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Abstract

Mangroves, as typical blue carbon ecosystems, store massive amounts of soil organic carbon and serve as both
sources and sinks of organic carbon. Under extreme rainstorm conditions, once mangrove ecosystems are
damaged, they lead to significant release of greenhouse gases into the atmosphere, causing severe greenhouse
effects and resulting in changes to carbon footprints. However, the effects of extreme rainstorms on the spatial
distribution, optical properties, and molecular characteristics of soil organic carbon in mangrove sediments remain
unclear. This study focused on a typical mangrove tidal flat in Shenzhen Bay, Southeast China, to quantify
variations in sediment carbon fractions (total carbon (TC), dissolved organic carbon (DOC), and dissolved
inorganic carbon (DIC)), fluorescent composition, and biomolecular compounds of DOC, and identified their
response mechanisms to extreme rainstorms. The results showed that the spatial distribution of sediment TC,
DOC, and total nitrogen (TN) followed the order of tidal creek > mudflat > mangrove both before and after a
rainstorm. The variation degree of DOC content (5.0%-48.5%) after extreme rainstorms followed the pattern of
mangrove > mudflat > creek, while the result for DIC was completely opposite. In the vertical direction, tidal flat
sediments exhibited decreasing TC, DOC, and TN concentrations with depth before the extreme rainstorm. After
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the rainstorm, DOC and TN increased across all sediment layers, whereas |C decreased at all depths. After the
extreme rainstorm, TN and DOC in sediments increased significantly. Combined with analysis of the optical and
molecular properties of DOC, the results indicated that lignin- and tannin-like compounds with high stability
increased in mudflat sediments after the extreme rainstorm, while tryptophan-like compounds with high
aromaticity and low humification increased in mangrove sediments, and protein-like organic compounds in tidal
creek sediments decreased. Principal component analysis showed that extreme rainstorms mainly affected
sediment DOC by influencing the transport of silt and clay. This study not only contributes to a better
understanding of how extreme rainstorms regulate organic carbon behavior in mangrove sediments to improve
sustainable management of mangrove wetlands under the pressure of extreme weather events but also provides
new directions for carbon footprint research.

Keywords: Extreme rainstorm, dissolved organic carbon, fluorescent composition, tidal flat, Shenzhen Bay

INTRODUCTION

Coastal blue carbon ecosystems play an irreplaceable role in global carbon cycling and climate regulation,
with mangroves among the most important, attracting significant attention for their excellent carbon
storage capacity and ecosystem service functions"’. However, under the background of global climate
change, frequent extreme weather events pose serious threats to these vulnerable ecosystems'”. Dissolved
organic carbon (DOC), as the most active carbon component in coastal ecosystems, exhibits response
mechanisms to extreme weather events that are directly linked to the carbon storage stability and ecological
function maintenance of blue carbon ecosystems”.. In-depth understanding of how extreme rainstorm
events affect the spatiotemporal distribution, optical properties, and molecular composition of DOC in
mangrove tidal flats has important scientific significance and practical value for accurately assessing the
carbon sink function of blue carbon ecosystems, predicting their response to climate change, and
formulating effective protection and management strategies.

Carbon storage function and vulnerability

Coastal and marine habitats such as mangroves, salt marshes, and seagrass meadows form part of the so-
called blue carbon ecosystems, which are notable for their capacity to capture and store substantial amounts
of carbon. The carbon storage capacity of mangrove ecosystems is particularly outstanding, with carbon
storage per unit area being 3-5 times that of tropical rainforests', mainly stored in sediments as soil carbon,
accounting for 60%-85% of the total carbon (TC) storage of the entire ecosystem'. The high carbon storage
capacity in mangrove sediments is mainly attributed to their unique environmental conditions and
ecological processes, which continuously input organic carbon into sediments through root exudates, litter
input, and capture of fine particulate matter, forming an efficient carbon accumulation mechanism'’.

However, blue carbon ecosystems are also among the most vulnerable ecosystems on Earth. Positioned at
the land-sea boundary, they are directly exposed to terrestrial pollution and anthropogenic disturbances,
while also being vulnerable to marine stressors such as sea-level rise and storm surges”. More importantly,
when these ecosystems are damaged, the large amounts of stored organic carbon are rapidly released into
the atmosphere, producing significant greenhouse effects and thereby exacerbating global climate change'®.
Therefore, understanding and protecting the carbon storage function of blue carbon ecosystems is of great
significance for achieving global climate goals.

Key role of DOC
DOC, as the most active and important carbon component in coastal ecosystems, plays a key role in carbon
cycling. It is a complex mixture of organic compounds, including various molecular weights and structures
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from simple organic acids to complex humic substances, containing multiple functional groups such as
hydroxyl, carboxyl, ketone, and carbonyl groups". These diverse molecular structures enable DOC to have
multiple functions in carbon cycling.

In mangrove tidal flat systems, DOC sources exhibit obvious diversity and complexity. Inputs of DOC arise
from multiple sources, including leaching of soil organic matter, decomposition of plant residues and
mangrove litter, organic discharges from human activities, and microbial metabolism within sediments"*""’.
DOC plays a multifaceted role in coastal ecosystems. First, it serves as an important energy and nutrient
source, providing carbon sources and energy for microbial communities and supporting complex food web
structures"”. Second, it participates in important biogeochemical processes, including nutrient cycling,
heavy metal complexation, and migration and transformation of organic pollutants"”. Third, its optical
properties can affect the optical environment of water bodies, thereby influencing primary productivity and

energy flow in ecosystems'*.

Changes in DOC concentration, composition, and properties can sensitively reflect environmental
conditions and functional changes in coastal ecosystems. A recent review by Alongi"? emphasized that
mangrove can show a net import of DOC and act as a DOC sink. Adsorption is a dominant fate of DOC,
but adsorption reactions are reversible and aged DOC may be released and exported from soils to
groundwater, fluvial networks and ocean environment. However, traditional DOC methods mainly rely on
concentration determination and simple optical property analysis, lacking precise characterization at the
molecular level. With the development of analytical techniques, particularly Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry (FT-ICR MS)"*"”, precise analysis of DOC molecular composition
has become possible. However, the application of these advanced techniques in coastal DOC research
remains limited, especially in extreme event impact studies. Therefore, we employed optical spectroscopy,
FT-ICR-MS, and statistical analyses to reveal the mechanism of the DOC variation. By analyzing optical
properties of DOC, such as ultraviolet (UV) absorption"® and fluorescence characteristics"”, its source,
maturity, and bioavailability can be inferred. Molecular-level analysis can provide more precise
compositional information, reveal the relative contributions and change trends of different biochemical
components'.,

Impact mechanisms of extreme climate events

Against the backdrop of global climate change, rising frequency and intensity of extreme weather events
pose growing, unprecedented threats to coastal ecosystems*". Extreme rainstorms, as one of the most
common and widely impactful extreme weather events, affect the structure and function of coastal
ecosystems through various direct and indirect pathways. Previous studies have demonstrated that storms,
hurricanes, and other climatic disturbances significantly alter soil carbon storage”, and more critically, they
disrupt the integrity of estuarine ecosystems such as mangroves and salt marshes. For instance,
Jonsson et al.”” estimated that climate change would result in a global runoff increase ranging from 10% to
50% in large coastal areas”™; thus, more precipitation would deliver a higher load of freshwater river
nutrients to coastal ecosystems, which might potentially change the carbon source-sink relationship in
coastal tidal flats®". Rainfall is a significant factor in regulating the carbon flux within estuaries, and climate
change may alter carbon metabolism in estuaries. For instance, occasional rainstorm events in Hudson
Estuary ecosystem have a more significant impact on the organic carbon flux in coastal areas than average
annual rainfall*".

Since the 21st century, there has been a notable increase in the frequency of rainstorms in southern China.
Mangroves are predominantly found in tropical and subtropical coastal regions, where rainstorms
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frequently occur. In China, Guangdong Province - characterized by a 3,368-km-long coastline - hosts the
country's largest expanse of mangroves, covering approximately 12,000 hectares*”. However, extreme
rainstorms might potentially change the carbon source-sink relationship in mangrove tidal flats, which
needs further investigation.

Research objectives and innovations

Based on these research questions, this study proposes the following two core hypotheses: (1) Extreme
rainstorm events significantly affect the characteristics of tidal flat sediments and the migration and
transformation mechanisms of DOC by changing hydrodynamic conditions and sediment transport
processes. This hypothesis is based on the understanding that extreme rainstorms can significantly change
coastal environmental conditions, expecting that rainstorms will affect DOC distribution and composition
through chemical leaching and biological process changes; (2) DOC and its optical and molecular
characteristics exhibit differential response patterns to rainstorm events in different sub-regions of
mangrove tidal flats (i.e., mangrove, tidal creek, and bare mudflat). This hypothesis rests on the premise that
distinct habitats exhibit unique environmental conditions and fulfill different ecological roles. To answer the
above research questions, this study sets the following specific objectives: (1) To elucidate the response
mechanisms of DOC optical properties and molecular composition to extreme rainstorms. Using advanced
spectral and mass spectrometry techniques, this study analyzes the three-dimensional fluorescence and
molecular composition characteristics of DOC to reveal how extreme rainstorms influence its sources,
maturity, aromaticity, and biochemical components; (2) To identify the dominant environmental factors
and mechanisms controlling DOC variations. Through multivariate statistical and correlation analyses, this
study determines the key environmental factors affecting DOC and elucidates their interactions and
underlying mechanisms.

MATERIALS AND METHODS

Study area and sampling strategy

This study selected the mangrove tidal flats of Shenzhen Bay (SZB) as the research area. SZB [Figure 1A] is
located on the eastern side of the Pearl River Estuary and is a semi-enclosed shallow tidal bay with
subtropical monsoon climate characteristics. It spans approximately 80 km?, with an average water depth of
three meters, an annual mean temperature of 22.0 °C, and average annual rainfall of about 1,935.8 mm. The
tidal regime is mixed semi-diurnal, with an average tidal range of 1.9 meters””. The hydrodynamic
exchange in SZB is relatively limited, with water residence time of 15-25 days". This special hydrological
condition leads to easy accumulation of pollutants in sediments and relatively poor surface water quality™.

The mangrove tidal flats in this area have typical ecological continuum characteristics, with tidal creeks,
mangrove areas, and mudflats distributed sequentially from land to sea, providing an ideal natural
experimental site for studying DOC responses to extreme rainstorms in different habitats.

Rainstorms are categorized by precipitation rates exceeding 16 mm per hour, 30 mm over a consecutive
12-h period, or 50 mm across 24 h, according to the China Meteorological Administration 2012. According
to data from the Shenzhen Meteorological Bureau (weather.sz.gov.cn), an extreme rainstorm event occurred
from May 10 to 16, 2022. Its average rainfall intensity was 69.06 mm/day, with a maximum rainfall intensity
reaching 165.8 mm/day, far exceeding the average rainfall in May over the past thirty years (7.65 mm/day)
[Figure 1B]. The intensity and duration of this extreme rainstorm event fully met the definition standards
for extreme rainstorms by the China Meteorological Administration, providing rare natural experimental
conditions for studying the impact of extreme rainfall on DOC in mangrove tidal flats.
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Figure 1. Map of the study area showing the relative position of the sampling site in (A) mainland China and Shenzhen Bay (SZB); (B)
daily rainfall recorded during the rainstorm event; and (C) field sampling layout illustrating the spatial arrangement of five sampling
locations by red bars (W1-W5: W1-W2 in mudflat, W3-W4 in mangrove, and W5 in tidal creek) along the mangrove intertidal zone.

Based on research objectives and regional characteristics, this study adopted a spatiotemporal comparative
sampling design. Along representative intertidal transects, five sampling sites (W1-W5: W1-W2 in mudflat,
W3-W4 in mangrove, and W5 in tidal creek) were systematically positioned across the tidal creek-
mangrove-mudflat continuum to encompass distinct habitat types [Figure 1C]. We collected sediment
samples from a depth of 0-30 cm and stratified into three layers, including surface (0-10 cm), middle
(10-20 cm), and bottom (20-30 cm), to characterize the vertical distribution of DOC. Sampling campaigns
were conducted both prior to (10 May 2022) and following (16 May 2022) an extreme rainstorm event,
enabling the assessment of hydrometeorological impacts on DOC dynamics. All samples were immediately
stored on ice and transported to the laboratory within 24 h to ensure data integrity. This sampling design
enabled rigorous temporal comparisons while ensuring comprehensive spatial coverage across the study
transect.

Basic physicochemical parameter

Sediment characterization involved integrated analytical workflows encompassing physical, chemical, and
morphological assessments. Initial sample conditioning utilized freeze-drying protocols (48-h duration) to
eliminate moisture interference. Particle size distributions were quantified using laser diffraction analysis
(MasterSizer-2000, 0.02-2,000 pm range) following sodium hexametaphosphate dispersion treatment.
Mechanical processing employed progressive size reduction: manual grinding, 2-mm screening, and ball
mill homogenization to achieve uniform particle distributions. Aqueous extraction procedures combined
processed sediments (3 g) with ultrapure water (60 mL) under extended mixing (24 h), followed by
centrifugal separation and membrane filtration (0.45 um PES) to obtain clarified extracts (n = 30:5 locations
x 3 depths x 2 time points = 30 independent sediment samples). Extract characterization included pH and
conductivity measurements using specialized electrode systems (IntelliCALL™ PHC101 and CDC401)
coupled with HACH HQ440d analytical platforms. Moisture content determination employed standard
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gravimetric analysis, comparing initial and thermally treated (105 + 2 °C, 12 h) sample masses.

DOC concentration determination

A total organic carbon analyzer (TOC-L CSH/CSN) was used to determine concentrations of TC, DOC, and
total nitrogen (TN). This instrument mainly quantifies carbon content through high-temperature catalytic
oxidation in a high-temperature furnace, with linear regression coefficient R* > 0.999. Dissolved inorganic
carbon (DIC) concentration was calculated as the difference between TC and DOC. Before DOC analysis,
30 uL of 6M hydrochloric acid was added to samples, acidifying approximately 15 mL of sample to pH 2.0 to
remove interference from DIC. Potassium hydrogen phthalate was used as a standard sample to ensure
accuracy and reproducibility of analytical results.

DOC optical property analysis

Spectroscopic characterization of DOC employed dual analytical approaches: UV-visible absorption
spectroscopy (Hitachi, 200-800 nm) for aromaticity (SUVA,.,: specific ultraviolet absorbance at 254 nm)
and molecular weight (S: spectral slope ratios, 275-295/350-400 nm) determination, and three-dimensional
fluorescence spectroscopy (Horiba) for molecular composition analysis". Fluorescence measurements
utilized diluted samples, which were diluted using Milli-Q water to A,,, (absorbance at 254 nm) less than 0.1
Abs-cm”, across 245-826 nm excitation and 240-550 nm emission ranges (1-2 nm resolution, 3-s
integration) with appropriate blank corrections and scattering removal. Fluorescence data processing
employed parallel factor analysis (PARAFAC) decomposition” via DOMFluor algorithms, analyzing 30
samples through S4CeT3 (splits: 4, combinations: 6, tests: 3) validation protocols to identify optimal
component numbers™. Component characterization utilized OpenFluor database comparisons (= 0.98
similarity) for reliable identification"”. Biogeochemical interpretation incorporated fluorescence (FI) and
humification (HIX) indices to assess DOC sources and transformation processes, providing insights into
DOC provenance and environmental fate. The relevant parameters are presented in Table 1.

DOC molecular characteristics analysis

The molecular composition of DOC in representative samples from each habitat, including specifically W1
(mudflat), W4 (mangrove), and W5 (tidal creek), was characterized using FT-ICR MS, following the
protocols outlined by Herzsprung et al. and Merder et al."*"”. Solid phase extraction (SPE) pretreatment
was strictly performed according to methods by Dittmar ef al.™ and Wang et al.*”. SPE samples were
completely dissolved in specific volumes of chromatographic-grade methanol to achieve carbon
concentrations of approximately 45 ngC/mL to reduce the impact of carbon concentration changes on
ionization degree. The dissolved samples were then introduced into a 9.4T Apex-Ultra FT-ICR MS (Bruker
Daltonics) equipped with a negative ESI ion source via an injection pump. Dissolved samples were
introduced into the mass spectrometer through a syringe pump. Bruker Daltonics data analysis software was
used for automatic molecular formula assignment of ultra-high resolution mass spectra. The Molecular
Lability Boundary (MLB,) was calculated according to D'Andrilli ef al.*”. Seven biochemical components
were identified following the methods of Zhang et al.", including lipid-, protein-, aminosugar-,
carbohydrate-, dissolved black carbon-, lignin-, and tannin-like substances. The relative intensity of
different biochemical components was calculated as the ratio of matched molecular numbers to total
matched molecular numbers.

Statistics analysis

This study investigated both temporal (pre- and post-extreme rainstorm) and spatial variations in carbon
and nitrogen concentrations, along with the optical properties and fluorescent components of DOC, across
three habitat types: mangrove forests, unvegetated mudflats, and tidal creek environments. Mantel tests
were performed to analyze relationships between DOC-related variables and geochemical factors and
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Table 1. Spectral parameters of DOC and their meanings
Spectral Definition Meaning Reference
parameter
SUVA,., Ratio of absorbance to DOC concentration  Indicating the relative content of aromatic compounds of DOC. [18]
(Lmg clm™ at wavelength 254 nm per unit optical path The greater the value, the higher the contribution of aromatic
length substances
Sk Ratio of spectral slope at wavelength 275-  Indicating the average molecular weight of DOC [31]
(Dimensionless) 295 nm to wavelength 350-400 nm
Fl When Ex at 370 nm, fluorescence ratios of  Indicating the component weight of terrestrial and microbial [32]
(Dimensionless)  Em at 470 nm and 520 nm sources of organic matter. FI~1.8 indicates DOC source from
metabolic products from bacteria or algae; FI~1.2 indicates DOC
source from terrestrial plants or sediment
HIX When Ex at 254 nm, the ratio of the Indicating the relative content or degree of humification of DOC. [33]
(Dimensionless) integral area of and Em at 435-480 nmto  The higher the value, the higher the degree of humification
the integral area of sum at 300-445 nm
and 435-480 nm
B/a The ratio of a peak at 254 nmto B peak at  The B/a is used to assess the relative contribution of [34]

(Dimensionless)

280 nm

autochthonous versus allochthonous of DOC.

B/a <1:autochthonous DOC (microbially-derived);
B/a>1:allochthonous (terrestrially derived)

sediment grain size factors. Pearson correlation coefficients were calculated to assess linear relationships
between parameters. One-way analysis of variance (ANOVA) followed by Duncan's multiple comparison
test was used to determine significant differences between treatments at P < 0.05. The fluorescent
components of DOC were characterized via PARAFAC. Data visualization was performed using Origin
(version 2018b), Surfer (2016), and MATLAB (2020a), including spatial distribution maps, correlation
heatmaps, and principal component analysis (PCA) plots.

RESULTS

Distribution of C and N

The DOC concentration before and after the extreme rainstorm ranged from 0.88 to 22.78 mg L and 1.04
to 14.64 mg L7, respectively. Before the extreme rainstorm, the mean TC, DOC, and TN concentrations
followed the order of tidal creek > mudflat > mangrove, while the DIC concentration in mudflat sediment
was the highest, followed by tidal creek and mangrove [Figure 2]. After the extreme rainstorm, the mean
DOC concentrations increased, which was mainly attributed to increases in the mudflats and mangroves,
whereas a decline was observed in the tidal creek [Figure 2A]. In contrast, the mean DIC concentration
decreased, with the most significant decrease associated with the mudflat and mangrove, whereas it
increased in the tidal creek [Figure 2B]. Nevertheless, the loss of DIC was much greater than the increase in
DOC at all sampling sites; thus, the mean TC concentration decreased after the extreme rainstorms
[Figure 2C]. Conversely, the mean TN concentrations across all three habitats increased after the extreme
rainstorms [Figure 2D]. In the vertical direction, before the extreme rainstorm, the mean concentrations of
TC, DOC, and TN in tidal flat sediments decreased with increasing depth. After the rainstorm, DOC and
TN increased across all sediment layers, whereas IC decreased at all depths. The increase in DOC was most
pronounced in the surface layer, followed by the middle and bottom layers, while TN exhibited the largest
increase in the middle layer. In contrast, the average IC concentration decreased most markedly in the
surface layer, followed by the bottom and middle layers.

DOC optical properties

DOC spectrum parameters

The spectral parameters of DOC in the sediments before and after the extreme rainstorm are shown in
Figure 3. Before the extreme rainstorm, sediment DOC in the mudflat exhibited the lowest S; (0.82 +0.11)
and FI values (1.63 + 0.05) with the highest HIX values (0.84 + 0.05) compared with mangrove and tidal
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Figure 2. Spatial distribution of C and N concentrations, including (A) DOC, (B) DIC, (C) TC, and (D) TN. Each panel displays individual
sample data (lower section) and habitat-grouped statistical analysis (upper section) for three habitats: mudflat, mangrove, and tidal
creek.

creek [Table 2]. Conversely, sediment DOC in mangroves showed the highest S, p/a, and FI values with the
lowest HIX values, indicating a predominance of microbial DOC with low molecular weight and high
maturity. Additionally, sediment DOC in the tidal creek displayed the highest SUVA,,, values and the
lowest p/a values.

After the extreme rainstorm, in the horizontal direction, the mean values of FI and B/a decreased in the
mudflat sediment [Figure 3C, E], whereas SUVA,,,, S; and HIX increased [Figure 3A, B, D]. Optical indices
demonstrated heterogeneous responses to extreme rainstorm events, with humification-related parameters
showing distinct patterns compared to other spectroscopic indicators. HIX values consistently declined
across mangrove and tidal creek environments, while spectroscopic parameters including aromaticity and
molecular weight indicators generally increased. Vertical stratification revealed additional complexity: the
sediment of surface and middle layers maintained the HIX reduction pattern observed spatially, whereas
deeper sediments exhibited selective decreases in S, and FI parameters, contrasting with the general
increasing trend for other optical indices. Based on the variation in DOC concentrations, spatial
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Table 2. Spectral indices of DOC in sediments from different habitats of the SZB before and after the extreme rainstorm. n denotes
the number of samples, and values are expressed as mean + SD

. SUVA,.,
Habitats (L/mg C/m) S Fl HIX B/a
Before rainstorm Mudflat (n = 6) 1.55+0.42 0.82+ 0.1 1.63+0.05 0.84+0.05 0.73+0.04
Mangrove (n = 6) 0.95+0.14 1.43+0.59 1.92+0.15 0.73+0.08 0.78+0.09
Tidal creek (n=3) 1.6+0.42 0.95+0.1 1.78 £0.01 0.74+£0.04 0.67+0.01
After rainstorm Mudflat (n = 6) 1.73+0.33 0.83+0.08 1.59+£0.08 0.86+0.04 0.7+0.04
Mangrove (n = 6) 11+0.46 1.98 +0.82 1.96+0.22 0.67+0.1 0.82+0.12
Tidal creek (n=3) 1.73+0.09 1.06+0.13 1.89+0.01 0.66+0.1 0.76 £0.12
Before rainstorm After rainstorm
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Figure 3. Spatial distribution of DOC spectrum indices before and after rainstorms, including (A) SUVA,,, (B) S, (C) FI, (D) HIX, and
(BE) B/a.

distribution of spectral indices, and their respective meanings, the increase in tidal flat DOC concentrations
can be attributed to three distinct processes: (1) Enhanced terrestrial DOC accumulation in mudflats,
characterized by low molecular weight (high S;), high aromatic content (high SUVA,,,), high degree of
humification (high HIX), and terrestrial origin (low FI, high B/a). This represents aged terrestrial organic
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matter that has undergone extensive processing; (2) Increased microbial-derived DOC in mangrove surface
and middle layer sediments, featuring low molecular weight (high S;), moderate aromatic content
(moderate SUVA,,,), low degree of humification (low HIX), and microbial origin (high FI, low p/a). This
indicates fresh microbial metabolic products; (3) Reduced terrestrial DOC export from tidal creeks, where
the remaining DOC was characterized by low molecular weight (high S;), low aromatic content (low
SUVA,,,), minimal humification (low HIX), and mixed origin (intermediate FI and p/a values). This
suggests preferential removal of more recalcitrant terrestrial components.

Contribution of different fluorescent components

The application of PARAFAC to the three-dimensional fluorescence spectra of sediment samples led to the
identification of four distinct fluorescence components [Table 3 and Figure 4]. Component C1 was
attributed to the decomposition products of soil organic matter such as humus. C2 represented reprocessed
terrigenous organic matter. C3 was identified as macromolecular terrestrial humus. C4 corresponded to a
tryptophan-like protein.

The contribution of DOC fluorescence components varied across the different habitats within the SZB tidal
flat sediments [Figure 5]. Before the extreme rainstorm, the mudflat and mangrove were both mainly
contributed by C1 (mudflat: 35.61%; mangrove: 36.77%), while tidal creek primarily contributed by C4
(31.87%). This indicated that sediment DOC in mudflats and mangroves was predominantly the
decomposition product of soil organic matter, with a greater contribution from tryptophan-like proteins in
tidal creek sediment. As shown in Figure 5, after the extreme rainstorm, fluorescence components shifted
differently across habitats. In mudflats, C1 and C4 decreased while C2 and C3 increased. In mangroves and
tidal creeks, C1, C2, and C3 decreased with C4 declining. Notably, the dominant component in mangrove
sediments shifted from C1 to C4, indicating a change from soil organic matter decomposition to
tryptophan-like DOC sources.

Molecular composition of DOC

FT-ICR MS analysis revealed profound impacts of extreme rainstorms on DOC molecular composition
[Figure 6]. The relative abundances of seven major biochemical components changed significantly, showing
obvious spatial heterogeneity [Figure 7]. The lignin- and tannin-like compounds increased after the event,
showing positive correlations with Fe, clay, and moisture content [Figure 7]. Conversely, protein-like
compounds - positively related to pH and Mn - decreased [Figure 7]. Before the rainstorm, Before the
rainstorm, lignin-like substances showed the highest relative intensity across all habitats (tidal creek >
mudflat > mangrove), followed by tannin- and lipid-like components. Afterward, lignin-like intensity rose
from 32.28% to 40.14% in mudflat sediments but declined in mangroves and tidal creeks. Carbohydrate-like
compounds also increased markedly, nearly fourfold in tidal creek sediments.

Mantel analysis

According to the results of the Mantel test [Figure 8A], both DOC and its characteristic parameters
(including the fluorescent composition and molecular composition) were notably influenced by
geochemical Factor 1 (F1: pH, EC, and moisture) and sediment particle size Factor 2 (F2: gravel, sand, silt,
and clay) before extreme rainfall. This suggests that the DOC content and characteristic parameters in the
sediment before the extreme rainstorm were substantially impacted by biochemical reactions (F1) and
physical actions (F2). Furthermore, DOC and its characteristic parameters exhibited a strong positive
correlation with physical actions (F2) before the extreme rainstorm, whereas the association with
biochemical reactions (F1) was intricate. DOC, SUVA,,,, HIX, C3, and C4 were not significantly correlated
with F1, whereas other characteristic parameters showed a significant correlation. After the extreme
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Table 3. Four fluorescence components of sediments in SZB identified by PARAFAC
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Fluorescence component Ex (nm)  Structure description Reference
C1 410 Decomposition products of soil organic matter, such as humus. [39]
C2 450 Reprocessed terrigenous organic matter [40]
C3 510 Macromolecular terrestrial humus [41]
C4 330 Tryptophan-like proteins [42]
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Figure 4. Four fluorescent components in the tidal flat sediments of SZB: (A) C1, (B) C2, (C) C3, and (D) C4.

rainstorm, the relationship between Factor 1 and TC or C4 became non-significant, and the TC content
increased [Figure 2]. This indicates that the extreme rainstorm washed away a large amount of the DIC.
Furthermore, the correlations of other indicators with Factors 1 and 2 remained largely unchanged after the
extreme rainstorm [Figure 8B].

According to the Pearson results, before the extreme rainstorm, SUVA ,, was positively correlated with TC
and DIC [Figure 8A]. However, after the event, this correlation was not significant, whereas SUVA,,,
showed a positive correlation with the DOC [Figure 8B]. The relationship between S, and DOC and
SUVA,,, changed from no correlation before the rainstorm to a significantly negative correlation after it.
The correlations among other indicators did not undergo substantial changes after the extreme rainstorms.

Principal component analysis

PCA revealed the main environmental factors (before and after the extreme rainstorm) controlling DOC
changes [Figure 8C-F]. Before the rainstorm, PC1 (accounting for 54.92% of the total variance) exhibited
the largest positive loading on C2, EC, TC, C3, and HIX [Figure 8C] and the largest negative loading on FI
and S;. PC2 accounted for 21.31% of the variance, with a significant positive loading on DOC and C4 and a
significant negative loading on C1. DOC responses to different environmental factors varied significantly
among habitats before the rainstorm [Figure 8D]: tidal creek samples (red) were located in the negative PC1
and positive PC2 quadrant; mangrove samples (green) were distributed from the negative to the central PC1
range; and mudflat samples (blue) were clustered in the positive PC1 and negative PC2 quadrant. PC1 and
PC2 explained 60.68% and 25.09% of the total variance after the extreme rainstorm, respectively
[Figure 8E]. The largest positive loadings of PC1 and PC2 were similar to those before the rainstorm. After
the extreme rainstorm [Figure 8F], tidal creek samples shifted toward more negative PC1, enhancing habitat
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Figure 5. Relative intensity of four fluorescent components in sediments of the SZB tidal flat: (A) C1, (B) C2, (C) C3, and (D) C4.

separation; mangrove samples moved toward higher PC2; mudflat samples remained relatively stable with
increased variance and slight shift toward positive PC1.

DISCUSSION

Migration and transformation for Sediment C and N after rainstorms

Before and after the extreme rainstorm, sediment TC, DOC, and TN concentrations exhibited a gradient of
tidal creek > mudflat > mangrove [Figure 2], and DOC in the tidal creek had high aromatic characteristics
[Figure 3]. Mudflat sediments contain a higher proportion of high-molecular weight and highly humified
land-derived DOC, while sediment DOC in the tidal creek was characterized by higher aromatic content
and lower maturity [Table 2]. Matos et al."” previously reported that tidal creeks have a higher potential for
TOC and TN deposition than mangroves and mudflats. This was attributed to the tidal creek being a low-
lying area, resulting in the sediment being submerged for a longer time than other intertidal areas.
Additionally, the tidal creek was the area closest to the inland; thus, it was also the area most affected by
sewage discharged from drainage pipes. These conditions promoted sedimentation, thus contributing to the
highest concentrations of DOC and TN". The presence of mangrove vegetation reduced nutrient
concentrations and mitigated fine sediment loss, accounting for the lower DOC and TN contents observed
in mangrove sediments than in tidal creeks and mudflats™**’.

After the extreme rainstorm, in the horizontal direction, DOC increased in mudflats and mangroves, but
decreased in tidal creeks. In contrast, the DIC trend was inversely correlated with that of DOC. PC1
primarily represented the influence of sediment particle size distribution on terrigenous humus, indicating
that terrigenous humus in sediment DOC has the same fate as silt and clay, while PC2 represented
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Figure 6. Correlation analysis demonstrating significant relationships (Spearman, P < 0.05) between molecular intensities and sediment
properties (Fe, Mn, clay, moisture, pH) before (A, C, E, G, 1) and after (B, D, F, H, J) extreme rainstorm events. Color gradients represent
correlation strength and direction (red: positive; blue: negative). Rectangular overlays categorize biomolecular compounds: lipid-,
protein-, amino sugar-, carbohydrate-, condensed aromatic-, lignin-, and tannin-like classes.
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Figure 7. Relative intensity of seven biochemical components of DOC before (A) and after (B) the rainstorm.

secondary influencing factors on tidal flat sediments, including vegetation type, microbial degradation of
DOC, and geochemical changes [Figure 8]. Extreme rainstorms are associated with elevated water velocities
and levels, which can induce soil erosion and sediment transport. In mudflats and mangroves, due to gentle
topography, soil erosion usually forms a silt layer rich in DOC, and mangrove litter is the main source of
sediment DOC"**". Conversely, in the tidal creek, high water velocity promoted the hydrodynamic
transport of sediment containing a higher proportion of DIC from inland areas, thereby increasing the DIC
in tidal creek sediments. Variations in soil carbon footprint across nine coastal wetlands in China were
primarily associated with differences in median grain size, soil moisture content, and nitrogen
concentration™. In particular, the TN increased across all three habitats. Taillardat et al."" suggested that
extreme rainstorms can reduce the salinity of intertidal pore water and enhance the degradation of DOC,
potentially leading to increased phosphate and nitrogen mineralization. Similarly, Adame et al."** found that
rainfall enhanced nitrogen retention. The research site was adjacent to Shenzhen Bay Park, where urban
agricultural and horticultural activities often utilize fertilizers with a high nitrogen content, which may also
contribute to the observed trends. After the extreme rainstorm, DIC and TC decreased while DOC and TN
increased in intertidal sediments, with the bare mudflat contributing most significantly to the increase in
DOC and TN, followed by mangroves. However, the tidal creek has a negative contribution. This is
consistent with research showing that the mudflat at Marapanim effectively retained sediment materials,
whereas tidal creeks exhibited the most susceptibility to rainfall timing, potentially leading to intense
biogeochemical processes'*’. In the vertical direction, sediment DOC and TN increased at all depths,
indicating the vertical influence of rainstorm-induced flushing. In contrast, DIC decreased across all depths,
likely due to its high solubility after the extreme rainstorm. Overall, tidal flat sediments exhibited a decrease
in DIC and TC and an increase in DOC and TN. Specially, the mudflat contributed most significantly to the
overall changes in sediment C and N, followed by mangrove, whereas the tidal creek showed an opposite
trend, contributing negatively to the overall sediment C and N dynamics. These patterns are consistent with
observations at Marapanim'*, where mudflats effectively retain sedimentary materials, while tidal creeks are

most sensitive to the timing of rainfall, resulting in intense biogeochemical processes'*”.

The observed spatial redistribution of DOC following extreme rainstorm reflects complex interactions
between hydrological, biogeochemical, and ecological processes. We propose a conceptual framework
involving three primary mechanisms: (1) Hydrodynamic-mediated sediment transport and DOC
mobilization. Extreme rainstorms fundamentally alter the hydrodynamic regime of mangrove tidal flats
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Figure 8. Mantel correlation maps showing relationships between DOC variables and environmental factors before (A) and after (B)
rainstorms. Environmental parameters were grouped into geochemical (F1: pH, EC, moisture) and particle size (F2: gravel, sand, silt,
clay) categories. Edge width indicates Mantel's Pearson values, edge colors show significance levels, and node properties
represent partial Pearson statistics with permutation-based significance. Pairwise environmental correlations are displayed
using Pearson coefficient color gradients (Asterisks denote the level of statistical significance: *P < 0.05, **P < 0.01, ***P < 0.007).
Principal component analysis (C-F) demonstrates environmental controls on DOC and spectral properties across storm conditions. Blue
arrows show environmental variable loadings (15 degrees of freedom), while colored circles represent sample scores for mudflat (blue),
mangrove (green), and tidal creek (red) habitats.

through enhanced surface runoff and increased water velocities. The preferential mobilization of lignin-like
compounds from tidal creeks to mudflats [Figure 5] can be explained by the selective desorption theory.
Under high flow conditions, weakly bound organic molecules with lower molecular weights are
preferentially desorbed from sediment particles due to reduced residence time and increased shear stress.
(2) Redox-driven iron-organic matter interactions. The positive correlation between Fe content and lignin-
like compounds indicates iron-mediated DOC stabilization"”. Extreme rainstorms trigger redox oscillations
that alter Fe speciation. Initial oxidative conditions promote Fe-organic complex formation, while
subsequent reducing conditions dissolve Fe(oxy)hydroxides and release bound DOC"". This redox cycling
creates dynamic DOC stabilization-mobilization equilibrium affecting carbon storage under extreme
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weather. (3) Microbial community response and DOC processing. The decrease in protein-like compounds
correlates with pH and Mn changes, indicating microbial community restructuring under extreme
conditions™. Rapid salinity fluctuations disrupt cell membranes and release intracellular proteins, while
altered pH conditions shift metabolic pathways and Mn cycling modulates enzyme activity affecting DOC
processing.

Effect of rainstorms on optical and molecular properties of sediment DOC

This study elucidates the source, migration, and transformation of DOC through variations in the DOC
concentration and optical and molecular properties. Linking variations in DOC concentration; optical and
molecular properties; and source, migration, and transformation of DOC can be recognized [Figure 9]. In
this study, the sediment DOC in the mudflat primarily comprised lignin-like compounds sourced from soil
organic matter [Figures 3-5]. Conversely, the DOC in mangrove and tidal creek sediments mainly consists
of lignin-like compounds, originating from the decomposition of plant residues and microbial sources.
These compounds are characterized by lower molecular weight and a reduced of humification degree.

The impacts of extreme rainstorms on DOC with different characteristics and components in the SZB tidal
flat sediments varied. Lignin-like compounds exhibited higher susceptibility to leaching under extreme
rainstorm conditions, facilitating their transport from tidal creeks through mangrove zones to mudflats,
such that leading to their accumulation in mudflat sediments. This pattern aligns with findings by
Wang et al.””, who reported that plant-derived DOC, characterized by lower molecular weight and a
reduced degree of humification, is readily mobilized by surface runoff. The decrease in lignin-like
compounds in the tidal creek was larger than that in the mangrove after the extreme rainstorm, potentially
because of additional inputs of plant litter in mangroves. In addition, the aromaticity of DOC across all
three habitats increased after extreme rainstorms, potentially reflecting the enhanced export of aromatic
compounds from agricultural land to coastal wetlands following rainfall®*. Before the extreme rainstorm,
mudflat sediments exhibited higher average HIX values compared to those in mangrove and tidal creek
habitats. After the extreme rainstorm, humification levels increased in the mudflats, whereas a decline was
observed in both mangrove and tidal creek sediments. A previous study reported that the HIX of sediment
DOC tends to be higher than that of fresh plants. Under conditions of extreme rainstorms, soil DOC with a
greater degree of humification can be more effectively transported by surface runoff**. Each habitat exhibits
distinct DOC processing characteristics driven by unique biogeochemical environments. In mudflats, the
accumulation of highly humified, lignin-rich DOC reflects enhanced carbon sequestration through mineral
protection mechanisms"’, where fine-grained sediments provide physical protection via aggregate
occlusion, chemical stabilization through organo-mineral associations, and reduced oxygen penetration that
limits aerobic decomposition. Conversely, mangroves demonstrate priming effects and fresh carbon input,

21 where root

as evidenced by increased tryptophan-like compounds indicating rhizosphere priming
exudates and litter inputs stimulate microbial activity, enhance decomposition of existing soil organic
matter, and create biogeochemical hotspots. Tidal creeks exhibit hydrodynamic carbon export
characteristics, with preferential loss of protein-like compounds reflecting size-selective transport processes,
as high flow velocities mobilize smaller molecules, create turbulent desorption conditions, and facilitate

rapid export to marine environments.

Implications and research prospect

This study demonstrates that extreme rainstorms significantly alter DOC dynamics in mangrove sediments,
potentially compromising blue carbon storage capacity. The observed shifts in carbon source-sink
relationships highlight the vulnerability of these ecosystems to climate change. However, due to the
uncontrollable nature of extreme rainstorms and the limited previous field studies under comparable
extreme rainstorm conditions, the conclusions of this study are significantly constrained by its singular
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Figure 9. Schematic representation of fundamental hydrological processes and carbon cycling pathways during extreme rainstorm
events across a characteristic intertidal transect in SZB, spanning the ecological transition from tidal creek environments through
mangrove habitats to exposed mudflat systems.

sampling strategy, which involved a single extreme rainstorm event, a single site, and a small sample size.
Consequently, the generalizability of the data is subject to a certain degree of uncertainty.

Management implications include the need for adaptive strategies that account for extreme weather impacts
on carbon cycling. Research priorities should focus on: (1) developing predictive models incorporating
hydrological, ecological, and biogeochemical factors; (2) integrating remote sensing with ground-based
monitoring for real-time ecosystem assessment; and (3) conducting interdisciplinary studies linking
ecology, geography, and economics to advance carbon footprint research. Future investigations must
evaluate ecosystem resilience under varying frequencies and intensities of extreme events, with particular
attention to DOC mobilization pathways and spatial-temporal variability in carbon storage. Such research
will inform evidence-based management strategies for maintaining mangrove carbon sink functions under
changing climatic conditions.

CONCLUSION

Extreme rainstorms significantly altered DOC characteristics in the mangrove sediments of SZB. Post-storm
changes included increased DOC in mangroves, elevated DIC in mudflats and creeks, and enhanced TN
content across habitats. The spatial distribution of sediment TC, DOC, and TN followed the order of tidal
creek > mudflat > mangrove both before and after a rainstorm. In the vertical direction, tidal flat sediments
exhibited decreasing TC, DOC, and TN concentrations with depth before the extreme rainstorm. After the
rainstorm, DOC and TN increased across all sediment layers, whereas IC decreased at all depths. Therefore,
the extreme rainstorm can enhance DOC storage in mangrove tidal flat sediments without causing the
release of pre-existing sedimentary DOC into the coastal waters, thereby avoiding the risk of acute pollution
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under the extreme rainstorm conditions. Mangrove tidal flat sediments function as a filter between
terrestrial and marine ecosystems, playing a protective role for the coastal environment under extreme
weather conditions. Furthermore, the extreme rainstorm modified DOC composition, increasing lignin-like
and tannin-like compounds in mudflat and aromatic proteins in mangrove. Habitat-specific responses
reflected distinct mechanisms: physical erosion and fine particle deposition in mudflat, enhanced plant litter
input and microbial activity in mangrove, and altered microbial utilization in tidal creek. These findings
reveal the vulnerability of blue carbon ecosystems to extreme weather and emphasize the need for adaptive
management strategies to preserve mangrove carbon storage functions under climate change.
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