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In estuaries, the sources of organic matter, its composition, and its functional role in the
coastal ecosystem food web are all influenced by dominant estuarine processes. We
investigated seasonal variations in the quantity and composition of dissolved inorganic
nutrients, suspended particulate matter (SPM), and phytoplankton across a low-turbidity
estuarine–coastal continuum in Gwangyang Bay, South Korea. The narrow estuarine
channel has a sharp salinity gradient (from 0 to around 30) and low SPM concentrations
(<20 mg L−1). The channel carries river discharge, with a large quantity of nutrients (NO3

and SiO2), into the bay. The especially low SPM concentrations in the estuary (range:
2.0–29.1 mg L−1), and generous nutrient source, create an exceptionally low-turbidity
condition in the water column and high primary productivity with no conspicuous spatial
or seasonal trends. Gradually increasing δ13C values, low POC:Chla (<200), and low
molar C:N (4–8) in the SPM, together with higher Chla concentrations at low SPM
locations along the longitudinal transect, suggest that local production of phytoplankton
has a strong influence on the distributional patterns of particulate organic matter. Short
water-residence times, within the bay system, impede the accumulation of diverse-
origin organic matter. The community composition of phytoplankton, distinguished by
their size group, also plays a role in characterizing SPM quantity and composition.
The results indicate that autochthonous pelagic production governs biogeochemical
features in the low-turbidity estuarine embayment, contrasting with a prevalence of
allochthonous organic matter, and its active processing, in highly turbid and/or longer
residence-time systems.

Keywords: estuarine bay, low turbidity, short residence time, C pool, biogeochemical processes

INTRODUCTION

Estuarine processes play a pivotal role in structuring the seasonal and spatial patterns of
biogeochemical cycles in the coastal zone where riverine and marine waters interact (Bianchi, 2013;
Cloern et al., 2017). The mixing, processing, transportation, and thereby distribution of inorganic
nutrients and riverine- and marine-origin organic matter vary along the salinity gradient in and
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out of estuaries, and differ among estuaries depending on
river discharge, turbidity, water retention time, and seasonality
(Bouillon et al., 2007; Lancelot and Muylaert, 2011). As a
consequence, the sources and composition of organic matter, and
their functional role in the coastal ecosystem food web, fed by
riverine and estuarine water, are also subject to those estuarine
processes (Polis et al., 1997).

Comparison between estuaries, based on suspended
particulate matter (SPM) concentrations (i.e., turbidity)
and water-residence times, have drawn interesting conclusions
about organic matter pools in estuarine and coastal systems
(Middelburg and Herman, 2007; Bouillon et al., 2011). Indeed,
in low-turbidity estuaries with short residence time, and
little degradation and transformation, the composition and
distribution of organic matter are governed by conservative
mixing of the primary sources of organic matter (Raymond and
Bauer, 2001; Middelburg and Herman, 2007). In contrast, organic
matter goes through more active processing in high-turbidity
estuaries with longer residence times (Wang et al., 2004; Wu et al.,
2007). In these estuaries, extensive mixing with, and dilution
by, estuarine particles mask the contribution of the various
organic matter sources and produces uniform characteristics
along the salinity gradient. In other cases, an abrupt change
in organic matter characteristics has been observed along the
salinity gradient in crossing habitat boundaries (Bouillon et al.,
2008). SPM concentrations also influence light penetration,
affecting primary production and the resultant particulate
matter distribution along the estuarine–marine continuum
(Cloern et al., 2017). These estuarine processes govern the
delivery of nutrients to coastal waters, ultimately regulating
the level of productivity in the sea (Edmond et al., 1981;
Cloern and Jassby, 2012).

Along with the concentrations of particulate organic carbon
(POC) and nitrogen (PN), and chlorophyll a (Chla), the isotopic,
elemental, and biochemical composition of the particulate
organic matter (POM) are useful as potential proxies indicative
of the dynamics of estuarine and coastal systems (Kristensen
et al., 2008; Bouillon et al., 2011; Liénart et al., 2017). δ13C
and δ15N values in POM have been widely used to identify
its sources, and delineate their mixing and transformation in
estuarine and coastal systems (Middelburg and Herman, 2007).
However, potentially overlapping δ13C values between various
sources may lead to ambiguity about their contributions to
POM pools (Bouillon et al., 2011). To overcome such ambiguity,
other proxies can characterize POM composition. The POC:PN
molar ratio (hereafter C:N ratio) differentiates phytoplankton
(with values of 6–10) from terrestrial and non-living detritus
(values > 12) (Pocklington, 1976) and POC:Chla ratio by weight
(C:Chla ratio) is used to differentiate living phytoplankton
(<100, Zeitzschel, 1970) or phytoplankton-dominated POM
(<200, Cifuentes et al., 1988) from other materials (>200,
Savoye et al., 2003).

Gwangyang Bay is a temperate embayment and exposed to
continuous freshwater discharge from the Seomjin River, which
is the sole large river system, without lower-reach dams, on the
southern coast of South Korea. River discharge is characterized
by strong temporal variability with a massive peak in the East

Asian summer monsoon rainy season (Kim et al., 2014; Lee
et al., 2017) and very low SPM concentrations that shape the
bay as a low-turbidity system (Kwon et al., 2002). Accordingly,
much of the organic matter in the deep-bay channel results
from the seasonal production of phytoplankton (Lee and Kang,
2010; Lee et al., 2017). In the upper estuarine channel, water-
residence times are very short (4.4–12.2 days during spring and
neap tides) (Shaha et al., 2012), and thus planktonic organisms
may be advected from the estuarine channel to the deep bay
(Shaha et al., 2010). Dilution of dissolved inorganic nutrients
by freshwater–seawater mixing and their rapid assimilation by
phytoplankton lowers nutrient concentrations in the estuarine
channel, leading to spatial and seasonal variations (Kwon et al.,
2001, 2004; Jang et al., 2005; Lee and Kang, 2010). Furthermore,
because autochthonous POM is of nutritional importance to
the bay’s food-web base (Kang et al., 2003; Chen et al., 2018;
Kim et al., 2020), the spatial and temporal dynamics of biogenic
elements and phytoplankton may be crucial to the bay ecosystem.
However, considering the entire bay, the dynamics of POM,
and associated biogenic elements and phytoplankton, are still
poorly understood.

There has been little research into POM behavior within
the estuarine channel of the bay (Kwon et al., 2002).
The present study was conducted, over 2 years, along the
longitudinal axis of the estuary and its deep-bay continuum. The
spatial variabilities of biogenic elements, phytoplankton biomass
(Chla) and primary productivity, and SPM and POM were
investigated seasonally in association with the phytoplankton
community. Elemental and isotopic C and N in the POM
were analyzed along the salinity gradient. The objectives were
(1) to determine the spatial and seasonal variabilities of
quantity and composition of POM along the estuarine–coastal
continuum, and (2) to characterize the factors controlling POM
in a temperate coastal embayment with low SPM and short
residence times. We hypothesized that phytoplankton would
be a dominant contributor to POM pools in the estuary and
deep-bay channel, and POM composition would vary with
season and over space, depending on the contribution of river-
borne biogenic elements. Furthermore, POM composition would
mirror phytoplankton community structures, under the various
environmental conditions governed by riverine discharge (Lee
et al., 2017; Kim D. et al., 2019).

MATERIALS AND METHODS

Study Site
Gwangyang Bay is a semi-enclosed bay, located on the southern
coast of the Korean peninsula in the temperate East Asian
monsoon climate zone (Figure 1). Including waters from the
Seomjin River, through the Yeosu Channel (between Yeosu
peninsula and Namhae Island), to the open sea (northern East
China Sea), Gwangyang Bay covers approximately 145 km2.
The major distinctive features of this temperate bay are: (1)
high discharge from the Seomjin River and consequent low
SPM concentrations, and (2) short residence times, as described
above (Kwon et al., 2002; Shaha et al., 2012). Water depth is
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FIGURE 1 | Map showing the location of Gwangyang Bay on the southern
coast of the Korean peninsula (A), the sampling stations in the bay (B), and in
the estuarine channel (C). Gray lines represent water depth, dotted areas are
intertidal beds – dark gray area Zostera bed (B) and dark area Phragmites
bed (C).

generally shallow, 2.4–8.0 m in the northern upper channel,
from the lower reaches of the Seomjin River, but deepens to 10–
30 m in the deep-bay channel. River discharge is highly seasonal
varying from 30–95 m3 s−1 during the dry winter period to 300–
400 m3 s−1 during the summer monsoon (Kim et al., 2014).
The tidal cycle of the bay is semidiurnal, with maximum tidal
amplitudes of 3.40 m and 1.10 m on spring and neap tides,
respectively (Kwon et al., 2001). Given the expected variations
in oligohaline, mesohaline, and polyhaline conditions along the
main channel of the riverine–estuarine–marine continuum, nine
stations were chosen along a longitudinal transect (Figure 1).
Stations 1–3 were located in the lower reach of the Seomjin
River and the narrow estuarine channel, stations 4–5 were in
the estuarine–coastal transition or mixing zone, and stations
6–9 were located in the deep-bay channel. On each sampling
occasion, the entire field survey was carried out at or near
midday high tide to avoid confounding effects of variations in
the tidal stage.

Field Survey and Sample Treatment
Water samples were collected seasonally in February (winter),
May (spring), August (summer), and November (fall) during
2015 and 2016. On each sampling occasion, on site measurements
for water temperature and salinity were carried out using a CTD
meter (Sea-Bird Electronics, Inc., Bellevue, WA, United States).
Water samples were collected at each site using a 20-L van
Dorn water sampler from 1 m below the water surface
and prefiltered, onboard, through a 180-µm Nitex screen, to
remove zooplankton and any large particles. Water sample
processing continued immediately (within 1 h of collection)

after transport to the wet laboratory, located on the bay coast.
For nutrient analysis, the prefiltered seawater samples were
filtered again under a gentle vacuum (150–200 mmHg) in
the laboratory through precombusted (450◦C, 2 h) Whatman
GF/F filters (diameter, 47 mm; pore size, 0.7 µm). The filtered
seawater samples were immediately transferred into acid-washed
polyethylene bottles and frozen at −20◦C for later analysis.
For Chla (also photosynthetic pigment) determination, 1 L
of each water sample was also filtered through precombusted
Waterman GF/F filters. Samples for SPM and POM analyses
were obtained by filtering 1 L of water through precombusted
and preweighed Whatman GF/F filters. In addition, about 10 L
of seawater, for measurements of stable C and N isotopes
in the POM, and an additional 500 mL, for POC and PN,
were filtered using Whatman GF/F filters (diameter, 25 mm;
pore size 0.7 µm). After filtration, all the filters were folded,
wrapped in aluminum foil, and then deep frozen (at −20◦C)
until analysis. In the shallow estuarine channel, water column
was well-mixed during the spring tide and vertically stratified
specifically during the neap tide of the summer monsoon
period. However, since the water-column stratification did
not generate a distinct vertical homogeneity of SPM (and
POM) concentrations, we present here data obtained at the
subsurface (1-m depth) layer with water temperature and salinity
at the same depth.

Additional water samples for measurement of carbon uptake
rate were collected at depths corresponding to 100, 50, 30, 15,
and 1% of surface irradiance, as determined by deploying a
Secchi disk (Poole and Atkins, 1929). Monthly precipitation
and river discharge data were collected from the Water
Resources Management Information System of the Ministry of
Environment, South Korea1.

Water Chemistry and SPM Analyses
In the laboratory, concentrations of dissolved inorganic
nitrogen (NH4

+, NO2
−, and NO3

−), phosphate (PO4
3−),

and silicate (SiO2) were determined in duplicate using standard
spectrophotometric methods (Parsons et al., 1984) on a QuAAtro
nutrient auto-analyzer (Seal Analytical Ltd., Southampton,
United Kingdom). To quantify SPM, the frozen filters were
thawed and dried at 60◦C for 72 h in a drying oven and weighed
after recovering to room temperature in a desiccator. SPM
concentration was determined by subtracting the weight of the
filter before filtration from its dry weight after filtration of a
known volume of water. The filters were then ignited at 450◦C
for 4 h, and POM concentrations were estimated from the
ignited weight loss.

The filter samples for POC and PN quantification and
isotope measurement were acidified by fuming for 24 h in a
desiccator saturated with hydrogen chloride (HCl) to remove
the inorganic carbon (Nieuwenhuize et al., 1994). After drying,
filters containing particle samples were wrapped with tin plate.
POC and PN concentrations, which give the C:N ratio, were
determined using an elemental analyzer (vario Micro cube,
Hanau, Germany).

1http://www.wamis.go.kr/eng/RF_DUBRFOBS_PAST.aspx
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Photosynthetic Pigment Analysis
The filters containing photosynthetic pigments were extracted
with 95% methanol (5 mL) for 12 h in the dark at −20◦C and
sonicated for 5 min to disrupt cells. The extracted solution was
centrifuged to remove the suspended particulates. An aliquot
of 1 mL of supernatant was filtered through a 0.45 mm PTFE
syringe filter and mixed with 300 µL of water; 100 µL of this
solution was analyzed using reverse-phase high-performance
liquid chromatography (LC-20AD, Shimadzu Co., Kyoto, Japan)
equipped with a Waters Symmetry C8 (4.6 × 150 mm, particle
size: 3.5 mm, 100 Å pore size) column (Waters, Milford, MA,
United States) to measure the photosynthetic phytoplankton
pigments, slightly modifying the method of Zapata et al. (2000).
Quantification of the standard pigments (Chla, Chlb, peridinin,
19-butanoyloxyfucoxanthin, fucoxanthin, prasinoxanthin,
violaxanthin, neoxanthin, 19-hexanoyloxyfucoxanthin,
diadinoxanthin, alloxanthin, zeaxanthin, lutein, and β-apo-
carotenal) was obtained using a spectrophotometer with known
specific extinction coefficients after Jeffrey (1997). Sample peaks
were identified based on a comparison of their retention times
with those of pure standards. Canthaxanthin was used as the
internal standard for peak identification.

Chemotaxonomic Analysis of
Phytoplankton
Based on pigment composition and concentrations, the
CHEMTAX software (Mackey et al., 1996; Wright and van
den Eden, 2000) was used to determine phytoplankton
community composition from the ratio of each biomarker
pigment to Chla, which represents the total phytoplankton
biomass (Mackey et al., 1996). Twelve diagnostic biomarker
pigments (Chla, fucoxanthin, 19′-hexanoyloxyfucoxanthin,
19′-butanoyloxyfucoxanthin, neoxanthin, peridinin, chlorophyll
b, prasinoxanthin, lutein, violaxanthin, alloxanthin, and
zeaxanthin) were used for this analysis. Class-specific pigment
ratios, determined from various species collected around the
Korean peninsula (Lee et al., 2011), were used as the input
pigment ratios in the CHEMTAX program.

Primary Productivity Measurement
Water samples for primary productivity measurement were
prefiltered through a 180-µm Nytex screen and dispensed
into two sets of 0.5 L acid-washed transparent polycarbonate
Nalgene bottles. Light intensity was measured onboard using
a photosynthetically available radiation sensor (Li-1400, LI-
COR Inc., Lincoln, NE, United States) to determine the daily
and experimental irradiance. For measurement of the carbon
uptake rate, NaH13CO3 (98 at%, Sigma-Aldrich, St Louis, OH,
United States) solution was spiked to each sample used for
incubation, to a final concentration of 0.2 mM corresponding
to about 10% of the ambient concentration. The bottles were
covered with layers of screens calibrated to mimic irradiance
levels equivalent to those at five or six optical depths. The water
samples were then incubated on deck under natural light for
3–4 h in two acrylic incubators, starting at 08:00–09:00 and
ending at local noon. Incubation temperature was controlled by

irrigation with surface seawater for the samples from the upper
two or three depths and by a cooling system for the samples
from the lower three depths. At the end of the incubation, the
water samples were filtered through precombusted (at 450◦C
for 2 h) 25 mm Whatman GF/D and GF/F filters under a
gentle vacuum, and the filters were stored at −20◦C until
isotopic analysis. In the laboratory, the samples for POC and
13C isotope measurements were processed by fuming with HCl
as described above for POC and PN determination, and dried
at 60◦C in a drying oven. The dried filters were analyzed with
an instrument system as described in the next section. The
carbon uptake rate was calculated following Hama et al. (1983).
Daily primary productivity (mg C m−3 d−1) was calculated
by multiplying the measured hourly carbon uptake rate with
photoperiod conversion factors (Kanda et al., 1985; Fan and
Glibert, 2005). Integrated primary productivity (mg C m−2 d−1)
was calculated using the trapezoidal rule for the entire euphotic
zone (Kwak et al., 2014).

Stable Isotope Analysis
The carbon and nitrogen stable isotope ratios of SPM
were analyzed using a continuous-flow isotope ratio
mass spectrometer (CF-IRMS; IsoPrime 100, Cheadle,
United Kingdom) connected to an elemental analyzer (vario
Micro cube). All the samples, wrapped in tin capsules, were
placed in the elemental analyzer and oxidized by combustion
at high temperature (1,030◦C). CO2 and N2 gases were then
introduced into the CF-IRMS with the carrier being helium
gas. Isotopic values were expressed in delta (δ) notation as parts
per thousand (h) differences from the conventional standards
(Vienna Pee Dee Belemnite and air N2 for carbon and nitrogen,
respectively) according to the equation:

δX =
(
Rsample/Rstandard − 1

)
× 103,

where X is 13C or 15N and R is the 13C/12C or 15N/14N
ratio. Instrument calibration was performed, after analyzing
every 5–10 samples, by routine measurements of international
standards of sucrose (ANU C12H22O11; NIST, Gaithersburg, MD,
United States) for carbon and of ammonium sulfate ([NH4]2SO4;
NIST) for nitrogen. The analytical precisions, for 20 replicates of
internal peptone and urea standards, were approximately≤0.1h
and ≤0.15h for δ13C and δ15N, respectively.

Statistical Analyses
Because physical and biogeochemical variables have different
measurement units, all data were log(x + 1) transformed
to reduce differences in scale and improve the variance and
homogeneity of the variables. All data were tested for normality.
Because some of the variables, both raw and transformed, were
not normally distributed (Shapiro–Wilkes test, P < 0.05), as
assumed for parametric statistics, we employed non-parametric
multivariate analysis using permutation analysis of variance
(PERMANOVA) based on Euclidean distances at a significance
level of P< 0.05. Temporal (four seasons: winter, spring, summer,
and fall) and spatial (nine sites: oligohaline zone, S1; mesohaline
zone, S2–S3; and polyhaline zone or the deep-bay area, S4–S9)
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FIGURE 2 | Seasonal variations in annual precipitation around Gwangyang Bay and freshwater discharge from the Seomjin River (A), water temperature (B), and
distribution of salinity along the longitudinal transect (C), and Dissolved Oxygen (D) in 2015 and 2016. Circles and columns represent precipitation and discharge
rate, respectively. Filled and empty symbols represent 2015 and 2016, respectively.

distribution patterns were computed for phytoplankton primary
productivity and for the physical and biogeochemical variables:
water temperature; salinity; dissolved inorganic nutrient (NH4

+,
NO2

−, NO3
−, PO4

3−, and SiO2) concentrations; quantities of
SPM, POM, POC, and PN; and SPM composition (C:N, POC:
Chla, δ13C, and δ15N). If significant differences were detected, a
two-way analysis of variance (ANOVA) was used for individual
variables which were approximately normally distributed (SPM,
PN, C:N, δ15NPOM, and primary productivity) to test significant
variation along the sampled transect (salinity gradient) or across
seasons, followed by a post hoc Tukey multiple comparison test at
a significance level of P < 0.05.

For non-normal variables, including water temperature,
salinity, dissolved inorganic nutrients (NH4

+, NO2
−, NO3

−,
PO4

3−, N:P, and SiO2), Chla, POC, POC:Chla, POM, and
δ13CPOM, a non-parametric Kruskal–Wallis test was used. When
the difference was significant in at least one of the sites or seasons,
a post hoc Dunn’s rank sum test was run. Significant p-values,
after Dunn’s test, showed which season or site was significantly
different. The N:P ratio had three extreme outliers in winter 2015,
which were removed from the scatter plots. PERMANOVA was
performed using PRIMER 6 and PERMANOVA+ (PRIMER-E
Ltd., Plymouth, United Kingdom). Other statistical routines were
conducted using IBM SPSS Statistics 21.0 (IBM Corp., Armonk,
NY, United States).

A principal component analysis (PCA) was used to assess
overall spatiotemporal variability and correlation among
physicochemical variables. The results of the PCA were

visualized through ordination diagrams based on PC1 and PC2.
Response curves for generalized additive models (GAMs) were
generated to characterize the potential non-linear effects between
phytoplankton groups and environmental factors (Hastie, 2017).
Physicochemical variables that accounted for the majority of the
variations, with the highest weight (significant level, P < 0.05),
in the phytoplankton groups were identified and selected as
key factors (see details in “Results”). R version 3.6.2 was used
for PCA and GAMs.

RESULTS

Hydrological Features
Precipitation in the Seomjin River catchment and its freshwater
discharge had considerable seasonal variation during the 2-year
study period. Maximum precipitation and freshwater discharge
occurred during summer 2016 peaking at 583 mm and 7491 m3

s−1, respectively (Figure 2A). The seasonal variation in water
temperature was typical of the temperate zone, with a significant
difference (Kruskal–Wallis test, df = 3, P< 0.001; Dunn’s pairwise
test, P < 0.001) between summer (average 25.9◦C) and winter
(7.9◦C), but no remarkable spatial variations (df = 8, P = 1.000,
Figure 2B). Salinity ranged from 0 to 33.2 and increased linearly
along the longitudinal transect until it reached a plateau at >30
from stations 4 to 9 (Kruskal–Wallis test, df = 8, P < 0.001),
differentiating (Dunn’s pairwise test, P < 0.001) the oligohaline
zone (0 to 5 at S1–S2) from the mesohaline (S3) and polyhaline
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TABLE 1 | PERMANOVA results for physical and biogeochemical variables.

Source df SS MS Pseudo-F P value

Season 3 1604.3 534.7 9.5 <0.001

Site 8 2855.5 356.9 6.3 <0.001

Season × Site 24 372.4 15.5 0.2 1

Residual 36 2015.2 55.9

Total 71 6847.4

Two main factors were season (February, May, August, and November) and site
(S1–S9). The level of significance for PERMANOVA is 0.05.

zones (S4–S9 of the deep bay) (Figure 2C). This longitudinal
salinity trend was consistent in each season.

Consistent with seasonal (temperature, riverine discharge)
and spatial (salinity) variabilities, a PERMANOVA test
revealed significant seasonal (pseudo-F = 9.553, df = 3,
P < 0.001) and longitudinal shifts (pseudo-F = 6.376,
df = 8, P < 0.001) in the distributions of biogeochemical
variables (Supplementary Tables 1, 2). No interaction effect of
site× season was detected (pseudo-F = 0.277, df = 24, P = 1.000)
(Table 1). The seasonal and spatial patterns of individual
variables are presented below.

Dissolved Inorganic Nutrient
Distributions
The nutrients had differing spatial and temporal concentration
patterns (Figure 3 and Supplementary Table 1). There was
no clear correlation of NH4

+ and NO2
− concentrations with

salinity (Figures 3A,B). NH4
+ concentrations had significant

spatial variation (Kruskal–Wallis test, P = 0.000, df = 8), being
higher at the stations between the mixing and deep-bay zone
than at the deep-bay offshore stations (Dunn’s pairwise test,
P < 0.001). NO2

− concentrations exhibited a clear seasonal trend
(Kruskal–Wallis test, df = 3, P < 0.001), but no spatial trend
(df = 8, P = 0.736); in both years they were highest in the
fall (Dunn’s pairwise test, P < 0.001) at the polyhaline stations
(S7–S9). NO3

− was the dominant nitrogenous nutrient and its
concentrations showed a remarkable spatial variation (Kruskal–
Wallis test, df = 8, P < 0.001), characterized by a declining
trend (r = −0.71) with increasing salinity (Figure 3C), as well
as a significant seasonal variation (Kruskal–Wallis test, df = 3,
P = 0.027), reflecting the seasonality of riverine discharge.

A significant negative correlation between SiO2
concentrations and salinity (r = −0.63, Kruskal–Wallis test,
df = 8, P < 0.001) was also identified (Figure 3D). The minimum
SiO2 concentrations (<5 µM) at the polyhaline stations in winter
and spring 2015, following a seasonal variation (Kruskal–Wallis
test, df = 3, P = 0.003). PO4

3− concentrations (Figure 3E)
displayed no spatial variation (Kruskal–Wallis test, P = 0.451)
but a significant seasonal variation (df = 3, P = 0.001), being
highest at mesohaline stations in spring 2015 and summer
2016, and minimal in winter (Dunn’s pairwise test, P < 0.001).
The dissolved inorganic nitrogen to phosphate (N:P) ratio
(Figure 3F) showed significant spatial variation (Kruskal–Wallis
test, df = 8, P < 0.001), decreasing from the oligohaline to the
polyhaline stations, as well as a seasonal trend (df = 3, P = 0.005).

Quantity and Composition of Suspended
Particulate Matter
Suspended particulate matter and POM concentrations in
the riverine–estuarine–coastal continuum of the bay displayed
similar spatiotemporal patterns and ranged from 2.0 to 29.1 mg
L−1 and 1.1 to 8.5 mg L−1, respectively (Figures 4A,B and
Supplementary Table 2). SPM concentrations had significant
seasonal and spatial variations (ANOVA, F3,36 = 4.131, P = 0.013;
F8,36 = 10.868, P < 0.001, respectively), increasing from the
estuarine (salinity < 5) to the offshore stations according to the
season (Tukey post hoc test, P < 0.001). POM concentrations had
no significant seasonal fluctuation (Kruskal–Wallis test, df = 3,
P = 0.052) but did have significant spatial (df = 8, P = 0.036)
variation, increasing from the oligohaline (S1) to polyhaline
stations (S9) (Dunn’s pairwise test, P < 0.001).

Phytoplankton biomass (Chla) varied from 0.2 to
7.2 µg L−1 across the salinity gradient (Figure 4C and
Supplementary Table 1). Chla concentrations had significant
seasonal fluctuation (Kruskal–Wallis test, df = 3, P < 0.001),
with a pronounced spring maximum at the polyhaline stations
(salinity > 30) and a fall minimum (<1 µg L−1) at almost all the
stations (Dunn’s pairwise test, P < 0.001).

Particulate organic carbon varied from 103.1 to 399.3 µg
L−1 and PN from 15.6 to 115.0 µg L−1 (Figures 5A,B and
Supplementary Table 1). Both were somewhat higher in 2016
than in 2015 with a strongly coupled relationship (r = 0.82).
The molar C:N ratio ranged from 3 to 8.6 with no significant
seasonal (ANOVA, P = 0.072) or spatial (P = 0.622) variability
(Figure 5C and Supplementary Table 2). The POC:Chla ratio
ranged from 18.9 to 879.7 and displayed significant seasonal
variation (Kruskal–Wallis test, df = 3, P < 0.001), with higher
values in polyhaline stations in summer and fall 2016 than in
other seasons (Dunn’s pairwise test, P < 0.001) and decreasing
toward estuarine stations (Figure 5D). Low POC:Chla ratios
(<200) occurred throughout the bay in 2015 and in spring 2016.

Primary Productivity
Daily primary productivity (PP) varied from 43.5 to 1854.8 mg
C m−2 d−1 (Figure 6). Despite significant spatial variation
(ANOVA, F3,36 = 11.199, P < 0.001), no conspicuous spatial or
seasonal trend was observed in daily PP. Low productivity was
observed in the fall of both years (Tukey HSD, P < 0.001), with a
similar pattern to Chla along the salinity gradient. It appears that
phytoplankton biomass was washed out to the deep bay by high
river flows in fall 2015–2016 and spring 2016.

δ13C and δ15N of POM
δ13CPOM values exhibited a broad range from −28.4 to −18.0h,
gradually increasing (r = 0.72) along the salinity gradient
(Figure 7A and Supplementary Table 2). The lowest δ13CPOM
values (−28.4 and −27.6h) were observed during summer
2016 and 2015, respectively, at the river-mouth station (S1)
and the highest values (around −20.0, −18.0h) were found at
the polyhaline deep-bay stations (Kruskal–Wallis test, df = 8,
P = 0.000). δ15NPOM values varied between 3.2 and 9.4h
(Figure 7B), with no significant spatial or seasonal variations
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FIGURE 3 | Spatial distributions of concentrations of dissolved inorganic nutrients as a function of salinity in Gwangyang Bay: (A) NH+4 , (B) NO−2 , (C) NO−3 , (D) SiO2,
(E) PO3−

4 , and (F) N:P. Filled and empty circles represent 2015 and 2016, respectively.

(ANOVA, F8,36 = 1.728, P = 0.125; F3,36 = 2.606, P = 0.067,
respectively) in either year.

Chemotaxonomic Composition of
Phytoplankton
Based on the initial pigment ratios and the output marker
pigment:Chla ratios (Supplementary Tables 3, 4), CHEMTAX
results revealed that diatoms were the dominant contributor
to total Chla, followed by chlorophytes in winter 2016, and
cryptophytes and prasinophytes in winter 2015 (Figure 8). The
contribution of cryptophytes to total Chla tended to decrease
gradually from the river mouth to the deep-bay channel.
Cryptophytes made similar contributions to diatoms in the fall
of both years. Cyanobacteria contributed mainly in the summer
of both years and dinoflagellates were prevalent at the deep-
bay channel in summer 2015. Prymnesiophytes were minor
contributors in all seasons and at all stations except winter 2015
when they bloomed at station S6. Pelagophytes contributed more
during 2016 than 2015 at all the studied stations.

Association Between Phytoplankton and
Biogeochemical Variables
Correlation analysis revealed complex relationships among
physicochemical variables (Supplementary Table 5). SPM
concentration (r = 0.65, P < 0.01) and δ13CPOM (r = 0.72,
P < 0.01) both had significant positive correlations with salinity.
In contrast, NO3

− and SiO2 concentrations (r = −0.71 and
−0.63, P < 0.01 for both) and N:P (r = −0.51, P < 0.01) were
negatively correlated with salinity. No significant correlations
(P > 0.05) between other biogeochemical variables (NH4

+,
NO2

−, PO4
3−, POC, PN, C:N, POC:Chla, PP, and δ15NPOM) and

salinity were found. While POC had a significant correlation with
PN (r = 0.82, P < 0.01) and POC:Chla (r = 0.53, P < 0.01), PN
had a negative correlation with C:N (r = −0.57, P < 0.01) but
was positive with POC:Chla (r = 0.53, P < 0.01). In contrast,
POC:Chla had negative correlations with Chla (r = −0.91,
P < 0.01) and PP (r =−0.46, P < 0.01).

Principal component analysis characterized the
interrelation among physicochemical variables (Figure 9
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FIGURE 4 | Distributional patterns, as a function of salinity, for (A) SPM, (B) POM, and (C) Chla. Filled and empty circles represent 2015 and 2016, respectively.

FIGURE 5 | Profiles of (A) POC, (B) PON, (C) elemental C:N of POM, and (D) POC:Chla. Filled and empty circles represent 2015 and 2016, respectively.

and Supplementary Table 6). We extracted three principal
components (PCs) that explained 76.4% of the total variance.
The first component (PC1) accounted for 45.8% of the total
variance and discriminated between salinity and dissolved

inorganic nutrients (NO3
− and SiO2). The second component

(PC2) explained 21.9% of the variance and was mainly related
positively to PP (also Chla) and negatively to POC:Chla. Because
the third component (PC3) explained only 8.7% of the variance,
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FIGURE 6 | Primary productivity (mg C m−2 d−1) along the longitudinal
transect of Gwangyang Bay.

FIGURE 7 | Levels of (A) δ13C and (B) δ15N in POM along the salinity
gradient. Filled and empty circles represent 2015 and 2016, respectively.

it was not interpreted. PCA biplots showed that the multivariate
space is distinguishable along the PC1 axis (i.e., the salinity
gradient) but the seasons, and the stations, have an overlapping
pattern in relation to PC2.

The generalized additive models (GAMs) analysis indicated
that phytoplankton community composition relates to salinity,

water temperature, and SPM composition (C:N, POC:Chla,
δ13C, and δ15N) (Figure 10 and Supplementary Table 7 and
Supplementary Figure 1). Microphytoplankton (diatoms
and dinoflagellates) showed a significant positive relationship
with SPM and NO3

− concentrations. Nanophytoplankton
(cryptophytes, pelagophytes, and prymnesiophytes) had
significant positive relationships with SiO2, POC:Chla, SPM, and
C:N. Increased numbers of picophytoplankton (chlorophytes and
cyanobacteria) were found at highly variable levels of salinity,
PO4

3−, PP, and Chla. It should be noted that the environmental
variables showing relationships with the phytoplankton
groups were themselves related to either PC1 or PC2 in the
aforementioned PCA.

DISCUSSION

Like other estuarine embayment systems, the landscape of
Gwangyang Bay has patchy and heterogeneous habitats [e.g., a
common reed (Phragmites australis) bed in the estuarine littoral
wetland, the intertidal muddy sand flat in the lower estuary is
covered by benthic microalgae, eelgrass (Zostera marina) bed is
on the fringe of the intertidal flat] and faces both, the river and the
open sea (Figure 1; Kim et al., 2020). These ecologically diverse
habitats connect directly and indirectly to the main channel
of the bay. Although it has been assumed that organic matter
originating from diverse wetland habitats is available to the
main water channel (e.g., Kang et al., 2003), our measurements
of the quantity and compositional proxies of POM, along the
longitudinal transect, highlighted a significant contribution by
autochthonous phytoplankton production to the bay’s POM
pool. Low SPM concentrations in the estuary generates an
exceptionally low-turbidity water column, in combination with
short water-residence times (1.6–3.4 days, unpublished data),
rapid water exchange between the bay and offshore restricts
the accumulation of diverse-origin organic matter within the
bay system. Furthermore, seasonal and spatial variations of
the different phytoplankton size groups (pico-, nano-, and
microphytoplankton) influences SPM quantity and composition.

Dominance of Phytoplankton-Derived
POM
River discharge serves as an important source of nutrients
and sediments to estuaries (Howarth, 1988; Wetsteyn
and Kromkamp, 1994). Spatio-temporal variabilities of
different processes that govern phytoplankton production
and accumulation in estuaries are also driven by freshwater
residence time of river discharge (Peierls et al., 2012).
River dominated estuaries such as the Rhine, the Douro,
and the Pearl River estuaries, with short water-residence
time (<1 week) and low SPM concentrations (Middelburg
and Herman, 2007; Guo et al., 2015), have high in situ
phytoplankton production as compared to tidal estuaries
such as the Scheldt and the Gironde estuaries that have long
water-residence time (Jouanneau and Latouche, 1981; Heip
et al., 1995; Frankignoulle et al., 1998) and are characterized
by high SPM concentrations with negligible autochthonous
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FIGURE 8 | Seasonal pattern of phytoplankton community composition (A–H) along the riverine–estuarine–coastal marine continuum (S1 toward S9) during 2015
and 2016.

production (Herman and Heip, 1999; Uncles et al., 2002). In
contrast to highly turbid estuarine systems, with macrotides
and long water-residence times (on the order of weeks to
months) (Uncles et al., 2002; Middelburg and Herman,
2007; Liénart et al., 2017), the Gwangyang Bay system is
characterized by mesotides and short water-residence times
(a few days, unpublished data). Low SPM concentrations,
even during high river discharge in summer, combined with
the limited relationship between POC and SPM, and the

positive correlation between salinity and SPM, suggest that
river-borne and terrestrial organic matter (and carbon) are of
relatively low importance in the system. Instead, high Chla
and SPM concentrations in the polyhaline (salinity > 25)
zone (Figure 4) and consistently low POC:Chla (<200, by
weight) and molar C:N (3–8) ratios along the longitudinal
transect (Figure 5), suggest that POM (and POC) concentrations
in the system are the effect of biological processes (primary
production, microbial respiration) in combination with physical
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FIGURE 9 | PC1 and PC2 plots from PCA of the physicochemical factors:
SPM, suspended particulate matter; POM, particulate organic matter; POC,
particulate organic carbon; PN, particulate nitrogen; PP, primary productivity.

processes (water-residence time and turbidity) within the system
(Guo et al., 2015).

Proxies, such as POC:Chla ratio, C:N ratio, and δ13CPOM,
have been widely used to differentiate the origins of estuarine
POM, which is typically a mixture of autochthonous and
allochthonous sources (see “Introduction”). Consistent with
the previous findings in low-SPM estuaries (Middelburg and
Herman, 2007; Savoye et al., 2012; Guo et al., 2015), δ13CPOM
values in Gwangyang Bay had a wide range, increasing with
increasing salinity. Compared with high end-member values
in marine POM, low δ13CPOM values in association with high
C:N (>10) and POC:Chla (>200) ratios at the upper estuarine
station can be considered as end-member values of riverine
POM indicating terrestrial and/or marsh vegetation (Kim et al.,
2006; Middelburg and Herman, 2007; Liénart et al., 2017).
Those authors used both end-member values to estimate the
contribution of each source to the coastal POM pool. In the
present study, we observed that δ13CPOM values fell within the
usual ranges of riverine POM (annual mean: −25.7 ± 1.2h),
dominant marsh vegetation (−27.5 ± 0.6h, P. australis),
tidal-flat microphytobenthos (−14.8 ± 0.8h), and eelgrass
(−8.6 ± 1.0h, Z. marina) (Kang et al., 2020; Kim et al., 2020).
The longitudinal variation in the δ13CPOM values thus indicates
mixed sources with varying proportions of local producers and
river-borne POM. However, given a range of δ13CPOM values
from −28.4 to −18.0h, eelgrass contribution (δ13C value of
−8.6 ± 1.0h, Z. marina) to the POM pool may be negligible.
Furthermore, molar C:N ratios of 40.6–125.5 for P. australis (Sun
et al., 2016) and 13.0–14.6 for Z. marina leaves or 15.8–19.5 for
rhizomes (Kim et al., 2012) are relatively high compared with
those observed in the bay POM, suggesting a minor contribution
to the POM pool of higher plant detritus.

The values of POM proxies (3–6 in C:N ratio and <200
in POC:Chla) in the oligohaline zone indicate that living algal
sources dominate POM in the estuary. The observed δ13C values

in riverine and estuarine-channel POM may be indicative of
a considerable contribution of riverine algae to the estuarine
POM pool. Previous studies, in the lowest reach of the Seomjin
River, reported freshwater δ13CPOM values (−26.5 ± 1.4h)
very close to our estuarine δ13CPOM values and very low SPM
concentrations (mean: 1.9–4.3 mg L−1) with restricted load
delivery (28 ± 40 g C s−1 POC flux in the Seomjin River
compared with 1122 ± 1007 g C s−1 in the adjacent Geum
River with a diked estuary) (Yang and Choi, 2003; Kang et al.,
2019). Based on the C:N (7.4–17.1) and POC:Chla (195 ± 156)
ratios, and the positive correlations of both POM proxies with
water discharge, those authors described an increased proportion
of allochthonous (terrestrial) POC to the river-water POC
pool and hydrological influence over POM concentrations in
the Seomjin River. This body of evidence argues against an
important contribution by riverine algae in the estuarine POM
pool. Furthermore, short water-residence times support the
low accumulation of terrestrial or marsh-derived SPM in the
estuarine channel found in this study.

Another plausible algal source may be the presence of highly
abundant microphytobenthos on the tidal flat (Kang et al.,
2006). However, our HPLC pigment analysis indicated that the
dominance of diatoms does not necessarily account for the
overall Chla concentrations, except in spring 2015 (Figure 8).
In addition, microscopic observations showed that centric
diatoms, rather than pennate diatoms, constitute the major
component of phytoplankton assemblages, indicating against
a dominant role for resuspended microphytobenthos in the
phytoplankton assemblage of Gwangyang Bay (Baek et al., 2015;
Kang et al., 2020). Indeed, while an episodic increase (360–880) in
POC:Chla ratios in the deep-bay stations during periods of high
precipitation and river discharge (summer and fall 2016) were
attributable to the increased importance of non-living detritus,
low C:N ratio (3–6) and δ13CPOM values (−22.5 to −19.8h) of
POM during that period were close to typical values of marine
POM in the bay (Kang et al., 2003, 2020; Kim et al., 2020),
emphasizing the importance of marine phytoplankton-derived
organic matter even in detrital POM.

As discussed earlier, several lines of evidence indicate that the
increasing trend in δ13CPOM values along the salinity gradient
in Gwangyang Bay should be explained by the δ13C values of
phytoplankton rather than by various mixtures of local producer
and river-borne terrestrial POM (Kim et al., 2020). The spatial
variability in the δ13CPOM values may impede the identification
of POM origins (Cloern et al., 2002; Guo et al., 2015). Based
on a difference between the dissolved inorganic carbon (DIC)
concentrations in freshwater and seawater, conservative DIC
mixing between freshwater and seawater determines the DIC
concentration and δ13CDIC values along the estuarine channel
(Chanton and Lewis, 1999; Guo et al., 2015). Consequently, the
δ13C values of phytoplankton reflect δ13CDIC values through
isotopic fractionation processes during photosynthesis. Given
the same degree of isotopic discrimination between DIC and
POC originating from photosynthetic activity (Barth et al., 1998),
the spatial variation of δ13CPOM values would be indicative
of δ13CDIC values along the estuarine–coastal continuum
(Raymond and Bauer, 2001; Hoffman and Bronk, 2006;
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FIGURE 10 | Generalized additive models (GAMs) fitted to the biogeochemical factors and phytoplankton community composition (A–G). Significant relationships
(P < 0.01) are indicated as solid lines, with shaded areas representing the 95% confidence intervals.

Bianchi and Bauer, 2011). As a result, the observed spatial
trend in δ13CPOM values, in combination with measured
compositional POM proxies (such as Chla, POC:Chla, and
C:N ratios), may reflect the particular contribution of living
phytoplankton to the POM pool, along the estuarine–coastal
continuum, of the studied system, as previously reported (Kim
et al., 2020). In contrast, the spatially consistent δ15NPOM values
(Figure 7 and Supplementary Table 2) provide clear evidence
for a widespread contribution from phytoplankton production
drawing on one dominant source of dissolved inorganic nitrogen
(river input), rather than mixes of various organic matter sources
whose δ15N values can range from 5.4 ± 0.4h to 8.4 ± 0.8h
(Kang et al., 2020).

Low Turbidity and Factors Controlling
Primary Productivity
Tidal and wind–wave resuspension of sediment plays a
pivotal role in determining the temporal variability of water-
column turbidity in an estuarine channel (May et al., 2003).
Alternation of water-column stratification between well-mixed
and highly stratified, over the spring–neap cycle, is a well-known
phenomenon in the Seomjin River estuary (Shaha et al., 2010).
The low SPM concentration in the river discharge suggests that
the effect of stratification on turbidity is negligible. Indeed,
a previous 25-h continuous monitoring study in this estuary
showed no correlation between SPM concentration and the tidal
cycle (Park et al., 2012). Water-column-depth variability, due to
tidal shallowing and deepening, would be expected to influence

wind–wave resuspension, especially in winter when the wind
speed peaks. However, because the mountain range north of
the bay protects it from strong prevailing northerly winds, this
scenario may be rejected. As indicated by raised levels of phyto-
detritus in the deep-bay channel, the greater fetch of summer-
prevailing southerly winds through the narrow channel between
the Yeosu peninsula and Namhae Island creates variability in
spatial turbidity (May et al., 2003). The observed concentrations
of SPM (4.3–18.1) and its biogeochemical proxies, such as low
C:N (4.2–6.2), indicate that tide- or wind-driven resuspension of
sediment makes a minimal contribution to seasonal and spatial
variability of SPM.

Nutrient and light availability is an obvious factor controlling
phytoplankton production and biomass (Cloern et al., 2014).
Higher turbidity and longer residence-time estuaries have
low mean annual phytoplankton productivity because light
limitations reduce primary production (May et al., 2003;
Gazeau et al., 2005; Murrell et al., 2007) as compared to
estuaries with low turbidity and short residence time. The
temporal variability in river flow appears to be a critical factor
controlling seasonal and interannual variability of phytoplankton
production in Gwangyang Bay. Our PCA results confirmed
that the mesohaline zone stations differed from the polyhaline
zone stations in terms of seasonal patterns of river inputs
(PC1) and phytoplankton productivity (PC2). In the oligohaline
zone, low SPM and high nutrient input created favorable
conditions for phytoplankton growth during winter and spring
2015 leading to high phytoplankton productivity. On the
other hand, in polyhaline zone high nutrient availability, as a
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result of high river discharge and low residence times during
summer, resulted in peak phytoplankton production. This may
explain the high PP and Chla concentrations under very low
nutrient concentrations at the high saline bay-mouth area.
Higher daily irradiance and temperature may also contribute
to higher primary production during summer (Montani et al.,
2003; Min et al., 2012). High summer PP has also been
reported in other temperate coastal bay systems (Kim Y. et al.,
2019). Reduced precipitation during winter and fall coincided
with overall decreased PP and only small phytoplankton
blooms. Variability in phytoplankton productivity and biomass
(Chla) was also reflected in marked differences in nutrient
utilization and changes in community composition within the
phytoplankton size classes.

Despite large freshwater discharge from the Seomjin River,
SPM concentrations in Gwangyang Bay had a longitudinally
reverse gradient, across all seasons, falling from 2.0 mg L−1 at the
river mouth to 29.1 mg L−1 at the deep-bay stations. In the high-
river-flow season (spring of both years as well as summer 2015),
well-defined Chla maxima occurred in the high salinity zone
(salinity > 25; Figure 4C), suggesting an increased contribution
of phytoplankton to raised SPM levels in the deep-bay channel
(Baek et al., 2015; Lee et al., 2017). The positive correlation
(r = 0.60) observed between SPM and Chla concentrations
during spring 2015–2016 further confirms that phytoplankton
production increases SPM concentrations along the salinity
gradient (Kang et al., 2003). Low SPM and high contributions
of phytoplankton production to POM is a characteristic of
Gwangyang Bay and contrasts with higher turbidity estuaries
(Savoye et al., 2012). Even though SPM concentrations were low,
rapid downstream flushing of the nutrients exported from the
Seomjin River, with short river discharge residence times, was
demonstrated by Chla concentrations being lower in the upper
reaches of the estuary and biological activity being greater in
the high salinity zone (Kwon et al., 2002; Baek et al., 2015).
It confirms that light availability is not a limiting factor for
phytoplankton production in the Gwangyang Bay in contrast
with other temperate estuaries like Delaware estuary (Pennock
and Sharp, 1986) and San Francisco Bay (Cloern, 1987) where
primary productivity is regulated by turbidity.

Great spatial variations of NO3
− and SiO2 concentrations

along a salinity gradient, and high N:P and Si:P ratios (∼100
compared to Redfield ratio of ∼16) at the oligohaline zone
suggest a eutrophic condition in the estuarine channel due
to large anthropogenic nitrogen and silicate inputs by river
discharge (Kwon et al., 2001; Park et al., 2012). Rapid decreases
in NO3

− and SiO2 concentrations as well as high PP at
the oligo- and euryhaline zone of the estuarine channel
suggest active biological removal, diffusion and dilution by
mixing with polyhaline deep-bay water. High dissolved oxygen
concentrations with no hypoxic event in the entire bay
area may support this explanation (Figure 2D). In contrast,
higher NH4

+ concentrations between the mixing and deep-
bay zone than in the river-mouth and the offshore stations
suggest unknown sources of ammonia. The NH4

+ production
processes from sewage treatment plants, fertilizer utilization,
seagrass bed loss, and benthic fluxes are considered potential

mechanisms elevating NH4
+ in Gwangyang Bay (unpublished

data), indicating another anthropogenic source of nutrients
that might drive eutrophication and NH4

+ availability for algal
growth in the polyhaline bay area. Another interesting result is
that there is a lack of spatial trend in PO4

3− concentrations.
In terms of nutrient limitation, it has been broadly observed
that phytoplankton growth is limited by phosphorus in estuarine
systems with prevalent riverine nitrogen inputs (Harrison et al.,
1990; Lee et al., 2017).

Possible Effect of Size Groups of
Phytoplankton
Zooplankton grazing pressure (Chen et al., 2018; the authors’
unpublished data for grazing rate), the availability of nutrients,
and other environmental conditions (Baek et al., 2015) can
affect phytoplankton biomass. The size composition (i.e.,
micro-, nano-, and picophytoplankton) of phytoplankton
assemblages may alter their relative contributions to POM
quantity and composition. Smaller-sized phytoplankton have
higher POC:Chla values because of their high surface to
volume ratio and more efficient cellular growth under low
light intensities (Chang et al., 2003; Veldhuis and Kraay,
2004; Putland and Iverson, 2007). Smaller cells also have
a lower C:N ratio than larger cells (He et al., 2012).
Therefore, the spatiotemporal variations in the distribution of
POM composition (Chla, PP, POC:Chla, and C:N, δ13CPOM,
δ13NPOM) can, in this study, be attributed to variation
in phytoplankton communities along the estuarine–marine
continuum (Figure 10 and Supplementary Figure 1 and
Supplementary Table 7). Previous studies proved that small-
sized phytoplankton significantly contribute to the overall
biochemical composition of POM in association with seasonal
variations in the phytoplankton assemblages in Gwangyang
Bay (Lee et al., 2017; Kim D. et al., 2019). In contrast, some
others have asserted that the contribution of microphytoplankton
to total Chla, in Gwangyang Bay, is consistently dominant
across the seasons (Jang et al., 2005; Baek et al., 2015).
Our GAMs results showed no significant correlation between
microphytoplankton and water temperature, suggesting that
nutrient concentrations, rather than temperature, were a crucial
factor determining microphytoplankton growth during this
study. The degree of dominance of microphytoplankton varied
with time and across space.

During the cold winter in 2015, phytoplankton communities
were dominated by microphytoplankton, mainly diatoms, the
POC:Chla ratio was low (<200), and δ15NPOM values were raised
because DIN was relatively depleted. In contrast, pico- and
nanophytoplankton proportions increased during winter 2016
under relatively low SiO2 concentrations and, therefore, resulted
in high POC:Chla (>200) and low C:N ratios in conjunction
with low Chla, especially at the oligohaline and mesohaline
stations. Similarly, spring 2015 phytoplankton blooms dominated
by microphytoplankton were characterized by low δ15NPOM,
low POC:Chla, and relatively high C:N ratios. In contrast,
the dominance of pico- and nanophytoplankton during spring
2016 mirrored decreased PP and reduced C:N values. Such a
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change in POM composition appears to be attributable to an
increased contribution of smaller-sized phytoplankton to POM
(Crawford et al., 2015).

The shift in species composition partially or fully contributed
to δ13CPOM variation. δ13CPOM minimum in spring at the upper
river-mouth station (S1) coincided with relatively increased
contribution of cyanobacteria in the station (Falkowski, 1991).
The δ13CPOM minimum was succeeded by an enrichment of
δ13CPOM during spring 2015 as phytoplankton community was
dominated by diatoms (Fry and Wainwright, 1991). On the other
hand, small sized phytoplankton are δ13C depleted and display
values ranged between−25.4 and−22.5h (Rau et al., 1990). The
low stable isotopes values of δ13CPOM thus mirror the dominance
of small sized phytoplankton group during spring 2016.

In summer 2015, microphytoplankton contributed to high
Chla and PP at the mesohaline and polyhaline stations,
resulting in very low (<40) POC:Chla, while δ13CPOM values
coincided within the range of δ13C values of diatoms and
dinoflagellates (Fry and Wainwright, 1991; Waite et al., 2005;
Harmelin-Vivien et al., 2008). In contrast, in summer 2016,
high water temperatures and reduced nutrients favored nano-
and picophytoplankton resulting in very low Chla and high
POC:Chla ratios in the polyhaline deep-bay stations (Chang et al.,
2003; Putland and Iverson, 2007).

As indicated by GAMs analysis, seasonal and spatial variation
of δ13NPOM is likely to be caused by changes in the major
phytoplankton groups (Chen et al., 2018). Indeed, individual
phytoplankton species were related to levels of SPM, POM,
total Chla, and phytoplankton productivity, confirming that a
shift in phytoplankton community composition may partially
or fully explain spatiotemporal variation in POM composition
(Supplementary Figure 1 and Supplementary Table 7).

CONCLUSION

This study explored spatial and temporal variability in
POM composition, and its major controlling factors, along
the riverine–estuarine continuum of Gwangyang Bay. Local
production of phytoplankton is reflected in the distributional
patterns of POM and is also indicated by the biogeochemical
proxies (i.e., gradually increasing δ13C values, low POC:Chla,
and low molar C:N) of SPM along the longitudinal transect. The
POM pool mostly consists of freshly produced phytoplankton in
the oligohaline zone along with phytodetritus in the polyhaline
zone. High availability of phytoplankton-derived organic matter
throughout the bay is highly consistent with the recent isotopic
finding that it serves as an exclusive trophic contributor to
the macrobenthic and pelagic communities (Kang et al., 2020;

Kim et al., 2020). The GAMs model confirmed that shifts in
the size distribution of the phytoplankton community account,
to some degree, for the seasonal and spatial pattern of POM
composition. This study highlighted the importance to the
POM pool of autochthonous pelagic production in a low-
turbidity temperate estuarine embayment. This paper is the first
to identify the potential impacts of phytoplankton community
composition on the temporal and site-specific characteristics
of POM. It provides a baseline for further research, in varying
environmental conditions, into low-turbidity estuaries and
coastal embayment systems.
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