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Saltmarshes are biogeochemical hotspots for organic matter transformations, with exchange of dissolved organic
matter (DOM) across the sediment-water interface. However, molecular size, a crucial property characterizing
DOM, remains underexplored in the transformation processes of DOM constituents across this zone. Variations
in DOM properties between porewater and creek water during tidal cycles were investigated during summer
and autumn in a macrotidal saltmarsh, Hangzhou Bay, China, using flow field-flow fractionation (FIFFF) com-
bined with fluorescence excitation-emission matrix and parallel factor analysis (EEM-PARAFAC). DOM from
Andong saltmarsh exhibited a predominantly autochthonous origin, with protein-like compounds accounting for
approximately 75% of the total fluorescent DOM. Dissolved organic carbon (DOC) concentration, aromaticity and
humification of DOM in creek water negatively correlated with tidal levels. Principal component analysis revealed
distinct differences in properties and composition of DOM between creek water and porewater. DOC concentra-
tion, fluorescence indices, and humic-like components in porewater fell between those of creek water during the
flood and ebb tides. Moreover, humic-like components were primarily present in <10 kDa size-fraction, with a
higher proportion (56.8%) in the medium-sized (2-20 kDa) fraction of creek water during autumn. Protein-like
components were observed across <3kDa, ~50 kDa and >100 kDa size ranges in both porewater and ebbing
water. Seasonal river runoff and pulses of organic carbon incorporated into surface sediments likely influence
the origins and molecular weight distribution of DOM in the saltmarsh. This study emphasized the compositional
and molecular size dynamics of DOM over tidal cycles at the tidal marsh-estuarine margins of a river-dominated
estuary.

Flow field-flow fractionation
Porewater
Tidal pumping

1. Introduction origins, rapid transformation, and hydrological processes, including tidal

exchange and mixing of groundwater with surface water. A knowledge

Dissolved organic matter (DOM) is the most mobile and actively
cycling organic matter fraction, and influences a spectrum of biogeo-
chemical processes of carbon dynamics, nutrient uptake, etc. in estuarine
environments (Bolan et al., 2011). DOM in coastal waters, an important
component in the global carbon cycle (Hedges, 1992), consist of a mix
of allochthonous terrestrial inputs from wetlands and river runoffs, and
autochthonous materials from primary production and other biological
activities (Fellman et al., 2010; Stedmon and Nelson, 2015). Floccu-
lation, photochemical and microbial degradation (Amon and Benner,
1996; Fasching et al., 2014) can modify not only the amount, but also the
quality (i.e., chemical composition and molecular structure, etc.) of DOM
during the transportation process (Chen and Jaffé, 2014). The dynam-
ics of DOM in intertidal wetlands are complex, influenced by its diverse
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of variations in optical properties and composition of DOM throughout
tidal cycles across this critical transition zone would be critical to better
understand the interaction between riverine and marine DOM inputs,
and biogeochemical transformation from organic matter mineralization.

The molecular size or weight distribution of DOM in aquatic envi-
ronments is another dimension for characterizing DOM. Each DOM size
class may have distinct source, chemical and molecular composition,
reactivity, and biogeochemical functions (Guo et al., 1995; Skoog and
Benner, 1997). Large size organic matters were more bioavailable and
rapidly remineralized by microbes than smaller size classes (Benner and
Amon, 2015). DOM with low molecular weight (LMW, <2.5kDa) is of-
ten considered as the background pool of refractory materials in the
water columns in the Pacific and Atlantic (Broek et al., 2020). The com-
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plexity and age of marine DOM increase with decreasing molecular size
(Benner and Amon, 2015). Flow field-flow fractionation (FIFFF) is ca-
pable of simultaneous size separation and characterization (Alasonati
et al., 2010; Stolpe et al., 2013), and has been used to track the mix-
ing behavior of DOM in the estuarine environments (Xu et al., 2018;
Lin et al., 2023), as well as along transects from rivers to coastal wa-
ters (Zhou et al., 2016). In most estuaries, molecular sizes decrease from
land to sea (Gao et al., 2019; Zhao et al., 2024), probably due to micro-
bial degradation and photo-bleaching during the transport processes.
FIFFF coupling with fluorescence excitation-emission matrix measure-
ments and parallel factor analysis (EEM-PARAFAC) can be used to char-
acterize the size-distribution and fluorescent components of DOM within
individual water sample (Lin and Guo, 2020).

Saltmarsh wetlands, characterized by high primary productivity and
efficient carbon sequestration (Nellemann et al., 2009), are not only
important blue carbon ecosystem, but also significant sources of DOM
to estuaries. Up to 40% of DOM on the southeastern coastal shelf of
the U.S. was estimated to come from saltmarshes (Moran and Hodson,
1994), while roughly 35% of total organic carbon (TOC) input to the
U.S. East Coast estuaries was contributed by tidal wetlands (Herrmann
et al., 2015). The export of DOM to the adjacent estuary in Taskinas
marsh creek, Virginia, USA, was predominated by highly humic and aro-
matic chromophoric dissolved organic matter (CDOM) (Knobloch et al.,
2022). On the other hand, the marsh-estuarine interface is subject to
fluctuating biogeochemical processes through changing tides and sea-
sons (Odum, 2002). Clark et al. (2008) showed production and output
of protein- and humic-like materials at ebb tide in a river outlet and
adjacent saltmarshes in California, USA. In contrast, protein-like com-
ponents in two coastal marshes along the Yangtze River Estuary (YRE)
presented no clear pattern on neither tidal nor seasonal scales (Zhang
et al., 2022). Furthermore, effects of seasonality on DOM dynamics are
most pronounced in sediments <100 cm depth of the upper tidal flat
which is most influenced by tidal flushing (Seidel et al., 2014). Tidal
pumping, the primary driver of porewater exchange, connects wetland
sediments to coastal carbon reservoirs (Diggle et al., 2019; Guimond and
Tamborski, 2021; Santos et al., 2021). However, the dynamic changes in
composition and molecular weight of DOM between porewater and creek
water in response to tidal variations remain unclear, hindering us from
understanding the exchange of DOM between sediment and overlying
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water in saltmarshes.

Andong saltmarsh is located on the southwest bank of the funnel-
shaped Hangzhou Bay, the largest macrotidal estuarine bay and one of
the most developed areas in China (Zhou et al., 2019) (Fig. 1a). Com-
pared with the northern half, the southern channel receives little sewage
from the densely populated northern areas, making it a better repre-
sentation of freshwater and marine water mixing (Zhou et al., 2019).
Andong Shoal is an alluvial coast, formed by the accumulation of sed-
iments from the Yangtze and Qiantang River (Wu et al., 2008). The
porewater exchange rate was estimated about 5.60 +2.78 cmd~! and
the outwelling fluxes of dissolved inorganic carbon (DIC) was 3.2 times
that of carbon burial (Zhu et al., 2022).

We investigated the dynamic variations of DOM in sediment pore-
water and creek water during tidal cycles in Andong saltmarsh. Riverine
discharges in this region are substantially higher in summer due to heavy
precipitation, a typical feature of monsoon climate. Considering that the
composition and molecular weight of riverine CDOM tend to differ from
those of marine CDOM (Zhou et al., 2016; Zhao et al., 2024), we con-
ducted field samplings in October 2023 (autumn) and June 2024 (sum-
mer) to assess the effects of seasonal fluctuations in riverine discharge.
Creek water and sediment porewater were collected in situ over two
consecutive tidal cycles on the intertidal unvegetated mudflat, which
is subject to strong flood and ebb currents. FIFFF coupled with EEM-
PARAFAC analysis were applied to elucidate changes in fluorescence
EEM spectra with molecular weight distribution within individual water
sample. Selected creek water and sediment porewater at different tidal
levels were analyzed for d'3C of dissolved organic carbon (DOC) to help
identify the origins of DOC. Our main objectives were to 1) character-
ize the optical properties and composition of DOM in saltmarsh water
in response to tidal cycles; 2) elucidate the differences in properties of
DOM between creek water and sediment porewater; 3) reveal variations
in composition of fluorescent dissolved organic matter (FDOM) along
molecular weight distribution within individual water sample; and 4)
explore the influence of river runoff on the origins and composition of
DOM. This study will provide more detailed data for future research
about impacts on DOM in coastal ecosystems in response to climate and
environmental change.
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Fig. 1. Maps showing the location of Andong saltmarsh and sampling site. (a) A simplified map showing the location of Andong saltmarsh in China; (b) a map
showing the research area in Andong saltmarsh, with tidal creeks and causeways marked; (c) a picture showing the mudflat at the end of the central creek at low

tide; (d) a picture showing flooded saltmarsh at high tide; (e) a picture showing

the central creek entering Hangzhou Bay at ebb tide.
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2. Materials and methods
2.1. Study area

Andong saltmarsh is located on the south bank of Hangzhou Bay,
China (30°14'N to 30°20’N, 121°05’E to 121°22’E) (Fig. 1a). It is in the
subtropical monsoon regime with a mean annual temperature of 17.1 °C
and mean annual rainfall of 1381 mm. The residue flow and sediments
from the Yangtze River enter through the north and leaves through the
south side of Hangzhou Bay (Xie et al., 2013) (Fig. 1a). Meanwhile,
runoff from the Qiantang River also delivers a large amount of sedi-
ment, resulting in an increase of the saltmarsh area by 1.07 km? year~!,
rapid sedimentation rate of 2~4.5cm year™!, and seaward expansion
of the mudflat at ~200m a~! (Huang et al., 2020). The monthly river
discharge of the Qiantang River (near the Jiashao Bridge) and Yangtze
River (Datong Station) are available from river discharge and related
historical data from the Global Flood Awareness System (https://cds.
climate.copernicus.eu/) and Yangtze River Water Resources Commission
(http://www.cjw.gov.cn/zwzc/zjgb/), respectively.

Andong saltmarsh is predominated by irregular semidiurnal tides
with a large tidal range averaged at 5.5m (Fig. 1a and b), and strong
rectilinear tidal currents. Saltmarsh coverage is about 3 km long and de-
veloped in the middle and upper parts of the intertidal zone, mainly
composed of Phragmites communis and Scirpus mariqueter, while invasive
Spartina alterniflora is intercalated with the native species. The intertidal
zone has a developed creek system, and mudflat constitutes the major
component of the low intertidal zone.

2.2. Collection of creek water and porewater during tidal cycles

Field works were conducted on 21 to 22 October, 2023 and 3 to
4 June 2024, at the entrance of the central tidal creek (30°23’53”
N, 121°12’22” E), the largest and longest creek among the saltmarsh
(Fig. 1b), which is presumably representative of the dynamic shifts be-
tween flood and ebb tides. Surface creek water samples were collected at
an hourly interval during tidal cycles (Fig. 1c—e) by filling a 2 L polyethy-
lene bottles using an overflow method (Chen and Hur, 2015). In total,
25 samples were collected in autumn 2023, and 26 samples in summer
2024 (Table S1). Creek waters were measured in situ for dissolved oxy-
gen (DO), pH and salinity, using a portable YSI 556 MPS multi-parameter
digital water quality meter.

Porewater were collected at 50 cm depth in the sediments in situ
(Knoke et al., 2024) at hourly interval during the tidal cycle on 3 to
4 June 2024, using a CS-1200 Soil Pore Water Sampler, and a total of
27 porewater samples were collected. Porewater collection in October
2023 failed, as seawater inadvertently entered the sampling device at
high tide because of inadequate sealing. Two drops of saturated HgCl,
solution were added to collected water samples, which can eliminate
the influence from the microorganism process. All water samples were
filtered through precombusted (450 °C for 8 h) GF/F filters (Whatman,
0.7 pm) in the laboratory.

2.3. Measurements of DOC and 5'*C-DOC

DOC was measured using a TOC analyzer (Multi N/C 3100 TOC/TN,
Analytik-Jena, Germany) with a non-dispersive infrared detector, at
Nanjing Center, China Geological Survey. Sixteen creek water and pore-
water samples, collected at different tidal levels, were selected for carbon
isotopes analysis of DOC using an IsoPrime 100 stable isotope ratio mass
spectrometer (Elementar, USA) at the Third Institute of Oceanography,
Ministry of Natural Resources. §!°C values of DOC were reported relative
to V-PDB with a standard deviation of +0.2%o.
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2.4. Ultrdfiltration

Selected filtered water samples were concentrated through ultra-
filtration for FIFFF analysis, using a stirred cell ultrafiltration unit
(UFSC20001, Millipore Corporation, USA), equipped with 1 kDa ultrafil-
tration membrane filter (Ultracel regenerated cellulose, 63.5 mm diam-
eter, Merck, USA), with the real cut off >1.33 kDa (Xu and Guo, 2017;
Lin and Guo, 2020). The membrane filter was rinsed with 0.05 M NaOH
solution followed by ultrapure water, before ultrafiltration.

2.5. Separation of DOM using FIFFF

The FIFFF system (AF4000, Postnova) was equipped with a 1kDa
membrane (polyether sulfone) under the separation channel. A carrier
solution for optimal separation was prepared with 10 mM NaCl solution
and 5 mM H3BO; solution, and the pH was adjusted to 8.0 with NaOH
solution (Lin and Guo, 2020). The retention time of DOM was calibrated
using standard organic compounds with known molecular weights under
identical conditions (Table S2; Figs. S1 and S2).

Flow settings were chosen based on previous studies (Lin and Guo,
2020; Zhou et al., 2016; Stolpe et al., 2014). Briefly, the focus, tip, and
cross flow were initially set at 2.8, 0.2, 2.5 mL min~?, respectively. After
5 min of focusing, the cross flow stayed at 2.5 mL min~!, but outlet flow
was set at 0.5 mL min~?, the tip flow increased to 3.0 mL min~?, and the
focus flow gradually declined to zero, i.e. the FIFFF status shifted from
focusing to eluting. After a 10-min elution, the flow field produced by
cross flow gradually decreased to zero in 5 min, and the tip flow linearly
declined from 3.0 to 0.5 mL min~!.

Size-fractionated subsamples during elution were collected using
precombusted glass vials at half-minute interval for offline fluores-
cence EEM measurements (Lin and Guo, 2020). An online UV ab-
sorbance detector (SPD-20A, Shimadzu) and two online fluorescence de-
tectors (RF-20A, Shimadzu) were applied to measure CDOM, humic-like
fluorophores (peak C, E,/E,, = 350/450 nm) and tryptophan/protein-
like fluorophores (peak T, E,/E,, = 275/340 nm) changes, respectively,
across its colloidal size continuum (Figs. S3-S5).

2.6. UV-visible absorption spectra

Absorption spectra of CDOM in creek water and porewater over
the wavelength range from 250 to 750nm were measured on a
SPECORD 50 Plus UV-VIS spectrophotometer (Jena, Germany), us-
ing a 10 mm quartz cuvette, and ultrapure water as a blank. CDOM
absorption coefficients at 254nm (a,s,) were calculated using the
equation: a,s, (m~!) = 2.303 x A(254 nm)/l, where a,s, is the Nape-
rian absorption coefficient at 254 nm, A(254 nm) is the absorbance
at 254 nm, and [ is the path length of the cuvette (in meters) (Lin
and Guo, 2020). SUVA,s,, an indicator of aromaticity, was calculated
as: SUVA,s, = A(254nm)/(DOC x 1), with a dimension of L/m/mg-
C (Weishaar et al., 2003). Spectral slopes between 275 and 295 nm

(Sa75.205 in nm™1) were calculated using the following equation: o, =
(xjoe—52757295(7~—40),

2.7. Measurement of fluorescence EEM spectra and PARAFAC analysis

EEM spectra of creek water and porewater, as well as the FIFFF-
fractionated subsamples were measured on an Aqualog absorption-
fluorescence spectrometer (Horiba, Japan). Excitation and emission
spectra were acquired over the ranges of 250 to 450 nm and from 220
to 600 nm at 5nm interval, respectively (Fig. S6). Ultrapure water or
carrier solution was referenced to eliminate background noise. First and
second orders of Raman and Rayleigh scattering peaks were eliminated.

PARAFAC analysis was performed on the MATLAB 2022b (Math-
Works) using the drEEM toolbox, with the EEM dataset from both bulk
water samples and FIFFF-fractionated subsamples. The PARAFAC mod-
els were constrained to non-negative values, and the results were vali-
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dated using split-half analysis (Fig. S7) (Lin and Guo, 2020). Four flu-
orescent components were identified and uploaded to OpenFluor for
comparison with existing components (Murphy et al., 2013). C1 could be
considered a semi-labile terrestrial DOM component (Weigelhofer et al.,
2020), C2 indicated high molecular weight (HMW) DOM with high aro-
maticity (Shutova et al., 2014; Pitta and Zeri, 2021), C3 demonstrated
typical protein-like tyrosine features linked to microbial activities (Os-
burn et al., 2018; Yang et al., 2019), and C4 exhibited an autochthonous
tryptophan-like fluorescence peak T (Catald et al., 2015; Dall’Osto et al.,
2022).

2.8. Statistical analysis

Based on the results of the Kolmogorov-Smirnov and Levene tests,
an ANOVA or Kruskal-Wallis test was performed to analyze the differ-
ences in DOM properties between creek water and porewater. Pearson
or Spearman correlation tests were applied to explore the relationships
between optical properties and composition of DOM, tidal heights, and
salinity, with a significance level of 0.05 adopted for all analyses. To
further investigate factors affecting DOM characteristics in porewater
and creek water during tidal cycles, principal component analysis (PCA)
was conducted. All series of data were log-transformed to produce a
PCA dataset that was unaffected by negative bias or closure (Yunker
et al., 2005). A Kaiser-Meyer-Olkin (KMO) value of 0.695 and signifi-
cant Bartlett's test result (p < 0.001) indicated that PCA could be applied
to creek water dataset (Cai et al., 2019). Similarly, PCA was applica-
ble to the overall water samples dataset (KMO = 0.744; Bartlett's test,
p < 0.001). All analyses were carried out using SPSS 26.0 and Origin
2025b software.

3. Results

3.1. Dynamic changes in multiple parameters in creek water and
porewater during tidal cycles

3.1.1. Hydrological feature and physicochemical parameters

In October 2023, the monthly river discharge of the Yangtze River
and Qiantang River reached 7.3 x10°m?® and 2.4 x 10°m?, respec-
tively, while in June 2024, they were recorded at 1.1 x 10! m® and
1.1 X 107 m®. The tidal heights in Andong saltmarsh ranged between 1.3
and 3.8 m in October 2023, and from 0.5 to 3.8 m in June 2024 (Fig. 2;
Tables S3 and S4). Salinity in the creek water decreased from 6.7 at the
ebb tide to 5.5 at the flood tide in June 2024 (Fig. 2; Table S3).

Nitrate concentration in creek water ranged from 32.9 to 92.7 puM,

Creek water, summer, June 3-4, 2024

Porewater, summer, June 3-4, 2024
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exhibiting a pattern consistent with tidal levels (Spearman's correlation
test, r = 0.763, p < 0.001) (Fig. 2a-S8a; Table 1). They were signifi-
cantly higher than those in the porewater (3.5~13.3 pM) (Fig. 2b; Welch
ANOVA test, p < 0.001). DO concentrations in porewater (2-4.3 mg L™!)
were also significantly lower than those in creek water (5.1-8.4 mgL™1)
(Kruskal-Wallis test, p < 0.001), and increased with rising tide (Fig. 2a
and b). pH levels in both creek water in October 2023 and porewater in
June 2024 showed no correlation with tidal levels (Fig. 2b and c; Tables
S3 and S5).

3.1.2. Concentration and §'3C of DOC

In June, 2024, concentrations of DOC in creek water ranged from 1.6
to 4.2 mg-C/L (Fig. 2a; Table S3), forming a negative correlation with
tide height (Spearman's correlation test, r = —0.789, p < 0.001) (Fig.
S8b; Table 1). Concentrations of DOC in porewater (2.3 + 0.1 mg-C/L)
were intermediate between those in creek water during the flood (1.3-
2.6 mg-C/L) and ebb (2.9-4.2 mg-C/L) tides (Fig. 2a and b; Tables S3 and
S5). 8'3C-DOC values in creek water during the ebb tide ranged from
—27.9%0 to —26.2%o, similar to those observed in sediment porewater
(—27.5%0 to —26.4%o), exhibiting no significant correlation with tidal
heights (Fig. 3a; Table S6). In October, 2023, §'3C-DOC in creek water
during the ebb tides (—28.0%o0~ —27.6%0) were slightly more negative
than those during the flood tides (—27.0%o0~ —26.8%0) (Fig. 3b; Table
S6).

3.1.3. Optical properties of DOM in creek water and porewater

In June 2024, a,g, in creek water during the ebb tide (15.4-23.9 m™)
were higher than those during the flood tides (8.7-12.7 m!) (Pear-
son's correlation test, r = —0.798, p < 0.001) (Fig. 2d-S8c; S3), whereas
SUVA,s, in creek water showed the opposite pattern (2.5-3.5 and 2.2-
2.8 L/mg-C/m for flood and ebb tide, respectively, Spearman's correla-
tion test, r = —0.791, p < 0.001) (Fig. 2d-S8d, Table 1, S3). The val-
ues of a,s, and Syys5..05 in porewater were averaged at 10.6 = 2.1 m’!
and 0.026 + 0.003 nm~!, respectively, significantly higher than those in
creek water (Fig. 2d and e; Tables S3 and S5) (One way and Welch
ANOVA test, p < 0.001). There was significant difference in S,;5.,95 in
creek water between June 2024 and October 2023 (Fig. 2d and f; Tables
S3 and S4) (One way ANOVA test, p = 0.003).

3.1.4. Fluorescence components and properties of DOM

Fluorescence EEM spectra of DOM in the creek water and porewater
consisted predominantly of protein-like (peak T; E,/E,, = 275/320 nm)
and humic-like (peak A: E,/E, = 250/450 nm; peak C: E,/E,, = 320-
360/420-460 nm) substances (Fig. S6). The humification index (HIX)

Creek water, autumn, October 21-22, 2023
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Fig. 2. Tidal variations of DOC concentration, optical properties, and fluorescence intensities of DOM in creek water (a, b) and porewater (c, d) during a tidal cycle

in summer, and in creek water during autumn (e, f), in Andong saltmarsh.
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Table 1
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Correlation coefficients between tidal heights and various parameters in creek water and porewater collected from Andong saltmarsh.

Creek water (summer)

Porewater (summer)

Creek water (autumn)

NO3- 1s = 0.763 p < 0.001 r= —0.375 p = 0.054 1s = 0.561 p = 0.004
DOC rs = —0.789 -
a254 r= —0.798 r = 0.505 p = 0.007 s = —0.341 p = 0.095
$275-295 r= 0.246 p = 0.226 r= 0.519 p = 0.006 r = 0.498 p = 0.011
SUVA254 rs = 0.791 p < 0.001 -
HIX 1s = —0.746 rs = 0.093 p = 0.643 rs = —0.567 p = 0.003
BIX rs = 0.737 r= —0.42 p = 0.029 1s = 0.651 p < 0.001
Cl1% rs = —0.765 rs = 0.147 p = 0.465 rs = —0.635 p = 0.001
C2% rs = —0.745 r=0.163 p = 0.416 rs = —0.601
C3% rs = 0.763 rs = —0.301 p = 0.127 rs = 0.61
C4% rs = —0.773 rs = 0.434 p = 0.024 r= —0.513 p = 0.009
a Tidal height b Tidal height
= Creek water v
4 e Porewater 26 " Creekwater 26
L] 4
— L ° —_
= o £ L] S
5 . . . 278 3 /. g
=2 o = o
g / / . % B / \ . E
- 2
) \/. \/ \ 28 Z A/’ZS
10 20 30

Elapse Time (h)

Elapse time (h)

Fig. 3. 8!3C values of dissolved organic carbon (DOC) in water samples collected during different tidal phases in June 2024 (a) and October 2023 (b).

of CDOM in creek water in June 2024 decreased from 0.50 at the ebb
tide to 0.32 at the flood tide (Spearman's correlation test, r = —0.746,
p < 0.001), while the biological index (BIX) increased from 0.92 at
ebb tide to 1.07 at flood tide (Spearman's correlation test, r = 0.737,
p < 0.001) (Fig. 2d-S8f, S8g; Table 1, S3). HIX (0.38 £ 0.02) and BIX
(1.00 £ 0.03) in porewater were intermediate between those in creek
water during the flood and ebb tides (Fig. 2d and e; Tables S3 and S5).

Four fluorescence components were identified in both creek
water and porewater, C1(E,/E,: <260 (320)/410), C2(E,/E,: <255
(375)/490), C3(E,/E,,:280/317), C4(E,/E,: <250 (290)/344) (Fig. 4a).
Humic-like components C1 and C2 in the ebbing water were signifi-
cantly higher than those in the flood tides (Spearman's correlation test,
r = —0.765 and —0.745, respectively, p < 0.001) (Fig. 4b and e, S8h,
S8i), but those in porewater were intermediate between the levels in
creek water during the flood and ebb tides (Fig. 4b and c). Protein-like
components C3 and C4 in porewater were significantly higher than
those in creek water (Kruskal Wallis test, p < 0.001). Furthermore,
there were significant differences in C3 and C4 between creek water
samples collected in June 2024 and October 2023 (Kruskal Wallis test,
p < 0.001 and p = 0.001 for C3 and C4, respectively), but there were
no significant differences in C1 and C2 (Fig. 4b and d). Additionally,
the (C3+C4)/(C1 + C2) ratio and HIX in creek water from both June
2024 and October 2003 exhibited inverse correlations (Spearman's
correlation test, r = —0.95land —0.752, respectively, p < 0.001)
(Tables S3 and S4).

3.2. Differences in DOM molecular size between porewater and creek
water

UV,5, absorbance and fluorescence intensities in the creek water dur-
ing the ebb tides were roughly higher than those during the flood tides
in June 2024 (Fig. 5, S3-S5), partly due to higher DOC concentration.
UV,5, absorbance and humic-like fluorescence in porewater were inter-
mediate between those in creek water during the ebb and flood tides,
while protein-like fluorescent intensity was higher than both (Fig. 5,
$3-S5). UV, signals in both creek water and porewater samples exhib-

ited an overlapping peak in the <10 kDa range (Fig. 5a, S5). Fluorssg,4s0
(humic-like) in water samples from June 2024 showed a shoulder peak,
which were more pronounced in October 2023 (Fig. 5b-S5). Fluor,ys, 349
(protein-like) exhibited a single narrow peak in all water samples,
while had a secondary peak around 50kDa size region in porewater
(Fig. 5¢-S5).

DOM were further fractionated into five size fractions, <1 kDa, 1-
2kDa, 2-20 kDa, 20-200 kDa, and >200kDa (Fig. S9). Creek water in
autumn 2023 contained a higher proportion of medium-sized (2-20 kDa,
59.3%) and fewer small-sized (1-2kDa, 15.3%) colloids compared to
51.7% and 17.8%, respectively, in summer 2024 (Fig. S9a). Similarly,
humic-like (Fluossg,4s0) of creek water in autumn 2023 displayed a
higher percentage of medium-sized (2-20 kDa, 56.8%) and fewer small-
sized colloids (1-2kDa, 20.0%) compared to those in summer 2024
(43.0% and 21.9%, respectively) (Fig. S9b). In contrast, protein-like sub-
stances (Fluo,;s/349) Were predominantly partitioned into the <1kDa
fraction (24.1-28.4%), followed by the >200kDa (20.4-27.7%) and 1-
2kDa (18.4-20.7%) size fractions (Fig. S9c). Moreover, the size distribu-
tion in porewater during summer 2024 was similar to those in creek
water, with 2-20kDa and 1-2kDa fractions accounting for 52.2 and
19.4%, respectively, except higher proportion of DOM in the 20-200 kDa
range (14.9%) (Fig. S9).

3.3. Molecular size-dependent EEM spectra and DOM properties

The application of FIFFF combined with offline EEM measure-
ments showed the fluorescence EEM characteristics of DOM exhibited
changes along the molecular size distribution across creek water and
porewater (Figs. S10 and S11). Fluorophores characterized with peaks
A (E,/E, = 260/400-460nm) and C (E,/E,, = 320-360/420-460 nm)
were primarily observed in the 1.3-10.6 kDa fractions, and faded away
gradually with increasing size (Figs. S10 and S11). Fluorophores as-
sociated with peak B (E,/E, = 275/305nm) appeared mostly in the
~50kDa and >100kDa fractions in porewater and ebbing water, but
less prevalent in creek water during the flood tides (Figs. S10 and S11).

Humic-like components C1 and C2 were predominantly found in the
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<20 kDa size range, while protein-like components C3 and C4 exhibited
a distinct peak in the <10kDa fraction, with additional peaks around
50kDa and >100kDa (Fig. S12a). Fluorescence indices also demon-
strated dynamic changes across molecular sizes within each porewater
and creek water sample. BIX initially decreased and then increased,
whereas HIX varied in the opposite direction (Fig. S12b), indicating
that highly humified components of DOM had a molecular weight of
approximately 3 kDa.

4. Discussion
4.1. Impacts of river runoff and changing season on the origins of DOM

Salinity increased notably from the upstream to the downstream, es-
pecially pronounced in the southern half of Hangzhou Bay, reflecting a
physical mixing of riverine freshwater and saltwater (Zhou et al., 2019).
In October, 2023, monthly river discharge from the Qiantang River and
Yangtze River decreased to 2.4 X 10° m® and 7.3 x 10'° m?, respectively.
The relatively small volume of freshwater in the tidal creek was sig-
nificantly affected by salt tide intrusion (Li et al., 2019), although this
influence was not as severe as in the Bay of Cadiz, Spain (a Mediter-
ranean estuary), where riverine inputs are more limited or absent during
the dry season, producing a negative hydrological budget and, conse-
quently, hypersalinity and an inverse circulation pattern (Catalé et al.,
2015). Previous study indicated that the salinity of dilute water in the
YRE ranged from 15.8 to 27.4, and salinity at the mouth of Hangzhou
Bay was recorded at 11.1 during autumn 2018 (Zhang et al., 2021).

d'3C value of DOC in creek water during ebb tide (—28.0~ —27.6%o)
were slightly more negative than those during the flood tide (—27.0~
—26.8%o) (Fig. 3; Table S6). The more negative values observed were

likely derived from terrestrial sources, such as debris of marsh plants
and soil leachates (Tzortziou et al., 2008), and DOM during flood tide
was a mixture containing some marine-sourced phytoplankton-derived
DOM. Furthermore, the protein-like material in creek water exhibited
a slight increase during flood tide in autumn, which may be associated
with the prevalence of the marine influence under low water discharges
and anthropogenic pollution in estuary (Amaral et al., 2020).

In June 2024, the monthly discharge of the Qiantang River and
the Yangtze River was relatively large, reaching 1.1 x 10’ m® and
1.1 x 10" m3, respectively. There was a negative correlation between
salinity in the creek water of the Andong saltmarsh and tidal heights
(Spearman's correlation test r = —0.768, p = 0.001) (Fig. 6a; Table 1,
S3), suggesting that tidal water in the creek partially came from the
freshwater runoff of Qiantang River and Yangtze River. Although there
was no significant correlation between d'*C-DOC in creek water (—27.9
to —26.2%o) and tidal height (Fig. 3; Table S6), d**C-DOC during flood
tide (—27.9~ —27.0%0) were close to those in surface water of the YRE
in July, 2017 (~—28%0) (Wang et al., 2021). Changes in seasonal deliv-
ery of freshwater may influence composition of DOM (Martineac et al.,
2021). A previous study indicated that along the gradient from the Mis-
sissippi River fresh water end-member station to an offshore station in
the Gulf of Mexico, §'3C values gradually increased from —26.2%o to
—21.8%o0 with increasing salinity (Guo et al., 2009), and terrigenous
DOM enrichment in the estuarine water, driven by increased runoff
(Tzortziou et al., 2015; Amaral et al., 2020), results in a significant en-
hancement of the terrigenous signature of DOM throughout the estu-
ary (Medeiros et al., 2015). River discharge was the primary driver of
changes in the composition of DOM at the mouth of the Altamaha River,
a marsh-dominated estuary (Letourneau et al., 2021) and in Jiulong
River coastal estuary (Chen et al., 2021).

On the other hand, d'3*C of DOC in creek water during the ebb
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tide (—27.1~ —26.2%o) closely resemble those in sediment porewater
(—27.5~ —26.4%o) (Fig. 3; Table S6), which were more negative than the
d'3C value in porewater of top layers in East China Sea (ECS) (—26.0~
—23.2%o) (Li et al., 2020), as the latter may have more marine sourced
DOM. The average d'3C values of sediments along two creeks in Andong
saltmarsh were —23.8 + 0.2%o0 and —24.0 + 0.2%o, indicating contribu-
tions from microbial biomass rich in protein and carbohydrates (Yuan
et al.,, 2017), which can increase d'3C values in soil organic materi-
als (Ehleringer et al., 2000). The §'3C-DOC range in Andong saltmarsh
is substantially narrower and more positive than that in the Sage Lot
Pond Salt Marsh, MA, USA (—29.0 + 3.7%o0), which has been attributed
to selective mineralization, the production of §'3C-depleted bacterial
biomass, and methane-derived DOC (Eagle et al., 2025), and is also nar-
rower than that in the Altamaha River Estuary in Georgia, southeastern
U.S., associated with saltwater marsh vegetation (—25.5~ —19%o) (Otero
et al., 2003).

4.2. Influence of tidal cycles on DOM dynamics

PCA of the optical properties and composition of DOM in creek wa-
ter collected from Andong saltmarsh in June 2024 revealed that PC1 and
PC2 accounted for 84.2% and 9.0%, respectively, of the variance in DOM
(Fig. 7a). Both DOC and a,s, show positive correlations with HIX, humic-
like components (C1, C2), and negative correlations with NO3 and BIX.
Flood tide samples grouped with negative PC1 scores are associated with
proteinaceous compounds exhibiting higher BIX. The loading values of
PC1 showed a significantly positive relationship with humification- and
aromaticity-related parameters, highlighting the dominant role of tidal
hydrology, while PC2 seems to reflect the impact of biogeochemical re-
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actions (Zhang et al., 2022). The tidal change in optical properties of
DOM in creek water was consistent and qualitatively similar for both
summer and autumn in the saltmarsh, except for the S,;5 55 value. CDOM
quality (absorption spectral slopes, fluorescence component ratios) was
also less variable seasonally in the brackish marshes of Chesapeake Bay,
a trend influenced by the gradual release of DOM from tidal marsh soils,
which buffered DOM export from temperate marshes (Logozzo et al.,
2021).

The correlation between tidal heights and DOM properties was less
significant than anticipated (Table 1; Fig. S8). A potential disparate
effect on DOM properties was observed across tidal cycles, deviating
from the expected sinusoidal temporal pattern (Liu et al., 2025). The
water flow from the adjacent estuary into the marsh, across the sam-
pling site, and inundate the intertidal zone was swift, while the ebb tide
retreated more gradually. When the tidal level rises, concentration of
DOC, value of a,s,, HIX, and humic-like components C1, C2 in creek
water synchronous declined sharply from their highest values within an
hour (Figs. 2 and 3). Labile organic matter formed from planktonic pri-
mary production in estuaries (Osburn et al., 2015), leading to higher
BIX value and NOj3 concentration in creek water. With continuous infil-
tration of surface water into sediment pores, protein-like component C3
in porewater showed a notable decrease, likely attributed to dilution of
surface water (Fig. 4c). Meantime, DO in porewater decreased from 4.3
to 2.0mgL~! due to consumption for mineralization of organic matter
(Amaral et al., 2021).

During the ebb tide, DOC, a,s4, HIX, and C1, C2 in creek water grad-
ually increased and reached simultaneously their maxima indicating the
outflow of aromatic and humic substances into overlying water, while
NOj3 and BIX decreased. Most of relatively recalcitrant DOM, probably
from anoxic sedimentary porewaters (Clark et al., 2014), is drained from
the marsh during ebb tides when water stage is below bankfull depth
(Nelson et al., 2017; Menendez et al., 2022). The negative correlations
between concentration of DOC, aromaticity and humification of DOM in
surface water and tide levels, were reported in Taskinas marsh creeks
(Knobloch et al., 2022), in a saltmarsh-mangrove ecotone (Xiao et al.,
2023), and in other coastal wetlands along the YRE (Zhang et al., 2022).
Although no discernible pattern was observed in the variation of protein-
like components C3 and C4 throughout the tidal cycles, likely due
to their stronger association with biological processes (Fellman et al.,
2010), a higher proportion of humic-like material (29.8 + 2.2%) was
observed during low tide, while protein-like substances (79.6 + 2.1%)
predominated during high tide in June 2024. These trends were more
pronounced in October 2023, with 27.8 + 2.1% for humic-like material
and 82.5 + 2.2% for protein-like substances.

Salinity exhibited significant relationships with the properties of
DOM in creek water (Fig. 6; Table S3). Significant positive correlations
were found between salinity and the concentration of DOC, a,s,, HIX,
C1(%), C2(%), and C4(%) (Spearman's correlation test, r = 0.876, 0.908,
0.905, 0.875, 0.855, 0.835, respectively, p < 0.001). In contrast, signifi-
cant negative correlations were observed between salinity and NO3 con-
centration, BIX, C3(%) (Spearman's correlation test, r = —0.85, —0.81,
—0.851, respectively, p < 0.001) in creek water collected in June 2024.

4.3. Similarities and differences in DOM properties between creek water
and porewater

No significant differences were observed in the fluorescence spectral
shapes or fluorescent component types of DOM between creek water and
porewater—characteristics that reflect the changes in the composition
and chemical structure of DOM (Tzortziou et al., 2008)—suggesting that
exchange occurs at the sediment-water interface. However, there were
differences in the fluorescence and absorption, component concentra-
tions, and molecular weight distribution of DOM between creek water
and porewater. Porewater is physically isolated by sediments in which
geochemical transformations differ from those occurring in tidal creeks,
and its accumulation and dynamics of DOM are largely dependent on re-
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Fig. 6. Relationships between salinity and tidal level (a), concentration of NO3 (b), dissolved organic carbon (DOC) (c), ass4 (d), SUVA,s, (e), HIX (f), BIX (g), and
the PARAFAC-derived components C1-C4 (h-k) in the creek water collected from Andong saltmarsh in June 2024.

dox conditions (Nebbioso and Piccolo, 2013). The multivariate statistical
analysis based on optical properties of DOM in all water samples col-
lected across different tidal stages in summer and autumn demonstrated
that porewater and creek water were clearly distinguished and exhibited
unique DOM characteristics on the PC1 and PC2 axes (Fig. 7b). DOM
signal of porewater was identified by higher humification (as,), lower
molecular weight (S,75.005) and an increased presence of protein-like
materials compared to creek water (Figs. 2 and 3).

Concentration of DOC, value of BIX, HIX, and humic-like compo-
nents (C1, C2) in porewater were intermediate between those in creek
water during the flood and ebb tides (Figs. 2 and 3), but showed no
significant variation with tidal changes. In contrast, porewater DOM
(5 cm depth) in the Liaohe coastal wetland was characterized by lower
protein-like fluorescence and BIX, but higher humification, humic-like
fluorescent components and aromaticity index than surface water DOM
(Lu et al., 2020). DOC pool in surface sediments (3 cm depth) of sandy
area in the YRE and ECS was rather transient due to its high reactiv-
ity and mobility (Li et al., 2024). Such gaps may stem from differences
in sampling method and depth. Nevertheless, both studies suggested
that DOM in porewater exhibits a higher degree of humification and
aromaticity than surface water (Lu et al., 2020; Schiebel et al., 2020).
HIX remained relatively low in creek water (0.41 + 0.06) and porewa-

ter (0.38 = 0.02) in the Andong saltmarsh (Fig. 2), indicating the source
of DOM with scarce humic materials, but high autotrophic productivity
and significant marine influence (Huguet et al., 2009).

Protein-like components C3 and C4 in porewater were significantly
higher than those in creek water (Fig. 4), and predominantly contributed
to the CDOM fluorescence (77.7 + 1.5%), suggesting enhanced microbial
production in the sediment (Huguet et al., 2009). This finding aligns
with reports that the enrichment of less degraded and HMW protein-
like fluorescent components in sediment porewater of sandy area in the
YRE and adjacent ECS shelf (Li et al., 2024; Zhou et al., 2022), as anoxic
conditions and high microbial activities may help preserve protein-like
compounds in porewater, as seen in the Black Sea and Rhéne River
delta (Schmidt et al., 2017). When porewater seeps into the creek and is
exposed to oxic, light-rich conditions, protein-like compounds increase
relative to aromatic ones, which are more susceptible to photodegra-
dation or flocculation (Kaiser et al., 1996; Cory et al., 2015). However,
the turbid water in creek of Andong saltmarsh shelter DOM from di-
rect photodegradation, keeping humic-like material relatively enriched
in the ebbing water. Moreover, eutrophication induced by nutrient in-
puts from the Yangtze River and the western coasts of the ECS was most
pronounced in the near field plume (salinity <30) over the inner shelf
(0-50 m) of the ECS (Malone and Newton, 2020; Xiao et al., 2021). This
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Fig. 7. Principal component analysis (PCA) of water samples from Andong saltmarsh. (a) Loadings and scores of the first two PCA components for DOM optical
properties in creek water collected in June 2024. (b) Loadings and scores of the first two PCA components for DOM optical properties in all water samples.

may lead to the proliferation of bloom species (Xiao et al., 2021; Li et al.,
2014; Lu et al., 2014), with DOM being predominantly autochthonous
and containing a higher content of protein-like material in coastal water.
Additionally, increases in algal blooms due to anthropogenic nutrient in-
put also may increase the autochthonous production of DOM in Daliao
river coastal wetlands (He et al., 2022).

4.4. Heterogeneity in molecular size changes of DOM in creek water and
porewater

The continuous size distribution of DOM provided by FIFFF was con-
sistent with the EEM spectra of size fractions and the PARAFAC analysis
results for individual water samples (Fig. 5, S9-12). The proportion of
medium-sized (2-20 kDa) DOM in creek water during autumn (59.3%)
was higher than that in summer (51.7%), predominantly in the form
of humic-like substances (56.8%) (Fig. 5, S10). One possible explana-
tion for this difference is that marsh-derived DOM from plants typically
exhibits a relatively high MW and is more aromatic and humic in compo-
sition relative to estuarine material (Menendez et al., 2022). Although
the maximum soil sorption capacity increase with rising salinity, the
binding affinity of DOC decrease (Pinsonneault et al., 2021). The pulses
of organic carbon from marsh plants incorporated into surface sediments
during autumn (Schiebel et al., 2018), together with the estuarine mix-
ing driven by hydraulic forces, may have given rise to the abundance of
humic-like materials with higher MW during both ebb and flood tides.
Another explanation is destabilization of terrestrial colloidal humic sub-
stances during mixing with seawater (Sholkovitz, 1975), leading to an
increase in their mean size through colloid aggregation (Batchelli et al.,
2009). The extent of flocculation of organic carbon and humic sub-
stances is highly salinity-dependent (Sholkovitz, 1975), and increasing
salinity may also marginally enhance sediment flocculation (Deng et al.,
2023).

Fluor,;s,349 in porewater exhibited a clear secondary peak around
50 kDa in the FIFFF-derived fractograms (Fig. 5). The fluorophore asso-
ciated with peak B (protein-like components C3 and C4) was found in
the size ranges of approximately 50 kDa and >100kDa in both pore-
water and receding creek water, but were less prevalent in creek wa-
ter during flood tide (Fig. 5, S9-12). Although variations in DOM were
partly driven by changes in DOC amounts during tidal cycles, this phe-
nomenon could also be ascribed to diminished presence of protein-like
materials with higher MW in creek water during flood tide. There were
higher MW components in the deeper porewaters compared to those in
shallower porewater and surface water in the restored Brookhurst salt
marsh, California, USA, as the latter experienced enhanced oxidative
processing (photochemical or microbial breakdown) (Clark et al., 2019).
Another explanation is that, despite the different extents in decline, both
carbohydrates and protein-like substances underwent substantial micro-
bial utilization during incubation and followed a similar transformation
pathway, from the <1kDa fraction to colloids (1 kDa-0.45 pm), and

further to microparticles (>0.45 pm) (Xu et al., 2018). Additionally, cer-
tain protein-like FDOM showed high intensity in the deep regions of the
Bay of Bengal and had bulk molecular weights (10-50 kDa and > 50 kDa
fractions), the formation of which appears to depend on elevated salin-
ity, as microbes polymerize FDOM to form colloidal particles that protect
it from extreme salinity and other environmental stresses (Niloy et al.,
2023).

High protein-like to humic-like ratio or BIX/HIX ratio were observed
in the <2 and >20kDa size ranges (Fig. S12), suggesting that protein-
like components are more abundant in either lower (<2 kDa) or higher
(>20kDa) molecular weight fractions, while humic-like components are
more common in the 2-20 kDa range. Freshly produced DOM from au-
tochthonous sources is usually larger in size than more degraded, humic-
like DOM (Amon and Benner, 1996; Fellman et al., 2010; Williams et al.,
2010). In addition, the relative abundance of protein-like C3 and C4
in porewater and creek water from the Andong saltmarsh showed a
significant peak at <10kDa, with greater enrichment of protein-like
materials of smaller MW, particularly in porewater (Fig. S12). This dis-
tribution differs from DOM in Milwaukee River (Lin and Guo, 2020),
where humic-like substances may be more abundant.

5. Conclusions

This study investigated variability in optical properties, composition,
and molecular size distribution of DOM in both sediment porewater and
creek water during tidal cycles in a macrotidal saltmarsh in China, which
may enhance our understanding of the modulation of DOM at the tidal
marsh-estuarine margins of a river-dominated estuary under climate
change. Time-series water samples in situ were collected on the mudflat
at hourly time interval. Concentration of DOC, aromaticity and humifica-
tion of DOM and humic-like components in the ebbing water were higher
than those during flood tides. Meanwhile, principal component analysis
highlighted the distinct optical signatures between sediment porewater
and creek water in the saltmarsh and revealed the dynamics of DOM in
creek water in response to the tidal pumping. Protein-like component
C3 in porewater decreased during the highest tide level. In addition,
creek water in autumn contained a higher proportion of medium-sized
(2-20kDa) DOM, primarily composed of humic-like substances. These
substances are likely derived from soil leachates and debris of marsh
plants or from the enhanced flocculation of river-born humic-like materi-
als due to increasing salinity. In contrast, protein-like materials were also
present in the higher molecular size fractions (~50 kDa and > 100 kDa),
especially in porewater, likely due to reduced oxidation treatment (pho-
tochemical degradation) and high microbial activities. Seasonal river
runoff and organic carbon pulses in surface sediments may influence the
origins and molecular weight distribution of DOM in a saltmarsh. The
limitations of this study include the lack of DOC fluxes and the absence
of water samples collected in spring and winter. Further sampling efforts
are required to account for additional influencing factors and more ac-
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curately capture the seasonal variations in DOM. Meanwhile, advanced
techniques such as ultrahigh-resolution mass spectrometry and Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) could
be employed, which can help uncover the potential heterogeneity and
dynamic variations of DOM at the molecular level.
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