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Base-extracted particulate organic matter (BEPOM) collected in low (spring) and high (summer) runoff seasons in
the Changjiang Estuary and adjacent nearshore/offshore shelf areas was examined using absorption and fluo-
rescence spectroscopy. Parallel factor analysis (PARAFAC) identified two humic-like (C1p and C2p) biologically-
refractory components and two protein-like (C3p and C4p) bioreactive components. Absorption coefficient
a350p, Clp and C2p of BEPOM showed strong positive correlations with particulate organic carbon (POC), and
were generally higher in spring than in summer. C4p correlated positively with Chl a, and was higher in summer
than in spring. In the inner estuary, an anthropogenic POM signal from the highly polluted Huangpu River was
effectively identified by the fluorescent component ratio (It:Ic)p. In the nearshore area during spring, resus-
pension within the well-developed turbidity maximum zone (TMZ) supplied large amounts of refractory POM
into the water column. POM fractions from an autochthonous source (i.e., algal bloom) were dominant in the
offshore area during the summer. A multivariate regression model inferred that POM export fluxes from the
Changjiang River during spring had a higher percentage of labile POM fractions, which were subsequently
retained by the TMZ. However, these labile fractions were discharged into the offshore shelf area contributing to
hypoxia in the summer. The summer high runoff season also transported large amounts of refractory POM that
was subsequently buried in the sediment. This study highlights the utilization of optical analyses to trace
pollution sources and reveal POM fate and transport dynamics allowing better assessment of its ecological
consequences in estuaries.

1. Introduction

Export of riverine particulate organic matter (POM) to coastal waters
represents a key linkage between terrestrial and marine carbon pools
(Bianchi, 2011; Remeikaite-Nikiene et al., 2017; Wang et al., 2012),
especially in the case of mega rivers conveying large carbon fluxes (Dagg
et al., 2004; Lopez et al., 2012; Spencer et al., 2016). As a dynamic
interface between land and ocean, estuaries significantly modify the
nature and concentration of riverine POM (Arellano et al., 2019; Bauer
et al., 2013; Bianchi et al., 2007). For example, estuarine POM is regu-
lated by several processes, such as particle-solute interactions, in situ
production/degradation, and sedimentation-resuspension cycles that
are especially important in the estuarine turbidity maximum zone (TMZ)

(Hermes and Sikes, 2016; Savoye et al., 2012; Yang et al., 2013). Large
estuaries are often sites of high population and industrial densities that
impart anthropogenic perturbations on estuarine POM dynamics (Can-
uel and Hardison, 2016; Wang et al., 2020a). Thus, POM contributions
from multiple sources, anthropogenic impacts and complex estuarine
hydro-biogeochemical dynamics have a strong capacity to alter the
properties and fluxes of the POM eventually discharging into coastal
waters, thereby modifying the oceanic carbon budget and cycling
processes.

Analogous to the measurement of optical properties for colored and
fluorescent dissolved organic matter (CDOM and FDOM) (Guo et al.,
2014; Qu et al., 2020; Yu et al., 2019), spectral analyses (i.e. absorption
and fluorescence) provide an efficient, albeit operationally-defined,
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approach for probing the chemical characteristics of POM through
analysis of water- or base-extracted POM (BEPOM) (Brym et al., 2014;
Dong et al., 2020; Osburn et al., 2012). Absorption coefficients and
spectral slope (S275.295) metrics are valuable proxies for characterizing
the concentrations and molecular size of chromophoric POM (CPOM)
(Osburn et al., 2012; Yang et al., 2013). Similarly, excitation-emission
matrix spectroscopy (EEMs) can reveal several properties of fluores-
cence POM (FPOM) (Shields et al., 2019). For example, the individual
fluorescent components decomposed by parallel factor analysis (PAR-
AFAC) provide valuable information on the quantity, quality and
geochemical reactivity of estuarine POM (Lee et al., 2020; Osburn et al.,
2015).

The Changjiang Estuary is the largest estuary in China discharging
(1.3 ~ 1.5) x 102 g POC per year into the East China Sea (Wang et al.,
2012). Abundant runoff and high particle load highlight the role of river-
derived POM on the carbon cycle of this turbid estuary (Milliman et al.,
1984; Wu et al., 2007). Additionally, the Huangpu River flowing
through Shanghai City, a megacity with > 23 million people, experi-
ences chronic anthropogenic pollution leading to high concentrations of
nutrients and organic materials that are discharged into the estuary
(Guoetal., 2007, 2014). A TMZ is well developed near the mouth area of
the Changjiang Estuary resulting in frequent resuspension of bottom
sediments in the turbid inshore area that has a significant impact on
estuarine carbon dynamics (Zhu et al., 2006). The nutrient-rich waters
also contribute to seasonal algal blooms in the offshore shelf area (Wang
etal., 2017; Xu et al., 2020). The interaction of these complex factors on
POM concentration, properties and reactivity in the Changjiang Estuary
has received little study and therefore remains poorly understood.

Herein, we conducted two cruise investigations in the Changjiang
Estuary and the adjacent shelf area during spring (low runoff period)
and summer (high runoff period) of 2017. The optical properties of
BEPOM were characterized and interpreted in combination with asso-
ciated CDOM, FDOM, particulate organic carbon (POC), chlorophyll a
(Chl a) and nutrient data. The specific aims of this study were: (1) to
investigate the spatial and seasonal variations of CPOM/FPOM absorp-
tion and fluorescence properties in the Changjiang Estuary; (2) to assess
if anthropogenic perturbations on POM properties in the inner estuary
can be traced by its optical properties; (3) to reveal the influence of the
nearshore TMZ on CPOM/FPOM properties; and (4) to evaluate the
bioavailability and ecological consequences of different riverine POM
fractions in coastal areas. This study enhances our understanding of
natural and anthropogenic impacts on estuarine POM dynamics, thereby
improving our knowledge of carbon cycling in river-dominated mar-
ginal seas.

Al-l Al2 AL3 Al4 ALS A6 AL7
e © o o o o

. A3-1 A3
S ® 6 M
ha o A3s, o
® A3.7
A BS ® a3

B6 D7 Ad-1
A¢2
GANPA & ¢ ¢ &M%y o

A InnerEstuary
& Nearshore region
®  Offshore region

2vE

120

20

Ecological Indicators 128 (2021) 107837

2. Materials and methods
2.1. Study area

The Changjiang River (Yangtze River) is the third-longest river in the
world with a drainage area of 1.8 x 10° km. Multi-year annual export
fluxes of freshwater and sediment into the East China Sea are ~ 8.8 x
10'! m® and 1.27 x 10® tons, respectively (Changjiang Sediment
Bulletin, 2017). Particulate organic carbon (POC) in the Changjiang
River ranges from 0.5 to 2.5% of total suspended matter (Wu et al.,
2007). Annual mean temperature and precipitation for the lower
Changjiang River are 15.2-15.8 °C and 1149 mm, respectively. As
regulated by the East Asian monsoon system, the annual hydrograph of
the Changjiang River can be divided into dry (November ~ April;
average discharge ~ 20000 m s~!) and wet (May-October; average
discharge ~ 40000 m s’l) seasons.

The Changjiang Estuary is a semi-diurnal mesotidal estuary, with an
average tidal range of 2.7 m, and is divided into inner estuary, nearshore
and offshore shelf areas (Fig. 1). The South Branch (~10-20 km wide,
~20 m depth) of the inner estuary is the main pathway for Changjiang
discharge into the East China Sea. Several pollution sources into the
South Branch originate from the highly polluted Huangpu River
(average discharge of 324 m s™!) and sewage outlets downstream of the
Huangpu River (Chai et al., 2006; Guo et al., 2014). Due to shallow
depth and strong tidal dynamics, a TMZ persists throughout the year in
the fan-shaped nearshore area. High suspended sediment concentrations
occur in both surface and bottom layers of the TMZ in the dry season. In
contrast, most resuspended sediments are restricted to bottom layers of
the TMZ during the wet season (Hua et al., 2020). The offshore shelf is
dominated by interactions between Changjiang Diluted Water (CDW)
and the northward flowing Taiwan Warm Current (TWC), a branch of
the Kuroshio Current characterized by high temperature and salinity
(Zhu et al., 2011). During the dry season, CDW flows southeastward and
becomes vertically well mixed with the TWC. In the wet season, a
stratified CDW plume tends to flow northeastward above the bottom
waters from the TWC (Su, 1998). Algal bloom events frequently occur in
a winding band along the plume front in the offshore area during spring
and summer (Zhou et al., 2020).

2.2. Sample collection and pretreatment

Field observation/collection occurred onboard the R/V Runjiang I in
the Changjiang Estuary and adjacent continental shelf (120.1 ~ 124.0
°E, 28.8 ~ 32.3 °N) during May 5 ~ 19 and July 20 ~ August 2, 2017,
corresponding to spring lower runoff/sediment fluxes (May 2017 sedi-
ment: 5.74 x 10° tons) and summer higher runoff/sediment fluxes (July
2017 sediment: 28.47 x 10° tons) (Fig. 1). Surface water (0.5 m depth)
was collected along five land-to-ocean transects at 59 sites, including the
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Fig. 1. (a) Sampling stations of the Changjiang Estuary and the adjacent continental shelf; (b) Sampling periods projected on runoff flux curve for the Changjiang

River at Datong hydrological station during 2017.



L. Qu et al

longitudinal C-A6 transect ranging from the inner estuary to the offshore
area that covered the entire salinity range of 0-33.4. Water samples
were collected using Niskin bottles mounted on a Rosette sampling as-
sembly equipped with calibrated conductivity-temperature-depth (CTD)
sensors (SeaBird 911plus, USA). Samples for optical analysis of POM and
DOM were filtered immediately through 0.7 pm, pre-combusted (500 °C,
10 h) GF/F filters (Whatman, UK). Filters for base-extractable POM
(BEPOM) were stored at —20 °C, while the DOM samples were stored in
pre-combusted (500 °C, 5 h) amber glass bottles at 4 °C and measured
within one week after returning to the laboratory. To reduce filter
background C-contamination, the samples for POC analysis were filtered
through 2.2 pm, pre-combusted (650 °C, 10 h) quartz filters (Whatman),
which showed comparable POC concentrations to a previous study using
0.7 pm GF/F filters (Zhu et al., 2006). Samples for total suspended
matter and Chl a were separately filtered through 0.7 pm GF/F filters
(Whatman). Filters for Chl a were stored in liquid nitrogen until analysis.

2.3. Extraction of BEPOM samples

CPOM and FPOM components of POM were extracted using 15 ml of
0.1 M NaOH solution for 24 h at 4 °C in the dark (Osburn et al., 2012).
Extracted solutions were neutralized with concentrated HCl to pH =
7-8, and subsequently filtered through 0.22 pm polyethersulfone filters
before CPOM and FPOM analyses.

2.4. Absorption and fluorescence analyses

The absorbance (A;) of CPOM and CDOM were scanned using an
ultraviolet-visible spectrophotometer (UV-8000, Yuanxi, Shanghai),
with Milli-Q water as a blank. The scanning range was 220 to 800 nm at
1-nm intervals. Absorbance spectra were corrected for instrument shift
and particle scattering by subtracting absorbance at 700 nm. Absorption
coefficients (a;) for selected wavelengths and absorption curves were
calculated/modeled using the following equations:

a, =2.3034,/1 @

a;, = azpe SV ()]

The absorption coefficient at 350 nm (azsop for CPOM, azsoq for
CDOM) was used as a quantitative indicator for CPOM and CDOM
abundances, whereas the spectral slope (S275.295p for CPOM, S275.2954 for
CDOM) over the 275-295 nm range was used as a proxy for the average
molecular weight of the organic constituents (Brym et al., 2014). Higher
So75.295 values usually represent relatively lower molecular weight.

FPOM and FDOM excitation-emission matrix spectra (EEMs) were
scanned using a Cary Eclipse spectrophotometer (Varian, Australia). The
excitation wavelength range was 240-450 nm with a 5-nm interval,
while the emission wavelength range was 280-600 nm with a 2-nm
interval. The scanning speed and voltage were 1920 nm/min and 800
V, respectively. All FPOM EEMs were corrected for the volumes of
extraction solution and filtered water sample (Osburn et al., 2012).
Inner filter effect corrections were not applied as all absorbance data
(values < 1.35) were below the threshold value (1.5 in 1-cm cell) for this
effect (Kothawala et al., 2013).

A total of 240 EEMs for FPOM and FDOM were modeled by PAR-
AFAC with Matlab 2014b using the DOMfluor toolbox 1.7 (Stedmon and
Bro, 2008). EEMs were normalized and blank corrected using Raman
normalized Milli-Q water scanned on the same day (Guo et al., 2014).
Each PARAFAC component was represented by a maximum fluorescence
intensity of Fpax (R.U, i.e. Raman unit).

2.5. Analysis of chemical and biological parameters
Total suspended matter (TSM) was calculated by dividing the dry

particle mass by the filtered water volume. POC concentration was
measured using a UNICUBE Trace Elemental Analyzer (Elementar,
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Germany); samples were pre-acidified to remove inorganic-C (i.e., car-
bonates) before analysis. Dissolved inorganic nutrients (dissolved inor-
ganic N: DIN = NH4 + NO3 + NO5 & soluble reactive P: SRP = PO4) were
measured using an Auto Analyzer 3 (SEAL Analytical, Germany). The
Chl a concentration was measured using a F-4500 Fluorescence Spec-
trophotometer (Hitachi, Japan) following the protocol of Jian et al.
(2019).

2.6. Data analysis

SPSS 22.0 was used for all statistical analyses (IBM, USA).
Figures were generated using Ocean Data View (odv.awi.de) and Origin
2020b (OriginLab, USA). All data are reported as mean + SD, unless
otherwise stated. All “differences” referred to in presentation of the re-
sults denote a statistical significant of p < 0.05.

3. Results
3.1. Seasonal variation of salinity, TSM, Chl a and POC

The South Branch of the inner Changjiang Estuary was dominated by
freshwater (salinity < 1) during both cruises (Fig. 2a, c). The low salinity
region spread eastward to the nearshore area during the summer high
runoff period, and a widespread CDW plume with salinity < 25 extended
in a northeastern direction (Fig. 2c). TSM concentrations in the spring
ranged from 0.95 to 1001 mg L' (80 + 186 mg L), which were
significantly higher than those during the summer (10.6-113 mg L,
33.9 + 19.5 mg LY). High TSM concentrations (472 + 290 mg L)
occurred in the wider southern nearshore TMZ in spring (Fig. 2b). The
high TSM area became much weaker (87 + 27 mg L) and was isolated
to a narrower area between the inner estuary and nearshore area in
summer (Fig. 2f).

The distribution of Chl a exhibited a similar pattern in both seasons,
but was significantly higher in summer (3.2 + 3.4 pg L)) versus spring
(1.8 + 1.8 pg L'Y) (Fig. 2¢, g). Higher Chl a concentrations were generally
associated with the transitional zone between nearshore and offshore
areas having the strongest salinity gradient. POC concentrations in
spring and summer were 0.24-8.68 and 0.18-2.46 mg L'}, respectively,
with higher POC concentrations in spring (1.28 + 1.75 mg L) versus
summer (0.72 + 0.51 mg L'l). Higher POC concentrations occurred
within the nearshore area (3.08 & 2.76 mg L'!) in spring and within the
inner estuary (1.29 + 0.37 mg L'!) in summer. There was no correlation
between POC and Chl a in either season (Fig. S1); however, POC was
positively correlated with TSM (r: 0.57-0.95) in both seasons.

3.2. Spectral features of CPOM and FPOM

3.2.1. Absorption spectra

Compared with the generally featureless CDOM absorption spectra
(Fig. 3d-f), absorption spectra for CPOM had a shoulder peak at
270-280 nm for inner estuary and nearshore TMZ samples (Fig. 3a, b)
that became a notable peak in offshore samples (Fig. 3c). This peak,
previously reported by (Wang et al., 2020a), is believe to originate from
aromatic amino acids (Shick and Dunlap, 2002; Steinberg et al., 2004).
The offshore samples also showed weak peaks at ~ 313 and ~ 415 nm
(Fig. 3c), which are ascribed to mycosporine-like amino acid and
pigment degradation products (Rottgers and Koch, 2012).

3.2.2. Fluorescence spectra and PARAFAC model results

Humic-like fluorescence features of FPOM in the nearshore TMZ
were similar to that of FDOM in the same region (Fig. 3h, k). However,
the humic-like peaks of FPOM were weaker in the inner estuary and
offshore samples than their corresponding FDOM samples (Fig. 3g, i, j,
D). In contrast, offshore FPOM samples were dominated by a protein-like
peak T (Fig. 3i), similar to fluorescence features of BEPOM in the South
Atlantic Bight (Brym et al., 2014).
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of 2017.
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Four PARAFAC components (C1-C4) were identified for FPOM and
FDOM (Fig. S2). Component C1 (240, 315/412 nm) was spectrally
similar to component C5 (240, 310/426 nm) identified in BEPOM
samples from the North River Estuary (North Carolina, USA) and
attributed to fresh terrestrial humic substances (Osburn et al., 2015).
Component C2 (255, 365/456 nm) matched component C1 (250, 345/
447 nm) of BEPOM samples from the subtropical Minjiang River (Fujian
Province, China) (Wang et al., 2020a), which was ascribed to terrestrial
humic components sourced from soils (Osburn et al., 2015). Component
C3 (240, 280/332 nm) represents a ubiquitous protein-like component,
consistent with a combination of tryptophan-like and tyrosine-like flu-
orophores (Wei et al., 2019). Component C4 (275/356 nm) was spec-
trally similar to the tryptophan-like peak T originating from biological
sources (Wang et al., 2020b).

3.3. Temporal and spatial variation of optical properties for BEPOM

The a350p, C1p and C2p properties of BEPOM demonstrated a strong
positive correlation with POC (r: 0.67-0.93) and negative correlation
with S275.295p (1: 0.52-0.72) during the two sampling periods (Fig. S1).
Thus, these parameters had similar distribution patterns across high and
low runoff periods (Fig. 4a, c, f, h). An independent t-test demonstrated
that these parameters were significantly higher in spring versus summer
in the nearshore area. However, there was no seasonally significant
difference in the inner estuary and offshore area. C3p values showed a
moderate correlation with POC (r: 0.62-0.72), and were significantly
higher in spring versus summer, especially in the inner estuary and
nearshore area. C4p values were not correlated to other CPOM/FPOM
components, but were positively correlated with Chl a (r: 0.61-0.71).
C4p values were higher in summer versus spring and were highest in the
offshore area in both seasons.

The (It:Ic), ratio represents the fluorescence intensity ratio of

Cip R.U)
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protein-like: humic-like (C3:C2) components of FPOM. The ratio was
highest below the Huangpu River outlet during the spring period
(Fig. 5a); an area also having elevated particulate (C3p) and dissolved
protein-like (C34, Guo et al., 2014) components and a high (I1:Ic)4 ratio
(Fig. 5a). During the summer, the (I1:I¢c), ratio gradually decreased from
the inner estuary to the offshore area, with no obvious peak value below
the Huangpu River outlet (Fig. 5b).

The spClp and spC2p parameters are the specific fluorescence of C1p
and C2p relative to POC concentrations. Both parameters were generally
higher in the inner estuary and offshore area compared to the nearshore
area (Fig. 5c, d). In spring, spClp and spC2p were elevated below the
Huangpu River outlet and then quickly decreased in the TMZ (Fig. 5c).
The spC3 values in spring were high below the Huangpu River outlet and
the offshore area, but conversely showed a consistent decrease from the
inner estuary to the offshore area during the summer (Fig. 5c, d). The
longitudinal distribution of spC4p was similar in both seasons, with low
values in the inner estuary and nearshore area and a large increase
within the offshore area (Fig. 5c, d).

3.4. Temporal and spatial distribution of optical properties of DOM

CDOM (a350d) absorption coefficients generally decreased with
increasing salinity in both spring and summer seasons, but with the
highest values observed below the Huangpu River outlet (Fig. 4k, p). The
CDOM spectral slope (Sa75.295d) showed contrasting spatial variations
(Fig. 4i, q) that were consistent with our previous studies in the same
estuary (Guo et al., 2007, 2014). The a355d and S27s.295d values for the
freshwater end-member of the Changjiang Estuary in spring 2017 (1.89
+ 0.02 m_l, 0.0174 + 0.0004 m_l) were similar to our previous
investigation in spring 2011 (1.72 £ 0.09 m~}, 0.0176 + 0.0002 m™ 1)
(Guo et al., 2014). However, the a355d for the freshwater end-member
in summer 2017 (1.50 + 0.23 m_l), which was similar to that measured

FPOM

C3p (R.U)

Fig. 4. Temporal and spatial distribution of optical properties for POM (a-h) and DOM (i-p) during the spring (low flow) and summer (high flow) seasons. Note the
strong correlations between components C2p and Clp and components C2d and C1d (see Fig. S1).
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from the inner estuary to the offshore area.

in summer 2003 (1.45 + 0.17 m™ 1), was lower than that recorded in
summer 2011 (2.66 + 0.05m ). The S975.295d in summer 2017 (0.0180
4+ 0.0007 nm ™) was higher than that observed in summer 2011 (0.0164
+ 0.0002 nm™ 1) (Guo et al., 2007, 2014). There were no seasonal dif-
ferences in a350d or Sy75.095d in the offshore area. The a350d and Sa7s.
20sd showed negative and positive correlations, respectively, with
salinity in both seasons (p < 0.05).

The Cld and C2d fluorescence components were significantly
correlated with a350d (r: 0.64-0.87) during both seasons, thereby
demonstrating similar seasonal patterns with a350d, and negatively
correlated with salinity (0.91-0.95) (Fig. 5m, n, r, s). The C3d was
weakly correlated with salinity and Chl a (r < 0.3), and showed much
higher values in the nearshore TMZ. The C4d showed no significant
correlation with salinity or Chl a in the overall estuary-coastal contin-
uum, but its values were generally highest in the offshore area,

especially in summer (Fig. 5o, t).
4. Discussion

The optical properties of BEPOM and DOM demonstrated significant
spatial and seasonal variations along the estuary-coast continuum of the
Changjiang Estuary (Figs. 2-5). To reveal the specific regional dynamics
of BEPOM in the inner estuary, nearshore and offshore areas of this
continuum, three separate (i.e., area specific) principal component an-
alyses (PCA) were applied using all particulate/dissolved organic, nu-
trients, TSM and Chl a parameters (Fig. 6). The first two principal
components (PC1 and PC2) of each model explained 61.9, 57.9 and
57.9% of the variations, respectively.
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4.1. (Ip:Ig)p ratio: A BEPOM tracer of anthropogenic perturbation on
estuarine POM dynamics

In the inner estuary, PC1 explained 45.6% of data variance (Fig. 6a).
Samples downstream of the Huangpu River outlet (St. C6-C8) grouped
along the positive axis of PC1 in both seasons. These samples had high
loadings on particulate (C3p) and dissolved (C3d) protein-like compo-
nents, as well as nutrients (DIN and SRP). Fluorescence ratios of (I1:Ic)p
and (It:Ic)q and specific fluorescence of C3p (spC3p) also showed peak
values for these highly polluted stations (Fig. 5). The Huangpu River and
associated sewage outlets export large amounts of anthropogenic pol-
lutants from domestic, industrial and agricultural activities into the
South Branch (Guo et al., 2014; Zhang et al., 2021). Notably, the esti-
mated input flux of protein-like components from the Huangpu River
was as high as 33.6-81.9% of the total export flux of protein-like com-
ponents for the Changjiang River Estuary (Guo et al., 2014). Thus, we
infer that PC1 represents a pollution signal, and the (Ir:Ic), ratio of
BEPOM may be used as a sensitive tracer for anthropogenic perturbation
on estuarine POM dynamics from municipal, industrial and agricultural
sources.

Summer (July) samples had lower positive PC1 scores than in spring
(May) samples (Fig. 6a). Conversely, the summer samples had higher
positive PC2 scores and high loadings for terrestrial C1d and C2d signals
(Coble, 2007; Li et al., 2015). These dynamics suggest that anthropo-
genic perturbations of POM in the inner estuary were diluted by an in-
crease of terrestrial POM inputs during the summer high runoff period.
Furthermore, high loadings of Chl a and protein-like C4p on the positive
PC2 axis indicate POM contributions from phytoplankton production in
the summer season.

4.2. Regulation of estuarine POM dynamics by TMZ processes in the
nearshore area

In the nearshore area, PC1 explained 32.7% of the total variance
(Fig. 6b). TMZ samples from the nearshore area showed a higher score
on the positive PC1 axis in spring. Humic-like C1p and C2p, protein-like
C3p and C3d, TSM and POC had higher loadings on the positive axis of
PC1 and were closely related to TMZ samples. In the shallow nearshore
TMZ zone of the Changjiang Estuary, sediment resuspension by tidal
pumping can reach as high as 66.5-88.5% (Zhang et al., 2021). Previous
studies found that sediments generally have high levels of relatively
refractory BEPOM humic-like C1, C2 and dissolved protein-like C3
components (Hur et al., 2014). A recent study of DOM from bottom
samples in the TMZ zone of the Changjiang Estuary also provides optical
and molecular evidence that the suspended sediment contained a large
amount of organic matter with condensed aromatic structures (Zhou
et al., 2021). This infers that the addition of POM/DOM from sediment
resuspension in the TMZ zone is an important source of refractory
organic matter (Yang et al., 2013). For humic-like components, prefer-
ential adsorption and aggregation of dissolved constituents to particles
and limitation of POM photodissolution at the turbidity maximum zone
may additionally contribute to the high levels of C1p and C2p (Liu and
Shank, 2015; Zhou et al., 2021). However, the lower specific fluores-
cence of C1p-C3p (spC1-C3p) suggests that the resuspended POM has
lower FPOM features/properties (Fig. 5).

The high protein-like C3p component in TMZ samples could be
sourced from upstream portions of the Huangpu River watershed
(Fig. 4d). Both protein-like components C3p and C3d showed a
23.7-30.7% decrease after passing through the TMZ (Fig. 4d), suggest-
ing that attached and free-living bacteria in the TMZ can degrade labile
organic matter (Servais and Garnier, 2006). This microbial degradation
process may also be responsible for the high level of the humic-like C1p
component, being a transformation product of the C3p and C3d com-
ponents (Osburn et al., 2015).

PC2 explained 25.2% of the total variance. The summer samples
distributed along both positive and negative axes. The positive axis was

Ecological Indicators 128 (2021) 107837

related to terrestrial signals of humic-like C1d and C2d, whereas the
negative axis was related to planktonic signals of Chl a and protein-like
C4p. This implies that estuarine mixing processes were an important
regulating factor for POM dynamics in the surface nearshore area
following weaken of the TMZ during the summer high runoff period.
Thus, the intensity of the TMZ, as regulated by river flow, is an impor-
tant factor controlling POM dynamics in the Changjiang Estuary.

4.3. Biological and photochemical influences on offshore POM dynamics

In the offshore area, PC1 and PC2 explained 42.4% and 15.5% of the
total variation, respectively (Fig. 6¢). The summer samples distributed
along the PC1 axis. Samples influenced by the CDW aligned along the
positive PC1 axis, with high loadings from C1p, C2p, C1d, C2d and C4p.
During the summer high runoff period, the CDW contained a large
amount of particulate and dissolved terrestrial humic-like C1 and C2
components along with nutrients (Guo et al., 2007, 2014; Qu et al.,
2019). The supply of nutrients supported the patchy distribution of algal
blooms (Chl a: 9.7-17.0 g L'!) in the diluted waters during the summer.
This primary production contributed to the high levels of fresh
autochthonous particulate and dissolved tryptophan-like C4 component
(Osburn et al., 2015; Shields et al., 2019). This interpretation is
consistent with previous biological and isotopic evidence that demon-
strated the POC in the offshore area was characteristic of a phyto-
plankton source (Wang et al., 2017, 2016). In addition, the lower C1d in
the offshore region during spring could be due to photodegradation
along the transport pathway (Fig. 4) (Alling et al., 2010). On the con-
trary, the higher C1d in the offshore region during summer coupled with
high Clp suggest that this component could source from photo-
dissolution of riverine exported POM (Liu and Shank 2015).

Summer samples aligned along the negative PC1 axis were from the
southeast offshore area (Fig. 6¢). This area showed an overlapping of
spring and summer samples along the negative PC2 axis, suggesting that
organic matter properties exhibited small seasonal variations in this
offshore area dominated by the Taiwan Warm Current. Spring samples
aligning in the positive PC2 direction were located near the TMZ and
displayed high loadings of terrestrial protein-like C3p and nutrients
(DIN and SRP) indicative of a riverine source (Fig. 6¢).

4.4. Ecological consequences of POM export with contrasting
bioavailability/bioreactivity

The fate of terrestrial POM discharging into coastal ecosystems
largely depends on its composition and bioavailability. POM compo-
nents sourced from soil or weathered materials are usually refractory in
nature (i.e. resistant to microbial decomposition during transport), and
thus tend to be ultimately buried with sediments in shelf areas (Wang
et al., 2012). On the contrary, recently produced fresh POM is more
biologically labile (i.e., bioreactive) and thus plays an active role in
coastal biogeochemistry and foodweb dynamics (Shields et al., 2019;
Wang et al., 2016). Therefore, distinguishing riverine export fluxes of
POM with different bioavailability from major river sources is critical for
understanding its ecological consequences in coastal areas (Arellano
et al., 2019; Bianchi et al., 2007).

A multivariate regression model was used to estimate the POC con-
tent of freshwater samples (salinity = 0) represented by each FPOM
component during both the spring and summer seasons (Osburn et al.,
2015). To avoid multicollinearity issues caused by autocorrelation
among the fluorescent components, the correlated components were
combined to establish the regression model. Further, the Fmax of each
fluorescence component was scaled up by 50% to match the average
recovery of BEPOC to total POC (Brym et al., 2014; Osburn et al., 2015).
The resulting empirical model was POC = 23.39 x (C1 + C2 + C3) +
0.44 (R2= 0.86, p < 0.01) for the spring cruise, and POC =9.76 x (C1 +
C2) + 7.87 x C3 + 67.70 x C4 + 0.80 (R? = 0.68, p < 0.01) for the
summer cruise. The specific POC flux for each fluorescent component
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having contrasting bioavailability/bioreactive properties are listed in
Table 1. The constant term in this empirical model corresponds to the
non-base extractable POM fraction and can be classified as highly re-
fractory POM. In contrast, protein-like C3 and C4 components represent
relatively labile components with higher bioavailability (Guo et al.,
2014). The POC flux for each component during the spring and summer
seasons was then computed by multiplying the specific POC content of
the TSM by the sediment flux for the corresponding season.

The POC flux of degradable protein-like C3p and C4p components
had a higher percentage in spring (18.6%) versus summer (11.3%,
Table 1), inferring that POM in the spring season was more bioreactive
than POM in the summer (Osburn and Bianchi, 2016; Wang et al.,
2020a). However, the absolute flux values were similar in both seasons
due to a much higher sediment flux during the summer high runoff
period (Table 1). Degradation of these bioreactive components will
contribute to deoxygenation processes in the adjacent shelf area,
thereby contributing to seasonal hypoxia. In spring, these labile com-
ponents were mainly retained/transformed within the TMZ, thus
contributing to oxygen consumption within the nearshore area. The
retention/removal rate of C3p was ~ 78% based on flux differences
between the entrance (C7) and outlet (E4 and A8-1) of the TMZ. In
summer, hypoxia events (DO < 2 mg L) frequently occur in the shelf
area close to the Changjiang Estuary (Wang et al., 2017, 2016; Zhu et al.,
2011), including the northern part of the offshore area during our
summer investigation (Fig. S3). As the labile POM flux discharges into
this shelf area as part of its transport with enhanced summer Changjiang
Diluted Water flows, the degradation of the riverine labile POM may
contribute to hypoxia as the POM settles to the bottom water layer and
surface sediments. Higher nutrient concentrations in summer contribute
to enhanced primary productivity with decaying algal biomass further
contributing to oxygen demand.

The POC flux of refractory components had both a higher percentage
and absolute flux in summer (62.4%, 3.78 x 10! g C) versus spring
(28.7%, 1.00 x 10! g C) (Table 1). These results indicate that discharge
of the refractory POC fraction from the Changjiang River into the coastal
area dominantly occurs in the wet season that generates higher river
flows. Humic-like components C2 and C1 are considered relatively re-
fractory (Osburn et al., 2012, 2015). These components may largely
persist during riverine transport and subsequently settle into the coastal
sediments (Fig. 4h). The persistence of these humic components within
the accumulated sediments during early diagenesis warrants further
study as their fate will play an important role in the global C cycle.

5. Conclusions

Absorption and fluorescence analyses of base-extracted POM
collected during low (spring) and high (summer) runoff seasons revealed
distinct spatial and seasonal variations in POM dynamics within the
Changjiang Estuary and adjacent shelf area. In the inner estuary, an
anthropogenic POM signal from the highly polluted Huangpu River and
sewage discharge outlets were distinguished based on the (I1:I¢)p ratio,
especially in spring. These labile POM fractions were largely removed by
the well-developed turbidity maximum zone in the nearshore area,
where considerable sediment resuspension also supplied large amounts
of relatively refractory POM into the water column. In contrast, the
labile POM fractions in summer were discharged to the offshore shelf
area by the elevated Changjiang Diluted Water flux. The algal growth
stimulated by riverine nutrient inputs to the offshore shelf area also
contribute to a dominance of autochthonous POM fractions in summer.
Both sources of labile POM fractions could contribute to hypoxia in this
region. The summer season also transported large amounts of refractory
POM fractions that we posit become buried in the sediment serving as a
C sink within the global C cycle. This study highlights that optical an-
alyses of base-extractable POM enhance our understanding of the fate
and transport of POM in estuarine and coastal ecosystems.
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Table 1

Riverine POC component fluxes and their percentage contribution to the entire
POM fraction exported into the Changjiang Estuary during spring (low runoff)
and summer (high runoff) seasons (Units = 10'* g C).

Spring Summer

Flux Percentage  Flux Percentage
Microbial, Terrestrial (C1) POC 1.05 29.9% 0.90 14.8%
Soil, Terrestrial (C2) POC 0.80 22.8% 070 11.5%
Anthropogenic, Fresh (C3) POC 0.66 18.6% 0.36 5.9%

POPOC

Planktonic (C4) POC <0.01 <0.1% 0.33  5.4%
Soil; Non-fluorescence POC 1.00 28.7% 3.78 62.4%
Total predicted POC 3.52 100% 6.07 100%
Total measured POC 3.60 — 6.07 —
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