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Abstract

This study investigated the spatial and seasonal dynamics of phytoplankton communities
in Jaran Bay, inner Hansan Bay, and outer Hansan Bay, with particular emphasis on size
structure and pigment-based indicators of productivity and physiological status. Water
sampling was conducted during May, August, and October in 2020, 2022, and 2023 and phy-
toplankton communities were analyzed using size-fractionated chlorophyll a measurements
and high-performance liquid chromatography (HPLC) pigment analysis. Chlorophyll a
concentrations exhibited pronounced seasonality, with consistently elevated values in Au-
gust across all bays. Diatoms were predominant throughout the study period; however,
their relative contribution declined in outer Hansan Bay during summer, coinciding with
increased contributions from cryptophytes and cyanobacteria. Size-fractionated analyses
revealed that large-sized phytoplankton (>20 pm) predominantly consisted of diatoms,
whereas small-sized phytoplankton (<20 pm) were composed of diatoms and cryptophytes.
Comparisons between fluorometric and pigment-based approaches indicated that pigment-
based diagnostics overestimated microphytoplankton contributions, attributable to the
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1. Introduction

Phytoplankton, as the primary producers in marine ecosystems, form the base of
the marine food web and play a fundamental role in energy transfer to higher trophic
levels [1-3]. Phytoplankton community composition is sensitive to various biotic and
abiotic factors such as temperature, light intensity, salinity, nutrient availability and grazing
pressure [4,5].

Traditionally, phytoplankton community composition has been investigated using op-
tical microscopy, which is effective for identifying larger species but is time-consuming and
limited in enumerating nano and picophytoplankton [6,7]. Alternatively, chemotaxonomic
approaches based on high-performance liquid chromatography (HPLC) and diagnostic
pigments provide a rapid and reliable approach to quantify phytoplankton composition
and biomass [8,9]. In addition, pigment-based indices and ratios derived from chlorophyll
a and accessory pigments offer valuable insights into the productivity and physiological
states of functional phytoplankton groups under varying environmental conditions [10-12].

Typically, large-sized phytoplankton tend to be dominant in nutrient-rich bays,
whereas small-sized phytoplankton, including nano and picophytoplankton, prevail un-
der oligotrophic or stratified conditions [13-15]. Size-specific differentiation is therefore
ecologically significant, as it reflects the regional nutrient dynamics and influences trophic
transfer efficiency and marine food web structure [16,17]. Consequently, understanding the
phytoplankton community composition and size structure is essential for assessing ecosys-
tem status and sustainability in aquaculture-dominated coastal environments [12,18,19].
Jaran Bay and Hansan Bay, located along the southern coast of Korea, support exten-
sive aquaculture activities, including the cultivation of oysters, bivalves, molluscs, sea
squirts, and fish. Aquaculture in these bays is dominated by filter-feeding bivalves and
mollusks [20-24], which rely primarily on phytoplankton as a food source and exhibit
size-selective grazing behavior [25-27]. Jaran Bay and Hansan Bay differ markedly in their
hydrographic and geomorphological characteristics, which strongly influence phytoplank-
ton dynamics [24,28,29]. Jaran Bay is a semi-enclosed embayment with shallow depths
and restricted water exchange [30], making it highly susceptible to terrestrial nutrient
inputs and eutrophication. Inner Hansan Bay exhibits similar semi-enclosed conditions but
experiences stronger anthropogenic pressure due to intensive aquaculture activities and
coastal development, resulting in elevated nutrient availability and frequent phytoplankton
blooms [31,32]. In contrast, outer Hansan Bay is deeper and more openly connected to
offshore waters, with enhanced water exchange and stronger hydrodynamic forcing [29].
Although several studies have applied HPLC to examine phytoplankton communities in
these bays [22,23], integrated investigations linking size-fractionated pigment composition,
productivity-related pigment indices, and environmental gradients across multiple coastal
subregions remain limited.

Moreover, commonly applied pigment-based approaches such as diagnostic pig-
ment analysis (DPA) generally assume diatoms to be exclusively microphytoplankton
(>20 um) [4,10,11,18]. Recent evidence suggests, however, that small-sized diatoms
(<20 um) can contribute substantially to phytoplankton communities, potentially lead-
ing to biases in size-class estimates derived from pigment-based methods [15]. Despite its
implications for interpreting phytoplankton size structure and productivity, this issue has
not yet been systematically evaluated in Korean coastal bays.

In this study, we combine size-fractionated chlorophyll-a measurements with HPLC-
based pigment analysis to investigate spatial and seasonal variability in phytoplankton
community structure in Jaran Bay, inner Hansan Bay, and outer Hansan Bay, three rep-
resentative aquaculture-dominated coastal systems along the southern Korean coast. By
explicitly comparing fluorometric and pigment-based size estimates and applying pigment

https://doi.org/10.3390 /jmse14020206


https://doi.org/10.3390/jmse14020206

J. Mar. Sci. Eng. 2026, 14, 206

3 0f 20

indices related to photosynthetic activity and photoprotection, this study provides new
insights into (i) the role of phytoplankton size structure in regulating productivity, (ii) the
limitations of conventional pigment-based size classifications under coastal conditions, and
(iif) the environmental drivers shaping phytoplankton physiological responses in shallow,
human-impacted bays.

2. Materials and Methods
2.1. Study Area and Water Sampling

To assess seasonal and regional variations in phytoplankton communities, field sam-
pling was conducted in Jaran Bay (Goseong) during May, August, and October of 2020;
inner Hansan Bay (Geoje) during the same seasons in 2022; and in outer Hansan Bay (Geoje)
in 2023 (Figure 1). Sampling was carried out at 4 stations in Jaran Bay, 6 stations in inner
Hansan Bay, and 6 stations in outer Hansan Bay (Supplementary Table S1). Hansan Bay is
subdivided into an inner bay that is largely enclosed by surrounding land and an outer
bay with greater water exchange with the open sea. At each station, seawater samples for
phytoplankton pigment analysis were collected as single, non-replicated discrete samples
using a 10 L Niskin bottle at the 100% and 1% photosynthetically active radiation (PAR)
depths, as determined from Secchi disk measurements. Temperature and salinity were
measured in situ using a portable multiparameter instrument (YSI Pro30, YSI Corp., Yellow
Springs, OH, USA). The exact sampling depths (m) corresponding to these light levels at
each station are provided in Supplementary Table S1.

[
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@ Outer Hansan Bay

34.9°N
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Ocean Data View
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124°E 126°E 128°E 130°E A VN
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Figure 1. Location of sampling stations in Jaran Bay, inner Hansan Bay, and outer Hansan Bay, south
coast of South Korea.

2.2. Size-Fractionated Chlorophyll a (Chl-a) Concentration

To determine size-fractionated Chl-a concentrations, 500 mL of seawater was sequen-
tially filtered through 20 pum and 2 um membrane filters, followed by a 47 mm glass fiber
filter (GF/F; Whatman, Maidstone, UK). All filters were stored at —80 °C to minimize
photodegradation until analysis. Chl-a was extracted in the dark at 4 °C for 21-24 h using
90% acetone, following the procedure described by Parsons et al. [33]. The extracts were
subsequently filtered through a 0.2 um polyethylene syringe filter, and Chl-a concentra-
tions were quantified using a fluorometer (10-AU, Turner Design, San Jose, CA, USA).
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The proportional contribution of each size fraction was calculated relative to the total
Chl-a concentration.

Size-fractionated phytoplankton were operationally defined based on filtration during
sample processing. Large-sized phytoplankton were defined as particles retained on 20 pm
pore-size filters (>20 um), while small-sized phytoplankton were defined as particles pass-
ing through the 20 um filter and retained on GF/F filters (<20 um). This size classification
reflects the effective particle size retained during filtration, rather than the morphological
size of individual cells.

2.3. Phytoplankton Pigment Analysis

For the analysis of total photosynthetic pigments, 1 L of water was filtered through
a 47 mm GEF/F filter. For size-fractionated pigment analysis, 1.5-2 L of seawater was
sequentially filtered through a 47 mm membrane filter with a pore size of 20 pm, followed
by a GF/F filter. All filters were immediately wrapped in aluminum foil and stored at
—80 °C until analysis to minimize pigment degradation prior to analysis.

Pigments were extracted with 5 mL of 100% acetone, and canthaxanthin (100 puL)
was added as an internal standard to account for potential losses during extraction and
cell disruption. Cell disruption was achieved by sonication for 1 min, followed by pig-
ment extraction for 24 h in the dark at 4 °C. The extracts were filtered through a 0.2 um
polytetrafluoroethylene (PTFE) syringe filter and centrifuged at 3500 rpm for 10 min to
remove particulate impurities. For HPLC analysis, 1 mL of the supernatant was mixed
with 300 pL of distilled water, and pigment separation was performed using an Agilent
Infinity 1260 HPLC system (Santa Clara, CA, USA) with a Zabrax Eclipse XDB C8 column
(250 x 4.6 mm, 5 um), following the modified method of Zapata et al. [34]. Individual pig-
ments were identified by comparing retention times with those of commercially available
pure standards of chlorophyll a (Chl-a), chlorophyll b (Chl-b), 3-carotene (3-Car), fucox-
anthin (Fuco), prasinoxanthin (Pras), 19’-hexanoyloxyfucoxanthin (Hex), diadinoxanthin
(Diad), 19’-butanoyloxyfucoxanthin (But), peridinin (Peri), alloxanthin (Allo), neoxanthin
(Neo), violaxanthin (Viol), lutein (Lut) and zeaxanthin (Zea) (DHI, Institute for Water and
Environment, Denmark). Calibration curves derived from these standards were used to
quantify pigment concentrations.

The concentration of each pigment was calculated using the equation described by
Lee et al. [35]:

Concentration = Area x Rf (Ve/Vs) {ng L_l}

Area = the peak area of the pigment in the sample,

Rf = the standard response factor derived from the standard pigment injection,
Ve = the adjusted volume of the IS,

Vs = the volume of the filtered water sample.

Phytoplankton community composition was estimated using the CHEMTAX pro-
gram [8,36], which allocates Chl-a to different phytoplankton groups (Diatoms, Cyanobac-
teria, Chlorophytes, Pelagophytes, Prasinophytes, Dinoflagellates, Cryptophytes, and
Prymnesiophytes) based on group-specific pigment ratios. Initial pigment-to-Chl-a ra-
tios were selected from regional and literature-based values relevant to temperate coastal
waters and iteratively optimized by CHEMTAX to minimize residual error [35]. The re-
sulting group contributions represent pigment-based estimates expressed as chlorophyll-a
equivalents rather than direct biomass measurements.
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2.4. Pigment Indices

Chl-a and various accessory pigments specific to distinct phytoplankton groups were
analyzed to characterize community composition [36-39]. To estimate the relative contri-
butions of three pigment-based phytoplankton size classes (fmicro, fnano and fpico), DPA
was applied using seven diagnostic pigments: Fuco, Peri, Hex, But, Allo, Chl-b, Zea
(Table 1) [4,10,11,18]. Size class contributions were calculated using weighting factors de-
rived for the East China Sea, as reported by Sun et al. [40]. Pigment indices were further
calculated to evaluate the relative contributions of chlorophyll and carotenoids to the
total pigment pool [11,41,42]. Carotenoid pigments were classified into photosynthetic
carotenoids (PSC) and photoprotective carotenoids (PPC), and the PPC:PSC ratio and the
photoprotection index (PI) were calculated as defined in Table 1.

Table 1. Formula, and selected taxonomic designations for chlorophylls, carotenoids, pigment

combinations, and indices.

Pigment Index

Estimation Formula

TChl a
Y DPw

fmicro (>20 um)
f nano (2_20 p'm)
fpico (0.2-2 um)
PPC
PSC
PI

Weighted sum of diagnostic pigments

Total chlorophyll a Chl-a + DVChl-a +Chlide a
2.05 (Fuco) + 1.01 (Peri) + 1.31 (Hex) + 4.27 (But) + 3.28
(Allo) + 0.94 (Chl-b) + 0.75 (Zea)

Microphytoplankton ratio factor (2.05 (Fuco) + 1.01 (Peri))/Y-DPw
Nanophytoplankton ratio factor (1.31 (Hex) + 4.27 (But) + 3.08 (Allo))/Y-DPw
Picophytoplankton ratio factor (0.94 (TChl b) + 0.75 (Zea))/ Y DPw
Photoprotective carotenoids Allo + Diad + Vio + Zea + 3-Car
Photosynthetic carotenoids But + Fuco + Hex + Peri
Photoprotection index PPC/TChl a

2.5. Statistical Analysis

To assess the statistical significance of regional and seasonal variations in phytoplank-
ton communities, Pearson’s correlation analysis, Mann-Whitney U test, and Kruskal-Wallis
test were performed using the “stats” package in R (version 4.3.2). The Mann-Whitney U
test and Kruskal-Wallis test (with an alpha level of <0.05) were utilized to identify statisti-
cally significant differences among seasons, regions, size-fractionated data. To examine the
nonlinear relationship between phytoplankton community contributions and temperature,
generalized additive models (GAMs) were applied using the equation Y = & + s(X), where
Y represents the contribution to Chl-g, and X represents temperature. To prevent overfitting,
the maximum basis dimension (k) was set to 5. GAM analyses were performed using the
“mgcv” package in R.

3. Results
3.1. Seasonal and Regional Variability of Chl-a Concentration

Phytoplankton community structure was inferred from pigment-derived group con-
tributions estimated using the CHEMTAX algorithm. The group contributions shown in
Figures 2—4 represent Chl-a—based estimates (chlorophyll equivalents) rather than direct
biomass measurements and therefore reflect relative changes in phytoplankton commu-
nity structure. For each station, Chl-a concentrations measured at the surface and at the
1% light depth were integrated to represent the euphotic-zone inventory. Depth-integrated
chlorophyll-a is used as a proxy for relative phytoplankton biomass under the shallow
euphotic depths (<10 m) and the well-mixed hydrographic conditions observed during the
study period, as evidenced by the vertical temperature and salinity profiles (Supplementary
Figure S2). During the study period, the depth-integrated Chl-a concentrations in August
compared to May and October (Kruskal-Wallis test, p < 0.01; Figure 2). This summer maxi-
mum was consistently observed in Jaran Bay, inner Hansan Bay, and outer Hansan Bay,
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indicating enhanced phytoplankton biomass during the warm season. Regionally, outer
Hansan Bay consistently exhibited the highest integrated Chl-a concentrations throughout
all seasons (Figure 2)
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Figure 2. Seasonal variations in depth-integrated phytoplankton community concentrations ex-
pressed as chlorophyll-a equivalents, derived from pigment analysis, in Jaran Bay, inner Hansan Bay,
and outer Hansan Bay.
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Figure 3. Seasonal variations in the relative contributions of phytoplankton groups to the total
community, derived from pigment analysis, in Jaran Bay, inner Hansan Bay, and outer Hansan Bay.
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Figure 4. Spatial-seasonal integrated phytoplankton community compositions in Jaran Bay (a), inner
Hansan Bay (b), and outer Hansan Bay (c).
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3.2. Phytoplankton Community Structure

Across the study area, the major phytoplankton communities were dominated by
diatoms, followed in decreasing order by cryptophytes, prasinophytes, dinoflagellates,
cyanobacteria, chlorophytes, prymnesiophytes, and pelagophytes (Figures 3 and 4). While
diatoms consistently represented the major taxonomic group, their relative contribution
exhibited clear seasonal and regional variability.

In Jaran Bay, phytoplankton communities showed pronounced seasonal shifts
(Figure 3). In May, the community was relatively diverse, with diatoms co-dominating
alongside cryptophytes and prasinophytes. By August, diatoms became overwhelmingly
dominant, accounting for 90.4 £ 3.4%, while cryptophytes and cyanobacteria contributed
only minor fractions. In October, diatoms dominance weakened slightly, accompanied
by increased contributions from cryptophytes and prasinophytes. Although there was no
noticeable spatial distribution of the phytoplankton community in May and August, a
higher contribution of prasinophytes was observed in the western stations (JR1 and JR2) in
October (Figure 4a).

In the inner Hansan Bay, diatoms and dinoflagellates were equally abundant in May,
followed by cryptophytes and prasinophytes (Figure 3). A clear east-west contrast was
evident, with dinoflagellates dominating eastern stations and diatoms prevailing in western
stations (Figure 4b). During August, diatoms became strongly dominant across the bay, with
some modest increase in cyanobacteria and cryptophytes. In October, diatoms remained
dominant group, but cryptophytes and prasinophytes increased in relative abundance,
particularly in the southern stations (Figure 4b).

In outer Hansan Bay, diatoms dominated the phytoplankton community through-
out the study period, although their relative contribution varied seasonally (Figure 4c).
In August, the contribution of diatoms decreased markedly, coinciding with increases
in cryptophytes, cyanobacteria, and emergence of dinoflagellates. By October, diatoms
remained the most dominant group, while prasinophytes increased significantly compared
to earlier seasons.

3.3. Size-Fractionated Chl-a Concentration and Phytoplankton Community Structure

Size-fractionated Chl-a concentrations and associated phytoplankton community com-
positions are shown in Figure 5, based on Chl-a—derived group contributions estimated
using CHEMTAX. These values represent Chl-a-based estimates of group contributions
within the large (>20 pm) and small (<20 um) size fractions.

In both Jaran Bay and outer Hansan Bay, depth-integrated Chl-a concentration were
consistently higher in the large-sized phytoplankton fraction than in the small-sized fraction
(Figure 5), indicating a dominant contribution of large phytoplankton to total chlorophyll
pools in both regions.

The large-sized phytoplankton community in Jaran Bay and outer Hansan Bay was
predominantly composed of diatoms, which accounted for more than 80% of the large-size
fraction throughout the study period. Cryptophytes represented the primary secondary
group, particularly during summer, while other phytoplankton groups contributed only
minor proportions. In contrast, the small-sized phytoplankton community exhibited greater
taxonomic diversity. Although diatoms remained the dominant group, their relative contri-
bution varied seasonally, with cryptophytes, prasinophytes, and cyanobacteria forming
substantial proportions of the small-size fraction, especially during summer.

The contribution of diatoms was significantly higher in large-sized fraction than in
the small-sized fraction (Mann—-Whitney U test, p < 0.01). While diatom dominance in the
large-sized fraction did not vary significant among seasons, their contribution to the small-
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sized fraction increased significantly in August compared to other seasons (Kruskal-Wallis
test, p < 0.05) (Figure 6).
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Figure 5. Seasonal variations in depth-integrated, size-fractionated phytoplankton community
concentrations, expressed as chlorophyll-a equivalents and derived from pigment analysis, in Jaran
Bay and outer Hansan Bay.
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Figure 6. Seasonal variations in the relative contributions of size-fractionated phytoplankton groups
to the total phytoplankton community, derived from pigment analysis, in Jaran Bay and outer
Hansan Bay.

3.4. Seasonal Variation in the Size Structure of Diatoms

In both Jaran Bay and outer Hansan Bay, the concentrations of large- and small-sized
diatoms showed clear seasonal variability, significantly higher values observed in August
compared to other months (Mann-Whitney U test, p < 0.05; Figure 5).

The relative contributions of small-sized diatoms to total diatom concentrations varied
seasonally in both bays. In both regions, the proportion of small-sized diatoms was highest
in August, followed by a decline in October (Figure 6). Across the study period, the average
contribution of small-sized diatoms in Jaran Bay and outer Hansan Bay was 23.8 & 8.7%,
with no significant spatial differences between the two bays (Figure 7).

To evaluate the effect of small-sized diatoms on DPA-based size estimates, the contri-
bution of fucoxanthin associated with small-sized diatoms (<20 pm) was estimated using
the average proportion of small-sized diatoms derived from size-fractionated Chl-a mea-
surements. This estimated fraction was then subtracted from the total fucoxanthin pool
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prior to calculating f micro, such that only the fucoxanthin attributed to large-sized diatoms
(>20 um) was retained in the fmjcro calculation as below.

Fucomicro = Fucoygtal X (1 — Pgmall diatoms)

where Pgal diatoms represents the average fractional contribution of small-sized diatoms
estimated from size-fractionated Chl-a measurements.

This adjustment resulted in a significantly improved agreement between fluorometric
and pigment-based estimates of the microphytoplankton fraction, as reflected by the
regression line closely following the 1:1 line (p < 0.01, R? = 0.980; Figure 8).

100% 1
202% 17.0%

_ 80% ~
S
=}
2
g 60% A
2
=
§ O Small
o 40% A mLarge
>
=
O
~

20% -

0%
Aug. Oct. May Aug.
Jaran Bay Outer Hansan Bay

Figure 7. Seasonal variation in the relative proportions of large- and small-sized diatoms in Jaran Bay
and outer Hansan Bay.
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Figure 8. Comparison of microphytoplankton proportions determined by fluorometric and HPLC
pigment analysis. The yellow diamonds represent the original estimates from both methods, whereas
black circles indicate values corrected by excluding the contribution of small-sized diatoms. The red
dashed line denotes the regression trend of the corrected estimates, and the solid black line indicates
the 1:1 reference line.
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3.5. Total Phytoplankton Pigment Indices

Across all study areas, PPC exhibited strong seasonal variability, peaking in August
and declining toward October (Figure 9a). PPC values were consistently highest in outer
Hansan Bay, where August concentrations were approximately twice those observed in
Jaran Bay and inner Hansan Bay. While no significant regional differences were detected in
May, PPC differed significantly among bays in August and October (Kruskal-Wallis test,
p < 0.05).
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Figure 9. Seasonal variations in PPC (a), PSC (b) concentrations, and pigment indices; PPC:PSC
ratio (c¢), PI (d) in Jaran Bay, inner Hansan Bay, and outer Hansan Bay. Different letters indicate
significant differences among sites within each season based on Kruskal-Wallis test (p < 0.05). Dots
represent outliers, and the symbol “x” indicates the mean value.

PSC also showed their highest values in August across all regions and significantly
higher than in other seasons (Mann-Whitney U test, p < 0.01) (Figure 9b). Regional
differences in PSC were evident in May, particularly between Jaran Bay and outer Hansan
Bay (Mann-Whitney U test, p < 0.05), whereas no significant spatial differences in PSC
values were observed during August and October (Kruskal-Wallis test, p > 0.05).

The PPC:PSC ratio, an indicator of stratification and trophic status, remained consis-
tently below 1 throughout the study period, reflecting the dominance of PSC over PPC
(Figure 9¢c). Seasonal trends in PPC:PSC ratios differed among bays, with pronounced
increases in August in outer Hansan Bay, while Jaran Bay and inner Hansan Bay showed
their lowest ratios during summer.

PI also showed clear seasonal and regional variability (Figure 9d). PI values decreased
from May to August in Jaran Bay and inner Hansan Bay, whereas outer Hansan Bay
exhibited a pronounced increase in August followed by a decline in October. Overall,
PI showed a strong positive correlation with the PPC:PSC ratio (Spearman correlation,
p <0.01; p = 0.892).
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3.6. Size-Fractionated Phytoplankton Pigment Indices

Across both Jaran Bay and outer Hansan Bay, the depth-integrated PPC concentrations
were consistently higher in small-sized phytoplankton compared to large-sized phyto-
plankton (Figure 10a). This size-dependent contrast was most pronounced in August,
when small-sized fraction had a significantly higher PPC relative to large-sized fractions
(Mann-Whitney U test, p < 0.05). PPC concentrations in both size classes declined toward
October, with reduced differences between size fractions in Jaran Bay, whereas small-sized
phytoplankton in outer Hansan Bay maintained significantly higher PPC throughout the
study period. In contrast, the depth-integrated PSC concentrations were significantly higher
in large-sized phytoplankton (Mann-Whitney U test, p < 0.01), particularly during summer
(Figure 10b). PSC peaked in August for both size classes in both bays and declined toward
October (Kruskal-Wallis test, p < 0.01). Seasonal variability in PSC was more pronounced
than spatial variability, especially during peak summer conditions.
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Figure 10. Seasonal variations in size-fractionated PPC (a), PSC (b) concentrations, and pigment
indices; PPC:PSC ratio (c), PI (d) for large- (>20 pm) and small-sized phytoplankton (<20 um) in
Jaran Bay, inner Hansan Bay, and outer Hansan Bay. The symbol “ x” indicates the mean value.

The PPC:PSC ratio for both large- and small-sized phytoplankton remained consis-
tently below, indicating the dominance of photosynthetic carotenoids across all seasons
(Figure 10c). However, small-sized fractions exhibited significantly higher PPC:PSC ratios
than large-sized phytoplankton throughout the study (Mann-Whitney U test, p < 0.01), with
the highest values observed in outer Hansan Bay during August and October. Similarly,
the PI was consistently higher in small-sized phytoplankton than in large-sized phyto-
plankton throughout the study periods (Mann—Whitney U test, p < 0.01) (Figure 10d). PI
values peaked in August, particularly in outer Hansan Bay, and decreased toward October,
highlighting clear size-dependent differences in photophysiological responses to seasonal
environmental conditions.
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4. Discussion
4.1. Spatio-Seasonal Phytoplankton Dynamics

Pigment analysis demonstrated pronounced seasonality in Chl-a concentrations, with
a maximum consistently observed in August across all study areas. The high summer
Chl-a concentrations are characteristics of shallow estuaries and coastal bays adjacent
to land, where monsoonal rainfall and terrestrial inputs are known to increase nutrient
availability [43-45].

Among the studied bays, Chl-a concentrations were highest in outer Hansan Bay,
followed by inner Hansan Bay and Jaran Bay. The Chl-2 concentrations in May and October
are consistent with previously reported ranges for Jaran Bay (5.2-36.7 mg m~2) [24] and
Hansan Bay (11.99-30.37 mg m~2) [23]. Phytoplankton communities in these coastal
systems are generally dominated by diatoms and dinoflagellates [46,47]. In the present
study, diatoms consistently dominated throughout the sampling period, while cryptophytes
occasionally emerged as subdominant contributors. The distinct phytoplankton structure
observed in inner Hansan Bay during May is likely attributable to a spatial heterogeneity
in hydrographic conditions and localized anthropogenic influences. Inner Hansan Bay
is characterized by restricted water exchange, shallow depths, and intensive aquaculture
activity, which can potentially lead to uneven nutrient distributions and variable residence
times across stations. Previous studies in this region have shown that such conditions
promote localized blooms and allow different phytoplankton groups (e.g., diatoms versus
dinoflagellates or cryptophytes) to dominate depending on small-scale differences in
nutrient availability, stratification, and grazing pressure [24,29].

In August, diatoms contributed more than 80% of the phytoplankton community in
both Jaran Bay and inner Hansan Bay, representing their seasonal maximum. This pattern
is consistent with summer diatom dominance reported in other southern Korean coastal
systems, such as Gamak Bay (76%) and Jinhae Bay (78.6%) [48,49]. In contrast, diatom
contributions in outer Hansan Bay declined to their lowest levels in August (57.1%), despite
comparable absolute diatom concentrations across bays. Notably, August water tempera-
tures (26.2-27.9 °C) in the euphotic zone of outer Hansan Bay were significantly higher than
those in Jaran Bay and inner Hansan Bay (Kruskal-Wallis test, p < 0.01; Figure S1). These
elevated temperatures likely exceeded the upper thermal tolerance of diatoms, which are
known to experience reduced growth and competitive ability above ~25 °C [50], thereby
allowing cryptophytes and cyanobacteria to increase in relative abundance.

Cryptophytes, identified as a recurrent subdominant group in this study, are
known for their ubiquitous distribution and ability to thrive in broad range of nutri-
ent conditions [51,52]. The sporadic increases in cryptophyte contributions observed in
Jaran Bay during May and in outer Hansan Bay during August suggest a strong capacity
to exploit variable environmental conditions [53]. Previous studies in Hansan Bay have
indicated N:P ratio generally lower than the Redfield ratio (16), except during spring [23].
Such low N:P conditions may constrain cryptophyte growth, as these taxa are particularly
sensitive to nitrogen availability, particularly ammonia, potentially rendering them less
competitive than diatoms in low N:P environmental conditions [54-56].

4.2. Size-Fractionated Chl-a and Diatom Size Distributions Within Phytoplankton Communities

Across all studied bays, Chl-a concentrations were consistently higher in large-sized
phytoplankton compared to small-sized phytoplankton. Community contributions derived
using the CHEMTAX program indicated that diatoms accounted for over 85% of the large-
sized phytoplankton communities in both Jaran Bay and outer Hansan Bay. Although
various communities were observed within the small-sized phytoplankton fraction, diatoms
were consistently identified as either the dominant or subdominant group.

https://doi.org/10.3390 /jmse14020206


https://doi.org/10.3390/jmse14020206

J. Mar. Sci. Eng. 2026, 14, 206

13 of 20

The average contribution of small-sized diatoms in Jaran Bay and outer Hansan
Bay (23.8 & 8.7%) was notably lower than that reported for the Yellow Sea, where small-
sized diatoms comprised 62.3 £ 12.9% of the total diatom community in 2019 [15]. This
contrast underscores pronounced regional differences in diatom size structure, which
can substantially influence photosynthetic efficiency and carbon fixation capacity [57,58].
Accordingly, understanding the size structure of phytoplankton and its variability in
response to environmental changes is ecologically important. In the present study, size-
fractionated pigment analysis confirmed the presence of diatoms within the small-sized
phytoplankton fraction. This finding contrasts with earlier studies that largely classified
diatoms exclusively as microphytoplankton (>20 pm) based on DPA [18,42,59]. These
results suggest that diatoms can span a broader range of size classes and may exhibit size
plasticity under varying environmental conditions.

Across all seasons and regions, microphytoplankton consistently dominated both
fluorometric and DPA-based approaches. However, direct comparison of these two meth-
ods revealed that DPA tended to overestimate microphytoplankton contributions while
underestimating nano and picophytoplankton fractions. This discrepancy, also reported for
the Yellow Sea [15], likely arises from the conventional DPA calculation, which does not
account for the contribution of small-sized diatoms and their marker pigment, fucoxanthin.
Incorporating the contribution of small-sized diatoms into the fucoxanthin weighting could
improve the accuracy of ficro estimates and yield results more consistent with independent
size-fractionated observations.

This apparent discrepancy can be further explained by the morphological character-
istics of dominant diatom taxa in the study area. Although species-level identification
was not conducted in the present study, previous investigations in Jaran Bay, Hansan Bay,
and adjacent southern Korean coastal waters have consistently reported Chaetoceros spp.
as the dominant diatom group, often accounting for more than ~40% of the total phyto-
plankton community and reaching 60-80% during highly productive periods [47,60,61].
Species of the genus Chaetoceros are characterized by filamentous or chain-forming colonies
connected by siliceous setae. While individual cells typically range from approximately
5 to 20 pm in size, the overall dimensions of colonies frequently exceed 20 um [62,63].
Consequently, depending on colony integrity during sampling and filtration, the same
species may be distributed across both large (>20 um) and small (<20 pm) size fractions.
This morphological plasticity provides a plausible explanation for the substantial contri-
bution of diatoms observed within the small-sized phytoplankton fraction in the present
study and helps explain the tendency for DPA based on fucoxanthin to overestimate
microphytoplankton contributions.

The systematic overestimation of microphytoplankton by DPA observed in this study
highlights a limitation of the conventional size-class schemes that assign fucoxanthin ex-
clusively to the microphytoplankton pool. Our findings demonstrate that a substantial
proportion of fucoxanthin in coastal environments can originate from small-sized diatoms
(<20 um), leading to the overestimated microphytoplankton contribution and correspond-
ing underestimation of nano and picophytoplankton fractions. To improve DPA-based
size-class estimates, a modified approach could be adopted in which fucoxanthin is parti-
tioned between micro and nano and picophytoplankton fractions using empirically derived
weighting factors based on independent size-fractionated Chl-a measurements. Conceptu-
ally, this approach would allow the contribution of fucoxanthin from small-sized diatoms
to be reassigned to the nano and picophytoplankton pool, thereby reducing bias in f;c,,
estimates. Future studies integrating HPLC-based pigment analysis with direct observa-
tional techniques, such as imaging flow cytometry or microscopy-based size measurements,
will be essential to further validate and refine pigment-based size classification schemes in
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aquaculture-dominated coastal systems. Recent studies have increasingly emphasized the
ecological significance of small-sized diatoms, indicating that diatoms can occupy both mi-
cro and nanophytoplankton size categories [64—67]. Furthermore, diatom size distributions
have been shown to respond to temperature, with a gradual shift toward smaller cell sizes
under warming conditions [68,69]. Consistent with these findings, this study identified
a positive correlation between the proportion of small-sized diatoms and temperatures
(Pearson’s correlation, r = 0.442, p < 0.01). Such temperature-driven shifts could promote
transitions toward nano and picophytoplankton dominance as warming continues [70].

In Hansan Bay and Jaran Bay, filter-feeding organisms such as oysters (Crassostrea gigas)
and sea squirts (Halocynthia roretzi) selectively graze phytoplankton based on cell size. Oys-
ters primarily consume micro-sized diatoms, whereas sea squirts preferentially exploit
nano and picophytoplankton [71,72]. Consequently, shifts in phytoplankton size structure,
such as an increase in the relative contribution of small-sized diatoms under elevated
temperatures, could significantly influence aquaculture systems. Oysters, which efficiently
retain and assimilate larger diatom cells and chains, may experience reduced feeding ef-
ficiency and growth as phytoplankton communities shift toward smaller diatom forms.
In contrast, sea squirts, which are capable of exploiting nano and picophytoplankton,
may be less negatively affected or potentially favored under such conditions. As a result,
warming-driven changes in phytoplankton size structure could alter food availability and
trophic efficiency in aquaculture-dominated bays, with implications for species-specific
growth performance and ecosystem carrying capacity. Given the ongoing rise in sea surface
temperatures along the Korean coast [73,74], adaptive adjustments in aquaculture practices
and fisheries management strategies may be required to sustain productivity in Hansan
Bay and Jaran Bay.

4.3. PPC and PSC as Indicators of Phytoplankton Productivity and Environmental Conditions

PPC and PSC are widely used indicators of shifts in the functional composition and
physiological status of phytoplankton communities under varying environmental condi-
tions [11,12]. Higher PPC proportions are typically associated with high light condition
and environmentally stressful conditions, reflecting the phytoplankton’s need for photo-
protection against oxidative stress [39,75-77]. In contrast, lower PPC proportions and PI
values generally indicate more efficient photosynthesis and enhanced primary productivity.
Accordingly, these pigment-based indices provide valuable insights into phytoplankton
physiological responses to changes in habitat conditions, including variations in light
availability and seasonal environmental forcing.

In this study, diatoms dominated phytoplankton communities throughout all seasons,
contributing to consistently elevated fucoxanthin concentrations and resulting in PSC levels
exceeding PPC, particularly during August. Significant differences in PPC:PSC ratios and
PI values between August and other seasons in Jaran Bay and inner Hansan Bay are consis-
tent with seasonal environmental changes associated with the summer monsoon during
which enhanced terrestrial inputs are known to influence coastal conditions and phyto-
plankton physiological response [11,78]. In Outer Hansan Bay, elevated water temperatures
during August likely promoted the accumulation of PPC, particularly diadinoxanthin, as a
photoprotective response to increased light exposure and oxidative stress [75,79].

Across all studied bays, the averaged PPC:PSC ratio was 0.23 £ 0.10, consistently
below 1, comparable to the values reported for the East Sea of Korea and indicative of high
productivity [42]. The generally low PI values observed in Jaran Bay (0.05-0.14), Inner
Hansan Bay (0.06-0.17), Outer Hansan Bay (0.06-0.18) were narrower and lower compared
to those reported for other regions, such as Palk Bay (0.37-0.71) and the Argentinian Sea
(1.00-3.12) [12,80]. These patterns likely reflect the shallow coastal environments and
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the dominance of large phytoplankton taxa, particularly diatoms, which are typically
associated with high photosynthetic activity and productivity conditions (Figure 10) [42].
The prevalence of large-sized diatoms, known for their efficient light utilization and carbon
fixation capacity, likely contributes to the relatively low PI values observed in this study.

Size-fractionated pigment analysis further revealed that large-sized phytoplankton
consistently exhibited higher PSC concentrations, with diatoms representing the dominant
group. This dominance resulted in elevated fucoxanthin levels and correspondingly lower
PPC:PSC ratios and PI values, indicative of high photosynthetic activity and productivity.
In contrast, small-sized phytoplankton exhibited relatively higher PPC proportions and
PI values, typically associated with lower productivity [79-82]. These results suggest
that environmental conditions favoring small-sized phytoplankton dominance may be
associated with reduce overall productivity.

Overall, PPC- and PSC-based indices proved useful for assessing phytoplankton phys-
iological status and productivity across size classes and regions. The observed differences
in pigment composition between large- and small-sized phytoplankton provide critical
insights into functional strategies and adaptive responses to variable light conditions in
coastal ecosystems.

It should be noted that the present study was conducted in different years for each bay
(Jaran Bay in 2020, inner Hansan Bay in 2022, and outer Hansan Bay in 2023), which may
introduce interannual variability into spatial comparisons among study sites. Interannual
fluctuations in physical forcing, nutrient supply, and hydrographic conditions are known
to influence phytoplankton biomass, community composition, and size structure in coastal
systems. Consequently, some of the observed differences among bays may reflect year-
specific environmental conditions in addition to spatial heterogeneity.

Future studies incorporating simultaneous, multi-bay sampling within the same year
will be essential to more clearly disentangle spatial effects from interannual variability
and to further refine interpretations of phytoplankton physiological dynamics in southern
Korean coastal waters.

5. Summary and Conclusions

This study demonstrates that phytoplankton community structure and productivity
in Jaran Bay and Hansan Bay are strongly regulated by seasonal environmental variability,
particularly temperature, and light conditions. Diatoms dominated the phytoplankton
community across all seasons and bays, contributing substantially to Chl-a biomass, photo-
synthetic carotenoids, and overall primary productivity. Pronounced spatial differences
emerged during summer, especially in outer Hansan Bay, where elevated temperatures
exceeded the optimal thermal range for diatoms and coincided with increased contributions
from cryptophytes and cyanobacteria.

Size-fractionated analyses revealed that large-sized phytoplankton, primarily diatoms,
were the principal contributors to biomass and photosynthetic activity, while small-sized
phytoplankton exhibited higher photoprotective pigment proportions. The substantial
presence of small-sized diatoms highlights the plasticity of diatom size structure and un-
derscores a key limitation of conventional pigment-based size classification approaches
that assume diatoms are exclusively microphytoplankton. Accordingly, this study empha-
sizes the need to account for size variability within taxonomic groups when interpreting
pigment-based size distributions.

Pigment-based indices (PSC, PPC, PPC:PSC ratio, and PI) proved useful for diagnos-
ing seasonal and size-dependent variations in phytoplankton physiological status and
productivity. Low PPC:PSC ratios and PI values reflected the dominance of large, highly
productive diatoms in these shallow coastal systems, while higher values in small-sized
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phytoplankton indicated greater investment in photoprotection under variable light and
temperature conditions. However, alternative explanations should also be considered. In
coastal environments, the small-sized fraction may include not only living phytoplankton
cells but also detrital material and non-living pigmented particles in addition to living
phytoplankton, potentially increasing the relative contribution of photoprotective pigments.
This methodological constraint may partially contribute to the higher PPC:PSC ratios ob-
served in the <20 um fraction. Therefore, PPC:PSC and PI are interpreted here as relative
indicators of physiological state and community-level pigment composition, rather than as
direct or absolute measures of productivity or light stress. Independent validation using
physiological measurements (e.g., fluorescence-based photophysiology or growth rates)
would be required to fully quantify these relationships and is beyond the scope of the
present study.
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https:/ /www.mdpi.com/article/10.3390/jmse14020206/s1, Table S1: Summary of sampling sta-
tions in Jaran Bay, inner Hansan Bay, and outer Hansan Bay, including geographical coordinates
(latitude and longitude) and the exact depths (m) at which seawater samples were collected at
the 100% and 1% photosynthetically active radiation (PAR) levels.; Figure S1: Vertical distribution
profile of temperature in Jaran Bay, inner Hansan Bay, and outer Hansan Bay. (a) May, (b) August,
(c) October.; Figure S2: Vertical distribution profile of salinity in Jaran Bay, inner Hansan Bay, and
outer Hansan Bay. (a) May, (b) August, (c) October.
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