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Changes in the molecular composition of dissolved organic matter (DOM) and its light-
absorbing component (CDOM) along the river—coastal ocean continuum are crucial
for better understanding the source and fate of DOM in coastal oceans. Both optical
(absorbance and fluorescence) techniques and ultrahigh-resolution mass spectrometry
have been widely used to trace DOM cycling. However, to the best of our knowledge,
the linkage between these two techniques is rarely investigated along the river—
coastal ocean continuum. In this regard, bulk characterization, optical techniques, and
ultrahigh-resolution mass spectrometry [Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS)] were applied to determine the DOM chemistry along a spatial
transect from the Yangtze River Estuary (YRE) to the East China Sea. The results showed
that DOM in the YRE was mainly controlled by the mixing of freshwater and seawater.
Besides terrestrial input, multiple sources (tributary input from the Huangpu River,
wastewater input, and sediment resuspension and subsequent release at the turbidity
maximum zone) have been identified. In addition, the linkages between CDOM and
thousands of formulas were developed based on Spearman’s rank correlations between
optical parameters and FT-ICR MS peaks. The linkages showed that the molecular groups
associated with the optical parameters generally agreed with conventional biogeochemical
interpretations. Nevertheless, each technique has its unique advantage and weakness in
interpreting DOM composition. Therefore, the combination of the untargeted FT-ICR MS
approach and optical techniques could be valuable for studying the DOM sources and
transformation in large river estuarine systems.

Keywords: Yangtze River Estuary, East China Sea, dissolved organic matter (DOM), optical properties, molecular
composition
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INTRODUCTION

Estuaries are the major channels transferring dissolved organic
matter (DOM) from land to the coastal ocean, playing a crucial
role in biogeochemical element cycling (Li et al.,, 2015). The
transport of DOM from estuaries to coastal oceans represents
a fundamental component of the global biogeochemical cycle
(Bianchi, 2011; Cao et al., 2018), which has gained increasing
attention (Hedges et al., 1997; Benner, 2004). DOM provides
an essential source of energy and nutrients, and affects nutrient
cycles, oxygen levels, and microbial communities in aquatic
environments (Findlay and Sinsabaugh, 2003). The extent of
these influences relies not only on the abundance but also on
the sources and chemical composition of DOM (Hansell and
Carlson, 2015). Primary sources of DOM in estuaries and coastal
oceans include terrestrial plants, soils, sediment resuspension,
microbes, and marine phytoplankton (Li et al., 2015; Canuel
and Hardison, 2016). Moreover, anthropogenic activities such as
urban and industrial runoft (wastewater discharges) can further
complexify the DOM abundance, chemical composition, and
bioavailability, especially in densely populated estuaries (Spencer
et al., 2007; He et al., 2020).

In the estuarine zone, the salinity, ion strength, and
oxidation-reduction potential changed sharply, which affected
the transformation, adsorption, desorption, and sedimentation
of organic matter (OM) (Canuel et al, 2012). Although the
physical mixing of freshwater and marine water is usually one
of the dominant processes affecting the DOM distribution and
transformations, other processeshavebeennotedtoplayimportant
roles, including removal processes such as photochemical and
biological degradation, and adsorption to particles, and addition
processes such as in situ production and sediment resuspension
(Li et al,, 2015). All these removal and addition processes highly
affect DOM composition and sources. In this context, assessing
the DOM composition and source would be the first step to
understand its transformation in estuaries. The carbon isotopic
composition is a well-established tool for differentiating DOM
sources, with marine DOM having higher §*C values than
terrestrial DOM (Hedges et al., 1997; Lalonde et al., 2014). The
UV-Vis absorbance and fluorescence spectroscopy were widely
used in characterizing the chromophoric DOM (CDOM), an
optically active fraction of DOM, and thus infer the overall
DOM source and its biogeochemical cycling (Coble, 2007; Li
and Hur, 2017). Moreover, excitation—emission matrix coupled
with parallel factor analysis (EEM-PARAFAC) was applied in
combination with 6°C to further constrain the DOM sources
(Osburn and Stedmon, 2011; Cawley et al., 2012; Ya et al., 2015).
Both conservative and non-conservative mixing behaviors of
various fluorescent components have been observed spatially
from the freshwater to seawater regions (Stedmon and Markager,
2005; Yang et al., 2013; Li et al., 2015), suggesting complex factors
controlling the DOM dynamics in estuaries.

Although stable carbon isotopes and optical techniques are
helpful in elucidating spatial and temporal variations in DOM
sources, they cannot provide the molecular composition of
DOM, which is an important determinant of DOM lability

and fate (Hansell and Carlson, 2015; Mostovaya et al., 2017).
Ultrahigh-resolution mass spectrometry [e.g., Fourier transform
ion cyclotron resonance mass spectrometer (FT-ICR MS)] is
introduced to investigate the molecular composition of DOM
(Kujawinski et al., 2004; Koch and Dittmar, 2006), and has
shown promising applications in various aquatic environments
(Nebbioso and Piccolo, 2013; Minor et al., 2014). FT-ICR MS
has aided in identifying DOM transformation processes from
terrestrial to marine biomes (Sleighter and Hatcher, 2008;
Medeiros et al., 2015; Seidel et al., 2015). In addition, the linkage
between optical and molecular properties of DOM in natural
aquatic systems is a subject with rising interest in the aquatic
biogeochemistry field (Osburn and Bianchi, 2016). For instance,
the combination of optical properties and FT-ICR MS has been
applied recently to a few natural systems, such as a boreal river,
a subtropical wetland, and the Mediterranean Sea, in order to
further understand the chemical composition and transformation
of DOM (Stubbins et al., 2014; Wagner et al., 2015; Martinez-
Pérez et al,, 2017). These studies have recognized that chemical
composition at the molecular level is closely associated with
many optical indices (e.g., absorbance, relative abundance of
fluorescent components) (Stubbins et al., 2014; Kellerman et al.,
2015). However, previous studies usually focused on freshwater
or marine water systems (Stubbins et al., 2014; Martinez-Pérez
etal., 2017). It remains unclear whether many previously reported
relationships are still applicable to a typical large estuary-coastal
ocean transect (Martinez-Pérez et al., 2017).

The Yangtze (Changjiang) River is the longest river in China
and the third-largest river in the world. The average discharge
is about 9.03x10'" m? per year, consisting of more than 80%
of the total freshwater discharged into the East China Sea (Yu
et al., 2011). The Yangtze River estuary (YRE) is located at the
subtropical zone. The east part of YRE is affected by Kuroshio
water and upwelling. The western side is affected by Qiantang
River, while Taiwan Warm Current also affects this area,
making YRE one of the most complex continental shelf coastal
areas (Zhang et al., 2007). Previous studies primarily focused
on the spatiotemporal variations of DOM in the YRE using
optical techniques and high-resolution mass spectrometry and
identified both conservative and non-conservative behaviors
(Sun et al., 2014; Li et al., 2015; Chen et al., 2016; Zhu et al., 2018;
Zhou et al,, 2021). Li et al. (2015) suggested that the turbidity
maximum zone (TMZ) played a key role in affecting the optical
properties of surface water DOM. However, there exist multiple
DOM sources, such as tributary input, wastewater discharge,
and nearby salt marsh in the YRE, which could result in the
complex dynamics of DOM (Li et al., 2015; Chen et al.,, 2016).
Previous studies mostly focused on the bulk [e.g., dissolved
organic carbon (DOC)] and optical properties of DOM (Gan
etal., 2016; Song et al., 2017), presenting limited information on
DOM molecular composition. Although an increasing number
of studies have explored the molecular composition of DOM
in estuarine environments such as a river to ocean transect at
the lower Chesapeake Bay (Sleighter and Hatcher, 2008), the
Amazon River to the West Atlantic Ocean (Seidel et al., 2015),
and the Delaware Estuary (Osterholz et al., 2016), only two
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molecular-level studies have been performed in the YRE (Zhou
et al., 2021; Zhou et al., 2022). However, the linkages between
optical and molecular composition of DOM are still not explored,
limiting our understanding of the organic matter sources and
transformation across this typical large estuary and oceanic
continuum. Therefore, combining bulk, optical, and molecular
approaches, this study aims to (i) determine the molecular
diversity of DOM in the YRE and East China Sea and its major
controlling factors, and (ii) identify the linkages of the isotopic
and optical properties with the molecular composition along this
typical large river to coastal ocean continuum system.

MATERIALS AND METHODS

Study Area and Sampling Strategy

The study area included the entire YRE and part of the East China
Sea (Figure 1). During the 2017 summer cruise, water samples
were collected from YE1 to YE18 Surface water (1.5 m below
surface) samples were collected at all stations, while samples at
middle and bottom depths were collected at some stations. This
collecting strategy allowed us to obtain 38 samples in total (Zhou
et al,, 2021). All water samples were collected by Nalgene bottles
[cleaned with acidified ultrapure water (pH = 2) and ultrapure
water]. Bottles were rinsed with sample water before sampling. In
situ water temperature, salinity, turbidity, and dissolved oxygen
concentration were obtained from conductivity-temperature-
depth (CTD) equipment (SBE-25 plus, Sea-Bird, USA) on board.
Water samples were immediately filtered with precombusted 0.7-
pm glass fiber filters (Whatman GF/F) and 0.22-um membrane
filters (Millipore) subsequently to remove particles, algal
aggregates, and most bacteria. The filtrates were then stored
at —20°C in the dark before further analysis.

Nutrients and DOC Measurements

Concentrations of nutrients (NO;-, NO,", NH,*, PO,*, and SiO,*)
were measured by UV-Vis microplate spectroscopy (Multiscan
Spectrum, Thermo Scientific) following a modified method by
Grasshoff et al. (2009). The dissolved inorganic nitrogen (DIN)
concentration is the total of NH,*, NO,",and NOy", and is reported
as pM. DOC concentrations were measured as non-purgeable
organic carbon (NPOC) on a Shimadzu TOC-L instrument
by high-temperature catalytic oxidation (Huguet et al., 2009).
Standard solutions of DOC were prepared by dissolving
potassium hydrogen phthalate into ultrapure water and used as
DOC references. In addition, international reference low-carbon
water and deep seawater (provided by Prof. D. Hansell at the
University of Miami, USA) are measured as additional control to
calibrate the instrument, with variation coefficient less than 5%.

Absorbance and

Fluorescence Measurements

The UV-Vis absorbance and fluorescence spectral measurements
were performed on an Aqualog (Horiba, Japan) absorbance-
fluorescence spectrometer with 1-cm path length quartz
cuvettes. Milli-Q water was used as a reference. The absorption
coefficient was converted from absorbance, by multiplying the
conversion factor 2.303 and dividing by the path length. In this
study, the absorption coefficient at 254 nm (a,5,) was taken as a
quantitative measure of CDOM (Li and Hur, 2017). Excitation
emission-matrices (EEMs) of fluorescence spectra were
generated following the settings described by Wang et al. (2019).
The fluorescence intensity was divided by the area of the Raman
peak and thus reported in Raman units (RU). Various commonly
used compositionally based absorbance and fluorescence optical
indices were calculated following the equations as previously
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FIGURE 1| Sampling stations in the Yangtze Estuary and East China Sea. The confluence of the Huangpu River (HP) and the Yangtze River is marked with a blue
triangle, and the location of Bailonggang wastewater treatment plant (WWTP) is marked with a yellow diamond.
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described (Table S1). Specifically, the specific ultraviolet
absorbance at 254 nm [SUVA,,, (L mg C! m™!)] was positively
associated with aromatic content, with a higher number
indicating greater aromatic content (Weishaar et al., 2003). The
slope ratio (Sy) was calculated based on Helms et al. (2008) to
assess the average molecular weight of DOM. Fluorescence index
(FI) indicates the relative contribution of terrestrial and microbial
sources (Mcknight et al., 2001; Cory et al., 2010); humification
index (HIX) indicates the humic substance content or the extent
of humification (Ohno, 2002), which has been shown to increase
with the increasing degree of DOM aromaticity. Both the
biological index (BIX) and freshness index (FrI) are calculated to
indicate autotrophic productivity and the proportion of recently
produced DOM (Parlanti et al., 2000; Huguet et al., 2009; Wilson
and Xenopoulos, 2009). In addition, all EEMs were subjected to
parallel factor analysis (PARAFAC) using the DOMFluor toolbox
(Stedmon and Bro, 2008), following the procedures described in
previous studies in the YRE (Li et al., 2015).

Stable Carbon Isotope

Measurements of SPE-DOM

DOM was extracted from 1 L of water using solid-phase
extraction (SPE) with cartridges filled with a styrene divinyl
benzene polymer (Agilent Bond Elut PPL, 500 mg, 6 ml), as
described by Dittmar et al. (2008). The stable carbon isotope
ratios (8*C) of SPE-DOM were measured in duplicates on an
isotope ratio-monitoring mass spectrometer (Finnigan MAT
253, Thermal Scientific, USA) and were reported in § notation
relative to the Vienna Pee Dee Belemnite. Precision and accuracy
were within 0.2%o, and procedural blanks did not yield detectable
amounts of contamination (Zhou et al., 2021).

Molecular Composition of SPE-DOM
Revealed by FT-ICR MS

A 9.4-T electrospray ionization Bruker Apex FT-ICR MS at the
State Key Laboratory of Heavy Oil Processing, China University
of Petroleum-Beijing, was used to precisely characterize the
molecular composition of SPE-DOM using negative electrospray
ionization mode. The procedure followed a previous study by He
et al. (2020). Relative peak intensities were calculated based on
the summed intensities of all assigned peaks in each sample to
assess DOM composition semi-quantitatively. The elements (C,
H, O, N, and S), formulas (CHO, CHON, CHOS, and CHONYS),
and others [the ratio of hydrogen to carbon (H/C), the ratio of
oxygen to carbon (O/C), double bond equivalent (DBE), and
aromaticity index (A, 4)] were obtained based on the magnitude-
weighted calculation to the analysis of DOM composition
(Koch and Dittmar, 2006; Koch and Dittmar, 2016). Assigned
molecular formulas were categorized into different compound
groups (Martinez-Pérez et al., 2017; Li et al, 2019): sugars
(1.6 <H/C<2.0,0.7<0/C<1.0,and N =0), peptides (1.5 <H/C <
2.0, O/C < 0.9, and N > 0), highly aromatic compounds with
aliphatic side chains such as polyphenols (0.50 < AL, < 0.66),
condensed combustion-derived dissolved black carbon (BC,
Al 4 2 0.66), highly unsaturated compounds (HU, AL, < 0.50,

H/C<1.5,and O/C < 0.9), unsaturated aliphatic compounds (UA,
1.5<H/C<2,0/C<0.9,and N = 0), and carboxyl-rich alicyclic
molecules (CRAM, 0.3 < DBE/C < 0.68, 0.2 < DBE/H < 0.95,
and 0.77<DBE/O<1.75). The molecular lability index (MLB,, the
relative abundance of molecular formulas with H/C > 1.5) was
calculated to evaluate the overall lability of DOM (D’andrilli et al.,
2015). The degradation index (I,;;) was calculated to indicate the
degradation state of the DOM (Flerus et al., 2012). The relative
intensity of t-peaks (RA,,,) and the ratio of terrestrial peaks to
marine peaks (I,.,,) were calculated to trace the terrestrial DOM
along the transect (Medeiros et al., 2016).

Statistical Analyses

The relative abundance (%) of each PARAFAC component was
calculated by dividing the PARAFAC component intensity by the
sum of all components’ fluorescence intensities within a sample.
Pearson correlations were conducted among isotopic, optic, and
molecular parameters using MATLAB. Pairwise Spearman’s
rank correlations were obtained between optical indices and
normalized mass peak intensities (Wagner et al., 2015). In
this study, correlations were considered significant at the 99%
confidence level (p < 0.01).

RESULTS
Hydrography Background

The surface water salinity ranged from 0.2 to 35.5 and showed an
increasing trend seaward (Figure S1). Based on previous studies
(Li et al., 2015; Zhou et al., 2021) and the turbidity measured in
this study, the turbidity maximum zone is mainly confirmed to
be located at YE5 to YE11 during this sampling event (Figure
S1), although this zone is also dynamically fluctuated depending
on the river discharge and tidal effects (Li et al., 2015).

DOC and Bulk Physicochemical
Background

The DIN (the sum of NO;, NO,, and NH,*), PO *, and SiO,>
concentrations all showed decreasing trends with increasing
salinity, suggesting the dilution of freshwater from the Yangtze
River with high nutrient concentrations by seawater with low
nutrient concentrations (Figure S1). The NO;" is the dominant
DIN form, and it also showed the highest concentration at the
TMZ (YES6). Similarly, both NH,* and NO," showed the highest
concentrations at YE7, located at the TMZ. The concentrations
of SiO;* ranged from 0.5 to 129.6 puM, and they negatively
correlated with salinity. The highest concentrations of SiO,* were
also observed at YE5 and YE6. The primary source of SiO;> was
from the weathering of rocks, suggesting the dilution of SiO,*
with marine water.

The DOC concentrations were from 62.9 to 123.3 uM, 68.0
to 93.4 uM, and 60.0 to 114.7 uM in the surface, middle, and
bottom water layers, respectively (Figure S1). In general, a
negative correlation (p < 0.01) between concentrations of DOC
and salinity was observed.
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Spatial Variations of Stable Carbon
Isotopic Composition of SPE-DOM

The 8"C values ranged from —28.0%o0 to —23.4%o, —26.3%0
to —23.5%0, and —28.2%o to —23.2%o for the surface, middle,
and bottom samples, respectively (Figure S2). The §**C values
of terrestrial and marine DOM usually ranged from —28%o
to —25%o, and from —22%o to —19%o, respectively (Raymond and
Bauer, 2001; Osburn and Stedmon, 2011). Therefore, the §°C
values obtained in this study indicated the mixing of OM from
both terrestrial and marine inputs. There is a positive correlation
(p < 0.01) between 8C and salinity.

Optical Properties: UV-Vis Absorbance
and Fluorescence

The CDOM absorption coefficient a,;, was from 1.15 to 8.98
m!; the SUVA,,, ranged from 0.59 to 3.32 L mg! m™. Both
a,;, and SUVA,,, decreased with increasing salinity (Figure S2)
and showed negative correlations with salinity (R? = 0.94 for a,,
and R? = 0.80 for SUVA,;,, both p < 0.01). The slope ratios (Sy)
were from 0.95 to 5.37, 1.09 to 5.53, and 0.83 to 5.30, in surface,
middle, and bottom layer samples, respectively. S, showed
a sharp increase in high-salinity area, suggesting decreasing
averaged molecular weight of CDOM with increasing salinity
(Helms et al., 2008).

HIX ranged from 0.24 to 0.74, 0.24 to 0.65, and 0.30 to 0.72
from the surface, middle, and bottom layers, respectively. BIX
ranged from 0.89 to 1.40, 0.99 to 1.28, and 0.89 to 1.36 for the
surface, middle, and bottom layers, respectively (Figure S2).

Four fluorescent components were identified by PARAFAC,
including two humic-like components (C2 and C3), one tyrosine-
like component (C1), and one tryptophan-like component (C4)
(Figure 2). Further comparisons with previous studies using the
OpenFluor database (Table S2) revealed that C1 is associated with
free and protein-bound amino acids, which are usually ascribed

to autochthonous DOM (Coble, 1996; Cory and Mcknight,
2005). C4 had a fluorescence signal similar to the tyrosine-like
signal (Stedmon et al., 2011). C2 represents terrestrial humic-
like fluorescence in high nutrient and wastewater impacted
environments, while C3 represents microbial humic-like
fluorescence (Murphy et al., 2011).

The fluorescence intensities of C2 and C3 were closely
correlated (R? = 0.99, p < 0.001), suggesting that they could be
derived from a similar source and controlled by similar factors
(Stedmon and Markager, 2005). They both negatively correlated
with salinity (p < 0.001). In contrast, although both C1 and
C4 belong to protein-like components, they showed distinct
behaviors (Figure 2). The absolute intensity of C1 showed a
weak negative correlation with salinity (R? = 0.52, p < 0.01),
whereas no correlation was observed between the salinity and
fluorescence intensity of C4. The relative percentages of C2
and C3 both showed negative correlations with salinity. There
was no significant correlation between the salinity and relative
percentage of C1, whereas a significant positive correlation was
observed between the salinity and relative percentage of C4.

Molecular Compositions

The FT-ICR MS technique applied here allowed for the assignment
of 7,398 unique molecular formulas in the mass range of 210-730
Da in the 38 DOM samples of the Yangtze River to East China
Sea continuum (Table 1), providing a fingerprint to assess its
sources and alterations (Stubbins et al., 2010). Although only
1,117 common molecular formulas were present in all samples,
they account for >50% of the intensity in each sample.

Most molecular parameters such as A4, DBE, black carbon,
and polyphenols showed negative correlations with salinity (p <
0.01). In contrast, H atom number, H/C, and HU showed positive
correlations with salinity (p < 0.01). The lowest Al , values and
highest H/C were observed at the surface layer of YE16-YE18.

TABLE 1 | Number, average molecular mass, molecular properties, heteroatom, and formula grouping of molecular formulas that correlated positively (r > 0, p < 0.01)
with optical indices (absorption coefficient, relative abundance of PARAFAC components, SUVA,,,, FI, BIX, HIX, and Frl).

All Common %C1 %C2 %C3 %C4  FI BIX HIX Frl W SUVA,,
Total no. of formulas 7,398 (100) 1,117 (76) 50 (1) 2,356 (27) 2,322 (26) 991 (55) 31(2) 1,064 (55) 2,318 (26) 1,085 (55) 2,348 (26) 2,224 (26)
MW (Da) 4402 421.2 460.2 406.9 407.3 4799  437.7 482.3 406.8 481.1 409.5 408.1
H/C 117 1.28 152  0.98 0.98 1.36 136 1.37 0.98 1.37 0.99 0.99
o/c 0.5 0.49 055 051 0.51 0.51 048 05 0.51 0.51 0.51 0.51
DBE 9.7 8.3 6.6 108 10.9 8.3 79 83 10.9 8.2 10.8 10.8
Almod 0.283 0.209 0.169 0.416 0.419 0.16 0.215 0.159 0.419 0.159 0.417 0.415
CHO 2,586 (100) 651 (64) 18(0) 1,059 (26) 1,039 (25) 446 (61) 12(3) 486 (60) 1,027 (25) 483 (60) 1,087 (25) 1,052 (25)
CHON 3,085 (100) 366 (10) 17(1) 767 (25) 758 (24) 410(46) 17 (1) 441(47) 766 (24) 451 (47) 747 (23) 711 (24)
CHOS 1315 (100) 100(3)  15(2) 437 (41) 429(40) 135(25) 2(0) 137 (23) 426 (40) 151 (24) 432 (40) 388 (37)
CHONS 412 (100)  0(0) 0 93 96 0 0 0 99 0 82 73

Black carbon (BC) 435(100) 0 (0) 0 153 156 0 0 0 164 0 153 138
Polyphenols 849 (100) 0 (0) 0(0) 493(94) 492(94) 0(0) 00 0() 490 (94)  0(0) 495 (95) 471 (94)
Highly unsaturated (HU) 4,654 (100) 969 (71)  25(0) 1,503 (26) 1,480 (25) 824 (58) 25(3) 857 (57) 1,471(25) 859 (57) 1,479 (25) 1,418 (24)
Unsaturated aliphatic (UA) 777 (100)  125(5)  16(3) 110(17) 97 (15)  113(48) 0(0) 138(54) 98(15)  149(55) 124 (18) 102 (16)
Saturated fatty acids (SatFA) 64 (100) 0 (0) 5 2 2 0 0 3 2 4 1 2
Sugars 58(100)  0(0) 0 0 0 0 0 0 0 0 0 0
Peptides 353 (100)  13(0) 3(1) 0() 00) 39(49) 5(6) 48(56)  0(0) 54(59)  0(0) 1(15)
CRAM 3,711 (100) 715(52) 18(0) 1,389 (29) 1,362 (28) 457 (52) 19(3) 488 (52) 1,358 (29) 488 (52) 1,386 (28) 1,322 (28)

The value within parentheses indicates the contribution of the correlated formulas to their corresponding group (herein the row names of the corresponding rows).
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DISCUSSION

Evaluations of DOM Sources

Combining Isotopic, Optical, and
Molecular Signatures

The YRE has multiple DOM sources, including allochthonous
(terrestrial) DOM from riverine discharge and autochthonous
DOM from local primary production. The DOC concentration
and CDOM abundance (a,s;, and four PARAFAC components)
all showed negative correlations with salinity, indicating that
DOM in the estuary is mainly controlled by terrestrial input
and the physical dilution of freshwater DOM by seawater (Yang
et al., 2013; Li et al., 2015; Medeiros et al., 2015), which has
been described and discussed in a previous study (Zhou et al.,
2021). The increasing §'3C indicated the decreasing contribution
of terrestrial DOM with increasing salinity in the YRE (Fichot
and Benner, 2012; Li et al., 2021). Humic-like C2 and C3 have
also been reported as terrestrial-derived organic matter (Li et al.,
2015). In this study, the significant negative Pearson correlations
between §*C and C2% (R?* = 0.86, p < 0.01) and C3% (R? =
0.84, p < 0.01) further confirm the terrestrial signature of C2
and C3 components. Although naturally terrestrial input has
been suggested as the primary source of DOM at the YRE, the
sharp increase of protein-like C1 from YE3 to YE6 (Figure 2)
indicated that the anthropogenic DOM could also introduce a
significant portion of DOM. A previous study showed that there
is high abundance of protein-like components in the Huangpu
River, which flows into the Yangtze River between YE3 and
YE4 (Dong et al.,, 2014). In addition, protein-like fluorescence
components were found to be enriched in domestic wastewater
(Yin et al, 2020), and one large wastewater treatment plant
with a wastewater loading of 2.8 million m?/d is located nearby
YEG6. Therefore, the increase of C1 could be possibly attributed
to the inputs of the Huangpu River (YE3 station) and the
domestic wastewater treatment plant (YE6 station). Moreover,
the relative abundance of surfactant-like O,S and O.S formulas
and the ratios of their abundance to the relative abundance of
other organic sulfur (Other OS: CHOS + CHONS, except O5S
and O,S) increased sharply from YE4 to YE6. The O,S formulas
are likely associated with linear alkylbenzene sulfonates (LAS),
which is widely used in detergents and existed commonly in
domestic sewage (Gong et al,, 2022). The O,S formulas could
be possible degradation products of LAS, and both O,S and O.S
formulas have been found to be enriched in domestic sewage
(Gonsior et al., 2011; Melendez-Perez et al., 2016). Therefore, the
wastewater inputs could be supported by the sharp increase in
the relative abundance of surfactant-like O,S and O,S formulas
from YE4 to YE6 (Ye et al., 2019) (Figure 2).

Besides tributary and wastewater input, sediment
resuspension and subsequent release located at the TMZ could
be another source of DOM in the YRE (Yang et al., 2013; Li
et al,, 2015). In this study, the highest PARAFAC components
were found at the TMZ, which could be easily attributed to the
sediment resuspension (Li et al., 2015). However, the wastewater
input is also located nearby the TMZ, resulting in the complexity
of DOM sources in this region. To elucidate the DOM source in

this region, further detailed analysis was conducted (Figure 2).
Protein-like components (C1 and C4) increased sharply at YE4,
while C1 and humic-like C2 showed large increase (~10%) at
YES6, suggesting that there must be other DOM sources at YE6
besides anthropogenic inputs. Compared to C2, C3 remained
relatively stable from YES5 to YE6 with the decrease of average
C3:C2 from 0.81 at YE1-YE5 to 0.75 at YE6-YES. One previous
study showed that sediment-extracted organic matter is rich in
humic-like components (similar to C2 in this study) at the TMZ
of YRE (Han et al,, 2021). Therefore, this increase of C2 at YE6
could be partly attributed to the sediment resuspension and
subsequent dissolution or desorption.

Linkages Between Optical and Molecular
Signatures of DOM

Both optical methods and FT-ICR MS were widely used to
characterize DOM in natural ecosystems, demonstrating their
potential in studying the source, bioavailability, and terrestrial
signature of DOM (Fellman et al., 2008; D’andrilli et al., 2015;
Medeiros et al., 2016; Zhang et al., 2018). In our study, various
significant correlations were observed between optical and
molecular parameters (Figure 3). For example, humic-like
components (C2 and C3) and their relative abundance (%C2 and
%C3) were positively correlated with DBE, Al ,, RA,,, and I,,.
Accordingly, a,,, SUVA,;,, and HIX behaved similarly to humic-
like components, thus correlating similarly with molecular
parameters. Contrastingly, protein-like components C1 and
C4 showed distinctive correlations with molecular parameters.
For arbitrary abundance, C1 exhibited similar correlations with
molecular parameters as humic-like C2 and C3 due to their
significant positive correlations (C1 vs C2: R? = 0.64, p < 0.01; C1
vs C3: R? = 0.62, p < 0.01), while there was none for C4. However,
when shifted to relative abundance, %C4 correlated with various
molecular parameters, while none was for %C1. Therefore, the
calculation (arbitrary or relative) of PARAFAC components
should be carefully checked when discussing the correlations
between PARAFAC components and molecular parameters.

The associations between optical and molecular parameters
would facilitate the understanding of DOM composition. For
example, the significant positive correlations between Al , and
humic-like components (either arbitrary C2 and C3, or relative
C2% and C3%) (Figure 3) suggested that humic-like components
were associated with aromatic compounds, in agreement with
previous studies observed in boreal waters and subtropical coastal
wetlands (Stubbins et al., 2014; Wagner et al., 2015). Meanwhile,
both HIX and SUVA,,, correlated positively with Al , and DBE,
indicating that aromaticity derived from both optical methods
and high-resolution mass spectrometry were consistent with
each other, which has been widely reported in previous studies
(Maizel and Remucal, 2017; Kellerman et al., 2018).

A significant positive correlation was identified between
Sg from UV-Vis absorbance and averaged MW of molecular
formulas detected by FT-ICR MS (Figure 3), in contrast with
the inverse relationship between DOM weight-average MW and
Sp for size-fractionated Suwannee River natural OM (Helms
et al,, 2008). This inconsistency could be partly attributed to the
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FIGURE 2 | Fluorescence spectra of four PARAFAC components (A-D), F,.., of four PARAFAC components (E), relative abundance of O,S and O,S formulas
(F), and the ratios of relative abundance of O,S and O,S formulas to other organic sulfurs (G) along the Yangtze Estuary transect.
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different methods utilized (Wiinsch et al., 2018; Li et al., 2019).
The MW utilized for the development of S has been characterized
based on gel permeation chromatography (GPC), ranging from
1,000 to 4,000 Da (Helms et al., 2008). However, in this study,
the MW was obtained from FT-ICR MS with a range of 200 to
~800 Da. Moreover, both UV-Vis absorbance spectroscopy and
FT-ICR MS only characterize the specific fraction of DOM. The
absorbance spectroscopy focuses on the light-absorbing fraction
of DOM, while FT-ICR MS mainly characterizes the PPL-
adsorbed and negatively ionized fraction. Therefore, the methods
should be clearly stated, and the bias should be acknowledged
when discussing the MW of DOM in aquatic ecosystems. In
addition, one previous study demonstrated that the molecular
formulas positively correlated with Sy had lower MW compared

to their negatively correlated counterparts in coastal wetlands
(Wagner et al., 2015), which is contradictory to our results
in YRE, suggesting that the relationship between molecular
formulas and Sy, could vary with different ecosystems.

To further elucidate the linkages between optical indices
and molecular composition of DOM, Spearman correlations
have been conducted between optical indices and the relative
abundance of all assigned formulas (Table 1 and Figure 4). The
results showed that most optical indices (except %C1 and FI)
correlated well with the relative abundance of assigned formulas.
On the other hand, molecular formulas associated with humic-
like (%C2 and %C3) and protein-like (%C4) components showed
significant differences in their composition. However, molecular
formulas associated with %C2 and %C3 exhibited low MW, low
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FIGURE 3 | Correlations (Pearson) among different isotopic and optical parameters.

bio-lability (low H/C), and high aromaticity (high DBE and
Al .4), while %C4 exhibited high MW, high bio-lability, and
low aromaticity. This contrasts with previous studies in which
the humic-like fluorescent components are usually associated
with high-MW compounds, and protein-like components are
commonly related to low-MW compounds (Stubbins et al., 2014;
Wagner et al., 2015; Martinez-Pérez et al.,, 2017). In addition,
this is contradictory to the results that recalcitrant deep-ocean
enriched formulas exhibited higher MW than surface-enriched
formulas (Li et al., 2019). However, the humic-like components
have been regarded as biologically recalcitrant (Zhang et al.,
2018), and thus should be of low MW according to the size
reactivity continuum (SRC) model (Benner and Amon, 2015).
Based on the SRC model, the MW of the labile fraction (C4) of
DOM should be higher than their corresponding recalcitrant
fraction (C2 and C3) (Benner and Amon, 2015), consistent
with our results. Moreover, relatively lower MW was identified
for molecular formulas positively correlated with humic-like
components (C,y, Cyg» and Cs,,) than protein-like components
(C50) (Wiinsch et al,, 2018). These inconsistencies suggest the

importance of local calibration of correlations between optical
and molecular parameters to further understand DOM cycling
in a specific ecosystem.

Furthermore, the contribution of associated formulas to
their class has been calculated (Table 1). There were 127 black
carbon-like formulas and 553 polyphenol formulas associated
with %C2, contributing 66% and 94% of black carbon and
polyphenol peak intensities. This indicated that humic-like
components could be an effective proxy for black carbon and
polyphenol in aquatic ecosystems (Stubbins et al., 2014). There
were also 1,459 HU and 1,374 CRAM formulas associated with
%C2, representing 23% and 25% of the relative abundance of
each group of formulas. With a significant correlation with %C2,
%C3 formulas shared a large fraction with %C2 (Figure 5).
Contrastingly, %C4 formulas showed good representativeness of
HU (58% of relative abundance), CRAM (52%), peptides (49%),
and UA (48%) though %C4 correlated with less HU and CRAM
formulas than %C2 and %C3. This suggests that we must check
both the number and the relative abundance of the associated
formulas when optical indices and molecular formulas are
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FIGURE 4 | Van Krevelen distributions of molecular formulas positively correlated (Spearman) with optical indices (the numbers in brackets indicate the number of
correlated molecular formulas).

correlated, which is not emphasized in previous studies (Wagner
et al,, 2015). Interestingly, the formulas positively correlated
with C3:C2 showed remarkable similarity with %C4 formulas.
This indicated that the ratio of different humic-like components
could be a valuable indicator of DOM molecular composition.
Similarly, a,s,, SUVA,;,, and HIX shared a large fraction (>90%)
of formulas with %C2 and %C3 formulas. BIX and freshness
index shared a large fraction of formulas with %C4. However,
FI, used to assess relative inputs from microbial vs. terrestrial
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FIGURE 5 | Correlations (Pearson) among isotopic parameters and optical
indices, and the similarities of their positively correlated (Spearman) formulas.
The size and color of the circle are related to the correlation coefficient. The
number in the circle indicates the similarity of correlated molecular formulas
associated with the corresponding two parameters; 100 means the formulas
associated with these two parameters are the same, and 0 means there is no
common formula.

precursor OM (Mcknight et al., 2001), only correlates with 31
formulas of 2.4% by intensity.

All these correlations indicate the strong linkages between
optical indices and molecular parameters. Furthermore, these
inconsistencies stated above further suggest the complementary
characteristics of optical and molecular techniques in large
estuaries with complex DOM sources, or the limitation of
Spearman’s rank correlation to elucidate the associations between
optical and molecular techniques in this study (Wiinsch et al.,
2018).

CONCLUSIONS

In this study, the composition of DOM along the Yangtze
River to East China Sea continuum was analyzed by a suite
of complementary techniques, including the bulk, optical
techniques, and FT-ICR MS to further understand DOM
cycling. The DOM abundance (DOC, a,,, and four PARAFAC
components) decreased with increasing salinity, suggesting
that DOM in the YRE is mainly controlled by mixing between
freshwater and seawater. Moreover, multiple DOM sources
(tributary input from the Huangpu River, wastewater input and
sediment resuspension, and subsequent release at the TMZ) have
been identified in the YRE.

In addition, various correlations have been found between
optical indices and molecular parameters derived from FT-ICR
MS. Humic-like components (C2 and C3), HIX, and SUVA,,
all showed significant positive correlations with A, and DBE,
indicating consistency between optical and molecular methods.
Contrastingly, the molecular weight derived from absorbance
spectroscopy and FT-ICR MS showed inconsistency, which
could be attributed to the specific selectivity of both methods.
Finally, Spearman correlations between optical indices and the
relative abundance of identified molecular formulas have been
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conducted. The results demonstrate that optical indices could be
an effective tool to elucidate the molecular composition of DOM.
For example, formulas associated with humic-like components
could contribute more than 90% to polyphenols derived from
FT-ICR MS. However, FI, an index to differentiate terrestrial and
microbial sources of DOM, correlated with only a few formulas
and contributed a little by peak intensity. Taken together, the
association between optical indices and molecular composition
further suggests the complementary characteristics for both
techniques and the necessity of using multiple approaches in this
complex estuarine system, providing the foundation for further
understanding the carbon cycling in the large river estuaries and
coastal oceans.
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