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The geomorphology of coastal lagoons has an important effect on the
hydrological balance between fresh water and seawater, which exhibit a
wide range of salinity from nearly fresh water to hypersaline water. The
present study aimed to characterize seasonal biogeochemical properties of
suspended particulate organic matter (POM) in response to environmental
variability driven by hydrological dynamics in contrasting coastal lagoon
systems. We selected two lagoons distinguished by their geomorphological
features, a permanently open artificial lagoon (Gyeongpoho) and an
intermittently open natural lagoon (Hyangho), analyzed environmental
characteristics, and compared the seasonal differences in the biochemical
compositions of POM. Variations in temperature and precipitation in both
lagoons showed the characteristics of a typical monsoon climate but variation
in salinity differed 6.5-35.0 in Gyeongpoho and 1.1-10.8 in Hyangho. A self-
organizing map analysis using the environmental data revealed that the
spatiotemporal variations in salinity and nutrient concentrations differed
significantly between the two lagoon systems, indicating a difference in
hydrologic connectivity between lagoons and marine systems. Furthermore,
a canonical correlation analysis highlighted that the POM properties differed
according to physicochemical factors. The differing environmental conditions
may affect the spatial and temporal variations in organic matter composition,
resulting in significant differences in the biochemical composition of POM
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between two lagoon systems. Overall, this information provides insight into the
origin and transport process of POM under changing coastal lagoon
environments caused by climatic and human activities.
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Lagoons, suspended particulate organic matter, stable isotopes, biochemical
composition, hydrologic connectivity

Introduction

Coastal lagoons are highly heterogeneous aquatic ecosystems
formed as a result of the input of variable amounts of freshwater
and seawater as transition zones between terrestrial and marine
systems (Kjerfve, 1994). These coastal lagoons are among the
most productive ecosystems which promote the biological
activities of primary producers, owing to a great input of
nutrients and organic matter (Pérez-Ruzafa et al, 2019).
However, the estimated primary production in such coastal
systems generally has highly variable ranges with
spatiotemporal variability in biotic and abiotic factors
(Carrasco Navas-Parejo et al., 2020). These drivers are
significantly influenced by the geomorphological features of
lagoons, which can control the hydrological balance between
freshwater and seawater (Kjerfve, 1994). Furthermore, the
degree of mixing between freshwater and seawater may lead to
dynamic ecological processes causing high biodiversity due to
environmental heterogeneity and habitat diversity (Péerez-Ruzafa
et al., 2011; Lopes and Dias, 2015). As a result, coastal lagoon
ecosystems are strongly influenced by hydrogeomorphological
dynamics with high intrinsic variability in physicochemical
factors at a regional scale, resulting in significant changes in
the entire ecosystem.

The particulate organic matter (POM) in coastal waters is
affected by a series of physicochemical and biological processes
(Chen et al, 2021; Lu et al., 2021). The origins of POM in coastal
lagoons are heterogeneous because of the influence of different
sources of organic matter on the dynamics of physical, chemical,
and biological factors (Rossi et al., 2003; Cresson et al., 2012;
Lonborg et al., 2017; Garcia et al., 2018). Primary production by
phytoplankton is a major source of POM in coastal lagoons. In
addition, local benthic primary producers, such as macroalgae
and marsh plants, and input of terrestrial material by freshwater
discharge, also considerably contribute to the POM pool in the
lagoons. Temporal changes in the diverse sources related to
hydrological variations in lagoon systems may lead to a complex
mixture of POM (Garcia et al., 2017; Lonborg et al., 2017). The
POM in coastal environments exhibits seasonal variability in
both quantitative and qualitative characteristics (Gremare et al.,
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1997; Rossi et al., 2003). Such seasonality in POM can influence
the abundance, biomass, and recruitment of pelagic and benthic
animal communities, and are major factors controlling food
availability for consumer species (Kleppel and Burkart, 1995;
Gremare et al., 1997). However, because of the complexity of the
POM pool, it is very difficult to assess its quantity, quality, and
relative importance for consumers in coastal lagoon systems.
Carbon and nitrogen stable isotope analysis has been
successfully used to describe the source of organic matter in
coastal environments, which varies with the spatial and temporal
heterogeneity of biotic and abiotic factors (Cresson et al., 2012;
Briand et al., 2015; Ke et al., 2017). Because marine and
terrestrial primary producers have different photosynthetic
pathways, they have distinct isotope ratios (§'°C and §"°N)
from each other (Peterson and Fry, 1987). In general, marine-
derived organic matter has higher §'°C and §'°N values than
terrestrial-derived organic matter. Moreover, major primary
producers in temperate coastal systems may have highly
variable §'>C values; green macroalgae (—12%o to —10%o) and
microphytobenthos (—20%o to —10%o) are more '*C-enriched
than marine phytoplankton (-24%o to — 18%o) and marsh plants
(—=23%o to — 29%o) (Fry and Sherr, 1984; Kang et al., 2003; Park
et al., 2015; Park et al., 2016). The 8N values of primary
producers may also reflect the source of inorganic nutrients and
the magnitude of discrimination based on nutrient
concentrations (McClelland and Valiela, 1998). The 8N
values have been used as indicators of anthropogenic effects
on coastal ecosystems because organic matter derived from
anthropogenic sources (e.g., artificial fertilizer and sewage) is
usually more "’N-enriched than that from natural sources (Cole
et al., 2004; Ke et al, 2017). Accordingly, the §"*C and §"°N
values of POM are representative of the relative contribution of
each of the diverse sources in complex coastal lagoon systems.
Analysis of the biochemical compositions of POM pools has
been used to assess the origin of organic matter and its
nutritional value as a basal food source available to primary
consumers (Navarro and Thompson, 1995; Danovaro et al.,
2000; Cresson et al., 2012). Labile compounds such as
proteins, lipids, and carbohydrates of POM are metabolically
utilized by consumers as readily bioavailable fractions (Mazzola
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et al, 2001). In general, labile POM, which is a recently
synthesized organic matter, is produced by phytoplankton
photosynthesis. The biochemical composition of POM may
reflect the physiological status and nutritional value of
phytoplankton species in response to diverse environmental
conditions, such as light, river discharge, and nutrient
availability (Danovaro et al,, 2000; Lee et al, 2017; Bhavya
et al., 2019). Thus, this approach can provide useful
information on the ambient environmental conditions and/or
changes related to biogeochemical processes in complex
coastal ecosystems.

Gyeongpoho and Hyangho, located adjacent to each other,
have different ecological environments due to their
hydrological characteristics (Park et al., 2020). However,
there is no study on spatiotemporal variations in carbon and
nitrogen dynamics of POM that could explain the ecosystem
structure and function of the lagoons as a transition
zone between ocean and land (Chen et al., 2021; Lu et al.,
2022). The present study aimed to characterize the seasonal
biogeochemical processes of POM in coastal lagoon systems in
response to environmental variability using hydrological
dynamics. We hypothesized that the biogeochemical
characteristics of POM may be seasonally different depending
on lagoon-specific processes, reflecting the hydrological
conditions. To test this hypothesis, we compared the seasonal
differences in isotopic signatures and biochemical
compositions of POM with variations in environmental
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parameters between two permanently and intermittently
open lagoons distinguished by the hydrological features. This
information provides insight into the origin and transport
process of POM under changing coastal lagoon environments
caused by climatic and human activities.

Materials and methods
Study area

The sampling sites were located in two coastal lagoons
[Gyeongpoho (sites Ga—c) and Hyangho (sites Ha-b)] on the
eastern coast of the Korean Peninsula (Figure 1). The two
lagoons have different environmental characteristics due to
presence or absence of artificial channel that cause differences
in salinity gradients, although the depth ranges in both lagoons
were generally below 1.0 m. Gyeongpoho has an area of 0.90
km?, and has several inlets through which freshwater inflows,
and is connected to the sea via single artificial channel (WREO,
2008; Yoon et al., 2008). The artificial channel allows for
continuous exchange of freshwater with seawater, which
increases the freshwater’s salinity. In contrast, Hyangho has an
area of 0.14 km’, and is usually separated from the sea by sand
dunes, but is seasonally connected to the sea by a channel
generated by heavy rainfall during summer monsoons (Park
et al., 2020).
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Precipitation, sampling, and
laboratory processing

Samplings were conducted monthly from June 2019 to April
2020 at three and two sites in Gyeongpoho and Hyangho,
respectively, depending on their distance from the sea. Water
samples for nutrient, POC, PON, biochemical composition
(PCHO, PPr, and PLip), and Chl-a analyses were collected
from the surface of each study site. Monthly precipitation and
atmospheric temperature data for the study area were obtained
from the Korean Meteorological Administration (https://data.
kma.go.kr/data/grnd/selectAsosRItmList.do?pgmNo=36).

The water temperature and salinity were measured using a
YSI 30 handheld meter (YSI Inc., Yellow Springs, OH, USA).
Samples for Chl-a and biochemical composition analyses were
filtered through 47 mm Whatman GF/F filters. Samples for POC
analyses were pre-filtration through a 200 um net for eliminating
large debris and any zooplankton and then gently filtered
through 25 mm pre-combusted (450°C, 2 h) Whatman GF/F
filters. The filtered water samples for dissolved inorganic
nutrient analyses were transferred into acid-washed
polyethylene bottles and frozen at —20°C, and the filter
samples were wrapped in aluminum foil and then kept in a
deep freezer (at -80°C) until the analysis.

POC, PON, and C and N stable isotope
analyses of POM

The filtered samples for POC, PON, and BCand °N isotope
ratio analyses were fumed with HCI for 12 h to remove
carbonate and were subsequently freeze-dried. The dried
samples were sealed within a tin disk and analyzed using an
elemental analyzer (Vario MICRO Cube; Elementar, Hanau,
Germany) coupled to a continuous-flow isotope ratio mass
spectrometer (CF-IRMS; Isoprime 100; Cheadle Hulme, UK).
The samples were oxidized at high temperature (1150°C) using
an elemental analyzer. The resultant CO, and N, gases were
separated using an adsorption column and then moved into the
CF-IRMS using a He carrier gas. The C and N stable isotope
ratios are expressed as  notation relative to Pee Dee Belemnite
for C and atmospheric air for N, using the equation §(%o) =
[(Reample/Retandara)—1] x 10°, where R is the *C/**C or *N/"N
ratio. International standards of reference materials sucrose
[8542 ANU, §'°C = —10.47 + 0.13%o, National Institute of
Standards and Technology (NIST), Gaithersburg, MD, USA;
RM 8568 UG, 8N = -1.8 + 0.1%o, NIST] were used for
calibration after analyzing every 10th unknown sample. The
precision based on repeated analyses of acetanilide (Thermo
Scientific) as an internal standard was within 0.07%o for §'°C
and 0.11%o for §'°N.
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Biochemical composition of POM

The filter samples for carbohydrates, proteins, and lipids of
POM (PCHO, PPr, and PLip, respectively) were analyzed
according to Lowry et al. (1951); Dubois et al. (1956); Bligh
and Dyer (1959), and Marsh and Weinstein (1966), respectively.

The samples for PCHO were put into 15 mL PP tubes
containing 1 mL of deionized water and triturated using a
glass rod. Next, 1 mL of 5% phenol was added for PCHO
extraction, and the solutions were stored at room temperature
for 40 min. Subsequently, 5 mL sulfuric acid was added to the
solution and mixed using a vortex mixer. The mixture was
centrifuged at 3500 rpm for 10 min. The PCHO concentration of
POM was determined based on the absorbance at 490 nm using
a UV spectrophotometer (Labomed Inc., Los Angeles, CA, USA)
and quantified as glucose equivalents (Sigma-Aldrich, St. Louis,
MO, USA).

The PPr samples were placed in centrifuge tubes containing
1 ml of deionized water. For PPr extraction, the filter was
triturated using glass rod and 5 mL of an alkaline copper
solution (a mixture of 2% Na,COj3 in 0.1 N NaOH with 0.5%
CuSO,4-5H,0 in 1% sodium tartrate; 50:1, v/v) was added to the
tube. The solution was mixed using a vortex mixer and
maintained at room temperature for 10 min. Subsequently, 0.5
mL of Folin-Ciocalteu phenol reagent was added to the solution.
The solution was then centrifuged at 3000 rpm for 10 min. The
PPr concentration of POM was determined based on the
absorbance at 750 nm using a UV spectrophotometer and
quantified as bovine serum albumin equivalents
(Sigma-Aldrich).

For extraction of PLip, the samples were put in 16 mL glass
tubes containing 3 mL of chloroform-methan (1:2, v/v), followed by
triturating using a glass rod and mixing using a vortex mixer. The
solutions were allowed to stand for 1 h in a refrigerator (4°C) to
prevent evaporation loss. Subsequently, the solutions were
centrifuged at 2000 rpm for 10 min and the supernatants were
collected and transferred into new tubes. The extraction procedure
was performed immediately and repeated. After completing the
extraction, 4 mL of deionized water was added to new tubes
containing the extractant. The solution was then homogenized
using a vortex mixer and centrifuged at 2000 rpm to separate the
solvents into two phases (chloroform for lipids and methanol +
water). The methanol/water phase was removed from the solvent
using a Pasteur pipette. The tubes containing the chloroform phase
were exposed to N, gas and were placed in a dry oven at 40°C to
remove chloroform. After the chloroform phase was completely
dried, 2 mL H,SO, was added to the tubes. The tubes were heated to
200°C for 15 min using a heating block and cooled to room
temperature. When the heating procedure was completed, the
tubes were placed in a water bath at room temperature, and 3 ml
of deionized water was added to the tubes. After all bubbles in the
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tubes disappeared, the PLip concentrations of POM were analyzed
based on the absorbance at a wavelength of 375 nm and quantified
as tripalmitin equivalents.

Dissolved inorganic nutrient and Chl-a

Water samples for dissolved inorganic nutrients were
analyzed using a QuAAtro nutrient analyzer (SEAL Analytical
GmbH, Norderstedt, Germany) to determine ammonium
(NH,), nitrate (NO;), nitrate (NO,), phosphate (PO,), and
silicate (SiO,4) concentrations, according to the procedures
developed for automated chemical analysis, with detection
limits for 0.01 uM, 0.1 puM, 0.1 uM, 0.02 uM, and 0.1 puM,
respectively (Murphy and Riley, 1962; Helder and De Vries,
1979; Hansen and Koroleft, 1999). Filter samples for Chl-a were
extracted with 90% acetone in the dark at 4°C for 20 h and the
concentrations of Chl-a were determined fluorometrically using
a fluorometer (Turner Designs, Sunnyvale, CA) (Parsons
et al., 1984).

Data analysis

Student ¢ tests were performed to test variations in salinity
data which were normal distribution. For data not normality
distributed, Mann-Whitney U tests were performed to test the
differences in C/N ratios and 8'°C and 8'°N values between the
Gyeonghoho and Hyangho samples, and Kruskal-Wallis
analysis of variance (ANOVA) was used to compare spatial
and temporal variations in nutrients, Chl-a, POC, and PON
concentrations, C/N ratios, and biochemical compositions
among the study sites.

The environmental characteristics of the study sites were
classified using a self-organizing map algorithm (SOM), which is
a heuristic model used to visualize linear and nonlinear
relationships in high-dimensional datasets (Kohonen, 1982).
During the training process of the SOM, the data were
assigned to neurons (processing units) in the input layer. After
coarse training and fine-tuning steps, an output layer composed
of output neurons was generated. In the output layer, a real
sample was allocated to the most similar neuron, and samples
with similar characteristics were arranged in adjacent neurons,
which were placed in a two-dimensional grid. The number of
output neurons was chosen according to the heuristic rule 5Vn,
where n is the number of training samples (Vesanto and
Alhoniemi, 2000; Park et al., 2006). Subsequently, the entire
procedure was performed several times to determine the final
size of the SOM at the minimum levels of the quantization error
and topographic error by running the entire procedure several
times (Park et al., 2003). Here, 4 5 output neurons were used for
clustering of physicochemical data in this study (7 variables, 33
samples from Gyeongpoho and 22 samples from 7 variables in
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Hyangho). After training the SOM, the cluster boundaries
between different SOM units were determined using Ward’s
linkage method with Euclidean distance measurements. The
SOM training and clustering procedures were performed using
version 4.0.2 of the R software (Licen et al., 2021).

Canonical correspondence analysis (CCA) using the
CANOCO program was applied to outline the relationships
between environmental factors (seven variables) and POM
properties (six variables) at each study site (Ter Braak, 1986;
Sundbick and Snoeijs, 1991).

Results
Precipitation and physical factors

Variations in precipitation and air temperature in
Gangneung City during the study period showed the
characteristics of a typical monsoon climate (Figure 2).
Precipitation increased rapidly from June 2019 with increasing
temperature, peaked at 432 mm in October, and then decreased
in winter. In both lagoons, temporal variations in water
temperature in the study area represented also typical
seasonality ranging from 3.6°C to 30.8°C (Figure 3).

The monthly variations in salinity showed different patterns
between the two lagoons. In Gyeongpoho, salinity remained low
during the summer monsoon period (from July to October 2019)
and increased with decreasing precipitation in the fall and
winter. Spatial variation in salinity among sites in Gyeongpoho
was different, ranging from 6.5-21.2 at St. Ga, 11.6-26.9 at St.
Gb, and 14.8-35 at St. Ge (Figure 3A). On the contrary, spatial
differences in salinity between St. Ha (ranging 1.1-8.8) and St.
Hb (1.1-10.8) were not significant (Student t-test, p = 0.437). At
the Hyangho sites, salinity increased in September, three months
after the increase in precipitation.

Properties of chemical factors

Widespread spatiotemporal variations in nutrient
concentrations were observed in the study regions
(Figures 4A-E). The maximum concentrations of ammonium
(78.1 uM at St. Hb in August), nitrate (39.2 uM at St. Gc in July),
nitrate (3.4 uM St. Ge in July), phosphate (4.1 uM at St. Ge in
August), and silicate (82.5 uM at St. Ha in October) were
recorded during the summer monsoon period. Significant
differences in the nutrient concentrations (Kruskal-Wallis test,
p < 0.05) among the study sites were detected, except for silicate
during the non-monsoon period. These differences were
attributed to the relatively high nutrient concentrations at St. Gc.

Chl-a concentrations peaked in March at St. Ga (15.0 pug
L"), St. Ha (18.5 pg L™"), and St. Hb (17.9 ug L"), showing no
significant spatiotemporal variations (Kruskal-Wallis test, p >
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Monthly precipitation and average of atmospheric temperature variations from January 2019 to December 2020 in Gangneung city. Green box

represents sampling period.

0.05) among the study sites (Figure 4F). Although the temporal
variations in Chl-a concentrations among the study sites were
not consistent, the concentrations tended to increase in July and
March, except for St. Ge.

POC and PON concentrations at the study sites peaked in
March 2020, except for St. Gc. The highest POC and PON
concentrations were observed in March at St. Ga (9.20 mg C L™
and St. Gb (2.02 mg N L"), respectively. Interestingly, there
were no significant differences (Kruskal-Wallis test, p > 0.05)
among the study sites in both POC and PON concentrations

during the monsoon period, but significant differences (Kruskal-
Wallis test, p < 0.05) were observed during the non-monsoon
period (Figures 4G, H). The C/N ratios in both lagoons tended to
be higher (Mann-Whitney U test, p = 0.01) in the summer
monsoon period than in the non-monsoon period (Figure 4I).
Spatial variations in the ratios at Gyeongpoho sites (6.7 + 2.4)
were lower (Mann-Whitney U test, p = 0.08) than those at
Hyangho sites (9.7 + 4.2).

PCHO, PPr, and PLip concentrations varied 6.3-96.9 ug LY
1.1-53.1 pg L', 2.9-6.2 pg L™, respectively. Large variations in
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FIGURE 3

Monthly variations in water temperature and salinity at study sites in Gyeongpoho (A) and Hyangho (B) during sampling period.
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Box plots of data for summer monsoon and non-monsoon periods showing (A) ammonium, (B) nitrate, (C) phosphate, (D) nitrite, (E) silicate,
(F) Chl-a, (G) POC, (H) PON, (I) C/N ratio, (J) PCHO, (K) PPr, and (L) PLip. The blue and yellow boxes represent the sites of Gyeongpoho, and
Hyanho, respectively. The median and average values are displayed with the black and red horizontal bar inside the box.
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PCHO and PPr concentrations were observed at St. Ga and St.
Gb during the non-monsoon period. However, there were no
significant differences in these concentrations (Kruskal-Wallis
test, p > 0.05) between the study sites during the monsoon period
(Figures 4J-L).

The 8"°C values for POM tended to decrease gradually
during summer and increase in fall and winter in both lagoons
(Figure 5). In contrast, 3"°N values for POM showed opposite
trends to temporal changes in 8'"°C values. The §"°C and §"°N
values were higher (Mann-Whitney U test, p < 0.001) in
Gyeongpoho sites (-24.2 + 2.5% and 4.9 + 1.0%o,
respectively) than in Hyanho sites (-26.4 + 0.6%o and 3.8+
0.5%o, respectively).

Self-organizing map and canonical
correspondence analysis

SOM training results were condensed onto 4x5 rectangular grid
maps based on 33 datasets (three stations over 11 months) and 22
datasets (two stations over 11 months) of seven physicochemical
variables in Gyeongpoho and Hyangho, respectively (Figure 6). In
both lagoons, the dendrograms of SOM results grouped major 2
cluster coinciding with monsoon and non-monsoon periods,
reflecting temperature and salinity variations and minor 2 clusters
with high nutrient concentrations.

Canonical correspondence analysis (CCA) was applied to
investigate the relationships between environmental factors (water
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temperature, salinity, and nutrients) and biogeochemical properties
(POC, PON, Chl-a, PCHO, PPr, and PLip) (Figure 7 and Table 1).
The first two ordination axes of the CCA explained 96.5%, 87.5%,
and 94.3% of the factors in biogeochemical properties at St. Ga and
St. Gb, St. G, and St. Ha and St. Hb, respectively, with respect to
environmental factors. Samples with each dataset, represented by
colored circles, were dispersed on CCA diagrams according to the
characteristics of environmental and biochemical factors. The
samples were closely distributed and coincided with the clusters
classified in SOM analysis. In St. Ga and St. Gb, Chl-a and PLip are
located opposite other biogeochemical properties along axis 1 of the
diagram reflecting negative correlation, and PPr is highly related to
dissolved inorganic nitrogen. At St. Gg, salinity and PPr were
negatively correlated with other environmental factors and
biogeochemical properties, respectively. At St. Ha and Hb, PCHO
was negatively correlated with other biogeochemical properties.

Discussion

The present study assessed both seasonal and spatial
dynamics of the biochemical and isotopic characteristics of
suspended POM in the coastal lagoons of Korea by comparing
environmental conditions and biological variabilities between
permanently and intermittently open lagoons. Our study
showed that seasonal and spatial biogeochemical variations in
POM are closely associated with changes in freshwater input
after the monsoon period and hydrologic connectivity between

B Hyangho
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Monthly variations in §-°C and &'°N variations at study sites in Gyeongpoho (A) and Hyangho (B) during sampling period.
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Ward's linkage method and information table of individual samples (B).

lagoons and marine systems. The seasonal dynamics of
environmental conditions resulting from a response to the
variation in the hydrological balance between freshwater and
seawater might affect the biogeochemical composition of POM,
which is comprised of diverse organic matter sources. In
addition, multivariate analysis allowed us to better understand
the relationships between environmental factors and POM
characteristics in the lagoons. The SOM results confirmed that
the variations in environmental factors at the study sites were
differentiated by the monsoon and non-monsoon periods. As
results of CCA, POM characteristics in the lagoons varied
according to the changes of environmental factors and there
were no significant correlations between Chl-a and the other

Frontiers in Marine Science

09

biogeochemical properties, reflecting high contribution of
anthropogenic sources for POM (Peérez-Ruzafa et al, 2019).
Overall, the seasonal difference in the degree of mixing of
freshwater and seawater by geomorphological lagoon features
may lead to spatial and temporal heterogeneity in POM
composition with environmental conditions.

Spatial and temporal variability in the
biogeochemical characteristics of POM

In general, the biogeochemical characteristics of POM in a
variety of coastal areas show high spatial and temporal
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variability (Vizzini and Mazzola, 2003; Banaru et al., 2007).
Environmental factors and hydrodynamic regimes may lead to
differences in the origin, distribution, and transfer of POM
within coastal areas (Deegan and Garritt, 1997; Vizzini and
Mazzola, 2006). POM in coastal lagoons is generally a
heterogeneous pool consisting of a mixture of living
phytoplankton and detrital material derived from terrestrial
and/or marsh organic matter (Berto et al., 2013; Escalas et al,,
2015; Garcia et al., 2017). Seasonal and spatial variations in the
relative contribution of each organic matter source to POM
pools may reflect their isotopic signatures (Fichez et al., 1993;
Cresson et al., 2012).

Frontiers in Marine Science

10

The §"°C and "N ranges of POM as a tracer for the source
identification have been reported for spatio-temporal variations
in different lagoons under various environmental conditions
(Table 2). In the present study, the §'°C values for POM during
all sampling periods almost showed more positive at the
Gyeongpoho sites (—24.2 + 2.5%o0) than at the Hyangho sites
(—26.4 £ 0.6%o). These results may be explained by the difference
in salinity distribution between the lagoons, showing that
Hyangho had a much lower salinity than Gyeongpoho. The
Hyangho sites were characterized by oligohaline conditions,
whereas the Gyeongpoho sites exhibited a wide range of
salinity from nearly freshwater to hypersaline seawater. At the
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TABLE 1 Summary of the results from canonical correspondence analysis.

St. Ga and St. Gb Axes 1 Axes 2
Eigenvalues 0.067 0.028
Species-environment correlations 0.876 0.767
Cumulative percentage variance

of species data 39.3

of species environment relation 67.7 96.5
Sum of all unconstrained eigenvalues

Sum of all canonical eigenvalues

St. Ge Axes 1 Axes 2
Eigenvalues 0.094 0.02
Species-environment correlations 0.854 0.723
Cumulative percentage variance

of species data 41.8 50.9
of species environment relation 719 87.5
Sum of all unconstrained eigenvalues

Sum of all canonical eigenvalues

St. Ha and St. Hb Axes 1 Axes 2
Eigenvalues 0.045 0.022
Species-environment correlations 0.803 0.5
Cumulative percentage variance

of species data 24.1 35.6
of species environment relation 63.8 94.3

Sum of all unconstrained eigenvalues

Sum of all canonical eigenvalues

Gyeongpoho sites, the POM composition may reflect the spatial
variation in §'>C values with a diverse mixture of organic matter
sources along the salinity gradient (Park et al., 2020). In contrast,
the '’C-depletion of POM at the Hyangho sites may be
explained by freshwater-dominated conditions resulting from
the blocking of seawater intrusion by the presence of sand bars
during most of the sampling periods. Such lower §'°C values
suggested the prevalence of organic matter derived from
terrestrial and marsh plants within the intermittently open
lagoons. Several studies have reported that the connection or
separation of the lagoon from the ocean by geomorphological
characteristics can result in changes in the POM composition
due to seasonal and spatial variations in the distribution and
productivity of primary producers (Hoeinghaus et al., 2011;
Escalas et al., 2015; Pelage et al., 2021). Thus, the isotopic
difference in POM between the two lagoons is likely due to the
differences in the mixing degree of seawater and freshwater by
the geomorphology for physical connectivity with the
adjacent coast.

C/N ratios between 6 and 10 have been usually are
characteristic of the predominance of phytoplanktonic cells in
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Axes 3 Axes 4 Total inertia
0.003 0.001 0.171
0.346 0.48
57.6 57.9
99.3 99.9

0.171
0.099

Axes 3 Axes 4 Total inertia
0.013 0.002 0.225
0.589 0.377
56.9 57.6
97.8 99.1

0.225
0.131

Axes 3 Axes 4 Total inertia
0.002 0.001 0.189
0.784 0277
36.9 375
97.6 99.2

0.189
0.071

POM (Cifuentes et al., 1988; Cresson et al., 2012; Berto et al,,
2013; Remeikaite-Nikiene et al., 2017). Relatively high C/N
ratios of more than 30 have been found in marsh vascular
plants and terrestrial organic matter (Wainright et al., 2000;
Kang et al, 2003). The relatively high C/N values for POM
throughout the sampling period at all sites in Hyangho suggested
the dominance of non-living detrital materials. In contrast,
Gyeongpoho displayed different patterns in C/N values for
POM among the within-lagoon sites. Freshwater input with
terrestrial organic matter at the upper site of Gyeongpoho (St.
Ga) may be responsible for the increase in C/N values for POM,
which are similar to those at the Hyangho sites during the
monsoon period. The high contribution of phytoplankton to the
POM pool at the lower site (St. Gc) suggested that the intrusion
of seawater mainly consisted of phytoplanktonic material owing
to the permanently open system.

The biochemical composition of POM may be significantly
influenced by environmental conditions such as salinity,
temperature, light conditions, terrestrial inputs, and species
composition of phytoplankton, which can allow us to
distinguish phytoplankton production from refractory organic
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TABLE 2 Previous results of §°C and §*°N values for particulate organic matter in other lagoon ecosystems.

Study area Sampling period Particulate organic matter ~ References
Region Lagoon Location 8"3C (%o) 85N (%o)
India (Bay of Chilika Whole lagoon  June 2015 -29.17 ~ =20.50 1.34 ~ 831 Mukherjee et al.
Bengal) lagoon Outer 21614038 691+198 (2019

channel

Southern -23.18 + 1.79 3.01 £ 1.76

sector

Central sector -23.60 + 1.20 391 £ 1.04

Northern —26.14 + 2.65 3.54 +£0.74

sector
France Mauguio North-central ~ February 2002 -263£0.9 11.7 £ 0.5 Vizzini et al. (2005)
(Mediterranean Sea)  lagoon South-west 258+ 04 123410

North-central ~ July 2002 -25.8 + 0.4 12.8 £ 0.5

South-west -249 + 0.3 12.0 £ 0.3
Portugal (Atlantic Ria Outlet area Summer 1995 -20.9 4.6 Machas and Santos
Ocean) Formosa  ytlet-middle 209 53 (1999)

area

Middle-inside -20.9 44

area

Inside -21.1 5.0

channel
Italy (Adriatic Sea) Venice Whole lagoon Four seasons (May 2011, August 2011, November 2011, —25.78 ~ =20.27  -6.60 ~ 18.15 Berto et al. (2013)

lagoon and February 2012)

matter (Danovaro et al., 2000; Cresson et al., 2012; Lee et al.,
2017). In the present study, the POM biochemical compositions
in both lagoons displayed relatively high concentrations of
PCHO compared with those of PPr and PLip. The dominance
of PCHO is likely due to a major contribution of terrestrial
matter to the POM pool, as shown by the lower §"°C values at
most sampling sites, which may be linked to freshwater inputs
from upstream. As terrestrial and marsh plant-derived organic
matter is known to have very low 8'°C values, ranging between
—23%o and —30%o (Fry and Sherr, 1984; Park et al., 2020), the
high concentrations of PCHO support this explanation. In
addition, the presence of POM in PPr and PLip has been
reported to increase the number of phytoplanktonic cells along
with phytoplankton blooms (Pusceddu et al., 1996). Similar to
the C/N values for POM, however, there were different patterns
in the concentrations of biochemical components between the
two lagoons. In Gyeongpoho, under the influence of freshwater
and seawater, significant 3'*C differences for POM among sites
were observed, and relatively high concentrations of PCHO and
PPr at the upper and lower sites appeared to be driven by the
proximity of upstream and marine zones out of the lagoon,
respectively. A comparable pattern was observed in the two
different lagoon systems, where the existence of consistent
connectivity between the freshwater wetland and marine
systems was demonstrated to be the major contributor to the
spatial differences in the isotopic and biochemical characteristics
of POM.
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Factors controlling the biogeochemical
characteristics of POM

In both lagoons, freshwater input following the monsoon
period may have resulted in high nutrient concentrations.
Despite the apparent evidence of rainfall effects (e.g., low
salinity and high inorganic nutrients) on both lagoon systems,
isotopic signatures and biochemical concentrations for POM
showed seasonally different patterns between them. The
enrichment in 8'"°N of POM during monsoon period are
consistent with the general results for freshwater inputs
influenced by anthropogenic nitrogen (McClelland et al,
1997), Seasonal pattern of the 8'°N of POM in both systems
may be explained by the differences in complex microbial
processes by bacterial community and rapid interactions
between nutrients and phytoplankton within each lagoon
(Cifuentes et al., 1988). Our results suggested that seasonality
in POM characteristics was clearer in Gyeongpoho than in
Hyangho. At the Gyeongpoho site, the lowest 8'°C values of
POM were recorded immediately after the monsoon period,
which may reflect the input of terrestrial organic matter by heavy
rainfall (Riera and Richard, 1996; Berto et al., 2013). The input of
terrestrial organic matter is known to increase the trophic
contribution to consumer production at the upper site of
Gyeongpoho, and macroalgal blooms caused by nutrient
enrichment can also appear after the monsoon period (Park
et al,, 2020). For Gyeongpoho, the highly variable salinity was
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positively correlated with the 8'3C values of POM. However, the
lower site of Gyeongpoho is commonly characterized by organic
matter transport from neighboring outer marine systems, as
supported by the §'>C and C/N values of POM being close to
those of typical marine phytoplankton, even during the
monsoon period. In contrast, the isotopic variations for POM
at the Hyangho sites showed little significance monthly, despite
the occurrence of the heavy rainfall event. Although the POM
composition may be linked with freshwater inputs during the
monsoon period, this was mainly influenced by the presence of
terrestrial and marsh plant-derived organic matter. In these
environments, organic matter derived from primary producers
such as seagrasses and terrestrial and marsh plants are generally
known to mainly constitute high molecular weights of
carbohydrates, which are difficult to use by consumer species,
may be sustained throughout the seasons, and may reflect the
isotopic and biochemical signatures of POM (Boudouresque
et al., 2006; Cresson et al.,, 2012). These results can also be
explained by the different systems open and semi-closed to the
sea by distinguishing geomorphological features. Slightly more
13C-enriched POM values at the Hyangho sites following the
monsoon period likely reflect the increased marine-derived
organic matter transport via the intrusion of sea water when
the lagoon inlet was opened due to a sustained flood pulse from
heavy rainfall (Garcia et al., 2017; Park et al., 2020). Accordingly,
the increase in terrestrial organic matter and the timing of inlet
opening by heavy rainfall may be the main drivers of seasonal
variation in POM characteristics in permanently and
intermittently open systems, respectively.

Conclusions

This study provides a biogeochemical characterization of the
seasonal and spatial dynamics of POM in permanently and
intermittently open coastal lagoons of Korea using isotopic and
biochemical tracers for the first time. The environmental
conditions and POM compositions showed different seasonal
and spatial patterns in the two lagoons during the sampling
period. Our results estimated the seasonal and spatial differences
in the POM composition influenced by the input of
allochthonous materials (terrestrial and marine-derived
organic matter) with respect to the geomorphological features
of each lagoon. The degree of hydrological connectivity between
freshwater and seawater may play an important role in
determining the different POM pool compositions between
permanently and intermittently open lagoon systems. The
isotopic and biochemical signatures in the intermittently open
lagoon suggested the prevalence of organic matter derived from
terrestrial and marsh plants during most periods, while its
temporary opening period (following the post-monsoon
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period) may provide organic matter transport from the sea. In
the permanently open lagoon, these tracers provide evidence of
the connectivity between lagoon systems and marine systems
by the artificially constructed open inlet during most periods,
and thereby, the highly transient pool of POM by the mixing
degree of freshwater and seawater along the salinity gradient.
Thus, these geomorphological characteristics may contribute to
the contrasting biogeochemical responses of POM pools in the
two lagoon systems to summer monsoon rainfall. Further
studies are needed to assess the global climate effects due to
the altered frequency and intensity of heavy rainfall events on
the differential integration of POM pools within lagoon trophic
networks, which may provide an integrated ecosystem-based
management of temperate coastal lagoon systems.
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