, and 91.08 mg/m2/d in the
first, second, and third measurements, respectively, indicating that they were supplied
from sediments in all measurements. In addition, the flux of NH4-N tended to increase
with a decrease in the initial DO concentration of the overlying water (Table 1 and Figure 6).
The fluxes of PO4-P showed high values from 0 h to 6 h in all measurements (Figure 7c),
similar to that of NH4-N. The mean fluxes of PO4-P were calculated to be 13.38, 14.64,
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and 22.71 mg/m2/d in the first, second, and third measurements, respectively. Similar to
NH4-N, the flux increased gradually over the three survey periods (Table 1).
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4. Discussion
4.1. Changes in Vertical Distribution of Water Quality and Development of Stratification

During periods of high precipitation, a strong influx of river water into the surface
of an estuary isolates the bottom waters, enhancing stratification and affecting the distri-
bution of nutrients in the water column and creating hypoxic or anoxic conditions in the
bottom layer [50–52]. Environments with limited exchange with external seawater, such
as Saemangeum Lake, are vulnerable to hypoxia because their nutrient loads are retained
and recirculated [53]. The correlation among various water quality parameters during each
measurement period is presented in Table 2.

Table 2. Correlation matrix of various water quality parameters in water column at site M-O.

DO pH TOC Chl-a T-N NOx-N NH4-N Org-N T-P PO4-P Org-P

1st
Density −0.483 −0.807 ** −0.800 ** −0.833 ** −0.828 ** −0.917 ** −0.594 −0.817 ** −0.753 * −0.798 ** −0.661

DO 0.723 * 0.433 0.650 0.184 0.367 −0.268 0.167 0.326 0.160 0.285
pH 0.647 0.849 ** 0.595 0.756 * 0.224 0.571 0.646 0.508 0.646

TOC 0.700 * 0.820 ** 0.850 ** 0.611 0.833 ** 0.879 ** 0.824 ** 0.812 **
Chl-a 0.762 * 0.883 ** 0.435 0.717 * 0.787 * 0.773 * 0.678 *
T-N 0.904 ** 0.790 * 0.996 ** 0.824 ** 0.916 ** 0.714 *

NOx-N 0.711 * 0.883 ** 0.904 ** 0.941 ** 0.778 *
NH4-N 0.778 * 0.765 * 0.806 ** 0.731 *
Org-N 0.803 ** 0.899 ** 0.695 *

T-P 0.873 ** 0.945 **
PO4-P 0.709 *

2nd
Density −0.952 ** −0.888 ** −0.927 ** −0.733 * −0.515 −0.681 * 0.401 −0.806 ** −0.394 −0.202 −0.689 *

DO 0.906 ** 0.903 ** 0.564 0.564 0.626 −0.353 0.830 ** 0.479 0.337 0.640 *
pH 0.809 ** 0.608 0.316 0.530 −0.668 * 0.644 * 0.261 0.111 0.446

TOC 0.770 ** 0.564 0.559 −0.304 0.879 ** 0.527 0.252 0.762 *
Chl-a 0.236 0.450 −0.304 0.503 0.248 −0.043 0.476
T-N 0.760 * 0.158 0.806 ** 0.879 ** 0.742 * 0.848 **

NOx-N −0.049 0.602 0.693 * 0.652 * 0.719 *
NH4-N −0.158 0.292 0.468 −0.067
Org-N 0.636 * 0.399 0.848 **

T-P 0.902 ** 0.750 *
PO4-P 0.500

3rd
Density −1.000 ** −0.883 ** −0.967 ** −0.967 ** −0.833 ** −0.967 ** 0.950 ** −0.883 ** −0.217 0.377 −0.736 *

DO 0.883 ** 0.967 ** 0.967 ** 0.833 ** 0.967 ** −0.950 ** 0.883 ** 0.217 −0.377 0.736 *
pH 0.883 ** 0.883 ** 0.950 ** 0.883 ** −0.817 ** 0.950 ** 0.450 −0.084 0.720 *

TOC 0.950 ** 0.833 ** 0.950 ** −0.933 ** 0.933 ** 0.183 −0.393 0.644
Chl-a 0.883 ** 1.000 ** −0.867 ** 0.867 ** 0.267 −0.318 0.728 *
T-N 0.883 ** −0.733 * 0.867 ** 0.467 −0.084 0.762 *

NOx-N −0.867 ** 0.867 ** 0.267 −0.318 0.728 *
NH4-N −0.867 ** −0.050 0.536 −0.669 *
Org-N 0.217 −0.285 0.636

T-P 0.644 0.360
PO4-P −0.452

Notes: ** p < 0.01, * p < 0.05.

Water density and DO showed a strong negative correlation in the second and
third measurements but not in the first. The first measurement was taken when the
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inflow of seawater from the outside through the sluice gate was relatively high. During
this period, the correlation between DO and water density was not significant because
seawater containing high levels of DO flowed into the bottom of the lake and increased
the DO concentration of the bottom water. As a result, the expansion of freshwater to the
lake surface under reduced or blocked conditions of external seawater inflow strengthened
the stratification and blocked the vertical exchange of DO. The rapid depletion of DO in
the bottom water then led to hypoxia. During the three survey periods, the water quality
parameters showing significant correlations with DO gradually increased with the develop-
ment of stratification. DO showed a strong positive correlation with organic matter (TOC,
Chl-a, Org-N, and Org-P) in the water column in the third measurement, in particular,
when stratification was the strongest.

The data for pH showed a strong negative correlation with water density in all mea-
surements. In addition, pH and DO were strongly positively correlated in the second
(r = 0.809, p < 0.01) and third (r = 0.883, p < 0.01) measurements compared with the first
(r = 0.647, p < 0.05) measurement. This is likely related to the decomposition of organic
matter in the bottom waters because the concentration of DO in the bottom water was
lower in the second and third measurements compared with the first measurement. In the
second and third measurements, pH showed a strong positive correlation with TOC. The re-
lease of inorganic carbon during the metabolic processing of organic matter changed the
proportions of different types of inorganic carbon, decreasing the pH [54].

Overall, TOC showed a strong negative correlation with water density and a strong
positive correlation with Org-N and Org-P. On the other hand, Chl-a concentrations showed
a significant negative correlation with water density in the first and third measurements.
The second measurement was the period during which the inflow of freshwater increased
rapidly following intensive rainfall during the survey period. In estuaries, high freshwater
inflows cause turbidity and rapid flushing, which reduced phytoplankton production by
limiting the time and light available for phytoplankton growth at high nutrient concen-
trations [55]. In the second measurement, despite the high nutrient status of the surface
water, the lower concentration of Chl-a during this period resulted in a relatively lower
correlation between Chl-a and water density. Moreover, in the second measurement, Chl-a
did not show a significant correlation with other organic substances. However, in the third
measurement, when the concentration of Chl-a was highest in the surface layer, Chl-a and
TOC, Org-N, and Org-P showed a strong positive correlation, indicating that algae particles
were influencing the vertical distribution of these organic substances.

Overall, T-N, NOx-N, and Org-N showed strong negative correlations with water
density. However, NH4-N did not show a significant correlation with water density in the
first and second measurements, and showed a strong positive correlation with water density
in the third measurement. Unlike other nitrogen species, NH4-N decreased rapidly, with a
sharp increase in Chl-a concentration in the surface water during the third measurement
compared with the second measurement. In addition, NH4-N and Chl-a showed a strong
negative correlation in the third measurement, but not the other measurement periods.
Some phytoplankton may prefer to take up NH4-N over NO3-N, leading to the depletion
of NH4-N [56].

Org-P showed a strong negative correlation with water density in the second and
third measurements, whereas PO4-P showed no significant correlation with water density,
except in the first measurement. Unlike other water quality parameters, PO4-P and NH4-N
were inconsistently correlated with water density in each measurement. This is because the
concentrations of PO4-P and NH4-N during stratification are influenced by the influx of
freshwater and uptake by phytoplankton in the surface water and are generated during
mineralization in bottom waters due to the death of organisms, such as freshwater phyto-
plankton, introduced into the surface water, and then sinking below the pycnocline [50].
Jeong et al. (2021) reported that the proportion of DIN and phosphorus increases through
the mineralization of dissolved organic nitrogen and phosphorus in the bottom water
during long-term stratification in Saemangeum Lake [43].
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4.2. Benthic Nutrient Fluxes under Stratified Conditions

Benthic nutrient fluxes are mediated by interactions among many physical, chemical,
and biological processes [57]. Stratification affects these processes and benthic nutrient
fluxes [58]. The in situ benthic nutrient fluxes in this study were higher than Thau Lagoon
and Corunna Lake, where the water depth was shallow and anoxia did not occur [22,59].
However, in Jinhae Bay, a eutrophic bay with limited water exchange, the benthic fluxes of
NH4-N and PO4-P were recorded as 133.7–574.0 and 27.9–93.0 mg/m2/d, respectively [60].
These flux rates were higher than the results of this study in an anoxic environment.
Furthermore, in the Marano and Grado Lagoon, in areas with limited water exchange
under well-oxygenated conditions, the flux rates of NH4-N and PO4-P were −5.6–45.5 and
−3.2–0.0 mg/m2/d, respectively. But, during anoxic events, these rates were calculated
as a maximum of 7396.5 and 324.9 mg/m2/d, respectively [24]. Therefore, these previous
results indicate a high likelihood that the strong stratification leading to hypoxic/anoxic
conditions in the bottom water during periods of high water temperature significantly
influences the benthic flux of nutrients.

In this study, the benthic fluxes of NH4-N and PO4-P (downstream of Saemangeum
Lake) were positively correlated with PEA and negatively correlated with DO concentra-
tions in the bottom water, although measurement data were insufficient (Figure 8). During
the three survey periods, the stratification of the water column further strengthened, owing
to the increase in freshwater inflow into the lake. Under these circumstances, the precipi-
tation and decomposition of organic substances from the surface water decreases the DO
in the bottom water. As a result, the enhanced stratification in the water column and the
decrease of DO in the bottom water were considered to be the cause of the increased benthic
fluxes of NH4-N and PO4-P.
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Benthic nutrient fluxes are determined primarily by the rates of sedimentation and
decomposition of detritus and the rates of movement of nutrients from the sediment–
water interface by molecular diffusion and infauna bioturbation [61]. The reduction of
the oxic layers in the sediment due to the decrease in DO in the bottom water controls
nitrification, and the release of NH4-N from the sediment increases when anoxic conditions
are reached [26]. In this study, the increase in the benthic flux of NH4-N according to the
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decrease in DO concentration in the bottom water (along with the strengthening of the
stratification) appeared to reflect the biogeochemical cycling of nitrogen.

The behavior of phosphorus at the sediment–water interface is determined primarily
by anoxic mineralization, which is influenced by iron(III) oxide reduction and sulfate
reduction. In an environment in which sulfate reduction is dominant, iron(III) oxide is
reduced by sulfide, and phosphorus is released from the sediment into overlying water.
This can be accelerated by permanently burying the iron with solid iron sulfide, which
cannot adsorb phosphorus [25]. Under oxic conditions, the release of phosphorus is
associated with the formation of anoxic microlayers at the sediment–water interface due
to the high microbial activity in the sediment [62]. In this study, the benthic flux of PO4-P
increased with decreases in the DO concentration in the bottom water, similar to that
of NH4-N, but showed a sharper increase in the third measurement compared with the
first and second measurements. In the third measurement, the PO4-P released from the
sediment was assumed to be accelerated by sulfate reduction when the DO concentration of
the bottom water was almost depleted as the intensity of stratification in the water column
strengthened. Jeong and Kwak (2020) reported that the increase in PO4-P release from
sediments downstream of Saemangeum Lake was related to sulfate reduction [32].

4.3. Contribution of Benthic Fluxes to Bottom Water during Stratification

Stratification of a water column inhibits the vertical exchange of dissolved inorganic
nutrients; the elution of nutrients from the sediment to the overlying water, therefore, affects
the concentration of nutrients in bottom waters. Based on the results of three surveys,
the concentrations of nitrogen and phosphorus in the bottom water at site M-O showed a
positive correlation with the benthic fluxes (Figure 9). Although the measurement data may
not be sufficient, this strong positive correlation suggests that the nitrogen and phosphorus
concentrations in the bottom water downstream of the Saemangeum Lake are strongly
influenced by the benthic fluxes.

Water 2024, 16, x FOR PEER REVIEW 14 of 19 
 

 

oxic layers in the sediment due to the decrease in DO in the bottom water controls nitrifi-
cation, and the release of NH4-N from the sediment increases when anoxic conditions are 
reached [26]. In this study, the increase in the benthic flux of NH4-N according to the de-
crease in DO concentration in the bottom water (along with the strengthening of the strat-
ification) appeared to reflect the biogeochemical cycling of nitrogen. 

The behavior of phosphorus at the sediment–water interface is determined primarily 
by anoxic mineralization, which is influenced by iron(III) oxide reduction and sulfate re-
duction. In an environment in which sulfate reduction is dominant, iron(III) oxide is re-
duced by sulfide, and phosphorus is released from the sediment into overlying water. This 
can be accelerated by permanently burying the iron with solid iron sulfide, which cannot 
adsorb phosphorus [25]. Under oxic conditions, the release of phosphorus is associated 
with the formation of anoxic microlayers at the sediment–water interface due to the high 
microbial activity in the sediment [62]. In this study, the benthic flux of PO4-P increased 
with decreases in the DO concentration in the bottom water, similar to that of NH4-N, but 
showed a sharper increase in the third measurement compared with the first and second 
measurements. In the third measurement, the PO4-P released from the sediment was as-
sumed to be accelerated by sulfate reduction when the DO concentration of the bottom 
water was almost depleted as the intensity of stratification in the water column strength-
ened. Jeong and Kwak (2020) reported that the increase in PO4-P release from sediments 
downstream of Saemangeum Lake was related to sulfate reduction [32]. 

4.3. Contribution of Benthic Fluxes to Bottom Water during Stratification 
Stratification of a water column inhibits the vertical exchange of dissolved inorganic 

nutrients; the elution of nutrients from the sediment to the overlying water, therefore, af-
fects the concentration of nutrients in bottom waters. Based on the results of three surveys, 
the concentrations of nitrogen and phosphorus in the bottom water at site M-O showed a 
positive correlation with the benthic fluxes (Figure 9). Although the measurement data 
may not be sufficient, this strong positive correlation suggests that the nitrogen and phos-
phorus concentrations in the bottom water downstream of the Saemangeum Lake are 
strongly influenced by the benthic fluxes. 

 
Figure 9. Relationship between benthic flux and concentrations of nitrogen and phosphorus in 
bottom waters. 

The contribution of the benthic flux to the dissolved substances in bottom waters 
(during stratification by water temperature and salinity) can be estimated based on the 
depth of the water column below the pycnocline and the change in dissolved substances 
between the three survey periods [63,64]. Between the first and second measurements dur-
ing this investigation period, the contribution of the benthic flux was not calculated, given 
the effect of external seawater flowing through the sluice gate of the dike. Between the 
second and third measurements, the surface water of the lake was discharged to the out-
side through the sluice gate, and inflow of seawater from the outside was limited. The 
third measurement was taken 7 days after the second, and the thickness of the water below 

Figure 9. Relationship between benthic flux and concentrations of nitrogen and phosphorus in bottom waters.

The contribution of the benthic flux to the dissolved substances in bottom waters
(during stratification by water temperature and salinity) can be estimated based on the
depth of the water column below the pycnocline and the change in dissolved substances
between the three survey periods [63,64]. Between the first and second measurements
during this investigation period, the contribution of the benthic flux was not calculated,
given the effect of external seawater flowing through the sluice gate of the dike. Between the
second and third measurements, the surface water of the lake was discharged to the outside
through the sluice gate, and inflow of seawater from the outside was limited. The third
measurement was taken 7 days after the second, and the thickness of the water below the
pycnocline at this time was approximately 4 m. During the second and third measurements,
the mean DO concentrations below the pycnocline decreased from 2.71 mg/L to 0.92 mg/L.
The net loss of DO in the water column below the pycnocline during this period was
estimated at 1.02 g/m2/day. The average SOD of the second and third measurements
accounted for 33% of the net DO loss (Table 3). These results suggest that the consumption
of DO in the water column below the pycnocline during this period is more important
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for water column respiration than is the SOD. However, the relative importance of the
SOD and water column respiration is closely related to the depth below the pycnocline,
depending on the investigation period [65].

Table 3. Contribution of SOD and benthic fluxes to water column below the pycnocline during the
second and the third measurements.

Net Loss
(g/m2/day)

SOD
(g/m2/day)

Contribution
of SOD (%)

Net Flux
(mg/m2/day)

Benthic Flux
(mg/m2/day)

Contribution of
Benthic Flux (%)

DO 1.02 0.33 33 T-N 252.86 83.21 a 33
NH4-N 144.43 79.98 55

T-P 25.57 18.67 b 73
PO4-P 21.43 18.67 87

Notes: a Benthic T-N flux was assumed to be the sum of benthic NOx-N and NH4-N fluxes. b Benthic T-P flux was
assumed to be the same as the PO4-P flux.

During the same period, the mean benthic DIN and NH4-N fluxes contributed 33%
and 55% to the net fluxes of T-N and NH4-N, respectively, in the water column below the
pycnocline. The supply of NH4-N to the water column below the pycnocline can occur
through the decomposition of organic nitrogen in the water, in addition to the benthic
NH4-N flux. The supply of NH4-N due to the decomposition of organic substances in the
water column was estimated at 35.01 mg/m2/day when the remaining DO loss (due to the
difference between the net DO loss and the SOD) was converted into nitrogen using the
Redfield molar ratio (C:N:P:-O2 = 106:16:1:138). This flux accounted for 24% of the net flux
of NH4-N in the water column below the pycnocline. The dissimilar nitrate reduction to
ammonium in a water column with low DO concentrations can act as an important source
of NH4-N [66].

During the second and third measurements, the net fluxes of T-P and PO4-P in the
water column below the pycnocline were estimated at 25.57 and 21.43 mg/m2/day. The av-
erage benthic PO4-P flux accounted for 73% and 87% of the net fluxes of T-P and PO4-P,
respectively. The supply of PO4-P due to the decomposition of organic matter in the water
column under the pycnocline, calculated in the same way as NH4-N, was 4.85 mg/m2/day,
which was estimated to be 23% of the net fluxes of PO4-P. In addition, the concentration
of PO4-P in the water column below the pycnocline was affected by the adsorption and
desorption of particles. Özkundakei et al. (2011) reported that the contribution of ad-
sorption or desorption in stratified eutrophic lakes was relatively insignificant at 2–7% for
hypolimnetic PO4-P fluxes [63].

During the strengthening of stratification in the water column, the benthic fluxes of
NH4-N and PO4-P, between the first and third measurements, increased by 63% and 70%,
respectively. The results of this study show that the physical, chemical, and biological
processes of the water column according to the stratification intensity strongly affect the
benthic nutrient fluxes, even for a short period of time. The contribution of the PO4-P
benthic flux to the water column under the pycnocline was larger than that of NH4-N, and
the molar ratio of the NH4-N/PO4-P benthic fluxes was an average of 9.5. Therefore, the
benthic nutrient fluxes in stratified conditions contributed to the formation of phosphorus-
excessive water masses in the bottom water. The formation of a salt wedge in Saemangeum
Lake due to the inflowing of high-salinity seawater during the operation of the sluice gate
caused an average flow of the bottom layer in the upstream direction [67]. Kwak et al. (2023),
who conducted continuous field observations in the downstream area of Saemangeum
Lake, reported that, when seawater flows in through the sluice gate, the residual flow in the
lake flows downstream in the surface layer and upstream in the bottom layer [39]. During
the stratification period when there was little or no inflow of seawater through the sluice
gate, the bottom water downstream containing excess phosphorus due to the benthic flux
moved upstream when sufficient seawater flowed through the sluice gate. The phosphorus-
rich bottom water had a significant effect on algal growth in the mid-upstream regions of
the lake, where phosphorus acts as a limiting factor [43].
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5. Conclusions

We investigated the effects of SOD and benthic nutrient fluxes on bottom water ac-
cording to the development of stratification downstream of an artificially constructed
semi-enclosed brackish lake. The intensity of stratification within the lake was affected by
the inflow of freshwater from the river and the inflow of seawater through the sluice gate of
the dike. As the stratification strengthened, the DO concentration in the bottom water grad-
ually decreased until hypoxic conditions were reached. During the three survey periods,
the SOD decreased, and the benthic NH4-N and PO4-P fluxes increased with decreasing
concentrations of DO in bottom waters. The relationship between the benthic NH4-N and
PO4-P fluxes and PEA indicate that the intensity of stratification strongly influences the
benthic nutrient flux. In addition, the relationship between benthic flux and bottom water
concentrations of NH4-N and PO4-P showed that the benthic nutrient flux influences the
nutrient dynamics in bottom waters. The contributions of the benthic NH4-N and PO4-P
fluxes to the net fluxes of NH4-N and PO4-P in the water layer below the pycnocline during
the period when seawater inflow through the sluice gate was insignificant were estimated
at 55% and 87%, respectively. Excess PO4-P in bottom waters due to the benthic fluxes
downstream of the lake may, therefore, move upstream according to the operation of the
sluice gate and act as a potential source of algal growth in the mid-upstream regions.

Our investigation of Saemangeum Lake revealed that, even when seawater with high
levels of DO is introduced through the current sluice gate operation, the bottom layer’s DO is
not easily improved due to the strong stratification and high biological activity during the
summer season. This creates a vicious circle of hypoxic and/or anoxic conditions in bottom
waters, increasing nutrient concentrations in the sediment and accelerating their release into
the overlying water, thereby affecting eutrophication in the lake. To address this issue, it is
necessary to improve the sluice gate operation so that seawater with high levels of DO can
be rapidly and widely circulated into the lake. Additionally, reducing the load of organic
substances and nutrients entering the lake through continuous pollution-reduction activities,
such as managing non-point pollution sources in the upper watershed, is also essential.
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