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Dissolved organic matter (DOM) serves as the most active and sensitive organic
component in the bay, and its biogeochemical characteristics and reactivity are affected
by the properties of terrestrial and marine substances significantly. In this study, in order to
study the distribution and characteristics of DOM in a semi-closed bay, 34 water samples
from 19 stations were collected from Zhanjiang Bay and analyzed for §'3C of dissolved
inorganic carbon (DIC) and fluorescent components of DOM. The results showed that
there were many sources of organic matter in the bay, including soil input, algae input, and
sewage input. Influenced by freshwater input, DOM in the bay decreased from the upper
bay to the outer bay. The organic matter in the bay displayed two characteristics, where
the northern bay is composed of terrigenous organic matter mainly with high humus,
while the southern bay is more inclined to marine sources with a high biological index (BIX)
and low humification index (HIX). The correlation between organic matter with different
characteristics and environmental parameters such as salinity, pH, and chlorophyll a was
analyzed. The discrepancy may be caused by the weak turbulent mixing in the semi-
closed bay.

Keywords: dissolved organic matter, characteristic, stable isotope, Zhanjiang Bay, semi-closed bay

1 INTRODUCTION

Estuaries serve as the important hubs of the global carbon cycle, linking multiple ecosystems such
as land, atmosphere, and ocean (Bianchi, 2007). As an ecosystem affected by terrestrial runoff and
ocean tides, estuaries have sensitive characteristics of distinct physical-chemical and biological
conditions (He et al., 2016; Chen et al., 2018). Estuaries also have frequent biological activities and
possess high primary productivity and redox capacity as reaction pools of terrestrial and marine
materials (Bianchi, 2011; Gireeshkumar et al., 2013). Driven by climate changes and anthropogenic
activities, tremendous alterations in physical-chemical and biological conditions occur in estuaries
(Najjar et al., 2010; Kerr, 2011; Canuel et al., 2012; Cabral et al., 2019).

Dissolved organic matter (DOM) serves as the most active and sensitive organic component; its
biogeochemical characteristics and reactivity can be affected by the properties of allochthonous and
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local substances significantly (Murphy et al., 2008; Ya et al., 2015;
Lloret et al., 2016; Lee et al., 2020). Being surrounded by frequent
human activity and diverse environments, estuarine DOM is
provided with complex sources including primary productivity,
river input, and sewage input (Hudson et al., 2007; Guo et al,,
2014; Kinsey et al., 2018). As a matter of fact, more and more
allochthonous DOM is imported into estuarine systems with
the increase of anthropogenic activities like industrialization,
urbanization, and agricultural practices (Boesch, 2002; Felgate
et al,, 2021). They will change the quality and quantity of DOM,
which in turn impact the biogeochemical cycle, decomposition of
organic matter, and recycling of chemical elements in sediments
(Spilling et al., 2018; Felgate et al., 2021; Garcia-Martin et al.,
2021). Due to the different sources of DOM, their conversion,
retention, and output fluxes in biogeochemical processes
including flocculation, photochemistry, and biodegradation in
estuaries also differ (Carlson and Hansell, 2015; Garcia-Martin
et al., 2021). Therefore, discriminating main sources of DOM
and their contributions will be an important basis for evaluating
the fate of estuarine DOM, which also is of great significance
to evaluate the effects of terrestrial runoff and ocean tides on
estuarine organic matter (Zhou, 2021).

Stable carbon isotope analysis is widely used to identify the
origin of DOM because of the selective utilization of HCO;~ by
algae (Andrews et al., 1998; Beer et al., 2014; Lee et al., 2020).
In terms of spectrophotometry, the composition of DOM is
evaluated by detecting fluorescent DOM (FDOM) and various
established optical indexes, such as fluorescence index (FI),
humification index (HIX), and biological index (BIX) (Coble,
1996; Stedmon et al., 2003; Coble et al., 2014; Amaral et al.,
2020). Those methods have been widely used to elucidate the
contribution of DOM from different sources in estuaries, helping
to track the transition and transportation of DOM from a river to
an ocean (Coble, 1996; Jorgensen et al., 2011; Coble et al., 2014).
A semi-closed bay is usually accompanied by closed topography
and weak hydrodynamic conditions (Xue et al., 2021). In this
case, Zhanjiang Bay was studied as a semi-closed bay, and the
total amount of DOM and its main sources through spatial were
investigated, paying attention to the transition and characteristics
of DOM from a river to an ocean. The combination of stable
carbon isotope and spectrophotometry was used to evaluate the
distribution and source of DOM and clarify the characteristics
and relationship with environmental factors of DOM in
Zhanjiang Bay.

2 MATERIALS AND METHODS
2.1 Study Area and Sampling Collection

Zhanjiang Bay, located in the east of Leizhou Peninsula in
China, is a typical semi-closed bay surrounded by islands and a
peninsula. In this study, Zhanjiang Bay is divided into two parts
according to the terrain: the northern bay and the southern bay
(Figure 1). The northern bay is mainly composed of the estuary
of the Suixi River, with shallow water depth. Among them, the
Suixi River, the main river of Zhanjiang Bay, is about 80 km long
with an annual average flow of 10.4 x 10® m>. The southern bay

is the major broad water in the bay, which is connected with the
South China Sea through the southeastern bay mouth. Affected
by narrow terrain, poor hydrodynamic conditions, and the
influence of steady wind-east wind, the half exchange time of
water in the northern bay was more than 100 days, and that in
the southern bay was 30 days (Li, 2012). Zhanjiang Bay is also
a bay deeply affected by human activities, where the degree of
eutrophication of the bay is high, and many sewage outlets in the
northern bay exist (Yu et al.,, 2017; Yu et al., 2021; Zhang et al,,
2021).

A cruise was carried out during the summer (June 2021),
mainly sampling from the estuary of the Suixi River to the
southeastern bay mouth, and 34 water samples from 19 stations
were collected from Zhanjiang Bay. The surface water and
bottom water were collected with a 10-L Plexiglass water sampler
during the cruise. The full-depth profiles of temperature, salinity,
and water depth were determined using an SBE37 conductivity—
temperature-depth (CTD) meter (Sea-Bird Scientific, Bellevue,
WA, USA). The pH was measured on site with a pre-calibrated
pH measuring instrument (Thermo Fisher Scientific, Waltham,
MA, USA) and then corrected on site with temperature data. The
water samples for dissolved oxygen (DO) analysis were collected
first. Water from the Plexiglass water sampler was slowly drained
into brown glass bottles and allowed to overflow for several
minutes. Manganous sulfate and alkaline iodide solutions were
then added. Titration was conducted in the laboratory within
24 h after taking the sample. The seawater samples for DOM were
filtered using filters (Millipore, Billerica, MA, USA; 0.22 um, PC
Membrane) and stored at —20°C for analysis. For chlorophyll a
(Chl-a), water samples (approximately 1,000 ml) were filtered
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FIGURE 1 | Map of Zhanjiang Bay and sampling sites.
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using pre-combusted (450°C, 4 h) glass-fiber filters (Whatman,
0.7 um, GF/F) and stored at —20°C before further processing and
analysis. Water samples for §'*Cy,; measurements were collected
in 60-ml glass bottles. Soon after collection, the samples were
poisoned with HgCl,, sealed with a rubber septum-aluminum
cap, and wrapped with thick black paper. In the laboratory, the
samples were kept refrigerated until analysis.

2.2 Chemical analysis

In the laboratory, after the sample was extracted in 90% acetone,
the concentration of Chl-a was determined using a Turner
fluorometer (Lorenzen and Jeffrey, 1980). The concentration of
DO was determined using the Winkler method (Montgomery
et al., 1964). The stable carbon isotope values of inorganic-
organic carbon (8Cp,) were determined using an elemental
analysis isotope ratio mass spectrometer (GasBench II-IRMS).
The precision based on replicate analysis was +0.1%o for §'*Cpy
measurements.

2.3 Fluorescence Measurements and
Excitation-Emission Matrix-PARAFAC
Modeling

The FDOM excitation—emission matrices (EEMs) of 34
water samples were determined by an F-7100 fluorescence
spectrofluorometer (Hitachi, Tokyo, Japan). The blank sample
was prepared using Milli-Q water (Millipore, 18.2 MQ/cm),
and samples were placed into fused silica cells with a 1-cm
path length. The EEM fluorescence was obtained by scanning
excitation spectra (Ex) at 5-nm intervals of 240-450 nm and the
emission wavelength (Em) at 2-nm intervals of 280-600 nm.
The blank subtracted, normalized, and PARAFAC models of 34
EEMs were analyzed by the water Raman signals using MATLAB
software (R2014b, MathWorks, Natick, MA, USA) (Stedmon and
Bro, 2008). The reliability of the PARAFAC model was verified by
residual and split-half analyses.

2.4 Optical Index Analysis

The optical indexes could provide effective information for
the study of the composition and properties of DOM. FI was
the ratio of emission intensity at 450 and 500 nm when the
excitation wavelength was 370 nm, which could effectively
indicate the source and degradation degree of DOM [Eq.
(1)] (McKnight et al., 2001). The BIX implied the relative
contributions of fresh DOM by the ratio of the emission at
380 nm to that at 430 nm for an excitation wavelength of 310
nm [Eq. (2)] (Huguet et al., 2009). The HIX could judge the
degree of humification of DOM by calculating the ratios of
two integrated sections of emission wavelengths (the summed
emissions from 435 to 480 nm divided by the summed
emissions from 300 to 345 nm) for an excitation wavelength
at 254 nm (Zsolnay et al., 1999). Since FDOM was measured
every 5 nm for excitation, leading to the excitation wavelength
at 254 nm, which was not measured in the study, the adjacent

excitation wavelength at 255 nm was used to replace the 254-nm
wavelength here Eq. (3).

FI=[F,, =450nm |[ F,,, =500nm], A, =370nm 0
BIX =[F,,, =380nm |[ F,, =430nm|,2,, =310nm @
HIX =| F,,, =435~ 480nm |[ F,,,, =300~ 345nm |,

A, =255nm 3)

2.5 Statistical analysis

Hierarchical cluster analysis (HCA) was performed to reveal
the intrinsic correlation or similarity between sampling sites of
different regions by Origin 2021b. Redundancy analysis (RDA)
was applied to investigate the effects of environmental variables
on fluorescence components by CANOCO 5.

3 RESULTS

3.1 Distributions of Salinity, Temperature,
and pH

As shown in Figure 2, the salinity of Zhanjiang Bay ranged
from 19.89 to 31.82 (with an average of 26.71 + 3.50). A lower
salinity was found from the northern bay, particularly in the
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FIGURE 2 | Spatial distributions of salinity (A, B), temperature (C, D) and
pH (E, F) in the surface and bottom water of Zhanjiang Bay during the
sampling period.
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estuary of the Suixi River, suggesting that it was affected by
the coastal freshwater discharge. On the whole, the salinity
difference between the surface water and the bottom water was
very small, indicating that the water in the bay may be mixed
evenly. The water temperature of Zhanjiang Bay ranged from
28.41°C to 32.64°C (with an average of 31.52°C + 0.93°C), and
the temperature in the southern bay was lower than that in the
northern bay. The pH ranged from 7.46 to 8.09 (with an average
of 7.78 + 0.18) in Zhanjiang Bay. Similar to salinity, the spatial
distribution of pH also showed an obvious increasing trend and
the lowest pH value corresponding to the lowest salinity, which
indicated that the Suixi River is the region with the lowest pH
value in Zhanjiang Bay.

3.2 Distributions of Chlorophyll-A,
Dissolved Oxygen, and Stable Isotope

The Chl-aranged from 0.6 to 10.06 pug L~! (with an average of 2.00
+2.13 pg '), and the high-value area was located in the Nansan
islands (Figure 3). Compared with salinity and temperature, the
spatial distribution of Chl-a did not show an obvious increasing
or decreasing trend, and the overall distribution was relatively
even.Lower DO values were observed from the estuary of the
Suixi River and displayed a seaward increasing trend from the
upper bay to the outer bay (3.67-5.79 mg L-1, with an average of
4.79 + 0.59 mg L—1) (Figure 3). Although the salinity difference
between the surface water and the bottom water was very small,
the difference between DO was obvious. The correlation between
DO and salinity was relatively weak (r2 = 0.56, p< 0.01, n = 34),
and that between DO and Chl-a was small (r2 = 0.05, p< 0.01,
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FIGURE 3 | Spatial distributions of Chl-a (A, B), DO (C, D), and stable
isotope of DIC (E, F) in surface and bottom water of Zhanjiang Bay during
the sampling period. Chl-a, chlorophyll a; DO, dissolved oxygen; DIC,
dissolved inorganic carbon.

n = 34), indicating that freshwater input and algae growth
did not have a decisive influence on the distribution of DO.
Combined with the fact that the DO of Zhanjiang Bay was
all in unsaturated states (DO saturation: 57.84%-94.82%)
(Figure S1), the DO may be affected by the consumption of
organic matter in the degradation process. The concentration
of DO near the estuary of the Suixi River was low, and the
saturation of DO was also the lowest (Figure S1), which may
be due to the fact that it had the highest concentration of
DOM and was most severely affected by the degradation of
organic matter. The §'°C of dissolved inorganic carbon (DIC)
values varied from —4.9%o to 0.3%o (with an average of —2.1%o
+ 1.57%o) and showed an increasing trend from the upper bay
to the outer bay (Figure 3).

3.3 Distributions of Fluorescent Dissolved
Organic Matter

Two humic-like components (C1-C2) and two protein-like
components(C3-C4)wereidentifiedusingthe PARAFACmodel
in this study (Figure 4). C1 showed an excitation maximum
at <240 nm and an emission maximum at 400 nm, which
had been considered a marine humic-like fluorescence peak
M previously (Coble, 1996). C2 displayed an excitation
maximum at 250 nm and an emission maximum at 456 nm,
which used to be classified into a mixture of terrestrial humic-
like fluorescence peak C and peak A (Coble, 1996). C3 has
two excitation maxima at <240 and 280 nm and an emission
maximum at 356 nm, which have previously been reported
as tryptophan-like fluorescence peak T (Coble, 1996). C4 had
an excitation/emission maximum at 270/324 nm, which was
attributed to protein-like fluorescence peak B and peak T
(Coble, 1996).

The fluorescence intensity of humic-like Cl1 and C2
ranged from 5.90 to 50.99 (102 RU) and 3.90 to 32.95
(102 RU) (Figure 5), which had strong correlation
between each other (r? = 0.99, p< 0.01, n = 34). Combined
with their similar distribution, C1 and C2 should have
the same source. The intensity of tryptophan-like C3
ranged from 4.84 to 28.48 (102 RU) (with an average of
13.90 £+ 0.07 (1072 RU)), and the intensity of protein-like
C4 ranged from 5.23 to 13.67 (1072 RU) (with an average of
8.92 + 0.02 (1072 RU)). The salinity showed a great negative
correlation with the four fluorescent components (Cl, r =
-0.91, p< 0.01; C2, r = —=0.91, p< 0.01; C3, r = —0.92, p< 0.01;
C4,r=-0.87,p<0.01). There were strong negative correlations
between salinity and C1-C3 components, indicating that
these three components may mainly come from the river,
while the correlation between C4 and salinity decreased,
indicating that freshwater had weakened the effect for C4
components. The four fluorescent components all showed
a decreasing trend from the upper bay to the outer bay, and
the decreasing amount was relatively large. In general, the
fluorescence intensity of surface water was slightly lower than
that of bottom water.

Frontiers in Marine Science | www.frontiersin.org

July 2022 | Volume 9 | Article 956930


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhong et al.

Characteristic of Dissolved Organic Matter

A B
600
500
7 g
el &
N 5
< ~
400
300 Component 1
T T T 1
300 350 400 450
c 500 A () D
500
E E
- &

400

300

Component 3
400 450

T
350
Ao (nm)

T
250 300

FIGURE 4 | Fluorescence components identified of C1 (A), C2 (B), C3 (C) and C4 (D) by the PARAFAC modeling in Zhanjiang Bay.
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FIGURE 5 | Spatial distributions of fluorescence components C1 (A, B),
C2 (C, D), C3 (E, F) and C4 (G, H) in the surface and bottom water of

Zhanjiang Bay during the sampling period.

4 DISCUSSION

4.1 Sources and Characteristics of

Dissolved Organic Matter in Zhanjiang Bay
Stable carbon isotope (8'°C) was an indicator of the source
of organic matter. Algae utilized DIC as a substrate during
photosynthesis and distinguished >C and *C with a kinetic
classification of 20%0—21%o (Chanton and Lewis, 1999; Hoffman
and Bronk, 2006). In general, marine phytoplankton utilized
HCO; (6'3C = 0%o) in water for photosynthesis, while terrestrial
plants used atmospheric CO, (8*C = —-8%o); thus, aquatic
microorganisms tended to have heavier §'*C values (Bouillon
et al., 2011; Remeikaité-Nikiené;, 2017). The 8 C values of
marine phytoplankton were relatively high, ranging from —23%o
to —16%o, while those of freshwater phytoplankton were low,
ranging from —33%o to —25%o (Wang et al., 2004; Hoffman and
Bronk, 2006; Bianchi, 2011; Yang et al., 2014). The variation of
DIC stable carbon isotope (8'*Cp¢) in summer ranged from
—4.9%0 to 0.32%o, displaying an increasing tendency from the
upper bay to the outer bay (Figure 3). Assuming the fractionation
of algae production was —21%o, the §'*C of organic matter from
Zhanjiang Bay in this study ranged from —25.9%o to —20.68%o,
with the mixture of terrigenous (higher plant debris, soil
input) and authigenic (phytoplankton input, microbial input)
characteristics. There were significant differences in 8Cp ¢
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among the stations, meaning that the source of organic matter
may be obviously different. The §'3Cy,,.. increased from the upper
bay to the outer bay as a whole; the contribution of terrigenous
input gradually decreased from the estuary of the Suixi River
to the bay mouth. Among them, the Suixi River, as the largest
source of freshwater input to Zhanjiang Bay, inputted a large
amount of land-based materials such as higher plant debris and
soil humus into Zhanjiang Bay. In the location of stations S1
and S2 closest to the estuary of the Suixi River, the §°Cy, was
relatively low (—4.9%o to —3.8%o), and the kinetic fractionation
of §13C was —25.9%o to —24.8%o, which was closer to freshwater
phytoplankton (8C = -33%o0 to —25%o) and soil humus
(813C = —25%0 to —22%o0) (Kendall, 1998; Chanton and Lewis,
1999; Zhang et al., 2018). The §'3Cy,;¢. in bay mouth ranged from
0%o to 0.5%o0, which belonged to the range of marine algae,
indicating that phytoplankton contributed to the organic matter
(Bouillon et al., 2011; Remeikaité-Nikiené, 2017).

Generally speaking, phytoplankton absorbed '>C preferentially
during photosynthesis, resulting in relatively enriched *C in water
(Bouillon et al., 2011). Therefore, phytoplankton photosynthesis
in surface water was more intense than in bottom water, and §*C
was relatively positive (Hoffman and Bronk, 2006). However, for
some stations (S3-S6) in Zhanjiang Bay, the §'*Cp,. of surface
water was significantly lower than that of bottom water, which
indicated that abiotic processes were more strongly affecting
these regions. As this region was near the sewage outlet of
Zhanjiang Bay (Zhang et al., 2021), the difference between surface
and bottom water may be affected by sewage discharge, and the
kinetic fractionation of 8§°C in surface water was in the range
of sewage (6"*C = —26%o to —22%o). The C3 component, which
was attributed to protein-like fluorescence (Coble, 1996; Ye et al.,
2019), also had strong fluorescence intensity in this region at the
same time. Furthermore, in abiotic sources of DOM, there was
a considerable amount of DOM in surface sediments at times,
which may be diffused into the water with the concentration
gradient and had a significant impact on the properties of organic
matter in the sea (Burdige and Komada, 2015). The §3Cy,,. values
in this region ranged from —4.9%o to —3.6%o, and the values of
OC dynamic fractionation ranged from —25.9%o to —24.6%o,
which were consistent with the previously reported §!*C range of
surface sediments in Zhanjiang Bay (Zhou et al., 2021). However,
this region had narrow terrain and relatively closed and poor
hydrodynamic conditions (Li, 2012; Shi et al., 2015). Moreover,
the salinity difference of these stations was relatively small, and
the stirring effect of the salt wedge on sediment should be small,
so it did not have the dynamic conditions to cause sediment
resuspension. In addition, the bay mouth, which was more
susceptible to tidal oscillation and had strong hydrodynamic
conditions, did not show this characteristic; thus, the possibility
of sediment resuspension could be ruled out.

HCA was performed using optical indexes (FI, BIX, and HIX)
and fluorescent components (C1 to C4) to explore the source and
characteristic similarity or difference of DOM for Zhanjiang Bay
(Figure 6). The Ward clustering method of Euclidean distance
was selected to generate the tree graph of the samples, and the
relationship among the 7 indicators was discussed by the Ward
clustering method of Pearson’s correlation coefficient. The data

set was standardized before performing HCA, avoiding errors
caused by the range of values and units of the original variables.

The 7 indicators fall into three categories. Cluster I had CI,
C2, C3, C4, and HIX, all of which included microbial origin,
phytoplanktonic origin, and terrestrial origin, representing
the mixed sources of organic matter. Cluster II was the BIX,
representing the primary source of DOM, which usually means
a large input of fresh antigenic organic matter with a high index
(Huguet et al., 2009). Cluster III was composed of the FI, which
reflected the relative contribution rate of aromatic amino acids
and non-aromatic substances to DOM fluorescence intensity, so
it could be used as an indicator of the source of substances and
the degradation degree of DOM (Chin et al.,, 1994; McKnight,
et al., 2001; Mladenov et al., 2007). DOM was derived from the
biological activity and sediment release when the FI was high,
and sewage discharge may also be its source (McKnight, et al.,
2001; Dong and Rosario-Ortiz, 2012; Ye et al., 2019).

In HCA results, the 34 water samples were distinctly divided
into three clusters according to their variations of optical indexes
and fluorescent components (Figure 6). Among them, 8 water
samples were clustered into the red cluster with a higher value
of indicators of cluster I, 19 water samples were clustered into
the blue cluster with indicators of cluster II exhibiting a higher
value, and 7 water samples were clustered in the green cluster
with higher value of indicators of cluster III. The red clustering
data, accompanying higher values of indicators for cluster I, were
mainly concentrated in the upper bay (S1-S5), where the C1
component representing the microbial source, the C2 component
representing the terrestrial source, and the C4 component
representing phytoplanktonic source all had high fluorescence
intensity (Figure 6). Thus, there was a typically mixed source in
the red cluster. In addition, the red cluster had the characteristics
of high HIX and low BIX, indicating that the region was affected

FIGURE 6 | A dendrogram with heatmap of DOM fluorescent components
and optical indexes at each sampling site in Zhanjiang Bay. DOM, dissolved
organic matter.
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by terrestrial freshwater input and had more terrigenous humus.
The high §'*Cyy in the region also supported this view.

BIX of cluster II could be used as an indicator of DOM
traceability in water (Chiu et al, 2019), where high values
(>0.8) corresponded to DOM of in situin-situ origin, while low
BIX (<0.8) indicated allochthonous origin (Catalan, 2014). In
this study, the blue clustering stations (S9-S16) were mainly
concentrated in the southern bay, and the water samples of BIX
between 1.1 and 1.19 were mainly distributed here (Figure S1),
implying the that highest-value area of BIX was concentrated in
the southern bay. These indicated that the input of a large amount
of fresh autogenous organic matter made the newly generated
DOM into the southern bay, especially protein-like DOM, and
had a high proportion in the overall DOM (Huguet et al., 2009).
Compared with the red cluster, the fluorescence intensity of C1,
C2, and C3 components in the blue cluster was lower, and the
HIX was lower at the same time, which means that the terrestrial
input was weakened in this region. Moreover, the decreasing trend
of C1, C2, and C3 components from the upper bay to the outer
bay also confirmed that (Figure 5). In the meantime, higher C4
component and BIX showed a significant role in algal activity in
the southern bay, explaining that phytoplankton growth had an
important impact on the southern bay. On the whole, although
the southern bay was part of the semi-closed bay, its organic
matter sources were more marine than terrestrial and displayed
a characteristic of the high BIX and low HIX, which tended to be
marine water (Huguet et al., 2009).

FI usually had multiple meanings, including that organic
matter may be derived from biological activities, sediment
release, or sewage discharge (Chin et al., 1994; McKnigh, et
al., 2001; Dong and Rosario-Ortiz, 2012). The green clustering
data were mainly concentrated on the Nansan islands, where
the area was narrow and the water depth was less than 5 m on
the whole (Figure 1), which means that the weak turbulence
mixing did not have the dynamic conditions to cause sediment
resuspension, so the release of sediment may not be the cause of
high FI. The FI in the green cluster showed a decreasing trend
from west to east (Figure S1), indicating that the source of the
high FI may be at station S17. The lowest salinity at station S17
indicated that freshwater should be coming into a bay here
(Figure 2), but there were no rivers in the area; thus, the effects
of the river could be excluded. A large number of artificially
reclaimed fishponds were distributed on both sides of the green
clustering stations, and aquaculture sewage would be discharged
from time to time, which seemed to explain the freshwater input.
Moreover, the FI in this area ranged from 2.00 to 2.10, with an
average of 2.04 + 0.04, exceeding the range limit of ordinary
natural water, which could be from sewage possibly (Dong and
Rosario-Ortiz, 2012; Ye et al., 2019). Combined with the high
value of Chl-a in this area, it was possible that the FI of green
clustering was influenced by sewage input and phytoplankton.
In addition, although the C4 component representing protein-
like organic matter had a high value in the green cluster and
was close to the bay mouth, the phytoplankton growth activity
here may be promoted by the high concentration of nutrients
brought by sewage instead of by the offshore input, so the
maximum value of Chl-a corresponded to the lowest value of

salinity. Thus, the green cluster also embodied the dominance of
freshwater.

4.2 Interactions Between Fluorescence
Parameters of Dissolved Organic Matter
and Environmental Variables
RDA was conducted to explain the combined correlation and
impacted between response variables (PARAFAC composition
and optical index) and environmental variables (water quality
index)(Figure 7). In the RDA diagram, the length of the
arrow indicated the importance of the factor, and the angle or
coordinate axis between the arrow and another arrow indicated
the correlation between them (Ouyang et al., 2018). When the
angle was smaller, the relationship was stronger. The DOM of
the red clustering site and green clustering site may be caused
by mixed sources and sewage, respectively; that these areas were
affected by human activities was relatively obvious. Therefore,
the two clustering data were merged for analysis in RDA,
summarized as the northern bay and the blue clustering site
for the southern bay, to enhance the credibility of the results.
RDA determined the relationship between DOM fluorescence
parameters and water quality parameters through Canoco5.0
software. Log(x + 1) conversion was performed on the original
optical parameters and water quality parameters before RDA so
that these parameters were normally distributed (Ramette, 2007).
In general, freshwater inputs from the land were rich in
organic matter and served as important sources of DOM in
estuaries. The salinity in the northern and southern bays was

& 1(A) the northern bay | Chla
o
%
<
<
<
-1.0 AX1 1.0
‘2 { (B) the southern bay
S . BIX
Chla
o
»
<
o
<
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FIGURE 7 | The plots based on redundancy analysis in Zhanjiang Bay (the
solid arrows with blue fonts are the response variables, and the hollow
arrows with red fonts are the environmental variables).
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opposite to the direction of the arrow of the four fluorescent
components, and the included angle of the extension line was
small, indicating that terrigenous input served as the important
source of Zhanjiang Bay. Among them, the angle between C1-C4
fluorescence components and reverse extension line of salinity
in the southern bay was slightly larger than that in the northern
bay, signifying that the terrigenous input had weakened in the
southern bay. Compared with the upper bay, the fluorescence
intensity of C1-C4 components in the bay mouth decreased
by 80%, 79%, 69%, and 42%, respectively, on average, further
indicating that terrigenous organic matter was greatly diluted
from the bay mouth and the concentration of organic matter
decreased significantly. Terrigenous DOM in Zhanjiang Bay had
limited influence on the outside bay, which may be due to the
fact that Zhanjiang Bay served as a typical semi-closed bay with
a narrow bay mouth of only 2 km, where only a small amount of
water could flow out of the bay to participate in water exchange
each time (Shi et al,, 2015), or it may also be affected by seawater
intrusion.

The pH value of seawater was mainly controlled by the
dissociation equilibrium of dissolved inorganic carbonate (Zeebe
and Wolf-Gladrow, 2001), so any action which could change the
dissolution equilibrium of inorganic carbonate also was able
to further affectting the pH value of seawater. In theory, many
processes were equipped to affect the relative concentration of
carbonate in seawater systems, such as temperature, hydrostatic
pressure, salinity, and consumption by life activities, as well as
to change the pH value of seawater ulteriorly (Zeebe and Wolf-
Gladrow, 2001). The pH of the northern bay was in the same
direction as the arrow of salinity, and the angle between pH and
salinity was less than 20°, existing as a strong positive correlation;
that is, the change of pH was affected by salinity. The pH value
of the northern bay increased with the increase of the salinity of
the mixed water, showing a trend of moving from the upper bay
to the outer bay. They were strongly correlated and presented a
conservative mixing condition, which means that the mechanical
mixing of water played a leading role in the changing trend of
pH in the northern bay. In the southern bay, the pH was in the
same direction as the arrow of salinity, and the included angle
with salinity was greater than 60°, which means that the positive
correlation between pH and salinity was not as strong as that in
the northern bay, and mechanical mixing of water may not play
a leading role in the changing trend of pH in the southern bay.
Moreover, the angle between pH, HIX, and reverse extension line
of temperature was small, which signified that humus organic
matter and temperature may have an important influence on pH
change.

Thedirection of Chl-aand BIXin the northern bay was the same
as that of the arrow of salinity but opposite to that of the arrow of
each fluorescence component. The included angle between BIX
and salinity was small, and the occurrence of high Chl-a values
at sites with high salinity also indicated this, which seemed to
signify that seawater had a relatively important influence on the
input of fresh antigenic organic matter. In fact, the correlation
was more likely due to sewage discharge in the green cluster.
The angle between the BIX and salinity arrow was 90° nearly
in the southern bay, and the BIX showed the characteristics of

neither marine sources nor terrigenous sources, which may
be due to two reasons. On the one hand, the contribution of
freshwater to nutrients in Zhanjiang Bay (about 54%-90%) was
much higher than that in the seawater (about 18%-45%) in
summer (unpublished data from our previous survey). However,
freshwater from rivers accounts for only a small proportion in
summer, about 7% (unpublished data from our previous survey).
When the salinity of seawater increased, the terrigenous signal
was weakened by the dilution of seawater. As the result, the
influence of terrigenous organic matter in the southern bay could
not be as strong as that in the northern bay. On the other hand,
as the salinity of seawater increased, the autogenous contribution
of phytoplankton in the ocean gradually became dominant
(Seidel et al., 2014; Medeiros et al., 2015), at which time organic
matters may show characteristics of the high BIX and low HIX
(Huguet et al., 2009; Milbrandt et al., 2010). Therefore, with the
weakening of terrestrial organic matter and the enhancement
of marine organic matter, the BIX of the southern bay may be
affected by the organic matter at both ends.

4.3 Weak Turbulent Mixing of Dissolved
Organic Matter in Semi-Closed Bay
Influenced by freshwater input, the DOM of Zhanjiang Bay
displayed a decreasing trend from the upper bay to the outer
bay on the whole. However, the organic matter in the bay
displayed different characteristics, and the correlation between
organic matter with different characteristics and environmental
parameters was also different. This phenomenon may be caused
by the fact that Zhanjiang Bay was a typical semi-closed bay with
weak turbulent mixing.

Meanwhile, with the tidal driving effect, seawater as the
medium could effectively transport the terrigenous matter
from the estuary to the outer bay at low tide (Lin et al., 2019;
Iglesias et al., 2020). The northern part of Zhanjiang Bay had a
long and narrow terrain, while the southern part had a small
bay mouth and a large stomach. Coupled with the influence
of summer monsoon easterly winds, the turbulent mixing was
weak, while the semi-exchange time of water in the northern bay
was more than 100 days, and that in the southern bay was 30 days
(Li, 2012). Thus, the tide may not dilute and replace the water
in the northern bay in time. Terrigenous organic matter was
mainly trapped in the northern narrow sea area and had limited
influence on the southern bay. Most of the marine source features
in the southern bay came from algae, which may be produced in
situ by seawater inside the bay, brought in by seawater outside the
bay during high tide, or both.

As a general rule, more and more terrestrial DOM is being
imported from the river into the estuary and then into the ocean,
with the increase of anthropogenic activities (Hudson et al., 2007;
Guo et al., 2014). However, the weak turbulent mixing of semi-
closed bay may not be effective in facilitating the dispersal of
terrigenous material all the time, even during the summer when
river flows were at their greatest. In seasons or years with less
rainfall, changes in organic matter characteristics of semi-closed
bays and their response to the marine environment are worthy of
our continued attention in future research.
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5 CONCLUSION

By measuring 8C of DIC and fluorescent components
of DOM, the distribution and characteristics of DOM in
Zhanjiang Bay were discussed. The following conclusions
were drawn based on the results presented in this study: 1)
there were several organic matter sources in Zhanjiang Bay,
including river input, algae input, and sewage input, but
freshwater inputs serve as an important source of DOM on
the whole. Among them, the DOM in the bay displayed two
characteristics in different parts. The DOM in the northern
bay was composed of terrigenous organic matter mainly
with high humus, while that in the southern bay was more
inclined to marine sources with high BIX and low HIX. 2) The
correlation between DOM with different characteristics and
environmental parameters was also different. On the one hand,
the salinity, pH, and Chl-a in the northern bay were correlated
with DOM strongly, indicating that freshwater input had a
profound impact on the relationship between organic matter
and the environment. On the other hand, the correlation in
the southern bay was weakened or even disappeared, meaning
that with decreased freshwater input, DOM had changed from
being dominated by freshwater input to being affected by the
joint action of terrace and ocean. 3) The discrepancy between
bays may be caused by the weak turbulent mixing in the semi-
closed bay, where terrigenous organic matter was mostly
trapped in the northern bay because of the narrow terrain,
causing the southern bay to be affected by terrigenous and
marine organic matter.
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