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Abstract. Transport and cycling of dissolved organic carbon (DOC) are mest-active in estuaries. However, a comprehensive
understanding of the sources, sinks, and transformation processes of DOC throughout the river-estuary-ocean continuum is
yet to be derived. Taking the Changjiang Estuary and adjacent shelf sea as a case study area, this study applies a physics-
biogeochemistry coupled model to investigate DOC cycling in the river-estuary-ocean continuum. DOC is classified into two
types depending on the origin, namely terrigenous DOC (tDOC) and marine DOC (mDOC). Simulation results were
compared with observation and showed a satisfactory model performance. Our study indicates that in summer, the
distribution of DOC in the Changjiang Estuary is driven by both hydrodynamics and biogeochemical processes, while in
winter, it is primarily driven by hydrodynamics. The spatial transition from terrigenous-dominated DOC to marine-
dominated DOC occurs mainly across the contour line of a salinity of 20 PSU. Additionally, the source-sink patterns in
summer and winter are significantly different, and the gradient changes in chlorophyll-a indicate the transition between
sources and sinks of DOC. A five-year averaged budget analysis of the model results indicates that the Changjiang Estuary
has the capability to export DOC, with tDOC contributing 31% and mDOC accounting for 69%. The larger proportion of
mDOC is primarily attributed to local biogeochemical processes. The model offers a novel perspective on the distribution of

DOC in the Changjiang Estuary and holds potential for its application in future organic carbon cycling of other estuaries.

1 Introduction

Dissolved organic carbon (DOC), as the largest pool of reduced carbon in the oceans (Hansell et al., 2009), is transported
from rivers to oceans in the amount of approximately 0.25 Gt each year (Bauer and Bianchi, 2011). DOC is typically defined
as the fraction of organic carbon -in-the-eeean-that can pass a pore size filter ranging from 0.2-0.77um, with decomposition
time scales varying from hours to years (Asmala et al., 2014; Carlson and Hansell, 2015; He et al., 2016).

Estuaries serve as a key interface between the land and ocean, typically displaying pronounced gradients in biogeochemical
variables, such as salinity, turbidity, and organic carbon (Bauer et al., 2013; Ma et al., 2023; Zhang et al., 2021). DOC in
estuaries is predominantly derived from river inputs and marine in situ production (Hu et al., 2020; Benner and Opsahl,

2001). Terrigenous DOC (tDOC), which originates from terrestrial sources (e.g., soils) and is delivered from rivers, is
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relatively susceptible to photodegradation but resistant to microbial degradation (Helms et al., 2008), while marine DOC
(mDOC) derived from fresh marine plankton production, tends to be eensumed-removed biochemically (Guo et al., 2021;
Fellman et al., 2010). DOC of both origins can be transformed through complicated biogeochemical processes, including
being converted into particulate organic carbon (POC) through heterotrophy and flocculation or into dissolved inorganic
carbon (DIC) through respiration (Bauer et al., 2013; Medeiros et al., 2015b). Therefore, DOC in estuaries is vital in the
coastal biogeochemical carbon cycle and marine ecosystem (Meng et al., 2022; Tian et al., 2021; Herrmann et al., 2015).
Estuarine hydrodynamic environment, including the river runoff, tides, and estuarine turbidity maximum region, can
significantly influence the distribution of DOC and corresponding biogeochemical processes (Li et al., 2015; Osterholz et al.,
2016; Le and Hu, 2013). In recent years, increasing attention has been paid to understanding the distribution and
transformation of DOC in estuaries. Increased concentrations of DOC have been observed in freshwater river plumes in
several estuaries, which are attributed to elevated primary production and low microbial decomposition (Marcinek et al.,
2020). Production of DOC in estuaries is promoted in summer by the exudation of surface phytoplankton and the dissolution
of POC from deeper regions in the water column (Druon et al., 2010). DOC concentration is significantly higher inside
estuaries than outside (Ji et al., 2021; Guo et al., 2021; Benner and Opsahl, 2001). However, how DOC is retained in
estuaries and how much DOC from estuaries is exported to open shelf seas remain unclear. In some estuaries (e.g., the Pearl
River estuary), existing studies showed that a significant portion of DOC is exported to shelf area; a unitary alteration in
terrestrial DOC input results in an approximate 0.92-unit response in carbon export flux, whilst studies from other estuaries
indicated that exported DOC is removed in a short time near the estuary mouth (Guo et al., 2021). A conceptual model
considering the turnover of DOC in estuary suggested that ~5% tDOC may be exported to the open ocean at a global scale
(Anderson et al., 2019). Quantifying the contributions and impacts of individual processes for source-to-sink pathways of
DOC in estuaries is challenging, and deserves focused attention and analysis (Kumar et al., 2022; Zhao et al., 2023; Sun et
al., 2022; Martineac et al., 2021).

The Changjiang River is the world’s fifth-largest river in terms of discharge (8.98%10!! m? year!) (Zhang et al., 2022; Yang
et al., 2015). Its estuary (Changjiang Estuary) receives large amounts of freshwater and nutrients every year (Gu et al., 2012).
It has been estimated that the Changjiang River delivers approximately 1.5~1.9 Tg DOC to the East China Sea (Wang et al.,
2012; Shi et al., 2016). Besides, because of a high sediment discharge and interaction between river runoff and tides, a
prominent and persistent turbidity maximum zone exists in the estuary (Ge et al., 2015; Sokoletsky et al., 2014). In this
highly dynamic estuary, terrigenous input, and the functioning of the coastal ecosystem jointly control the cycling of DOC.
Existing observations show that DOC concentration in the Changjiang Estuary is lower in winter than in summer, probably
due to higher primary production and elevated input of tDOC through the river runoff (Ji et al., 2021). On the other hand,
DOC is removed rapidly in this area due to intense photooxidation and microbial degradation (Guo et al., 2021). Due to the
diverse sources and pathways associated with DOC, a more specific exploration is needed to understand the source, sink, and

transportation through Changjiang Estuary within the context of physical and biogeochemical processes at the estuary.
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This study combines field observations and high-resolution numerical modeling to investigate the source-to-sink pathways
and transformation of DOC in the Changjiang Estuary by distinguishing tDOC and mDOC. In order to derive a process-
based understanding of the DOC cycling in the river-estuary-ocean continuum, we quantified the impacts of relevant
biogeochemical processes, analysed key hydrodynamic and biogeochemical factors, and estimated the transport fluxes across

different compartments from the estuary to the open ocean.

2 Methods and Data
2.1 Model description

A three-dimensional hydrodynamic model coupled with a biogeochemical model is applied in this study. The physical model
is the unstructured grid, Finite-Volume Community Ocean Model (FVCOM) (Chen et al., 2003), providing simulations of
physical properties and hydrodynamic processes in the study area. The finite volume method and use of an unstructured grid
in FVCOM facilitate the handling of intricate geographic boundaries as estuaries and islands with irregular shorelines (Chen
et al., 2013). An integrated model, FVCOM-SWAVE, was incorporated into FVCOM for the simulation of waves and wave-
current interactions (Qi et al., 2009). Besides, FVCOM encompasses a sediment transport model to simulate sediment and
suspended particulate matter (SPM) dynamics (Ge et al., 2015). A complete coupling of current-wave-sediment interactions
is implemented in FVCOM (Wu et al., 2011; Ge et al., 2018; Ge et al., 2020).

The European Regional Seas Ecosystem Model (ERSEM) is a biogeochemical and ecological model for complex
ecosystems in both pelagic and benthic environments of regional seas (Butenschon et al., 2016). It offers a platform for
simulating the microbial food web and major biogeochemical cycles, including carbon, nitrogen, phosphorus, silicate, iron
cycling, calcification, and a light model based on inherent optical properties. We used the Framework for Aquatic
Biogeochemical Models (FABM) (Bruggeman and Bolding, 2014) as a coupler for data exchange between the
hydrodynamic model (FVCOM) and the biogeochemical model (ERSEM).

2.2 DOC cycle module

The DOC cycle module in the coupled FVCOM-ERSEM model distinguishes terrigenous and marine components in the
river-estuary-shelf continuum (Anderson et al., 2019; Powley et al., 2024). A schematic of the DOC module is shown in Fig.
1. DOC represents the carbon fraction within dissolved organic matter (DOM) (Hopkinson and Vallino, 2005). As for
terrigenous components, terrigenous DOM contains a significant portion of aromatic compounds (Verhoeven and Liefveld,
1997), which tends to be photo-oxidized while resistant to decomposition by microorganisms (Opsahl and Benner, 1998;
Hudson et al., 2007). Therefore, based on the unified DOM model (UniDOM) (Anderson et al., 2019), tDOC is divided into
photolabile (Ti) and non-photolabile (T2) pools. Ti undergoes photodegradation and flocculation but is not prone to
microbial decomposition, while T> does not undergo photodegradation and flocculation but is prone to microbial

decomposition. Both T1 and T2 are further divided into three components to take into account the decrease of turnover rate

3
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over time (Table S1). The three components represent turnover time scales of 30 days, 8 years, and 70 years, respectively,
following existing reference studies (Catalan et al., 2016; Evans et al., 2017; Anderson et al., 2019). T: comprises T1 30d,
T1 8y, and T1 70y, while T2 comprises T2 30d, T2 8y, and T2 70y. In the model, tDOC cycling is affected by three
biogeochemical and physical processes, namely (1) photolysis, (2) bacterial uptake, and (3) flocculation. In the marine
components, mDOC is categorized into three pools (Ri, Rz, and R3) derived from the dynamic decomposition model in
ERSEM, labelled explicitly as labile, semi-labile, and semi-refractory mDOC. This classification is determined by
considering degradation timescales and production mechanisms. Based on the nomenclature by Hansell (2013), the existing
biological model does not account for the century-scale lifespan of refractory DOC (Butenschon et al., 2016; Polimene et al.,
2007). Given that our simulation period ranges for five years, this simplification is considered reasonable. mDOC primarily
originates from the mortality and excretion of bacteria, as well as the excretion and mortality of phytoplankton and
zooplankton. It is subsequently consumed through bacterial uptake. In the model, mDOC cycling is influenced by six
biogeochemical processes, namely (1) phytoplankton mortality, (2) phytoplankton excretion, (3) zooplankton mortality, (4)
zooplankton excretion, (5) bacterial uptake, and (6) bacterial excretion. A detailed description and equations of the cycling

and associated parameterizations are given in Text S1 from the Supplementary Information.
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Figure 1. The flow diagram presents the sink and source terms of DOC.
2.3 Model setup for the study area

The model domain for the Changjiang Estuary (Fig. 2) extends from the Datong hydrological station as the upstream
boundary in the Changjiang River to the inner shelf of the East China Sea (ECS).
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Figure 2. Map of the study area. The panel (a) shows the location of the Changjiang Estuary, with the red rectangle indicating the study
area. The panel (b) presents the model domain resolved by a triangular grid. The circles mark the sampling locations of DOC
concentration between 2006 and 2017, distinguished by different coloured circles. The red solid line is the selected transect from the river
channel to the open shelf region for analysis.

The spatial resolution of the model grid is between 1 and 3 km near the river mouth, and between 4 and 15 km at the open
boundary. The upstream river boundary at the Datong station is forced by the daily recorded freshwater discharge and SPM
flux. Meanwhile, nutrient concentrations, tDOC, and POC concentrations are-speetfied-at the river boundary_are specified

according to previous measurements in river channel. The organic carbon concentrations based on the climatological average

concentration at the river boundary for reference are derived from field observations conducted by multiple origins (Shi et al.,
2016; Guo et al., 2014; Wang et al., 2012; Zhang et al., 2014; Liu et al., 2013; Liu et al., 2019). Open boundary conditions
are derived from a shelf-scale FVCOM extended to the East China Sea (ECS) to provide astronomical tides and ocean
circulations (Ge et al., 2013; Ge et al., 2020). Atmospheric forcing is derived from the global climate and weather reanalysis

hourly dataset ERAS produced by the European Centre for Medium-Range Weather Forecasts (ECMWF). This includes the
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10-meter surface wind speed, long waves, short waves, and sensible and latent radiation flux at a spatial resolution of 0.125°.
The atmospheric partial pressure of CO2 (pCO?2) is set to a constant value of 385 ppm. The sea surface temperature was-is
assimilated using high-resolution satellite data from GHRSST/JPL (https:/podaac.jpl.nasa.gov/GHRSST), with a spatial
resolution of 0.011°. Waves and sediment dynamics were-are incorporated into the model (Ge et al., 2013). The model
simulation covers a five-year period from 2013 to 2017, with a computational time step of 6 s.

A key configuration of parameters associated with DOC cycling in the coupled ERSEM model could be referred to Table S1
in the supplementary information. After undergoing univariate verification (chlorophyll-a) and multivariate verification
through the application of principal component analysis (involving factors such as temperature, salinity, sediment, and
nutrients) in the Changjiang Estuary, this coupled model FVCOM-ERSEM was utilized within the framework developed by
Ge et al. (2020) for further simulation and analysis of DOC.

2.4 Data compilation and synthesis

To enhance our understanding of DOC cycling in the Changjiang Estuary, we have compiled and synthesized historical data
of DOC concentration based on observations. The procedure included data retrieval, extraction of image-based data, data
cleaning (involving the removal of duplicate and outlier values, exclusion of data outside the research area, and
standardization of data units), as well as data visualization. The sites of DOC observation are shown in Fig. 2. A compilation
of all data sources is listed in Table 1. In this compiled dataset, 869 data points are for the surface water, and 757 data points
are for the bottom water which corresponds to a location 2-5 meters above the local seabed. The dataset encompasses
observation in all four seasons from the period of 2006 - 2017 in the region stretching from the south branch of the

Changjiang Estuary to the adjacent coastal area.

Table 1. The reference sources of historical DOC concentration data.

Time Surface Number Bottom Data Source
Number

July 2006 12 - Shi et al. (2013)

January 2007 12 12 Shang et al. (2012)

November 2007 12 12 Zhang et al. (2011)

May 2010 47 36 Zhang et al. (2013)

February 2012 21 21

May 2012 21 21 Xing et al. (2014)

August 2012 22 22
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November 2012 22 22

March 2013 85 85 Wang et al. (2014); Gao et al. (2020)
August 2013 28 30 Yuan et al. (2015)
February 2014 106 106 Gao et al. (2020)
May 2014 7 - Guo et al. (2018)
July 2014 100 104 Gao et al. (2020)
October 2014 8 - Guo et al. (2018)
July 2015 94 18 Gao et al. (2020)
November 2015 26 26 Zhang et al. (2018)
March 2016 89 89

Gao et al. (2020)
July 2016 87 84
February 2017 26 26
May 2017 27 26 Guo et al. (2021)
July 2017 17 17

3 Results

3.1 Model validation

The FVCOM-ERSEM coupled model has been proven to reproduce the distribution of chlorophyll-a, nutrients, and
suspended sediment concentration in the Changjiang Estuary effectively (Ge et al., 2020). In this study, we assess the model
performance in the DOC concentration. Based on the compiled observational dataset, a comparison was conducted between
the model results and the observation data (Fig. 3). Because the observational data include only monthly records, a point-to-
point comparison was performed using model monthly-averaged data corresponding to the respective time periods, covering
the simulation time from 2013 to 2017. The scatter plots (Fig. 3a, b) show a general agreement between the model results
and observations with root mean square deviation (RMSD) of 282 and 249 mg m? in the surface and bottom water,
respectively, and the normalized RMSD is 0.25 for both layers. The statistical results of the DOC concentration comparison
are displayed in the Taylor diagram (Fig. 3c), which shows that the centred RMSD for both the surface and bottom water is

below 250 mg m™, with the standard deviation (SD) remaining around 300 mg m™. The correlation coefficient (CC) is close
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to 0.7. In addition, the spatial distribution of simulated DOC also shows a similar range with the observation data at a
seasonal scale (Fig. S1 in the Supplementary Information). Based on these overall good agreements with observation data,

the model proves to be capable of capturing the distribution and variation of DOC in the Changjiang Estuary.
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Figure 3. Model comparison with observational data for the period from 2013 to 2017 in the surface and bottom water, respectively. (a)
and (b) represent scatterplot density maps of the model-observation comparison for the surface and bottom water, respectively. Color
denotes the density of data points. (¢) depicts the Taylor diagram, with the orange triangle representing the data in the surface water and
the red diamond representing the data in the bottom water.

3.2 Distribution of DOC and its components tDOC and mDOC

To figure-eutevaluate the seasonal distribution characteristics of DOC, the seasonal average of the model results over the
years 2013-2017 was calculated for all four seasons. Results indicate two distinct seasonal patterns in summer and winter
(Fig. 4).

Spatially, there is a declining trend in DOC concentrations from the river to the offshore region. Maximum DOC
concentrations are typically found close to the river channel. In general, DOC concentration in the summer season is higher
than in the winter season and exhibits a more extensive distribution of high concentration values (> 1400 mg m™). This
phenomenon is attributed to the increased summer runoff and prevailing southerly winds. In winter, driven by the northerly
winds, the freshwater plume shifts southward, with a subsequent southward shift of DOC distribution. Meanwhile, because
of reduced river runoff and strengthened tidal effects, the dispersion range of DOC is constrained. Furthermore, in summer,
there is a more distinct difference of DOC between the surface and bottom layer, while during the winter, the vertical
differences are relatively minor. In the contour maps of DOC and salinity distribution, the nearshore DOC distribution
closely resembles the salinity distribution, highlighting that physical mixing predominantly governs the distribution of DOC
at the estuary. However, during the summer, at the boundary of transition between plume and saltwater (Salinity=31), the
distribution of DOC shows no significant correlation with salinity, whereas, in winter, their distributions exhibit a higher

consistency.
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Spatial distribution of DOC concentration along the pre-defined transect (Fig. 2) provides more details of the change from
the estuary towards the offshore region (Fig. 4e-f). In summer, a notable stratification exists in the region where salinity
exceeds 20 PSU along the transect. The vertical distribution of DOC is highly similar to the salinity contour within low- and
mid-salinity (salinity<20) regions, showing aligning with conservative mixing with salinity, while the inconsistent
distribution of DOC in higher salinity may be attributed to the dominance of other signals, such as local biogeochemical
process in deep region. In winter, enhanced mixing due to surface cooling leads to a nearly homogencous DOC
concentration in the water column with little vertical gradient. These distribution characteristics suggest that in summer, the
distribution patterns of DOC in the low- and mid-salinity area are dominated by physical hydrodynamics, while in the
offshore area, there are other factors influencing the distribution of DOC. In winter, it is primarily driven by hydrodynamic
factors.

The total DOC concentration is divided into tDOC and mDOC for analysis of the origin. The proportion of tDOC shown in
Fig. 5 shows that the isoline of 0.5, which indicates that the proportion of tDOC and mDOC is equal, is located quite close to
the contour line of salinity of 20 PSU in both summer and winter seasons. It can be seen that the distribution of tDOC is
largely constrained by the transport of diluted water. The extension of tDOC is broader, and differences between the surface

and bottom layers are more pronounced in summer than in winter.
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3.3 Time series variation of DOC in the estuary

To further figure—outidentify the driving mechanisms for the distribution of DOC and its components, the study area is
divided into four sub-regions (Fig. 6a, b) based on the distribution of salinity, namely the river channel, the river mouth, the
river plume, and the open shelf. Considering the temporal variation of the river plume, delineation of the sub-regions is
distinguished between wet (May to October) and dry (November to April) periods.

The time series of DOC and its components tDOC and mDOC spatially vertically averaged in each sub-region is shown in
Fig. 6¢c-e. Concentration of the total DOC gradually decreases from the river channel to the continental shelf, and the
concentration in the plume area is comparable to that in the open shelf region. The temporal variation of DOC in the river
channel is mainly influenced by the climatological average concentration of DOC input from the river boundary, which does
not exhibit a distinct summer-high and winter-low single peak pattern. Instead, the temporal variation of the DOC from river
discharge shows a generally lower level in the first five months of the year (Jan-May) compared to the following seven
months (June-December) but superposed with large monthly fluctuations. Such river discharge-induced variation also
significantly affects the DOC concentration in the river mouth sub-region. By contrast, the plume and open shelf region
exhibit pronounced summer-high and winter-low pattern with relatively smooth transition in spring and autumn. Our
modelled variation of total DOC concentration is consistent with previous observational studies (Liu et al., 2014; Ji et al.,
2021; Guo et al., 2021; Han et al., 2021). This variation is associated with the change of terrigenous and marine components
(Fig. 6d, e). tDOC decreases gradually from the river to the open shelf region, whilst mDOC shows an opposite trend. The
river channel and river mouth sub-regions are dominated by tDOC, which contributes to more than 85% of the total DOC. In
the plume area, the concentration of mDOC becomes larger than tDOC, suggesting a shift of dominance in the origin. The

open shelf sub-region is dominated by mDOC, which takes up more than 90% of the total DOC.

14



Tive,

31.5°N A

(a)
Dry Period

120.0°E 121.0°E 122.0°E 123.0°E 124.0°E

live,
31.0

31.5°N A
5.0

(b)
Wet Perio

0.1

31.0
5.0
0.1
0.0

Salinity (PSU)

Salinity (PSU)

30.5°N A
1ZU.U°C 1Z1.U°C 1ZZ.U°C 1Z5.U°C 124.U°C 0.0
2000
o
i
€
o
£
Q 4
o 1000 river channel
o river mouth
~—— plume
5004 —— open shelf region
2000
Q
o 1500
o
)
3 E 1000
s o
2E
= 500
&
0
7 10001 (€)
€
o 800 1
£
O 600
o
O 400
g |
= 200 A
g N N L I e NUPIITY Ny ORGP U] IS WPV Y ) | V0¥ ATV Supy N Y o
0 e e ————— e —————— T~
2013 2014 2015 2016 2017 2018

15




230

Terrigenous DOC

(a) [ver
an,,e/
31.0
?
31.5°N a
50 >
)=
©
%)
0.1
Dry Period ad
30.5°N = 0.0
120.0°E 121.0°E 122.0°E 123.0°E 124.0°E
(b) - rive,
chan,,e/ -
?
31.5°N e
50 >
=
©
%)
0.1
Wet Period
30.5°N — 0.0
120.0°E 121.0°E 122.0°E 123.0°E 124.0°E
2000
(c)
=
S’1500 \/\/\ M \\/ / M
£ L \ | / N\Hﬁ ., e / \‘:ﬁ\{]\\
8 1000 \,wa W‘\W Mt N ‘\/ ’VM —— river channel
[a] \/ ~—— river mouth
—— plume
500 —— open shelf region
2000 (d)
1500
o Man o |
1 i/‘\\,\ M ,J/\\‘/R\’I/\M‘” A ’ Y V‘r“/\\/‘r/\/\\' ‘A\ /‘ h\(\*‘w—\v/w\ /\W\jﬁhﬂ/ V\\Vv('/v\»d‘\ " / ‘\ﬂﬁ"\/’!‘lﬂy
51000 o by {J L v‘ ‘*NM"V \/A L [y W}N/ N
r
E U
- WWWMMM

2013 2014 2015 2016 2017 2018

Figure 6. The partition of the model study area into four sub-regions based on the vertical average of salinity (a, b). The region with
salinity less than 0.1 PSU is classified as the river channel, 0.1-5 PSU is the river mouth, 5-31 PSU is the plume, and the reminder region
with salinity greater than 31 PSU is defined as an open shelf region. Time series of the concentration of total DOC (¢) and its components
tDOC (d) and mDOC (e) in the four sub-regions. Blue, orange, green, and red lines represent regions of river, river mouth, plume, and
open shelf region, respectively, and all concentrations are regional vertical averages.
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The distribution and cycling of DOC are intimately linked with various biogeochemical processes. The daily vertical average
rate in different processes that act as source or sink of DOC is calculated respectively in the model and shown in Fig. 7.
Since tDOC in the study area derives exclusively from river discharge, only sink terms of tDOC are calculated. The
decreasing rate of tDOC in the sink terms from the river to the open shelf region indicates that tDOC is gradually consumed,
resulting in a reduction in concentration during its transport towards the open shelf. Among the sink terms of tDOC,
photolysis exhibits pronounced fluctuations, while the rate of bacterial uptake shows relatively smooth variation along the
river-estuary-ocean continuum.

The production (source) and consumption (sink) rates of mDOC both exhibit a gradual increase from the river to the open
shelf region. mDOC production and consumption are more active from around January to July. After July, the production
and consumption rates of mDOC declined rapidly and remained consistently low until the end of the year. Consequently,
DOC concentration accumulates to its maximum during summer and gradually declines to its minimum in the winter (Fig.
6¢). Among the production terms of mDOC, in the plume and open shelf region, phytoplankton release exhibits the highest
rate, followed by zooplankton release and bacterial release in descending order (Fig. 1). mDOC is consumed mainly by
bacteria. The bacteria uptake rate (sink) of mDOC is much higher than the bacterial production rate through release (source).
The ecosystem model ERSEM includes the bacteria-mediated production of recalcitrant DOC (Hansell, 2013), which
represents the most difficult-to-digest semi-refractory DOC in the model. Therefore, the newly produced mDOC from
bacteria is added to the pool of semi-refractory mDOC, thereby an implementation of microbial carbon pump (Jiao and
Azam, 2011; Jiao et al., 2014).

In summary, bacterial uptake is the major process for the removal of DOC (mostly tDOC) in the river channel and river
mouth regions. The plume region serves as a transitional zone, where the bacterial uptake rate of tDOC decreases while the
bacterial uptake rate of mDOC increases. Meanwhile, the production of mDOC by processes such as release from
phytoplankton, zooplankton, and bacteria also becomes prominent in the plume region and offsets the loss of DOC. In the
open shelf region, DOC (mostly mDOC) is mostly produced by phytoplankton release (source) and consumed by bacteria

uptake (sink), with secondary contributions from zooplankton release and other processes.
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260 Figure 7. Daily vertical average rate (Units: mg m d") of production (source) and consumption (sink) of tDOC (dashed lines) and mDOC
(solid lines) in the four sub-regions. Positive values indicate sources, while negative values indicate sinks.

265

270

3.4 Transformation of DOC in the River-Estuary-Ocean Continuum

After deriving a general understanding of the distribution of DOC and its components, further analysis was conducted

focusing on the transformation of DOC in the source-sink dynamics. Our results show that in summer, the transition from a

net sink to a net source of DOC occurs gradually through the river-estuary-ocean continuum. The crucial interface for the

shift between the net sink and the net source is located at the area characterized by a significant gradient of chlorophyll-a

concentration. This interface is influenced by physical mixing and aligns closely with the contours of salinity (Fig. 8a, b). As

shown in Fig. 5, tDOC is gradually diluted, mixed, and consumed by biogeochemical processes (photolysis and bacteria

uptake) along the river-estuary-ocean continuum, whilst the activities of plankton and bacteria gradually intensify towards

the open shelf, leading to a shift from tDOC-dominated to mDOC-dominated DOC. With production rates surpassing

consumption rates, DOC accumulates in summer, implying a transformation of the estuary from a sink to a source of DOC.

The change in the spatial gradient of Chlorophyll-a concentration serves as a practical indicator for this transformation (Fig.

8c, d).
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In winter, the majority part of the estuary acts as a DOC sink. During this season, with a low temperature (average
275 around 10 °C) and limited nutrient fluxes from the river, biological activity rates are much reduced compared to summer.

The interface for the transition from sink to source is shifted offshore and to the southeast corner of the model area.
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Figure 8. Vertical average net cycling rate of DOC (a, b) and chlorophyll-a (¢, d). The solid black line indicates a net cycling rate at zero,
and the solid blue line represents the vertical average salinity (units: PSU).

280 Along the transect, starting from the river channel to the shelf, vertical averaged production and consumption rate of DOC
by each relevant process is calculated (Fig. 9). The result shows that in summer, among the production terms, the rate related
to bacteria is relatively stable along the transect. Production by both phytoplankton and zooplankton starts to increase where
salinity exceeds 5 PSU and continues until 30 PSU, where the growth of chlorophyll-a concentration is relatively stable.
Among the consumption terms, the rates of various processes exhibit minimal changes in the river channel and river mouth

285 regions. Upon entering the plume area, the rates of bacterial activity and photolysis of tDOC exhibit a decreasing trend.
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Simultaneously, the bacterial consumption rate of mDOC gradually rises, assuming a dominant role before stabilizing. With
regard to the change in the net rate (indicated by the solid black line in Fig. 9), the largest gradient is seen in the plume area,
marked by a transition from negative values (sink) to positive values (source), and becomes smooth. This indicates a rapid
and complex biogeochemical transformation of DOC in the estuary. In winter, the rates of all processes are reduced
compared to summer, remaining the significant rate transitions in the plume area. Compared to the summer season,
planktonic organism rates reach their peak in the open shelf region, where chlorophyll-a concentration is maximal. The total

consumption rate slightly exceeds the total production rate, resulting in an overall negative net rate along the entire transect.
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Figure 9. Vertical average production and consumption rates of DOC along the transect from the river channel to the shelf in summer (a)
295  and winter (b).
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3.5 Budget analysis

To further identify the role of the Changjiang Estuary in the source-to-sink pathways of DOC, budget analysis was carried
out for the whole model domain. In this study, budget analysis was based on the annual average over the five years (2013-
2017). Input and output of DOC at the boundary, as well as production and consumption terms within the model domain,
were taken into account. Results shown in Table 2 indicate that the Changjiang Estuary received 1.53+0.13 Tg/yr of DOC
from the river, which is consistent with previous studies (Shi et al., 2016; Wang et al., 2012). The export of DOC to adjacent
open ocean is 2.26+0.22 Tg/yr, greater than the input value. It should be noted that the export of mDOC refers to the net
export (output — input). Therefore, the import of mDOC is indicated as 0. This result indicates that the Changjiang Estuary as
a whole act as a source of DOC. This is partly due to a larger production (28.91+1.07 Tg/yr), which exceeds the consumption
(28.52+1.03 Tg/yr) of mDOC in the model domain, and partly due to the export of unconsumed tDOC from the upstream
river. In the exported DOC, tDOC accounts for 0.69+0.08 Tg/yr (equivalent to ~31% of the total export), while mDOC
contributes 1.57+0.18 Tg/yr. Since there is no local production of tDOC in the model domain, the ratio of the exported tDOC
to the imported tDOC indicates that ~55% of imported tDOC from the upstream river is consumed within the Changjiang
Estuary (by photolysis and bacterial uptake), and the rest 45% is exported to the open ocean. By contrast, mDOC is mostly
(~96%) recycled within the model domain, despite that it accounts for a major portion (~69%) of the exported DOC.

Table 2. Budgets of annual mean input, output, and internal production and consumption of DOC with standard deviations in the
Changjiang Estuary (units: Tg/yr, 1Tg=10"%g).

Component Import Export Production Consumption

Total DOC 1.5340.13 2.26+0.22 28.91+1.07 28.52+1.03
tDOC 1.53+0.13 0.69+0.08 0.00 0.92+0.05
mDOC 0.00 1.57+0.18 28.91+1.07 27.60+1.01

Table 3. Annual budget (mean + standard deviations) of relevant biogeochemical processes and proportion of their contribution to the

source and sink of DOC in the Changjiang Estuary.

Source and sink Terms Bulk (Tg/yr) Proportion

Production Bacteria 6.48+0.24 22.42%+0.11%
Phytoplankton 15.29+0.62 52.91%+0.10%
Zooplankton 7.13£0.32 24.67%+0.16%

Consumption Bacteria (Marine) 27.60+1.10 96.79%+0.17%
Bacteria (Terrigenous) 0.86+0.05 3.01%=+0.17%
Photolysis (Terrigenous) 0.060+0.005 0.20%+0.01%

To assess figure-out-the relative contribution of each biogeochemical process in the source and sink of DOC, the annual

production and consumption of these processes are calculated. Results shown in Table 3 indicate that the ranks of the
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processes contributing to the production of DOC are phytoplankton excretion, zooplankton excretion, and bacterial excretion,
with respective proportions of 52.91%, 24.67%, and 22.42%, respectively. In the consumption category, the processes
ranked from highest to lowest contribution are bacterial uptake of mDOC, bacterial uptake of tDOC, and photolysis, with
respective proportions of 96.79%, 3.01%, and 0.20%. Based on the data above, it is evident that bacteria play a predominant
role as the primary consumers in the degradation of tDOC, while the contribution of photolysis consumption is relatively

minor in the whole estuary.

4 Discussion
4.1 The role of estuaries in mediating DOC flux between land and ocean

Our study employed a physics-biogeochemistry coupled model to investigate the transport and transformation of DOC in the
Changjiang Estuary. Although previous studies have included simulations of DOC in estuaries (Anderson et al., 2019; Clark
et al.,, 2022; Druon et al., 2010), they have not explicitly addressed the transport and transformation based on different
source-to-sink pathways of terrigenous and marine DOC within a three-dimensional model of the river-estuary-ocean
continuum. Our results reveal variations in the rates of distinct processes and their contribution proportions in the
Changjiang Estuary, not only as an important transport route for export of terrigenous DOC to open ocean but also as a
reactor for biogeochemical cycling of DOC from both terrigenous and marine origins.

Existing literature reveals that a significant part of tDOC delivered from rivers worldwide is depleted before entering the
open ocean (Opsahl and Benner, 1997; Looman et al., 2019; Friedlingstein et al., 2023). This signifies that tDOC is removed
(mineralized) by biological or abiotic processes within the estuary. A study of the Mississippi-Atchafalaya River system by
Fichot and Benner (2014) suggested that biomineralization is the main process for the removal of tDOC in the system, and
around ~40% of tDOC is removed during the transport towards the continental shelf within the estuary. Similar results
estimated that the removal of tDOC in the Mississippi River estuary is no less than 30-50% within high-salinity (>25 PSU)
water mixing (Wang et al., 2004). In the York River estuary, Raymond and Bauer (2000) report the proportion of tDOC
removed by bacteria is ~10%. Additional studies have also substantiated that estuaries serve as a reactor and filter for DOC
cycling. A study of the Pearl River estuary by He et al. (2010) suggested microbial degradation as the primary bioprocess for
the removal of DOC (~31% in the mixing zone). Another study reveals the loss of DOC in the Lena River estuary can reach
~10-20% (Alling et al., 2010). Dai et al. (2012) estimated the removal of DOC in the Artic estuaries to be approximately
20%. Kumar et al. (2022) suggested that during the dry season, the Godavari estuary could remove ~33% DOC by
photodegradation and microbial respiration. In the Changjiang Estuary, a series of 12-day incubation experiments showed
that ~17% of estuarine DOC were removed after biodegradation (Guo et al., 2021). Surface microbial incubations showed
that the deletion of DOC varied between 5% and 39% (Ji et al., 2021). In our simulations, results indicate that the removal of

tDOC can reach ~60% at an annual scale.
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Our results (Fig. 9) show that fluctuations of the net cycling rate of DOC, especially between negative and positive values,
mainly occur off the estuarine river mouth, namely the plume region and adjacent coastal waters, whilst within the river
channel and around the river mouth the net cycling rate remains relatively stable and persistently negative throughout the
year. Raymond and Bauer (2001) estimated that, despite around half of tDOC being depleted, the York River Estuary acts as
a net source of DOC due to the supplementation of autochthonous mDOC. Our result showing the main contribution of
phytoplankton to the export of estuarine DOC is consistent with this study. In addition, a slight loss of DOC at low salinity
and a primary source at mid salinity found in the plume of the Changjiang Estuary found in our results also show similarity
with the study from the Mississippi River by Fichot and Benner (2014). Our study distinguished between terrigenous and
marine components of DOC and applied them to a three-dimensional hydrodynamic-biological model to evaluate the
transport and transformation of DOC in the river-estuary-ocean continuum. Our results emphasize that terrestrial DOC
undergoes photodegradation and microbial decomposition, with up to 60% of the riverine input being consumed before
reaching the ocean, whieh-resulting in the transition of DOC from terrigenous-source dominant to marine-source dominant in
the plume area. In contrast, mDOC makes a larger contribution_than tDOC to export, especially from phytoplankton

production.

4.2 Factors influencing DOC lability

In our study, it was considered that terrigenous DOM contains more aromatic compounds, leading to the component of Ti
undergoing photochemical reactions at the surface layer. In actual experiments and observations, DOC exposed to sunlight
undergoes a certain degree of photo-transformation and becomes more biologically labile. The model considers that a
portion of Ti, after photolysis, transitions into the more microbially labile T2 pool (Text S1). However, this consideration
remains somewhat simplified, as some studies have reported the complexity of DOC reactivity during photo-transformation
(Medeiros et al., 2015a; Aarnos et al., 2018). Experimental evidence indicates that photodegradation can significantly impact
subsequent biodegradation by producing biologically labile substrates (Benner and Kaiser, 2011; Mopper and Kieber, 2002).
The photo-transformed, biologically labile DOM components may enhance bacterial productivity, as indicated by the
increase in unsaturated aliphatic observed in near-surface waters (Medeiros et al., 2015a). Sunlight could significantly
impact the biodegradation of DOM in streams, particularly semi-labile DOM, indicating that sunlight not only alters the
chemical structure of DOM but also changes its susceptibility to microbial degradation (Bowen et al., 2020). These findings
indicate that photodegradation and biodegradation processes can mutually influence each other.

In addition to photodegradation increasing the biological lability of DOC, the priming effect also influences DOC transport
from rivers to the ocean. This effect occurs when labile organic matter interacts with stable organic matter, altering the
mineralization rate of the latter (Bianchi, 2011; Sanches et al., 2021). The priming effect may likewise be induced by
bacteria and archaea, utilizing various pools of organic carbon (Kirchman et al., 2007). The addition of algal DOC or
trehalose in laboratory microcosm experiments has demonstrated that the priming effect significantly enhances the

remineralization rate of tDOC (Bianchi et al., 2015). A substantial positive priming effect (15%—34% of initial stable DOM)
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occurred exclusively with the presence of mixed labile DOM (glucose and amino acids) or complex labile DOM
(disaccharide) in incubation experiments, which is temporary and lasting for around two weeks (Laffet et al., 2023). Labile
organic matter enhances microbial metabolism and enzyme production, thereby altering the mineralization of refractory
DOC (Guenet et al., 2010). Besides the influence of labile DOC addition on the lability of refractory DOC, the impact of
other environmental factors has also drawn attention. For example, the existence of sediments in the incubation did not
increase the priming effect (Laffet et al., 2023). In a 346-day incubation experiment where the native microbial assemblage
of the Atlantic was replaced with a coastal microbial assemblage, it was found that coastal microbes consumed 2.3-8.7% of
the refractory DOC (Shen and Benner, 2018), indicating different microbial communities have varying effects on refractory
DOC (Carlson et al., 2004). Additionally, other research indicates that microbes can degrade more refractory compounds,
which exhibit higher temperature sensitivity (Lenborg et al., 2018). These studies indicate that the reactivity of DOC is

influenced by various factors, leaving substantial scope for further theoretical and experimental and modeling research.

4.3 Distribution pattern of DOC between summer and winter

The hydrodynamic and ecological environments of the Changjiang Estuary exhibit representative characteristics in both
summer and winter. Moreover, most observational voyages are concentrated in these two seasons. Therefore, our study
focuses on the distributions and source-sink patterns of DOC during summer and winter. The average concentration of DOC
in summer and winter across the salinity gradient (Fig. 10) indicates that DOC concentration gradually decreases from
freshwater to saltwater. DOC in winter exhibits more conservative mixing at low- and mid-salinity compared to summer.
Near the plume region, the influence of the DOC source becomes significant. The change in the slope of the curve is more
pronounced in the summer, indicating that the source-sink variations are more pronounced in summer compared to winter.
This seasonal variation is closely linked to the hydrological environment and biological activities in the estuary. In the
summer, the mixing in the Changjiang Estuary is relatively weaker compared to winter, resulting in a deeper euphotic zone
that benefits the primary production activities of phytoplankton (Zhu et al., 2009). Chlorophyll-a concentrations are higher in
summer than in winter, which depends on temperature and nutrient levels, with higher river discharge in summer (Yang et al.,
2014; Liu et al., 2016). In the ECS, it was observed that the growth rates of phytoplankton correlate positively with surface
water temperature. Microzooplankton grazing effectively regulated primary production in summer, whereas grazing activity
was minimal in winter due to the colder temperature (Zheng et al., 2015). Simultaneously, the seasonal pattern of planktonic
bacterial productivity is similar to that of water temperature, resulting in higher rates during the summer (Peierls and Paerl,
2010). Research indicates that higher inflow with more DOC loading would stimulate heterotrophic bacterioplankton
production in the upper estuary (Hitchcock et al., 2010; Letournecau and Medeiros, 2019). Bacterial respiration and
production are intimately connected to DOC originating from plankton. In summer, peak rates are frequently observed at
mid-salinity levels in waters with elevated carbohydrate concentrations (Benner and Opsahl, 2001; Kinsey et al., 2018). The
observed increase in DOC around the edge of plume area, which is more pronounced in summer than in winter, is consistent

with previous research findings (Song et al., 2017; Shen et al., 2016; Guo et al., 2021). Our results further explain the
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transport variations of tDOC from river inputs and mDOC within the estuary, as well as quantify the contributions of

phytoplankton, zooplankton, and bacteria to estuarine DOC.

1800
%oo o Summer
1600 - ° o Winter
%, %
WQO o
1400 1 %, 0
E © 0o %o
o ° o ° )
€ 1200 ° 0005 4,4 °
= o °© o o o g & © °
8 ° © ©° 0 0000 00000000000 ©
8 1000 °o
° @©
800 o o
°°°°°°°° 0 0 00 00000%
600 T T T T T T T
0 5 10 15 20 25 30
Salinity (PSU)
1800
Qb o  Summer
1600 - &, o  Winter
— @og
m o°
£ 1400 °o g 0
< ° o
(@] © o o R
€ 1200 - ° . °© 000 4 0o ©0°°°
- o °© 0 0 0 o000 0000 O °
)
O 1000 A °
a ° %
o
800 A °o ° mo
[}
°© 0000 oooo°°°d’9
600 T T T T T T T
0 5 10 15 20 25 30

Salinity (PSU)

Figure 10. The surface average DOC varies along the profile (Fig. 2) as it mixes with the salinity gradient in summer and winter in the
model.

4.4 Limitations and future research needs

The considerations of our model regarding sediment flocculation and adsorption are relatively simple by assuming a constant
rate (Table S1) and may require further development and improvement. The quantitative impact of flocculation on DOC in
the Changjiang Estuary remains unknown. We assume that the simplifications have a limited effect on the cycling of DOC in
the estuary, as indicated by studies from other estuaries. For example, Sendergaard et al. (2003) found that the flocculation
of DOC with a salinity gradient ranging from 0 to 25 ppt was not a primary removal process, resulting in only a marginal
decrease of 2-5%. In another study by (Khoo et al., 2022), the flocculation removal of DOC within a salinity range of 12-25
PSU was also found to constitute a minor proportion (~3.5%). In this study, the atmospheric pCO2 of 385 ppm was slightly
underestimated (Li et al., 2018; Guo et al., 2015). We adjusted the model configuration to set pCO2 at 400_ppm with an

increase 3 ppm per year for sensitivity experiment. The model results indicate that the DOC concentration level remained
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almost unchanged. This may be attributed to the deviation is too small to reach the threshold that would cause changes in
DOC (James et al., 2017). Cultivation experiments on marine picocyanobacterial were conducted under ambient (380 ppmv)
and elevated (1000 ppmv) CO: levels. The results indicated a reduction in cellular chlorophyll a, but no changes in DOC
were observed (Mou et al., 2017). Additionally, the DOC in model exhibits limitations in effectively capturing the north-
eastward expansion of DOC during the summer (Fig. S1). This inconsistency may be attributed to the uncertainties in both
measurement and modeling, including the uncertainty in sampling time, as most of the sampling data only covered a few
days within a month. Additionally, there were variations in the locations where data was collected, with some points having
more data collected than others, and there was limited availability of collected data. Nevertheless, a general agreement in the
DOC concentration between model and observational data is shown. Research on the cycling of DOC in the river-estuary-
ocean continuum is essential for understanding carbon dynamics and coastal ecosystems, particularly in the context of
intensified human activities on land and ocean, as well as global warming-induced change in the occurrence of extreme
climate events. With increased extreme climatic events, estuaries are susceptible to changes in nutrient and organic matter
transport and transformations, which impact the structure and function of estuarine ecosystems (Wetz and Yoskowitz, 2013;
Leal Filho et al., 2022). As a key component of ecosystems, the transformation, variation, and potential ecological effects of
DOC in estuaries require further investigation. Ongoing human activities are causing continuous changes in many estuarine
and coastal ecosystems (Cloern et al., 2016). The long-term trends and potential shifts in DOC cycling in estuaries under

human influence also need further investigation.

5 Conclusions

A physical-biogeochemical coupled model FVCOM-ERSEM was employed to simulate the sources and sink of DOC in the
Changjiang Estuary. Through an analysis of variation, transformation, and budget estimation of DOC in the river-estuary-
ocean continuum, we derived insights into the influencing factors of DOC from both terrigenous and marine origins in the
Changjiang Estuary. Additionally, we identified patterns of source-sink variations in the DOC dynamics. The primary
conclusions drawn from our study are as follows:

During summer, the distribution of DOC is jointly governed by hydrodynamic and biogeochemical processes, whereas in
winter, it is mainly controlled by hydrodynamics. Within the Changjiang Estuary, the river channel and river mouth are
primarily dominated by tDOC, while the plume and open shelf region are dominated by mDOC.

In summer, the plume region serves as a transitional zone where the dominated source of DOC shifts from terrigenous to
marine origin, as well as a shift from a sink to a source along the river-estuary-ocean continuum. The transition from
terrigenous-dominated to marine-dominated DOC occurs primarily around a salinity contour line of 20 PSU. Furthermore,
the offshore coastal region predominantly acts as a source, characterized by a higher DOC production rate. In winter, a vast

part (>90%) of the estuary functions as a sink.
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Analysis of the budget of terrigenous and marine components suggests that the majority of tDOC (~55%) undergoes
depletion within the Changjiang Estuary at an annual scale. DOC exported to the open ocean mainly originates from mDOC.
The proportions of tDOC and mDOC export are approximately 31% and 69%, respectively. Based on our results, it can be
inferred that the biogeochemical processes within the Changjiang Estuary play a crucial role in supporting the production
and export of DOC to the open ocean. Overall, phytoplankton emerges as the primary contributor to the generation and
export of estuarine DOC, and the gradient variations of chlorophyll-a serve as practical indicators of the source-sink

transitions.
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