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Abstract: Transparent exopolymer particles (TEPs) are defined as acidic polysaccharide particles
and they are influenced by various biotic and abiotic processes that play significant roles in marine
biogeochemical cycles. However, little information on their monthly variation, relationship and
contribution to particulate organic carbon (POC) is currently available particularly in coastal regions.
In this study, the water samples were collected monthly to determine TEP concentrations and
POC concentrations in a southern coastal region of Korea, Jaran Bay from April 2016 to March
2017. The TEP concentrations varied from 26.5 to 1695.4 µg Xeq L−1 (mean ± standard deviation
(S.D.) = 215.9 ± 172.2 µg Xeq L−1) and POC concentrations ranged from 109.9 to 1201.9 µg L−1

(mean ± S.D. = 399.1 ± 186.5 µg L−1) during our observation period. Based on the 13C stable isotope
tracer technique, monthly carbon uptake rates of phytoplankton ranged from 3.0 to 274.1 mg C m−2 h−1

(mean ± S.D. = 34.5 ± 45.2 mg C m−2 h−1). The cross-correlation analysis showed a lag-time of
2 months between chlorophyll a and TEP concentrations (r = 0.86, p < 0.01; Pearson’s correlation
coefficient). In addition, we observed a 2 month lag-phased correlation between TEP concentrations
and primary production (r = 0.73, p < 0.05; Pearson’s correlation coefficient). In Jaran Bay, the TEP
contribution was as high as 78.0% of the POC when the TEP-C content was high and declined to 2.4%
of the POC when it was low. These results showed that TEP-C could be a significant contributor to
the POC pool in Jaran Bay.
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1. Introduction

Transparent exopolymer particles (TEPs) are defined as carbon-rich gel particles, mainly consisting
of acidic polysaccharides, ubiquitous in the marine environment [1–3]. TEPs are formed naturally
from dissolved precursor substances, which contribute considerably to the colloidal dissolved organic
matter (DOM) pool in aquatic systems [2]. TEP formation is very important as the major pathway
through which DOM is converted to particulate organic matter (POM) [2]. These two different forms
of organic matter have specific characteristics and specific roles in the chemistry and biology of the
ocean. TEPs are a significant component of particulate organic carbon (POC) in the ocean, with an
approximate size range of 0.4 to 100 µm [4–6]. The presence of TEPs is influenced by environmental
factors such as temperature, salinity stratification, nutrient conditions, and biological processes that
include phytoplankton and bacteria production [2,4,7–9]. Generally, phytoplankton and bacteria
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have been considered the major producers of TEPs and precursors in aquatic ecosystems [2,3,10].
TEPs and precursors that produced by these aquatic organisms cannot easily be predicted from their
natural abundance because phytoplankton and bacteria do not produce TEPs or precursors equally [2].
For instance, the formation of TEPs by bacteria varies with species composition and growth conditions.
Some phytoplankton species produce TEPs during growth, stationary phase and senescence [3].
According to Passow [2], TEP production by phytoplankton varies as a function of the conditions
related to light, growth rates, and major or minor nutrient depletion. Therefore, the production of TEPs
and precursors depends on the physiological status and growth conditions of the individual organisms.

In recent years, TEPs have received considerable attention in terms of their influence on carbon
cycling [5,11–17]. Given their sticky character, TEPs increase particle aggregation forming marine snow
and enhancing carbon export to deep waters in pelagic/oceanic ecosystems [11,18]. In coastal regions,
coinciding with high biological productivity and phytoplankton biomass, TEP concentrations are also
found to be high [10,12,19–22]. The half-lives of TEPs observed in a coastal environment are less than
1 day when large marine snow aggregates are formed, whereas they are more than 2 days during the
period without large aggregations [23]. Although TEPs play an important role in carbon cycling and
budget in coastal seas [24], little information has been reported on them in coastal seas to date.

Jaran Bay, located on the coast of the South Sea in Korea, is an area of productive bivalve farming
in Korea [25,26]. There is no doubt that the roles of TEPs could be significant, but nothing has been
studied in Jaran Bay. Thus, the present study aimed to (1) investigate the monthly variations in TEP
concentrations for one year for the first time in Jaran Bay on the southern coast of Korea, (2) compare
TEP with POC stocks to understand how much TEPs contribute to POC as a kind of carbon budget
and (3) determine the relationship between the phytoplankton (biomass and productivity) and TEPs in
coastal environmental conditions in Jaran Bay.

2. Materials and Methods

The study site was located in Jaran Bay on the southern coast of Korea, which borders the South
Sea (Figure 1). Water samples were obtained at seven different stations in Jaran Bay monthly from
April 2016 to March 2017 (Figure 1). The study area has a shallow area within 20 m depth. Using a 5 L
Niskin water sampler (General Oceanics Inc., Miami, FL, USA), water samples were collected from two
in-situ different light depths (100 and 1%) to include the depth range of the euphotic zone. The light
depths were calculated by a Secchi disk using a vertical attenuation coefficient (Kd = 1.7/Secchi depth)
from Poole and Atkins [27]. The water temperature and salinity were measured with a YSI-30 (YSI
Incorporated, Yellow Spring, OH, USA). The large zooplankton were removed by 333 µm mesh when
the water samples were collected.

The chlorophyll a concentration was determined by filtering 200 mL of seawater on 0.7 µm pore
sized Whatman glass fiber filters (GF/F; 25 mm, Whatman, Maidstone, UK) and the filters were kept
frozen until analysis. Chlorophyll a pigments were extracted from the filters with 10 mL acetone
(90% v:v) in the dark at 4 ◦C for 24 h and fluorescence was measured with a Turner Designs model
10-AU fluorometer (Turner Designs, San Jose, CA, USA). The method for the chlorophyll a calculation
followed that of Parson et al. [28].

TEP concentrations were estimated following the method of Passow and Alldredge [29]. Fifty
milliliters of water was filtered onto 0.4 µm pore sized Nuclepore polycarbonate membrane filters
(ADVANTEC; 25 mm, Toyo Roshi Kaisha, Tokyo, Japan) at a low and constant vacuum (<10 cm Hg),
because the live cells could be damaged during strong vacuum filtration [29]. The filters were stained
with 0.5 mL of precalibrated (with a xanthan gum solution) Alcian Blue (8GX, Sigma) for 5 s, rinsed
with ultrapure water, frozen immediately and returned to the laboratory at Pusan National University
in South Korea for further analysis. The filters for TEP concentration were soaked in 80% sulfuric acid
for 3 h, and absorbance was read at 787 nm in a spectrophotometer (Hitachi-UH 5300, Hitachi, Tokyo,
Japan). TEPs were quantified by a standard curve prepared with xanthan gum particles, as described
in Passow and Alldredge [29]. The detection limit of the measurements was 0.025 absorbance units
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and the coefficient of variation of the replicates was 12.4%. Three blanks (empty filters stained with
Alcian Blue) were also prepared with every batch of filtered samples every day. TEP concentration
was expressed in terms of xanthan gum equivalents (µg Xeq L−1). Based on the conversion factor
ranging from 0.51 to 0.88 µg Xeq L−1 for a comparison of TEP with POC stocks [12,21], we used the
lowest conversion factor to estimate TEP-C conservatively, since it corresponds to diatom-dominated
ecosystems [12]. The conversion factor of 0.51 µg Xeq L−1 was used to convert from micrograms of
xanthan gum to micrograms of carbon (TEP-C). The water samples (300 mL) were obtained from
100% and 1% light depths and filtered on pre-combusted (4 h, 450 ◦C) GF/F filters (25 mm) for POC
concentrations. The filters were immediately frozen at −20 ◦C until further mass spectrometric analysis
within 3 months.

The estimation of the carbon uptake rates was performed using 13C stable isotope labeling
experiments. Seawater samples at 6 different light depths (100, 50, 30, 12, 5, and 1%) determined
by a Secchi disk were transferred from the Niskin bottles to 1 L polycarbonate incubation bottles
(NALGENE, Rochester, NY, USA), wrapped with neutral density light filters (LEE filters, Andover,
England), to match the desired light levels. Then, the water samples were inoculated with a labeled
carbon (NaH13CO3) solution, and the bottles were incubated in large polycarbonate incubators under
natural light conditions for at least 4 h, or up to 6 h when it was cloudy. To maintain in situ environments,
ambient surface seawater was continuously run through the incubators during incubation. The 4–6 h
incubations were terminated by filtration. The incubated waters were well mixed, and the measured
volume (0.3 L) was filtered through precombusted (450 ◦C) GF/F filters (25 mm).

All filter samples for POC concentration and the abundance of 13C/15N were kept frozen (−20 ◦C)
until the mass spectrometric analysis in a Finnigan Delta+XL mass spectrometer in the stable isotope
laboratory (University of Alaska Fairbanks, Fairbanks, AL, USA) after overnight HCl fuming to remove
carbonate. The measurement uncertainties for δ13C and δ15N were ± 0.06%� and ± 0.02%�, respectively.
Finally, the carbon uptake rates were calculated based on Hama et al. [30].

Statistical tests were performed using the statistical software IBM SPSS Statistics (t-test, one-way
ANOVA and Pearson’s correlation coefficient).
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3. Results

The monthly average water temperature and salinity were 6.4–28.7 ◦C and 28.7–34.0 during our
sampling period, respectively (Table 1). The water temperature substantially varied, whereas salinity
showed a relatively lower variation. The temporal variations in temperature and salinity showed
patterns typical of those in mid-latitude regions. Water transparency was measured using Secchi disk
depths, ranging between 2 and 10 m in Jaran Bay (Table 1). During the study period, the average
euphotic depth was 8 ± 2 m, ranging from 5 to 18 m.

Table 1. Station-averaged environmental variables observed at the sampling stations in Jaran Bay. N.D.
means no data.

Year Month Light Depth (%) Temperature (◦C) Salinity Secchi Depth (m)

2016

Apr. 100 13.0 ± 0.5 32.8 ± 0.6
6–101 11.8 ± 0.5 33.1 ± 0.3

May 100 20.8 ± 0.5 31.7 ± 0.6
5–91 18.0 ± 0.3 32.4 ± 0.6

Jun. 100 23.6 ± 0.9 29.3 ± 1.9
5–81 20.7 ± 0.7 30.5 ± 2.9

Jul. 100 23.7 ± 1.1 29.6 ± 3.3
2–51 23.4 ± 0.6 32.7 ± 0.7

Aug. 100 28.7 ± 0.8 29.1 ± 1.0
6–101 23.4 ± 0.6 29.5 ± 3.2

Sep. 100 23.9 ± 0.4 N.D.
2–41 23.8 ± 0.3 N.D.

Oct.
100 21.7 ± 0.2 N.D.

3–51 21.8 ± 0.3 N.D.

Nov.
100 16.8 ± 0.8 29.8 ± 2.5

3–51 16.9 ± 1.0 28.7 ± 3.2

Dec.
100 12.2 ± 1.1 32.2 ± 0.4

5–71 12.1 ± 1.1 32.0 ± 0.3

2017

Jan. 100 9.1 ± 0.6 32.0 ± 1.0
5–71 9.2 ± 0.5 32.2 ± 0.5

Feb.
100 6.4 ± 0.7 32.9 ± 0.8

6–71 6.4 ± 0.8 33.4 ± 0.3

Mar.
100 9.6 ± 0.4 33.8 ± 0.1

4–81 9.6 ± 0.6 33.6 ± 0.3

The chlorophyll a concentration at the euphotic depth ranged from 0.2 to 8.4 µg L−1 (mean ± S.D.
= 1.8 ± 1.6 µg L−1) in this study (Figure 2a). The chlorophyll a concentration was averaged from the
two light depths at each station, because they were not significantly different (one-way ANOVA test,
p > 0.05). The monthly chlorophyll a concentration averaged from the two light depths at the 7 stations
ranged from 0.3 ± 0.1 µg L−1 in March 2017 to 4.9 ± 1.6 µg L−1 in October 2016 (Figure 2a). Distinct
temporal variations in chlorophyll a concentrations at 100% and 1% light depths were observed in this
study. Two bloom peaks were found during the study period. The first bloom was initiated at the
100% light depth in July 2016, followed by the bloom at the 1% light depth in August 2016. The second
blooms were at both the 100% and 1% light depths in October 2016, which were relatively higher than
the former blooms (Figure 2a).
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and 1% light depths averaged from 7 different stations in Jaran Bay.

The overall TEP concentrations ranged from 26.5 to 1695.4 µg Xeq L−1 (mean ± S.D. = 215.9 ±
172.2 µg Xeq L−1) in Jaran Bay from April 2016 to March 2017 in this study (Figure 2b). The TEP
concentrations from the two light depths (100 and 1%) were different during the observation period
(one-way ANOVA test, p < 0.05); the mean concentrations of TEP from the two light depths were
192.0 ± 119.3 µg Xeq L−1 and 239.9 ± 210.4 µg Xeq L−1, respectively. The highest TEP concentrations
monthly averaged from the 7 stations were observed in December 2016 (100% = 332.1 ± 105.9 µg Xeq L−1;
1% = 581.9 ± 527.4 µg Xeq L−1). After the winter peak in December, TEP concentrations decreased
rapidly throughout the month (Figure 2b). TEP-C values were calculated by multiplying the TEP
concentrations by the lowest conversion factor (0.51 µg Xeq L−1), ranging from 13.5 to 864.7 µg C L−1

(mean ± S.D. = 110.1 ± 87.8 µg C L−1) during the study period. The average values of TEP-C at the two
light depths (100 and 1%) were 97.9 ± 60.8 µg C L−1 and 122.3 ± 107.3 µg C L−1, respectively.

POC concentrations ranged from 109.9 to 1201.9 µg L−1, with an average of 399.1 ± 186.5 µg L−1

in this study (Figure 2c). The mean concentration of POC was statistically higher at the 1% light depth
than at the 100% light depth (one-way ANOVA test, p < 0.05). The average concentrations of POC were
368.0 ± 167.7 µg L−1 at the 100% light depth and 430.2 ± 199.8 µg L−1 at the 1% light depth. In this study,
the highest POC concentrations at the euphotic depth were observed in the summer season (100% light
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depth: July 2016; 1% light depth: August 2016) in Jaran Bay (Figure 2c). Monthly TEP, chlorophyll a
and POC concentrations were not significantly correlated (Pearson’s correlation coefficient).

The average TEP-C contributions to POC were 21.4% ± 11.7% at the 100% light depth and
22.0% ± 11.2% at the 1% light depth (Figure 3). The TEP-C contributions to POC were not constant
throughout the different months in this study (one-way ANOVA test, p < 0.05). The monthly average
contribution of TEP-C to POC was relatively high in September (100% light depth: 35.3 ± 23.8%; 1%
light depth: 36.2% ± 19.9%). In contrast, relatively lower TEP-C contributions to POC were found in
May (12.8% ± 6.7%; 100% light depth) and July (10.1% ± 3.9%; 1% light depth) (Figure 3).
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The monthly mean specific and absolute carbon uptake rates of the phytoplankton in the water
column during this study are presented in Table 2. The specific carbon uptake rates were 0.001–0.112 h−1

at the 100% light depth and 0–0.004 h−1 at the 1% light depth. The absolute carbon uptake rates were
0.2–137.4 µg C L−1 h−1 and 0.0–1.3 µg C L−1 h−1 at the 100% light depth and 1% light depth, respectively
(Table 2). The hourly specific and absolute carbon uptake rates were relatively higher in the surface
waters than at other light depths. The monthly carbon uptake rates of the phytoplankton integrated
from the surface to a 1% light depth (primary production of phytoplankton from the euphotic layer)
ranged from 3.0 to 274.1 mg C m−2 h−1 (mean ± S.D. = 34.5 ± 45.2 mg C m−2 h−1). The highest monthly
primary production was recorded in the early summer (mean ± S.D. = 115.4 ± 97.3 mg C m−2 h−1;
July 2016) and the lowest value was measured in the summer (mean ± S.D. = 5.7 ± 2.3 mg C m−2 h−1;
August 2016) (Table 2).
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Table 2. Station-averaged specific and absolute carbon uptake rates and primary production of
phytoplankton at the 100% and 1% light depths in Jaran Bay.

Year Month Light Depth
(%)

Specific
Uptake Rate

(h−1)

Absolute
Uptake Rate

(µg C h−1 L−1)

Integral Primary
Production

(mg C m−2 h−1)

2016

Apr. 100 0.0125 ± 0.0114 3.6 ± 3.9
18.3 ± 19.41 0.0004 ± 0.0004 0.1 ± 0.1

May 100 0.0121 ±0.0112 3.9 ± 3.9
21.6 ± 5.21 0.0010 ± 0.0014 0.4 ± 0.4

Jun. 100 0.0210 ± 0.0145 12.7 ± 10.4
43.2 ± 23.71 0.0006 ± 0.0002 0.3 ± 0.2

Jul. 100 0.0532 ± 0.0407 52.8 ± 50.4
115.4 ± 97.31 0.0010 ± 0.0004 0.5 ± 0.2

Aug. 100 0.0065 ± 0.0071 0.6 ± 0.3
5.7 ± 2.31 0.0007 ± 0.0003 0.3 ± 0.2

Sep. 100 0.0080 ± 0.0046 4.6 ± 2.8
12.9 ± 7.21 0.0003 ± 0.0002 0.2 ± 0.1

Oct.
100 0.0458 ± 0.0127 28.0 ± 12.4

93.3 ± 42.71 0.0011 ± 0.0006 0.5 ± 0.2

Nov.
100 0.0242 ± 0.0089 8.5 ± 3.8

29.1 ± 19.71 0.0008 ± 0.0005 0.2 ± 0.1

Dec.
100 0.0091 ± 0.0034 2.9 ± 1.3

16.9 ± 6.41 0.0005 ± 0.0002 0.1 ± 0.1

2017

Jan. 100 0.0198 ± 0.0046 6.3 ± 2.6
31.3 ± 13.51 0.0009 ± 0.0005 0.2 ± 0.2

Feb.
100 0.0047 ±0.0015 2.0 ± 0.7

15.2 ± 7.41 0.0003 ± 0.0002 0.1 ± 0.1

Mar.
100 0.0048 ± 0.0015 1.3 ± 0.3

10.5 ± 4.91 0.0004 ± 0.0002 0.1 ± 0

4. Discussion

The TEP concentrations measured in Jaran Bay during this study ranging from 26.5 to 1695.4µg Xeq L−1

generally fall within the range observed in other studies from various coastal seas and bays to open
oceans around the world (Table 3). However, our TEP concentrations were relatively higher than
those observed in open ocean environments [6,31–33]. In general, TEP concentrations are higher
in coastal waters than in adjacent open ocean waters [2,34]. Since TEPs are mainly formed by
phytoplankton, the general pattern of higher TEP concentrations in coastal oceans are closely related to
the phytoplankton biomass [18]. Similarly, the relatively higher chlorophyll a concentration in this
study (0.3 to 4.9 µg L−1) could be explained by the higher TEP concentrations compared to those of
the open oceans (Figure 2a) [6,9]. Previous studies have shown that TEP production rates are largely
involved in the physiological status of phytoplankton [2,10,23]. To investigate this relationship in this
study, the specific and absolute carbon uptake rates of phytoplankton were used for their physiological
conditions during our research period. Generally, the monthly mean specific and absolute carbon uptake
rates were statistically higher at the 100% light depth than at the 1% light depth (one-way ANOVA test,
p < 0.05). However, neither specific nor absolute carbon uptake rates were significantly correlated with
the TEP concentrations in our study. One of the reasons for the higher TEP concentrations observed in
our study compared with those in previous studies could be related to the phytoplankton community.
Previous studies have reported that extracellular organic matter created from phytoplankton serves as
a precursor for TEPs [18,35,36]. In particular, TEPs are considerably correlated with the abundance of
diatoms, which are considered major producers of TEPs [2,23]. In this study, we found relatively high
chlorophyll a concentrations and carbon uptake rates of phytoplankton. In addition, the dominant
species were diatoms during this study based on the relative contributions of the major phytoplankton
classes in a parallel study (unpublished data). The monthly contributions of diatoms to the total
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phytoplankton classes ranged from 19.8% to 96.7%, with an average of 66.4% ± 24.3% in Jaran Bay
(unpublished data) [26,37]. It was also reported that the predominant species are diatoms in this area.
Specific to these diatom-dominated ecosystems, the overall dominant macromolecular compositions of
POC are carbohydrates (51.8 ± 8.7%) in Jaran Bay [38]. The carbohydrate-dominant phytoplankton
could be a potential reason for the higher TEP concentrations observed in this study, since TEPs
can be produced from dissolved carbohydrate polymers exuded by phytoplankton [2]. Another
potential reason for the higher TEP concentration in this study is that large shellfish aquaculture
farms were intensely implemented in our study areas. In coastal waters, mucus nets of filter feeders
and anthropogenic sources, such as river inputs (urban-industrial release) and aquaculture farms
(macroalgae and shellfish) could be major sources of TEPs [39,40]. There are no major river inputs into
Jaran Bay, so no significant influence of urban-industrial release would be expected. Based on previous
studies, cation availability might be one such important controlling factor on the TEP formation
system [34]. The formation and sustenance of TEP are dependent on cation availability, as cations
(particularly Ca2+ and Mg2+) stabilize the structural integrity of TEP through cation bonding [34,41].
In Jaran Bay, cation availability (Ca2+) might be high because of intensive shellfish (oysters and scallops)
aquaculture conditions. Jaran Bay is a relatively shallow coastal bay with an average water depth of
10 m, which might sustain a high concentration of cations from the relatively easy resuspension of
biodeposition on the top of the sediments underneath aquaculture farms. In fact, oyster soft tissues are
generally reported for high mineral elements such as Ca2+ and Mg2+ [42]. However, this should be
verified in further studies.

During the study period, the TEP/chlorophyll a ratio value ranged from 8 to 1233µg Xeqµg Chl a−1,
averaging 221 ± 217 µg Xeq µg Chl a−1. High levels of variability in TEP/chlorophyll a ratio values were
observed in this study. These results were similar to those in former studies. The mean TEP/chlorophyll
a ratio values were 206.8 and 281.5 in Otsuchi Bay and the Gulf of Cadiz, respectively [43–45].

TEPs often make up a large fraction of the POC in the water column [4]. Although TEPs play a key
role in the sequestration of excess carbon to deeper waters in open oceans, TEP-C is also an important
part in understanding the carbon budget as an additional carbon source in coastal marine food webs [2].
Previous studies have reported significant relationships between TEP and POC concentrations [9,17].
However, no significant correlation was found between TEP and POC concentrations in this study,
which is similar to the result of Ortega-Retuerta et al. [22] in the coastal NW Mediterranean Sea.
Considering the TEP-C and POC values reported herein, we estimated the TEP-C contribution to the
POC pool in Jaran Bay during our study period. In the present study, we used the lowest conversion
factor (0.51 µg Xeq L−1), which corresponds to diatom-dominated phytoplankton ecosystems, to
estimate TEP-C. The same conversion factor has been used to investigate the TEP-C contribution to the
total organic carbon pool in the upper surface water column in open deep oceans [6,21]. In the present
study, the estimated TEP-C contribution to the total POC ranged from 2.4 to 67.3%, with an average of
21.7% ± 11.4% (Table 4). In comparison, the TEP-C contribution to the total POC based on the highest
conversion factor (0.88 µg Xeq L−1) ranged from 4.1% to 78.0% (31.4% ± 13.8%). The contribution of
TEP-C to the total POC in Jaran Bay during our research period was within the range observed in
previous studies in different bays, ranging from 7% to 32%. Furthermore, Bhaskar and Bhosle [46]
reported that TEP-C could constitute 7% of the total POC in Dona Paula Bay, and Malpezzi et al. [4]
found that TEP-C averaged 32% of the total POC in the Chesapeake Bay. In contrast to the values in
bays, the TEP-C contributions can be higher in relatively deeper environmental conditions [9,17,23].
Moreover, Parinos et al. [17] observed that TEP-C represented 70% of the POC, on average, in the NE
Aegean Sea. Notably, Zamanillo et al. [9] reported that the monthly mean TEP contribution to POC
was 73% of the POC pool in the southwestern Atlantic Shelf, and Ortega-Retuerta et al. [22] found
that TEP-C averaged 77% of the POC in coastal NW Mediterranean Sea in early summer. Higher TEP
concentrations, as discussed previously, but lower TEP-C contributions to the total POC pools, indicate
relatively more POC-based carbon available under coastal or bay environmental conditions, compared
to that under open ocean environmental conditions. TEP production and formation rates are largely
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dependent on physiological conditions, especially nutrient stress, of phytoplankton and bacteria [23].
In general, relatively better phytoplankton nutrient conditions in bay systems than in deeper ocean
could be a major reason for the lower contribution of TEP-C to the total POC. Another potential
explanation might be different degrees of overestimation from different pore sized filters for TEP and
POC measurements. Typically, 0.4 µm pore-sized filters are used for TEP concentration, while 0.7 µm
pore-sized filters are used for POC. Therefore, the TEP-C contribution to the total POC could potentially
be overestimated by methodological sampling approaches. However, TEPs smaller than 0.7 µm might
be more abundant in open ocean conditions than in coastal or bay environments with active TEP
formation conditions, as discussed previously, which could result in increased overestimations of
TEP-C in open oceans. Verification for this concept could be conducted in future studies.

Table 3. Comparison of the TEP concentrations between this and previous studies from various regions.

Region Season Depth (m) TEP Range (Mean)
(µg Xeq L−1)

Reference

Western Arctic Ocean Summer 0–200 37–130 (120) [6]
Eastern tropical and eastern subarctic,

North Pacific Ocean Summer Above mixed layer
depth 78–970 [33]

Western and central Pacific Ocean
(subtropical and equatorial regions) Summer and winter 0–200 5–40 (25) [6]

Northeast coast of Japan Spring and winter 0–15 136–2321 [43]
Tokyo bay All year 0–20 14–1774 [47]

Changjiang estuary Spring, summer
and autumn 0–80 37–1227 [48]

Mediterranean Sea Spring Upper mixed layer 19–53 (29) [32]
Coastal NW (rocky shore)

Mediterranean Sea All year Surface 5–91 [49]

Baltic Sea Summer 40 145–322 [50]
Bransfield Strait Summer 0–100 0–346 [45]

Southern Ibrian coasts Spring Mixed layer 507–560 [51]
Neuse River estuary All year Surface 805–1801 [34]

Chesapeake bay All year 0–24 37–2820 [4]
Northeast Atlantic Ocean Spring 0–10 20–420 [31]

Western North Atlantic Ocean and
Sargasso Sea Spring 2–5 100–200 [52]

Jaran bay (Southern coast of Korea) All year Euphotic depth 27–1695 (222) This study

In this study, monthly TEP and chlorophyll a concentrations were not significantly coupled
(Figure 2a,b). Previous studies reported strong interrelationships between TEP and chlorophyll a
concentrations for some time series [17,24,53,54]. In contrast, no strong relationships were found [46,55],
or some correlations were observed for certain periods of the year [22,56]. Ortega-Retuerta et al. [22]
observed a 4-month lag phase between chlorophyll a and TEP concentration peaks in the coastal NW
Mediterranean Sea (r = 0.48, p < 0.04). In the present study, the cross-correlation analysis indicated a
lag-time of two months between chlorophyll a and TEP concentration peaks to a significant degree
(r = 0.86, p < 0.01; Pearson’s correlation coefficient) (Figure 4a). Moreover, we observed a two-month
lag-phased correlation between TEP concentrations and primary production (r = 0.73, p < 0.05; Pearson’s
correlation coefficient) (Figure 4b). Previous studies reported that the lag-phase between chlorophyll
a and TEP concentration peaks could be caused by an enhancement in the TEP production rate
under nutrient-limiting conditions of phytoplankton after phytoplankton blooms [23]. Based on the
concentrations and molar ratios of nutrients [57–59]; no major nutrient limiting conditions were found
in this study area except in May 2016 [26]. In coastal areas, TEP production and removal/consumption
processes are influenced by various biotic factors (e.g., phytoplankton biomass and community
structure, growth, grazing, and heterotrophy) and abiotic (e.g., stratification, current, tidal, land run-off,
and sorption to sediments) processes [43,46]. In addition, nutrient limitations to phytoplankton growth
enhance TEP production rates [23,60]. Therefore, the lag-phase patterns between chlorophyll a and
TEP concentration and primary production and TEP concentration could not be controlled by any
single factor.
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Table 4. Comparison of the TEP-C contribution to the POC (%) between this and previous studies.

Region Season TEP-C/POC % Reference

NE Aegean Sea Early spring, summer and autumn 70 [17]
Coastal NW Mediterranean Sea Early summer 77 [22]
Epipelagic Mediterranean Sea

Spring
75

[61]Deep Mediterranean Sea 50
North East Atlantic Ocean 85

Open Atlantic Ocean Spring and fall 66 [9]
Southwestern Atlantic Shelf Spring 73

Dona Paula Bay All year 7 [46]
Chesapeake Bay Early and late spring, fall and winter 32 [4]

Jaran bay (Southern coast of Korea) All year 22 This study

5. Conclusions

This study reported the spatiotemporal dynamics and relative POC contributions of TEP in Jaran
Bay, South Korea, based on monthly field measurement data. This study clearly showed that the
large monthly variation in TEP is mainly driven by phytoplankton biomass, such as chlorophyll a
concentration and their photosynthetic productivity, with 2-month lag phases in Jaran Bay. Although
the TEP carbon contribution to the POC pool can be as high as up to approximately 70% at some
sampling sites, the overall TEP contribution was 21.7% (± 11.4%) in Jaran Bay, which is consistent with
the results of previous studies. Generally, high TEP concentrations but relatively lower TEP carbon
contributions in coastal or bay environments suggest that POC-based carbon could be more available
in shallow waters than in deep open oceans. However, some of the different sampling methods that
we discussed should not be ignored because of the potential possibilities for the discrepancy between
TEP concentrations and their carbon contributions. In this study, relatively higher TEP concentrations
were observed in Jaran Bay than in other bays. This could be due to the diatom-dominant coastal
environments in Jaran Bay, with overall monthly contributions of diatoms > 60% based on a parallel
study. The relatively higher TEP concentration in Jaran Bay could be due to the many shellfish
aquaculture farms with potentially high cation availability (Ca2+), which should be verified in further
studies. This result contributes to a comprehensive understanding of the seasonal dynamics of TEPs
and their potential roles in the organic carbon pool in coastal or bay environments. In particular, this
study contributes to providing the background for using TEPs to evaluate phytoplankton responses to
ongoing changes in coastal ecosystems associated with global climate change.
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