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Abstract
We investigated bacterial production (BP) and respiration (BR), in combination with phytoplankton and environmental parameters, to elucidate major carbon sources regulating heterotrophic bacterial metabolic activity and to evaluate variations of trophic
balance associated with seawater warming in Gyeonggi Bay (GB). BP was not significantly correlated with primary production
(PP, p > 0.05), but was significantly correlated with dissolved organic carbon (DOC, p < 0.01). Bacterial growth efficiency (BGE)
was generally low (average 0.06) and decreased with increasing C/N ratio of DOM and concentration of humic-like fluorescent
DOM (FDOMH). This uncoupling between bacteria and phytoplankton and low BGE suggests that bacterial growth largely relied
on allochthonous input of DOC, but metabolic activities of the bacteria were suppressed by the low nutritional quality of the
FDOMH. High BP/PP and BR/PP ratios (generally >1) implied that trophic balance of GB represented heterotrophic conditions,
and ratios showed an inverse relationship with Chl-a concentrations. In comparison to the early 1990s, increasing water temperatures were associated with significant decreases in PP and Chl-a (by a factor of 9 and 2, respectively), whereas changes in BP
were insignificant; these changes resulted in a 14-fold increase in the BP/PP ratio. Therefore, our results strongly imply that
warming in GB intensified the carbon flux through the microbial loop, which may reduce the efficiency of energy transfer to
higher trophic levels.
Keywords Uncoupling . Heterotrophic bacteria . Phytoplankton . Heterotrophy . Seawater warming . Yellow Sea

Introduction
Heterotrophic prokaryotes (hereafter referred to as bacteria)
play a key biological role in controlling microbial food web
processes and biogeochemical carbon cycles in marine ecosystems (Azam 1998; Kirchman 2000; Williams and del
Giorgio 2005). As the main consumers of dissolved organic
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carbon (DOC) derived from various sources (Nagata 2008;
Carlson and Hansell 2015), heterotrophic bacteria serve either
as a trophic link between DOC and nano-zooplankton (Azam
et al. 1983) by taking up DOC for biomass production (i.e.,
bacterial production, BP) or as a sink for photosynthetically
fixed organic carbon (Ducklow et al. 1986) by respiring the
DOC back to CO2 via bacterial respiration (BR). Therefore,
quantification of bacterial parameters (production and respiration) and their coupling to phytoplankton parameters are required to evaluate the carbon flux through the microbial food
web and to elucidate the changes in trophic balance (i.e., autotrophy or heterotrophy) in response to any environmental
changes at local or global scales (Jahnke and Craven 1995;
Ducklow et al. 2002; Robinson 2008).
The Yellow Sea is a marginal sea surrounded by China and
Korea in northeast Asia (Fig. 1). During the past 2 decades
(1982–2006), average sea surface temperatures (SST) in the
east Asian marginal seas (including the East China Sea, the
East Sea and the Yellow Sea) rose by 1 °C, which is almost 8
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Despite the significance in evaluating and diagnosing the
status of microbial food web processes and predicting any
changes in the trophic balance associated with climate change,
few studies have been conducted on the relationships between
bacterial and phytoplankton parameters in the Yellow Sea
(Cho et al. 1994, 2001; Hyun and Kim 2003). Little is known
regarding dynamics of bacterial parameters in association with
phytoplankton in GB (Hyun et al. 1999; Lee and Choi 2000),
where planktonic communities are significantly affected by
climate change and anthropogenic activities (Park and Park
2000; Yang et al. 2008; Jahan and Choi 2014). Therefore,
the objectives of this study were: (1) to determine the dynamics of bacterial parameters associated with variations in phytoplankton parameters, and (2) to elucidate changes in trophic
balance associated with ocean warming that has been observed in GB over the last 2 decades.

Fig. 1 Map showing the study sites in the Gyeonggi Bay (GB) of the
Yellow Sea. Closed circles (standard transect stations, GB1, GB2, GB3,
GB4, and GB5) represent standard sites visited during the study period
2015–2016, and open circles (standard stations and stations GB1a, GB2a,
GB3a, and GB5a) represent additional study sites where samples were
collected for analysis of fluorescent dissolved organic matter (FDOM)
was conducted in August 2017. (Additional sample from Han River
(HR) were collected in June 2017, but the site HR is not shown on the
map)

times higher than the global rate of warming (0.13 °C) (Belkin
2009). Accordingly, Gyeonggi Bay (GB), a large estuarine
and coastal region located in the mid-eastern part of the
Yellow Sea, has been influenced by climate change in terms
of increasing water temperature and solar radiation and decreasing wind speed (Jahan and Choi 2014). In general, ocean
warming enhances stratification of the water column and
weakens circulation, resulting in depletion of inorganic nutrients above the thermocline (Falkowski and Oliver 2007;
Hoegh-Guldberg and Bruno 2010). One of the most prominent ecological consequences resulting from warminginduced changes in physico-chemical parameters is a decrease
in primary production together with an increase in the proportion of small-size phytoplankton, which reinforces the significance of microbial food web processes in carbon flow (Morán
et al. 2010, 2015; Sarmento et al. 2010). Fish production depends on food web efficiency, so the predominance of a
microbe-based food web would ultimately constrain fisheries
catches (Chassot et al. 2010; Blanchard et al. 2012).
Therefore, estimating changes in the relative significance of
bacterial production to primary production (i.e., BP/PP), determining the trophic balance between bacteria and phytoplankton and elucidating microbial food web structures driven
by climate change are regarded as important topics in marine
ecology (Cho et al. 2001; Dahlgren et al. 2011; Degerman
et al. 2018).

Materials and Methods
Study Area and Sampling
GB, including the Han River estuary, is a well-mixed coastal
plain estuary in the Yellow Sea (Fig. 1). Physically, the area is
characterized by strong tidal currents (max. 1–2 m s−1) and a
large tidal range (> 9.0 m during spring tide) with a semidiurnal pattern (Cummings et al. 2015). Due to its shallow
water depth, strong tidal mixing largely limits light availability
for primary production (Lee and Choi 2000). In addition, inflow of the Han River after it passes through the SeoulIncheon metropolitan area (discharge rate: 57–1542 m3 s−1,
Yoon and Woo 2013) renders the water column of GB highly
eutrophic (Choi and Shim 1986; Park and Park 2000).
Water samples were collected 4 times at high tide level
during the transition period from spring to neap tide in
April, July and October 2015 and February 2016 (Table 1)
at five stations (GB1, GB2, GB3, GB4, and GB5) in GB
(Fig.1). Surface and bottom water samples were collected at
0.2 m depth and a depth of 1 m from the bottom, respectively.
Relatively speaking, GB1 is more affected by the inflow of the
eutrophic Han River, whereas the seawater of GB5 is freely
mixed with open water of the Yellow Sea. In June–August
2017, additional water samples were collected to measure
the optical properties of dissolved organic matter (DOM) as
well as physico-chemical and biological parameters. Water
samples were collected from surface and bottom layers using
a Niskin bottle. Sampling bottles were first washed with 10%
HCl and rinsed with Milli-Q water.

Physico-Chemical Parameters
Water temperatures and salinities were measured using a salinometer (YSI 650, YSI Inc., Yellow Springs, OH, USA).
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Euphotic depth was estimated with a Secchi disk (20 cm diameter). Nitrate and phosphate concentrations were determined using a nutrient autoanalyzer (QuAAtro 39
AutoAnalyzer, Seal Analytical). Samples for DOC analysis
were filtered through a pre-combusted glass fiber syringe filter
(Whatman, 0.7 μm, 25 mm), acidified with 6 M HCl in precombusted glass ampoules (550 °C for 4 h) and immediately
stored at 4 °C for preservation until analysis. DOC concentrations were measured using a TOC-VCPH analyzer (Shimadzu,
Japan). For particulate organic carbon (POC) analysis, water
samples were filtered through a pre-combusted GF/F filter and
fumed overnight with 37% HCl to remove carbonates, then
analyzed on a CHNS analyzer (Carlo Erba). Dry weight of
suspended particulate matter (SPM) was measured by filtering
known volumes of seawater using a pre-combusted (550 °C
for 3 h) GF/F filter and drying the filter in an oven (105 °C for
2 h) prior to weighing.

Nuclepore polycarbonate filter. Chl-a concentrations were determined using a spectrophotometer after extraction with 90%
acetone at 4 °C for 24 h in dark conditions (Parsons et al.
1984).
Primary production (PP) was determined by the 14C assimilation method (Steeman-Nielsen 1952). After adding 3 μCi
NaH14CO3− (activity: 40–60 mCi, PerkinElmer, Waltham,
MA), samples were incubated at in situ temperatures for 1 h
in 50 ml poly-carbonate bottles with different optical coatings
(transmission rates; 0–100%, Hydro-bios, Kiel, Germany).
After incubation, samples were filtered onto 25 mm
Whatman GF/F filters. Filters were fumed with HCl to remove
inorganic 14C and placed in scintillation vials. Radioactivity
was determined using a liquid scintillation counter (Tri-Carb
2910TR; PerkinElmer, Waltham, MA, USA).

Bacterial Abundance and Production
Fluorescent Dissolved Organic Matter (FDOM)
To elucidate the properties of DOM, additional water
samples were collected at 9 stations (GB and GBa in
Fig. 1) in August 2017, and at the upper reaches of the
Han River, approximately 150 river km from the ocean
(site HR, not shown on map) in June 2017. Water samples
were filtered through pre-combusted (450 °C for 4 h) GF/
F filters (0.7 μm), and filtered samples were stored in precombusted dark-colored glass vials at -20 °C until analysis. Excitation-emission matrix spectroscopy (EEMs)
measurements were recorded at scanning emission (Em)
wavelengths from 250 to 500 nm (at 5-nm intervals) and
at excitation (Ex) wavelengths from 250 to 600 nm (at
2 nm intervals). De-ionized water was used as a blank.
Rayleigh and Raman signals in the wavelength spectra of
the sample were subtracted from blank spectra.
Fluorescence intensities were normalized with quinine
sulfate standard solution in 0.1 N sulfuric acid at Ex/Em
of 350/450 nm and expressed in ppb QSE (quinine sulfate
equivalent). Before mapping EEMs, data was filtered
through a Savitzky Golay filter (first-order) using
MATLAB. To reveal underlying patterns from EEMs, parallel factor analyses (PARAFAC) were performed in
MATLAB using DOMFluor Toolbox ver. 1.7 (Stedmon
and Bro 2008). Components were validated using splithalf validation by constraining non-negativity for all three
modes.

Chlorophyll-a and Primary Production
Total chlorophyll-a (Chl-a) was measured by passing water
samples through GF/F filters (0.7 μm, pore size). Water samples for measurement of Chl-a in phytoplankton smaller than
20 μm (nano-size) were filtered through a 20 μm pore-size

Samples for enumerating bacterial cells were preserved
with glutaraldehyde at a final concentration of 1% and
stored at -20 °C (Hyun and Yang 2003). Samples were
stained with 4′,6-diamidino-2-phenyl-indole (Porter and
Feig 1980), filtered through a Nuclepore filter (0.2-μm
pore size, black), and mounted on slide glass with immersion oil (Cargille type A). Bacterial cells were counted
using an epifluorescence microscope (Eclipse 80i, Nikon,
Tokyo, Japan) equipped with a mercury lamp (HB-10101
AF), an ultraviolet (UV) excitation filter, and a BA 420
barrier filter.
Bacterial production (BP) was determined from bacterial
incorporation of 3H-thymidine (3H-TdR) (Fuhrman and Azam
1980, 1982). Duplicate 20-mL water samples were incubated
for 30 min at in situ water temperatures in disposable plastic
centrifuge tubes under dark conditions with 3H-TdR (MT6034; final concentration, 10 nM, Moravek Biochemicals,
Inc., Brea, CA, USA). Incubation was stopped by adding cold
trichloroacetic acid (TCA; final concentration, 5%), and the
cold TCA insoluble material was precipitated for 15 min.
Samples were collected by vacuum filtration on 0.2-μm cellulose nitrate membrane filters (MFS) and rinsed three times
with cold ethanol (80%). The filters were placed in scintillation vials. In the lab, 10 ml of scintillation cocktail (Lumagel
Safe; Lumac-LSC, Groningen, The Netherlands) were added
to the vials, and the activity of the cold TCA insoluble macromolecules was determined using a liquid scintillation counter (Tri-Carb 2910TR; PerkinElmer, Waltham, MA, USA).
Samples treated with 5% TCA before addition of 3H-TdR
were used as killed controls. A conversion factor of 1.1 ×
1018 cells mol−1 (Riemann et al. 1987) was used to convert
the 3H-TdR measurements into bacterial cell production estimates. Bacterial carbon production was calculated using a
conversion factor of 10 fg C cell−1 (Fukuda et al. 1998).
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Bacterial Respiration and Growth Efficiency
Total microbial community respiration rates were obtained by
measuring the decrease in dissolved oxygen (DO) concentrations over time in ca. 60-mL water samples maintained in
BOD bottles (Pomeroy et al. 1994). Duplicate water samples
were immediately fixed with Winkler reagent to estimate the
initial DO concentrations. The remaining bottles were incubated at in situ water temperatures under dark conditions, and
the decrease in DO concentrations was measured after 6 and
12 h. DO concentrations were determined using an automatic
titrator (Metrohm 877) based on a potentiometric end-point
detection (Anderson et al. 1992). BR was estimated from the
ratio of BR to the total microbial community respiration value
of 0.45 (Robinson 2008). Bacterial growth efficiency (BGE)
was calculated from the following equation: BGE = BP/(BP +
BR) (del Giorgio and Cole 1998, 2000).

Statistics
Statistical analyses were conducted in SPSS Statistics 21 and
data normality was tested using a Kolmogorov-Smirnov test.
A non-parametric Kruskal-Wallis one-way ANOVA was used
to test for temporal differences of biological parameters. Posthoc comparisons between sampling periods were performed
using Mann-Whitney test for pairwise analyses. Spearman
correlation coefficients (ρ) were calculated to assess relationships between parameters. Linear regression analysis was performed to detect significant relationships between Chl-a and
bacterial parameters. To elucidate changes in trophic balance
associated with environmental changes in GB where considerable warming of SSTs has been observed (Jahan and Choi

Fig. 2 Temporal variation in (a) total chlorophyll-a (Chl-a), (b) nano Chla, (c) primary production (PP), (d) bacterial abundance (BA), (e) bacterial
production (BP), and (f) bacterial respiration (BR). Each bar represents
overall results of the all standard transect stations (sample size, n = 12–20;
except PP, n = 3–5). The central line of the box is the median of the data,

2014), we compared the Chl-a, PP and BP measured in the
present study with those measured in the 1990s near GB3 (Lee
and Choi 2000). Student’s t-tests were used to compare means
for PP, BP, and BP/PP ratios between 1992-1993 and 2015–
2016. P < 0.05 was considered significant.

Results
Environmental Parameters
The water column was vertically well-mixed during the entire
sampling period (Fig. S1). With the exception of the turbid,
shallow water station (GB1), the euphotic depth in the study
area ranged from 0.7 to 2.15 m (Table 1). Water temperatures
varied from 3.29 °C in February to 24.6 °C in July (Fig. S1,
Table 1). Salinities showed little variation (30.8–34.1 psu) except for one occasion at GB1 (25.4 psu) in April (Fig. S1,
Table 1).
NO 3 − concentrations ranged from 2.61 to 59.6 μM
(Table 1), with the highest value in April (Kruskal-Wallis,
p = 0.026). PO 4 3− concentrations ranged from 0.16 to
1.23 μM (Table 1) and showed no significant temporal differences (Kruskal-Wallis, p > 0.05). DOC concentrations ranged
from 114 to 173 μM (Table 1) without any significant temporal difference (Kruskal-Wallis, p > 0.05). DON concentrations
ranged from 6.02 to 42.0 μM (Table 1), with the highest value
in April (Kruskal-Wallis, p = 0.01). POC and SPM concentrations ranged from 0.28 to 1.95 mg L−1 and from 7.24 to
212 mg L−1, respectively (Table 1), and showed no clear temporal differences (Kruskal-Wallis, p > 0.05). Concentrations
of NO3−, PO43−, DOC, DON, POC, and SPM generally

the top and bottom of the box are the 25th and 75th percentiles, and the
ends of the whiskers represent 5th and 95th percentiles. Statistical differences among the study periods are shown as different letters above the
box
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Table 2 Depth-integrated primary production (PP), bacterial production (BP), and bacterial respiration (BR), and bacterial growth efficiency (BGE),
BP/PP and BP/PP ratio in GB
Season

Station

PP (mg C m−2 d−1)

BP (mg C m−2 d−1)

BR (mg C m−2 d−1)

17–18 Apr. 2015

GB1

24

9

116

0.07

0.37

4.84

GB3
GB5

419
441

36
14

245
846

0.13
0.02

0.09
0.03

0.59
1.92

GB1

129

14

165

0.08

0.11

1.28

GB2

n.d.

40

280

0.12

n.d.

n.d.

GB3
GB4

177
n.d.

23
7

150
602

0.13
0.01

0.13
n.d.

0.85
n.d.

21–22 Jul. 2015

19–20 Oct. 2015

28–29 Feb. 2016

BGE

BP/PP

BR/PP

GB5

145

35

578

0.06

0.24

3.99

GB1
GB2

20
33

27
44

599
875

0.04
0.05

1.34
1.34

30.0
26.5

GB3
GB4

106
41

18
17

773
957

0.02
0.02

0.17
0.42

7.30
23.3

GB5

61

27

418

0.06

0.44

6.86

GB1
GB2

28
21

21
21

292
287

0.07
0.07

0.74
1.01

10.5
13.8

GB3
GB4
GB5

18
7
15

17
21
15

632
245
741

0.03
0.08
0.02

0.93.
2.91
1.03

35.2
34.4
51.1

n.d. = no data

decreased with increasing distance from the estuary, with the
highest concentrations at GB1 and the lowest at GB5.

Chl-a Concentration and Primary Production
Total Chl-a concentrations ranged from 0.70 to
12.8 μg L−1 (Fig. 2a) and were significantly higher in
April compared to other sampling periods (KruskalWallis, p = 0.009). Nano-sized Chl-a concentrations
ranged from 0.72 to 3.66 μg L−1 (Fig. 2b) and showed
significant temporal variation, with the highest value
occurring in April (Kruskal-Wallis, p = 0.004). The
nano-sized fraction comprised less than 50% of the total
Chl-a in April but appeared to be a major component
(over 66–98%) during the other sampling periods (Fig.
2a, b).
Primary production (PP) showed significant temporal variation (Kruskal-Wallis, p = 0.017) and exhibited an eight-fold
decrease from high values in April and July (2.17–29.9 mg C
m−3 d−1) to low values in October and February (0.66–
4.02 mg C m−3 d−1) (Fig. 2c). Depth integrated PP exhibited
temporal variations with the highest PP in April (419 mg C
m−2 d−1 at GB3 and 441 mg C m−2 d−1 at GB5) and the lowest
in February (7 mg C m−2 d−1 at GB4) (Table 2). PP was
generally low at highly turbid GB1, ranging from 20 to
129 mg C m−2 d−1 (Table 2).

Bacterial Abundance, Production, Respiration
and Growth Efficiency
Bacterial abundance (BA) ranged from 0.46 to 7.45 × 105
cells mL−1 (Fig. 2d), was less variable than Chl-a concentrations, and exhibited significant temporal differences (KruskalWallis, p < 0.001). Bacterial production (BP) ranged from
0.32 to 4.32 mg C m−3 d−1 (Fig. 2e) and showed no significant
temporal variation (Kruskal-Wallis, p = 0.537). Depthintegrated BP ranged from 7 mg C m−2 d−1 at GB4 in July
to 44 mg C m−2 d−1 at GB2 in October (Table 2). Bacterial
respiration (BR) ranged from 7.67 to 88.9 mg C m−3 d−1 (Fig.
2f) and showed significant temporal variation (KruskalWallis, p = 0.045). The highest and lowest BR values were
found in October and February, respectively. Depthintegrated BR ranged from 116 mg C m−2 d−1 at GB1 in
April to 957 mg C m−2 d−1 at GB4 in October (Table 2).
Bacterial growth efficiency (BGE) ranged from 0.01 to 0.13
(Table 2) and was generally higher in April–July and lower in
February but showed no significant temporal variation
(Kruskal-Wallis, p > 0.05).

Relationships between Bacterial Parameters
and Environmental Parameters
The index of autochthonous organic matter (Chl-a) was not
correlated with bacterial metabolic activity (Fig. 3, Table S1).

Estuaries and Coasts

24.5 QSU, from 1.24 to 11.1 QSU, and from 2.09 to 7.46
QSU, respectively (Table S2). According to Coble (2007),
the peaks for C1 and C3 correspond to those of terrestrial
humic-like FDOM (FDOMH) described as “C” peak and
protein-like FDOM (FDOMP) described as “T” peak, respectively. The C2 component was not definitively identified by
previous studies but seems to be associated with FDOMH
owing to a significant correlation between C1 and C2 (r2 =
0.99). In this study, we focused our discussion on peak C1
(FDOMH) because it is a proxy for humic-like and terrestrial
substances in the DOM pool. FDOMH (C1) concentration was
highest in the Han River (HR; salinity, 0 psu), and decreased
with increasing distance from the estuary in GB; therefore
FDOMH was negatively correlated with salinity (r2 = 0.93,
p < 0.01; Fig. 5a). Interestingly, FDOMH showed a significant
inverse correlation with BGE (r2 = 0.47, p = 0.02; Fig. 5b).

Discussion
Fig. 3 Spearman’s rank correlation matrix between bacterial parameters
and environmental parameters in Gyeonggi Bay. The colors of the scale
bar denote the nature of the correlation (Spearman’s rho) with 1 indicating
perfect positive correlation (dark blue) and − 1 indicating perfect negative
correlation (dark red) between parameters. Statistical differences are
indicated by square size, and the large, medium, and small squares
represent p < 0.005, p < 0.01, and p < 0.05, respectively. (BP, bacterial
production; BR, bacterial respiration; BGE, bacterial growth efficiency;
Temp., temperature; Sal., salinity; NO3, nitrate; PO4, phosphate; DOC,
dissolved organic carbon; DON, dissolved organic nitrogen; C/N, DOC
and DON ratio; POC, particulate organic carbon; SPM, suspended
particulate matter; Chla, chlorophyll-a; PP, primary production)

BA was positively correlated with water temperature
(Spearman’s rho, ρ = 0.58, p < 0.01) and C/N ratio (ρ = 0.68,
p < 0.01), but negatively correlated with NO3−, PO43−, DON,
and SPM (ρ = −0.63, −0.48, −0.66, and − 0.60; p < 0.01, <
0.05, < 0.01, and < 0.01, respectively). BP was positively correlated with NO3−, PO43−, DOC, POC, and SPM (ρ = 0.45,
0.44, 0.57, 0.49, and 0.49; p < 0.05, <0.05, < 0.01, <0.05, and
< 0.05, respectively) but was negatively correlated with salinity (ρ = −0.49, p < 0.05). BR was not significantly correlated
with environmental parameters. The index of organic matter
quality (C/N ratio; DOC/DON) showed a significant negative
correlation with BGE (ρ = −0.46, p < 0.05). In contrast, NO3−,
PO43−, and DON showed a positive correlation to BGE (ρ =
0.49, 0.51, and 0.45, respectively; p < 0.05).

FDOM Components
The PARAFAC model identified three components from
EEM data. Peaks of component 1 (C1), 2 (C2), and 3 (C3)
showed excitation and emission spectra at Ex/Em = 360/
448 nm, 325/404 nm, and 285/344 nm, respectively (Fig. 4).
The concentrations of C1, C2, and C3 ranged from 2.36 to

Uncoupling of Heterotrophic Bacteria
to Phytoplankton
In marine ecosystems, organic carbon produced by phytoplankton is considered the major carbon source for bacterial
growth, so bacterial dynamics are tightly coupled to that of
phytoplankton (Cole et al. 1988; Ducklow 2000). Coupling
issues between heterotrophic bacteria and phytoplankton in
the Yellow Sea have been previously reported (Cho et al.
1994; Hyun and Kim 2003). Cho et al. (1994) reported
uncoupling between BP and PP due to strong tidal mixing in
the shallow and turbid coastal waters of the southeast Yellow
Sea, while Hyun and Kim (2003) demonstrated the occurrence
of tight coupling between bacteria and phytoplankton during
spring blooms in the central Yellow Sea. These two previous
studies indicated that the degree of coupling between BP and
PP in the Yellow Sea varied depending on time and space.
This study showed no significant correlation (ρ = 0.13, p =
0.64, n = 15) between BP and PP (Fig. 3, Table S1). Further,
BP was not significantly correlated (ρ = 0.12, p = 0.58, n = 23)
with Chl-a (Fig. 3, Table S1). Taken together, these results
indicated that the bacterial dynamics in GB were uncoupled
with phytoplankton production and biomass.
In estuarine and coastal ecosystems, considerable amounts
of organic carbon are delivered by riverine runoff (Cauwet
2002), and bacterial metabolic activities are controlled by both
autochthonous DOC (i.e., phytoplankton-derived DOC), and
allochthonous DOC (i.e., terrestrial DOC); in these ecosystems BP often exceeds PP (Jansson et al. 2000; Morán et al.
2002). In this study, the BP/PP ratio shifted from <1 during
April–July to >1 during October–January (Table 2). The
uncoupling between bacteria and phytoplankton together with
the high BP/PP ratio (> 1) implied that the organic carbon
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Fig. 4 Excitation-emission
matrix spectroscopy (EEMS)
contour plots for components (a)
C1, (c) C2, and (e) C3 and loadings of components (b) C1, (d)
C2, and (f) C3 determined using a
parallel factor analysis
(PARAFAC) model. The solid
line represents the excitation
wavelength, and the dotted line
represents the emission
wavelength

produced by phytoplankton was insufficient to support the
bacterial biomass production, requiring bacteria to rely on
other organic carbon sources (Findlay et al. 1991; Hoch and
Kirchman 1993; Thottathil et al. 2008; Figueroa et al. 2016).
Indeed, the light-limiting turbid conditions of the water column in GB caused the overall observed PP (7.12–441 mg C
m−2 d−1) to be markedly lower (Kwon and Choi 1994; Lee and
Choi 2000) than other temperate coastal areas such as the
Youngsan River estuary (30.7–8927 mg C m−2 d−1) and the
Delaware River estuary (24–1644 mg C m−2 d−1) (Preen and
Kirchman 2004; Sin et al. 2015). Consequently, the strong
correlation between BP and DOC together with a high BP/
PP ratio (> 1) in GB (Table S1) suggested that bacterial growth
was largely supported by allochthonous DOC input from the
Han River rather than autochthonous DOC.
Although uncoupling of bacterial growth from PP was
largely supported by allochthonous DOC from the Han
River, the range of BP (0.32–4.32 mg C m−3 d−1) in GB
was lower than that reported in other coastal ecosystems
(4.8–134 mg C m−3 d−1, Apple et al. 2006; 4.8–122 mg C
m−3 d−1, Moran et al. 2013). In contrast to the BP, the
range of BR (7.67–88.9 mg C m−3 d−1) was similar to that

Fig. 5 (a) Relationship between
salinity and humic-like terrestrial
fluorescent dissolved organic
matter (FDOMH) and (b) relationship between BGE and
FDOMH

of other coastal systems (4.17–68.3 mg C m −3 d −1 ,
Alonso-Sáez et al. 2008; 1.68–178 mg C m−3 d−1, Apple
et al. 2006; 26–170 mg C m−3 d−1, Moran et al. 2013).
The relatively low BP in GB ultimately resulted in low
BGE (average, 0.06 ± 0.05), which was lower than that
reported in other coastal (average, 0.27) and estuarine
regions (average, 0.37) (see del Giorgio and Cole 2000).
Despite the high allochthonous input of DOC and the
significant positive correlation between BP and DOC concentration (Table S1), the low BGE suggested that bacterial biomass production in GB is largely suppressed by
the low quality of DOC (Ram et al. 2007). The C/N ratio
of organic substrate has been used as a proxy for substrate
quality for controlling bacterial metabolism (Goldman
et al. 1987; Kirchman 2000; Lee et al. 2009). For example, Kirchman (2000) demonstrated that when N or P
content of DOM is insufficient, bacteria expend their energy for uptake of additional inorganic nutrients, thereby
leading to low BGE. The C/N ratio in the present study,
which ranged from 3.9 to 20.6 (average 11.6), was about
2 times higher than that of phytoplankton-derived DOM
(C/N ~6.6) that is readily utilized by bacteria, and the
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BGE was negatively correlated with the C/N ratio (ρ =
−0.46) (Table S1). The low quality of the DOM (i.e., high
C/N ratio) was presumably associated with the riverine
input of relatively refractory DOM (Barrón and Duarte
2015; Båmstedt and Wikner 2016) that contained significant amounts of humic substances (Dittmar and Kattner
2003). Previous studies have used the fluorescence properties of DOM to distinguish sources of organic carbon,
and to track the inflow of allochthonous DOM into the
ocean (Coble 2007); therefore, to elucidate DOM quality
in GB, we carried out additional FDOM analyses. Humiclike, terrestrial FDOM concentrations decreased with increasing salinity (r2 = 0.93, Fig. 5a), which strongly suggested that FDOMH is supplied by Han River runoff. In
addition, concentrations of FDOMH were inversely related
to BGE (r2 = 0.47, Fig. 5b), indicating that humic DOC is
a major organic carbon fraction inducing low BGE in GB.

Trophic Balance Associated with Warming
of Seawater in Gyeonggi Bay
Rising water temperature is regarded as one of the most conspicuous impacts associated with climate change, since many
biological changes have been directly or indirectly attributed to
ocean warming in coastal systems (Harley et al. 2006;
Goberville et al. 2010). Trophic balance between autotrophic
and heterotrophic processes represents the carbon flow through
microbial food web processes; therefore, identifying effects of
ocean warming on trophic balance is important to understand
the role of heterotrophic bacteria in microbial food web processes in response to climate change (Dahlgren et al. 2011).

Fig. 6 (a) Long-term changes in
SST in Gyeonggi Bay, (b) longterm changes in Chl-a concentrations at GB3 near Palmi Island,
(c) comparison of average PP and
BP from 1992-1993 and 2015–
2016 in Gyeonggi Bay, and (d)
the BP/PP ratio from 1992-1993
and 2015–2016 in Gyeonggi Bay.
Vertical bars indicate mean ± 1
SD

During the past 36 years (1980–2016), the SST in
GB increased by 0.93 °C (Korea Oceanographic Data
Center, http://www.nifs.go.kr/kodc/index.kodc) (Fig. 6a).
Total Chl-a concentrations have shown a declining trend
since the early 1990s (Fig. 6b, MOF 2014). In addition,
nutrient concentrations have shown a decreasing trend
from 1996 to 2008 (Park and Park 2000; Jahan and
Choi 2014). Concomitant with warmer water temperatures and lower nutrient concentrations, the proportion
of nano-fraction to total Chl-a increased from 55% in
the early 1990s (Lee and Choi 2000) to 73% in the
present study (Fig. 2a, b). Furthermore, the PP decreased 9 times compared to the early 1990s (P = 0.
017) (Fig. 6c). Previous studies have shown that
warming induced decreases in biomass and cell-size of
phytoplankton (Sommer and Lengfellner 2008; Morán
et al. 2010), and the increasing contribution of small
phytoplankton caused a decline in primary production
(Joo et al. 2017). In contrast to PP, BP did not significantly change compared to the early 1990s (P = 0.913)
(Fig. 6c). Consequently, the BP/PP ratio (average, 0.71
± 0.74; range, 0.03–2.91) increased 14 times compared
to the ratio estimated in the early 1990s (average, 0.05
± 0.05; range, 0.002–0.09; Lee and Choi 2000) (Fig.
6d). This increasing BP/PP ratio with rising temperature
is consistent with the previous results of Cho et al.
(2001), who reported that the BP/PP ratio was significantly correlated with the SST in a tidal front region of
the Yellow Sea. Similarly, based on the mesocosm experiments, Hoppe et al. (2008) demonstrated that the
BP/PP ratio increased with rising water temperature
due to a reduction in PP. The positive correlation
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Fig. 7 Relationship between (a)
Chl-a and BP/PP ratio and (b)
BR/PP ratio in the GB

between BP/PP ratio and water temperature suggested
that warming is one of the major causes enhancing the
carbon flow through the microbial loop.
In this study, BP/PP and BR/PP were inversely correlated
with Chl-a concentration (Fig. 7a, b), indicating that the amount
of photosynthetically fixed organic carbon that channeled the
microbial loop increased with decreasing Chl-a. Given the negative effects of temperature on phytoplankton biomass
(Behrenfeld et al. 2006; Sommer and Lengfellner 2008;
Morán et al. 2010), our results suggest that a reduction of Chla concentration caused by ocean warming could lead to high
BP/PP and BR/PP in GB. In addition, the overall BR/PP ratios
in GB were generally >1 (average, 15.8) (Table 2), which further
indicated that GB is a heterotrophic system (i.e., total respiration
> PP). Because BR is mainly controlled by water temperatures
in coastal systems where substrate supply is sufficient (Apple
et al. 2006; Hoppe et al. 2008), warming may directly intensify
heterotrophy in GB. Recently, several experiments have also
demonstrated that ocean warming causes the predominance of
heterotrophic processes (i.e., respiration-dominant) over autotrophic processes (i.e., photosynthesis-dominant) (O’Connor et al.
2009; Wohlers et al. 2009).
Under an enhanced heterotrophic system, the efficiency of
energy transfer to higher trophic levels would be weakened
(Canuel et al. 2012), which may negatively affect fish production (Chassot et al. 2010; Blanchard et al. 2012). Research
suggests that fishery yield in the Yellow Sea has declined,
and the number of trophic levels has decreased during the last
3–4 decades due to environmental changes caused by climate
and human impacts (Kim et al. 2007; Tang et al. 2016). Our
results imply that continuous warming will increase the significance of microbe-based carbon pathways and weaken the
efficiency of carbon transport to higher trophic levels from
primary producers through the food chain (Cho et al. 2001;
Sarmento et al. 2010; Morán et al. 2015).

Conclusion
Investigations on temporal fluctuations of bacterial and
phytoplankton parameters in combination with physico-

chemical parameters revealed that BP was uncoupled with
phytoplankton properties, whereas it was tightly coupled
with DOC, suggesting that heterotrophic bacterial growth
in GB relies on allochthonous input of DOC. However,
riverine input of humic DOC enhanced heterotrophic BR
as well, which resulted in low bacterial growth efficiency.
Consequently, the high ratios of BP and BR to PP (i.e.,
BP/PP and BR/PP >1) indicated that the GB ecosystem is
heterotrophic, in which energy flow via the microbial loop
prevails, and thus the efficiency of energy transfer to
higher trophic levels is weakened. Based on long-term
changes in SST and Chl-a in this ecosystem, biomass
and size of phytoplankton have decreased with increasing
temperature. The increased proportion of small phytoplankton can lead to an increased BP/PP ratio, which implies that the microbial-based food web has been strengthened. This study also indicates that warming water temperature further weaken the energy transfer efficiency
from phytoplankton to higher trophic levels, which ultimately results in a reduction of sustainable fish production. Overall, our results demonstrate that, despite the
complexity of anthropogenic and climatic variables,
long-term monitoring programs provide valuable information on biological responses to climate variability in
coastal-estuarine ecosystems.
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