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We investigated assessments of calorie production and energy efficiencies of
phytoplankton in Gwangyang, Jaran, and Geoje-Hansan bays in southern Korea,
based on seasonal field measurements data for particulate organic carbon (POC),
macromolecular compositions, calorie contents, and primary production. Our
findings revealed that Geoje-Hansan Bay consistently exhibits higher POC
concentrations compared to Gwangyang and Jaran bays, except during the
summer season. The observed seasonal variations in POC concentrations and
primary productions indicated distinct factors influencing POC distribution
among the bays, which varies with the seasons. Macromolecular compositions
displayed notable patterns, with Gwangyang Bay exhibiting pronounced seasonal
variations, Jaran and Geoje-Hansan bays showing stable carbohydrate (CHO)
dominance, and Gwangyang Bay displaying protein (PRT) dominance influenced
by river-borne nutrients. Analysis of calorie content revealed that Geoje-Hansan
Bay exhibited the highest calorie content, suggesting a more favorable
physiological state of phytoplankton compared to Gwangyang and Jaran bays.
Estimations of annual primary production and calorie production demonstrated
regional variations, with Geoje-Hansan Bay having the highest values followed by
Jaran Bay and Gwangyang Bay. These differences in primary production and
calorie production reflect the diverse ecological conditions and nutrient
availability specific to each bay. Interestingly, Gwangyang Bay demonstrated
the highest energy efficiency, producing more calories per unit of carbon
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compared to the other two bays, potentially due to the influence of different
dominant phytoplankton communities. This study enhances our understanding
of ecosystem dynamics and ecological characteristics among the three bays,
emphasizing the importance of considering seasonal variations and specific bay
characteristics in investigating biogeochemical processes, energy flow, and
ecosystem functioning. The findings contribute valuable insights for the
sustainable management of coastal ecosystems and aquaculture practices.

KEYWORDS

macromolecular compositions, calorie content, primary production, Geoje-Hansan bay,
Gwangyang bay, Jaran bay, calorie production

1 Introduction

Conventionally, phytoplankton primary production has
been measured using stable ("3C) or radiocarbon (**C) isotopes to
indicate the amount of organic carbon fixed through photosynthesis
(Platt and Irwin, 1973; Lee et al.,, 1991, 2008; Kim et al., 2019a).
However, these conventional measurements reflect total particulate
organic carbon (POC) production, encompassing both calorie-
containing and non-calorie-containing organic materials. In
contrast, examining the photosynthetic allocation of carbon into
different macromolecular classes—carbohydrates (CHO), proteins
(PRT), and lipids (LIP)—along with their biochemical composition,
can provide more detailed insights into the calorie-containing POC
materials and their nutritional value for consumers (Lee et al., 2009;
Yun et al,, 2015; Kim et al., 2016; Kang et al., 2020).

CHO, PRT, and LIP are among the key biomolecules
synthesized by phytoplankton, and each serves distinct functions
in their growth and survival (Liebezeit, 1984; Fernandez-Reiriz
et al., 1989; Finkel et al., 2016; Bhavya et al., 2019). Concurrently,
variations in the biochemical compositions of phytoplankton can
have significant implications for ecological interactions marine food
webs within marine ecosystems (Laws, 1991; Graf, 1992; Parrish
et al., 1995; Yun et al., 2015; Kim et al., 2016; Jo et al., 2017). Recent
studies have demonstrated compelling evidence that the
biochemical composition of phytoplankton offers valuable
insights into their physiological conditions (Lee et al., 2009) and
the nutritional value for consumers in diverse environmental
regions (Yun et al, 2015; Kim et al, 2016; Jo et al, 2017; Lee
et al,, 2017; Kim et al., 2019b; Kang et al., 2020; Lee et al., 2020a; Jo
et al, 2021). A comprehensive understanding of the relative
abundance of these biochemical compositions within
phytoplankton cells is crucial.

The composition of biochemical compounds in phytoplankton
cells varies depending on their species composition and
physiological conditions, and various environmental conditions
such as water temperature, light availability, and nutrient
concentrations for their growths (Licbezeit, 1984; Fernandez-
Reiriz et al., 1989; Lee et al., 2008; Finkel et al., 2016; Lee et al.,
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2017; Kim et al., 2018a; Lee et al., 2020b). These biochemical
compositions can influence the nutritional value of
phytoplankton for herbivores and higher trophic level consumers
(Yun et al., 2015; Jo et al., 2017, 2021).

Previous studies focused on quantifying the caloric contents
based on the three biomolecular compositions of phytoplankton in
various oceans (Fabiano et al., 1993; Danovaro and Fabiano, 1997;
Kang et al,, 2020) as well as in several Korean bays (Kim et al.,
2019b; Lee et al., 2020a, b). Through quantitative analysis, essential
information can be gained regarding the cycling and transport of
carbon and nitrogen, which are fixed through photosynthesis,
across different trophic levels within marine food webs (Laws,
1991; Parrish et al.,, 1995; Kim et al., 2018b). Furthermore,
efficiency of different cell-sized phytoplankton cells in terms of
different calorie contents have been explored (Hitchcock, 1982;
Finkel et al., 2016; Kang et al., 2017; Roy, 2018; Kang et al., 2020).

Coastal areas and bays hold immense ecological significance as
vital aquatic resources worldwide (Kwak et al, 2012; Wetz and
Yoskowitz, 2013; references therein). They serve as crucial habitats
and food resources for a wide range of marine organisms, including
large numbers of fish and shellfish species. Notably, Gwangyang,
Jaran, and Geoje-Hansan bays (Figure 1) in South Korea stands out as
prominent location for shellfish aquaculture, particularly for filter-
feeding species such as oysters and scallops (Cho and Park, 1983;
Yoon et al,, 2009; Cho et al., 2012; Lee et al., 2018). These shellfish rely
on phytoplankton as a primary food source for their growths and
reproductions (Xu and Yang, 2007; Umehara et al., 2018). In recent
decades, the bays of South Korea have experienced significant
industrialization and intensive aquaculture activities, raising
concerns about potential environmental impacts resulting from
these anthropogenic influences. Consequently, these changes may
lead to variations in the phytoplankton community and subsequent
alterations in the biochemical compositions of particulate organic
matter (POM) within the bay ecosystem (Lee et al.,, 2017; Kang and
Oh, 2021). However, despite the significance of these potential
changes, there is currently a lack of comprehensive information
regarding the biochemical compositions of POM specifically in the
southern bays of South Korea.
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In this study, we aim to investigate the seasonal and regional
characteristics of biochemical compositions, including CHO, PRT,
and LIP, in POM across different environmental conditions in the
southern bays of Korea. By analyzing these biochemical
characteristics, our second objective is to quantify the annual
calorie production attributed to mainly photosynthetic
phytoplankton, which has not been previously determined.
Additionally, we propose a hypothesis that the observed
discrepancy between primary production, calorie production, and
energy efficiency among phytoplankton communities in different
bays may indicate differential trophic transfer efficiencies and
ecosystem functioning. Further elucidating this relationship will
provide valuable insights into the dynamics of marine ecosystems
and their responses to environmental changes.

2 Materials and methods
2.1 Study sites description

Gwangyang Bay (Figure 1B), situated on the south-western
coast of Korea, is adjacent to the open sea and bordered by the 4-km
wide Yeosu Channel to the south and the Seomjin River to the north
(Baek et al, 2015). Jaran Bay (Figure 1C), located on the south-
eastern coast of South Korea in Goseong-gun, is characterized by
relatively shallow water depths, typically not exceeding 20 meters
(Lee et al., 2020c). The expansive mouth of the bay promotes
efficient seawater exchange within the Jaran Bay region (Kim
et al, 2019¢). Geoje-Hansan Bay (Figure 1C), located in the
south-eastern region of South Korea, constitutes an enclosed bay
covering approximately 55 km?. It extends around 10 km from east
to west and north to south. The bay features a deep channel, ranging
from 20 to 40 meters in depth, extending northwestward from the
southern tip of Geoje Island. In contrast, the inner part of the bay
displays a relatively flat topography, with depths below 10 meters
(Kwon et al., 2013).

2.2 Water sampling procedure for
particulate organic carbon and
biochemical concentrations

Field samplings were conducted in Gwangyang Bay, Jaran Bay,
and Geoje-Hansan Bay to obtain data within the photic zone. In
Gwangyang Bay, sampling activities encompassed 2-4 stations
during November 2011 and were subsequently repeated in April,
June, August, and October 2012, as well as January 2013
(Figure 1B). Jaran Bay underwent monthly samplings at 7
stations from January to December 2015 (Figure 1C). In Geoje-
Hansan Bay, monthly water samplings were conducted at 8 stations
throughout 2016 (Figure 1D). The sampling timeline was organized
into four distinct seasons: winter (December-February), spring
(March-May), summer (June-August), and autumn (September-
November), based on the acquired data from each bay.
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Water samples were collected using a 5 L Niskin water sampler
(General Oceanics Inc. Miami, FL, USA) at three different light
depths, corresponding to 100%, 30%, and 1% of the surface
photosynthetic active radiation. The determination of three light
depths were executed utilizing a Secchi disk at each station across all
three bays throughout the observation period.

For the assessment of POC concentration, water samples (0.1-
0.3 L) underwent filtration using pre-combusted GF/F filters (25
mm diameter) under low vacuum pressure (< 150 mmHg).
Subsequently, the filtered samples were transferred to small petri
dishes and promptly preserved in a freezer at ~20°C until further
analysis at the home laboratory of the Pusan National University.
The POC concentration was quantified using a Finnigan Delta?™
XL mass spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA) at the Alaska Stable Isotope Facility.

For biochemical analysis, 1 L water samples were filtered onto
47-mm GF/F filter (Whatman, 0.7 um pore size) to determine the
concentrations of CHO, PRT, and LIP. The filters were immediately
stored at —-80°C and preserved until further extraction analysis,
conducted within a month following the collection.

2.3 Primary production measurements

To assess the primary production of phytoplankton, a '*C stable
isotope technique was employed, following Equation (1) as outlined
by Hama et al. (1983):

APOC = POC x Jis—fns

ic ~ Qns

(1)

where APOC represents the increase in photosynthetically fixed
POC during incubation, POC is the amount of POC in the
incubated sample, a; is the 13C atom % in the incubated sample,
a4 is the 1>C atom % in the natural sample, and a,. is the '*C atom
% in the total inorganic carbon.

Seawater samples were systematically collected from six light
depths, specifically 100%, 50%, 30%, 12%, 5%, and 1%. However,
only the data from three light depths (100%, 30%, and 1%) were
used in our analyses for consistency with other measurements.

These samples were subsequently transferred into 1 L
polycarbonate incubation bottles, each equipped with screen
filters corresponding to the respective light depth. A solution
containing a stable carbon isotope, NaH13C03, was introduced
into the incubation bottles. These prepared bottles were then
placed in a large acrylic incubator on the deck, exposed to natural
light conditions for a duration of 4 to 5 hours.

Following the incubation period, the seawater samples
underwent filtration using precombusted 25 mm GF/F filters. The
stable carbon isotope (*C) and POC content in the filtered samples
were quantified utilizing a Finnigan Delta + XL mass spectrometer
at the stable isotope laboratory of the University of Alaska
Fairbanks, USA. Stable carbon isotope ratio was reported in &
notation as per mil (%o) as determined from Equation (2):

8X = [(Rsample/Rstandard) — 1] x 1,000 2)
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where X is ">C and R is the corresponding ratio of >C/"*C of
sample and standard, respectively. Peptone was used standard for
carbon and the uncertainty for §'*C measurement was + 0.1 %o.

2.4 Biomolecule extraction
and quantification

Biomolecule extraction from the sample filters was conducted at
the home laboratory of Pusan National University, adhering to
established protocols detailed in Kim et al. (2018a) and Bhavya et al.
(2019). The sample filter was initially sectioned into smaller
pieces and placed in a polypropylene vial to commence the
extraction process.

The CHO extraction method outlined by Dubois et al. (1956) was
applied in this study. Ultrasonification with 1 mL deionized water
initiated the process, followed by the addition of 1 mL of phenol
reagent (5%). After allowing the solution to stand at room
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temperature for approximately 40 minutes, 5 mL of sulfuric acid
was introduced to the vial. The solution was left at room temperature
for an additional 10 minutes to complete the CHO extraction. PRT
extraction employed colorimetric peptide-detecting assays following
the methodologies of Lowry et al. (1951) and Fiset et al. (2017). A 20-
minute ultrasonification with 1 mL of deionized water was
performed, followed by the addition of 5 mL of Alkaline Copper
solution. After 10-minute standing at room temperature and
thorough mixing using a vortex mixer, 0.5 mL of diluted Folin-
Ciocalteu phenol reagent was added to finalize the PRT extraction.
LIP extraction followed well-established techniques described by
Bligh and Dyer (1959) and Marsh and Weinstein (1966). Small
fragments of the sample filter in an amber vial were treated with a
mixture of 3 mL chloroform and methanol, followed by a 20-minute
ultrasonification step. Subsequent steps included refrigeration,
centrifugation, and careful transfer of the resulting supernatant to a
new glass vial. The lower phase of the sample vial was then dried, and
remaining steps involved rehydration with 2 mL deionized water,
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heating, and cooling in a water bath for approximately 10 minutes.
Finally, the solvent with an additional 3 ml deionized water was
mixed thoroughly using a vortex mixer and left to stand for 10
minutes to complete the LIP extraction process.

Following extraction, the concentration of each biomolecule was
determined using a UV spectrophotometer (Hitachi-UH5300,
Hitachi, Tokyo, Japan). Specific standards were employed to
quantify the concentrations of CHO, PRT, and LIP. The standards
used were solutions of glucose, bovine serum albumin, and
tripalmitin for CHO, PRT, and LIP quantification, respectively. The
choice of these standards aligns with recommendations from prior
studies by Kim et al. (2018a) and Bhavya et al. (2019), ensuring
consistency and comparability in the quantification process.

2.5 Bioenergetic calculations, conversion
factor, and daily calorie production

The caloric value was determined using the Winberg equation
(Kcal g™' = 0.041 x CHO% + 0.055 x PRT% + 0.095 x LIP%),
following the methodology outlined by Winberg (1971). The calorie
content (Kcal m™) was calculated by multiplying the caloric value
(Kcal g’l) by the total biochemical concentration (sum of CHO,
PRT, and LIP) of POM (g m™) at each specific light depth, as
detailed in the procedures described by Fabiano et al. (1993).

Regional conversion factors from carbon to caloric units were
determined for the four different seasons by dividing the calorie
content by the POC concentration at specific locations. Primary
production, representing the amount of organic carbon produced
per unit time (Platt and Irwin, 1973), formed the foundation for
calorie production calculations, incorporating both primary
production data and the conversion factor from carbon to
caloric units.

To determine the euphotic water column-integral values in this
study, concentrations at each station were integrated vertically from
three different light depths (100%, 30%, and 1%) using the
trapezoidal rule. The trapezoidal rule entails partitioning the
water column into discrete depth intervals, computing the area
under the curve formed by the plotted data points, and summing

P
P

s

POC concentration (g C m?)
=
POC concentration (g C m?)

P

Autumn

L

Winter

.'.: -

0- . . .
Spring Summer Winter

FIGURE 2

Spring

10.3389/fmars.2024.1367137

these areas to estimate the total integral (Abramowitz and Stegun,
1972). Employing this approach provided an approximation of the
euphotic water column-integral values in this study.

For regional assessments, data from multiple stations within
each bay were averaged to ensure a representative measurement for
the entire region. Similarly, seasonal values were derived by
averaging data collected during the same seasons within each bay.

3 Results and discussion

3.1 Seasonal dynamics of euphotic water
column-integral POC concentration and
daily primary production

Distinct seasonal variations in POC concentrations were observed
across the Gwangyang, Jaran, and Geoje-Hansan bays during this
study period (Figure 2). Gwangyang Bay displayed comparatively
lower POC concentrations in spring (1.3 + 0.3 g m™) and autumn
23+£09¢g m?), while exhibiting higher concentrations in winter
B0x17g m~?) and summer (4.3 + 1.1 g m™). A similar trend was
noted in Jaran Bay, with the highest POC observed in summer (4.1 +
1.3 g m™), followed by winter (3.4 + 1.1 g m™). In contrast, Geoje-
Hansan Bay displayed the highest POC concentration in winter (6.6 +
5.4 g m™), decreasing to summer (3.3 + 1.2 g m™). These findings
suggest that factors influencing POC accumulation and distribution
differ among the bays and exhibit seasonal variability. Previous studies
have indicated significant variations in nutrient conditions,
macromolecular compositions, and phytoplankton compositions in
Gwangyang Bay depending on river discharge (Lee et al.,, 2017; Kim
et al,, 2019b; Kang et al., 2022). In contrast, Jaran and Geoje-Hansan
bays, lacking noticeable river impacts as a factor influencing seasonal
variations in POC concentrations, eliminate river impacts as a
factor influencing seasonal variations in POC concentrations (Lee
et al., 2020a).

Corresponding to the seasonal variation in the POC
concentrations, the euphotic water column in Gwangyang, Jaran,
and Geoje-Hansan bays displayed distinct seasonality in primary
production (Figure 3). Gwangyang Bay showed a notable increase in

P

3

POC concentration (g C m?)

Summer Autumn

Spring

Autumn Winter

Summer

Seasonal euphotic water column-integral particulate organic carbon (POC) concentrations from 100% to 1% light depths in Gwangyang (A), Jaran

(B), and Geoje-Hansan (C) bays.

Frontiers in Marine Science

05

frontiersin.org


https://doi.org/10.3389/fmars.2024.1367137
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jang et al.

10.3389/fmars.2024.1367137

3 3 3]
) = )
' e e
9] I3 o
w2 2 e
= = =
£ £ K]
Z Z Z
] ] s -
3 3 3
H ] ]
H H £
s 2 13 ®
z 2 =4 -
H] H H]
E1 E1 B E 1
£ £ £ .y -
2 2 . 2
= o = - - B - = - B
K . F » ] - = - — |
5 = a8 - ® | i a o :

o - - | ol e |
" o com— oo BT *k s — ol - JO—
Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn
FIGURE 3

Seasonal euphotic water column-integral daily primary productions from 100% to 1% light depths in Gwangyang (A), Jaran (B), and Geoje-Hansan

(C) bays.

primary production from winter (0.06 g C m™ d™") to summer (0.61
g Cm™ d™"), followed by a decrease in autumn (0.13 g C m™ d™").
Similarly, Jaran Bay exhibited a comparable trend, with the peak
primary production occurring in summer (0.55 g C m™> d™),
followed by lower values in winter (0.33 g C m~ d™") and autumn
(045 g C m™> d™"). In contrast, Geoje-Hansan Bay demonstrated a
consistent increase in primary production throughout the seasons,
ranging from 0.31 g C m™ d™' in winter to 0.70 g C m™ d™' in
autumn. Although statistical significance was not observed, Geoje-
Hansan Bay demonstrated relatively higher primary production
compared to Gwangyang and Jaran bays. Among the three bays,
Gwangyang Bay consistently exhibited relatively lower primary
production throughout the season, except during the summer
period. Given the absence of artificial dams in the Seomjin River,
Gwangyang Bay is susceptible to the potential impact of river
discharge on the bay ecosystem (Lee et al., 2017). Our study area in
Gwangyang Bay experienced extremely turbid conditions throughout
the seasons, with an average euphotic depth of less than 5 m, due to
freshwater discharge and a strong tidal conditions (Lee et al., 2017).
These factors likely contribute to the lower primary production
observed in this bay. Additionally, the phytoplankton species
compositions in Gwangyang Bay plays a significant role in its lower
primary levels. Small cryptophytes, which are dominant in
Gwangyang Bay due to the influence of Seomjin River inputs and
tidal propagation to the Yeosu Channel, generally exhibit lower
photosynthetic activities compared to larger phytoplankton such as
diatoms (Lee et al, 2023), which dominate in Jaran and Geoje-
Hansan bays (Shim et al., 1984; Kang et al,, 2018; Kim et al., 2019¢;
Kang and Oh, 2021). This predominance of small phytoplankton
further contributes to the lower primary production in Gwangyang
Bay throughout the season compared to Jaran and Geoje-
Hansan bays.

3.2 Seasonal variations in
macromolecular compositions

Seasonal dynamics of macromolecular compositions provide
crucial insights into the physiological status of phytoplankton
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communities within marine ecosystems. In this study, the
macromolecular compositions among the three studied bays
—Gwangyang, Jaran, and Geoje-Hansan—-were assessed, revealing
notable distinctions, particularly in Gwangyang Bay (Figure 4).
Gwangyang Bay exhibited marked seasonal changes in
macromolecular compositions, representing a significant departure
from the relatively stable compositions observed in Jaran and Geoje-
Hansan bays. Specifically, Gwangyang Bay displayed a shift towards
protein (PRT)-dominated compositions with decreased CHO
content during spring, elevated lipid (LIP) content coupled with
low PRT compositions during summer, and a tendency towards PRT
dominance with lower LIP content in autumn.

The observed discrepancies can be attributed to variations in
phytoplankton physiology and water circulation patterns, as
suggested in previous studies (Kim et al., 2018b). CHO, with their
pivotal roles in supplying cellular carbon pools, including cell
membranes and energy reservoirs, were consistently dominant in
Jaran and Geoje-Hansan bays across all seasons (Van Oijen et al.,
2004; Finkel et al., 2016; Duncan and Petrou, 2022). This CHO
dominance aligns with global and regional patterns observed in
various Korean bays, the East/Japan Sea, and world oceans (Jo et al.,
2017; Kang et al,, 2017; Roy, 2018; Kim et al., 2018b; Lee et al,,
2020a, b). In contrast, Gwangyang Bay exhibited seasonal variations
in macromolecular compositions, with a predominance of PRT.
This PRT dominance is primarily attributed to river-borne
nutrients, particularly dissolved inorganic nitrogen (DIN) from
the Seomjin River, as evidenced by previous studies (Lee et al,
2017a; Kang et al., 2022). Significant positive relationships between
PRT composition and DIN loading in Gwangyang Bay have been
documented (Lee et al, 2017). Among various environmental
factors, DIN is a major contributor to carbon allocations into
PRT by phytoplankton (Bhavya et al., 2019). PRT is crucial for all
enzymatic processes driving phytoplankton growth (Van Oijen
et al., 2004; Finkel et al., 2016; Duncan and Petrou, 2022). The
PRT-dominated compositions in Gwangyang Bay highlight the
localized impact of river-borne nutrients, emphasizing the
influence of specific environmental factors on phytoplankton
physiology. Additionally, the predominance of small-sized
phytoplankton in Gwangyang Bay (Shim et al,, 1984; Kang and
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Oh, 2021) likely contributes to the PRT-dominated compositions.
Small-sized phytoplankton tend to incorporate more carbon into
PRT compared to larger phytoplankton (Lee et al., 2009). However,
this relationship between different macromolecular compositions
and phytoplankton cell size needs further validation.

These findings reveal significant variability in macromolecular
compositions across different bays and seasons, with Gwangyang
Bay standing out as a site with pronounced seasonal variations,
while Geoje-Hansan and Jaran bays consistently displaying CHO-
dominated compositions. Understanding such variations is crucial
for elucidating the ecological dynamics of phytoplankton
communities and their responses to environmental influences.
The pronounced seasonal shifts in Gwangyang Bay, influenced by
river-borne nutrients, contribute valuable insights into the intricate
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interplay between local environmental factors and phytoplankton
physiology, enhancing our understanding of marine
ecosystem dynamics.

3.3 Seasonal variations in euphotic water
column-integral calorie contents and daily
calorie production

Seasonal variations in the calorie contents integrated
throughout the euphotic water column were compared among
Gwangyang, Jaran, and Geoje-Hansan bays during this study
(Figure 5). Notable seasonal variations in calorie contents were
observed, with distinct patterns among the three bays.
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Seasonal euphotic water column-integral calorie contents from 100% to 1% light depths in Gwangyang (A), Jaran (B), and Geoje-Hansan (C) bays
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Gwangyang and Geoje-Hansan bays displayed pronounced
seasonal variations, contrasting with the relatively stable
conditions observed in Jaran Bay. In Gwangyang Bay, seasonal
calorie contents ranged from 35.1 Kcal m™ (+ 18.8 Kcal m™) in
winter to 11.2 Kcal m™? (+ 3.9 Kcal m™) in autumn. Conversely,
Jaran Bay exhibited consistent calorie contents ranging from 18.0
Kcal m™ (+ 5.5 Kcal m™) in winter to 17.3 Kcal m ™ (+ 4.7 Kcal m™?)
in autumn. Geoje-Hansan Bay exhibited variations from 44.6 Kcal
m? (+ 33.8 Kcal m™) in winter to 21.4 Kcal m™ (+ 9.2 Kcal m™) in
autumn. These variations in calorie content within the water
column likely reflect the physiological state of phytoplankton
community, with a gradual decline during their senescent phase
(Platt and Subba Rao, 1970). Gwangyang and Geoje-Hansan bays,
characterized by marked seasonal variation in the calorie contents,
suggest corresponding variations in the physiological state of the
phytoplankton community compared to Jaran Bay.

Notably, Geoje-Hansan Bay exhibited the highest calorie
contents among the three bays, aligning with higher daily primary
production, except during the summer period. Seasonally averaged
calorie contents were 20.4 Kcal m™2 (+ 11.9 Kcal m™2), 19.4 Kcal m ™2
(+ 2.0 Kcal m™), and 30.9 Kcal m™ (¢ 12.7 Kcal m™) for
Gwangyang, Jaran, and Geoje-Hansan bays, respectively. The
annually averaged energy values in coastal waters, based on
satellite ocean-color data, exhibit > 2.4 Kcal m™ (Roy, 2018). For

10.3389/fmars.2024.1367137

a simple comparison between Roy (2018) and this study, the calorie
values can be > 24 Kcal m™ if the average water depths in the
Gwangyang, Jaran, and Geoje-Hansan bays are approximately 10 m
depth, suggesting good agreement.

Seasonal conversion factors from carbon to calories were
established for each bay to estimate calorie production from
carbon (Figure 6). As we expected, the conversion factors vary
seasonally among the three bays, reflecting fluctuations in the
energy content of phytoplankton communities. In spring, Geoje-
Hansan Bay displayed a significantly higher conversion factor (9.1 +
2.7 Kcal (g C) '; one-way ANOVA, p< 0.01) relative to Gwangyang
Bay (7.5 £ 2.9 Kcal (g C) 1Y and Jaran Bay (7.1 + 1.4 Kcal (g C) 7).
During the summer and autumn, the conversion factors showed no
significant differences among the three bays, with average values of
6.8 Kcal (g C) 1 (£ 3.2 Keal (gO) 1, 5.9 Kcal (gO 1 (+1.6 Kcal (g
C) ™), and 7.0 Kcal (g0 1 (£ 5.9 Kcal (g0 1 for Gwangyang,
Jaran, and Geoje-Hansan bays, respectively. Overall, Gwangyang
Bay exhibited a significantly higher conversion factor (12.3 + 3.7
Kcal (g C) s one-way ANOVA, p< 0.01), followed by Geoje-
Hansan Bay (7.5 + 2.1 Kcal (g C) 1Y and Jaran Bay (5.5 + 1.7 Kcal (g
C) Y. These values are notably lower than the conversion factor
(11.4 Kcal (g C) ) suggested by Platt and Irwin (1973) without
accounting for seasonal variations. Their conversion factor was
derived from samples collected during the spring bloom of
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TABLE 1 Annual primary and calorie productions in Gwangyang, Jaran
and Geoje-Hansan bays in South Korea.

Annual calorie

Annual primary

production production
(gCm2y? (Kcal m=2y™)
Gwangyang Bay 78 499
Jaran Bay 143 814
Geoje-Hansan Bay 181 1302

phytoplankton in St. Margaret’s Bay, Nova Scotia. Indeed, the
conversion factor in this study was relatively higher during the
spring season compared to other seasons, except for Gwangyang
Bay exhibiting a significantly higher conversion factor during the
winter period (Figure 6). These variations highlight the importance

of considering both seasonal variations and appropriate conversion
factors in assessing caloric content in diverse bay ecosystems.

The seasonal daily calorie productions were derived from
seasonal primary productions (Figure 3) and conversion factors
(Figure 6) obtained from the present study at each bay, as
displayed in Figure 7. The euphotic water column in Gwangyang,
Jaran, and Geoje-Hansan bays displayed different seasonality in daily
calorie production. Gwangyang Bay had the lowest calorie
production during winter (0.63 + 0.38 Kcal m™ d) and spring
(043 + 0.34 Kcal m™> d"), followed by a substantial increase in
summer (3.73 + 2.98 Kcal m> d') and a subsequent decrease in
autumn (0.67 + 0.52 Kcal m> d). Jaran Bay showed relatively
consistent calorie production across the seasons ranging from 1.66
Kcalm?d™! (0.76 Kcalm?d™") t0 2.74 Kcal m2 d™" (+ 3.06 Kcal m™
> d"), indicating a more uniform energy production pattern. In line
with higher daily primary production and calorie content, Geoje-

@® Gwangyang Bay
@ Jaran Bay

16 1 A Geoje-Hansan Bay

12

A,

Daily calorie production (Kcal m™2 d™)
=)
1

Geoje-Hansan
y=52x+0.6
r=0.92,p<0.01

Gwangyang
y=6.4x—-0.1
r=0.98, p <0.01

\ =
= \\
Jaran
y=44x+0.5

r=10.93,p<0.01

A

T T T
0.0 0.4 0.8

1.2

I T I T
1.6 2.0 24 2.8

Daily primary production (g C m™2 d™")

FIGURE 8

Relationships between daily primary production and daily calorie production in Gwangyang, Jaran, and Geoje-Hansan bays.
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Hansan Bay, with a peak during autumn (3.94 + 3.63 Kcal m> d’l),
exhibited relatively higher daily calorie production compared to both
Gwangyang and Jaran bays throughout the season, except during the
summer period. These regional variations in daily calorie production
can be attributed to the combined effects of primary production and
conversion factors among Gwangyang, Jaran, and Geoje-
Hansan bays.

3.4 Regional comparison of annual primary
production and calorie production

The annual primary productions and calorie productions for
Gwangyang, Jaran, and Geoje-Hansan bays were assessed based on
seasonal analyses. The estimated annual primary productions
were 78 g Cm2y "', 143 gCm >y, and 181 g C m? y' for
Gwangyang, Jaran, and Geoje-Hansan bays, respectively (Table 1).
Correspondingly, the annual calorie productions were calculated as
499 Kcal m™ y™' for Gwangyang Bay, 814 Kcal m >y~ for Jaran Bay,
and 1302 Kcal m™y™" for Geoje-Hansan Bay. These values reflect the
calories produced per square meter annually by phytoplankton
through photosynthesis within the euphotic layer. Geoje-Hansan
Bay exhibited the highest the annual primary productions and
calorie productions, followed by Jaran Bay and Gwangyang Bay.
However, Gwangyang Bay demonstrated the highest energy
efficiency, followed by Geoje-Hansan Bay and Jaran Bay, when
examining the relationships between primary productions and
calorie productions among the three bays (Figure 8). This suggests
that phytoplankton in Gwangyang Bay can generate more calories
per unit of carbon through photosynthesis compared to Geoje-
Hansan and Jaran bays. This pattern aligns with the overall
regional conversion factors observed in this study, with Gwangyang
Bay showing the highest conversion factor, followed by Geoje-
Hansan Bay and Jaran Bay. Therefore, regional conversion factors
can serve as indirect indicators of energy efficiency.

The observed variation in energy efficiency among phytoplankton
communities suggests their differential capabilities in converting
carbon into usable energy. For example, Hitchcock (1982) found
varying caloric values for different phytoplankton species based on
equivalent volume. The dominance of small cryptophytes in
Gwangyang Bay likely contribute to its higher energy efficiency
compared to diatoms-dominated Jaran and Geoje-Hansan bays
(Shim et al.,, 1984; Kang et al., 2018; Kim et al., 2019¢; Kang and Oh,
2021). Small phytoplankton species, such as cryptophytes, have been
shown to assimilate energy more efficiently than larger counterparts,
potentially enhancing the energy transfer efficiency to higher trophic
levels (Kang et al., 2017). This increased energy efficiency directly
influences the quantity and quality of food available to zooplankton
populations and filter-feeding shellfish, leading to increased biomass
and productivity of these organisms, which in turn can support larger
populations of predators higher up the food chain.

Our study extended beyond conventional carbon-based
measurements to estimate regional calorie productions fixed by
phytoplankton within the study areas. This approach, incorporating
energy-based assessments alongside carbon-based measurements,
provides a more comprehensive understanding of the potential
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energy sources available to grazers within each specific location.
While primary production measurements provide information on
grams of carbon produced per unit time (Platt and Irwin, 1973), our
calorie production estimation of calorie production offers additional
insights into the potential energy source available to grazers in each
specific location. Moreover, the energy efficiency derived from the
relationship between primary production and calorie production
could elucidate the trophic status of various marine ecosystems,
with significant implications for shellfish aquaculture and fisheries
management. Understanding energy efficiency provides valuable
insights into the availability of energy resources for organisms at
higher trophic levels, including zooplankton, shellfish, and ultimately,
larger fish species, which is essential for maintaining ecosystem
stability and resilience to environmental perturbations (Lewis et al.,
2022). Phytoplankton energy efficiency influences the flow of energy
from primary producers to higher trophic levels, affecting the overall
structure and functioning of marine ecosystems (Eddy et al., 2021;
Heneghan et al., 2021). Changes in phytoplankton energy efficiency
can have cascading effects on ecosystem dynamics, leading to shifts in
species composition, trophic interactions, and ecosystem services
(Hairston and Hairston, 1993; Ullah et al., 2018).

In summary, our findings reveal significant variability in
macromolecular compositions, primary production, and calorie
production across Gwangyang, Jaran, and Geoje-Hansan bays.
Gwangyang Bay, despite having the lowest primary production,
exhibited the highest energy efficiency. This higher efficiency is
attributed to the dominance of small cryptophytes and the
influence of river-borne nutrients. Thus, the energy efficiency of
phytoplankton calorie production serves as a crucial determinant of
ecosystem productivity and trophic dynamics within marine
environments. This study underscores the importance of
considering macromolecular composition and energy efficiency to
better understand the ecological dynamics and nutritional value of
phytoplankton communities in marine ecosystems.
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