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Abstract: To investigate the factors affecting water quality in coastal regions with sea dike con-
structions, surface water outside a sea dike was monitored for six years from 2015 to 2020 in the
Saemangeum region of Korea. Statistical analyses of the six years of high-frequency measurements
revealed that the water quality in this system was predominantly governed by natural processes
followed by pollutant inputs as the secondary influencing factor. Severe dissolved oxygen (DO)
depletion was observed in the surface waters during warm periods, probably owing to the advection
of DO-depleted water from elsewhere to the surface layer. Based on the apparent oxygen utilization
(AOU)—pH relationship (r = 0.52, n = 1837), the maximum AOU (180 uM) led to a pH decrease from
8.04 to 7.50, which was considerably lower than the estimated value of 7.72. This extra pH drop
was probably due to a reduction in the buffering capacity associated with increased CO; in the
water column originating from the atmosphere and in situ production, as well as local water column
redox reactions associated with benthic inputs of reduced chemical species. Overall, persistent DO
depletion with ongoing eutrophication/hypoxia could accelerate ocean acidification in Korean coastal
waters, which could be more acute in coastal regions with artificial coastal constructions.
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1. Introduction

Water quality is a critical issue in coastal regions, where increasing populations create
serious environmental problems such as coastal water pollution, disruption of marine
ecosystems, and coastal erosion attributed to artificial construction [1]. These problems
could result in reductions in fisheries and restriction of leisure activities, affecting the
livelihood of people living along the coastal regions. Coastal water quality is critical for
all marine plants and animals. In particular, primary production is affected by nutrient
conditions and water transparency that controls light radiation [2]. Due to carbon fixation
by phytoplankton, coastal water quality can also be viewed as an important factor in
the global climate crisis [3]. Marine water quality also affects fish and mammals not
only through the trophic disturbances associated with the primary producer but also
through exposure to toxicants (e.g., metals) originating from nearby land and cities [4].
Therefore, developing qualitative and quantitative assessment tools is necessary to address
the situation and predict changes in coastal environments.

Artificial construction in coastal regions, such as massive harbors and land reclamation,
affects water quality and, subsequently, the coastal ecosystem. Typically, the effects of
coastal construction on a marine ecosystem include weakened tidal currents, tidal prisms,
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bay-shelf exchange, sediment relocation, and coastal erosion [5]). Recently, Perkins et al. [6]
reviewed the impacts of coastal construction on marine ecosystems and revealed that
artificial construction strongly affects the community structure, inter-habitat linkages and
ecosystems, and leads to habitat loss, all of which directly impact human society (e.g.,
enhancement of fisheries, carbon sequestration). Moreover, intertidal habitats harbor
various environments that span abiotic gradients, such as immersion and emersion tidal
cycles, sediment characteristics and dynamics, wave exposure, current velocity, salinity,
pH, temperature, and oxygen [7]. Therefore, coastal structures in intertidal habitats, in
addition to habitat loss from the footprint of a structure, also impact the abiotic conditions
and lead to subsequent cascading biological effects [6]. However, studies on water quality
associated with artificial construction are still scarce, particularly for waters outside the
sea dike.

Coastal construction induces a change in the current and mixing patterns of water
masses [8]; thus, it has the potential to impact hypoxic water development (dissolved
oxygen concentration (DO) < 2 mg/L). This low oxygen condition in coastal waters is
increasing and is perhaps the most prominent problem caused by coastal eutrophication,
which leads to changes in the water chemistry, such as increases in CO, concentrations
and reductions in pH [9]. Coastal construction can either reduce or intensify hypoxic
water development. Karim et al. [8] investigated the evolution of bottom water hypoxia
in a bay using a complex model and suggested that land reclamation could cause the
upwelling of hypoxic bottom waters in summer due to the current changes associated
with seawall construction, thereby replacing hypoxic bottom water with DO-rich surface
waters. In contrast, using a numerical model, Yamaguchi and Hayama [10] suggested
that dike construction caused bottom water hypoxia both inside and outside the dike and
in wide areas of the Ariake Sea in Japan because the dike reduces the tidal current and
estuarine circulation, which intensifies water column stratification, thus causing bottom
water hypoxia. Therefore, the link between changes in water chemistry and artificial coastal
construction is not completely understood.

Bottom water hypoxia indicates that the sediments and overlying water enter reducing
conditions, which increase water column remineralization and sedimentary fluxes of
chemical constituents to overlying waters, potentially negatively affecting the marine biota.
For example, in waters from the Louisiana Shelf in the northern Gulf of Mexico, Joung and
Shiller [11] observed 2-3 orders of magnitude higher concentrations of dissolved Fe and
Mn in hypoxic waters than in non-hypoxic waters. In the same regions, Cai et al. [9] found
a decrease in water pH during the bottom water hypoxia season. Several coastal seas in
Korea are also experiencing low DO conditions in bottom waters [12,13], and this bottom
water hypoxia is likely to occur in many bays along the Korean coast due to the number of
fish farms that release nutrients and organic matter [14]. Moreover, with ongoing global
warming, coastal eutrophication and zones of bottom water hypoxia are expected to grow
in size and duration across the globe [15,16], making changes in water chemistry a global
phenomenon in the near future. Therefore, water quality management is critical from the
enviro-climatological perspective.

In this study, we examined coastal water quality in the Saemangeum land reclamation
area in southwestern Korea, which was completed in 2006 with the construction of a 33 km
long sea dike. During and after this artificial construction, some adverse effects were
observed in the artificial lake created by the sea dike, such as elevated chemical pollutants
and nutrients [17] and related eutrophication and low oxygen levels in bottom water [18].
However, most previous studies were conducted within the artificial lake (inside the sea
dike) and in rivers feeding into the lake (e.g., [17,19-21]), not outside of the sea dike, despite
the potential negative effects of artificial construction on water quality. The primary aims
of this study are to examine the water quality outside the sea dike and to discern the
potential alterations in water chemistry that can be attributed to the artificial construction.
In this study, we investigated water quality outside the sea dike using high-frequency
measurements of nine variables for six years from 2015 to 2020. Through statistical analysis,
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we determined the primary factors affecting water quality and further discuss surface
water DO depletion and its impact on water chemistry. Our findings can provide crucial
information for water quality and ecosystem management outside sea dikes.

2. Methods and Materials
2.1. Site Description

Surface seawater was monitored at a site off the Saemagum sea dike located in the
mid-west of South Korea (Figure 1). The construction of this artificial dike was initiated
as part of the Saemangeum Reclamation Project, which involved reclaiming 283 km? of
wetlands and estuaries by constructing a 33 km long sea dike. When the seawall was
completed in 2006, it enclosed a reservoir of approximately 120 km?, with a water-securing
capacity of approximately 535 million tons of freshwater [22]. This Saemangeum artificial
lake receives terrigenous effluents mainly from the Mangyeong and Dongjin Rivers, and
their annual freshwater discharges are 1100 x 10° and 700 x 10° m®/year, respectively [19].
The water level of the Saemangeum artificial lake is maintained at 1.6 m below sea level [23],
and thus, water exchange between the coastal waters and the artificial lake is restricted,
occurring only episodically when it is necessary to control the water level and quality, such
as during heavy precipitation in the watershed or during drought. Before construction,
the tidal range in the study area was up to 6 m; after construction, it is less than 1 m, even
when the sluice gates are fully open [24,25]. The mean monthly air temperatures range
from —0.4 °C (January) to 25.7 °C (August), and the mean annual precipitation is 1204 mm;
precipitation mainly occurs during summer (June to September), which accounts for more
than 65% of the total annual precipitation [26].
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Figure 1. Map of the sample collection site. The red diamond indicates the facilities where all
monitoring sensors were installed. Water was collected at about 50 m from the measurement site. In
the inset figure, the red rectangle indicates the study area. The red circle indicates the location of the
sluice gate.
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2.2. Sample Measurements

The data used in this study were collected through the National Marine Environmen-
tal Measuring Network Program (https://www.koem.or.kr, accessed 5 June 2022). The
surface water was monitored for temperature, salinity, pH, dissolved oxygen (DO), turbid-
ity (nephelometric turbidity unit; NTU), chlorophyll a (Chl a), total nitrogen (TN), total
phosphorus (TP), and chemical oxygen demand (COD). Surface water was continuously
pumped to a measurement facility equipped with multiple sensors and analyzers. Salinity,
temperature, pH, DO, and Chl a were collected using monitoring sensors (YSI6600EDS
YSI, Yellow Springs, OH, USA), and COD, TN, and TP were determined by online auto-
analyzers (Robochem S Centennial Technology Corporation, Ansan, Republic of Korea).
The accuracies of the temperature, salinity, pH, DO, turbidity, and Chl a measurements
were +0.15 °C, 40.01 unit, 0.2 mgL.~!, £2%, and 0.1 pgL.~!, respectively. The precision of
the TN, TP, and COD measurements was 3%. The measurements were conducted during
water flow at a rate of ~50 L/min to minimize the artifacts that could originate from water
storage or delayed measurement. Among the nine variables, temperature, salinity, pH, DO,
turbidity, and Chl 2 were measured every 5 min, and the others were measured once per
hour. These sensors and analyzers were maintained once a week and occasionally upon
malfunction. The measurement facility was located approximately 50 m from the sample
collection site, which was approximately 3 km from the sluice gate (Figure 1). The sample
collection site had a total water depth of 3 m, and water was collected at a depth of ~1 m
from the surface.

2.3. Statistical Analysis

The high-frequency (every 5-60 min) measurements from 2015 to 2020 provided more
than 35,000 data points for each variable (Supplementary Table S1). Because the variables
measured every 5 min did not change significantly within 1 h (Supplementary Figure S1),
we collected one datum per hour. After extraction, the values were averaged to a day scale
for further statistical analysis.

Multivariate statistical analyses, such as principal component analysis (PCA) and clus-
ter analysis (CA), were employed to identify the primary factors responsible for temporal
variations in water quality. A detailed description of the PCA application can be found
elsewhere (e.g., [27]). Briefly, a multi-variation correlation matrix that presents the inter-
connection correlation among all variables and the degree of significance of the respective
correlations was generated [28]. Based on the multi-variation correlation significance, the
numbers of variables were grouped, creating a new, uncorrelated variable that has a linear
combination with the original variables [27]. Thus, the original variable dimension could
be reduced to fewer summarized components. CA is commonly used to classify groups
of parameters that behave similarly and helps identify the possible factors or sources
influencing water quality [29,30]. All statistical analyses were performed using IBM SPSS
version 26 (IBM, Armonk, NY, USA).

3. Results and Discussion
3.1. General Distribution

Hourly detailed graphs (original dataset) are shown in the Supplementary Information
(Supplementary Figures 51-56). For data handling and interpretation, hourly data were
averaged into daily and monthly data. Thus, we reduced over 35,000 data points to
approximately 1700 and 71 data points for the daily and monthly scales, respectively
(Figures 2—4). In brief, during the study period from 2015 to 2020, the majority of the
studied parameters showed a typical seasonal variation. For example, temperature varied
from 0.0 °C to 36.6 °C (mean 15.5 °C), and it remained well above 0 °C during winter,
except in early 2018 when the temperature was close to 0 °C. The highest temperature
was almost always recorded in August. Salinity ranged from 13.7 to 32.3 (mean 29.5) and
remained steadily high (at ~30) during winter periods relative to the summertime, when
the salinity varied widely following monsoonal precipitation events. The concentrations
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of chlorophyll a (Chl a) were generally below 10 pg/L (mean 5.1 pug/L) during the study
period, with a few exceptions when the concentrations were above 50 ug/L, for example,
~100 pg/L in December 2019. In general, Chl a showed relatively higher concentrations in
the (early) warm seasons than in the cold seasons, depending on temperature and nutrient
conditions. Dissolved oxygen (DO) varied from 0.5 to ~15.0 mg/L (15~470 uM) (mean
8.75 mg/L or 272 uM) and showed the opposite trend to the temperature distribution. The
DO concentrations were high during warm seasons with high Chl a concentrations and were
the lowest in the middle of summer with the lowest nutrients and biological production.
Occasionally, high DO concentrations coincided with high Chl a concentrations and were
associated with nutrient input and severe rain events, such as those in August 2018. The pH
ranged from 7.32 to 8.68 (mean, 8.06) during our monitoring period. The pH distribution
was somewhat similar to the DO distribution, and the summer pH values were lower than
those during the winter. The levels of nutrients (total nitrogen and phosphorus, (TN and
TP, respectively)) varied widely from the almost depletion concentration to ~2.1 mg/L
for both TN and TP, but were mostly ~0.2 and 0.02 mg/L, respectively, during the whole
year. However, both TN and TP were elevated occasionally following monsoon or episodic
rain events, although the elevations differed every year. Chemical oxygen demand (COD)
ranged from ~0.0 to 21.2 mg/L (mean 2.1 mg/L) and did not exhibit clear seasonal or
annual trends. The highest COD concentrations were observed in the early cold season of
2017, whereas the lowest concentrations (<0.5 mg/L) were observed in 2020.
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Figure 2. Variations in the daily averaged parameters: (a) salinity, (b) temperature, (c) pH,
(d) dissolved oxygen (DO), and (e) chlorophyll a in surface waters during 2015-2020. Note that
data, in particular, from early August to late September 2020 when the pH and DO were likely the
lowest, are missing (see text for detail).

In general, most variables investigated in this study showed somewhat typical seasonal
variations and some episodic variations. For example, temperatures were similar to the
reported air temperature around our study region during the last 30 years [19,26] (Kim et al.,
2008; Li and Kim, 2019). The surface water DO displayed the opposite trend to that of
temperature, suggesting that temperature changes contribute to the surface DO distribution,
for example, increasing solubility in cold seasons and degassing in warm seasons. Biological
production (i.e., Chla concentration) generally peaked during the early warming season and
remained low during the rest of the season but was occasionally elevated upon freshwater
input during monsoonal rain events (Figures 2 and 3). Nutrients had no clear seasonal
variation throughout the study period (Figure 3). Although we did not monitor water
quality in the artificial lake and river waters, TN and TP concentrations were considerably
lower in waters outside the sea dike than those in the artificial lake and river waters
when compared with observations from previous studies (c.f. [20,21,31]). This nutrient
distribution suggests that nutrients were removed in the artificial lake where watershed
water could be reserved for a while, and then this low-nutrient lake water was introduced
to the open coastal area. However, note that, on some occasions, the lake water discharge
likely influenced the TN and TP, particularly during monsoonal rain events when water
from the watershed was rapidly introduced to the open coastal water without remaining in
the lake. For example, in July 2016 and September 2018, when severe rainfall events and
sluice gate opening occurred, both TN and TP were elevated (Figure 3).
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Figure 3. Variations in daily averaged parameters: (a) turbidity (expressed here in nephelometric
turbidity unit; NTU), (b) chemical oxygen demand (COD), (c) total nitrogen (TN), (d) total phosphorus
(TP), and (e) water flow (red bar: sluice gate open, blue bar: rainfall at Gunsan metrological site)
during 2015-2020.
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Figure 4. Seasonal trends in the monthly averaged variables. (a) Ocean Nino Index in the northwest
Pacific Ocean, (b) temperature, (c) dissolved oxygen, and (d) pH. A moving average of 12 months
(MA(12)) was applied to investigate the interannual trend (Supplementary Figure S7 presents the
other variables). Higher average pH values relative to expected values resulted from the low number
of data points for the period of early August to late September 2020.
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Annual trends were also investigated using monthly averaged datasets and time-
series statistics because some water quality variables could have a long-term trend fol-
lowing pollution control efforts or, potentially, climatological changes [32,33]. Figure 4
(and Supplementary Figure S7) shows the results of the time-series forecasting. Most of
the water quality variables in this study did not show clear interannual trends but were
seemingly stabilized, probably because of the narrow time window (or small dataset) used
to analyze the changes (Figure 4). A noticeable increasing trend was observed for pH,
particularly between 2018 and 2020 (Figure 4). Although unclear, this increase in pH may
be related to the input of freshwater (or reservoir water) and/or an increase in the primary
production (particularly during the late 2019—early 2020 season), which could elevate pH
due to high total alkalinity and carbon consumption, respectively [34]. Different long-term
trends were observed between the monthly averaged TN and TP. Since mid-2018, TN
has shown a decreasing trend, while TP has increased (Supplementary Figure S7). This
observation is probably associated with the regulation of fertilizer usage, particularly for
nitrogen, as well as the potential inputs of untreated domestic sewage water containing
phosphorus [35]. The data for other parameters in this study were scattered without clear
trends (Supplementary Figure S7).

3.2. Statistical Findings

Basic information on the variables in this study is shown in Supplementary Ta-
bles S1-54. The suitability of PCA was tested, and the Kaiser-Meyer—Olkin index was
0.634 (p < 0.0001), indicating that PCA could be useful in determining the variances by
reducing the variable dimension. Through PCA, the original nine variables were reduced to
three new principal components based on the loading values (eigenvalue > 1) and rotations
using the varimax with Kaiser normalization (Supplementary Figure S8). These three
components explained 65% (32%, 19%, and 14%, for components 1, 2, and 3, respectively)
of the total variance in this system (Figure 5a). The first primary component had strong
positive loadings on salinity and DO, and a negative loading on temperature, which likely
represents natural components (or climate processes). The second component included
COD and TN as a positive loading and pH as a negative loading, which seemed to be
pollution-related components. Simeonov et al. [27] and Zhou et al. [36] treated COD and
nutrients (organic nitrogen and nitrate) as pollutants derived from domestic wastewater.
Thus, our study site may have been under the influence of anthropogenic sources to some
degree. The third component included suspended solids (i.e., NTU), TP, and Chl g4, all
of which had a positive loading. The TP concentration in this system was considerably
lower than that in river water fed into an artificial lake (cf. [21,37]), suggesting that most
of the riverine TP was removed in the artificial lake. Therefore, the third component is
not likely to represent anthropogenic components but natural processes, such as bottom
water resuspension.

Based on hierarchical CA, the water quality parameters can be classified into three
clusters depending on the average linkage level: group #1 (pH, DO, Chl g, salinity, and
NTU); group #2 (COD and TN); and group #3 (temp and TP) (Figure 5b). In cluster 1, DO
and pH were the closest link and were clustered with Chl a, suggesting that the DO and pH
changes in this system were largely influenced by primary production as well as freshwater
inputs. The second cluster included COD and TN, which were the same as the second
components in the PCA, and this group indicated pollutant inputs. Temperature and TP
could be co-varied but were very weakly related. Both statistical analyses indicate that
water quality outside the sea dike may be influenced by pollutants to some degree.

Previous studies have commonly found that anthropogenic pollutant inputs are the
primary component affecting coastal water quality. Monica and Choi [20] conducted PCA
on data from the Dongjin and Mangyeong Rivers and reported that biological oxygen
demand (BOD), COD, suspended solids, TN, and TP were the primary components. They
described the first component as anthropogenic chemical inputs related to untreated sewage
and agricultural runoff [37]. Similarly, Zhou et al. [36] investigated bay waters along the
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Hong Kong coast and reported that BOD, nitrate, and total Kjeldahl nitrogen were the
primary components representing organic pollution. In northern Greek coastal waters,
Simeonov et al. [27] found that COD, BOD, TON, and TP were the first components,
reflecting municipal and industrial effluents. Interestingly, natural (or climate) processes
were the primary component in our study, which differs from the results of previous studies.
This difference in the observed primary component makes sense in that without artificial
lakes or reservoirs, polluted water can be directly introduced to open coastal regions. In
contrast, in the case of artificial lakes, after a relatively long water residence time in the
reservoir, anthropogenic chemicals are removed prior to the release of lake water into an
open coastal system. However, we note that the second component (PCA #2) in this study
was related to pollutant inputs with positive loadings of COD and TN. Thus, our study site
was still under the influence of domestic sewage and/or agricultural runoff, similar to a
previous observation of land-derived heavy metals outside the sea dike [17].

Average Linkage (Between Groups)

0 5 10 15 20 25
: o R ———
a J b
™
CcoD ™ DO ( )
0.5 - Chla —
3 NTU
g Temperature NIU Salinity
~ 0012 o9 Salinity
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-0.5 - TN
® pH
Temp
10 . . TP
-1.0 -0.5 0.0 0.5 1.0

PCA #1 (32%)

Figure 5. Results of statistical analysis: (a) rotated component matrix in principal component and
(b) cluster analyses. The rotated component matrix generated by rotation converged in five iterations.

3.3. Surface DO Distribution

DO distribution was perhaps the most interesting result of this study. In general,
DO concentrations during cold periods were much greater than oxygen saturation. In
some cold periods, the DO concentrations were recorded up to ~15.0 mg/L at a salinity of
31.6 and 7.8 °C of water temperature (30 March 2015; 158% supersaturation of DO). This
hyperoxic condition is commonly observed in areas with high nutrient supply [38], as well
as in the semi-enclosed bays, which are typical along the Korean coast [12,13,39].

DO supersaturation was commonly observed during cold periods (November—April), with
peak concentrations in March and April when Chl a concentrations peaked (Figures 2 and 3).
Although we did not observe a good correlation between DO and Chl a in our dataset
(Supplementary Figure S9), the increase in temperature during the winter-spring transi-
tion is often known to be the primary factor for the depletion of biological nutrients in
spring [40,41]. Indeed, nutrient (TN and TP) concentrations were relatively higher in cold
periods than in warm periods (Figure 3). Thus, the DO supersaturation in March and April
was likely due to DO addition by the primary producers via photosynthesis under the
optimal conditions of nutrients and temperature.

While the cold periods showed an intensive DO production and surface supersatu-
ration, DO was severely depleted during some warm periods, decreasing DO saturation
to 20% (Supplementary Figure S11). During the warm periods, the primary production
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was lower than that in the cold periods, suggesting that the photosynthetic input of DO
would be lower and/or DO consumption may be greater in summer relative to that in the
cold periods (Supplementary Figure S10). An increase in temperature can decrease DO
solubility and lead to degassing. In fact, we found a clear negative correlation between DO
and temperature (Supplementary Figure 59), which is commonly observed in other coastal
systems (e.g., coastal water in Hong Kong, [36]). However, the degree of DO depletion in
this study was far beyond the temperature-salinity adjusted DO saturation (Supplemen-
tary Figure S11), and thus, processes other than temperature-induced O, degassing must
contribute to surface DO depletion. Possible explanations for the low surface DO include
the inputs of low oxygen waters from the artificial lake (if DO is depleted), inputs from
groundwater [42] and other water bodies that are severely depleted in DO [11], and/or
diel-cycling of respiration associated with low DO water at night [13,43]. Unfortunately,
we did not collect water samples from the artificial lake (i.e., Saemageum reservoir) or
groundwater, and thus, it could not be clearly distinguished whether the low-DO water
originated from the lake or groundwater. However, when compared with the results of pre-
vious studies on the artificial lake, the water quality outside the sea dike (our dataset) was
considerably different (Supplementary Table S5). For example, Kwak et al. [44] surveyed
water quality in the artificial lake along the two river pathways and observed very low DO
waters (1.8-5 mg/L; 56-156 uM) near the sluice gate, with concentrations similar to those
in our study. However, the concentrations of the other parameters (e.g., pH, COD, and TP)
in the artificial lake waters were significantly different from those in the water outside the
sea dike (Supplementary Table S5). We note that the previous artificial lake surveys were
conducted during different seasons, and samples were collected at different depths; thus, a
direct comparison between the two systems may not clearly indicate that the two waters
were completely different. In addition to the different water qualities inside and outside
the sea dike, there was no sluice gate opening or salinity change when the maximum DO
depletion occurred (Figure 2), suggesting that the lake waters and fresh groundwaters may
have had a minimal influence on surface DO depletion.

The remaining, and perhaps the most likely explanation, could be diel-cycling (or
convection) at night and the input of bottom water associated with heterotrophic respiration.
Most DO-depleted waters were observed at night (or early in the morning), and in some
warm periods, the low DO (less than DO saturation) on the surface persisted even during
the daytime (Supplementary Figure S12). This nighttime DO depletion has been commonly
observed in many other shallow systems, such as lagoons and bays in Delaware, USA [43],
Wagquoit Bay in Massachusetts, USA [45], and shallow inner Jinhae Bay in Korea [13], and
it occurs mostly due to biological respiration. This phenomenon could last for minutes
to several hours [13,43], meaning that respiration-derived low DO can be overcome by
daytime DO production. However, in some warm periods, low DO persisted over a day or
even weeks (Supplementary Figures S1-56). The persistence of low DO for a day or even
longer suggests that the surface water could have received low-DO water from elsewhere.

The introduction of DO-depleted bottom water (or water from elsewhere) could also
contribute to surface DO depletion. Joung and Shiller [11] found that low-DO surface water
in shallow areas of the Louisiana Shelf was caused by an episodic low-DO bottom water
introduction associated with wind changes. Because there was no vertical profiling of DO
at this monitoring station, we could not determine whether DO in the bottom water had
actually been depleted. Most of the southwestern coast of Korea, including our sample
collection site, is a tidal mudflat where, typically, the sedimentary oxygen consumption is
much higher than that in the water column [46]. Accounting for the large organic matter
supply from the in situ production and transport from the lake, the sediments and overlying
bottom waters in our study site could easily enter and sustain low oxygen conditions during
the summer periods. In addition, the water sample was collected at ~1 m from the surface
in a total water depth of 3 m, and thus, bottom water resuspension can be susceptible to
wind changes and tidal fluctuations [24,25,47]. Therefore, the surface DO depletion in this
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study may be a combination of biological activities in the water column and sediments as
well as vertical mixing.

It is currently unclear if the low DO surface water can be attributed to the sea dike
construction. However, changes in current direction and speed occurred after the con-
struction of the sea dike [19]. For example, Park et al. [25] and Choi et al. [47] reported a
greater reduction in the tidal phase and flow after sea dike construction in approximately
the same region as this study site. This dike construction also has a profound impact
on water column phytoplankton communities [31], benthic flora [48], and anthropogenic
contaminants [49]. Thus, the low oxygen occurrence in this system may be associated
with sea dike construction. Nevertheless, as coastal eutrophication extends in size and
duration [15,16], this low surface oxygen could also worsen, leading to changes in other
chemical properties of water, such as CO; elevation and pH decrease [9,50].

3.4. pH Changes and Implications of DO Depletion

The interannual variation in pH was generally identical to that in DO (Supplementary
Figure S11). However, during some periods, the pH distributions were decoupled from
DO variation. For example, in the late 2017 and early 2018 seasons, pH hovered at values
of approximately 7.7 for about 5 months, whereas the DO increased. In other words, the
pH values in late 2017 were very low compared with those in the other years. During that
period, we observed elevated COD concentrations, which was unusual considering that all
the other parameters did not show any abnormal variations (Supplementary Figure S3).
Although COD is defined as the oxygen concentration required to oxidize all (but mostly
labile) organic material into CO; and water through chemical oxidation, it also comprises
reduced chemical species (e.g., Fe, Mn, and sulfides), all of which reduce DO and pH during
reactions in the water column, and can originate from benthic inputs and/or groundwater
discharge [51]. Thus, although it is still unclear, the persistence of low pH together with
the high COD in late 2017 was likely related to the degradation of COD and the reaction
of reduced species, which were accompanied by episodic inputs of local contaminants
and/or bottom water to the surface layer. In late 2020, pH showed an increasing trend
with values of up to 8.5 (Figure 4). In other words, the pH did not decrease relative to
that in the other years. We note that pH data were not collected for over a month from
early August to late September 2020, and thus, only a few data points with relatively
high values were included in the daily and monthly averages. Typically, the pH was the
lowest during this period in the other years when the lowest DO occurred. Nonetheless,
considering the interannual variation, the pH in 2020 was slightly higher than that in the
other years (Figures 2 and 4). During the mid/late-2020 season, we observed large amounts
of freshwater inputs following unusually long monsoonal precipitation events compared
with those in the other years (Figure 3). In general, freshwater has a low buffering capacity;
thus, the pH could have decreased [34]. However, at the same time, because of the large
amount of nutrient input from the watersheds (e.g., TP, Figure 3), the biological production
would be high, thereby increasing pH. For example, after freshwater input in Laajahti Bay,
Finland, the pH increased from 7.6 to 8.8 [34]. In our study area, especially during 2020,
though no data collection over a month in the summer of 2020 limited our understanding,
the elevated pH was probably due to an increase in biological production induced by
freshwater inputs (Supplementary Figure S7).

Currently, bottom water hypoxia is globally widespread, and the areas and durations
of bottom water hypoxia are expected to be greater in the near future [15]. However, biogeo-
chemical changes associated with bottom water hypoxia are not fully understood. When
the water column DO is depleted through biological activity, carbon dioxide (CO;) can be
produced, and subsequently, the pH decreases [9,50]. Therefore, pH is often negatively
correlated with DO [9], which was also observed in this study (Supplementary Figure
59). The pH changes caused by DO depletion can be estimated using apparent oxygen
utilization (AOU), the Redfield ratio, and total alkalinity [50,52].
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When DO is available, the DO consumption (or respiration) process occurs in a manner
opposite to that of photosynthesis, that is (CH20)106(NH3)16H3PO4 + 1380, — 106CO, +
16HNOj3 + H3POy4 + 122H,0 [53]. Based on previous studies (e.g., [9,50,52,54]), the potential
changes in pH can be estimated based on the AOU and could be associated with CO, input.
Approximation of pH changes can be simplified as ApH = —log([CO;]final /[CO,]initial) or
simple changes in total CO, concentrations (see details in Sunda and Cai, 2012) and can be
calculated using a program developed for CO; systems in MS Excel by NOAA (available
at: https://cdiac.ess-dive.lbl.gov, accessed 5 June 2022). In this estimation, the highest
AOU of ~180 uM could lead to a pH decrease of 0.32 under conditions of ~2002 pmol/kg
and 2382 umol/kg of dissolved inorganic carbon (DIC) and total alkalinity concentrations,
respectively, as observed near our study site [55]. This pH decrease is very similar to the
estimation calculated for Louisiana Shelf waters, where severe bottom water hypoxia has
occurred annually during the last few decades [9,16].

When plotting the AOU against pH, there was a significant correlation (r = 0.51,
n =1837, p < 0.0001, Supplementary Figure 59d), indicating that the AOU played a critical
role in the pH decrease. The initial pH when the AOU did not occur was 8.04, which
is in fairly good agreement with the pH in a typical coastal seawater in the Yellow Sea
(~8.02). [56] Nonetheless, this suggests that with the maximum AOU of ~180 uM, the pH
could decrease to as low as ~7.50, which is considerably lower than the estimated value
of 7.72 (decreased by 0.32 from 8.04). With the simplest model employed in this study, it
is not be possible to explain the cause of the extra pH drop; thus, a sophisticated model
and actual measurements of carbon species and total alkalinity are necessary. However,
the deviation between the modeled and measured pH was also observed in other systems,
such as the shallow northern Gulf of Mexico and East China Sea [9], and in the deep
ocean, e.g., the East (Japan) Sea [50]. For example, Cai et al. [9] observed an extra 0.05 pH
reduction relative to the estimated pH in Louisiana Shelf waters and concluded that the
additional pH decrease was probably associated with a reduction in buffering capacity as
the DIC increased in seawater following the increase in CO; in the atmosphere [9,50,54].
Interestingly, their extra pH reduction (0.05) was far smaller than the additional pH drop in
this study (~0.2). Recently, Cai et al. [57] investigated the pH in waters from Chesapeake
Bay, US, and observed a decrease in pH from 8.00 to 7.50 in the mixed layer within <2 days.
They suggested that the dramatic pH drop in the mixed layer resulted from vertical
mixing because the mid-depth water had a pH of 7.35. Moreover, they suggested that
the reduced chemical species, such as Fe?*, Mn?*, H,S, and NH,*, could also increase
acidity during mixing when these reduced species were oxidized. This upward mixing
subsequently reduces the total alkalinity or buffer capacity, resulting in more acidic surface
water. Typically, deep waters experiencing bottom water hypoxia, particularly under
eutrophic conditions in coastal regions as at our study site, contain considerable amounts
of these reduced chemical species [11,58]. Thus, the additional drop in pH relative to the
estimated value in this study is probably due to the introduction of other waters from the
bottom or other places, such as groundwater, with different chemical properties or, at least,
different pH, thereby causing severe ocean acidification. Overall, with the increase in the
area and duration of coastal eutrophication and low oxygen water and more CO, input
to the ocean from the atmosphere, our results and those of previous studies suggest that
coastal environments could have more rapid change and acidification than expected.

4. Conclusions

We monitored the water quality variables in surface waters outside a sea dike where
studies are seldom conducted compared with studies of artificial lakes created by sea dikes
(or artificial construction). The study was conducted in the Saemanguem area, Korea,
where the world’s longest sea dike was constructed for land reclamation. Using six years
of high-frequency monitoring data and statistical analysis, we found that the water quality
at our study site was profoundly influenced by natural processes and some degree of
anthropogenic pollutant input. We observed severe surface DO depletion, particularly
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during warm periods, and the depletion was as low as 80% of the DO saturation. This
DO depletion was likely related to the diel-cycling of respiration production via biological
activities. However, on some occasions, DO depletion persisted for much longer than a
day, suggesting net respiration and/or a supply of DO-depleted water into the surface
layer. In addition, DO was positively correlated with pH, indicating that low DO caused
a reduction in the pH. The observed pH was lower than that estimated using a simple
DO-pH model. Although an improved model is necessary to estimate the pH decrease from
DO depletion, this decrease may be due to the reduction in buffer capacity associated with
the atmospheric CO; increase and/or in situ generation of CO; as well as the introduction
of reduced species, particularly in coastal regions.

In the context of global land reclamation efforts involving the construction of sea dikes,
our study highlights important findings. Our research reveals that water outside the sea
dike can still be affected by pollutants to some degree. Additionally, the construction of
such artificial structures can trigger unprecedented environmental events, such as hypoxia,
by altering current speed and direction. Considering the expanding areas and durations
of coastal eutrophication, the occurrence of low-oxygen water, and the increasing input
of CO; to the ocean from the atmosphere, our findings, along with previous studies,
suggest that coastal environments could undergo rapid changes and acidification beyond
initial expectations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /jmse11061247/s1. Figure S1. Temporal variations of water
quality parameters in 2015 (original data set). Figure S2. Temporal variations of water quality
parameters in 2016. (original data set). Figure S3. Temporal variations of water quality parameters in
2017. (original data set). Figure S4. Temporal variations of water quality parameters in 2018. (original
data). Figure S5. Temporal variations of water quality parameters in 2019. (original data). Figure
S6. Temporal variations of water quality parameters in 2020. (original data). Figure S7. Variations of
monthly averaged parameters and interannual trend using moving average of 12 months (MA(12)).
Figure S8. Scree plot of the principal component analysis. Three components were identified by
the eigenvalue of > 1. Figure S9. Property—property plots of the variables. (a) Temperature with
dissolved oxygen (Y = —8.6607x + 403.97, n = 1854, r = 0.82, p < 0.0001), (b) chlorophyll a and
dissolved oxygen (Y = 9.21x + 226.29, n = 1854, r = 0.48, p < 0.0001), (c) Dissolved oxygen with pH
(Y =0.0015x + 7.636, r = 0.48, n = 1837, p < 0.0001), and (d) apparent oxygen utilization (AOU) with
pH (Y = —0.0024x + 8.039, r = 0.52, n = 1837, p < 0.0001). AOU was determined by subtracting the
measured concentration from the saturated concentration. Figure S10. Chlorophyll a and dissolved
oxygen (DO) distributions in warm (May-October) and cold (November to April) periods. Monthly
averaged. Figure S11. Seasonal variations in the daily averaged parameters: (a) dissolved oxygen and
saturation concentrations and (b) dissolved oxygen and pH during 2015-2020. Figure S12. Hourly
evolution of DO depletion. The DO depletion was determined by the differences between saturated
and measured DO concentrations. Thus, negative values represent a supersaturation of DO. Warm
period includes from May to October, while cold period includes November to April. Table S1.
Descriptive statistics of data. Table S2. Multivariant coefficients of parameters monitored in this study.
Temp.: temperature, DO: dissolved oxygen, NTU: Nephelometric Turbidity Unit, Chl a; chlorophyll
a, COD: chemical oxygen demand, TN: total nitrogen, and TP: total phosphorus. Table S3. Scores
of principal components for each variable. Table S4. Component Score Coefficient Matrix. Table S5.
Comparison of water quality parameters between out- and inside of sea-dyke. (Data from a: This
study, b: Kim and Kim, 2002, c: Choi et al., 2013, and d: Kwak et al., 2017). Reference [59] is cited in
the Supplementary Materials.
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