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ARTICLE INFO ABSTRACT

Associate editor: Thomas Wagner Estuaries represent hotspots for organic matter cycling. Understanding the sources and fate of organic matter in
estuaries is crucial for quantifying the transport of terrestrial organic carbon to the coastal ocean and air-sea
Keywords: carbon dioxide fluxes. Here we report the abundance and carbon isotopic signatures of bulk particulate
Compound-specific stable isotopes organic matter (POM) as well as particulate amino sugars and amino acids in surface suspended particles along
Particulate organic matter the salinity gradient in the Changjiang Estuary and adjacent coastal ocean. Our data show that bulk 8'3C values
;che are directly related to the 5'3C values of essential amino acids, suggesting a control by primary production on
River-estuary-coastal ocean continuum bulk 5!3C values. A large degree of fractionation (—26%o) between phytoplankton 5'3C and dissolved inorganic
carbon 3'°C values was observed in regions with salinities greater than 28, leading to a decline in bulk §'3C
values. Examining the 8'3C patterns of individual amino sugars and amino acids reveals that terrestrial amino
sugars are produced by mixed sources of bacteria, fungi, and algae, while terrestrial amino acids originate from
vascular plants and bacteria. Along the salinity gradient, the source of amino sugars shifted to bacteria, whereas
amino acids transitioned to algae. Moreover, the low carbon- and nitrogen-normalized yields of amino acids
(~10% and ~22%, respectively) observed in the Changjiang River suggest an advanced diagenetic state of
terrestrial POM. In contrast, elevated POM reactivity in moderate to high salinity zones indicates contributions
from phytoplankton production. Using the bacterial biomarker muramic acid, we found that a substantial portion
(~19%) of terrestrial POM is of bacterial origin. Combining the distinct excursions in bulk, amino sugar, and
amino acid §'3C values in low salinity (<20) regions of the estuary indicates that terrestrial organic matter is
extensively removed in the estuarine regions. Together, these findings underscore significant alterations in the
sources and properties of organic matter along the river-estuary-coastal ocean continuum, with bacterial
reworking playing an important role.

1. Introduction sources, serving as important regions for organic matter processing
(Dagg et al., 2004; Middelburg and Herman, 2007; Canuel and Hardison,

Estuaries are among the most diverse and dynamic ecosystems, 2016). The extent to which organic matter is altered in estuaries de-
playing a crucial role in the global carbon cycle (Bianchi, 2007; Bianchi termines the transport of organic carbon from land to the coastal oceans
et al., 2024). As an interface between land and sea, estuaries receive a and the air-sea carbon dioxide (CO3) flux. These processes are directly
significant amount of organic matter from both terrestrial and marine related to the sources and composition of organic matter (Gattuso et al.,
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1998; Cai, 2011). Despite extensive research conducted in estuarine
systems over the past few decades, the large variability in the physico-
chemical environments, coupled with human activities, has led to un-
certainties regarding the role of estuaries in the carbon cycle (Cai, 2011;
Bauer et al., 2013; Dai et al., 2022). A central challenge in enhancing our
comprehension of carbon cycling in estuaries and adjacent coastal areas
lies in deciphering the origins and composition of organic matter.

Traditionally, bulk proxies such as the atomic ratio of carbon to ni-
trogen and also stable carbon isotopes have been used to trace the
sources of organic matter (Lamb et al., 2006). These analyses allow for a
simple distinction between terrestrial and marine organic matter.
However, these bulk parameters provide insufficient specific source
information and do not unveil potential variations in composition.
Interpretation of bulk §'3C values is not straightforward in estuaries
with complex organic matter sources. A major issue arises from the
challenge of addressing environmental conditions and the mixing effects
of multiple components that contribute to changes in bulk isotope values
(Cloern et al., 2002). The bulk 8'°C values generally increase along
salinity gradients, indicating a contribution from marine phytoplankton
(Chanton and Lewis, 1999; Guo et al., 2015). However, several studies
have shown that the degree of carbon isotope fractionation between
phytoplankton and dissolved inorganic carbon (DIC) is a function of
salinity, which may result in decreased bulk §'3C values in high salinity
areas (Chanton and Lewis, 1999; Brutemark et al., 2009; Liang et al.,
2023).

Biomarkers offer a powerful tool for investigating the sources and
cycling of organic matter. A variety of organic molecules such as lignin,
fatty acids, and amino acids have been used in studies of estuarine
systems (Bianchi and Canuel, 2011; Canuel and Hardison, 2016). Amino
acids constitute a major component of living organisms and generally
degrade faster than bulk organic matter (Cowie and Hedges, 1994). In
the Changjiang Estuary and adjacent areas, Wu et al. (2007) utilized
carbon-normalized yields of amino acids and the degradation index (DI)
based on amino acid composition to show the elevated reactivity of
organic matter in mid-salinity regions. Amino sugars are another less
reported yet valuable biomarker, primarily including glucosamine
(GleN), galactosamine (GalN), and muramic acid (MurA). The GlcN/
GalN ratio is typically greater than 8 in organic matter enriched in chitin
but decreases with ongoing microbial degradation (Miiller et al., 1986;
Benner and Kaiser, 2003). Relatively low GlcN/GalN values (<3) indi-
cate bacterial sources and diagenetic alteration (Benner and Kaiser,
2003; Davis et al., 2009). In contrast, MurA is exclusively derived from
bacteria and allows for tracing the bacterial origin of organic matter
(Kaiser and Benner, 2008; Guo et al., 2023b).

Compound-specific isotope analysis (CSIA) provides further insights
into the origins of organic matter. The CSIA directly reflects the isotopic
signatures of specific molecules, thus facilitating precise identification
of both the sources and microbial metabolism associated with organic
matter. For instance, the §'3C values of essential amino acids are
invariant along the food chain, directly reflecting those of primary
producers (Howland et al., 2003; McMahon et al., 2010). Results from
Larsen et al. (2013) demonstrate that §'°C patterns of amino acids are a
promising tool for unraveling carbon sources in aquatic systems. More
recently, Guo et al., (2023a) determined the 5'3C values of amino sugars
in phytoplankton and heterotrophic bacteria and found that their §'3C
patterns have the potential to trace the heterotrophic re-synthesis of
organic matter.

Whilst important progress has been made in studying the sources and
fate of organic matter in estuaries, many questions remain enigmatic,
particularly regarding the rapid loss of terrestrial organic matter signals
(Hedges et al., 1997; Canuel and Hardison, 2016; Yin et al., 2023).
Previous work suggested that terrestrial organic matter is removed
efficiently by biotic (e.g., biodegradation) and abiotic (e.g., flocculation,
photodegradation) processes (Dagg et al., 2004; Fichot and Benner,
2014), but other research suggests that it possibly undergoes photo-
transformation into unrecognized molecular substances (Stubbins
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et al., 2010; Chen et al., 2014). Moreover, along the transition from
rivers to the coastal ocean, there is a lack of constraints on the sources of
amino acids and amino sugars, changes in organic matter quality (e.g.,
reactivity), as well as the bacterial origins of organic matter.

The central aim of this study is to investigate the sources and bac-
terial reworking of particulate organic matter (POM) along the river-
estuary-coastal ocean continuum, with the goal of enhancing our un-
derstanding of carbon cycling in estuarine systems. Bulk and molecular
parameters are employed to characterize POM. We analyzed the con-
centrations and 8'3C values of particulate organic carbon (POC), as well
as the abundance and 8'3C values of amino sugars and amino acids in
surface suspended particles along a salinity gradient from the Chang-
jiang River to the East China Sea. We examined (1) the mechanisms
controlling variations in bulk s'3¢ values, (2) the sources of amino
sugars and amino acids, (3) changes in POM reactivity and potential
driving factors, and (4) bacterial transformation and bacterial contri-
butions to POM. This study is the first to report carbon isotope values for
two classes of amino compounds along the Changjiang Estuary.

2. Materials and methods
2.1. Sample collection

Sampling was conducted in the Changjiang Estuary and adjacent
coastal areas (Fig. 1). The Changjiang River is the third-largest river in
the world, with an average annual discharge of 9.4 x 10'! m® over the
period from 2012 to 2021 (https://www.cjh.com.cn/). Due to the in-
fluence of the East Asian monsoon, the majority of the discharge occurs
during the wet season (May to October). Large amounts of nutrients and
organic matter are transported into the Changjiang Estuary, leading to
frequent occurrences of red tides and hypoxia (Zhu et al., 2011; Li et al.,
2014). These biological processes, along with hydrodynamics and
human activities, contribute to a complex biogeochemical cycle of
organic matter in this system.

Suspended particles were sampled along a transect aboard the R/V
Runjiang in June 2020 (Fig. 1). Surface (0-2 m) water samples were
collected using 12-L Niskin bottles, with 1-3 L of seawater immediately
filtered onto separate pre-combusted (450 °C, 5h) glass fiber filters (0.7
pm; Whatman). These filters were stored at —20 °C until analysis for
chlorophyll-a (Chl-a) concentrations, as well as the concentrations and
5'3C values of bulk POM, amino sugars, and amino acids. Samples for
total suspended matter (TSM) were collected by filtering 1 L of seawater
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Fig. 1. Sampling stations for suspended particulate matter (SPM) collection
(red dots) in the Changjiang Estuary and adjacent coastal areas.
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through pre-weighed glass fiber filters (0.7 pm; Whatman). The filters
were then rinsed with deionized water and stored at —20 °C before
freeze-drying and analysis. At each sampling site, separate filters were
used for each analysis to avoid cross-contamination. Temperature and
salinity were measured in situ by a conductivity-temperature-depth
(CTD) instrument installed on the sampler system.

2.2. Measurements of total suspended matter and chlorophyll-a

The content of TSM was determined by weighing the dried particles
retained on the filters. Samples for Chl-a analysis were extracted with 10
mL of 90% acetone at 4 °C for 24h, followed by centrifugation, and
subsequent measurement with a fluorescence spectrophotometer
(Hitachi F-4600; excitation: 436 nm; emission: 670 nm) (Welschmeyer,
1994). Readings were calibrated using a 7-point calibration curve with a
Chl-a standard obtained from Sigma. The detection limit was 0.1 pg L2

2.3. Bulk parameter analysis

Samples for bulk characterization were acidified with 1 M hydro-
chloric acid (HCl) to remove inorganic carbonate, followed by oven-
drying at 60 °C for 24h. The contents of POC and particulate nitrogen
(PN), as well as the bulk s13¢ values, were analyzed using a Flash IsoLink
CN elemental analyzer (EA) coupled with a MAT 253 Plus isotope ratio
mass spectrometer (IRMS). Measurements were referenced against in-
ternational standard reference materials (USGS40, USGS64, and
Urea#2a). Stable carbon isotope values were corrected for instrumental
drift and reported in units per mil (%o) relative to the Vienna PeeDee
Belemnite (VPDB). Analytical precision was 0.02 wt% for carbon con-
tent, 0.003 wt% for nitrogen content, and 0.15%o for bulk 5'3C values.

2.4. Analysis of amino sugar and amino acid concentrations

The pre-treatment procedure for amino sugar samples followed the
methodology reported by Zhu et al. (2014). Particles on glass fiber filters
underwent hydrolysis using 6 M HCl at 105 °C for 8h. Subsequently, the
hydrolysates were neutralized to pH ~6.8 using 6 M potassium hy-
droxide and promptly centrifuged. The resultant supernatant was puri-
fied using a Supelclean™ ENVI-CarbT™ Plus solid phase extraction
cartridge (400 mg, 1 mL; Sigma-Aldrich) with a recovery rate exceeding
90% to eliminate salts, followed by elution with methanol and
dichloromethane. The eluate containing the amino sugars was then
concentrated under nitrogen gas and redissolved in deionized water for
further instrumental analysis.

Quantification of individual amino sugar concentrations was per-
formed using an ion chromatograph (IC, Dionex ICS-5000" SP) coupled
with an electrochemical detector. Compound separation was achieved
using a PA 20 anion-exchange column (3 x 150 mm; Thermo Fisher
Scientific), preceded by a PA 20 guard column (3 x 30 mm; Thermo
Fisher Scientific). A two-step elution process was employed, with GlcN
and GalN eluted with 2 mM sodium hydroxide, while MurA was eluted
with 2 mM sodium hydroxide + 200 mM sodium nitrate, at column
temperatures of 25 °C and 30 °C, respectively (Kaiser and Benner, 2000).

For amino acid analysis, filters were freeze-dried and subsequently
hydrolyzed using 6 M HCl at 110 °C for 24h. The HCI was then removed
through repeated drying, and the remaining residue was derivatized
using o-phthaldialdehyde (Lindroth and Mopper, 1979). Separation and
detection of amino acids were performed utilizing a Thermo Fisher
Scientific U3000 ultrahigh performance liquid chromatography (UPLC)
system equipped with a Poroshell 120 EC-C18 column (4.6 x 100 mm,
2.7 pm particles) and a fluorescence detector (excitation: 330 nm;
emission: 445 nm). The column temperature was maintained at 30 °C,
and the flow rate was set at 1 mL min~'. A linear binary gradient was
employed, commencing with 100% potassium dihydrogen phosphate
(KH2PO4; 48 mmol L, pH = 6.25) and transitioning to 61% KHPO4
and 39% methanol: acetonitrile (13:1, v/v) at 22 min, 46% KH,PO4 at
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30 min, 40% KH,PO4 at 37 min, and 20% KH,PO4 at 39 min (Shen et al.,
2017).

2.5. Compound-specific 5'2C analysis of amino sugars and amino acids

Detailed procedures for determining the §!3C values of amino sugars
were outlined by Bodé et al. (2009). In brief, following separation via IC
(Dionex ICS-5000" SP), individual amino sugars were directed into an
Isolink interface (Thermo Fisher Scientific) for oxidation to CO5. The
oxidizing agent consisted of a mixture of sodium persulfate and phos-
phoric acid (4%, w/w), flowing at a rate of 40 pL min~!, with the
oxidation reactor maintained at 99 °C. The resulting CO, was then
stripped with helium, dried, and introduced into the IRMS for carbon
isotope ratio analysis. An external standard of amino sugars (Sigma-
Aldrich) with known 3'3C values calibrated by EA-IRMS was prepared to
monitor the instrumental analysis. The standard deviations for 613CG16N,
613CG31N, and 613CMurA from five injections were + 0.6%o, + 0.6%o, and
=+ 0.4%o, respectively.

Filters intended for amino acid 8'3C values analysis underwent initial
freeze-drying, followed by hydrolysis, purification, and derivatization
procedures as per previously established protocols (Silfer et al., 1991;
McCarthy et al., 2013; McMahon et al., 2018). To ensure accuracy,
amino acid reference standards with known 5'3C values were injected
every three samples to calibrate instrument drift. The determination of
amino acid 5!°C values was conducted using a Thermo Trace 1310 gas
chromatography (GC) coupled with a MAT 253 plus IRMS, employing
chromatographic conditions detailed in McMahon et al. (2018). Tripli-
cate injections were performed for each sample, and the resulting amino
acid 6!3C values were adjusted for the additional derivatizing reagents
according to the procedures outlined by Silfer et al. (1991). The error
introduced by derivatization was within 0.25%c, and the standard de-
viation of replicate injections for individual amino acid 8'>C values was
found to be <0.5%.. A comprehensive analysis was conducted on the
513C values of eleven amino acids, including alanine (Ala), glycine (Gly),
threonine (Thr), serine (Ser), valine (Val), leucine (Leu), isoleucine (Ile),
proline (Pro), asparagine + aspartic acid (combined as Asx), glutamine
+ glutamic acid (combined as Glx), and phenylalanine (Phe).

2.6. Index calculation

The carbon- and nitrogen-normalized yields of total particulate
amino sugars (TPAS) and total particulate amino acids (TPAA) were
calculated as the respective proportions of amino sugar and amino acid
carbon or nitrogen to total POC and PN. The §'3C values of essential
amino acids (613CEAA) were determined as the mean isotope values of
five amino acids: Ile, Leu, Phe, Thr, and Val. Weighted 513C values for
amino sugars (6*3C,as) and amino acids (5'3C,aa) were derived by
summing the product of the §'3C value for each amino sugar or amino
acid and its relative carbon molar concentration (Kang et al., 2021). The
index of variation in amino sugar 513C values (Vas) was determined as
follows:

Vs = |613CGalN - SISCGICN{ - |613CMurA - 613CGICN}

@
The DI was calculated based on multivariate analysis of the mole
percentage of protein amino acids according to Dauwe et al. (1999):

i —AVG i
DI = Z {u} x fac.coef; 2

: STD var;

where var; represents the mole percentage of amino acid i, AVG var;
and STD var; are the mean and standard deviation of the mole per-
centage of amino acid i, respectively, and fac.coef; is the factor coeffi-
cient for amino acid i in the first axis of the principal component
analysis. These parameters were derived from data generated in our
study.

The relative contribution of bacterial organic carbon to POC was
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estimated following Tremblay and Benner (2006) and Kaiser and Benner
(2008):

MurAsa.mple

x 100
MurAbacteria

Bacterial POC (%) = 3

where MurAgample and MurAp,cteria are the carbon-normalized yields of
MurA in suspended POM and bacteria, respectively. Different MurAp,,.
teria Values were used given the variations in bacterial assemblages along
the salinity gradient (Bourgoin and Tremblay, 2010). The sampling area
was divided into three regions based on salinity: Changjiang River
(stations PO1 to P04), estuary (stations PO5 to P08), and coastal ocean
(stations P09 and P10). In the Changjiang River, the end-member value
of MurApacteria Was 42.3 + 6.9 nmol mg C7L, calculated from six Gram-
negative heterotrophic bacteria sourced from soil and freshwater, along
with one Gram-positive heterotrophic bacterium from soil (Kaiser and
Benner, 2008; Tremblay and Benner, 2009). In the estuary, the bacterial
assemblage consists of two heterotrophic bacteria from freshwater and
soil, as well as two natural coastal populations, resulting in a MurAp,,.
teria Value of 21 nmol mg c! (Tremblay and Benner, 2006; Kaiser and
Benner, 2008). For the coastal ocean, the MurApcteria Value was 28.1 +
7.1 nmol mg C~, reflecting a mixture of 20% autotrophic and 80%
heterotrophic marine bacteria (Kaiser and Benner, 2008).

3. Results

3.1. Hydrological and chemical characteristics of Changjiang Estuary and
adjacent area

In our sampling area, salinity gradually increased seaward from 0.14
to 32.81 (Fig. 2a). The TSM concentrations ranged from 2.0 mg L™! to
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Fig. 2. Distributions of salinity, total suspended matter (TSM) and chlorophyll-
a (Chl-a) along the Changjiang River-estuary-coastal ocean continuum. Data
points for each site represent a single measurement.
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358.1 mg L! (Fig. 2b). Elevated TSM concentrations were observed at
stations P04 and P05, suggesting the presence of a turbidity maximum
zone at the mouth of the Changjiang River (Jiang et al., 2013). Con-
centrations of Chl-a were generally low, varying from 0.3 pg L™! to 1.8
pug L7 along the salinity gradient, except for a peak of 7.3 pg L7}
observed at station P07 in the moderate salinity (~24) zone (Fig. 2c).

3.2. Distributions and properties of POM

The carbon and nitrogen contents of suspended particles varied from
0.6% to 20.8% and 0.1% to 3.1% (normalized to TSM, wt.%), respec-
tively (Fig. 3a, b). Both POC and PN exhibited a similar trend, initially
decreasing and then increasing along the salinity gradient. Concentra-
tions of TPAS ranged from 15.1 nmol L™ to 280.3 nmol L. The dis-
tributions of TPAS followed a trend similar to TSM and generally
decreased with increasing salinity (R? = 0.50, p < 0.05; Fig. 3c). In
contrast, TPAA concentrations were considerably variable (1.0-4.2
pmol L) and did not show a clear pattern with salinity (Fig. 3d).

The ratio of GlcN/GalN in suspended particles varied with a small
range from 1.1 to 2.5, without exhibiting a clear trend along the salinity
gradient (Fig. 3e). TPAS accounted for 0.2% to 1.7% of POC and 0.4 to
2.2% of PN, with higher TPAS fractions occurring at stations P03 and
P04 within the Changjiang River (Fig. 3f). In comparison, TPAA
contributed more significantly to POC (7.4-22.5%) and PN
(17.7-47.2%). Along the salinity gradient, TPAA (%POC) and TPAA (%
PN) exhibited a similar distribution pattern (Fig. 3g, h). Relatively low
TPAA (%POC) and TPAA (%PN) values were observed at the river end,
with a decreasing trend downstream to station P06. This was followed
by a sharp increase at stations P07 and P08, after which a slight decrease
towards the stations P09 and P10 (Fig. 3g, h). The highest POC- and PN-
normalized yields of amino acids were observed at a salinity of ~25,
which is close to the region (salinity: ~24) with peak Chl-a
concentrations.

3.3. Distributions of amino sugar, amino acid and bulk POC §'3C values

The 8'3C values of three individual amino sugars (GIcN, GaIN and
MurA) were determined in this study. Values of 8'3Cg1en (—50.3%0 to
—18.5%0) and 613CM1,,A (—44.0%o0 to —25.6%o0) showed a similar distri-
bution pattern, first increasing and then decreasing with increasing
salinity (Fig. 4a). In contrast, GaN was more enriched in !3C and
exhibited no clear trend in 8'3C values (from —29.5%0 to —16.0%o).
Large differences (~20%o) between 613CGlcN and 513CG31N were observed
in the low salinity (<7) zone, particularly at the freshwater end, whereas
in the middle and high salinity zones, the differences were small (~1%o).
Amino acid 8'3C values showed a similar pattern along the salinity
gradient, gradually increasing from salinity 0.14 to 24.53, then
decreasing towards salinity 32.81 (Fig. 4b). Large differences were
observed among 8'3C values of individual amino acids, with Ser
(—22.9%o to —11.7%o) being more enriched in 13¢C while Glx (—38.4%o to
—30.0%o0) was depleted.

The weighted mean 5'3C values of amino sugars and amino acids, as
well as 5!3C values of essential amino acids were compared with bulk
5'3C values. Values of 613CWAS, 613CWAA, 5'3Cgaa, and 513Cbu|k varied
from —39.8%0 to —18.4%o, —30.7%o to —22.4%0, —32.2%0 to —22.5%,
and —28.9%0 to —21.3%o, respectively (Fig. 5). In general, SlschS,
5'3C,an, 8'3Craa, and 8'3Cpyy values were distributed in similar pat-
terns over the salinity gradient of O to 33. Depleted and relatively con-
stant 5!3C values were observed in the Changjiang River. In the estuary,
values of 5'3C increased with increasing salinity, while the opposite
pattern was present in the coastal ocean (Fig. 5). Over the entire salinity
interval, 5'3C,,a and 5'3Cgap were closely related to 5'3Chuik, with small
offsets occurring in the Changjiang River (1%o to 4%o). In contrast, the
offset between 613CWAS and 613Cbulk was larger (~11%o) in the Chang-
jiang River.
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Fig. 3. Distributions of (a) particulate organic carbon (POC) content, (b) particulate nitrogen (PN) content, (c) concentrations of total particulate amino sugars
(TPAS), (d) concentrations of total particulate amino acids (TPAA), (e) ratio of glucosamine to galactosamine (GlcN/GalN), (f) POC-normalized yields of TPAS, (g)
POC-normalized yields of TPAA and (h) PN-normalized yields of TPAA along the Changjiang River-estuary-coastal ocean continuum. Each data point represents one

measurement per site.

4. Discussion
4.1. Mechanisms controlling the variations in bulk 5'3C values

Large variations in bulk 513C values (~8%o) were observed along the
Changjiang River-estuary-coastal ocean continuum (Fig. 5). Biological
sources and environmental variables (e.g., 5'3Cpic and salinity) could
contribute to 613Cbu1k excursion. Given that 8'3Cgaa directly mirrors the
813C value of primary producers (Howland et al., 2003; McMahon et al.,
2010), the CSIA of amino acids allows us to explicitly distinguish be-
tween these intertwined factors. The 613Cbulk values were significantly
correlated with §'3Cgaa (R? = 0.97, p < 0.01), suggesting that POM
513Cpuik values are largely determined by primary production.

The 613Cbu1k patterns along the salinity gradient are driven by
sources of primary producers and associated metabolic fractionation.
The 8'3C values of terrestrial organic carbon are determined by the
relative contributions of C3 and C4 plants. Specifically, the 513C values
of C3 plants typically range from —32%o to —21%o (Lamb et al., 2006). In
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contrast, due to the more efficient utilization of CO, by the enzyme
phosphoenolpyruvate carboxylase, C4 plants exhibit substantially
higher §13C values (—13%o) (Lamb et al., 2006). In the Changjiang River,
the 5!3Cpunc values were notably low, reflecting bulk POC originates
from C3 plants. Compared to terrestrial plants, the 813C values of marine
phytoplankton are closely related to '3Cpc. The 6!3Cpc values increase
progressively with salinity (Wang et al., 2016), and thus in the estuary
and adjacent coastal areas, 5!3C values of phytoplankton are generally
observed to show a pattern similar to that of DIC along the salinity
gradient (Chanton and Lewis, 1999; Guo et al., 2015). In our study, the
POC 613Cbu1k values in the estuary increased with increasing salinity.
However, in the high salinity coastal ocean, the 5'3Cpux values
decreased with increasing salinity (Fig. 5). These findings contrast with
the trend of a monotone increase in POC 8'3Cyyy values with salinity
observed in the Pearl River Estuary (Guo et al., 2015). We attribute this
to variations in isotopic fractionation between phytoplankton and DIC.
In addition to 613CDIC, several other factors such as phytoplankton
community structure (Hinga et al., 1994), cell size (Popp et al., 1998),
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Fig. 5. Variations in the 5'3C values of dissolved inorganic carbon (DIC),
particulate organic carbon (POC) and essential amino acids (EAA) as well as the
weighted mean 5'3C values of amino sugars (WAS) and amino acids (WAA)
along the transect. The 5'3C values of EAA refer to the simple average 5'°C
values of the five amino acids (isoleucine, leucine, phenylalanine, threonine,
and valine). 8'3C values of DIC are derived from Wang et al. (2016). Shade with
different colors represents Changjiang River (P01 to P04), estuary (P05 to P08),
and coastal ocean (P09 and P10) regions, respectively. Error bars represent
propagated standard deviations.

growth rate (Burkhardt et al., 1999), salinity (Leboulanger et al., 1995),
nutrients (Brutemark et al., 2009), etc., have been shown to influence
phytoplankton §'3C signals. Chanton and Lewis (1999) found that the
offset between 8'3Cpic and POC §'3Cpyx values in the Apalachicola Bay
was roughly —20%o.. They suggested that this offset varies with salinity,
with larger offsets observed in high salinity areas. Similarly, Brutemark
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et al. (2009) showed that an increase in salinity leads to a reduction in
5'3C values of phytoplankton based on culture experiments. Our results
are consistent with these findings. In the estuary, the offset between POC
813Cbulk and 613CD1C values was about —20%o, but reached —26%o in the
high salinity coastal ocean. Shifts in the phytoplankton community
might also underlie the decline in POC 613Cbulk values in the high
salinity region. Along the salinity gradient of the Changjiang Estuary,
dramatic shifts in phytoplankton community composition have been
observed (Jiang et al., 2022). In high salinity zones, cyanobacteria and
cryptophytes are typically dominant (Jiang et al., 2015). However, re-
sults from laboratory culture experiments indicate that the carbon iso-
topic signatures of cyanobacteria (—33.1%o to —8.0%o) and cryptophytes
(—20.8%o to —8.7%o) vary widely depending on culture conditions (Popp
et al., 1998; Erez et al., 1998; Brutemark et al., 2009). Additionally,
Brutemark et al. (2009) suggested that nitrogen limitation leads to a
negative deviation in 8'3C values of phytoplankton. At stations P09 and
P10, the surface concentrations of nitrate were 2.99 pmol L™! and 0.29
pmol L7}, respectively (Guo et al., 2021a). Low concentrations of nitrate
are possibly an important factor contributing to the depletion of POC
513Cpux values. It is currently unclear whether changes in phyto-
plankton community composition, salinity, or nutrients dominated the
increased offset between 613Cbu1k and 613CDIC values in high salinity
areas, necessitating further studies for verification.

Abiotic processes (e.g., photo-oxidation) were suggested to possibly
alter 8'3Cpy values of terrestrial organic matter (Opsahl and Zepp,
2001). In low salinity areas, particularly at the freshwater end, the
613Cbulk values of POC were consistently higher than the 513Cpan values
(Fig. 5). Photo-oxidation of aromatic components in terrestrial organic
matter represents a possible explanation for this difference. Terrestrial
organic matter is rich in aromatic components such as lignin, which are
susceptible to photochemical alteration (Opsahl and Benner, 1998; Feng
etal., 2011). Lignin is characterized by depleted 5!3C values (by 2-6%o)
relative to whole plant material (Benner et al., 1987). The photo-
degradation of lignin has been reported to increase the 5'3Chui values of
terrestrial organic carbon (Opsahl and Zepp, 2001). Higher 613Cbulk
values relative to 8'3Cgaa in the Changjiang River also appear to be
associated with human activities. A study by Wu et al., (2007) in the
Changjiang River basin found that POM influenced by anthropogenic
activities (e.g., industrial discharges and domestic sewage) exhibits
comparably high 8'3C values (—23%o). These observations suggest that
abiotic processes and anthropogenic perturbations may undermine the
reliability of bulk §'3C values in source tracing.

4.2. Constraints on amino sugars and amino acid sources from
compound-specific 5'3C values

Amino sugars and amino acids are important components of POM,
constituting approximately 15% of POC (Fig. 3f, g). Particularly in areas
with salinity >25, their contribution to POC exceeded 20% (Fig. 3f, g).
However, our current understanding of the sources of amino sugars and
amino acids in estuarine regions remains very limited. An important
barrier is that the sources of these compounds are diverse (including
phytoplankton, zooplankton, bacteria, etc.) and have overlapping or
similar compositions. Recent studies indicated that producers of these
molecules exhibit distinct amino acid and amino sugar isotopic finger-
prints, offering a novel approach to unraveling the multiple sources
(Larsen et al., 2013; Guo et al., 2023a).

4.2.1. Sources of amino sugars

Unlike amino acids, which are not effective source markers when D
and L enantiomers are not separated, the composition of amino sugars to
some extent provides information about their sources. In particular,
MurA is considered to originate solely from bacterial cell wall peptido-
glycan (Kaiser and Benner, 2008). Identification of the sources of GlcN
and GalN relies largely on their ratios. A GlcN/GalN ratio of less than 3 is
generally considered to reflect a bacterial origin, while a ratio greater
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than 8 indicates a zooplankton signal (Davis et al., 2009; Lehmann et al.,
2020). In our study, the GlcN/GalN ratios in surface POM were consis-
tently less than 3 along the salinity gradient, reflecting a bacterial-
dominated source of amino sugars. Despite the important role of
GlcN/GalN ratio in tracing the origin of amino sugars and the diagenetic
alteration of organic matter, there remain several uncertainties related
to GlcN/GalN. Primary among these is that the GlcN/GalN value is
highly variable across organisms. The GlcN/GalN values in heterotro-
phic bacteria, photoautotrophic bacteria, copepods, and phytoplankton
range from 1.6-3.4, 8.0-56.6, 14.2-20.9, and 0.4-20.5, respectively
(Benner and Kaiser, 2003). In particular, the GlcN/GalN ratio of the
dinoflagellate Heterocapsa niei (0.4) is much lower than that of the
diatom Thalassiosira oceanica (20.5). In our sampling area, di-
noflagellates are an important component of the phytoplankton com-
munity (Jiang et al., 2015). The observed lower GlcN/GalN values
perhaps imply the contribution of dinoflagellates. Additionally, the
GlcN/GalN ratio is significantly affected by microbial degradation
(Lehmann et al., 2020; Guo et al., 2023a). Incubation experiments with
plankton organic matter showed that the GlcN/GalN ratio rapidly
decreased from over 12 to below 3 within three days (Guo et al., 2023a).
Overall, these factors raise complexity to the interpretation of GlcN/
GalN variations.

Compound-specific §!3C values provide a powerful new set of
tracers, allowing differentiation of amino sugar sources between
phytoplankton and heterotrophic bacteria. Guo et al. (2023a) performed
culture experiments and found distinct 53¢ patterns of amino sugars
between heterotrophic bacteria and phytoplankton. In phytoplankton,
the offset between 613CG1cN and 613CGalN values was large (4.3-16.6%o),
whereas it was small (0.4-4.0%o) in heterotrophic bacteria. We found
that in the Changjiang River, the difference between 5'3Cgieny and
613CGa1N values was much greater than in the estuary and coastal ocean
(Fig. 4a). This suggests that amino sugars in estuarine and coastal areas
are mainly derived from bacteria. However, inferences regarding
phytoplankton-derived amino sugars in the Changjiang River need to be
treated with caution. In terrestrial soil organic matter, fungi also
contribute significantly to amino sugar abundance (Joergensen, 2018).
To date, the 8'3C patterns of fungal amino sugars remain unknown.
Previous work has shown that fungi are rich in GIcN (Parsons, 2021). If
fungi dominate the sources of amino sugars in terrestrial POM, higher
GlcN/GalN values would be expected, but this is inconsistent with the
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low GlcN/GalN values (~1.7) in the Changjiang River. This suggests that
terrestrial amino sugars originate from various sources including algae,
fungi, and bacteria.

4.2.2. Sources of amino acids

The relative abundance of amino acids is fairly consistent across
organisms, limiting the use of individual amino acids as source tracers.
Although D-amino acids are considered to be primarily derived from
bacteria (Kaiser and Benner, 2008), constraining the sources of the
ubiquitous L-amino acids remains challenging.

The 5'3C patterns of amino acids provide valuable information for
tracing their sources. By analyzing a large number of 5'°C values of
amino acids from different organisms (bacteria, terrestrial plants, algae,
etc.), Larsen et al. (2013) found that the patterns of essential amino acids
could serve as isotopic fingerprints to diagnose amino acid producers
and are unaffected by changes in environmental conditions. Based on
five essential amino acids (Ile, Leu, Phe, Thr, Val), and integrating re-
ported amino acid 5'3C data in bacteria, microalgae, seagrasses, and
terrestrial vascular plants, we performed linear discriminant analysis.
The results showed variations in the origins of amino acids across
different salinity zones (Fig. 6). In the freshwater end, amino acids were
mainly derived from bacteria and vascular plants. As salinity increased,
the sources of amino acids in the estuary gradually shifted to seagrasses
and microalgae. In the high salinity coastal ocean, microalgae domi-
nated amino acid production. We noted that the amino acid 5!3C signals
of seagrasses and microalgae partially overlapped, potentially biasing
the identification of amino acid sources in the estuarine area. Previous
studies have shown that seagrasses contribute insignificantly to the
organic matter in the Changjiang Estuary (Xing et al., 2011; Yao et al.,
2015), suggesting that amino acids in the estuarine region mainly
originate from microalgae. Overall, we have revealed for the first time
changes in the sources of amino acids along the salinity gradient in the
Changjiang Estuary on the basis of amino acid 8'3C values. These CSIA
data demonstrate the complexity of amino acid production in the estu-
arine and coastal areas, which is not reflected in amino acid concen-
tration and composition.

4.3. Reactivity of POM along the salinity gradient

The fate of POM in estuarine areas is closely linked to its reactivity
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Fig. 6. Linear discriminant function analysis based on the essential amino acid (isoleucine, leucine, phenylalanine, threonine, valine) 5'3C values of bacteria, algae,
seagrasses and terrestrial plants. River represents samples from stations PO1 to P04; Estuary: P05 to P08; Coastal Ocean: P09 to P10. The amino acid 6'3C data of
bacteria, microalgae, vascular plants, and seagrasses are from Larsen et al. (2013). The 5'C data for lysine were excluded from the linear discriminant analysis due to

being below the detection limit.
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(Blair and Aller, 2012; Canuel and Hardison, 2016). Amino acids are
labile components of POM and are preferentially removed during mi-
crobial degradation. A suite of indicators based on amino acid abun-
dance (e.g., carbon- and nitrogen-normalized yields) and composition
(e.g., DI and mol% Gly) have been proposed and widely used to assess
the diagenetic state of organic matter in marine ecosystems (Cowie and
Hedges, 1994; Dauwe et al., 1999; Davis et al., 2009; Lehmann et al.,
2020). As diagenesis progresses, amino acid yields and DI values
decrease, while the mole percentage of Gly increases. However, it is
essential to acknowledge that no single degradation indicator can fully
represent the full continuum of organic matter diagenesis. Davis et al.
(2009) suggested that the carbon-normalized yield of amino acids is
sensitive during early degradation, while DI and molar composition of
non-protein amino acids are effective indicators in mid- and late-stage
diagenesis, respectively. In this study, multiple degradation indices (e.
g., amino acid yields, DI, and mol% Gly) were employed to evaluate the
diagenetic state of POM.

A comparison of TPAA (%POC), TPAA (%PN), DI, and mol% Gly
(Fig. 3g, h and Fig. 7) indicates that POM in the Changjiang River has
undergone extensive diagenetic alteration. This finding aligns with
previous studies that suggest a substantial contribution of highly
degraded soil organic matter to terrestrial organic matter (Dagg et al.,
2004; Wu et al., 2007). Extremely low TPAA (%POC) and TPAA (%PN)
values (7.4-7.7% and 17.7-21.8%, respectively) were recorded at sta-
tions PO5 and P06 in low salinity areas (Fig. 3g, h). These stations are
located within the estuarine turbidity zone. Despite sufficient nutrient
availability in this region, the high turbidity and hence light limitation
impedes phytoplankton photosynthesis. Additionally, resuspension of
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Fig. 7. Changes of degradation index (DI) and mole percentage of glycine (Gly)
along the Changjiang River-estuary-coastal ocean continuum. The DI values are

derived from a principal component analysis of the mole percentages of protein
amino acids (Dauwe et al., 1999).
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refractory sedimentary organic matter further dilutes the amino acid
yields in POM.

In contrast, elevated amino acid yields and DI values, along with
lower mol% of Gly, were observed in regions with moderate to high
salinity (24 to 33). These results suggest that POM in these regions is less
altered. The areas where TPAA (%POC) and TPAA (%PN) values were
highest showed similar salinities to those with the highest Chl-a con-
centrations (Fig. 2c and Fig. 3g, h). Similar results were reported by
Liang et al. (2023), who found high TPAA yields and Chl-a levels in
regions with comparable salinity. Elevated phytoplankton production in
moderate salinity zones has been documented in many estuaries and is
attributed to a balance of turbidity and nutrient availability (Dagg et al.,
2004). In the Changjiang Estuary and adjacent sea, remarkably high Chl-
a concentrations and phytoplankton abundance typically occur in re-
gions with salinities between 25 and 31 (Jiang et al., 2015; Guo et al.,
2021a). Likewise, Wang et al. (2019) found frequent algal blooms at the
front of the Changjiang River plume (salinity ~30). Our results are
consistent, highlighting the contribution of phytoplankton production to
fresh POM in moderate to high salinity zones.

However, a decline in TPAA (%POC) from 22.5% to 19.6% and TPAA
(%PN) from 47.2% to 41.8% was observed from station P08 to station
P10, which is inconsistent with the changes in DI and mol% Gly (Fig. 7).
The residence time of POM in the water column of the Changjiang Es-
tuary ranged from a few days to a few weeks (Zhu et al., 2006). This
suggests that more effective indicators during the early diagenetic
stages, such as TPAA (%POC) and TPAA (%PN), reflect a more advanced
diagenetic state of POM towards the open ocean. The decline of TPAA
(%POC) and TPAA (%PN) is likely driven by decreased nutrient avail-
ability in high salinity regions, thereby limiting phytoplankton pro-
duction. Collectively, our findings provide valuable insights into the
reactivity of POM in estuarine environments, underscoring the complex
interplay between terrestrial inputs, environmental conditions, and
primary production governing the quality of organic matter.

4.4. Transformation and fate of POM along the river-estuary-coastal
ocean continuum

Estuaries serve as hotspots for elemental biogeochemical cycling.
Unlike the open ocean, which acts as a carbon sink for atmospheric CO»,
estuaries are typically net heterotrophic and sources of atmospheric CO5
(Cai, 2011; Dai et al., 2013). Survey results of the air-sea CO5 flux in the
Changjiang Estuary showed an annual release of 2.5-5.5 x 10'° mol of
CO, into the atmosphere (Zhai et al., 2007), suggesting significant
processing of organic matter in the estuarine region. Several features
contribute to the effective role of estuaries as organic matter processors,
including (a) high primary productivity, providing labile organic matter
as fuel for heterotrophic activity (Cloern et al., 2014); (b) shallow water
depth allowing light penetration and promoting photochemical degra-
dation of organic matter (McCallister et al., 2005); (c) tight hydrological
interactions between the estuarine and offshore environments,
enhancing material exchange (Bianchi, 2007; Snedden et al., 2013).

Global rivers transport ~0.40 Pg of organic carbon to the ocean
annually, yet detectable signals of terrestrial organic matter are limited
in the open ocean (Hedges et al., 1997). Our bulk and compound-specific
513C data provide additional evidence to support this conclusion.
Particularly in low salinity zones, there is an obvious shift in the §!3C
signal, indicating rapid removal of terrestrial organic matter. The
mechanisms behind the loss of terrestrial organic matter remain elusive,
but some biotic (e.g., biodegradation) and abiotic (e.g., photo-
degradation and flocculation) processes are considered to contribute to
this phenomenon (Bianchi, 2007; Helms et al., 2013; Fichot and Benner,
2014). As discussed in section 4.1, terrestrial organic matter is enriched
with aromatic substances such as lignin and tannic acid, which are prone
to photodegradation but resistant to microbial utilization (Benner and
Kaiser, 2011). Our results, in conjunction with other studies (Dagg et al.,
2004; Wu et al., 2007; Liang et al., 2023), also indicate the relatively low
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potential of terrestrial organic matter for microbial degradation. The
removal of terrestrial organic matter appears to be attributed to abiotic
processes. However, the presence of the turbidity maximum zone in the
low salinity area of the Changjiang Estuary partially inhibits radiation
penetration (Jiang et al., 2013). Investigations into the annual miner-
alization of terrestrial dissolved organic carbon (DOC) showed that
direct photo-mineralization accounts for a small fraction (6%) (Fichot
and Benner, 2014). Additionally, the appreciable discrepancy between
the §'3C values (—23%o to —21%o) of sedimentary organic carbon (Guo
et al., 2021b) and the observed bulk §'3C values of POC (—28.9%o to
—21.3%o0) in the study area suggests that the loss of terrestrial POM
signal is unlikely from rapid sinking and burial into sediments. Recent
studies have shown that the efficient removal of terrestrial organic
matter is largely attributable to the priming effect (Bianchi, 2011;
Bianchi et al., 2015; Sanches et al., 2021; Yao et al., 2025). Recognition
of the priming effect in estuaries initially centered on fresh organic
matter produced by marine phytoplankton promoting the breakdown of
refractory terrestrial organic matter. Subsequently, the intrusion of
ocean currents is also considered to be an important factor triggering the
priming effect (Xu et al., 2018). In the Changjiang Estuary, the invasion
of the Kuroshio Current and the Taiwan Warm Current likely enhanced
heterotrophic metabolism. Further, photo-transformation might also
enhance microbial processing of organic matter. For instance, Fichot
and Benner (2014) revealed that approximately 32% of terrestrial DOC
is removed on the Louisiana Shelf mixed layer through photo-enhanced
biomineralization.

Contrary to the aforementioned perspectives, studies have proposed
that terrestrial organic matter could be transformed into undetected
components, thereby overestimating the removal of terrestrial organic
matter (Stubbins et al., 2010; Chen et al., 2014; Waggoner et al., 2015;
Waggoner and Hatcher, 2017). They argue that the photochemical
transformation of lignin in terrestrial organic matter results in an in-
crease in bulk 5'3C values (Opsahl and Zepp, 2001) and an underesti-
mation of terrestrial organic carbon based on lignin and bulk §'3C
estimates. While differences in 5'3C values between bulk POC and pri-
mary production have been observed in low salinity areas (Fig. 5), the
small offset (~1.6%0) is insufficient to support the significant trans-
formation of terrestrial organic matter. Our amino acid and amino sugar
5'3C data clearly show changes in their sources in the estuarine area. In
particular, the 8'3C values of the bacterial biomarker MurA are linked to
substrate, with their variations directly reflecting shifts in carbon
sources. Furthermore, terrestrial organic matter after photo-
transformation is also likely to be consumed by microorganisms (Yin
et al., 2023). These findings suggest that the loss of terrestrial organic
matter signal in the ocean is unlikely due to extensive transformation
into undetectable substances.

In aquatic settings, heterotrophic bacteria serve as primary agents of
organic matter decomposition and diagenetic alteration. The above
discussion highlights the significant role of bacteria in the removal of
terrestrial organic matter. However, a portion of the organic matter can
be transformed into bacterial biomass. Culture experiments with mixed
substrates show minimal carbon isotopic fractionation during bacterial
assimilation (Hullar et al.,, 1996). However, selective utilization of
organic matter by bacteria probably accompanies isotopic fractionation.
Macko and Estep (1984) found that bacterial utilization of individual
amino acids leads to an increase in bacterial biomass 5'°C values (e.g.,
Alanine, +9%o). Previous research has shown that the 8'3C values of
amino sugars in heterotrophic bacteria are closely related to their sub-
strates (Guo et al., 2023a). The relatively high 5'3C values of amino
sugars observed at stations PO8 and P09 may be due to the selective
assimilation of labile carbon sources, such as amino acids. Guo et al.
(2023a) recently proposed the Vg index based on the §'°C values of
individual amino sugars to assess bacterial re-synthesis. More negative
Vs value reflects enhanced heterotrophic re-synthesis of amino sugars.
In our samples, decreased Vs values were observed with increasing
salinity (Fig. 8), suggesting active heterotrophic transformation in the
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Fig. 8. Index of variation in amino sugar carbon isotopes (Vas) along the
Changjiang River-estuary-coastal ocean continuum. Vs was calculated based
on the differences in 5'°C values among individual amino sugars. A more
negative Vs value indicates enhanced heterotrophic re-synthesis of amino
sugars (Guo et al., 2023a).

estuarine area. To further examine the extent of bacterial transformation
of POM, we used MurA to quantitatively estimate bacterial POC. Our
results show that ~16% of POC in the Changjiang Estuary and adjacent
areas is of bacterial origin, exhibiting a decreasing trend followed by an
increase with increasing salinity (Fig. 9). This trend is closely linked to
changes in phytoplankton production and the removal of bacterial POC
along the salinity gradient. Both autotrophic (in particular, cyanobac-
teria) and heterotrophic bacteria contribute to bacterial POC based on
biomarker determinations. However, in the Changjiang Estuary, cya-
nobacteria are relatively scarce, particularly in areas with salinities
below 20, where their relative abundance is <5% (Jiang et al., 2022).
This suggests that the majority of bacterial POC is derived from het-
erotrophic bacteria. The sharp decline in the proportion of bacterial POC
observed in the estuarine region supports the pattern of a rapid decrease
in terrestrial organic matter, further highlighting the efficient removal
processes occurring within the estuary. We note that the diagenesis of
MurA and changes in the bacterial community along the salinity
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Fig. 9. Bacterial contributions to particulate organic carbon (POC) along the
Changjiang River-estuary-coastal ocean continuum. Values were calculated
using Eq. (3) and the carbon-normalized yields of muramic acid (MurA). The
error bars represent the propagated uncertainties associated with the yields of
bacterial MurA.
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gradient could bias the bacterial contributions to POC. Particularly,
MurA, being a component of peptidoglycan, exhibits higher reactivity
relative to bulk bacterial materials (Moriarty, 1977; Nagata et al., 2003;
Tremblay and Benner, 2006; Lomstein et al., 2009). It appears to serve as
a biomarker for living bacteria and recent bacterial necromass, poten-
tially underestimating the total bacterial contribution (Tremblay and
Benner, 2006, 2009; Bourgoin and Tremblay, 2010). Comparisons of
bacterial origins in marine POM based on MurA and cell counts showed
that over 2/3 of bacterial organic carbon is represented by bacterial
detritus (Khodse and Bhosle, 2013; Ren et al., 2020). These findings
suggest that bacterial organic matter inferred from MurA is largely
associated with bacterial detritus. Despite these uncertainties with
possible influences on the quantitative results, the incubation experi-
ments showed that MurA-based estimates presented consistent trends
with bacterial re-synthesis, which was indicated by the decrease in
GleN/GalN (Lehmann et al., 2020).

We observed that ~19% of POC in the Changjiang River comes from
bacteria (Fig. 9). Our results reveal an important contribution of bac-
terial detritus to terrestrial organic matter, which has not been fully
appreciated in earlier studies. At the front of the Changjiang River
plume, elevated bacterial contributions to POC indicate rapid bacterial
transformation. Despite a portion of the bacterial organic matter being
involved in rapid cycling, bacterial detritus reactivity is lower than algal
organic matter, thus facilitating carbon sequestration. Overall, our re-
sults suggest that bacterial organic matter makes a significant contri-
bution to POM in estuarine systems. These findings demonstrate the
important role of bacteria in the transformation of organic matter along
the river-estuary-coastal ocean continuum.

5. Conclusions

This study characterizes the abundance and isotopic composition of
POM at both bulk and molecular levels along the river-estuary-coastal
ocean continuum. These molecular and compound-specific isotope an-
alyses provide powerful tools for unraveling the complex biogeochem-
ical cycles of organic matter in dynamic estuarine settings. To our
knowledge, this study represents the first coupled presentation of 5'C
variations in amino sugars and amino acids along the salinity gradient.
The main findings are summarized as follows:

(1) Bulk POC 8'3C values reflect the 5'>C values of primary pro-
ducers. The degree of fractionation between phytoplankton §'3C
and 8'3Cpc values varies with salinity, with larger offsets
occurring in high salinity areas.

Sources of amino sugars and amino acids are diverse along the
salinity gradient. Terrestrial amino acids mainly originate from
bacteria and vascular plants, while marine amino acids primarily
come from algae. In contrast, amino sugars exhibit a mixed
source at the freshwater end, including bacteria, fungi, and algae,
transitioning to bacteria towards the sea.

Terrestrial POM exhibits an advanced diagenetic state, but con-
tributions from phytoplankton production result in elevated POM
reactivity in moderate to high salinity zones.

Bacterial transformation significantly influences the fate of POM.
A substantial portion of terrestrial POM originates from bacterial
material and undergoes extensive removal in estuarine regions.
From the estuary to the coastal ocean, bacterial contributions to
POM progressively increase.

2

—

3

~

(4

—

These new data provide novel insights into the sources and fate of
organic matter in estuarine and coastal areas. Our findings emphasize
estuarine regions as crucial organic matter processors, making signifi-
cant contributions to carbon cycling. Further research is needed to
enhance the quantitative applications of amino sugar and amino acid
isotopic values in organic matter cycling.
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