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Dissolved inorganic carbon (DIC) represents a major global carbon pool and the flux from rivers to oceans has
been observed to be increasing. The effect of weathering with respect to increasing DIC has been widely studied
in recent decades; however, the influence of dissolved organic matter (DOM) on increasing DIC in large rivers
remains unclear. This study employed stable carbon isotopes and Fourier transform ion cyclotron mass spec-
trometry (FT-ICR MS) to investigate the effect of the molecular composition of DOM on the DIC in the Yangtze
River. The results showed that organic matter is an important source of DIC in the Yangtze River, accounting for
40.0 + 12.1 % and 32.0 & 7.2 % of DIC in wet and dry seasons, respectively, and increased along the river by
approximately three times. Nitrogen (N)-containing DOM, an important composition in DOM with a percentage
of ~40 %, showed superior oxidation state than non N-containing DOM, suggesting that the presence of N could
improve the degradable potential of DOM. Positive relationship between organic sourced DIC (DICoc) and N-
containing DOM formulae indicated that N-containing DOM is crucial to facilitate the mineralization of DOM to
DICqc. N-containg molecular formular with low H/C and O/C ratio were positively correlated with DICoc further
verified these energy-rich and biolabile compounds are preferentially decomposed by bacteria to produce DIC. N-
containing components significantly accelerated the degradation of DOM to DICoc, which is important for un-
derstanding the CO, emission and carbon cycling in large rivers.

1. Introduction Drake et al., 2018; Aufdenkampe et al., 2011; Raymond et al., 2013). As

the dominant component of fluvial C and the dominator of riverine CO2

Rivers play a substantial role in the global carbon cycle by not only
exporting carbon but also outgassing carbon (C) from terrestrial systems
enroute to the ocean (Cole et al., 2007; van Hoek et al., 2021). Previous
studies have estimated that approximately 0.7-1.3 Pg C yr ! of terres-
trial C is delivered to the ocean (Drake et al., 2018), and 0.8-3.3 Pg C
yr’1 of CO, is emitted from rivers to the atmosphere (Cole et al., 2007;

emissions, dissolved inorganic carbon (DIC) contributes ~41 % of the
total global C flux from rivers to oceans (van Hoek et al., 2021; Huang
et al., 2012) and controls the supersaturated state of the partial pressure
of carbon dioxide (pCO3) in most rivers (Raymond et al., 2013). DIC is an
indispensable participant in aquatic photosynthesis, pH regulation, and
elemental cycles such as calcium, silicon, and magnesium (Kohler et al.,
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2010; Tank et al., 2018; Kaushal et al., 2013). Alterations in DIC con-
centration and export will significantly affect aquatic physicochemical
properties and carbon balance in riverine and land-ocean systems
(Martin 2017; Raymond and Hamilton 2018; Song et al., 2021).
Consequently, variability in concentration, sources, and corresponding
drivers of riverine DIC has been increasingly recognized as an important
component of biogeochemical processes in riverine and global carbon
cycling.

Over recent decades, a substantial increase in DIC export from land
to ocean, and the maintenance of the supersaturated state of pCO> in
rivers has been proposed (Raymond and Hamilton 2018; Ren et al.,
2015). Previous studies have reported that ~0.35 Pg C yr ! DIC is
delivered to the ocean (Huang et al., 2012; Cai 2011) and anthropo-
genically enhanced DIC flux of the Mississippi River in the past 50 years
(Raymond et al., 2008). Mineral weathering (silicate and carbonate
rocks), atmospheric dissolution, and organic matter degradation are the
primary sources of DIC in rivers, with the hydrogen carbonate ion
(HCO3) being dominant in most natural waters (Tank et al., 2018; Chen
et al., 2021a). The contributions of weathering, organic matter (OM),
and atmospheric dissolution of CO, to DIC can be distinguished by the
13¢ isotope of DIC (613CD1C) due to the significantly more depleted and
enriched §'3C of dissolved OM (DOM) and carbonate (Ishikawa et al.,
2015; Herath et al., 2022). The soluble products of DIC from enhanced
chemical weathering generate more riverine DIC, which is regarded as
the primary contributor to increased DIC (Kohler et al., 2010; Moosdorf
et al., 2014; Taylor et al., 2016). The COy from OM decomposition
significantly contributes to the DIC in less weathered zones by dissolving
and participating in carbonate equilibrium (Richey et al., 2002; May-
orga et al., 2005). The metabolism of river ecosystems shifts a large
amount of organic to inorganic carbon, becoming the significant
contributor to the carbon dioxide emissions (Battin et al., 2023). Ac-
cording to an incomplete estimation, the mean annual metabolic fluxes
(include  autotrophic and  heterotrophic  respiration) are
760 g Cm 2yr!,591 gCm 2yr !and 827 g Cm™2 yr ! for tropical,
temperate, and high-latitudinal rivers, respectively (Battin et al., 2008;
Appling et al., 2018; Gounand et al., 2018; Marzolf and Ardon 2021;
Bernhardta et al., 2022). Light, flow, land use and climate change have
been identified as primary drivers of river metabolism and carbon
biogeochemistry (Bernhardta et al., 2022). Increased anthropogenic
influences, such as mining exploitation, agricultural cultivation, ur-
banization, and industrialization, further intensify DIC input (Kohler
et al., 2010; Raymond and Hamilton 2018), as well as alter the organic
matter (OM) molecular composition and thus its environmental role and
fate (Williams et al., 2016; Vaughn et al., 2021; Zhou et al., 2022). The
influence of rock chemical weathering on riverine-increased DIC de-
serves attention for its role as a carbon sink (Tank et al., 2018; Raymond
and Hamilton 2018; Ren et al., 2015). However, the effect of the mo-
lecular composition and heterotatom variability in OM, particularly the
anthropogenically derived variation of DOM, on increased DIC in large
rivers remains unknown.

The source and composition of DOM determine the fate of its
decomposition, and substantial research has shown that bioavailable,
young, and labile OM are preferentially decomposed (Mayorga et al.,
2005). The DOM with heteroatomic formulae (dissolved organic nitro-
gen and sulfur) is preferentially degraded over that without heter-
oatomic formulae (Vorobev et al.,, 2018; Hach et al.,, 2020). An
abundance of condensed aromatics, polyphenolics, phenolics from het-
eroatomic formulae have been shown in samples that appear dominated
by stable DOM due to the relative oxygen-enriched environment in river
(Vaughn et al., 2021; Zhou et al., 2022; Spencer et al., 2019; Williams
et al., 2010). Previous study has verified that the bioavailability of
organic nitrogen (livestock and domestic wastewater) accounted for a
large proportion of DOM (Zhang et al., 2016a, 2019; Chen et al., 2022a).
The dissolved amino acid (one kind of N-containing DOM) can be uti-
lized by phytoplankton directly, promoting the consumption of DOM
and production of labile DOM (Zhao et al., 2019; Chen et al., 2021b).
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High N-containing molecules indicated rich protein-like compounds and
tend to be more easily be degraded (Li et al., 2023) besides the aliphatic
with high H/C (Zhou et al., 2022). The turnover rate of high lability
N-containing DOM is much short and scaled from minutes to hours due
to the rapid activities of microorganisms (Zheng et al., 2020). Further-
more, protein-like compounds or metabolized humic-like compounds
has been shown to elevate the metabolism of microbes and minerali-
zation of DOM, eventually leading to the release of DIC (Zhou et al.,
2022, 2021). Clearly, biolabile DOM in the river would increase the
organic-sourced CO, and then alter the concentration and source of DIC
in a river. Thus, fully understanding the linkage between biolabile DOM
and increased DIC in rivers can help to comprehensively understand the
genernation of DIC in the riverine and terrestrial-oceanic carbon cycles.

The Yangtze River is the longest river in Asia and a vital channel to
export terrestrial carbon to the ocean, and it is estimated that 1502 x
10° mol DIC was transported to ocean through this river, the second
largest global fluxes of DIC in rivers (Shan et al., 2020; 2021). With the
increasing pressure of human activities in the Yangtze River Basin in
recent years (Zhou et al., 2021; Meng et al., 2023), it is more and more
necessary to study the organic source in the DIC cycle of this river.
Therefore, the primary objective of this study was to reveal how varia-
tions in the DOM molecular composition may regulate the organic
sources of DIC in the Yangtze River. Stable carbon isotopes of DIC,
Fourier transform ion cyclotron mass spectrometry (FT-ICR MS), and
optical spectroscopy of DOM were performed on samples from the
Yangtze River, China to: 1) trace the contribution of organic-sourced
DIC, 2) investigate the distribution and variation of DOM, and 3)
examine the effect of DOM on organic-sourced DIC.

2. Materials and methods
2.1. Study area and sampling strategy

With a length of approximately 6400 km, the Yangtze River is the
longest river in Asia, and its watershed includes the large cities of
Chongqing, Wuhan, Nanjing, and Shanghai (Qi et al., 2014; Yang et al.,
2014). The Yangtze River Economic Belt is the main artery of the Chi-
nese economy, contributing approximately 46.2 % of China’s gross do-
mestic product, and the gross domestic product of the increases
gradually along the river continuum, especially in the plain of the
middle and lower reaches of the Yangtze River (Zhou et al., 2021; L.Z.
Meng et al., 2023). The discharge and sediment concentrations of the
Yangtze River show large seasonal variability, with the highest and
lowest discharge and sediment concentrations observed in July and
December, respectively (Fig. 1). Rainfall is mainly concentrated between
May and October, accounting for 70-90 % of the annual rainfall (Zhou
et al., 2021; Zhang et al., 2014).

In this study, total of 71 and 115 surface water samples were
collected in December 2020 (dry season) and May 2021 (wet season)
from Chongqing to Shanghai along the Yangtze River (Fig. 1), for
analysis of DIC content and isotopes, optical characteristics of DOM, and
other environmental factors. Thereinto, total of 39 samples in the river
continuum, 12 in December 2020 and 27 in May 2021, especially in sites
near metropolis and rivers confluence, were selected for the DOM mo-
lecular characteristics analysis (Fig. 1).

2.2. Content, stable caron isotope, and source of DIC

The total dissolved carbon (TDC) and dissolved organic carbon
(DOC) concentrations were measured using a total organic carbon
analyser (Shimadzu TOC-L, Japan), and the dissolved inorganic carbon
(DIC) concentrations were calculated from the difference between the
TDC and DOC (Text S1). After water samples were reacted in a helium
ambient sample bottle containing 0.2 ml 85 % phosphoric acid for 6-8 h,
stable carbon isotope ratios of DIC (613CDIC) were measured using a
MAT253 plus isotope ratio mass spectrometer with a Gas Bench II
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Fig. 1. (a-b) Sampling sites in the Yangtze River during wet season and dry season. (c) Location of the Yangtze River Basin. (d) Seasonality of runoff and sediment

concentration for the Datong hydrometric station.

automated device (Thermo Fisher Scientific, USA) (Text S1) (Lang et al.,
2011; Li et al., 2022). The results were calibrated against the Vienna Pee
Dee Belemnite (V-PDB) standard, and the analytical precisions of
613CDIC were 0.15 %o, respectively.

DIC sources analyses were conducted using Bayesian mixing model
in “MixSIAR” package of R 4.0.4, and Bayesian mixing model is based on
Markov chain Monte Carlo algorithm to output source probability dis-
tribution, which improved accuracy and fault tolerance (Meng et al.,
2021). Source of weathering and organic matter were selected as po-
tential sources of DIC in this study, and the end member values was
obtained from previous studies and shown in Table S1 (Text S1) (Ishi-
kawa et al., 2015; Telmer and Veizer 1999; Amiotte-Suchet et al., 1999).
Based on the Markov Chain Monte Carlo (MCMC) sampling algorithm,
the output of the Bayesian model is a probability distribution, and the
average value is taken as the source results. Sensitivity analysis of
Bayesian mixing model were taken, and the influence of fluctuation in
endmember range of 0.2 %o on the source result is less than 0.5 %.

2.3. Molecular characteristics of DOM acquired from FT-ICR Ms

DOM from filtered water samples was extracted using PPL cartridges
(Agilent) according to the methods of Dittmar et al. (2008). The meth-
anol eluates containing the extracted DOM were analyzed by
negative-ion electrospray ionization with a custom-built hybrid linear
ion trap FT-ICR MS equipped with a 21 T superconducting solenoid
magnet (Hendrickson et al., 2015; Smith et al., 2018). In this study, the
number proportion of formulae classified components (CHO%, CHON%,
CHOS% and CHONS%) were calculated. The molecular compounds
were categorised as highly unsaturated and phenolic-low O/C (HUP-L),
highly unsaturated and phenolic-high O/C (HUP-H), Polyphenolic-high
0O/C (Poly-H), Polyphenolic-low O/C (Poly-L), condensed aromatics
(CArom), peptide-like, sugar-like, and aliphatic, and the percentage of
the elemental molecules in each molecular compound were determined.
In addition, modified aromaticity index (Alyoq) and nominal oxidation
state of carbon (NOSC) were calculated based on molecular formula
(Fig. S1). Detailed information on the FT-ICR MS analyses and molecular
calculation methods is provided in Text S1.

2.4. Optical characteristics of DOM, and other chemical analysis

The optical properties of DOM were measured using a UV-3600
spectrophotometer (Shimadzu, Japan) and an FS5 spectrofluorometer
(Edinburgh Instruments) after passing through pre-rinsed 0.22 pm Mil-
lipore filters. This study provides information on specific ultraviolet
absorbance (SUVA254), biological index (BIX), humification index
(HIX), and three humic-like components (C1-C3) and two protein-like
components (C4-C5) was well validated by Parallel factor analysis
(PARAFAC) (Table S2). The calculation and model used for these
properties can be found in Text S1, and the variation of the five com-
ponents, BIX, and SUVA254 are shown in Figs S2 and S3.

5'3Cpoc was determined by persulfate wet oxidation and thermal
methods (Lang et al., 2011). The water sample in the bottle reacts with
hydrochloric acid to remove the inorganic carbon and is filled with
helium gas, and then the headspace carbon dioxide is generated after the
action of oxidizing agent during 100 °C and measured by MAT253 plus
isotope ratio mass spectrometer with a Gas Bench II automated device
(Thermo Fisher Science, Bremen, Germany). 513CC02 was measured
using a Picarro G2131-i with a small sample introduction module (Pic-
arro A0314 SSIM) (Miller et al., 2022), and the 5°H and 880 values of
the water samples were measured using an L2130-i High Accuracy
Water Isotope Analyzer (Picarro, USA) (Wu et al., 2018). The concen-
trations of total dissolved nitrogen (TDN), ammonium (NHY), and ni-
trate (NO3) in the water samples were determined using the potassium
persulfate digestion and spectrophotometric method, the nesslerization
colorimetric method, and phenol disulfonic acid ultraviolet spectro-
photometric method (Chen et al., 2022b), water temperature, SpC, and
pH in the water samples were determined according to previous studies
(Text S1) (Jin and Tu 1990).

2.5. Redundancy analysis

Redundancy analysis (RDA) was conducted to evaluate the impact of
the DOM source and environmental factors on organic-sourced DIC.
Optical properties indexes of DOM, source 63Cpoc), temperature, pH,
nutrients and 5'3Cpyc, and organic-sourced DIC in the wet and dry sea-
sons were adopted to conduct RDA analysis.
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3. Results

3.1. Content, stable carbon isotopic and organic-source contribution of
DIC

The DIC concentrations obtained from the Yangtze River ranged
from 1619 pmol L ~ ! to 2497 pmol L ~ ! with mean values of 2016+288
pmol L ~ ! and 21204143 pmol L ~ ! in wet and dry seasons, respec-
tively, and showed a decreasing trend from upstream to downstream
(Fig. 2). Spatially, 613CD1C was much more enriched in upstream, and
more depleted in downstream, with the highest values of —6.4 %0 and
—6.2 %o in wet and dry seasons, respectively, and the lowest values of
—9.7 %o and —9.2 %o in wet and dry seasons, respectively. Seasonally, the
613CD1C in wet season (mean value, —8.5 + 1.0 %o) was more depleted
than that in dry season (mean value, —8.0 + 0.8 %o). Correspondingly,
the contribution of organic-sourced DIC (DICqc) increased from up-
stream to the estuary, according to the analysis of Bayesian mixing
models. The percentage of DICoc was much lower in upstream
(approximately 17.4 %) than in downstream (approximately 50.4 %).
The DICqc in wet season (40.0 + 12.1 %) was higher than that in dry
season (32.0 + 7.2 %).

3.2. Molecular formula composition of DOM

The number of assigned DOM formulae in the Yangtze River ranged
from 7967 to 16,752, and the DOM formulae in wet season (with an
average of 15,087+956) was greater than that in dry season (with an
average of 12,713+1898) (Fig. 3). CHO accounted for 39.12+2.69 % of
DOM, and showed a decreasing trend along the river with a percentage
range of 35.15~41.00 % and 36.79~48.81 % in wet and dry season,
respectively (Fig. 3 and Table S3). As for heteroatomic compound DOM,
CHON was the dominant component, accounting for 41.77+2.55 % of
DOM, and fluctuatedly increased with an range of 38.59~47.39 % and
33.81~44.54 % from upstream to downstream in wet and dry season,
respectively (Fig. 3 and Table S3). CHOS only accounted for 14.64
+1.73 % of DOM, and the percentage showed a decreasing trend along
the river, with an range of 9.64~17.47 % and 11.18~16.38 % in wet
and dry season, respectively (Fig. 3 and Table S3). CHONS was the
smallest contributor to the DOM, only accounting for 4.95+0.82 % and
3.40+1.02 % in wet and dry season, respectively, and gradually in-
creases along the river continuum (Fig. 3 and Table S3).

3.3. Molecular composition in different classified compound categories

Seven classified compound categories were recognized in this study,
and the distribution patterns of compound categories were silimar in wet
and dry seasons (Fig. 4 and Table S4). Highly unsaturated and phenolic
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compounds (HUP) were the dominant components, accounting for
81.89~88.38 % of DOM, among which the percentage of highly un-
saturated and phenolic compounds with high O/C (HUP-H) accounting
for 32.66~41.93 %, and the highly unsaturated and phenolic com-
pounds containing low O/C (HUP-L) accounting for 42.58~53.09 %
(Fig. 4 and Table S4). Polyphenolics (Poly) were the second principal
component, with a percentage of 9.35+1.24 %, polyphenolics with high
0O/C (Poly-H) and low O/C (Poly-L) accounted 2.67~4.73 % and
4.21~8.13 %, respectively (Fig. 4 and Table S4). The proportions of
condensed aromatics (CArom), sugar-like compounds, and peptide-like
compounds were much lower, with the rang of 0.67~2.25 %,
0.42~2.44 % and 0.76~6.28 %, respectively (Fig. 4 and Table S4).

Similar to the molecular composition of DOM, CHO and CHON were
dominated in different formulae-classified compound categories, and
the proportion of CHOS and CHONS were lower (Fig. 4 and Table S5).
Similar patterns of molecular composition were found in HUP in wet and
dry seasons, and HUP (including HUP-H and HUP-L) presented obvious
CHO and CHON dominance. The average percentage of CHON in HUP-H
and HUP-L was 38.41~48.18 % and 36.09~54.43 %, respectively
(Fig. 4 and Table S5), and CHO accounted for 33.02~48.32 % and
33.96~49.46 % in HUP-H and HUP-L, respectively (Fig. 4 and Table S5).
Molecular composition of Poly (including Poly-H and Poly-L) and
CArom showed seasonal differences. In wet season, CHO was the mainly
company in Poly and CArom, with a ranged of 44.48~57.70 %,
40.29~64.71 % and 63.16~77.91 % in Poly-H, Poly-L and CArom,
respectively. Followed by CHON, the percentage range of CHON in Poly-
H, Poly-L and CArom were 41.97~48.42 %, 30.58~46.53 % and
11.84~34.97 %, respectively. In dry season, the molecular composition
of Poly-H is similar to wet season, but the percentage of CHOS in Poly-L
and CArom obviously higher than that in wet season. CHOS, accounting
for 44.03+6.90 % in Poly-L, was the main composition, followed by
CHO and CHON, accounting for 29.66+3.07 % and 23.53+6.02 % in
Poly-L, respectively. CHO was the primarily component of CArom with a
percentage of 49.80+8.64 %, and CHOS was secondary component with
a porprotion of 39.65+12.94 %. As for Suger and Petide-like, CHON
showed obvious dominance both in wet and dry season, with percentage
range of 44.44~100.00 % and 69.29~100.00 % in Suger and Petide-
like, respectively. Specially, a increasing trend from upstream to
downstream were observed in the percentage of CHON in HUP-L, Poly-
H, Poly-L and CArom and the percentage of CHONS in HUP-H, HUP-L,
Poly-H, and the other molecular composition percentage decreased or
fluctuated along the river continuum (Fig. 4).
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4. Discussion
4.1. Higher oxidation state of N-containing DOM in the Yangtze river

Organic compounds with different DOM molecular formula have
different utilization potential of microbial and photodegradation (Gon-
sior et al., 2011; Riedel et al., 2016; Hu et al., 2022). Enriching heter-
oatomic formulae has been proved can alter the reactivity of DOM, and
the high lability DOM with heteroatomic formulae is preferentially
degraded (Wagner et al., 2015; Vorobev et al., 2018; Hach et al., 2020).
For the Yangtze River, nitrogen containing molecule is the dominant
component of DOM, and CHON accounted for approximately 40 % of
DOM (Fig. 3). Compared with other majore rivers, the percentage of
CHON in the Yangtze River also apparently higher than that in
Suwannee, Kissimmee, Mississippi and Amazon rivers (Table S6). Pre-
vious studies revealing that human activities and associated land use
cover change increase the nitrogen formulae content, sucn as forest
DOM presented a significant abundance of CHO, while agricultural DOM
showed more N-containing formulae (CHON) (Vaughn et al., 2021;
Spencer et al., 2019; Drake et al., 2019a b; Kurek et al., 2020; 2022). The
superior CHON in the Yangtze River than other regions may caused by
the higher intensity of anthropogenic influence in the river basin than
that in forest-dominated catchments.

Oxidation state is an important indicator of DOM degradation po-
tential, and thermodynamically, highly oxidised DOM molecules are
preferentially degraded, and reduced DOM molecules tend to persist in
aquatic systems (Kellerman et al., 2015; Boye et al., 2017). The nominal
oxidation state of carbon (NOSC), which characterises the oxidation
state of carbon, is a thermodynamic indicator of biodegradability
(LaRowe and Cappellen 2011; Chen et al., 2022c). For the Yangtze
River, the average NOSC was —0.174+0.03, which is contisitant with
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lignin-like substance (from —0.2 to —0.1). The average NOSC values of
CHON and CHONS were 0.14+0.18 and 0.17+0.10, respectively, which
is obvious higher than that of CHO and CHOS (with an average of —0.16
+0.24 and —0.16+0.11) (Fig. 5). Significant higher NOSC of N-con-
taining DOM molecule category in this river (—0.33 to 0.59) than non
N-containing DOM molecule category (—0.76 to 0.39) (Fig. S4) is
consistent with previous study (Chen et al., 2022c), which suggested
that the presence of nitrogen could potentially improve the degrad-
ability of DOM (Boye et al., 2017). Although the NOSC in the Yangtze
River has a narrower range compared to those from plant litters (Gunina
and Kuzyakov 2022), sediments (Zhou et al., 2019), and soil organic
matter (Boye et al., 2017), DOM with a relatively high NOSC induced by
N-containing components is expected to have a higher energy content
and is more likely to be degraded in the Yangtze River (LaRowe and
Cappellen 2011).

4.2. Coupling between N-containing DOM and organic-sourced DIC

The composition of DOM determines the fate of its decomposition,
and regulates the generation of DICo¢ (Mayorga et al., 2005). The re-
lationships between different DOM molecular composition (CHO,
CHON, CHOS, CHONS) and DICo¢ were discussed in this study. Our
results showed that CHON% (r = 0.33, p < 0.05) and CHONS% (r = 0.52,
p < 0.05), both with N atoms, were significant positive correlated with
DICqc; while CHO% (r = —0.34, p < 0.05) and CHOS% (r = —0.32,p <
0.05), both without N atoms, were significant negative correlated with
DICo¢ (Fig. 6). The positive relationship between DICoc and N-con-
taining DOM (r = 0.43, p < 0.05, Fig. S5) suggests that nitrogen atoms
promoted the effect of DOM on DICoc. Moreover, N/Cy, showed a sig-
nificant positive relationship with DICo, also indicating that the present
of N atoms promoted the transformation of DOM to DICq¢ (the high
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Fig. 5. Nominal oxidation state of carbon (NOSC) of DOM composed different molecular formulas (a. CHO, b. CHON, c. CHOS, d. CHONS).
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Yangtze River.

N/Cy, is associated with depleted 613CDIC, as shown in Fig. S6). This
finding corfirms the notion that degradation of N-containing DOM may
elevate the contribution of DICq in river (Drake et al., 2019a).
Furthermore, we conducted a Spearman’s rank correlations to reveal
the promoting effect of N-containing compound groups on the produc-
tion of DICqc. Previous studies have showed that river neworks flowing
through urban and agricultural areas transport quantities of anthropo-
genic DOM, particularly N-containing DOM (Vaughn et al., 2021; Zhou
et al., 2022; Spencer et al., 2019; Williams et al., 2010). When
comparing the thousands of molecular formular assigned in DOM from
the Yangtze River with N atoms and without N atmos, a number of
formulae with relative high H/C ratio, such as CHO and CHOS, and low
H/C and O/C ratio N- containing formulae, such as CHON and CHONS
were found to be significant positively correlated with DICo¢ (Fig. 7).
Due to their high H/C ratios (% aliphatic) and amine content, these
compounds are generally energy-rich and biolabile, and are preferen-
tially decomposed by bacteria over short timeframes (Spencer et al.,
2015; Drake et al., 2015), wich is similar to that found in other study
areas (Drake et al., 2018; Rossel et al., 2013). The significantly negative
Spearman correlation coefficients between the CHO, CHON molecules
and DICpc were predominantly in high O/C and low H/C formulae
(Fig. 7), which were specified as forest-derived DOM and inert to be
degraded by bacteria (Drake et al., 2019a). In addition, it was found that
most aliphatic and HUP in CHOS molecules were positively correlated
with DICqc, Poly in CHOS molecules was negatively correlated with
DICoc, and mostly HUP in CHONS molecules were positively correlated
with DICoc (Fig. 7). Sewage treatment effluent is a main source of CHOS
formulae in river water column (Ye et al., 2019), and the surfactant-like
O3S and OsS formulae enriched in sewage effluent (Ye et al., 2019) were
highly correlated with aliphatic compounds (r = 0.84), indicating that

the presence of S atoms could also promote DICo¢ from DOM. Com-
paried with dry season, higher percentage of DOM formulaes (CHO,
CHON, CHOS, CHONS) were positive correlated with DICoc in wet
season (Fig. 7), which shows that DOM in the dry season is resistant to
degradation by DICo¢ (Kramer et al., 2004; Jones et al., 2020; Chu et al.,
2022).

4.3. Effect of other regulation and driver factors

Degradation of DOM was also regulated by its sources and environ-
mental factors such as temperature, pH, and nutrients (Hu et al., 2022;
Koch and Dittmar 2006; Davidson and Janssens 2006). Redundancy
analysis (RDA) showed that the concentration of DICo¢ (Cpic—oc) in wet
and dry seasons were both significantly positively related with DOM
composition (fluorescent components, C1-C5), source (SIBCDOC), and
aromaticity (SUVAgs4) (Fig. 8). Seasonal environmental factors have
different effects on DICoc. The influence of BIX, affected by tempera-
tures, on DICpc in wet season is stronger than that in dry season. pH,
NH** and Spc had significant negative effects on DICq in the wet sea-
son, while pH had significant positive effects on DICo in the dry season
(Fig. 8).

DICoc was found to be associated with more aromatic/terrestrial
inputs, which reflecting in the Spearman correlation between SUVAgs4,
613CD0C and molecular formulae (Fig. S7 and S8) (Rossel et al., 2013;
Mesfioui et al., 2015; Qiao et al., 2021). Soil erosion caused by high
rainfall during the wet season may push more DIC from soil organic
matter into river. The strong relationship between Cpic—oc and
humic-like components (C1-C3) in wet season also further confirmed the
aromaticity of allochthonous DOM, whereas protein-like components
(C4-C5) and part of humic-like components (C1) were correlated with
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the Cpic—oc in dry season (Fig. 8). The N/Cya,, temperature, and
humic-like components (C3) significantly regulate the Cpjc—oc with a

relatively high correlation, and the percentage

of Cpic—oc to DIC

(5'3Cpic) is dominated by DON, NOg3, S/Cwa, aliphatic and N/Cy, for all
data in wet and dry seasons (Fig. S9). The stable carbon isotopes of DIC,
DOC, and CO; also demonstrate that upstream weathering mainly
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consumes atmospheric CO5, and human activities raised the allochtho-
nous DOM and then elevated the respiration DICo¢ (Fig. S10) (Mack-
ensen and Schmiedl 2019).

The correlations among different molecular, isotopic, and optical
parameters would facilitate the understanding of the effect of DOM
composition and source on DICo¢ (Fig. S11). The significant positive
correlations between the molecular ratios (S/Cwa, N/C,y,) and absorp-
tion coefficient (a254) (DOC is highly correlated to a254) suggest that N-
and S-containing and synchronous DOM dominated DOC in the Yangtze
River. H/C exhibited a high correlation with the five fluorescence
components in the dry season (mean r = 0.77) and almost no correlation
in the wet season. Molecular CHON and CHONS were mainly distributed
in C4 (tryptophan-like), particularly during the wet season (r = 0.45 and
0.56). The significant negative correlations between Almod and marine
humic-like (C1) (r = —0.86) and the positive correlation between Almod
and 8'%Cpoc in dry season (r = 0.46) suggested that autochthonous
humic-like components increase the Almod in the Yangtze River, which
is different from previous studies on boreal and coastal waters (Stubbins
et al., 2014; Sun et al., 2022).

5. Conclusion

Our research revealed that organic matter degradation is a crucial
source of DIC in the Yangtze River, accounting for 40.0 + 12.1 % and
32.0 £ 7.2 % of DIC in wet and dry seasons, respectively, and increasing
along the river by approximately three times. Nitrogen-containing DOM
is an important composition in DOM, with a percentage of ~40 %. Su-
perior oxidation state of nitrogen-containing DOM than non nitrogen-
containing DOM and positive relationship between DICoc and N-con-
taining DOM formulae both suggested that the presence of nitrogen
could improve the degradable potential of DOM. Moreover, molecular
formular with low H/C and O/C ratio N-containg formulae were posi-
tively correlated with DICo¢ further verified these energy-rich and
biolabile compounds are preferentially decomposed by bacteria to pro-
duce DIC. Overall, our study revealed that N-containing components
significantly elevated the oxidation state of DOM and promoted its effect
on organic-sourced DIC, which is of vital significance to understand the
environmental process of DIC, CO, emission and even carbon cycling in
large rivers.
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