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northern Beibu Gulf: Insights
from stable isotopes and
optical properties
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and Deep Sea of Department of Education of Guangdong Province, Guangdong Ocean University,
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Severe human activities in coastal areas have greatly impacted the sources and
biogeochemical behaviors of organic matter (OM), including particulate OM (POM)
and dissolved OM (DOM). However, few studies have incorporated the indices of
POM and DOM to address this issue. Here, a dataset of the combination of stable
isotopes of carbon and nitrogen in POM and the optical properties of DOM was
presented in Xi Bay, a semi-enclosed bay with a highly developing industrial port in
Beibu Gulf, South China, to reveal the origin, distribution, and fate of OM during the
rainy season. In the upper bay, depleted §"°C suggested that particulate organic
carbon (POC) mainly originated from terrestrial sources. However, the negative
relationship between chromophoric DOM (CDOM) and particulate nitrogen (PN)
suggested that bacterial-mediated decomposition of POM may be the primary
source of CDOM. The negative correlation between humic-like fluorescent
components (C1 and C2) and salinity suggested that those two components
were mainly affected by terrestrial input. The significant correlation between the
protein-like component (C3) and Chl a suggested that C3 was mainly derived from
phytoplankton production in the upper bay. In the lower bay, the increase of §-C
values indicated an increased contribution of marine POC. The high levels of
CDOM may be due to the decomposition of marine (fresh) POM. However, the low
levels of C1 and C2 might be affected by dilution with seawater, and the increased
levels of the protein-like C3 were due to enhanced primary production. In addition,
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the enhancement of §°N values in both the upper and lower bays indicated
serious nitrogen pollution in the bay. This study highlights that biological
production fueled by excess nutrients is the dominant OM dynamic process in
the bay with high human impact in Beibu Gulf.

KEYWORDS

particulate organic matter, dissolved organic matter, stable isotope, optical

properties, Beibu Gulf

Introduction

Coastal bays are one of the most important zones of the land
and ocean, which can receive a tremendous amount of terrestrial
and marine organic matter (OM) (Lin et al., 2019; Gao et al,,
2021; Zhou et al,, 2021; Dan et al,, 2022). The inventories of
particulate and dissolved organic matter (POM and DOM) are
the most important organic carbon pools in the ocean, which
play a crucial role in the global carbon and nitrogen cycle,
thereby affecting climate change (Ye et al, 2018; Yang et al,
2020; Qu et al.,, 2022). However, the biogeochemistry of OM in
coastal bays is quite complex owing to the multiple influences
from the physical, chemical, and biological processes that occur
in these areas (Huang et al., 2020; Liu et al., 2020; Wang et al.,
2022). Thus, it is necessary to understand the origin,
distribution, and fate of OM in coastal bays.

However, the increase in human activities has greatly
changed the sources, dynamic processes, and fate of OM,
thereby modifying the oceanic carbon and nitrogen budget
and cycling (Ke et al,, 2017; Ke et al, 2020; Gao et al., 2021;
Zhao etal., 2021; Li et al., 2021). For example, the increasing flux
of OM generated by primary production has caused an increase
in the concentrations and isotopic values of OM from the bay
mouth to the bay head, and the anthropogenic factors have
significantly modified the sources, transportation, and
deposition of OM in Dongshan Bay (Gao et al., 2021).
Different sources or intensities of anthropogenic nutrient
loading enriched 8"°C of POM, whereas the depleted 8'°N of
POM was influenced by urban sewage in Daya Bay (Ke et al.,
2017), and a similar phenomenon was found in Jiaozhou Bay
(Ke et al., 2020). Moreover, for the DOM in eutrophic water,
anthropogenic inputs could be an important source of DOM in
seawater, contributing to a medium level of a protein-like
fluorescent component in Xiangshan Bay, China (Zhao et al,
2021). Li et al. (2021) demonstrated that the increasing primary
and microbiological production induced by the increase of
eutrophication and contamination play a significant role in
determining the DOM abundance and distribution in three
coastal bays in North China. In addition, in the eutrophic
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coastal waters of Roskilde Fjord, Denmark, the autotrophic
OM was the primary source of specific recalcitrant DOM,
resulting in a great quantity of organic carbon in the ocean
(Asmala et al., 2018). However, the above mentioned studies
separately focused on the POM or DOM,; thus, the sources and
biogeochemical behaviors of OM and the interactions between
POM and DOM in the bay with intensive human activities are
still poorly understood.

Stable carbon (8'’C) and nitrogen (8'°N) isotope
compositions of POM and the ratios of carbon/nitrogen (C/N)
of POM are extensively applied to study the response to human
activities in aquatic environments from the perspective of
ecology and biogeochemistry (Ke et al., 2017; Ye et al, 2017;
Ke et al,, 2020; Huang et al., 2020; Gao et al., 2021). Generally,
the 8"°C values of terrestrial C3 plants range from —30%o to
—23%o (average of —27%o), which are lower than those from
marine phytoplankton (—22%o~-19%o) (Meyers, 1994; Meyers,
1997). Similarly, 8'°N is an indicator of anthropogenic pollution.
The 8'°N values from terrestrial vascular plants (—5%o~18%o,
with a mean value of 3%o) are lower than those from marine OM
(3%0~12%o0, with a mean value of 6%o) (Brandes and Devol,
2002; Middelburg and Herman, 2007). By contrast, the OM
derived from sewage usually has higher §'"°N values (Ve et al,
2016; Sarma et al, 2020). Commonly, the C/N ratios from
marine OM (5~8) are typically lower than those from
terrestrial OM (220) (Meyers, 1994; Meyers, 1997). In
addition, absorption spectroscopy and fluorescence have been
extensively used to track the DOM dynamics in estuarine and
coastal ecosystems (Gao et al., 2019; Liu et al., 2020; Zhao et al,,
2021; Li et al,, 2021; Li et al., 2022). Absorption coefficients (e.g.,
54, A335) are considered good proxies to determine the levels of
chromophoric DOM (CDOM), and absorption spectral slope
(e.g. Sz75.205) and specific UV absorbance (e.g., SUVA254) are
good qualitative proxies for the molecular size and aromaticity of
DOM (Helms et al., 2008; Guo et al., 2014; Gao et al., 2019;
Wang et al,, 2021). In addition, fluorescent DOM (FDOM) can
provide a variety of indices for characterizing DOM quantity
(e.g., intensities of various fluorescent components) and quality
(Guo et al,, 2014; Gao et al, 2019; Yang et al., 2020). Many
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studies have used optical properties to study the DOM in
human-influenced estuaries and coastal bays, such as the Liao
and Daliao rivers—estuaries (He et al., 2022), Xiangshan Bay
(Zhao et al., 2021), and the coastal bays in North China (Li et al.,
2021). These studies indicated that optical properties are an
effective tool for studying the source and dynamics of DOM.
Thus, incorporating POM and DOM indices can help us
comprehensively understand the sources, fate, and interactions
of OM in aquatic environments (Qu et al., 2022).

Beibu Gulf is a semi-closed bay with a newly and highly
developing industrial and port area located in the northwestern
South China Sea (SCS) (Chen et al.,, 2018; Dan et al., 2020; Lao
et al,, 2021a). The marine ecosystems in the coastal bay are now
facing increasing contaminant loads due to the rapid economic
development of coastal urban agglomeration around the coastal
cities in Beibu Gulf (Chen et al., 2018; Lao et al., 2019; Lao et al.,
2021a; Lao et al., 2021b; Lao et al., 2022a). Excessive terrestrial
contamination inputs have caused many environmental issues,
such as the acidification of coastal waters (Lao et al., 2022a),
increasing eutrophication (Lao et al., 2021b), and frequent red
tides (Xu et al,, 2019; Zhang et al., 2019). Due to the seasonal
intrusion of different water masses (Lao et al., 2022b) and severe
industrial and port activities in Beibu Gulf, the biogeochemical
processes of OM become more complicated (Wang and Guo,
2010; Kaiser et al.,, 2014; Liao et al., 2018; Dan et al., 2020).
Although some studies have tried to reveal the OM source and
its biogeochemical processes in the gulf (Wang and Guo, 2010;
Kaiser et al.,, 2014; Liao et al, 2018; Dan et al., 2020), the
dynamics of OM in the estuaries and bays are still unclear due
to complex influencing factors, such as hydrology and intensive
human activities. More importantly, these studies mostly used a
single means, such as a single stable isotope (Kaiser et al., 2014;
Liao et al,, 2018; Dan et al., 2020) and the geochemical

10.3389/fmars.2022.1043278

parameters or optical properties of OM (Wang and Guo,
2010). There are few studies incorporating the indices of POM
and DOM to comprehensively understand the dynamics of OM
in the gulf.

Compared with other larger estuaries and bays, small and
semi-enclosed bays are extremely sensitive to anthropogenic
destabilization (Ke et al., 2020; Gao et al., 2021; Li et al., 2021).
Xi Bay is a semi-enclosed bay with a highly developing industrial
and port located at the top of the northern Beibu Gulf along the
coast of Fangchenggang City, Guangxi Province. In this study,
the parameters of particulate organic carbon (POC) and
particulate nitrogen (PN), the stable isotopes of POM (e
and §"°N), dissolved organic carbon (DOC), CDOM, FDOM,
and other physicochemical parameters were investigated to
explore the OM sources and its biogeochemistry in Xi Bay.

Materials and methods
Study area

The semi-enclosed Xi Bay is situated in the northern Beibu
Gulf (Figure 1). The East Asian monsoon controls the climate in
this area. The rainfall during the rainy season (91% of the annual
rainfall) (April-October) is much higher than that during the
dry season (March-November) (China Meteorological Data
Sharing Service System, http://data.cma.cn/site/index.html).
The Fangcheng River flows into Xi Bay. The annual runoff of
this river is 542.25 x 10° m?, and the highest runoff occurs in July
(127.41 x 108 m?) (Lao et al.,, 2020). There is only a narrow outlet
channel linking with the outer Beibu Gulf, thus limiting the
water exchange between the upper bay and the lower bay (Cai
etal., 2022). The peninsula in the east part of Xi Bay is the center

21.5°N

! Beibu Gulf

FIGURE 1

o Beibu Gulf

Ocean Data View
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Map of the study area and sampling stations in Xi Bay (upper bay: W1-W5; lower bay: W6-W14).
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of Fangchenggang City. In addition, the eastern coast of the bay
mouth is the port and industrial regions, which is seriously
affected by human activities recently (Cai et al., 2022).

Sampling collection

The depth of the sampling station is 1.3-9.5 m, and surface
seawater (0.5 m depth) samples were collected from 14 stations
in Xi Bay in July (rainy season) 2021. According to the
geographical characteristics and the change of salinity, the
isotopic compositions of POM, and the absorption
spectroscopy and fluorescence of DOM, the stations were
grouped into two sections: the upper bay (stations W1-W5)
and the lower bay (stations W6-W14) (Figure 1). The
temperature was determined by a digital thermometer (SWL1-
1), and salinity was determined by a salinometer (SYA2-2) in the
field. Dissolved oxygen (DO) was also determined on-site using
the Winkler method. The apparent oxygen utilization (AOU)
was calculated by subtracting the observed DO concentration
from the saturated DO concentration. For the analysis of
nutrients (NO;~, NO,~, NH,*, PO,>), glass fiber filters (47
mm diameter, Whatman GF/F) were used to filter the water
samples, and the filtrate was stored at —20°C for laboratory
analysis. Seawater for the Chl a samples was filtered by glass fiber
membranes (GF/F, Whatman) with a diameter of 47 mm. The
POM (POC and PN) samples were filtered by precombustion
(450°C, 4 h) GF/F. Seawater samples for DOC, CDOM, and
FDOM analyses were vacuum-filtered by precombustion (450°C,
4 h) glass fiber filters (47 mm diameter, Whatman GF/F), kept in
the dark, and stored in high-density polyethylene (HDPE) vials
at —20°C before being analyzed in the laboratory. The optical
measurements of DOM were finished within 1 week.

Measurements of nutrients, Chl a,
and DOC

Nutrients (NO5 ™, NO,, NH,", PO,>") were measured by a
San™* continuous flow analyzer (Skalar, Netherlands). The
detection limits of NO,~, NO;3~, and NH," were all 0.1 ug LY,
and the detection limit of PO, was 0.02 ug L™". Chl a was
extracted with a 90% volume fraction of acetone, then measured
using the fluorometric method (Lorenzen, 1967). The DOC
concentration was measured with a Vario TOC analyzer
(Elementar, Germany), and potassium hydrogen phthalate was
used as the standard DOC calibration curve. The average peak
area of the samples (injected three times) was calculated by
subtracting the running blank and dividing by the slope of the
standard curve to obtain the DOC concentrations. The DOC
analysis variation coefficient was 2%.
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Total suspended matter, POC, PN, and
isotope analyses

The total suspended matter (TSM) concentration was
calculated using different weights between the preweighed and
reweighed samples. For the POC and PN concentrations and
isotopic compositions, concentrated HCI vapor was used to
remove inorganic carbon in the filters. The POM sample was
tightly packed into tin cans and then determined by an elemental
analysis isotope ratio mass spectrometer (253 Plus, EA-IRMS).
The Vienna Pee Dee Belemnite (VPDB) and atmospheric N,
were the references for §'°C and §'"°N, respectively. The accuracy
of POC and PN is 0.83% =+ 0.1% (n = 8, IVA33802180) and
0.07% +0.01% (n = 8,IVA33802180), respectively. The precision
of POC and PN is +0.1%. The accuracy of §'°C and §'"°N is
~26.4%0 + 0.2%o (1 = 8, USGS40) and —4.5%o + 0.2%o (n = 8,
USGS40), respectively. In addition, the precision of 8"*C and
8'°N is +0.2%o.

CDOM analysis

The CDOM absorbance spectra were measured by a
Shimadzu UV-1780 dual-beam spectrophotometer (Shimadzu,
Japan), with a 10-cm quartz cell. Absorbance (A7) scans ranged
from 240 to 800 nm, with a spectral resolution of 0.5 nm. Milli-Q
water was used for baseline correction. A Napierian absorption
coefficient (a;, m™") was calculated as 2.303 times the absorbance
(A,) divided by the light path length of the cell in meters (0.1 m).
There, a,54 and as,5 were used to quantify CDOM abundance in
this study (Wang et al, 2021), and the CDOM absorption
coefficients at other wavelengths (e.g., 280, 350, 355, 412 nm)
are presented in Table SI. The spectral slope (S,75_595) was
calculated using linear fitting of the log-transformed absorption
coefficient. The value of SUVA,s, was calculated by dividing the
decadal absorption coefficient (i.e., A(A)/L) by the corresponding
DOC content (mg C L™ (Wang et al,, 2021).

FDOM analysis and PARAFAC modeling

The FDOM excitation-emission matrices (EEMs) were
obtained by a Hitachi F-7100 fluorescence spectrofluorometer.
The excitation (Ex) wavelengths spanned from 240 to 450 nm in
5 nm increments with 10 nm slit width, and emission (Em)
wavelengths spanned from 280 to 600 nm in 2 nm increments
with 5 nm slit width. An absorbance-based approach was used to
correct the inner-filtering effects, and the Raman spectra of
Milli-Q water were used to normalize and blank-correct the
EEMs. Fluorescence intensity was presented as Raman units
(RU). The fluorescence indices [i.e., fluorescence index (FI),
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humification index (HIX), and biological index (BIX)] were used
to describe the composition and characteristics of DOM. FI is
the ratio of EM fluorescence intensity at 450 and 500 nm when
Ex = 370 (McKnight et al., 2001). HIX is the ratio of an integral
area over Em 435-480 to 300-345 nm when Ex = 255 nm
(Zsolnay et al, 1999). BIX is the ratio of EM fluorescence
intensity at 380 and 430 nm when Ex = 310 nm (Huguet
et al., 2009).

PARAFAC modeling resulting in a three-component model
that included two humic-like components (C1-C2) and one
protein-like component (C3) explained more than 99% of the
variability among the EEMs (Figure S1). C1 displayed Ex/Em at
<240 and 290/390 nm, which is similar to peaks A and M (Coble,
1996); C2 displayed Ex/Em at 260 and 360/440 nm, which is a
mixture of peaks A and C (Coble, 1996). C3 displayed Ex/Em at
275/328 nm, which resembles traditionally peak T (Coble, 1996).

Statistical analysis

The potential POM sources in Xi Bay were quantified by the
Bayesian mixing model in R software (MixSIAR v.3.1.10).
Redundancy analysis (RDA) was conducted to investigate the
relationships between the DOM and environmental variables by
Canoco 5.0. Linear correlations between DOM parameters and
salinity, Chl a, and POM were performed using SPSS 22.0. The
Student’s ¢-test in SPSS 22.0 also was used to analyze the differences
between the parameters in the upper bay and the lower bay. A one-
way ANOVA was performed before the Student’s -test to see if the
data had homogeneous variances (F-test).

Results
Physicochemical parameters

Our previous study showed the physicochemical parameters
during the same cruise in Xi Bay (Cai et al., 2022). The
distributions of the physicochemical parameters are shown in
Figure 2. The water temperature varied between 31.90°C and
32.40°C (an average of 32.09°C + 0.14°C), with the highest
temperature in station W8. The mean temperature was 32.12°C
+0.13°C in the upper bay and 32.08°C + 0.16°C in the lower bay.
Salinity varied between 14.59 and 24.22 (an average of 19.89 +
2.57), and the salinity increased seaward. The mean salinity was
17.71 £ 2.52 in the upper bay and 21.10 + 1.71 in the lower bay.
The level of DO ranged from 5.92 to 7.00 mg L™" (an average of
6.50 + 0.29 mg L"), and the highest value occurred in the bay
mouth area. The mean value of DO was 6.38 £ 0.29 mg L ™" in the
upper bay and 6.57 + 0.29 mg L ™" in the lower bay. Moreover,
the levels of AOU ranged from —0.42 to 0.78 mg L ™" (average of
0.04 + 0.32 mg L"), and the highest value occurred in station
WI. The mean value of AOU was 0.23 + 0.33 mg L' in the
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upper bay and —0.07 + 0.27 mg L™" in the lower bay. The detailed
spatial distributions of AOU are presented in Figure 2C, and the
spatial distributions of DO are presented in Figure S2. The level
of Chl a varied between 1.60 and 12.30 pug L', and the mean
value of Chl a (2.78 + 0.94 ug L") in the upper bay was lower
than that in the lower bay (7.47 + 3.22 ug L") (t-test, p < 0.01).
The concentrations of NH,", NO,”, NO5~, and PO,>” ranged
from 1.26 to 7.36 umol L™, 0.61 to 2.54 umol L™, 8.21 to 89.93
pmol L% and 0.36 to 1.00 pmol L7}, with average values of 3.14
+2.16 umol L%, 1.18 + 0.63 umol L%, 36.48 + 34.81 umol L™},
and 0.60 + 0.22 umol LY respectively. In addition, the mean
values of NH,*, NO,~, NO5 ", and PO,>~ were 2.95 + 1.25 pmol
L', 0.88 + 0.13 umol L', 33.27 + 31.10 umol L™", and 0.79 +
0.16 wmol L ™" in the upper bay and 3.24 + 2.60 umol L™, 1.35 +
0.75 umol L', 38.27 + 38.41 pmol L™, and 0.50 + 0.17 umol L™"
in the lower bay, respectively.

POC, PN, TSM, C/N ratios, and isotopic
composition (6**C and §*°N)

The concentrations of POC and PN varied between 0.38 and
1.85 mg L' (an average of 0.92 + 0.34 mg L") and between 0.03
and 0.11 mg L' (an average of 0.08 + 0.02 mg L™"), respectively
(Figures 3A, B). The mean values of POC and PN were 0.86
0.22 mg L ™" and 0.08 + 0.02 mg L' in the upper bay and 0.96 +
0.40 mg L' and 0.07 +
respectively. Relatively high concentrations of POC occurred

0.02 mg L' in the lower bay,

in the lower bay (station W14), whereas high PN concentrations
were found in the upper bay. TSM ranged from 9.80 to 36.60 mg
L! (an average of 21.58 + 8.55 mg Lfl), and the mean value of
TSM was 23.78 + 10.94 mg L ™" in the upper bay and 19.75 + 6.44
mg L' in the lower bay. The C/N ratios of POM ranged from
9.68 to 46.47 (an average of 15.51 + 9.29), and the mean C/N
ratios were 12.29 + 1.34 in the upper bay and 17.31 + 11.37 in the
lower bay. The highest ratio occurred in station W14. §"°C and
8"°N ranged from —27.0%o to —23.5%o (an average of —24.7%o +
1.1%0) and -5.4%o to 9.6%o (an average of 8.2%o * 1.2%o),
respectively. The mean values of '>C and §'°N were —25.24%o +
0.96%o0 and 7.34%o + 1.41%o in the upper bay and —24.42%o +
1.16%o and 8.64%o + 0.73%o in the lower bay, respectively. The
high values of §'>C occurred in the bay mouth, whereas the low
value was found in station W1 (upper bay). However, the §'°N
values increased seaward.

Distributions of DOC, CDOM, and FDOM

As shown in Figure 4, the DOC value varied between 1.29
and 1.84 mg L' (average of 1.53 + 0.19 mg L"), with the highest
value in station W12. The mean value of DOC was 1.55 + 0.21
mg L' in the upper bay and 1.52 + 0.19 mg L ™" in the lower bay.
The CDOM absorption coefficient at a,54 and as,5 ranged from
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249 t0 6.63 m™" and 0.78 to 2.00 m ™', with a mean value of 3.70
+1.08 m ' and 1.18 + 0.31 m™', respectively. The mean values of
dss4 and as,5 were 3.08 + 0.62 m™! and 1.01 + 0.20 m™' in the
upper bay and 4.05 + 1.15 m " and 1.27 + 0.33 m ™" in the lower
bay, respectively. Obviously, the level of both a,s, and a3,
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showed an increase seaward. In addition, a significant
relationship (R* = 0.99, p < 0.01, n = 14) was found between
the a,54 and as,s in Xi Bay. The S,75 95 ranged from 16.70 to
18.90 um™' (average of 17.98 + 0.54 um') and increased
seaward. The mean S,;5_595 was 17.52 + 0.47 um™' in the
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upper bay and 18.23 + 0.40 um™" in the lower bay. The SUVA,5,
ranged from 0.59 to 2.23 m* g ' C (average of 1.07 £ 0.42 m> g*
C) and shared a distribution pattern similar to that of a,s4 and
d355. The mean SUVA,s5, was 0.87 + 0.19 m? g’1 C in the upper
bay and 1.21 + 0.50 m* g”' C in the lower bay.

The fluorescence intensity of C1 and C2 varied between 0.23
and 0.29 RU (average of 0.26 + 0.01 RU) and between 0.16 and
0.22 RU (average of 0.18 + 0.02 RU), respectively. The mean C1
and C2 values were 0.26 + 0.02 and 0.20 + 0.02 RU in the upper
bay and 0.25 + 0.01 and 0.17 £ 0.01 RU in the lower bay,
respectively. The highest C1 and C2 occurred in W1, while the
lowest C1 occurred in W9 and the lowest C2 occurred in the
lower bay (stations W12 and W13). The fluorescence intensity of
C3 ranged from 0.10 to 0.12 RU (average of 0.11 + 0.01 RU) in Xi
Bay, the distribution pattern was nearly homogeneous in the
upper bay, and the highest value was observed in W8. Moreover,
the mean C3 was 0.10 + 0.004 RU in the upper bay and 0.11 + 0.01
RU in the lower bay. The HIX ranged from 2.56 to 3.98 (average
of 3.41 + 0.39) and generally decreased seaward (Figure 5D). The
mean HIX was 3.76 + 0.24 in the upper bay and 3.22 + 0.31 in the
lower bay. In contrast, BIX varied from 1.02 to 1.59 (average of
1.17 + 0.14) and increased seaward. The mean BIX was 1.09 +
0.07 in the upper bay and 1.22 + 0.15 in the lower bay. The FI
ranged from 2.48 to 2.74 (average of 2.54 + 0.06), and the highest
FI was observed in W5. In addition, the mean FI was 2.56 + 0.10
in the upper bay and 2.52 # 0.02 in the lower bay.

Discussion

The POM sources and their dynamics in
Xi Bay

Generally, different sources of OM showed different isotopic
characteristics (Ye et al., 2017; Sarma et al., 2020; Lu et al., 2022).
In the upper bay, the average §'°C values (~25.3%o * 1.0%o) are
close to the values of terrestrial C3 plants (=27%o) (Meyers, 1994;
Meyers, 1997), suggesting that the terrestrial input may be the
dominant POM source in this region. In addtion, the ratio of
POC/Chl a can be used to distinguish the sources of POM. A high
POC/Chl a ratio (>200) is generally considered to be from detrital
or degraded OM (i.e., terrigenous input), whereas a lower ratio
(<200) is from fresh phytoplankton. (Guo et al,, 2015; Gawade
etal, 2018; Gao etal,, 2021). As shown in Figure 6, the high POC/
Chl a ratios are >200 in the upper bay, further confirming the
dominance of terrigenous input. There is a river (Fangcheng
River) in the upper bay, and the high rainfall and runoff would
excite more terrigenous POM into the upper bay during the rainy
season. In addition, the lower Chl a (2.78 nug L") (t-test, p < 0.01)
levels were found in the upper bay. This may be influenced by the
light limitation (i.e., high turbidity due to the input of terrestrial
particles), which would limit the phytoplankton growth in the
upper bay. The §'°N is considered to be more sensitive than the
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8'3C to environmental pollution, and the values are affected by the
biogeochemical processes of the POM (Ke et al,, 2017; Ke et al,,
2020). The §"°N compositions (7.3%o + 1.4%o) were higher than
the values from terrestrial vascular plants (3%o) and marine
organic matter (6%o) in the upper bay (Brandes and Devol,
2002; Middelburg and Herman, 2007), indicating nitrogen
pollution in this region (Cai et al., 2022). After the light isotope
("*N) consumption during the nitrogen biogeochemical
processes, heavy '°N is retained in the residual pool (Ke et al.,
2017). In addition, the concentration of dissolved inorganic
nitrogen in Xi Bay was significantly higher than that in the
other coastal bays in the northern Beibu Gulf, such as Qinzhou
Bay (1.5 times) and Tieshangang Bay (1.7 times) (Cai et al., 2022),
consistent with the above inference. Generally, we also quantified
the contribution of potential POM sources by the Bayesian mixing
model based on the isotopic characteristics of different sources
(Table S1). The result showed that terrestrial OM (including the
C3 and C4 plants, soil OM, and sewage) contributed 60.6% to the
POM pool in the upper bay (Figure 7A).

In the lower bay, enhancement of 83C values (—24.4%0 +
1.2%0) was found in seawater. The increase in phytoplankton
production may be responsible for the enriched §"°C values in
the lower bay (Chen et al., 2008; Ke et al., 2017; Huang et al., 2020).
In addition, except for stations W9 and W14 (Figure 6), lower
POC/Chl a ratios (<200) in the lower bay (¢-test, p < 0.01) indicated
that the POC mainly originated from fresh phytoplankton,
consistent with the higher Chl a (7.47 + 3.22 ug LY (ttest, p <
0.01) in this region. Interestingly, the higher §'>C values occurred in
the bay mouth (#-test, p < 0.01), which was also consistent with the
distribution of higher Chl a in the bay mouth area (t-test, p < 0.01).
The intense human activities in the bay mouth would carry more
nutrients from the nearby region into the seawater, thus resulting in
the increase of biological OM production (Figure 3). High
phytoplankton biomass can consume a large amount of
atmospheric CO, due to phytoplankton growth, resulting in
more HCO; ™ taken by the phytoplankton and, thus, enriched
8C compositions of organic carbon (Ke et al., 2017; Gao et al,
2021). Many studies have confirmed that an abundant nutrient
input into the estuaries and coastal bays would cause
phytoplankton bloom easily and enrich the §"°C-POC (Gao
et al,, 2021), such as in Daya Bay (Ke et al., 2017) and Jiaozhou
Bay (Ke et al, 2020). In addition, the §'°N compositions (8.6%o +
0.7%o) were higher than the values in the upper bay (¢-test, p < 0.05),
indicating more serious nitrogen pollution in the lower bay. As
discussed above, the discharge of industrial wastewater from the
port and the industrial activities contributed to the serious nitrogen
pollution in the lower bay (Cai et al.,, 2022). Moreover, a high §"°N
signal was also found in sedimentary, suspended particles and plant
particulate matter on the coast of the northern Beibu Gulf (Kaiser
etal, 2014; Liao et al., 2018). Unlike the upper bay, the contribution
of terrestrial OM decreased to 55.5%, whereas the contribution of
marine OM and freshwater phytoplankton increased to 16.5% and
27.9% in the lower bay, respectively (Figure 7B).
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The sources and dynamics of DOM in
Xi Bay

A significant spatiotemporal variation of DOM in the estuaries
and coastal bays due to the biogeochemical gradients from estuaries
and bays to the open seas was widely reported previously. These
studies showed that estuaries and bays discharge large quantities of

terrestrial DOM to the coastal waters, and the distribution and
variability of DOM are primarily controlled by estuarine mixing (Li
et al, 2019; Yang et al,, 2019; Liu et al,, 2020). In this study, there
was no relationship between salinity and DOC (p > 0.05),
suggesting no conservative mixing of DOC with seawater in Xi
Bay. Previous studies showed that CDOM is usually correlated with
the bulk DOC pool in the coastal area (Rochelle-Newall and Fisher,
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2002; Coble, 2007; Zhu et al, 2018). However, no correlation
between CDOM and DOC (p > 0.05) was found in this study.
Thus, the other additional (phytoplankton production or
wastewater discharge) or removal (decomposition) processes may
affect DOC distribution in this region (Yu et al., 2016; Zhu et al,
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2018). A similar result is also observed in the Pearl River Estuary
(Chen et al,, 2004; Li et al,, 2019) and the Changjiang estuary (Yu
et al,, 2016). For the CDOM, both the a,54 and as,5 were positively
correlated with salinity (Figures 8B, C), suggesting that physical
mixing is the major factor shaping the distribution pattern of
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Relationships between (A) DOC and salinity, (B) as4 and salinity, (C) as,s and salinity, (D) C1 and salinity, (E) C2 and salinity, and (F) C3 and
salinity in the water of Xi Bay. The black lines and gray shadows represent the linear fit lines and 95% confidence bands. Because the DOC
values in stations W8 and W10 and the FDOM (C1, C2, and C3) fluorescence intensity in station W14 had no dates, these points were excluded

from the analysis.
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CDOM in the upper and lower bays. However, the low R? values
(0.34) for the regressions of CDOM versus salinity indicate that
other processes have considerable contributions to CDOM
distribution in the bay. Notably, lower a,s4 and as,5 occurred in
the upper bay (t-test, p < 0.01), which was opposite to the
distribution pattern of the humic-like FDOM. It likely indicated
that terrestrial input is not the main source of CDOM in this area.
Thus, biological production may be a major source of CDOM.
However, the Chl a content is lower in the upper bay (t-test, p <
0.01), and there is no correlation between CDOM and Chl a
throughout the bay or in the upper bay. Actually, the degradation
of POM (PN) can produce the humic-like component and
refractory DOM components. In this study, there is a negative
correlation between PN and a,s4 (p < 0.05, 7 = 13) and between PN
and as,s (p < 0.05, n = 13) in Xi Bay (Figures 9C, D), and these
results suggest that bacterial-mediated degradation of POM may be
the primary source of CDOM (Angela et al,, 2016; Bowen et al,
2019; Wang et al., 2021). In addition, the decomposition of POM
also contributes to C1 due to the negative correlation between POC
and C1 (Figure 9B). Microbial decomposition is considered to be a
major source of the humic-like component due to the increase of
humic-like fluorescence during microbial decomposition
incubations (Angela et al., 2016; Bowen et al,, 2019; Wang et al.,
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2021). Moreover, the increase in runoft during the rainy season
would carry more domestic sewage or bacteria into the coastal water
(Corapcioglu and Haridas, 1984; Perkins et al., 2016; Mattioli et al.,
2016), contributing to the decomposition of OM. The positive AOU
values (>0) in the upper bay also support the decomposition of OM
(Figure 2C). Moreover, as a semi-enclosed bay, the hydrodynamic
conditions in Xi Bay are weak (Cai et al., 2022), and the longer water
residence times in the upper bay provide good conditions for
bacteria activity. This process enhances the production of
biorefractory molecules and humic-like fluorescent DOM
(Asmala et al, 2018; Qu et al,, 2022; He et al,, 2022). However,
there is no relationship between PN and the humic-like component,
suggesting that the distribution of humic-like components (C1 and
C2) may be less affected by the decomposition of POM. As shown
in Figure 5, the higher C1 and C2 levels were all found in the upper
bay (t-test, p < 0.01), and C1 and C2 were negatively correlated with
salinity (Figure 8), suggesting that the dominant source of C1 and
C2 could originate from the terrestrial inputs. Thus, although part
of C1 and C2 was released from the degradation of POM, the
increase of terrestrial input would result in the weakening of those
correlations. On the contrary, the distribution of C3 increased
gradually from the upper bay to the lower bay, which is quite
different from the humic-like C1 and C2. Previous studies showed
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represent the linear fit lines and 95% confidence bands. Because the C1 and C3 fluorescence intensity in station W14 had no dates, these points

were excluded from the analysis.
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Redundancy analysis ordination showing the relationship between DOM and the environmental parameters in the upper bay (A) and the lower bay (B).

that the protein-like components can be produced/released by
phytoplankton (Guo et al, 2011; Guo et al,, 2014; Asmala et al,
2018). The significant positive relationship between C3 versus Chl a
(p <0.01, n = 13) suggests that the protein-like C3 is mainly derived
from in-situ phytoplankton primary production (Figure 9A). As
discussed above, the relatively low Chl a concentration may be due
to high turbidity in the upper bay. Thus, the levels of C3 were lower
(t-test, p < 0.01) in the upper bay due to the low Chl
a concentration.

In the lower bay, the distribution of DOC may be affected by
biological activity, as the DOC is oriented in the same direction
as the arrow of Chl a in the RDA analysis (Ouyang et al., 2018;
Yan et al., 2022) (Figure 10B). It can be seen that there is

enhanced CDOM (a,s4 and as,s) in the seaward stations (W13
and W14) (Figures 4B, C), which is not affected by dilution. The
increased salinity and the higher S,75 95 (#-test, p < 0.01) suggest
a decrease in terrigenous CDOM in this area. Thus, the high
content of CDOM was mainly autochthonous. We believe that
the decomposition of marine (fresh) POM (i.e., PN) produces
more CDOM in the lower bay (Guo et al., 2015; Gawade et al,,
2018; Gao et al., 2021).

For the FDOM, the input of wastewater discharges from the
bay mouth may increase the level of humic-like components,
and the high leaves of fresh POC occurred in the lower bay,
which would promote the production of humic-like CI.
However, the level of C1 and C2 decreased from the upper
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Simplified schematic sketch summarizing the major biogeochemical processes in Xi Bay.
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bay to the lower bay, which could have been affected by the
dilution of seawater. In addition to the dilution of seawater,
photobleaching may be another reason for the lower level of the
humic-like component in the lower bay. Generally, the humic-
like FDOM intensity is lower in surface waters where sunlight
penetrates and photolyzes the involved compounds (Angela
et al, 2016; Wang et al, 2017; Wang et al,, 2021). In this
study, the low HIX further supports the above inference in the
lower bay. Previous studies also showed that photobleaching in
aquatic environments can alter DOM from larger molecules to
smaller labile photoproducts (Angela et al., 2016). In addition,
the spectral slope Sy75_295 shows a higher value in the lower bay,
indicating the low molecular weight of DOM in this area. This
distribution could be explained by the strong photobleaching in
seawater, which could degrade DOM constituents and yield high
spectral slopes (Zhou et al., 2018). In the lower bay, the turbidity
of water may gradually decrease as the terrigenous particle input
decreases. Therefore, photobleaching would be enhanced, which
changes the DOM pool to low HIX and low molecular weight in
the lower bay.

Interestingly, the leaves of the protein-like C3 in the lower
bay were higher (¢-test, p < 0.01) than those in the upper bay.
Moreover, the contribution of C3 to the FDOM pool increased
to 20% in the lower bay. Anthropogenic inputs (i.e., wastewater
discharges) are considered important markers of protein-like
components (Zhao et al., 2021; Li et al., 2021). The protein-like
C3 exhibited a higher value in the bay mouth (i.e,, station W8)
(t-test, p < 0.01) (Figure 5). This phenomenon may be caused by
the input of industrial wastewater. However, the distribution of
the protein-like components is consistent with the distribution
of Chl a in the lower bay (Figure 2D). Although the terrigenous
input decreased in the lower bay, an abundant nutrient input
was observed in the bay mouth due to intensive human activities.
This favorable condition promotes the growth of phytoplankton
in the lower bay. This suggests that the higher protein-like C3 in
the lower bay is mainly from the autochthonous organism
activities due to the phytoplankton blooms induced by the
high anthropogenic nutrient input. Thus, the direct input of
industrial wastewater may have a little effect on the protein-like
C3, which is also supported by the high FI (>1.9) (Figure 5).

Conclusion

In this study, POC, PN, §"°C and §'°N of POM, DOC,
CDOM, and FDOM were determined to explore the dynamics of
OM in Xi Bay during the rainy season. A summary of the origin
of POM and DOM and its biogeochemical processes is presented
in Figure 11. In the upper bay, our results showed that POC
mainly originated from terrestrial sources. However, the negative
relationship between CDOM and PN suggested that bacterial-
mediated decomposition of POM may be the primary source of
CDOM. The negative correlation between the humic-like
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fluorescent components (Cl and C2) and salinity suggested
that those components were mainly affected by terrestrial
input. The significant correlation between the protein-like
component (C3) and Chl a suggested that C3 was mainly
derived from phytoplankton production in the upper bay. In
the lower bay, the increase of 8'°C indicated an increasing
contribution of marine POC. The high levels of CDOM may be
due to the decomposition of marine (fresh) POM in the lower
bay. However, the low levels of C1 and C2 may be affected by
dilution with seawater, and the increased levels of the protein-like
C3 were affected by enhanced primary production. In addition,
the enriched 8"°N indicated serious nitrogen pollution in both
the upper and lower bays. This study highlights that the
biological production of OM fueled by nutrients resulting from
human activities is the dominant process in the bay. Thus,
human activity and biological processes must be fully
considered to better understand carbon and nitrogen cycling in

intensive human activities or nutrient-rich bays.
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