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• The PARAFACmodel identified 2 humic-
like and 2 protein-like components.

• The quality and quantity of DOM varied
on a tidal and seasonal timescale.

• Photochemistry is more effective
degrading DOM than microbes in the
two wetlands.

• DOM was regulated by both the marsh
productivity and the river runoff.

• DOM properties were highly heteroge-
neous in the coastal wetlands along the
CRE.
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Dissolved organic matter (DOM) in the coastal tidal marsh–estuary systems are complex mixtures with different
source materials that vary with hydrological regimes, seasons, and environmental conditions and are modified by
removal processes including photochemical andmicrobial degradations. Here, monthly surveys of DOM and its op-
tical properties (i.e., absorbance and fluorescence of DOM) covering a complete semi-diurnal tidal cycle were con-
ducted in two coastal marshes with distinct hydrological regimes (i.e., one freshwater and one brackish marsh) in
the Changjiang River Estuary (CRE). Four fluorescent components were identified by excitation–emission matrix
fluoresces combined with parallel factor analysis (EEMs–PARAFAC) as two terrestrial humic-like components and
two autochthonous protein-like components. Results indicated that ebbing waters draining themarshes were con-
sistently enriched with highly absorbing, more humic and highly aromatic DOM compared to the flood tidewaters.
On a seasonal basis, DOMdynamicswere largelymodulated by themarsh productivity and the seasonal Changjiang
runoff. Protein-like fluorophores, however, demonstrated a constant, less variable pattern on both the tidal and sea-
sonal timescales. Onsite water incubation experiments with photochemical and microbial alterations revealed that
photochemistry was primarily responsible for the removal of optically active components in the marsh DOM pools
whereas the impact ofmicrobeswasminor. Principal component analysis (PCA) illustrated the processes regulating
the DOM dynamics at the marsh–estuarine interface and allowed a clear distinction of samples between the two
marshes, in addition to the samples under the influence of episodic weather events (i.e., Super Typhoon Lekima
in summer 2009 and the basin-wide severe flood event occurred in summer 2020). This study underscores the im-
portance of world large-rivers such as Changjiang on estuarine marsh DOM dynamics and also highlights the sub-
stantial heterogeneity of the marsh DOM across a river-dominated estuary.
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1. Introduction

Dissolved organic matter (DOM) is an important component in the
global carbon cycle and plays a critical role in a wide range of climate-
related biogeochemical processes in aquatic ecosystems, influencing
carbon dynamics, nutrient uptake, trace metal cycling, phytoplankton
and microbial community structure and function, and ecosystem me-
tabolism, etc. (Benner, 2002; Hedges, 1992). The amount of aquatic
DOM represents one of the most abundant active organic carbon reser-
voirs in the biosphere, which is comparable to the atmospheric CO2

(Hansell et al., 2009). In the coastal environment, DOM pools are a
chemically complex mixture, consisting of allochthonous terrestrial in-
puts derived from wetlands and riverine runoff, as well as autochtho-
nous materials produced by phytoplankton and detritus (Fellman
et al., 2010; Stedmon and Nelson, 2015). Removal processes, such as
flocculation (Sholkovitz, 1976), photochemical and microbial degrada-
tions (Amon and Benner, 1996; Fasching et al., 2014), significantlymod-
ify not only the amount but also the quality (i.e., chemical compositions
and molecular structures, etc.) of DOM (Chen and Jaffé, 2014; Logozzo
et al., 2021; Lu et al., 2013). Therefore, DOM in the coastal waters
often demonstrates seasonal variation in response to these different
input and removal processes (Hosen et al., 2018; Osburn et al., 2016).
A fraction in the DOM pools is able to absorb sunlight selectively,
thereby regulating underwater light climate and subsequently influenc-
ing the photo-ecological processes such as primary production and bac-
terial activities (Arrigo and Brown, 1996; Siegel et al., 2002). These
optically active materials are known as chromophoric dissolved organic
matter (CDOM). Upon light absorption, a portion in the CDOMpools can
subsequently fluoresce. These optical features allow optical approaches
to characterize different components in the DOM pools (Coble, 2007;
Yamashita and Tanoue, 2003).

Tidal wetland and estuaries along the terrestrial−aquatic margins
are hotspots of DOM cycling, where the amount and quality of DOM
are modulated by the intense physical and biogeochemical processes
which control DOMdistribution and transformation, and by the relative
contributions of different source materials of DOM (Fagherazzi et al.,
2013; Schiebel et al., 2018; Tzortziou et al., 2011). In particular, tidal
wetlands are recognized as important carbon sources to coastal waters,
roughly contributing up to 35% of total organic carbon input to estuaries
along the East Coast of the United States (Herrmann et al., 2015). In-
deed, numerous lines of evidence using bulk chemical (Peterson et al.,
1994; Wang et al., 2004), optical (Osburn et al., 2015; Tzortziou et al.,
2008), and molecular-level (Letourneau and Medeiros, 2019; Lu et al.,
2020) analysis indicate that tidal wetlands can be important local
sources of DOM to coastal oceans, exporting optically and chemically
distinctive materials that are highly absorbing, aromatic-rich and
more complexwith highmolecularweight (HMW)with the ebbingwa-
ters to adjacent estuarine systems. These tidal wetland–estuarine sys-
tems are also highly vulnerable to natural and anthropogenic
perturbations such as episodic weather events, freshwater input
(Bittar et al., 2016; Canuel et al., 2012). Hence, accurate understanding
of the sources and dynamics of DOM across this critical transition zone
Table 1
The hydrological settings in the tidal creeks in JDS and XS marshes during the high and low tid

Site Date Tidal range (m) Salinity Tem

H.T.a L.T. H.T.

JDS 2019/05/07–2019/05/08 2.3 N.A. N.A. N.A.
2019/08/30–2019/08/31 3.5 9.01 ± 0.08 0.28 ± 0.49 28.1
2019/11/16–2019/11/17 2.6 10.45 ± 1.23 9.97 ± 0.63 25.2
2020/01/01–2020/01/02 2.7 10.0 ± 2.1 4.9 ± 1.3 10.6

XS 2019/07/15–2019/07/16 2.4 0.23 ± 0.12 0.18 ± 0.03 28.1
2019/09/14–2019/09/15 2.3 0.38 ± 0.01 0.39 ± 0.01 22.8
2019/12/27–2019/12/28 1.2 N.A. N.A. N.A.

a H. T.: high tide; L. T.: low tide.
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is indispensable for understanding their role in global carbon budgets
and interactions with the coastal ocean (Fagherazzi et al., 2013).

Changjiang River, a.k.a. the Yangtze River, runs 6300m long from the
Tibetan Plateau in northwestern China and flows eastward to the East
China Sea, draining nearly one-fifth of the mainland area of China. It
ranks globally the 4th and 5th largest river in terms of sediment load
(e.g., 1.05 × 1012 kg in 2019) and water discharge
(e.g., 9.34 × 1012 m3 in 2019) in the world (Milliman and Farnsworth,
2011). Multiple alluvial islands and shoals have been formed along the
estuarine salinity gradient (salinity ranges from 0 to ca. 20, A. Gao
et al. (2010)) at the Changjiang River Estuary (hereafter referred to as
CRE), as a result of the extremely heavy annual sediment loadings.
Saltmarsh, brackish, and freshwater tidalmarsh systems are also devel-
oped at the land−estuarine margins, holding important functions in
protecting the shoreline from erosion, providing nursery and habitats
for breeding and migratory birds (Dai and Lu, 2014; Gan et al., 2009),
etc. Previous studies in CRE have mostly focused either on the interan-
nual or seasonal variations of the estuary-wide DOM dynamics (Gao
et al., 2020; Liu et al., 2020; Pang et al., 2021; Wang et al., 2012, 2019),
or on the DOM changes within tidal creeks along a transect from the
marsh to the open waters in CRE (Gao et al., 2011; Tan et al., 2020).
Yet, tidal or seasonal variability of DOM at the marsh–estuary interface,
or how the marsh DOM can be affected by the degradation processes,
particularly for the marshes suited with different salinity regimes in
the CRE, have not been investigated.

In this study, monthly surveys of DOM and its optical properties
(i.e., CDOMabsorbance andfluorescentDOM(FDOM), and their derived
optical proxies) covering a complete semi-diurnal tidal cycle, alongwith
onsite incubation experiments were conducted in two coastal marshes
with distinct hydrological regimes in the CRE. Our primary focus was
to investigate the dynamics of DOM quantity and quality over the
short-term (tidal) and long-term (seasonal) timescales, with a particu-
lar focus on the discussion of the combined influence of the marsh sea-
sonal cycle and the coincident seasonal runoff from a large river such as
Changjiang, on estuarine marsh DOM properties. We employed princi-
pal component analysis (PCA) on DOM optical proxies over a broad
range of samples collected under different climate scenarios including
two episodic weather events (i.e., Typhoon Lekima in summer 2019
and basin-wide flood event across Changjiang in summer 2020), to
gain insights on the potential mechanisms driving the DOM dynamics
in the two estuarine coastal marshes. Findings from this work advance
our understanding of the environmental and ecological controls on
modulating DOM dynamics across the tidal marsh–estuarine margins
in a large-river-dominated estuary.

2. Materials and methods

2.1. Sites description

Two coastalmarshes, onebrackishmarsh and one freshwatermarsh,
suited along the salinity gradient (salinity varied from 0.15 to 18.4 in
2019–2020, Table 1) in the CRE were selected for this study (Fig. 1
es.

perature (°C) pH Turbidity (FNU)

L.T. H.T. L.T. H.T. L.T.

N.A. N.A. N.A. N.A. N.A.
± 0.2 26.4 ± 2.2 7.85 ± 0.05 7.74 ± 0.17 235.3 ± 29.0 130.9 ± 27.7
± 1.1 22.3 ± 1.6 7.79 ± 0.03 7.48 ± 0.24 237.8 ± 18.2 634 ± 62.8
± 0.1 10.8 ± 0.1 8.14 ± 0.01 8.08 ± 0.11 143.9 ± 13.2 162.3 ± 4.3
± 0.08 29.9 ± 0.4 7.95 ± 0.03 7.91 ± 0.13 42.0 ± 2.7 29.3 ± 8.5
± 0.14 20.9 ± 1.5 7.88 ± 0.01 7.57 ± 0.3 166.4 ± 7.2 141.6 ± 7.1

N.A. N.A. N.A. N.A. N.A.



Fig. 1. (a–c) Locations of the two study marshes in the Changjiang River Estuary and (d) the temperature and precipitation duringMay 2019–June 2020. Data sources: (a) Landsat 8 ETM
30 m resolution image (RGB = SWIR 1, NIR, and blue, respectively) acquired on February 29, 2020; (b) and (c) is the digital surface model collected using an unmanned aerial vehicle
(Phantom 4 RTK) in May 2021, and the black stars denote the sampling locations. (d) The precipitation and temperature data collected from an eddy covariance tower located in JDS
saltmarsh, and the gray and yellow background indicate the sampling time in JDS and XS respectively. The blue background represents the time when Typhoon Lekima passed in
August 2019. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(a)). The saltmarsh study site, encompassing an area of 32.94 km2, is lo-
cated on the Upper Shoal of the Jiuduansha Shoal which is one of the
three newly-born isolated alluvial intertidal shoals in the CRE (31°12′
22″ N, 121°53′53″ E, in the Jiuduansha Wetland National Nature Re-
serve, Fig. 1(b), hereafter referred to as JDS marsh). The Jiuduansha
Shoal locates between the South Passage and the North Passage in the
estuarine turbidity zone, receiving strong interactions between
Changjiang and its adjacent East China Sea. These shoals were initially
formed because of the enhanced riverine sediment deposition at the
mouth of CRE due to the extreme flood events that occurred frequently
during 1949–1954 across the Changjiang River Basin (Li et al., 2016).
The freshwater Xisha wetland (31°43′19″ N, 121°13′57″ E, Fig. 1(c),
hereafter referred to as XS marsh) which comprises marsh area of
roughly 3 km2, is located near the first order bifurcations of Changjiang
that are predominately influenced by the riverine discharge (salin-
ity < 0.5 throughout the year). It lies on the western of Chongming Is-
land in Chongming County, in which land use is characterized as rural,
agri-ecosystems dominant in northeastern Shanghai, formed before
the year of 1842–1860. Hydrology across the two study marshes
shows a strong seasonality as a result of precipitation across the
Changjiang River basin in response to the East Asian SummerMonsoon,
with high discharge during the wet season (May to October) and low
runoff in the dry period (November to April) (Fig. 1(d)). The CRE is a
meso- to macro-tidal, semidiurnal estuary with a mean tidal range of
2.7 m,whereas themaximum range could rise to 4.7 m during the sum-
mertime as a result of the flood season in Changjiang (Yang et al., 2005).
Marsh vegetations in the two marshes are dominated by the native
3

plant species Phragmites, while woody plants-Phragmites mixed com-
munities, Phragmites, and a few Scirpus-Phragmitesmixed communities
are interspersed along the intertidal areas in XS marsh.

2.2. Sample collection

Monthly samplings were pursued during spring tide at each of the
two marshes from May 2019 to June 2020. Time-series samplings
were set up at the inlet of a tidal creek in each marsh, respectively
(Table 2). Hourly surface water samples (<0.2 m below surface) cover-
ing at least one full tide cycle (24 h)were collectedusing1 L polypropyl-
ene bottles (acid-soaked in 10%HCl andwashed thoroughly usingMilli-
Q water before use) using an ISCO-7300 Portable Auto-Sampler
(Teledyne, CA, USA). After a complete tidal cycle, waters were immedi-
ately filtered using a 0.2 μmnylon syringe filter. Filtrates were then col-
lected into 25 mL (pre-combusted at 450 °C for 5 h) amber glass vials
and stored at 4 °C for DOM optical analysis within one week. DOC sam-
ples were filtered into 20 mL pre-combusted glass vials in the same
manner, stored at −20 °C, and analyzed within 1 month. Samples
were not obtained occasionally at the lowest ebb tide in the two
marshes due to the dry out in marsh tidal creeks in the dry season.

Our monthly sampling also allowed us to capture the DOM changes
in response to two episodicweather events, i.e., the passage of the Super
Typhoon Lekima in August 2019, and the severe flooding that occurred
across the entire Changjiang River Basin in August 2020.Water samples
were collected hourly from 4:00 pm to 7:00 pm (GMT + 8) on 16 Au-
gust 16 and from 3:00 am to 12:00 pm (GMT + 8) on August 17,



Table 2
Sample collection in the two study marshes.

Date Site Sampling frequency Number of samples (N) Season

Survey samples
2019/06 JDS Hourly 26 Summer
2019/07 JDS Hourly 16 Summer
2019/08 JDS Hourly 24 Summer
2019/10 JDS Hourly 20 Fall
2019/11 JDS Hourly 24 Fall
2020/01 JDS Hourly 24 Winter
2020/06 JDS Hourly 28 Summer
2019/06 XS Hourly 17 Summer
2019/07 XS Hourly 22 Summer
2019/08a XS Hourly 14 Summer
2019/09 XS Hourly 24 Fall
2019/10 XS Hourly 17 Fall
2019/12 XS Hourly 22 Winter
2020/08a XS Hourly 23 Summer

Incubation setups
2020/08 XS Incubation 12 Summer
2020/08 JDS Incubation 12 Summer

Total 325

a Denotes that samples were collected for investigation of the impact of the two ex-
treme weather events (Typhoon event in 2019 and Flood event in 2020).
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2019 in XS marsh site (water level less than 1 m). Surveys were also
made during the severeflood event in summer 2020, andwater samples
were collected every hour during ebb tide when the water level gradu-
ally retreated from0.97 to 0.07m from 10:00 am to 4:00 pm(GMT+8)
on 29 August 2020 in XS marshes. Samplings trips were not attempted
to JDSmarsh due to the unapproachableness to the Nature Reserve dur-
ing these two events.

2.3. Photo-irradiation and microbial degradation experiments

To assess the impact of photochemical and microbial alterations
on DOM, a 5-day incubation experiment was performed onsite in
August 2020 in both JDS and XS marshes. Samples were collected at
the lowest ebb tide in the two marshes individually and the incubation
set-ups consisted of four treatments (i.e., microbial-only degradation,
photochemical-only degradation, combined photochemical and micro-
bial degradations, and one control array), with each performed in tripli-
cate (Cao et al., 2016; Medeiros et al., 2015; Seidel et al., 2015). For the
photochemical only and combined photochemical andmicrobial degra-
dation arrays, water sampleswerefiltered using 0.2 μmnylon filters (for
photochemical only) or 0.7 μm GF/F filters (for combined photochemi-
cal andmicrobial) and collected into 1 L pre-cleaned polycarbonate bot-
tles and submerged in the water surface under the natural sunlight
condition. The irradiance was measured using a HOBO Light Datalogger
UA-002-64 sensor (ONSET, USA) during the incubation period. The cu-
mulative 5-day solar irradiance in JDS and XS were 5.4 kW m−2 and
5.7 kW m−2, respectively. Microbial incubations were carried out in
dark by filtering the samples through 0.7 μm GF/F filters (Whatman,
pre-combusted at 450 °C for 5 h) into the 1 L pre-cleaned PC bottles,
wrapped with a thick layer of aluminum foils in dark plastic bags and
kept submerged for 5 days. The control array was set up in a manner
similar to the microbial ones but filtering through 0.2 μm nylon filters.
The ambient temperatures were maintained at 24.5 ± 2.7 °C for JDS
and 25.1±1.7 °C for XSmarshes, respectively, during the 5-day incuba-
tion experiment.

2.4. Laboratory analysis

2.4.1. DOC measurement
DOC concentrationwas determined using the high-temperature cat-

alytic oxidation method on a Shimadzu TOC-L total organic carbon
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analyzer (Tokyo, Japan). Each sample was measured at least three
times until the variation coefficient was less than 5%. The linear regres-
sion model (r> 0.999) of sodium hydrogen phosphate was taken every
time to calibrate the analyzer in the concentration gradient of 0, 0.5, 1, 2,
and 3 mg L−1. The deep seawater reference (obtained from D. Hansell
Lab, University of Miami, USA, concentration ranged from 0.492 to
0.528 mg L−1) was also detected daily for quality control and the
reproductivity was better than 97%.

2.4.2. Measurements of DOM optical properties and PARAFAC modeling
Water samples were acclimated to room temperature before optical

analysis. CDOM absorbance spectra from 250 to 750 nm with 1 nm in-
tervals were obtained using a UV–visible spectrophotometer UV-8000
(METASH, Shanghai, China) in a 5 cm quartz cuvette using daily pro-
ducedMilli-Qwater as a blank. Absorbance spectrawere then corrected
for scattering effect by subtracting the mean absorbance value at
700–750 nm (Green and Blough, 1994). CDOM absorption coefficients
were then calculated from the corrected absorbance spectra following
Eq. (1)

aλ ¼ 2:303� Aλ

L
ð1Þ

where aλ (m−1) is the CDOM absorption coefficient at the wave-
length λ (nm), Aλ is the corrected CDOM absorbance at the wave-
length λ, and L (m) is the path-length of the quartz cuvette and
L = 0.05 m in this study. Specific ultraviolet absorbance (SUVA254)
(L mg C−1 m−1) was calculated by dividing ag(254) by the DOC
concentration and has been used extensively to denote the DOM
aromaticity and molecular weight (Weishaar et al., 2003). CDOM
spectral slope coefficients were calculated using a linear fit of a log-
linearized aλ, according to Eq. (2)

aλ ¼ aλ0 � e−S λ−λ0ð Þ ð2Þ

where S is the spectral slope range from λ0 to λ (Helms et al., 2008).
S275–295 and S350–400 were log-transformed the absorption spectra
(subtracting the mean absorbance value at 700–750 nm), then calcu-
lated the linear regression slope within the wavelength 275–295 and
350–400, respectively. CDOM spectral slope ratio SR = S275–295/S350–400
has been used as a tracer of molecular weight of DOM.

DOM fluorescence excitation-emission matrices (EEMs) spectra
were collected on a fluorescence spectrophotometer F-4500 (Hitachi,
Tokyo, Japan), with daily produced Milli-Q water as a blank. Excitation
wavelength (i.e., λex) covered from 230 to 455 nm (5 nm increments),
and the emission wavelength (i.e., λem) spanned from 290 to 690 nm
(2 nm increments). A 5 nm and 2.5 nm slit widths were adopted in ex-
citation mode and emission mode respectively with a scan rate of
2400 nmmin−1. Several post-processing steps were undertaken to cor-
rect the EEMs spectra following EEMs, and included 1) EEM spectra
were corrected to remove instrument bias using manufacturer-
supplied excitation and emission correction parameters; 2) correction
for the inner filter effect (McKnight et al., 2001); 3) blank subtraction
using Milli-Q water to remove thewater Raman scattering and normal-
ization to the Raman unit using water Raman peak area at λex =
350 nm; and 4) Rayleigh and water Raman scatter signals were
removed using an interpolation protocol developed by Bahram et al.
(2006).

Parallel factor analysis (PARAFAC) was performed on a total of 403
sample EEMs, including 301 field samples and 102 incubation ones,
using drEEM 0.5.1 toolbox in MATLAB (MathWorks, MA, USA)
(Murphy et al., 2013). Prior to the modeling, sample EEMs were scaled
to the unit intensity by dividing the individual fluorescence intensity
maxima. Nine samples were identified as outliers and removed, then
the model was validated using random split-half analysis. EEMs were
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then recovered to the unscaled mode to reflect the actual sample fluo-
rescence intensity for each component.

Fluorescence indices including fluorescence index (FI), humification
index (HIX), and biological index (BIX) were calculated to better evalu-
ate the DOM source and compositions. FI is indicative of the organic
matter (OM) source materials. Higher FI (~1.8) represents enriched
with microbial substances while lower FI (1.2– 1.5) reflects terrestrial
sourced DOM. FI was calculated as the ratio of fluorescence intensity
at λem = 450 nm to λem = 450 nm at λex = 370 nm (Cory and
McKnight, 2005). BIX was calculated by dividing the emission intensity
at 380 nm by that in 430 nmwith λex = 310 nm (Huguet et al., 2009).
HIX was obtained by calculating the ratio of the peak area under the
λem = 435–480 nm and the sum of peak area under λem =
435–480 nm and λem = 300–345 nm, at λex = 254 nm (Ohno, 2002).
HIX and BIX are both indicators of the relative quality of OM from
more terrestrial, humic-like OM to more biological, autochthonously
produced OM. Specifically, HIX is indicative of the degree of humifi-
cation and aromaticity of the fluorescent OM and BIX is an indicator
of autochthonous, recently produced fluorescent OM in a given
sample.

2.5. Ancillary data

Ambient water properties including salinity, temperature, pH, tur-
bidity, and fluorescence dissolved organic matter were measured by
deploying a pre-calibrated YSI EXO2 multi-parameter Water Quality
Sonde (Yellow Springs, OH, USA) at the time of the sample collection.
Water levels were measured using a HOBO Water Level Datalogger
U20-001-04-Ti sensor (ONSET, USA). Precipitation and air temperature
data over the study sites were obtained from an eddy covariance tower
at JDS marsh. Daily river flow data was retrieved from the hydrologic
station at Datong (Station # 60351, 117°37′ E, 30°46′ N), which is ad-
ministrated by the Hydrological Station Changjiang Water Resources
Commission of the Ministry of Water Resources (http://www.cjw.gov.
cn/zwzc/gsgg/) and located approxi. 513 km upstream from the head
of CRE.

2.6. Statistical analysis

Non-parametric Mann-Whitney U test (two-tailed) and Kruskal-
Wallis test were performed to evaluate the variations among the sam-
ples after performing the normality test using SPSS Statistics 26 (IBM,
New York, USA). Principal component analysis (PCA) was conducted
for a suite of DOM optical proxies using the relative abundance of fluo-
rescent components and DOM optical properties (e.g., SUVA254, FI, HIX,
BIX) on the whole dataset from the two marshes including survey
and incubation samples. Relative abundance was calculated by log-
transforming the absolute values, subtracting the individual means,
and dividing by their standard deviations. Variables were checked for
collinearity prior to PCA and the highly correlated variables (r > 0.8)
were combined for subsequentmultivariate statistical analysis. The sig-
nificance level (α) was set at 0.05.
Table 3
Spectral characteristics of the five fluorescent components resolved by PARAFAC.

Components Exmax/Emmax (nm) Peaksa Description

C1 <260 (310)/418 A/C Humic acid, d

C2 240 (320)/500 Humic acid, d

C3 275/316 B Tyrosine-like

C4 290/332 Resembling tr

a The definition of peaks is proposed by Coble (2007).
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3. Results

3.1. Spectroscopic properties of DOM fluorescence components

PARAFAC modeling on sample EEMs identified and validated four
fluorescent DOM components hereafter referred to as C1–C4, including
two terrestrial humic-like, two protein-like components (Table 3 and
Fig. 2). C1 (λex/λem: <260 (310)/418 nm) was assigned as a
terrestrially-derived humic component that has widely been observed
in sediments, rivers, and estuaries (Brym et al., 2014; Jørgensen et al.,
2011; Panettieri et al., 2020). Compared to C1, C2 had a red-shifted
emission peak (at ~500 nm), which is indicative of high molecular
weight (HMW)DOMwith high aromaticity that appears to be prevalent
in upstream agriculture regions (Mobed et al., 1996; Yamashita et al.,
2011). Fluorescence component C3 demonstrated spectral features
(λex/λem: 275/316 nm) of a typical protein-like tyrosine material or,
peak B, that is often associated with the production from microbial ac-
tivities in both freshwater and ocean environments (Coble, 2007;
Osburn et al., 2018). C4 (λex/λem: 290/332 nm) resembled a protein-
like tryptophan component. The fluorescence of the amino acid could
shift after bounding to protein due to the shielding effect of the water,
and C4 was suggested to be the tryptophan amino acid component
bonding to protein which emits at shorter wavelengths (Jørgensen
et al., 2011; Lakowicz, 2006; Stedmon and Nelson, 2015).

3.2. Tidal and seasonal DOM variations

DOM concentration and most of its optical signatures varied as a
function of tidal stage and season in the two study marshes. DOC con-
centration, CDOM absorption coefficient at 325 nm (i.e., ag(325))
(Fig. 3), fluorescent intensities of humic-like components C1 and C2
were notably higher during low/ebb tide in the summer and fall seasons
(e.g., DOC of 3.08 and 3.40 mg L−1, ag(325) of 5.39 and 4.05 m−1, C1 of
0.16 and 0.15 R. U., and C3 of 0.17 and 0.15 R. U. in JDS (water level of
0.14 m) and XS (water level of 0.21 m) marsh in summer 2019, respec-
tively, Fig. 4), indicating the strong marsh export of highly colored,
HMWaromatic substances to the adjacent estuarywhen themarsh pro-
ductivity peaks (Cawley et al., 2014; Osburn et al., 2015; Tzortziou et al.,
2008). Conversely, lower values in DOC, ag(325), and humic
components C1 and C3 were consistently found at high/flood tide in
the winter season (e.g., DOC of 1.21 mg L−1, ag(325) of 2.35 m−1, C1
of 0.05 R. U., and C2 of 0.04 R. U. in January 2020 (water level of
2.72m) in JDSmarshes).Moreover, C1 andC2demonstrated a strikingly
synchronous pattern in both marshes, suggesting these two compo-
nents were of a common origin and/or were altered by the same alter-
ation processes (e.g., photochemical or microbial modifications) at
nearly identical rates across tidal cycles (Murphy et al., 2008).

Variabilities of protein-like components C3 and C4 however, were
dissimilar to most other optical properties but instead, presented no
clear pattern on neither tidal nor seasonal scales. For example, C3 and
C4 fluctuated in a range of 0.05 R. U. to 0.19 R. U. and from 0.08 R. U.
to 0.18 R. U. when the water level dropped monotonously from
Compare with previous studies

erived from terrestrial C1: 260 (320)/440 (Panettieri et al., 2020)
C3: 240 (310)/425 (Brym et al., 2014)
C1: 255 (320)/425 (Jørgensen et al., 2011)

erived from terrestrial C2: 260 (420)/498 (Panettieri et al., 2020)
C2: 260 (365)/475 (Yamashita et al., 2011)

amino acid, microbial activity C4: 274/322 (Harjung et al., 2018)
C5: 270/302 (Osburn et al., 2018)

yptophan-like amino acid C7: 293/310 (Jørgensen et al., 2011)

http://www.cjw.gov.cn/zwzc/gsgg/
http://www.cjw.gov.cn/zwzc/gsgg/
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Fig. 2. The spectral features and loadings of fluorescent DOM resolved by the PARAFAC.
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3.27m to 0.27m (Fig. 4(a)), respectively, likely arose from a diversity of
proteinaceous DOM sources materials due to interactions among eco-
logical drivers, hydrological (e.g., physical tidal mixing), and degrada-
tion processes on the tidal and season basins.

DOM fluorescence indices also varied widely on both seasonal and
tidal time scales, ranging from 1.12 in the summer low tide to 1.76 in
high tide in the fall season for FI, from a lowest value of 0.66 in the fall
low tide to a highest of 1.29 in the summer high tide for BIX, and from
a value of 0.47 at winter high tide to a more elevated value of 0.82 in
the low tide in the fall for HIX for JDS marsh, for example (Fig. 5). Ele-
vated FI values which are indicative of moremicrobially-derived carbon
sources are associated with high tide samples during the summer–fall,
6

while lower values are found with ebbing waters. Notably, winter sam-
ples collected demonstrated a converse distribution pattern, with rela-
tively high FI with high tide sample while low FI with high tide in the
individual marsh.

3.3. Photochemical and microbial alterations on marsh DOM

Results from onsite incubation experiments revealed that photo-
chemistry exerted more pronounced control than microbes on DOM
changes in both marshes. CDOM absorption coefficient and humic-like
fluorescent intensities of DOM were significantly decreased after the
sunlight exposure (e.g., ag(325) = 2.94 m−1, C1 = 0.31 R. U, and
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C2 = 0.18 R. U. at T = 5 d, compared to initial values of ag(350) =
4.96 m−1, C1 = 0.66 R. U, and C2 = 0.41 R. U. at T = 0 d in JDS
marsh, respectively, p < 0.05), despite no statistically distinguishable
changes in the DOC concentration were identified on neither photo-
chemical (e.g., DOC of 2.06 mg L−1 at T= 5 d), nor microbial alteration
(e.g., DOC of 2.06 mg L−1 at T = 5 d) over the entire 5-day treatment
(e.g., initial DOC of 2.14 mg L−1 at T = 0 d) (Table 4, p > 0.05). The
greater decreases in ag(325), accompanied by an increasing SR, and
the higher loss of fluorescence in humic-like DOM with ebbing water
after exposure to sunlight, collectively reflect that marsh-derived,
HMW substances were broken down into smaller molecules due to dis-
aggregation and/or ring cleavage, leading to a decrease in the aromatic-
ity (SUVA254 = 5.65 L mg C−1 m−1 at T = 5 d, SUVA254 = 6.85 L mg
C−1 m−1 at T = 0 d) (Clark et al., 2019; Helms et al., 2013). On the
contrary, darkmicrobial incubationmarginally altered the DOMquality,
as revealed by the unchanged values in ag(325), SR, and fluorescence
intensities (e.g., ag(325) = 4.79 m−1, C1 = 0.70 R. U, and C2 = 0.37
R. U. at T = 5 d in JDS marsh, respectively, p> 0.05), indicating the col-
ored fraction of the marsh DOM pool is largely biologically refractory
due to its higher aromaticity and high molecular weight thus less likely
available for bacterial utilization in a short 5-day incubation period (Cao
et al., 2016; Cory and Kaplan, 2012). The low bioavailability of marsh
DOM in this study is also similar to that observed in the marsh in
Sacramento-San Joaquin River Delta on the US Pacific Coast
(Stepanauskas et al., 2005).

The dominance of the photochemical process in alteringmarshDOM
is further highlighted by the indiscernible differences between the light-
only and the combined light andmicrobial treatment. Light exposure of
marshDOMwith andwithout the presence of bacteria resulted in a sim-
ilar percent loss in the CDOM absorption (e.g., ~25% to ~34% decrease in
ag(325) at T = 5 d in light-only treatment and combined light and mi-
crobial treatment) and the humic-like fluorophores (e.g., ~46% reduc-
tion in C1 abundance under light-only treatment compared to ~40%
8

decrease in C1 with combined light and microbial incubation, respec-
tively, in XS marsh for example). These results corroborate previous
findings that humic-like fluorophores are more preferentially removed
by photochemical modifications in the aquatic systems (Lu et al.,
2013; Mann et al., 2012).

3.4. Event-driven DOM changes

Episodic weather events such as tropical cyclones or severe flooding
can dramatically alter carbon regimes across the marsh–estuary mar-
gins. During our sampling durations, two extreme events, i.e., Super Ty-
phoon Lekima occurred in August 2019 (hereafter referred to as
typhoon event), and the severe flood event experienced across the en-
tire Changjiang River Basin due to the monsoon rains in summer 2020
(hereafter referred to as flood event), provide a good opportunity to ex-
amine the changes in DOM dynamics in response to these extreme
events.

In August 2019, the typhoon event brought continuous precipitation
over 167 mm within 60 h to Shanghai area (more details in SI 1). Fol-
lowing this event (~6 days after Typhoon Lekima on 17 August 2019),
DOC concentration in XS marsh dramatically increased to a high value
of 6.89mg L−1 at awater level of 0.3m. For comparison, DOC concentra-
tion collected in July 2019 at a similar tidal height (water level= 0.5m)
was approximately half (3.86 mg L−1) of that observed during the Ty-
phoon event. Massive flooding as a result of the local heavy precipita-
tion led to the hydrological connection between the coastal marsh and
the farmland nearby the marsh via surface flow and/or groundwater
(Rudolph et al., 2020). As a consequence, rapid flushing of terrigenous
substances from the larger inundated surrounding farmlands and
marsh areas gave rise to the elevation in DOC in the ebbing water
after the event. This is similar to the DOC pulses noted by Letourneau
et al. (2021) in a marsh-dominated estuary after a hurricane event in
the southeastern US. Furthermore, the quality of DOM also changed
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significantly with a decreasing HIX (i.e., HIX = 0.54 ± 0.07 (mean ±
std) after the event, compared to HIX = 0.68 ± 0.03 in July 2019), ac-
companied by an increase in SR (i.e., SR = 1.26 ± 0.03 after the event,
9

compared to SR=1.17±0.03, Kruskal-Wallis test, p<0.005), reflecting
a shift of DOM composition from the dominance of allochthonous sub-
stances to the pools that were more enriched with autochthonous
materials.

In 2020, the summer monsoon season resulted in a historic, basin-
wide server flood event in Changjiang. River discharge increased up to
1.91 × 1012 m3 at Datong in July 2020, compared to a discharge of
1.56 × 1012 m3 in July 2019 (Communique of Yangtze River Water Re-
sources Commission, http://www.cjw.gov.cn/zwzc/bmgb/2020gb/). In
response to this event, however, we found DOC was only slightly ele-
vated with a value of 2.97 mg L−1 (water level = 0.7 m) at XS marsh,
compared to DOC value of 2.44 mg L−1 at a similar water stage (water
depth=0.7m) in July 2019, despite of the 22% increment in Changjiang
discharge between these two periods. Yet, significant changes in DOM
quality in XS marsh due to the flood event were noted. DOM optical in-
dices show a statistically significant increase in SUVA254

(i.e., SUVA254 = 4.68 ± 0.8 L mg C−1 m−1 in 2020 summer Flood
event, compared to SUVA254 = 3.34 ± 0.09 L mg C−1 m−1 in July
2019) and accordingly decrease in SR (i.e., SR = 0.99 ± 0.03, relative
to SR = 1.17 ± 0.02 in July 2019), indicating marsh DOM (water level
less than 1)was enrichedwithmore aromatic, HMWsubstances as a re-
sult of the flood event.

It is interesting to note that the compositions of DOMchanged differ-
ently in response to these two episodic weather events and these differ-
encesmay be in part attributed to the differentDOMsourcematerials. In
the typhoon event, sourcematerials of DOM flushed to the estuarywere
not only derived from the wetlands that are often enriched with humic
DOM, but also from the nearby forested and restored wood-wetland
stream in the supratidal zone, which are often reported to be less com-
plex, low molecular weight, and more enrich in proteinaceous com-
pounds (Bhattacharya and Osburn, 2020). However, during the 2020
Changjiang River basin-wide flood event, Changjiang received tremen-
dous terrigenous inputs from its drainage basin as a large fluvial system,
in which landscapes are characterized mainly by forests (38.6%), arable
land (29.5%), and grasslands (24.5%) (K. Gao et al., 2010). Many previ-
ous studies have shown DOM associated with these land-use types is
highly aromatic with dominance of allochthonous contribution
(Hosen et al., 2018; Shang et al., 2018). Consequently, with high dis-
charge rates and short residence time, those terrigenous DOM were
less modified during transporting to the downstream, resulting in the
elevated SUVA254 and lower SR observed inDOM in the estuarine coastal
marshes during the flood event.

3.5. PCA results of DOM optical properties

The multivariate statistical analysis based on DOM optical indices,
performed on 254 samples collected for a range of tidal stages across
seasons, demonstrates thatDOM inflood tide in the summer and fall ex-
hibited distinct optical signatures from those at ebb tide during winter-
time in both the two marshes (Fig. 6). Specifically, flood tide samples
grouping with negative PC1 scores (ranging from −3.69 to−0.02) are
largely associated with more recently produced, proteinaceous com-
pounds with elevated BIX (e.g., BIX value as high as 1.25). Whereas
the majority of DOM samples collected at ebb tide in the summer–fall
seasons that were predominate of allochthonous terrestrial/marsh
DOM signatures with higher HIX (e.g., a highest HIX of 0.75 in fall
2019 in JDS marsh), are distributed onto the positive scale in a range
of 0.12 to 4.95 on this PC. The clear separation of samples according to
the tidal and seasonal shifts on this PC is particularly evident for JDS
marsh samples. Most summer and fall ebb tide samples in JDS marsh
with a lower BIX (less than 0.82) and small protein-like components
contribution of roughly 30–40% in the total fluorescence DOM pools
(Fig. 7(a) and (b)) have positive PC1 scores, while the negative scale
of PC1 is dominated by the JDS samples collected at the flood stage, in
which BIX increased to 1.1 and protein-like components played a
more dominant role with relative abundances significantly enhanced

http://www.cjw.gov.cn/zwzc/bmgb/2020gb/


Table 4
Results of photochemical-, microbial-, and combined photo-microbial-degradation experiments on the water DOM sampled during the lowest ebb tide in JDS and XSmarshes. The incu-
bation duration was 5 days for each treatment.

Initial condition Control Microbial-only Light-only Combined light + microbial

JDS ag(254) (m−1) 14.78 ± 0.04a 14.49 ± 0.05 14.39 ± 0.06 12.01 ± 0.2 12.05 ± 0.10
ag(325) (m−1) 4.96 ± 0.01 4.79 ± 0.07 4.80 ± 0.04 2.94 ± 0.10 3.02 ± 0.09
S275–295 (nm−1) 0.0167 ± 0.0002 0.0166 ± 0.0001 0.0167 ± 0.0002 0.0211 ± 0.0001 0.0209 ± 0.0003
S350–400 (nm−1) 0.0187 ± 0.0001 0.0191 ± 0.0001 0.0189 ± 0.0001 0.0192 ± 0.0002 0.0188 ± 0.0002
SR 0.89 ± 0.01 0.87 ± 0.02 0.88 ± 0.01 1.10 ± 0.01 1.10 ± 0.01
SUVA254 (L mg C−1 m−1) 6.85 ± 0.11 6.85 ± 0.06 6.79 ± 0.09 5.65 ± 0.12 5.18 ± 0.31
DOC (mg L−1) 2.14 ± 0.04 2.10 ± 0.02 2.06 ± 0.01 2.06 ± 0.01 2.07 ± 0.03
C1 (R.U.) 0.66 ± 0.03 0.68 ± 0.03 0.71 ± 0.03 0.31 ± 0.01 0.31 ± 0.01
C2 (R.U.) 0.41 ± 0.01 0.40 ± 0.01 0.37 ± 0.07 0.18 ± 0.01 0.18 ± 0.01
C3 (R.U.) 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.001 0.04 ± 0.01 0.04 ± 0.02
C4 (R.U.) 0.11 ± 0.001 0.13 ± 0.02 0.14 ± 0.01 0.17 ± 0.02 0.22 ± 0.01

XS ag(254) (m−1) 13.19 ± 0.01 12.98 ± 0.04 13.22 ± 0.08 11.13 ± 0.04 11.92 ± 0.06
ag(325) (m−1) 4.27 ± 0.01 4.14 ± 0.03 4.26 ± 0.02 2.83 ± 0.04 3.21 ± 0.04
S275–295 (nm−1) 0.0169 ± 0.0002 0.0172 ± 0.0001 0.0170 ± 0.0001 0.0203 ± 0.0001 0.0199 ± 0.0001
S350–400 (nm−1) 0.0184 ± 0.0002 0.0184 ± 0.0002 0.0179 ± 0.0001 0.0181 ± 0.0001 0.0172 ± 0.0001
SR 0.95 ± 0.01 0.93 ± 0.01 0.95 ± 0.01 1.12 ± 0.01 1.15 ± 0.01
SUVA254 (L mg C−1 m−1) 5.31 ± 0.06 5.22 ± 0.05 4.93 ± 0.41 4.30 ± 0.03 4.56 ± 0.10
DOC (mg L−1) 2.46 ± 0.20 2.66 ± 0.16 2.77 ± 0.21 2.67 ± 0.13 2.59 ± 0.05
C1 (R.U.) 0.61 ± 0.05 0.54 ± 0.08 0.52 ± 0.01 0.33 ± 0.01 0.37 ± 0.01
C2 (R.U.) 0.31 ± 0.01 0.32 ± 0.001 0.31 ± 0.01 0.21 ± 0.02 0.27 ± 0.001
C3 (R.U.) 0 0.06 ± 0.01 0.03 ± 0.01 0.03 ± 0.02 0.05 ± 0.01
C4 (R.U.) 0.15 ± 0.02 0.16 ± 0.02 0.17 ± 0.01 0.22 ± 0.001 0.20 ± 0.01

Results after treatments (t = 5 d) significantly different from the initial condition (t = 0) at confidence level 0.05 are marked bold.
a SD standard deviation was calculated from the three replicate bottles.
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bymore than twofold, of up to 77% inwinter flood tide (Fig. 7(c)). In ad-
dition, the broad range spanned by JDS samples along PC1 than XS sam-
ples (i.e., spanning from – 3.69 to 4.95 for JDS samples on PC1 scores,
compared to a small range between – 2.32 and 3.08 of XS samples on
this PC) may imply more variation in DOM source materials in JDS
marsh than XS marsh. Taken together, PC1 appears to be associated
with the dominant controls, for example, hydrology that drives the
DOM source variabilities in the two marshes (Cawley et al., 2014;
Chen et al., 2013; Osburn et al., 2015). On the contrary, on the second
PC, regardless of tidal and seasonal shifts, JDS samples which were less
humidified relative to XSmarsh samples, mostly fall positively (ranging
from 0.01 to 2.79) on this PC axis while most XS samples distribute on
the negative scale (ranging between−3.46 and −0.01) of PC2. There-
fore, despite the small variance (~16.9%) it accounts for, PC2 is likely in-
dicative of the DOM quality differences or the state of degradation
between the two study marshes (Shafiquzzaman et al., 2014;
Yamashita et al., 2013).
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Results in the PCA bi-plot also provide additional insight into the
seasonal dynamics of marsh DOM quality. For example, most JDS sum-
mer and fall samples collected at ebb tide, which were predominately
of terrestrial origin (high ag(325) of 5.27 m−1 and high SUVA254 of
8.44 L mg C−1 m−1) with less contribution from protein-like compo-
nent C4 (11–19% to the total variance, Fig. 7(a)), and positively on the
PC1 score, whereas the samples collected still at ebb tide but in winter-
time, which is more enriched in C4 with contribution increasing
approxi. to 40%, shift to the negative scale along PC1. Conversely, the
nearly even distribution of ebb tide samples in XS marsh over the posi-
tive and negative scales on PC1, likely reflects the less variable DOM
quality changes among seasons.

DOMchanges as a result of the degradation processes are also clearly
depicted by the PCA bi-plot. Light-exposed samples depleted with
humic substances while enriched with proteinaceous materials occupy
a different quadrant from the ones after the microbial treatment with
minimal changes in the DOM quality on the first PC for both marshes
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(e.g., PC1 score=−1.67 and PC2 score=−2.03 for the light-exposure
samples, relative to PC1 score = 3.41 and PC2 score = − 3.21 for the
microbial treated and PC1 score = 3.41 and PC2 score = − 3.63 for
the original samples, respectively, for JDS marsh DOM). These distribu-
tions of DOM degradation samples further substantiate our explanation
of PC1 as an indicator of the dominant processes driving the DOM
changes.

Grouping of samples into the fourth quadrant with positive scores
on PC1 and negative scores on PC2 (ranging from 0.21 to 3.38 on PC1
and from −1.75 to −0.23 on PC2, respectively) correspond to most
samples in the two episodic weather events, during which period the
substantial export of terrestrial-derived OM was most pronounced.
Yet, the 2020 summer Flood event samples are closely distributed
while samples from the 2019 Typhoon event are slightly dispersed to
the first and third quadrants, implying the DOM quality differences be-
tween these two extreme events.

It should be noted that the first two PCs capture roughly 60% of the
total data variance. There is, however, still a substantial amount of var-
iance (>40%) that has not been accounted for by PCA. This uncaptured
variance emphasizes the temporal and spatial complexity, on both
semidiurnal and seasonal scales, of the quantity and quality of DOM
within and among the twomarsh ecosystems, in which DOM dynamics
can be influenced by processes other than seasonal and tidal shifts. On
the other hand, this considerable amount of the uncaptured variance
also likely arose from the high heterogeneity of the DOM across the
two study marsh sites, warranting further work spanning more diverse
hydrological regimes across the entire estuary to better assess the rela-
tive importance of physical and biogeochemical processes on coastal
wetland DOM.

4. Discussion

4.1. Impact of large river on estuarine wetland DOM

The seasonal DOMdynamics across the tidalmarsh–estuarymargins
in the CRE are strongly modulated by both the marsh productivity and
the seasonal Changjiang runoff. High primary productivity in June to
November marsh growing period and the coinciding monsoon-driven
high runoff, gave rise to the seasonal peak DOC during both low and
high tides. Conversely, the low Changjiang discharge in the wintertime
during whichmarsh productivity was also lowest resulted in a seasonal
minimal DOC.

In a river-dominated estuary, the influence of the fluvial-input terres-
trial OM can be overwhelming such that the marsh signatures become
less prominent (Letourneau and Medeiros, 2019). A good illustration is
presentedby the samepercentage contributionof each FDOMcomponent
between JDS (salinity=0.28 in low tide, August 2019) andXS (salinity=
0.16 in low tide, July 2019) study marshes at low tide in the wet season
(Fig. 7(a)), highlighting the prevalence of the terrigenous OM associated
with high riverine discharge throughout the entire estuary (Bittar et al.,
2016; Dixon et al., 2014; Hounshell et al., 2021; Singh et al., 2019).

The importance of the runoff, particularly on the coastal tidal fresh-
water wetlands, is further underscored by the nearly identical propor-
tional distribution of individual fluorescence components between the
lowest ebb tide and highest flood tide in the summer–fall wet season
(Fig. 7(a)). Moreover, the dominance of the proportional abundances
of C1 and C2 (>60%) in total FDOMpools at the twodifferent tidal stages
in XSmarsh in summer 2019 highlights the strong imprinting of terrig-
enous signatures in the FDOMpools resulting from the high Changjiang
discharge. Recent studies have shown that DOM in Changjiang is pri-
marily from the dissolved remnants of soil OM and the terrigenous
Fig. 7. The seasonal variations of the PARAFAC components proportions in JDS and XS
marshes.
⁎The L.T. and H.T. included the three data at the lowest depth and the highest depth in a
tidal cycle, respectively.
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DOM accounts for a higher faction during the flood period (Bao et al.,
2015; Ma et al., 2021). Therefore, these terrigenous DOM by fluvial in-
puts, largely comprised of humic substances (Gan et al., 2013; Guo
et al., 2014), makes up a significant portion of the humic-like FDOM
pools and results in an equivalent contribution of humic substances in
the high tide relative to the low tide water (Fig. 7(a) and (b)). Further-
more, none of the five optical indices (i.e., SUVA254, SR, FI, BIX, and HIX)
which are indicative of the OM sources and compositions has statisti-
cally significant differences between the high and the low tide for XS
samples (Mann-Whitney U test, p> 0.05, Fig. 5(a)–(c) and Supplemen-
tary Table 1), highlighting the dominant riverine contribution to the
FDOM pools in the coastal tidal freshwater wetlands.

However, despite the indistinguishable proportional contribution
resulting from the prominent runoff, the fluorescence indices demon-
strate significant differences among these samples (Fig. 7), suggesting
the FDOM quality may likely be essentially different between these two
coastalmarshes. FI andHIX in the summer–fall low tide JDSmarsh sample
are statistically significantly lower than those from XS marsh (Mann-
Whitney U test, p < 0.05), reflecting the less humification in OM in JDS
marsh. This may be attributed to the different landscape and salinity fea-
tures between these two study marshes (see discussion below). Never-
theless, these results reflect the pervasive influence of large rivers such
as Changjiang, on the estuarine wetland DOM dynamics.

4.2. Factors contributing to DOM differences in the two marshes

The hydrological regimes exert substantial controls on coastal wet-
land DOM dynamics. The two study marshes reside along the estuarine
salinity gradient, yet with distinct hydrological features. The XS marsh
locates at the river end-member (salinity ~0) in the river-dominated
South Branch of Changjiang with minimal oceanic exchange (Fig. 1
(a)) (Chen et al., 1985). As such, this freshwater tidalwetlandmay likely
have solely fluvial inputs by which soil erosion-sourced DOM domi-
nated during flood tide (Bao et al., 2015), as supported by the un-
changed humic components C1 and C2 on the tidal scale in Fig. 4
(f) and by the decreased 6–10% of these two humic components in the
wintertime when the runoff is lowest (Fig. 7(c)). Therefore, contribu-
tions from protein-like materials, which were likely be produced by
the in-stream primary production with moderate or low discharge, ac-
cordingly increased as the humic proportion decreased (Ma et al.,
2021; Wang et al., 2019). The JDS marsh, however, locates more sea-
ward and is subject to strong hydrological exchanges with oceanic in-
puts from the adjacent East China Sea that is more enriched with
autochthonous proteinaceous substances. Hence, during wintertime
when marsh productivity and riverine runoff are both lowest, protein-
like materials accounted for a predominant proportion in the FDOM
pools (~70%), particularly during high tide in JDS marsh (Fig. 7(c)).

Differences in the landscape age can be also influential in shaping
the different organic matter pools between the two marshes
(Trumbore, 2000; Whittinghill and Hobbie, 2012). The JDS marsh is a
newborn alluvial shoal of a much younger age than XS marsh (A. Gao
et al., 2010). The lowest HIX (i.e., a value of 0.47) and higher BIX
(i.e., a value of 1.0) in the low tide water in younger JDS marshland
with less OM accumulation (Bradley-Cook and Virginia, 2015), most of
which are presumably less degraded and largely labile (Darrouzet-
Nardi, 2010), as evidenced by higher SR of 1.18 and low SUVA254 of
5.74 L mg C−1 m−1, are statistically different from those two
fluorescence indices in XS marsh (Mann-Whitney U test, p < 0.05). As
a consequence, in wintertime when the microbes have a less dominant
effect altering DOM under low ambient temperature, the less altered
proteinaceous C4 contributes a substantial fraction of up to ~40% to
the total fluorescence in JDS marsh (Fig. 7(c)). To compare, marsh
soils in XS wetlands are much older which are likely associated with
more degraded carbon of high aromaticity (with the highest SUVA254

of 12.03 L mg C−1 m−1 and a high HIX of 0.67 during winter low tide,
see Supplementary Table 1).
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Sediment-derived DOM also potentially contributes to the DOMvar-
iability in the aquatic environment. Furthermore, in the winter dry sea-
son, samples collected during low tide in XSmarsh show a dramatically
increased SUVA254 of 12.03 L mg C−1 m−1, which was threefold higher
relative to the summer flood season (i.e., SUVA254 of 3.95 Lmg C−1 m−1

at lowest ebb tide in July 2019). The winter DOM with a drastic eleva-
tion in SUVA254, accompanied with a decreasing SR to less than 1, may
be attributed to the less intense photochemical degradation in winter
(Frey et al., 2016; Weishaar et al., 2003). It may also likely be
associated with the materials seeping through the sediments as
sediment porewaters are reported to be more enriched with HMW
high-aromaticity compounds (Chin et al., 1998; Clark et al., 2008; Lu
et al., 2020; Schiebel et al., 2020).

5. Conclusions and implications

In the present study, we investigate the DOM characteristics in two
coastal marshes along the Changjiang River Estuary. Variability of
DOM was largely controlled by the tidal shifts on a short timescale
and by the marsh seasonal cycle and the seasonal Changjiang runoff
on a longer, seasonal timescale. Elevated levels in DOC concentration,
CDOM absorption coefficient, and humic-like components were con-
stantly found in the ebbingwaters compared to the flood tide. On a sea-
sonal basis, the highest values of these properties were found in the
summer–fall time when the marsh productivity and riverine runoff
both peak, while those values were lowest during the wintertime
when themarshwas less productive and the runoffwas also lowest dur-
ing the year. Conversely, protein-like components in the two coastal
marshes displayed a constant level regardless of the tidal and seasonal
shifts. Our study also highlighted the predominance of photochemistry
in alteringmarsh DOM across themarsh–estuarymargins. PCA revealed
the dynamics of DOM following the tidal and seasonal shifts and
highlighted the influence of episodic extreme weather events on
marsh DOM characteristics.

Our study also provides a unique comparison of DOM in two differ-
ent coastal marshes along the CRE. Spatial and temporal heterogeneity
in wetland DOM in the CRE is clearly noted between the two marshes
as a result of different hydrological and landscape features. Therefore,
upscaling or extrapolating the reported values in this study onto an
estuary-wide ecosystem scale should be proceeded with caution. In ad-
dition, it appears challenging to distinguish the marsh-derived DOM
from that derived from the fluvial systems in the terrigenous DOM
pools by optical-based metrics, particularly in this study which
Changjiang exerts a predominant control on the DOM compositions
on the coastal wetlands. Nevertheless, results from this study highlight
the preponderance of terrigenous OM by fluvial inputs delivered by
large rivers on the coastal marsh DOM compositions and dynamics. Fu-
ture efforts usingmore advancedmolecular approaches including high-
resolution mass spectroscopy should strive to distinguish marsh DOM
from riverine DOM to better constrain DOM sources and fate across
the river–coastal marsh–estuary continuum.
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