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Abstract. Although heterotrophic prokaryotes (HP) play
a crucial role in biogeochemical carbon cycles, microbial
oceanographic studies associated with heavy precipitation-
induced large-scale freshwater runoff are understudied in the
East China Sea (ECS), the largest continental shelf in the
northwest Pacific. To elucidate the impact of Yangtze River
diluted water (YRDW) on HP production (HPP) and growth-
limiting resources, we conducted comprehensive microbial
oceanographic measurements in combination with analysis
of satellite images and optical property analyses of dissolved
organic carbon (DOC) over three consecutive years in the
northern ECS. Our results revealed that the HPP and chloro-
phyll a were consistently highest in summer due to the sup-
ply of excess DOC and nutrients via YRDW, which is intrigu-
ing considering the enhanced HPP coupled with spring phy-
toplankton bloom in middle latitudes in general. However,
the exceptionally great YRDW runoff induced by heavy rain-

fall resulted in excessive supply of terrestrial-origin recalci-
trant DOC and nutrients imbalance with high N : P ratio (34),
which was responsible for the limited DOC bioavailability
and phosphorus-limitation for the HPP. Accordingly, the en-
hanced HPP-to-primary production ratio (> 0.5) in summer
may suggest enhanced carbon flow via microbial food web,
potentially altering food-web structure and energy transfer
efficiency. Our results, demonstrating that YRDW can ei-
ther stimulate or suppress HPP, provide new insights into mi-
crobial responses to large-scale freshwater discharge, which
may be relevant to systems influenced by substantial fresh-
water inputs (e.g., Amazon River and Arctic Ocean).
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1 Introduction

Due to the large quantity of dissolved organic carbon (DOC)
in the ocean (~ 660Pg), that is comparable to the amount
of atmospheric CO», and its wide spectrum of reactivity, it is
important to understand factors controlling oceanic DOC that
ultimately regulates carbon storage in the ocean (Carlson and
Hansell, 2015; Dittmar et al., 2021). With their high biomass
and diverse metabolic functional genes (Ferrera et al., 2015;
Bar-On and Milo, 2019), heterotrophic prokaryotes (HP) are
a significant biological agent controlling the dynamics of
DOC and inorganic nutrients in marine environments by:
(1) transferring DOC from various sources to higher trophic
levels (i.e. protozoa and microzooplankton) via the micro-
bial loop, (2) mineralizing DOC to CO, via respiration, and
(3) producing and sequestering recalcitrant DOC in the deep
ocean via the microbial carbon pump (Azam et al., 1983; del
Giorgio et al., 1997; Jiao et al., 2010). Therefore, quantify-
ing HP parameters (i.e., biomass, production and respiration)
and elucidating its controlling factors are fundamental steps
in microbial oceanography which combines marine microbi-
ology and microbial ecology with oceanography to elucidate
the role of microorganisms in the biogeochemical element
cycles in marine ecosystems (Ducklow and Carlson, 1992;
Karl, 2007). Of all the controlling factors, hydrographic con-
ditions that determine the physical structures and trophic sta-
tus of the water column primarily regulate the distributions
and metabolic activities of the bacterioplankton, which ulti-
mately control the importance of the microbial loop in food
web processes and biogeochemical carbon cycles in the wa-
ter column (Hyun and Yang, 2005; Hyun et al., 2009, 2016;
Mann and Lazier, 2005; Baltar et al., 2007; Min et al., 2022).

The East China Sea (ECS) is the largest continental shelf
(1.25 x 10°km?) in the northwest Pacific Ocean (Fig. S1
in the Supplement). In the ECS, several water masses,
such as Taiwan warm current (TWC), Tsushima warm wa-
ter (TWW), and Yangtze River diluted water (YRDW), pre-
vail with seasonality (Lie and Cho, 2016; Seo et al., 2022).
Relative significance of each current system largely deter-
mines physico-chemical and biological oceanographic prop-
erties of the ECS (Yoon et al., 2015). In particular, the
YRDW flowing into the ECS in summer supplies substan-
tial amounts of DOC (1.85 Tg C yr—!), together with nitrogen
and phosphorus (total nitrogen; 1.69 TgNyr~!, total phos-
phorus; 0.11 TgPyr—!) to the ECS (Shi et al., 2016; Wang et
al., 2019). In addition, the construction of the Three-Gorges
Dam on the upstream of the Yangtze River in 2006 has
greatly altered the nutrient ratio in the YRDW. The mean
N : Pratio in the northern ECS (nECS) increased from 22+18
during 2002-2009 to 97 & 64 during 2011-2022, which im-
plied that growth of planktonic communities is likely to
be limited by P-limitation (Fig. S2c, https://www.nifs.go.kr/
kodc/soo)list.kodc, last access: 5 November 2024). There-
fore, this long-term increase in N : P ratio (i.e., nutrient im-
balance) along with high DOC and inorganic nutrients input
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via the runoff of YRDW raises fundamental ecological ques-
tions that HP growth in the ECS is either stimulated by the
inputs of DOC or limited by phosphorus (P) in summer. De-
pending on whether HP growth is stimulated by DOC sup-
ply or suppressed by P-deficiency, the dynamics of carbon
and nutrients and the structure of microbial communities are
greatly affected (Obernosterer et al., 2003). So far, most mi-
crobial ecological and biogeochemical research in the ECS
has predominantly focused on the southern part of the ECS
(Shiah et al., 2003; Chen et al., 2009, 2021). Except for a few
studies with limited spatial and temporal scales (< 1 year)
(Zhao et al., 2010; Chen et al., 2014), little is known about
the impact of YRDW on heterotrophic prokaryotes produc-
tion (HPP) and its interaction with DOC and inorganic nutri-
ents in the nECS that serves as the main passage delivering
organic carbon and nutrients directly from the Yangtze River
and the South China Sea to the adjacent East Sea (Fig. S1,
Lie and Cho, 2016; Nam et al., 2022).

One of the fundamental aims of microbial oceanogra-
phy is to elucidate how the balance between HPP and pri-
mary production (PP) shapes the structure of marine food
webs (Berglund et al., 2007). Since PP serves as the ma-
jor organic carbon source for HP, the HPP : PP ratio of 0.15
in open ocean ecosystems, meaning that about 15% of
PP supports HPP, indicates a tight coupling between HP and
phytoplankton (Ducklow, 2000). However, in coastal sys-
tems, the HPP: PP ratios often exceed 0.6 and even sur-
pass 1.0, indicating that HPP is no longer sustained solely
by autochthonous organic carbon from phytoplankton pro-
duction (Kim et al., 2020; Fernandes and Bogati, 2022).
Such high HPP : PP ratios (i.e., uncoupling between HP and
phytoplankton) suggest the increasing contribution of al-
lochthonous organic carbon, such as terrestrial inputs (Kim
et al., 2020). Under these conditions, the microbial loop
becomes more dominant carbon flow, resulting in reduced
food web efficiency with more trophic steps (Gasol et al.,
1997; Straile, 1997; Joint et al., 2002), which can influence
fish community structure and fisheries yield (Dickman et al.,
2008). Given the gradual increase in freshwater input into the
ECS, driven by global warming and intensifying East Asian
monsoon rainfall (Qiao et al., 2024), understanding the bal-
ance between HPP and PP in the nECS is essential for assess-
ing climate-driven changes in ecosystem functioning (Rowe
et al., 2025).

Here, based on comprehensive microbial oceanographic
studies, combining microbiological parameters with analy-
sis of satellite images and optical properties of DOC, con-
ducted seasonally for three consecutive years (2020-2022)
in the nECS, we report two contrasting impacts of YRDW in
regulating the HPP. First, owing to the combination of large
riverine input of DOC and phytoplankton blooms fueled by
nutrient supply from the YRDW, HPP was consistently en-
hanced in summer rather than in spring, which is anomalous
for the mid-latitude regions in the northern hemisphere. Sec-
ondly, when the discharge of YRDW was excessive with ex-
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ceptionally high recalcitrant DOC and high N:P (ca. 34),
the HPP was regulated by limited DOC bioavailability and
P-limitation. Considering the increasing frequency and in-
tensity of heavy rainfall associated with climate change in
the East Asian marginal seas (Fujibe et al., 2006; Li et al.,
2019b), our results showing that different responses of HPP
related to the strength of the YRDW provide significant in-
formation: (1) to interpret the role of microbial loop in mi-
crobial food web processes, and (2) to predict its future vari-
ations resulting from continued expansion of the YRDW in
the East Asian marginal seas, one of the most rapidly chang-
ing oceanic environments due to anthropogenic activities and
climate change-induced precipitation and warming (Fujibe et
al., 2006; Belkin, 2009).

2 Materials and methods
2.1 Study area

As the largest continental shelf in the northwest Pacific
Ocean (i.e., east Asian marginal seas), the ECS plays a crit-
ical role as a significant carbon reservoir, absorbing atmo-
spheric carbon dioxide at a rate of 2.0-3.0molm~=2yr~!
(Wang et al., 2000; Kim et al., 2013a). It is also one of
the most productive fishing grounds for mackerel (Scomber
Jjaponicus) and anchovy (Engraulis japonica) and serves as
a spawning ground for the Japanese flying squid (Todarodes
pacificus) (Rebstock and Kang, 2003; Kim et al., 2013b).

The ECS is a hydrographically dynamic system driven by
the Kuroshio current and northeast Asian Monsoon (Fig. S1,
Lie and Cho, 2016). Like other large marine ecosystems
that receive a tremendous amount of freshwater such as the
Amazon Estuary (~ 6300 km?3 yr_l) and Arctic shelves (~
2000km? yr~!), the ECS receives a large amount of freshwa-
ter annually (900 km? yr—!), especially during the summer
monsoon period, and exhibits comparable biogeochemical
complexity due to intense riverine input, seasonal stratifica-
tion, and anthropogenic pressures (Milliman and Farnsworth,
2013; Spielhagen and Bauch, 2015). Therefore, the ECS is
not only important for its ecological and fisheries productiv-
ity but also serves as a large marine ecosystem laboratory
for investigating microbial biogeochemical processes in con-
tinental shelf systems influenced by enhanced freshwater in-
puts associated with the increasing trend of extreme precipi-
tation under climate change (Khadgarai et al., 2021; Qiao et
al., 2024).

2.2 Physico-chemical parameters
2.2.1 Sampling and handling

Seawater samples were collected using Niskin bottles at-
tached to a rosette sampler, seasonally (i.e., February, May,
August and November) at 7 to 8 stations in the nECS, lo-
cated between 31.5-32.5°N and 124.5-127.1°E (Fig. 1),
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aboard the R/V Tamgu 3 of the Korean National Insti-
tute of Fisheries Science. The sampling bottles were pre-
washed with 10 % HCI and rinsed with Milli-Q water. Tem-
perature and salinity were measured onboard using a CTD
(SBE 911; Seabird Electronics, USA) attached to a rosette
sampler. Seawater samples were collected concurrently at
the same sampling stations. DOC, fluorescent dissolved or-
ganic matter (FDOM), prokaryotes abundance (PA), and
HPP were measured at designated water depths (0, 10, 20,
30, 50, 75, 100, and 120 m). Samples for measuring HPP
and PP were additionally collected at depths correspond-
ing to 30% and 1% of surface photosynthetically active
radiation, determined from Secchi disk measurements. The
1% light depth was defined as the euphotic depth (see
Dataset_Water_column.csv). This sampling design enabled
direct comparison of HPP and PP.

DOC and FDOM samples were filtered through pre-rinsed
syringe filters (GF/F, 0.7 pm pore size, Whatman). The filters
were rinsed thoroughly three times with 30 mL of the sam-
ples before filtration. Filtered samples were then transferred
into 20 mL glass ampoules and 40 mL amber glass vials (both
from Wheaton, Millville, USA) for DOC and FDOM sam-
ples, respectively. FDOM samples were immediately stored
at —24°C until analysis. For DOC samples acidified with
6N HCI1 (30 uL, final pH =2) to inhibit microbial activity.
The ampoule openings were sealed with fire to prevent exter-
nal contamination. Glass ampoules and vials were combusted
at 500 °C for 5 h before use.

2.2.2 Laboratory analysis

Temperature—salinity (7—S) diagram analysis was conducted
using 1 m bin-averaged 7-S data (Fig. 2). For remote im-
agery on horizontal distribution of salinity, we adopted
Level-3 Soil Moisture Active Passive (SMAP) Sea Surface
Salinity (SSS) standard mapped images from 2020 to 2022,
with a 0.25° horizontal resolution (Fig. 1).

DOC concentrations were determined using high-
temperature catalytic oxidation (HTCO) with a TOC-L
analyzer (Shimadzu, Japan). Instrument precision was
assessed by measuring standard seawater samples (SSR;
71-75uM DOC, University of Miami) every 10 samples,
with a precision of within 4 %. The detection limit was
confirmed as 3puM through more than 10 measurements
using Milli-Q water.

Excitation-emission matrix spectroscopy (EEMS) was
performed using a Hitachi F-7100 spectrofluorometer (Hi-
tachi, Tokyo, Japan) to characterize FDOM in seawater sam-
ples. Spectra were recorded with excitation wavelengths
of 250-500nm and emission wavelengths of 300-500 nm
at S5nm intervals. Fluorescence intensity was normalized
to Raman units using Milli-Q water, and absorbance at
254nm was confirmed to be < 0.3 to avoid inner fil-
ter effects. A three-component PARAFAC model was con-
structed from 460 EEM spectra using the DOMFluor tool-
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Figure 1. Variations of sea surface salinity (SSS, psu) with season for three consecutive years (2020-2022) and sampling sites in the northern
East China Sea (black dots). RSS SMAP Level 3 Sea Surface Salinity Standard Mapped Image Monthly V4.0 Validated Dataset (Remote
Sensing Systems, 2019) was used from February 2020 to May 2022. JPL SMAP Level 3 CAP Sea Surface Salinity Standard Mapped Image
8 d Running Mean V5.0 Validated Dataset was used from August to November 2022 (JPL, 2020). The color bar indicates the salinity level.

box in MATLAB R2024a software (MathWorks Inc., Nat-
ick, USA), identifying one humic-like and two protein-
like components (Coble, 1996; Stedmon and Bro, 2008).
The humification index (HIX) was also calculated (Sect. S1
in the Supplement). A detailed description of the EEM-
PARAFAC procedure and component identification is pre-
sented in the Sect. S1. Concentrations of dissolved in-
organic nitrogen (DIN, NO, + NOj'), dissolved inorganic
phosphorus (DIP), and chlorophyll a (Chl a) were obtained
from the Korean National Institute of Fisheries Science.
These data were collected during the same cruises aboard
the R/V Tamgu 3 (https://www.nifs.go.kr/kodc/soo_list.kodc,
last access: 5 November 2024).

2.3 Microbiological parameters

2.3.1 Primary production

The PP was assessed using stable carbon isotope ('3C)
analysis, following the methodology outlined by Hama et
al. (1983). Water samples were obtained from six dis-
tinct photic depths, representing 100 %, 50 %, 30 %, 12 %,
5%, and 1 % penetration of surface photosynthetically ac-
tive radiation, determined through the conversion of Sec-
chi disc depth measurements at each sampling station (see
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Dataset_Light_penetration_depth.csv). Samples were incu-
bated under simulated in situ light and temperature condi-
tions, and '3C incorporation into particulate organic carbon
was analyzed using isotope ratio mass spectrometry. A de-
tailed description of incubation procedures, filtration, isotope
analysis, and productivity calculation is provided in Sect. S2.

2.3.2 Prokaryotes abundance

Samples for enumerating the PA were preserved with glu-
taraldehyde at a final concentration of 1% and stored in
a freezer at —20°C (Hyun and Yang, 2003). The PA was
measured using the DAPI-staining method (Porter and Feig,
1980). More than 20 microscopic fields were examined
using an epifluorescence microscope (Nikon, Eclipse 80i)
equipped with a mercury lamp (HB-10101 AF), an ultravi-
olet (UV) excitation filter, and a BA 420 barrier filter.

2.3.3 Heterotrophic prokaryotes production

The HPP was determined by measuring the incorporation
of 3H-leucine into protein, following the method of Smith
and Azam (1992). Seawater samples (1.5 mL) were incu-
bated with 3H-leucine (final concentration, 10nM, Perkin
Elmer, NET1166005) at in situ temperature for one hour

https://doi.org/10.5194/bg-23-3499-2026
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Figure 2. Seasonal T—S diagrams of the East China Sea (ECS) in 2020 (a—d), 2021 (e<h), and 2022 (i-1). The dashed box indicates the

defined water masses in this study observed in the northern ECS (Gong et al.,

1996; Hur et al., 1999; Kim and Youn, 2023). Grey contour

lines represent the o — ¢. The color bar indicates the depth of the water column. KSW: Kuroshio source water, SMW: Shelf mixed water,
YRDW: Yangtze River diluted water, TWW: Tsushima warm water, TWC: Taiwan warm current.

in the dark, and radioactivity in the synthesized protein
was measured using a liquid scintillation counter (LKB,
Rack Beta II). The calculated protein synthesis rate of 3H-
leu (pmol leu L~'h~!) was converted to HPP (ugC L-td™h
using a conversion factor (CF=1.5kgCmol per leucine;
Kirchman, 1993). A detailed description of incubation, ex-
traction, and counting procedures is presented in Sect. S3.

2.3.4 HP growth limiting resources assay

To investigate the limiting resources for HP growth in dif-
ferent water masses, factorial nutrient addition bioassays
(Rivkin and Anderson, 1997) were conducted in the nECS
and the East Sea sites on 16 and 11 August 2020, respec-
tively, and additionally on 27 April 2021 in the nECS site.
Seawater samples were collected at a depth of 10 m at each
site, and filtered through polycarbonate filter (0.2 um pore
size) to remove protozoan grazers (Kim et al., 2025). The
filtered water was mixed with unfiltered seawater at a 9:
1 ratio in one-liter polycarbonate bottles to minimize bot-
tle effects while maintaining the natural bacterial assem-
blage (Ferguson et al., 1984). Glucose (final concentration,
10uM) as organic C source, NH4Cl (final concentration,
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3 uM) as N source, and NaH, POy (final concentration, 1 pM)
as P source were added alone or in combination (i.e., una-
mended control, +C, +N, +P, +CN, +CP and +NP). The
bottles were incubated in a non-transparent on-deck incu-
bator with circulating sea surface water during the incuba-
tion period. Subsamples for measuring HPP were collected
in triplicate after 12 h incubation in August 2020 and 26.5h
in April 2021. The longer incubation time in April 2021 was
chosen to account for lower spring temperatures that could
delay microbial metabolic responses (Table 2). Subsampling
for the initial HPP was conducted on the unamended control
bottle.

2.4 Data analysis and statistics

The mixed layer depth (MLD) was defined as the depth
immediately above the onset of the thermocline. The eu-
photic depth was determined based on Lambert—Beer’s law
described in Poole and Atkins (1929) using a Secchi disk.
The Riemann sum method was applied to integrate the pa-
rameters within the mixed layer and euphotic depths. Statis-
tical analyses were conducted using IBM SPSS Statistics 27.
Detailed descriptions of statistical procedures are presented

Biogeosciences, 23, 3499-3515, 2026



3504

in Sect. S4. Abbreviations used in the main text and figures
are provided in Table S4.

3 Results
3.1 Hydrographic conditions

Based on 7-S diagrams, the current systems in the study
area were defined by 24 water masses that vary season-
ally (Fig. 2). The two main currents appearing in the nECS
are the Kuroshio Source Water and the Shelf Mixed Water
(Fig. 2). The Kuroshio Source Water is formed by the con-
vergence of the TWC and the TWW, which are both branches
of the main Kuroshio Current in the nECS and are charac-
terized by high temperature and salinity (Fig. S1). In con-
trast, the Shelf Mixed Water is formed by the mixing of the
Kuroshio Source Water with the Chinese Coastal Current.
The Chinese Coastal Current, which is mainly observed on
the shelf side of the East China Sea, is characterized by cold
and low-salinity properties (Li et al., 2006). As a result, the
Shelf Mixed Water exhibits relatively lower temperature and
salinity due to the influence of the Chinese Coastal Current.
During February (winter), May (spring), and November (au-
tumn), the nECS consisted of Kuroshio Source Water and
Shelf Mixed Water (Fig. 2a, b, d, e, f, h, i, j and I; Table S1
in the Supplement). However, during August (summer), a
more complex water mass distribution was observed due to
strong stratification and substantial freshwater input: TWC
and YRDW were present near the surface, whereas TWW
and Shelf Mixed Water were observed in the mid to lower
layers, which differed from other seasons (Fig. 2c, g and k;
Table S1). The satellite images of sea surface salinity (Fig. 1),
together with the T—S diagrams (Fig. 2), clearly revealed that
YRDW (< 31 psu, the blue-green colors in Fig. 1c, g and k)
originating from the Yangtze River in August expands north-
eastward to the nECS located approximately 300 km away
from the Yangtze River estuary. The expansion of YRDW
to the nECS was greatest in August 2020, followed by Au-
gust 2022 and 2021, respectively (Figs. 1 and 2).

3.2 DOC, Chl a and primary production

The vertical distributions of DOC reflected seasonal changes
in water column structure (Fig. 3). In February and Novem-
ber, DOC concentrations were relatively homogeneous
within the MLD (50-70 m), averaging 65+2 uM (53-76 uM)
and 64 £2 uM (55-83 uM), respectively (Fig. 3c and w). In
contrast, during May and August, DOC concentrations in-
creased with decreasing MLD, averaging 72+ 1 uM (66—
74uM) in May and 86+3uM (75-130uM) in August
(Fig. 3k and q; Table 1).

Elevated DOC concentrations were particularly evident in
August within the low-salinity surface layer (upper 10 m),
where values averaged 95+ 19uM (76-130 uM; Fig. 3p
and q). Among the summer observations, August 2020 ex-
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hibited the highest DOC concentrations (104 &5 uM), which
were significantly higher than those in August 2021 and 2022
(77£1puM and 80 &£ 3 uM, respectively; p = 0.002), coin-
ciding with the strongest influence of YRDW observed dur-
ing the study period (Figs. 1c and 4a). Chl a concentrations
within the MLD followed a similar pattern: homogeneously
low in February (0.47 £0.02ugL~"; 0.42-0.49 ug L™1), in-
creasing in May (1.0540.24 ugL='; 0.77-1.22 ug L~") with
the development of thermal stratification, remaining elevated
in August (avg. 0.74+0.22 ugL="; 0.58-0.99 ug L =) under
strong haline stratification associated with YRDW intrusion,
and decreased in November (avg. 0.53 40.02 ug L~!; 0.50-
0.55ugL~") (Fig. 3i, p, 1 and r).

PP, integrated over the euphotic depth, followed a sim-
ilar seasonal pattern, increasing from May to August and
peaking at 336 55mgCm~2d~! (August 2021) and 263 +
73mgCm~2d~" (August 2022) (Fig. 4d). Notably, PP in
August 2020 (182+77mgCm~2d~") was significantly
lower than other years (p =0.028) (Fig. 4d), despite high
YRDW input.

3.3 Prokaryotes abundance and heterotrophic
prokaryotes production

Mean PA within the euphotic depth was lowest and ver-
tically homogeneous in February (0.46=0.03 x 10° cells
per L; 0.35-0.59 x 10° cells per L). In contrast, PA reached
its highest values in May (1.2840.09 x 10° cells per L;
0.48-1.88 x 10° cells per L), before declining in August
(0.99 4 0.09 x 10° cells per L; 0.37-2.36 x 10” cells per L)
and November (0.66 &= 0.08 x 10° cells per L; 0.28-1.29 x
10° cells per L) (Fig. 3; Table 1). PA correlated positively
with DOC (p =0.255, p <0.001) and Chl a (p =0.281,
p < 0.001; Table S2).

HPP within the euphotic depth followed a seasonal
cycle: lowest in February (0.3340.12ugCL~1d~!; 0.20-
0.58 ug CL~!d=1), rising in May (3.734+1.37ugCL~1d~!;
1.76-5.86ugCL~'d™!), reaching a consistent sum-
mer peak in August (5.514+4.08ugCL~'d~!"; 0.69-
17.43ugCL~"d™"), and then declining in November
(0.834+0.26ugCL~"d1;0.43-1.24pgCL~" d 1) (Fig. 3).
HPP correlated positively with temperature (o = 0.525,
p <0.001), DOC (p=0.457, p <0.001) and Chl a
(p=0.398, p<0.001; Table S2) consistent with the
observed summer peak.

4 Discussion

4.1 Exceptionally enhanced HPP in summer

In the present study, one of the most prominent features
observed in oceanographic and microbiological properties
was the consistent summer peak in HPP (Fig. 4e). Con-
sidering the typically enhanced HPP coupled with phyto-
plankton bloom in spring in the middle latitudes of the
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Figure 3. Vertical profiles of temperature, salinity, dissolved organic carbon (DOC), chlorophyll a (Chl a), heterotrophic prokaryotes abun-
dance (PA), and heterotrophic prokaryotes production (HPP) in the northern East China Sea from 2020 to 2022. Each symbol represents the
average value at a given depth from 7-8 stations sampled during each survey, and the solid black line denotes the mean of the three-year

averages.

Table 1. Seasonal averages (1 SE) of microbial oceanographic parameters in the northern East China Sea from 2020 to 2022. Chloro-
phyll a (Chl a) and prokaryote abundance (PA) represent mean values within the euphotic zone, whereas primary production (PP) and
heterotrophic prokaryotes production (HPP) represent values integrated over the euphotic zone. Physical and chemical variables (e.g., tem-
perature, salinity, dissolved organic carbon) are averaged within the mixed layer depth.

Season Water  Euphotic Mixed Temp Salinity  DOC Chla PA PP HPP
depth depth layer °C) (psu)  (UM) (ngL™ ! ) (x 10% cellsL™ l) (mgC m24-! ) (mgC m24-! )

(m) (m) depth

(m)
Spring 80128 23+8 16£10 18.14+2.1 33.1+09 72+1 0.75£0.13 1.28 £0.09 216 £26 84+13
Summer 77 +29 31+8 14+6 283+1.1 304+19 86+3 0.75+0.11 0.99 £0.09 264 £ 40 168 £25
Autumn  75£30 21+16 51£23 204+1.7 33.1+£12 64+£2 0.53+£0.04 0.66 £0.08 242 £50 15+4
Winter 78 £29 17+£13  76+£32 13.6£3 335+1 65+2 0.383+0.02 0.46£0.03 89+ 15 9+1

northern hemisphere (Amon and Benner, 1998; Lemée et
al., 2002; Gomes et al., 2015), our results showing con-
sistently high summer peaks in microbiological parameters
are noteworthy. Plankton activities are positively correlated
with temperature in many marine systems, a pattern that
has been widely reported in previous studies (White et al.,

https://doi.org/10.5194/bg-23-3499-2026

1991; Robinson and Williams, 1993), suggesting that ele-
vated summer temperatures may partially contribute to high
HPP. However, assuming a Q1o of 2, a 10° temperature in-
crease from 15 to 25° would yield an approximately twofold
increase in HPP. In contrast, estimates from the observed
seasonal temperature—HPP relationship suggest a fivefold in-
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Figure 4. Seasonal variations of dissolved organic carbon (DOC)
concentrations with values averaged to the mixed layer depth (a),
chlorophyll a (Chl a) concentrations (b), and prokaryotes abun-
dance (PA) (c¢) averaged within the euphotic depth, primary produc-
tion (PP) (d), and heterotrophic prokaryotes production (HPP) (e)
values integrated over the euphotic depth in the northern East China
Sea. Error bars represent standard errors.

crease from 28 to 140mgCm~—2d~! (Fig. S3), exceeding
that expectation. In addition to temperature, positive corre-
lations between HPP and DOC (p = 0.457, p < 0.001) and
between HPP and Chl a (p = 0.398, p < 0.001) indicate that
these factors acted as co-drivers of the consistently elevated
HPP observed in summer, coinciding with the expansion of
YRDW (Fig. 1; Tables 1 and S2).

Since the expansion of YRDW in summer was the most
notable observation in the nECS (Fig. 2), we further analyzed
the impact of YRDW in regulating the HPP to better inter-
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pret the cause-effect relationship on the high HPP in summer.
Firstly, the correlation analysis between salinity and DOC for
three years (2020-2022) consistently revealed a significant
negative relationship (Fig. Sa—c). Especially higher concen-
trations of DOC were observed in August with low salinity
conditions (< 31 psu), which indicated a substantial input of
DOC into the nECS via the inflow of YRDW. Secondly, the
HPP showed a significantly positive relationship with DOC
in the summer of all three years, which suggested that the
high HPP in summer is greatly stimulated by the DOC supply
(Fig. 5d—-f). Moreover, the three-year pooled summer Chl a
data also showed a significant correlation with HPP, indicat-
ing the combined effect of DOC from terrestrial and phyto-
plankton sources (Fig. 6a). Consequently, these correlation
analyses between salinity-DOC-HPP, along with the tight
coupling between Chl a and HPP, clearly demonstrated that
the high HPP in summer is intrinsically stimulated by the in-
put of DOC-rich YRDW and enhanced summer phytoplank-
ton bloom driven by nutrient input (Figs. 5 and 6a). Simi-
lar findings have been reported in the southern ECS (25.4-
31.6°N, 120.5-127.0°E), where HPP in the euphotic depth
was highest during the summer months, coinciding with the
wider distribution of YRDW in summer periods (Shiah et al.,
2003; Chen et al., 2009, 2021). Our results, combining ex-
tensive satellite images analyses, variations of hydrographic
conditions, concentrations of DOC and Chl a, and HPP vari-
ations with season, provide comprehensive and direct evi-
dence on the impact of YRDW in stimulating consistently
high HPP in summer.

Recent climate modeling studies suggest that the inten-
sity of precipitation in East Asia during summer monsoon
period will be increasing with global warming (Li et al.,
2019b, Khadgarai et al., 2021; Qiao et al., 2024). In this
regard, the high HPP in summer in the nECS has a sig-
nificant ecological implication to the microbial oceanogra-
phy of the adjacent seas (i.e., Yellow Sea and East Sea)
where high HPP still prevails in spring. To investigate fur-
ther the potential impact of YRDW on HPP in summer in the
adjacent seas, we assembled available HPP data: (1) from
the East Sea that is affected by the intrusion of YRDW in
summer, and (2) from the Yellow Sea, relatively less af-
fected by the YRDW (Figs. S1 and 5). Indeed, the aver-
age HPP in summer (62 +72mg C m~2d~") of the East Sea
was not significantly different from that measured in spring
(77£94mgCm~2d ") (Fig. S5b, p = 0.518). This relation-
ship suggests that the YRDW directly flowing into the East
Sea via nECS (Chang and Isobe, 2003) stimulates the HPP
in summer. In contrast, the average HPP in summer (22 &
9mgCm~2d~") of the Yellow Sea remained significantly
lower than that measured in spring (75 £58 mgCm~2d™!)
(Fig. S5¢, p < 0.001). Our findings of elevated HPP in sum-
mer of the nECS and the East Sea highlight the importance
of sustained ecological monitoring to better understand the
extensive influence of climate change-induced precipitation
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on the HPP in the nECS and its adjacent seas (Chen et al.,
2021).

4.2 Suppression of HPP during greater YRDW
intrusion

Despite the extraordinarily enhanced DOC input in Au-
gust 2020 (Figs. 4a, 5a and S4a) resulting from the un-
usually heavy rainfall compared to that measured in Au-
gust 2021 and 2022 (Figs. 1c, 2¢ and 4a), the HPP value in
2020 remained similar to that of 2021 and 2022 (Figs. 4e
and S4b). This result suggests that a substantial fraction
of the DOC transported to the nECS via YRDW in sum-
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mer 2020 contained much more recalcitrant dissolved or-
ganic matter (DOM) for HP metabolism (Guo et al., 2014;
Li et al., 2020; Chen et al., 2024). Indeed, the fluores-
cence intensity of the FDOMpy (i.e., humic-like FDOM,
Coble, 1996) was highest in the high DOC range (> 90 uM)
(Fig. 7a) within the YRDW fraction (< 28 psu) (Fig. 7b) in
August 2020. Consistent with this, the HIX, a proxy for the
refractory nature of DOM (Hansen et al., 2016; Li et al.,
2019a), also reached its highest level (1.79 £0.36) in Au-
gust 2020 (Fig. 6¢). HIX reflects the relative contribution
of humic-like FDOM in the DOM pool, which is gener-
ally characterized by high aromaticity, molecular weight, and
structural complexity (Hansen et al., 2016). Such humic-like

Biogeosciences, 23, 3499-3515, 2026



3508

Y.-J. Baek et al.: Yangtze River discharge regulates heterotrophic prokaryote dynamics

r August 2020 ‘l
g A 77O 09 T O Feb. 2020
— (A) ~ ! — N O May. 2020
5 g 5 Aug. 2020
. : J O Nov. 2020
e x 0.6 O Fgl\)l.2021
- T O May. 2021
Aug. 2021
% % 03 m] st 2021
a a = A Feb. 2022
™’ TR A May. 2022
Aug. 2022
0.0 . . . 0.0 e A Nov. 2022
20 50 80 110 140 24 26 28 30 32 34 36
DOC (uM) Salinity (psu)
2.0
(©)
x 1.5 4
I
1.0 -
05 T T T T T T T T T T T T

Feb. May Aug. Nov. Feb. May Aug. Nov. Feb. May Aug. Nov.

2020

2021

2022

Figure 7. Relationships of dissolved organic carbon (DOC) and salinity with humic-like fluorescent dissolved organic mat-
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FDOM are known to exhibit low biogeochemical reactiv-
ity and resistance to microbial degradation, resulting in their
persistence in aquatic environments (Yamashita and Tanoue,
2008; Cao et al., 2019). Under these conditions, HP tend to
utilize organic matter primarily for cell maintenance (i.e., for
energy-yielding respiration) rather than for biomass synthe-
sis (i.e., production) (Carlson et al., 2007; Fasching et al.,
2014).

A plausible explanation for maintaining a low bioavailable
DOC pool in August 2020 is the reduced PP observed dur-
ing that period (Fig. 4d). The Yangtze River carries a large
amount of sediment into the estuary (ca. 4.86 x 108tyr’1),
making it one of the most turbid estuaries in the world (Guo
et al., 2014). This high turbidity can result in limited pho-
todegradation of humic substances in the Yangtze River Es-
tuary (Li et al., 2015). The YRDW, which contains abundant
terrestrial humic substances, can reach the nECS after pass-
ing through this highly disturbed area, driven by southeast-
erly winds (Fig. S1). The strong signals of FDOMy in Au-
gust 2020, when YRDW input was greatest, suggest both ele-
vated terrestrial input and limited photodegradation (Fig. 7b).
This implies that a more turbid water plume reached the
nECS in 2020 than in 2021 and 2022. Indeed, the average
euphotic depth in August 2020 was only 26 =4 m, compared
to 336 m and 34£11 min 2021 and 2022, respectively. This
higher turbidity likely limited light penetration, resulting in
reduced PP and a diminished supply of labile DOC (Huguet

Biogeosciences, 23, 3499-3515, 2026

et al., 2009; Jiang et al., 2016). As a result, the DOM pool
in August 2020 was characterized by a higher relative con-
tribution of refractory DOC, as reflected in the elevated HIX
values (Fig. 7c¢).

Consequently, although the intrusion of YRDW supplying
a substantial amount of bioavailable DOC in summer signif-
icantly stimulates HPP (Fig. 5), exceptionally great YRDW
input, as it was observed in August 2020 (Fig. 5a), likely al-
tered DOC quality by oversupplying terrestrial recalcitrant
DOM and reduced PP by limiting light availability in turbid
water column, thereby limiting the additional stimulation of
HPP (Fig. 4e).

4.3 TImpact of YRDW on phosphorus limited HPP

The Yangtze River has been reported to change the nutrient
balance in the ECS by excessive DIN influx and relatively
low DIP influx (Chen et al., 2020). In the turbid estuary, the
DIP is generally removed by suspended particles (Lopez et
al., 1996), which consequently triggers a nutrient imbalance
(i.e., high N : P ratio) in the Yangtze River Estuary. In gen-
eral, DOC is recognized as the major limiting substrate for
HP growth in the ocean. However, since pico-sized prokary-
otes have a high surface area-to-volume ratio that requires
more phospholipids to make up cell membranes and con-
tain higher nucleic acids (P-rich) fractions than phytoplank-
ton on a per-cell basis, they have relatively high P demand
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for growth (Goldman et al., 1987; Fagerbakke et al., 1996).
This frequently results in a P-limited growth of HP in vari-
ous marine environments (Thingstad et al., 2005; Yuan et al.,
2011).

To directly demonstrate the impact of YRDW in regulat-
ing HP growth, we conducted three incubation experiments
under different DOC and P conditions (Fig. 8; Table 2). The
first experiment was carried out in August 2020 at the nECS
site (Fig. 8a; Exp. 1 in Table 2) where the hydrographic con-
dition was characterized by the expansion of the YRDW with
high N : P ratio (34) and exceptionally high DOC containing
high humic-like FDOM (Fig. 7). The second experiment was
conducted during the same summer as the first experiment
in the East Sea where the water mass was dominated by the
high T-S TWW with N : P ratio of 15.09 (Fig. 8b; Exp. 2 in
Table 2). The HPP was stimulated in P-amended samples ex-
clusively at the YRDW-prevailing nECS site (Fig. 8a), while
HPP was stimulated in glucose amended samples at TWW-
prevailing East Sea site (Fig. 8b). Considering the highest
DOC concentration (91 uM) and an abnormally high N:P
ratio (34) (Table 2), the results indicated that intrusion of P-
depleted YRDW was primarily limiting the HPP in the nECS
in summer (Fig. 8a; Table 2). Based on the two experiments,
we further hypothesized that if YRDW is not prevailing in
the nECS, the HPP is not likely to be limited by the P de-
ficiency. To confirm the hypothesis, we conducted the third
experiment at the nECS site in April 2021 when the water
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mass was dominated by the Kuroshio source current (TWW
and TWC) with high salinity (Fig. 8c; Exp. 3 in Table 2). In-
deed, the HPP was stimulated only in the samples amended
by glucose (+C, +CN and +CP). Combining these three
growth-limiting resource experiments conducted at different
water regimes in time and space demonstrates that the HPP in
the nECS is closely regulated by the hydrographic conditions
varying with season. It is primarily limited by P availability
in summer when YRDW prevails, whereas organic carbon
limitation is more significant in other seasons when Kuroshio
source current (TWC and TWW) dominates (Fig. S1).

This P deficiency may have also influenced phytoplank-
ton composition and their production of bioavailable or-
ganic matter, ultimately affecting HPP. In August 2020, de-
spite the tight coupling between HPP and DOC (p < 0.001,
Fig. 5d), there was no significant correlation between HPP
and Chl a (p = 0.405, Fig. 6b), unlike the patterns observed
in other years (Fig. 6¢ and d). This uncoupling between HPP
and phytoplankton-derived organic matter suggests a possi-
ble shift toward smaller phytoplankton communities under
P limitation (Fig. 6b). Previous studies in the ECS have re-
ported that elevated N : P ratios associated with YRDW in-
puts can drive shifts in phytoplankton community structure,
transitioning from larger diatom dominance to smaller phy-
toplankton such as cyanobacteria, small dinoflagellates, and
cryptophytes that prefer environments with low DIP avail-
ability (Gomes et al., 2018; Park et al., 2022). Such DIP limi-
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Table 2. Physico-chemical variables at the sampling depth where water samples for conducting resource-limitation experiments were col-

lected.
Station Water Season Depth Temp Salinity DIN DIP N:P DOC
mass (m) (°O) (psw) (M) (UM) (UM)
Experiment 1 ~ Northern YRDW August 10 28 28 4.07 0.12 3392 91
East China Sea 2020
Experiment 2  East Sea TWW August 10 15.6 335 845 056  15.09 69
2020
Experiment 3 ~ Northern Kuroshio  April 10 12.9 32.6 - 0.40 - 65
East China Sea  source 2021

water

tation on phytoplankton growth may be further intensified by
competition with HP that can be more efficient in acquiring
phosphorus under high-DOC and low-P conditions driven by
YRDW (Drakare, 2002). Moreover, exudates released from
P-depleted phytoplankton tend to be less bioavailable for HP
growth by supplying more recalcitrant organic carbon that is
poorly suited for bacterial uptake (Kragh and Sgndergaard,
2009; Puddu et al., 2003). Therefore, severe P deficiency
induced by the excessive input of YRDW results in uncou-
pling between HPP and phytoplankton-derived organic mat-
ter (i.e. P-depleted exudates), leading HPP in August 2020 to
rely primarily on terrestrial DOC (Fig. 5d).

Together with the refractory properties of the DOC and
the reduced PP driven by high turbidity (Fig. 7), this P-
limited HPP (Fig. 8a) and its uncoupling with phytoplankton
(Fig. 6b) in August 2020 provide further evidence explain-
ing why HPP was not so great even in summer 2020 with
exceptionally high DOC compared to that measured in sum-
mer 2021 and 2022 (Fig. 4e). In a P-starved condition, HP is
unable to synthesize nucleic acids, protein, and ATP, which
limits their ability to replicate cells and metabolize (i.e., de-
grade and uptake) organic carbon (Obernosterer et al., 2003;
Kritzberg et al., 2010).

4.4 Impacts of YRDW in intensifying microbial food
web

Given that the YRDW delivers high DOC but low phos-
phorus to the continental shelves of the ECS, it may alter
substrate availability and affect the structure of both het-
erotrophic and autotrophic communities (Gomes et al., 2018;
Kim et al., 2022), potentially leading to shifts in the relative
contributions of basal producers (i.e., HP and phytoplank-
ton) to food web dynamics and ecosystem carbon cycling.
To evaluate the carbon flow through the microbial food web,
we calculated the ratio of HPP to PP, representing the propor-
tion of carbon flowing through HPP relative to PP (Fig. 9).
The HPP : PP ratios observed in February and November fell
within the global average 0.15 (Fig. 9a, Ducklow, 2000).
However, in May, HPP : PP ranged from 0.25 to 0.53, and
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notably, it consistently exceeded 0.5 in August (Fig. 9a).
This result indicates that the microbial food web is signifi-
cantly enhanced in the nECS, especially in summer support-
ing a comparable amount of carbon flow through the micro-
bial food web (Rowe et al., 2025). Notably, in August 2020,
when the influence of YRDW was particularly strong, the
high HPP : PP ratio (up to 0.84) is likely due to the stimulated
HPP and reduced PP, resulted from increased DOC input and
high turbidity, respectively (Fig. 4d and e). This suggests that
climate change-induced precipitation may increasingly de-
liver turbid, DOC-rich, but nutrient-imbalanced freshwater to
the ECS, ultimately resulting in basal production being more
strongly sustained by HP than by phytoplankton, thereby
driving the ECS toward a more microbially dominated food
web. Such a shift could reduce the efficiency of energy trans-
fer to higher trophic levels, potentially affecting fishery re-
sources (Berglund et al., 2007; Rowe et al., 2025). Support-
ing this trend, compiled historical summer data over the past
two decades revealed a gradual increase in HPP : PP ratios
in the ECS (Fig. 9b). This finding suggests ongoing environ-
mental changes, including warming and intensified precipi-
tation events (Belkin, 2009; Khadgarai et al., 2021; Qiao et
al., 2024), may increasingly shift carbon flow toward the mi-
crobial food web rather than the classical grazing food chain.
Therefore, our results highlight that YRDW runoff driven by
climate change can significantly alter the trophic structure
and energy transfer efficiency in the ECS, ultimately affect-
ing fisheries by favoring smaller-sized consumers. To better
understand these dynamics, further microbial oceanographic
studies are needed to elucidate how YRDW influences inter-
actions between HP parameters (i.e., respiration and carbon
demand) and phytoplankton parameters (i.e., biomass and
production). Such efforts are essential for assessing current
ecosystem functioning and predicting future shifts in micro-
bially mediated carbon cycling and metabolic balance (i.e.,
heterotrophy vs. autotrophy) in the nECS.
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Figure 9. Seasonal variations in the ratio of heterotrophic prokary-
otes production to primary production (HPP:PP) in the north-
ern East China Sea (a), and long-term variations in HPP: PP in
the ECS (b) (data adapted from Shiah et al., 2003; Chen et al.,
2006, 2014). The horizontal dashed line indicates the global average
HPP : PP ratio of 0.15 (Ducklow, 2000).

5 Conclusion

For the first time in the nECS, to our knowledge, we demon-
strate that the YRDW substantially alters the concentra-
tions and bioavailability of DOC and nutrient regimes, and
thus has a significant impact on either stimulating or sup-
pressing HPP. In general, the YRDW was a major contrib-
utor to elevated HPP in the nECS during summer by sup-
plying DOC and stimulating high phytoplankton biomass
(Figs. 5d and 6a). However, an exceptionally large-scale
YRDW runoff with P-deficiency and limited DOC bioavail-
ability rather suppressed the HPP (Figs. 7 and 8). These dual
contrasting impacts of YRDW, either stimulating or sup-
pressing the HPP, partially modify the generally applicable
conventional understanding that the YRDW stimulates HP
activity in the ECS (Shiah et al., 2003; Chen et al., 2009).
The current ECS is undergoing drastic environmental
changes resulting from rapid increases in sea surface tem-
perature and heavy rainfall, as well as dam construction by
human activities. These factors are transforming the cur-
rent ECS into a different environment from what it was
10 or 20 years ago (Fig. S2, Qiao et al., 2024). For ex-
ample, the P-limited condition under high YRDW input
would enhance the biomass of smaller-sized phytoplank-
ton such as cyanobacteria, small dinoflagellates, and cryp-
tophytes (Gomes et al., 2018; Park et al., 2022), which might
reduce the PP in the ECS (Gong et al., 2006; Lee et al., 2024;
Fig. 4d). Consistent with this, the HPP : PP ratio has gradu-
ally increased over the past two decades (Fig. 9b), suggesting
an intensifying microbial food web and shifts in ecosystem
structure in the ECS. These changes imply that food web ef-

https://doi.org/10.5194/bg-23-3499-2026

ficiency may decline, with more carbon cycled through mi-
crobial pathways rather than transferred to higher trophic lev-
els. Such restructuring can ultimately impact the composition
and productivity of fisheries. These results may also be rele-
vant in other ocean basins that receive large terrestrial DOM
inputs, and are experiencing climate warming along with in-
creased precipitation and riverine inputs (e.g., Amazon River
and Arctic Ocean).
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