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Eroded soils sustain a substantial part of organic matter in tidal rivers adjacent to
estuaries, and photochemical transformations of soils in tidal rivers would
influence estuarine elemental cycles. However, complex aquatic environments
and diverse soil sources complicate the enrichment of dissolved organic matter
(DOM) photoreleased from soils. Here, we conducted a 7-day irradiation
experiment for seven kinds of soils from the lower basin of Dagu River (DGR)
in the laboratory to study the influence of salinity and soil properties on DOM
chemistry by characterizing the content and optical properties of DOM. Results
showed that light cultures had higher amount of DOM and humic-like
components than dark cultures. Principal component analysis (PCA) and
Mantel's analysis found that salinity and soil properties significantly influence
the production of photoreleased DOM, especially humic-like components.
Salinity could inhibit the photodissolution of soils, and aged soils with low
3Csom released more DOM and humic-like components. Although the DGR
is impacted by intruded seawater, high content of photoreleased DOM in
seawater cultures still pointed out the important contribution of soil
photodissolution to the DOM reservoir of tidal rivers. Considering high
proportion of humic-like components in photoreleased DOM, photochemical
transformations of soils in tidal rivers would promote the export flux of carbon
from estuaries to open seas. This study emphasizes the importance of soil
photodissolution of tidal rivers in the carbon transfer from lands to oceans.
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1 Introduction

Natural organic matter (NOM), a ubiquitous matrix of organic
materials and the largest reduced carbon reservoir, plays an
important role in elemental cycles and ecosystem functions of
aquatic environments (Massicotte et al., 2017). Tidal rivers are an
emerging hot spot of estuarine elemental cycles and ecosystems,
where organic matter (OM) composition is controlled by complex
hydrological and biogeochemical processes (Bianchi and Allison,
2009; Hoitink and Jay, 2016). Eroded soils have contributed to the
OM pool of tidal rivers due to land utilization and hydraulic erosion
(Balthazar et al., 2013; Hurni et al., 2015). Part of soil organic matter
(SOM) could be buried in estuarine environments through
flocculation and sedimentation, forming a sink for geochemical
elements. However, strong tidal oscillations drive the erosion and
resuspension of sediments, causing the low burial rate of SOM in
the sedimentary environment of tidal rivers (Sun et al., 2020), and a
long hydraulic retention time supported subsequent
biogeochemical transformations of SOM in the water column
(Downing-Kunz and Schoellhamer, 2013; Xu et al., 2021), which
influences the role of tidal rivers in estuarine elemental cycles and
ecosystem functions.

Photochemistry is one important mechanism processing the
OM of tidal rivers, which would induce the mineralization and
dissolution of resuspended SOM in the water column (Mayer et al.,
2006; Schiebel et al,, 2015; He et al, 2016). Although generated
inorganic carbon could escape from tidal rivers reducing estuarine
carbon storage (Cory et al, 2007; Medeiros et al, 2015), some
dissolved organic matter (DOM) could be released through the
photochemical transformation of SOM, adding the complexity and
uncertainty of estuarine elemental cycles (Estapa et al., 2012; Hu
et al., 2020; Harfmann et al., 2021). Previous studies found that the
characteristics and content of photoreleased DOM depend on
particulate sources and size (Mayer et al, 2012; Helms et al,
2014). Traditionally, fine terrestrial particles released more
humic-like DOM through photochemical reactions than plant
residues (Lee et al, 2019, Lee et al., 2023). Driven by land
utilization, diverse SOM would converge in tidal rivers and
undergo the photochemical transformation to release DOM with
different properties (Fellman et al., 2009; Ward et al, 2017).
Moreover, aquatic ions also impact the photochemical
transformation of OM by participating in photochemical
reactions (Parker and Mitch, 2016; He et al., 2022). Recent
studies revealed that halogen ions could react with intermediates
to enhance the photolysis of DOM (Zhang et al., 2018). The effect of
salinity on the decomposition and dispersion of SOM was also
observed in tidal rivers (Wong et al., 2010; Qu et al.,, 2019; Zhang
et al., 2023), and Marton et al. (2012) found that salinity can alter
short-term carbon dynamics of tidal wetlands. Tidal rivers
experienced dynamic variations of the ionic environment due to
seawater intrusion (Hoitink and Jay, 2016), which could be another
important factor modulating the photorelease of DOM from SOM.
Moreover, intrinsic characteristics of photoreleased DOM would
account for their persistence and biogeochemical cycles in tidal
rivers (Belanger et al., 2006; Canuel and Hardison, 2016; Cao et al.,
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2018). Compared with protein-like components, humic-like
components as the photo-product could resist biodegradation to
recycle throughout estuaries (Zhao et al., 2023). Thus, to get
a comprehensive understanding about the role of tidal rivers
in estuarine elemental cycles, it is necessary to explore the
influence of soil sources and hydrological conditions on the
photochemical transformation of SOM and the composition of
photoreleased DOM.

Downstream Dagu River (DGR) adjacent to Jiaozhou Bay is a
typical tidal river that processed and transported a large amount of
OM, modulating estuarine carbon cycles (Yu et al., 2019). Previous
studies showed that eroded soils have a major contribution to
sediment OM of the DGR (Dong et al., 2020) and were
repeatedly stirred and uplifted by strong tidal oscillations in the
dry season (Chen et al,, 2019). Furthermore, long water retention
time prolonged the exposure of resuspended SOM to sunlight
(Wang H. et al, 2014), stimulating their photochemical
transformations in the water column and influencing the role of
the DGR in elemental cycles. A significant correlation between
aquatic DOM and land utilization was also observed in the DGR
(Ding et al., 2022). However, anthropogenic activities shape the
DGR basin with diverse land types including forest land, reeds,
cropland, grassland, and aquaculture (Li et al.,, 2020; Gao et al,
2023). Moreover, tidal oscillations modulate the content of seawater
intrusion in the DGR (Liu et al., 2019; Zhu et al., 2020), altering the
hydrological condition. Dynamic hydrologic conditions and
multiple sources of SOM add complexities and uncertainties to
the photochemical transformation of SOM to DOM (He et al,
2016). In this study, seven types of soils along the tidal reach of the
DGR were collected to employ light simulation experiments in
different hydrological conditions (freshwater and artificial
seawater). The variance in spectroscopic properties of DOM from
SOM photolysis was also characterized by the absorption-
fluorescence spectrum while featuring the geochemical properties
of SOM. The objectives of this study were to (1) evaluate the
qualitative and quantitative characteristics of photoreleased DOM
from suspended soils in the DGR, (2) explore the influence of
sources and environmental conditions (salinity) on the
photochemical transformation of SOM, and (3) suggest the role
of resuspended SOM photolysis in modulating estuarine
elemental cycle.

2 Materials and methods
2.1 Soil collection and preparation

The DGR was located in the inner coastal area of Jiaozhou Bay,
which covers an area of 6,131.3 km® (Jiang et al, 2021). The
downstream land of the DGR was cultivated for various purposes
(Dong et al., 2020). Seven sampling sites were set along the downstream
DGR to collect different types of SOM on 15 April 2022 (T1-T7,
Figure 1). These representative sampling sites were located on both
sides of the tidal section of the DGR, containing reeds (T1), cropland
(T2), saline land (T3), aquaculture (T4), forest land (T5), grassland
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Study area and sampling sites in the Dagu River (DGR). Seven sites (T1-T7) were selected to collected representative soils (Reeds-T1, agricultural
land-T2, saline land-T3, aquaculture-T4, forest land-T5, grassland-T6, unutilized land-T7).

(T6), and unutilized land (T7) (Figure 1 and Table 1). We collected
diverse soils with ca. 0- to 15-cm depths with different properties using
a Luoyang shovel. All collected samples were transported within 24 h to
the laboratory in an icebox and then freeze-dried. We ground and
sieved freeze-dried soils (100 mesh) to prepare for photochemical
simulation experiments under different hydrological conditions.

2.2 Photochemical experiments of
resuspended SOM

Photochemical experiments of resuspended SOM were
conducted based on SOM sources and water salinity. SOM
resuspension was prepared by immersing seven processed soils
in acid-pretreated HDPE bottles with ultrapure water at solid
concentrations of 5,000 mg/L, respectively. After stirring at 100
rpm for sample homogenization, the resuspension of seven soils
was quartered, respectively; two sub-samples underwent photo-

irradiation, while others were kept in the dark to serve as control
cultures by covering them with aluminum foil. In order to
intuitively reflect the influence of salinity in the photolysis of
SOM through altering ionic strength and main ion concentration
(CI"), two sub-samples were artificially amended with solid
sodium chloride (burned at 450°C for 4 h). The salinity of
simulation experiments was set at 10 based on the salinity
gradient of the DGR ranging from 0.6 to 27 (Supplementary
Figure S1). For each soil sample, four experimental units were
set up including freshwater with photo-irradiation (Light-F),
artificial seawater with photo-irradiation (Light-S), freshwater
without photo-irradiation (Dark-F), and artificial seawater
without photo-irradiation (Dark-S). All sets of cylindrical acrylic
reactors containing each resuspension solution were placed on the
rooftop, where they could be exposed to direct sunlight. Maximum
light intensity was approximately 120,000 Ix, and maximum UV
irradiation intensity was approximately 6,000 fW/cm” as shown
in Supplementary Table S1. In all cultures, resuspensions were

TABLE 1 Land types, organic carbon content (TOCsom%) and inorganic carbon content (TIC,,;%), and organic carbon isotope composition (§"*Csom
%o) of seven soils in the tidal river basin.

Sample name T2 T3 T4 T5 T6 T7
Land type Cropland Saline land  Aquaculture Forest land Grassland Unutilized
TOCsom% ‘ 0.18 091 0.24 ‘ 0.49 0.43 0.51 0.58
TIC, 3% ‘ 0.09 0.20 0.01 ‘ 0.19 0.18 0.02 0.10
3" Csom%o ‘ -233 -22.1 -233 ‘ -205 -238 -22.1 -246

Frontiers in Marine Science

03

frontiersin.org


https://doi.org/10.3389/fmars.2024.1400196
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhou et al.

continuously stirred at 100 rpm and incubated for 168 h with
periodic ventilation.

2.3 Sample collection and basic
chemical analysis

The carbon content of soils was characterized including total
organic carbon content (TOCgop) and total inorganic carbon
content (TIC;). Approximately 1 g of soil was acidified using 3
M HCI (30 mL) (60°C) to remove carbonate and then acid-treated
soils were repeatedly rinsed with ultrapure water to pH = 7. The
carbon content of acid-treated soils and original soils was featured
by an elemental analyzer (Thermo Scientific FLASH2000 Series
CNS, accuracy +0.3%). Finally, an isotope ratio mass spectrometer
(Thermal Scientific) with a precision and accuracy of +0.5%o was
employed to determine the stable carbon isotopic composition
(8" Csom) of acidified soils.

Resuspension samples at each experiment unit were collected at
6, 12, 24, 96, 120, and 168 h. All water samples were immediately
centrifuged at 4,000 rpm for 30 min. The supernatant fluid was
filtered through pre-combusted 0.7-um membrane filters (450°C, 4
h) (47 mm, Whatman GF/F), then followed by filtration by pre-
washed 0.2-pm membrane filters (47 mm, Isopore) for nutrient and
DOM analysis. Nutrient concentration including phosphate (PO,4-
P), silicate (SiO3-Si), and dissolved inorganic nitrogen (DIN, NH,-
N, NO;-N, and NO,-N) of water samples was measured according
to Grasshoff et al. (2009) using a Bran and Luebbe 5-channel AAIII
(Germany) segmented flow colorimetric auto-analyzer (NH4-N,
NO;-N, NO,-N, PO,-P, and SiO;-Si at £0.1 uM, + 0.3 uM, +
0.02 uM, + 0.02 uM, and +0.2 UM, respectively). Dissolved organic
carbon (DOC) concentration of filtrates was determined by a TOC
analyzer (Shimadzu TOC-L) (+ 2%) to characterize DOM content.

2.4 Optical analysis

An Aqualog absorption-fluorescence spectrometer (Horiba)
was used to measure UV-Vis and 3D-EEMs of filtrates according
to Wang et al. (2021). Milli-Q water was used as blank, and the scan
was conducted from 240 nm to 600 nm (increments, 3 nm; scan
integration time, 1 s). Specific ultraviolet absorbance at 254 nm
(SUVA,s54) was calculated to quantify the content of aromatic DOM
(Weishaar et al., 2003), and the spectral slope ratio (Sg; 275-295 nm
slope: 350-400 nm slope), which is related to DOM molecular
weight (MW) (Helms et al., 2008) and humification index (HIX) for
the humification degree of DOM (Ohno, 2002), was also calculated.
To perform a semi-quantitative analysis of DOM, the PARAFAC
model (Stedmon and Bro, 2008) was used to identify three
fluorescence components including component 1 (Cl, Ex/Em,
240/430 nm), component 2 [C2, Ex/Em, (240, 276)/325 nm], and
component 3 (C3, Ex/Em, 273/509 nm) (Supplementary Figure S2).
C1 was similar to fluorescence peak A/C that was traditionally
defined in terrestrial DOM (Supplementary Figure S2A; Burdige
et al., 2004; Bernal et al., 2018) and C3 was similar to the terrestrial
humic-like fluorescence peak A (Supplementary Figure S2C;
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Murphy et al., 2008). Component C2 was an autochthonous
protein-like substance in tryptophan-like fluorescence peak T
(Supplementary Figure S2B; Coble et al., 1998; Murphy et al., 2008).

2.5 Statistical analyses

The Student’s ¢-test was conducted using SPSS 16.0 to evaluate
the significant differences between different cultures. A principal
component analysis (PCA) of DOM and nutrient parameters in all
samples was also introduced to analyze potential mechanisms
modulating the photochemical transformation of SOM using
Canoco 5.0. To study the correlation between the photochemical
production of soils and different environmental factors, multivariate
statistical analyses were performed in all samples. The Mantel’s
analysis of all geochemical parameters and different environmental
factors was conducted using the “LinkET” package in R, and
Spearman’s correlation between different geochemical parameters
was also conducted in R. Finally, structural equation modeling was
used to detect the potential pathways in tidal rivers by which soil
properties may cause total DOM content changes via dissolution
and photorelease alterations based on the DOC concentration and
humic-like component content of seawater cultures on 168 h.
Moreover, dark cultures indicate the physical and microbial
dissolution of soils, and the difference in DOM content between
dark cultures and light cultures indicates the photorelease of soils.

3 Results
3.1 Geochemical properties of soils

Soils of the DGR show obvious regional differences in OM
content (TOCsoyp) and composition (8" Csonm, Table 1) due to land
utilization and vegetation destruction. All soils showed a higher
content of organic carbon than inorganic carbon (TOCgoy 0.48 +
0.22%; TICy 0.11 + 0.07%). The organic carbon content of soils
(TOCsom) ranged from 0.18% to 0.91%. Station T2 covered by
cropland had the highest organic content (0.91%), while T1 covered
by reeds had the lowest organic content (0.18%). The 8" Csom
values related to SOM compositions varied from —24.6%o to
—20.5%o. The highest value of —20.5%o0 was shown in T4 with
aquaculture and the lowest value of —24.6%o was shown in T7 with
unutilized land.

3.2 Changes in nutrient concentration and
DOM properties in
photochemical experiments

Dynamic variations in DOM and nutrient concentration of
water samples under different conditions were observed as shown in
Figure 2. DOC concentration of all cultures showed an increased
trend along with the culture time lasting and higher DOC
concentration was observed in station T2 with cropland and
station T7 with unutilized land (T2, 6.78 + 0.67 mg/L; T7, 5.76 +
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FIGURE 2

Temporal changes in DOC (A) and nutrient concentration (B, DIN; C, PO4-P; D, SiOs-Si) of water samples under different conditions (blue dots
represent seawater dark conditions Dark-S, blue circles represent freshwater with dark conditions Dark-F, red solid triangles represent seawater with
light conditions Light-S, and red triangles represent freshwater with light conditions Light-F).

0.68 mg/L; others, 3.82 + 0.41 mg/L, Figure 2A). Light cultures
showed a DOC concentration of 5.22 + 1.84 mg/L, which was
significantly higher than that of dark cultures (3.78 + 1.17 mg/L;
Figures 2A, 3A). There is also a significant difference between Light-
F cultures and Light-S cultures (p < 0.01, Figure 3A), and Light-F
cultures have a higher DOC concentration (Light-F, 5.52 + 0.68 mg/
L; Light-S, 4.92 + 0.82 mg/L; Figures 2A, 3A). Silicate concentration
(SiO5-Si) also showed an increased trend (Figure 2D), and cultures
exposed to sunlight had a higher SiOs-Si concentration than dark
cultures (light, 30.7 + 13.0 uM; dark, 17.6 + 8.6 uM; Figure 3D).
However, DIN and PO,-P concentrations decreased during long-
term culture of soils (Figures 2B, C). Cultures exposed to sunlight
showed a significant decrease in DIN and PO,-P concentration, and
their decreasing ratios (DIN, 95.2% + 11%; PO,-P, 81.1 + 13%) were
much higher than those of dark cultures (DIN, 46.5% + 23.1%; PO,-
P, 58.5 + 45.4%). Under light conditions, mean DIN (20.6 + 4.7 uM)
was lower than that of dark cultures (49.7 + 5.1 uM; Figures 2B and
3B), while PO,-P concentration among cultures showed an opposite
trend (light, 0.76 + 0.49 uM; dark, 0.33 + 0.39 uM; Figures 2C and
3C). Meanwhile, DIN and PO,-P of Light-F cultures showed values
significantly lower than Light-S cultures (Light-F, DIN 18.9 + 9.8
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UM, PO,-P 0.68 + 0.46 UM; Light-S, DIN 22.2 + 10.9 uM, PO,-P
0.83 £ 0.57 uM; Figures 3B, C).

The optical properties of DOM also displayed dynamic
variations among cultures as shown in Figure 4. SUVA;sy,
indicating the content of aromatic compounds (Figure 4A) and
humic-like components (C1+C3, Figure 4B), showed an increased
trend especially at stations T2 and T7 (T2, SUVA,54, 38.07% + 30%;
humic-like, 51.03% + 22%; T7, SUVA,s4, 20.23% + 40%; humic-
like, 45.52% + 54%), while the protein-like component (C2) was
relatively constant with low values (0.10 + 0.04 R.U; Figure 4C).
Moreover, light cultures had a higher content of aromatic
compounds (SUVA,s4) and humic-like components (SUVA,s,,
light, 4.22 + 1.54 mg/L-cm; dark, 1.19 + 0.63 mg/L-cm; humic-
like, light, 1.13 + 0.21 RU,; dark, 0.87 + 0.13 R.U.), which were
significantly different from those of dark cultures (p < 0.01;
Figures 3E, F). Furthermore, freshwater cultures exposed to
sunlight showed higher values in SUVA,s, and humic-like
components than seawater cultures exposed to sunlight (Light-F,
SUVA,s4, 4.55 + 0.92 mg/L-cm, humic-like, 0.93 £ 0.17 R.U,; Light-
D, SUVA,s4, 3.88 + 0.98 mg/L-cm, humic-like, 0.77 + 0.17 R.U.).
Correspondingly, HIX representing the humification degree of
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Boxplots of DOC (A), nutrient concentration (B DIN, C PO4-P, D SiOs-Si) and optical parameters (E SUVA,s4, F Humic-like components C1+C3, G
Protein-like components C2, H HIX, I Sg) under different conditions (yellow boxes represent seawater with dark conditions D-S, orange boxes
represent freshwater with dark conditions D-F, blue boxes represent seawater with light conditions L-S, green boxes represent freshwater with light
conditions L-F). Different letters indicate significant differences between different cultures (capital letters indicating p<0.01, and lower-case letter

indicating p< 0.05).

DOM also increased along with culture time lasting, and higher
values were shown in Light-F cultures (Light-F, 0.86 + 0.13; Light-S,
0.83 +£0.1; Dark-F, 0.75 + 0.03; Dark-S, 0.73 + 0.04; Figures 4D, 3H).
Moreover, Sk being negatively correlated to the molecular weight of
DOM randomly fluctuated over time, and higher values occurred in
light cultures (light, 0.99 + 0.34; dark, 0.86 + 0.46; Figures 4E, 31).

3.3 Statistical analysis

To understand the influence of soil sources and aquatic
environments in the photorelease of DOM from soils, PCA and
Mantel’s analysis were performed based on geochemical parameters
and environmental factors in all samples. The first and second
principal components (PC1 and PC2) explain 52.8% and 14.5% of
the variance in DOM composition, respectively (Figure 5A). Water
samples in light cultures show DOM characteristics different from
dark cultures, and light samples are located on the positive loading
of PC1, which is positively correlated with all parameters except for
DIN and protein-like components. However, diverse samples
cultured under different conditions converge in the positive

Frontiers in Marine Science

06

loading of PC2. For Mantel’s analysis, DOC showed significantly
positive correlations with PO,-P, SUVA,s,, humic-like component,
and HIX (r > 0), while it exhibited negative correlations with DIN,
protein-like component, and Sk (r < 0, Figure 5B). Environmental
factors displayed different correlations with geochemical
parameters. Light has significant correlations with all parameters
except protein-like components (p < 0.05), and nutrient
concentration was mainly correlated with light. DOC shows
significant correlations with light, TOCsoy and 3" Csom (p <
0.05), and humic-like components and HIX are significantly
correlated with all environmental factors (p < 0.05).

4 Discussion

4.1 Photochemistry serves as an important
factor driving DOM release from SOM in
the aquatic environment

In the aquatic environment, suspended soils are processed by
diverse biogeochemical processes, and numerous mechanisms
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Temporal changes in optical parameters (A SUVA,s4, B Humic-like components C1+C3, C Protein-like components C2, D HIX, E Sg) of water
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Dark-F, red solid triangles represent seawater with light conditions Light-S, and red triangles represent freshwater with light conditions Light-F).

including physical dissolution/desorption, biodegradation, and
photodissolution account for DOM release from soils (He et al.,
20165 Lee et al., 2023). Inorganic nutrient concentration and DOM
content in the dark cultures present physical dissolution/desorption
and microbial release of soils (Figures 2, 4). Furthermore, DOM
enrichment during physical and microbial processes is modulated
by the OM content of soils as indicated by the high DOC
concentration in dark cultures of carbon-enriched soils at station
T2 (Table 1; Figure 2A). Moreover, no significant differences
between Dark-F and Dark-S cultures of all soils (Figure 3A) could
suggest a few influences of water salinity on the physical/microbial
release of DOM from soils. Previous studies also pointed out the
resuspension-induced repartition of OM between solid and liquid
phases in a tidal estuary with seawater intrusion (Komada and
Reimers, 2001). Nonetheless, the higher content of DOM that
appeared in light cultures (Figures 2, 4) could indicate the
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facilitation of photochemistry for DOM release from soils, which
is also supported by significant differences between dark cultures
and light cultures (Figures 3, 5A). Helms et al. (2014) and Schiebel
et al. (2015) also found photochemistry accelerating the OM
exchange between water columns and suspended sediments. The
photorelease of DOM from particulate materials is thought to be
driven by two mechanisms, namely, direct photo-assisted
desorption and indirect photochemical reactions via radical
oxygen species (Dong et al, 2021; Harfmann et al, 2021). Hu
et al. (2020) found that indirect photochemical reactions play a
dominant role in particulate matter photodissolution and NO;~
could facilitate indirect process. Although microorganisms could
consume nutrients inducing the decrease of DIN and PO,-P in all
cultures (Figures 2B, C), the lower DIN concentration in light
cultures could suggest the occurrence of DOM photorelease via
indirect photochemical reactions of soils being involved in the
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participation of NO5;~ (Mostofa et al, 2012), which was also
supported by the negative correlation between DIN and DOC
(Figure 5B). Although some photoreleased DOM could be further
remineralized into CO, (Mopper et al., 2015), the increase in DOC
concentration (Figure 2A) and the content of related compounds
(Figures 4A, B) in light cultures display the continuous enrichment
of DOM, underlining the important contribution of photochemical
transformations of soils to the aquatic DOM pool.

4.2 Photochemical enrichment of DOM
from SOM depending on soil sources
and salinity

Given that the photodissolution of particulate materials in
aquatic environments is one chemical reaction driven by
irradiation, the photochemical enrichment of DOM from SOM
would be affected by substrate properties and water environments
(Helms et al., 2014; Appiani and McNeill, 2015; Hu et al., 2022).
The SOM of tidal rivers has diverse sources, which combined with
hydrological conditions to complicate DOM photorelease from
suspended soils (Ward et al., 2017). PCA and Mantel’s analysis
also showed that light exposure is only part of the reason for DOM
variations among all experimental cultures, and soil properties and
salinity also impact DOM content and composition (Figure 5).
Because of land utilization and anthropogenic activities, soils of the
DGR have high primary productivity as indicated by a 8">Csoy of
—-23.3%0 to —20.5%0 except for undeveloped T7 with aged soils
(Table 1; Gao et al., 2023). Nonetheless, when suspended soils were
exposed to sunlight, more aromatic (SUVA,s4) and humic-like
compounds were released into the water column in all
experimental cultures (Figures 4A, B, 3E, F), increasing the
humification degree of DOM (Figures 4D, 3H). Lee et al. (2019)
and Shank et al. (2011) also found that photoreleased DOM from
suspended sediments and soils was dominated by humic-like
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components. As reported by previous studies, dissolved aromatic
compounds are photochemically active to form reactive
intermediates (Hu et al.,, 2022; Cai et al.,, 2023), and thus
photochemistry could also preferentially process particulate
aromatic OM releasing related intermediates. Although the SOM
of stations T7 and T6 had a similar carbon content (Table 1), the
higher content of aromatic compounds and humic-like components
photoreleased from aged soils of station T7 could underline the
propensity of photochemical transformations for humified SOM
(Figures 4A, B), which is also supported by the significant
correlation between 8'°Csop and specific components (SUVA,s,
and humic-like, Figure 5B). Helms et al. (2014) also found that the
photodissolution of humified sediments released more DOM.
Furthermore, the production of DOM photoreleased from soils
also depends on the organic carbon content of soils as indicated by
the higher DOM content in light cultures of station T2 (Figure 2)
and significant correlations between TOCgsoy and DOM
parameters (DOC, SUVA,s,, humic-like, Figure 5B; Liu and
Shank, 2015).

Water salinity is another factor modulating the
photodissolution of suspended particulate matter (He et al,
2016). For all sunlight experiments, seawater cultures showed
lower values in DOC concentration, SUVA,s,, and humic-like
components than freshwater cultures (Figure 3). Previous studies
found that salinity inhibited the photodegradation of DOM through
the participation of halogen ions in reacting with photochemical
intermediates (Minor et al., 2006; Zhang et al., 2020). Thus, chloride
ions could also react with photochemical intermediates from soils to
reduce the production of photoreleased DOM. Moreover, salinity
improved the flocculation of suspended particulate matter from a
fine to a coarse state (Mietta et al., 2009). Although all cultures of
this study were stirred, salinity-induced flocculation could also
occur, which is supported by the flocculation of particulate matter
in tidal estuaries with strong hydrodynamic forcing (Zhang et al.,
2021). Considering the specific surface area of different particulate
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matter, fine particulate matter may have a large specific surface area
to experience irradiation (Atkinson et al., 2009; Jung et al., 2012).
Although there is no significant difference in dissolved DOM
composition between seawater cultures and freshwater cultures in
the dark environment (Figure 3), the significant correlation between
salinity and silicate concentration (Figure 5B) could suggest
photochemical transformations amplifying the influence of
particulate matter size on soil dissolution. The process would
disrupt the photorelease of DOM from soils as indicated by the
significant correlation between salinity and humic-like components
(Figure 5B). Lee et al. (2023) also found that fine particulate OM
releases more humic-like substances by photodissolution than
coarse particulate matter.

4.3 Implications for estuarine elemental
cycles and further considerations

Tidal rivers serve as a part of estuarine ecosystems with diverse OM
sources and complex biogeochemical processes, modulating the role of
estuaries in global elemental cycles (Bianchi and Allison, 2009; Hoitink
and Jay, 2016). The photochemical transformation of soils is one key
process concerning estuarine elemental cycles (Schiebel et al., 2015).
Although results of culture experiments showed that intruded seawater
inhibited the photochemical dissolution of SOM in the tidal river,
photoreleased DOM in the seawater environment is still considerable
(Figures 2-5). Based on the results of 168 h in seawater cultures, this
study constructed a structural equation model (SEM) of soil properties
causing total DOC concentration and humic-like component content
changes via physical dissolution and photorelease alterations in
seawater (Figure 6). The SEM shows that soil properties account for
the production of humic-like components (p < 0.05, Figure 6B), and the
photomineralization of humic-like components under irradiation
could cause a low correlation coefficient between soil properties and
photoreleased production of DOM and humic-like components

Photorelease

Dissolution
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0.59%* 0.85%*

!

Total DOC
1.29 +£0.31 mg/g soil

R |

FIGURE 6
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(Figure 6; Lu et al, 2016). Nonetheless, the photolysis of soils is
predominant in the DOM reservoir as indicated by high correlation
coefficients between total DOM content and photoreleased production
(Figure 6). When some inorganic nutrients physically released from
soils were consumed during photochemical and microbial
transformations of SOM (Figure 2), high DOM production from soil
photodissolution would contribute a large number of organic nutrients
fueling estuarine ecosystems (Southwell et al.,, 2011; Glibert et al., 2023).
As the largest reduced carbon reservoir, dynamic variations of OM
between different phases also have important implications for estuarine
carbon cycle (Bianchi and Allison, 2009). Based on the DOC
concentration of 168 h in seawater cultures of different soils
(Figure 2), the average production of DOM via dissolution and
photorelease of soils is calculated to be approximately 1.29 + 0.31 mg
per gram of soil (Figure 6A). The soil erosion modulus of the DGR
basin is approximately 308 t/(km*year), and the export flux is
approximately 9.60 x 10° t/year (Zhang et al, 2013). Based on the
drainage area of the DGR (4,631.3 km?) and the conversion rate of
terrestrial sediments (85%) (Huang et al., 2024), the maximum
production of DOM via dissolution and photorelease of soils is
approximately 1.10 x10° gC-km *year " (1.29 mgg'x (308
tkm 2year 'x4,631.3 km® — 9.60x10° t-year ')/4,631.3 km>x0.85).
Kong (2014) estimated a DOM export flux of 1.6 x10°
gCkm 2year " all year round in the DGR. Although our estimation
ignored the contribution proportion of different soils and the
remineralization rate of soils, this result underlines the important
contribution of soils through dissolution and photorelease to DOM
reservoir of tidal rivers. Moreover, the promoted production of DOM
from soil photolysis has also been observed in the aquatic environment
(An et al,, 2023). Furthermore, the content of humic-like components
from dissolution and photorelease per gram of soils is approximately
0.22 + 0.08 RU. (Figure 6B), and the content of protein-like
components is approximately 0.023 + 0.004 R.U. Thus, some DOM
with low biological activity from the photodissolution of soils would be
transported into open seas participating in marine carbon cycles.

Dissolution

0.70%*
-0.30%

0.70%*

!

Humic-like component
0.22 +£0.08 R.U.-L/g soil

Structural equation model of soil properties may cause total DOC concentration (A) and humic-like component content (B) changes via physical
dissolution and photorelease alterations in seawater cultures based on DOC concentration and humic-like component content of 168h. Single-
headed arrows indicate the hypothesized direction of causation. Red arrows indicate the influence of organic matter content of soils (TOCsom), and
blue arrows indicate the influence of organic matter composition of soils (§*Csom). * and ** represent p < 0.05, p < 0.01 respectively. Numbers

represent spearman’s r.
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Although we carried out experimental cultures based on our
purposes, limitations still exist. First, the influence of field seawater
in the photochemical transformations of suspended particulate matters
is complex. In this study, we recognized that artificial seawater is
simple. The difference in results between freshwater and artificial
seawater cultures could still clarify the influence of salinity on
photochemical transformations of suspended particulate matter
through altering ionic strength and the main ion concentration (Cl).
Second, DOM is a matrix of organic elements, and analytical
techniques of this study are limited to clarifying complex
biogeochemical transformations of different elements, and FT-ICR
MS could provide an informational elemental composition of DOM
(Zhou et al., 2022; Guo et al,, 2023). Even though further efforts are
needed to make up for the above limitations, this is the first study to
introduce irradiation experiments of different soils from the tidal river
basin to clarify the influence of salinity and soil properties on DOM
enrichment. Although current analytical techniques are insufficient to
address all issues related to estuarine elemental cycles, the important
production of DOM from photochemical transformations of soils in
tidal rivers is pointed out. Considering the intensification of soil erosion
by anthropogenic activities and climate change and the critical role of
soil transformation in estuarine elemental cycles (Wuepper et al., 2020),
it is necessary to employ more analytical techniques, including FT-ICR
MS, to comprehensively study different elemental cycles of tidal rivers
under light irradiation.

5 Conclusions

This work carried out laboratory-controlled irradiation
experiments to investigate the response of DOM content and
composition to various soil photolysis under different aquatic
environments. Resuspended soils were photodegraded in the water
column and released some DOM, especially humic-like components.
Diverse factors, including salinity and soil properties, modulate the
production of DOM photoreleased from soils, and salinity could inhibit
the photodissolution of soils. Furthermore, soils with a high organic
carbon content and aged soils with low 3 Csom released more DOM
and humic-like components. Although the DGR is impacted by
intruded seawater and receives diverse soils, photoreleased DOM
from soils in tidal rivers is still considerable. These results underline
the important contribution of photoreleased DOM from suspended
soils to DOM reservoirs of tidal rivers, which promoted carbon export
flux of estuaries to open seas.
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