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Abstract: In this study, the isotopic composition (δ13C and δ15N), total organic carbon content, total
nitrogen content, and C/N ratios of suspended particulate organic matter (POM) in Zhanjiang
Bay, which is a semi-enclosed bay with concentrated artificial activities in Southern China, were
analyzed in order to investigate the seasonal variations in the principal POM sources in the monsoon
region. In summer, the δ13C and δ15N values showed a weak correlation with the chlorophyll a
(Chl a), suggesting that terrigenous sources were dominant. However, in winter, the particulate
organic carbon and particulate nitrogen values were correlated with the Chl a in the middle bay
and bay mouth. Moreover, the δ13C values showed a significant correlation with Chl a during the
winter, indicating that the contribution of the in situ phytoplankton was relatively important and was
affected by the monsoon in winter. Compared with the corresponding δ13C values, the δ15N values
exhibited a complex spatial distribution. By using a Bayesian mixing model, in the upper bay, the
source of POM was mainly from marine organic matter (49%) in summer, and almost an equilibrated
contribution of all sources in winter. In the middle bay and bay mouth, the POM contribution mainly
originated from marine organic matter (53%) during the winter. In contrast, the POM source was
mainly soil organic matter (63%) in summer, suggesting that the POM was sourced from the runoff
from the upstream basin. Our results suggest that the seasonal shifts of the source of POM should be
taken into account when estimating C or N mass balance in the monsoon-controlled bay.

Keywords: particulate organic matter; stable isotopes; C/N ratio; isotope mixing model; Zhanjiang Bay

1. Introduction

Environmental pollution and eutrophication are causing significant problems in estu-
aries and coastal waters worldwide [1]. The particulate organic matter (POM) in coastal
waters is a complex mixture of marine and terrestrial organic compounds that are sensitive
to eutrophic and artificial activities [2,3]. In marine systems, POM plays a significant role
in the carbon and nitrogen cycling because it can sustain high biological activity, which is
significant for both the global and local carbon and nitrogen cycles [4–8].

The stable C and N isotope compositions (δ13C and δ15N) and the C/N ratios have
been extensively used to discriminate organic matter sources in water environments and to
investigate the impacts of human activities [9–11]. Terrestrial plants are usually divided
into C3 and C4 plants based on their carbon sequestration photosynthesis [12]. The δ13C
of C3 plants averages −27‰ and ranges from −30‰ to −23‰, while that of C4 plants
averages −13‰ and ranges from −16‰ to −10‰ [12,13]. The values of terrestrial organic
matter are generally lower than those of river algae because they absorb carbon with higher
δ13C values [14]. Thus, the δ13C values of marine organic matter range from −22‰ to
−18‰ [15,16]. Similarly, the δ15N of terrestrial vascular plants ranges from −5‰ to 18‰
(3‰ in average), whereas that of marine organic matter ranges from 3‰ to 12‰ (6‰ in
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average) [17,18]. Moreover, the δ15N values of sewage and livestock waste are typically
10‰ to 22‰ [19]. In aquatic environments, the C/N ratio has also been widely used to
discriminate the sources of organic matter [10,20,21]. The molar C/N ratios of marine
organisms range from 5 to 8; whereas those of terrestrial organisms are 20 or greater [13].
Therefore, it is very important to understand the spatial and temporal changes in δ13C,
δ15N, and C/N and the factors controlling their distributions in order to determine the
sources of the POM and to clarify the N and C biogeochemistry.

Zhanjiang Bay is a semi-enclosed bay linking to the northwestern part of the South
China Sea. A large number of rivers drain into it, the largest of which is the Suixi River. Fur-
thermore, there are many outlets that directly discharge sewage into the bay [22]. Recently,
a large amount of pollutants were discharged into Zhanjiang Bay as a result of the rapid
economic growth [23]. Researchers have reported temporal and spatial eutrophication
variations in Zhanjiang Bay [24]. Li et al. (2020) found that a large quantity of terrestrial
material was imported into Zhanjiang Bay, impacting its ecosystem [25]. Therefore, deter-
mining the sources of the POM in the bay is of great importance to controlling regional
water eutrophication. Although several studies have examined the stable carbon and
nitrogen isotope compositions in Zhanjiang Bay, many of these studies were confined to
the surface sediments [26], and no systematic studies have been conducted to elucidate
the sources and distribution of the POM in Zhanjiang Bay. Since the bay is controlled by
the monsoon seasons and experiences concentrated and frequent human activities, the
seasonal changes in the POM sources and their biogeochemical processes are not well
constrained. Thus, it is necessary to sample and analyze the POM in the surface seawater
of Zhanjiang Bay in order to further understand the effects of the seasonal changes and
human activities on the marine ecosystem.

In this study, we reported the spatial and temporal distributions of the particulate
organic carbon (POC) and particulate nitrogen (PN), and the isotopic compositions (δ13C
and δ15N) of the POM in Zhanjiang Bay in 2017. Then, these findings were used to evaluate
the main sources of the POM and to evaluate the biogeochemical processes controlling
their variations for the eutrophication management.

2. Materials and Methods
2.1. Field Sampling

Located in the western part of the Guangdong Province, China, Zhanjiang Bay is
characterized by a typical monsoon climate. It is a region with a well-developed agriculture.
Moreover, Zhanjiang Bay is heavily affected by concentrated human activities, such as
industry, mariculture, shipping, and agriculture. The river inflow of Zhanjiang Bay is
8.26 × 109 m3/y, among which the runoff of Suixi River is 7.88 × 109 m3/y and that of
other rivers is 3.82 × 108 m3/y [27]. The sewage input flow is 1.51 × 108 m3/y, which
is far less than the river input [27]. The Suixi River is the main discharge of local river
influencing Zhanjiang Bay. Seawater from the northern part of the South China Sea has
a significant impact on the water in Zhanjiang Bay (Figure 1). Due to its narrow mouth
(approximately 2-km wide) and shallow water with the depth less than 50 m, it is difficult
for the POM to be discharged into the sea. Zhanjiang Bay is controlled by monsoons, with
hot and humid climate during the summer monsoon, and cool and dry climate during the
winter monsoon (Figure 1). It receives significant precipitation in the spring and summer
under the influence of the southwest monsoon. Heavy rainfall (75% of the annual rainfall)
generally occurs during the summer and autumn, while the dry seasons are usually winter
and spring [28].
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Figure 1. Map of the sampling sites in Zhanjiang Bay, which is divided into three main sections: the
upper bay, the middle bay, and the bay mouth. Note that the aquaculture activities mainly occur in
the upper and middle bay areas and are primarily related to shipping. WM: winter monsoon; SM:
summer monsoon.

The sampling for this study was conducted in summer (June 2017) and winter (De-
cember 2017). Surface seawater samples were collected from 25 sites using rose-shaped
samplers with Niskin bottles. The salinity and temperature distributions were surveyed us-
ing a conductivity temperature depth instrument (SBE911, Seabird). After the surface water
samples (approximately 5000 mL) from each site were collected, the isotope samples were
pre-filtered using a 47-mm diameter glass fiber filter (GF/F) membrane (pre-combustion at
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450 ◦C for 4 h) and were kept at −20 ◦C until analysis. In addition, the surface seawater was
filtered through a GF/F (Whatman, 0.7 µm), and the membranes were stored at −20 ◦C
before further processing and analysis to determine their chlorophyll a (Chl a) contents. As
is shown in Figure 1, the eastern part of the bay’s mouth is the main point of exchange
with the offshore water. It should be noted that for the purposes of this study, the sea area
of investigation was divided into the upper bay, the middle bay, and the bay mouth.

2.2. Sample Analysis

The concentration of the suspended particulate matter (SPM) was calculated using
the difference between the weight of the pre-weighed and re-weighed sample multiplied
by the bulk weight of the filtered seawater sample. The samples were extracted with
90% acetone and their Chl a concentration was determined using fluorescence [29]. The
filter membranes used for the POC concentration and δ13C analyses were placed in steam
filled with condensed HCl for more than 48 h to remove and carbonate, and then they
were washed three times with deionized water [30]. After the samples were acidified, the
filter membranes were freeze-dried and stored in a dehumidifier until analysis [30]. The
sample filter membranes used for the analysis were completely loaded tin cans and were
measured using an elemental analysis isotope ratio mass spectrometer (EA-IRMS) (an EA
Isolink series elemental analyzer interfaced with a MAT 253 plus mass spectrometer). In
order to monitor the stability of the instrument and the accuracy of the measured value,
every 5–10 samples were inserted into one copy of reference material for synchronous
measurement. The standard substances were USGS64, USGS65, and USGS66. Instrument
status and reliability of measured data were checked by synchronous measurement of
reference substances. The analytical accuracy of the samples was better than 0.3% in our
measurement process. The δ13C and δ15N were calculated in reference to Vienna Pee Dee
Belemnite (VPDB) and atmospheric N2, respectively. The mean standard deviations of
the δ13C and δ15N were ±0.2‰ and ±0.3‰, respectively, and those of the POC and PN
concentrations were ±0.3%. The POC:Chla and C:N ratios are discussed below.

2.3. Isotope Mixing Model

The proportions of the contributions of the potential POM sources to Zhanjiang Bay
were determined using the isotope mixing model for stable isotope analysis in R (SIAR,
MixSIAR version 3.1.10), which is a package developed for a Bayesian steady mixing model.
Additional details regarding the model’s use for quantifying various organic sources have
been reported in previous studies [31,32].

3. Results
3.1. Hydrographic Properties

Figure 2 shows the seasonal and spatial distributions of the temperature and salinity.
The water temperature exhibits significant seasonal changes, with higher temperatures in
summer (28.9 to 33.4 ◦C, with an average of 30.3 ◦C), and lower temperatures in winter
(16.4 to 21.3 ◦C, with an average of 17.9 ◦C). However, the distribution pattern of the salinity
in summer was similar to that in winter, with a seaward increase in salinity in Zhanjiang
Bay. The salinity was higher in winter (22.6 to 30.4, with an average of 28.3) and lower in
summer (20.3 to 31.3, with an average of 27.4). Furthermore, the salinity in summer was
lower than that in winter in the upper bay, which may be caused by the fluvial discharge
during the rainy season.



J. Mar. Sci. Eng. 2021, 9, 541 5 of 20

Figure 2. Seasonal and spatial changes in the temperature and salinity of the surface water in Zhanjiang Bay.

3.2. Chl a and SPM

The seasonal and spatial changes in the Chl a and logarithmic suspended particulate
matter (lg(SPM)) are illustrated in Figure 3. The Chl a concentrations ranged from 6.1 to
15.4 µg·L−1 (average of 10.0 µg·L−1) in summer and from 3.6 to 19.0 µg·L−1 (average of
11.9 µg·L−1) in winter. In addition, the SPM concentrations were higher in summer (6.6
to 95.0 mg·L−1) and lower in winter (3.6 to 13.8 mg·L−1). In general, the Chl a exhibited
significant seasonal changes, with a higher Chl a concentration in summer, and a lower Chl
a concentration in winter in the upper bay, whereas, in the middle bay and bay mouth, the
Chl a concentration was higher in winter and lower in summer. Conversely, the SPM was
homogenous, with the exception of station Z18 (Figure 3c).

3.3. Organic Carbon, Nitrogen, and C/N Ratios

The seasonal and spatial distributions of the POC, PN, and C/N ratios are shown
in Figure 4. The POC ranged from 0.6 to 3.7 mg L−1 (average of 1.1 mg·L−1) in summer
and from 0.3 to 1.0 mg·L−1 (average of 0.5 mg·L−1) in winter. Furthermore, the results
show that the POC concentrations were higher in summer than in winter. In addition,
the PN ranged from 0.1 to 0.2 mg·L−1 (average of 0.2 mg·L−1) in summer and from 0.0 to
0.2 mg·L−1 (average of 0.1 mg·L−1) in winter. The spatial and seasonal distributions of
the POC were similar to those of the PN. Both the POC and PN decreased seaward, with
lower and higher concentrations in the middle and upper bays, respectively, in summer,
and the opposite variation occurred in winter. It should be noted that the bay mouth was
characterized by relatively low POC and PN values.
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Figure 3. Seasonal and spatial distributions of chlorophyll a (Chl a) and lg(SPM) in the surface water of Zhanjiang Bay.

The C/N ratios varied from 4.6 to 29.6 (average of 8.4) in summer and from 4.3 to 10.3
(average of 7.3) in winter (Figure 4). The C/N ratios showed no obvious spatial changes
during the winter. However, in summer, higher C/N ratios were found in the upper bay
and lower ratios were found in the middle bay and bay mouth.

3.4. δ13C and δ15N of the POM

The seasonal and spatial distributions of the δ13C and δ15N values of the POM in the
bay are shown in Figure 5. The δ13C values ranged from −23.0‰ to −17.7‰ (average
of −19.8‰) in summer and from −27.3‰ to −20.5‰ (average of −22.5‰) in winter.
Moreover, the δ15N values ranged from 5.4‰ to 11.9‰ (average of 9.0‰) in summer and
from 3.7‰ to 9.3‰ (average of 7.0‰) in winter. The δ13C and δ15N values were slightly
higher in summer than in winter. Generally, the δ13C and δ15N values increased seaward,
with lower values in the upper bay and higher values in the middle bay and bay mouth.

3.5. Correlation Analysis

In summer, in upper bay, the δ13C were related significant positive with the δ15N, POC
and nutrients. The salinity was significantly correlated with nutrients, Chl a, POC, and
δ13C (Table 1). In the middle bay and bay mouth, the δ13C was related significant positive
with the δ15N (Table 2).
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Figure 4. Seasonal and spatial distributions of the POC, PN, and C/N ratios in the surface water of Zhanjiang Bay.

In winter, in upper bay, the δ15N and δ13C values were related significantly with
related environmental parameters, and POC had weak correlations with related environ-
mental parameters (Table 3). In the middle bay and bay mouth, the δ15N and δ13C values
were related significantly with related environmental parameters, and the Chl a was related
significantly with POC, PN, and δ13C (Table 4).
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Figure 5. Seasonal and spatial distributions of δ13C and δ15N in the surface water of Zhanjiang Bay.

Table 1. Correlation matrix (r) for particulate organic matter concentrations and isotopic compositions, and related
environmental parameters in the surface water of the upper bay in Zhanjiang Bay during the summer.

Salinity NO2− NO3− NH4
+ PO43− SiO3− Chl a POC PN δ15N δ13C

Salinity 1.00 −0.960 ** −0.985 ** −0.754 * −0.939 ** −0.447 −0.709 * −0.757 * −0.086 0.511 0.874 **
NO2

− 1.00 0.981 ** 0.732 * 0.922 ** 0.543 0.730 * 0.628 0.033 −0.432 −0.793 *
NO3

− 1.00 0.787 * 0.950 ** 0.456 0.752 * 0.725 * 0.106 −0.429 −0.816 *
NH4

+ 1.00 0.866 ** 0.423 0.389 0.647 −0.153 −0.58 −0.696
PO4

3− 1.00 0.552 0.591 0.807 * −0.08 −0.549 −0.891 **
SiO3

− 1.00 0.133 0.453 −0.533 −0.713 * −0.659
Chl a 1.00 0.502 0.683 0.06 −0.383
POC 1.00 0.063 −0.551 −0.849 **
PN 1.00 0.541 0.251
δ15N 1.00 0.787 *
δ13C 1.00

* p < 0.05; ** p < 0.01.
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Table 2. Correlation matrix (r) for particulate organic matter concentrations and isotopic compositions, and related
environmental parameters in the surface water of the middle bay and bay mouth in Zhanjiang Bay during the summer.

Salinity NO2
- NO3− NH4

+ PO43− SiO3− Chl a POC PN δ15N δ13C

Salinity 1.00 −0.963 ** −0.921 ** −0.831 ** −0.572 * −0.968 ** 0.349 −0.123 −0.352 0.058 0.167
NO2

− 1.00 0.901 ** 0.798 ** 0.580 * 0.974 ** −0.257 0.214 0.378 −0.117 −0.248
NO3

− 1.00 0.931 ** 0.708 ** 0.966 ** −0.443 −0.021 0.202 −0.131 −0.135
NH4

+ 1.00 0.806 ** 0.891 ** −0.528 * −0.291 −0.039 −0.377 −0.253
PO4

3− 1.00 0.668 ** −0.532 * −0.229 −0.117 −0.479 −0.253
SiO3

− 1.00 −0.423 0.054 0.238 −0.132 −0.16
Chl a 1.00 0.498 0.574 * −0.057 −0.465
POC 1.00 0.803 ** 0.336 −0.024
PN 1.00 0.298 −0.19
δ15N 1.00 0.756 **
δ13C 1.00

* p < 0.05; ** p < 0.01.

Table 3. Correlation matrix (r) for particulate organic matter concentrations and isotopic compositions, and related
environmental parameters in the surface water of the upper bay in Zhanjiang Bay during the winter.

Salinity NO2− NO3− NH4
+ PO43− SiO3− Chl a POC PN δ15N δ13C

Salinity 1.00 −0.930 ** −0.978 ** −0.895 ** −0.979 ** −0.672 0.848 * 0.006 0.880 ** 0.954 ** 0.948 **
NO2

− 1.00 0.978 ** 0.990 ** 0.983 ** 0.584 −0.694 −0.311 −0.842 * −0.932 ** −0.919 **
NO3

− 1.00 0.949 ** 0.999 ** 0.695 −0.816 * −0.123 −0.897 ** −0.972 ** −0.963 **
NH4

+ 1.00 0.959 ** 0.505 −0.655 −0.402 −0.837 * −0.915 ** −0.907 **
PO4

3− 1.00 0.674 −0.803 * −0.155 −0.891 ** −0.969 ** −0.962 **
SiO3

− 1.00 −0.778 * 0.259 −0.651 −0.695 −0.717
Chl a 1.00 −0.306 0.933 ** 0.900 ** 0.910 **
POC 1.00 −0.004 0.077 0.059
PN 1.00 0.973 ** 0.973 **
δ15N 1.00 0.994 **
δ13C 1.00

* p < 0.05; ** p < 0.01.

Table 4. Correlation matrix (r) for particulate organic matter concentrations and isotopic compositions, and related
environmental parameters in the surface water of the middle bay and bay mouth in Zhanjiang Bay during the winter.

Salinity NO2− NO3− NH4
+ PO43− SiO3− Chl a POC PN δ15N δ13C

Salinity 1.00 0.355 0.359 −0.172 0.812 ** −0.634 ** −0.484 * −0.711 ** −0.751 ** −0.174 −0.574 *
NO2

− 1.00 0.985 ** 0.406 0.769 ** 0.371 −0.298 −0.388 −0.629 ** 0.478 * −0.532 *
NO3

− 1.00 0.376 0.790 ** 0.375 −0.399 −0.411 −0.685 ** 0.576 * −0.604 **
NH4

+ 1.00 0.084 0.521 * 0.11 0.103 0.011 0.482 * 0.093
PO4

3- 1.00 −0.23 −0.623 ** −0.769 ** −0.927 ** 0.292 −0.774 **
SiO3

− 1.00 0.307 0.470 * 0.271 0.594 ** 0.093
Chl a 1.00 0.650 ** 0.798 ** −0.407 0.745 **
POC 1.00 0.797 ** −0.128 0.702 **
PN 1.00 −0.342 0.876 **
δ15N 1.00 −0.417
δ13C 1.00

* p < 0.05; ** p < 0.01.

4. Discussion
4.1. Sources of POM in the Surface Water of Zhanjiang Bay in Summer

The POM in the offshore water is composed of a mixture of terrestrial and marine
organic materials [3]. The POC/Chl a ratio can be used as a potential tool for tracing
the sources of the organic matter. The POC/Chl a ratios of in situ phytoplankton vary
from 40 to 200; whereas those of terrestrial sources and heterotrophic biomass tend to be
greater than 200 [5,6,31]. In this study, during the summer, the ratios ranged from 37 to
384 (average of 100) with lower ratios (37 to 138, average of 80) in the middle bay and
bay mouth and higher values in the upper bay (76 to 384, average of 140), suggesting
that precipitation runoff brought more terrigenous POM in summer, especially at stations
Z1–Z3. This was further evidenced by the weak correlations between Chl a and POC and
PN in summer (Figure 6), which suggest that the higher POC and PN contents may be due
to the increased terrigenous input in summer.
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Figure 6. Relationships between chlorophyll a (Chl a) and POC and PN in the different areas of
Zhanjiang Bay during the summer.

In addition, the C/N ratio has been widely used to identify the sources of organic
matter in aquatic ecosystems [13,33–35]. Herein, the C/N ratios usually decreased from
the upper bay to the bay mouth, suggesting a decreasing contribution of terrigenous
sources. The high values and positive correlations between POC and SPM, concurrently
with relatively high δ13C values, indicated that POM may be the result of the erosion of
soil organic matter. Previous studies have also concluded that soil erosion is an important
mechanism for POC import into river systems [5,6]. Similar phenomena were discovered in
the northern Gulf of Mexico, the Congo, and the Western Indian continental shelf [20,36,37].
Because the C/N ratios of soil organic matter are similar to those of marine phytoplankton,
the C/N ratio alone cannot be used to differentiate between marine resources produced in
situ and terrestrial sources.

Compared with other regions, the mean C/N ratios of the POM in summer (7.2) in
Zhanjiang Bay were lower than those observed in the major rivers of the world (8.1–12.9; [38]),
suggesting that diagenetic processes had modified the C/N ratios extensively. Moreover,
since the C/N ratios indicate the organic matter source, it is expected that they should
have a significant negative correlation with δ13C, that is, high ratios of C/N correspond to
light δ13C values [39]. However, there is no significant relationship between the C/N ratios
and δ13C values in the upper bay, middle bay, or bay mouth in summer (Figure 6). These
results suggest that C/N ratios are not a robust indicator of organic matter. In previous
studies, it was found that C/N ratios cannot be directly used to distinguish between organic
matter sources in the Pearl River Estuary [4,5,40], the coastal part of the Bohai Bay [10],
along the Zhejiang coast [41], and elsewhere in the world [13,31,42]. This may be due to the
breakdown processes (e.g., microbial mineralization, leaching, autolysis) of the POM [15,39]
and/or anthropogenic disturbances [43]. The C/N ratios of the litter of higher plants tend
to decrease as a result of the assimilation of dissolved inorganic nitrogen via bacterial and
nitrogen retention, whereas the C/N ratios of algal detritus tend to increase after diage-
nesis [44,45]. These modifications prevent the use of C/N ratios to differentiate between
organic matter sources.
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Nevertheless, the δ13C and δ15N values can provide better information regarding POM
sources [21,39,46]. The characteristics of the δ13C and δ15N values in Zhanjiang Bay indicate
variable sources of organic matter (Figure 6a,c). The δ13C values generally increased
seaward in the upper bay (−23.0‰ to −19.7‰, average of −21.0‰) and exhibited an
increasing trend (−20.9‰ to −17.7‰, average of −19.3‰) in the middle bay and bay
mouth in summer. Similarly, the δ15N values increased seaward, with lower values in the
upper bay and higher values in the middle bay. The significant positive correlation between
δ13C and δ15N and their similar spatial distributions indicate that the biogeochemical
processes causing the fractionation of these isotopes to the water column were the same
(Figure 7). Thus, the higher values of δ13C may be caused by CO2 limitation due to the high
elementary productivity of phytoplankton and eutrophication [47]. During C absorption,
phytoplankton preferentially take up 12C, making the dissolved inorganic carbon (DIC)
pond rich in 13C. The limitation of the CO2 supply and the absorption of bicarbonate
instead of CO2 both result in a decrease in the steady carbon isotope composition, which
further enriches the 13C content of the phytoplankton [48,49]. However, the low Chl a
values observed in the middle bay and bay mouth indicated that marine phytoplankton
was not the main source of POM. The relatively high values of Chl a observed in the upper
bay can be caused by riverine nutrient inputs, promoting phytoplankton growth [25].
Moreover, the OM with predominantly soil origins in summer may have experienced a
change that persisted during and before the water transfer. These high δ13C values in
summer may be due to the mixing of soil OM with higher δ13C from neighboring outlets.
Due to the sudden increase in rainfall and runoff, a large amount of POM accumulated from
basin soil during the previous summer was washed away [50–52]. Moreover, Zhanjiang
Bay is strongly influenced by the monsoons, resulting in large amounts of water being
discharged and causing suspended particulates to be transported to the oceans during the
rainy season (April to September). Since Zhanjiang Bay is a semi-enclosed bay connected
to the South China Sea, the impact of terrestrial matter on the POM should decrease from
the upper bay to the bay mouth. This is consistent with the variations in salinity, SPM,
POC, and PN in summer. The positive correlations between salinity and POC or PN, and
the negative correlations between salinity and δ13C or δ15N during summer (Figure 8) can
also support this interpretation. In the upper bay, low salinity and δ13C, but high POC,
PN, and Chl a, indicates the accumulation of high phytoplankton biomass in this area. In
contrast, the δ15N and δ13C values have weak correlations with related environmental
parameters (Table 2), and the relatively high δ13C values in the middle bay suggest a
continuous accumulation of soil organic matter transported by the river. More importantly,
the increasing population and rapid economic development in Zhanjiang have resulted in
an abundance of sewage and feces entering Zhanjiang Bay [25]. Thus, it was concluded
that the POM mainly originated from terrigenous inputs. However, the δ15N values exhibit
a complex spatial distribution relative to the corresponding δ13C values (Figure 6), and the
higher POM δ15N values were observed in the middle bay in summer. This may be due to
the degradation of particulate matter, the preferential loss of lighter 14N, and the retention
of heavier 15N [53]. We speculate that the speed of the local economic development and
the increase in human activities in Zhanjiang has intensified the heterotrophic bacterial
processes [54,55], thereby further modifying the particulate organic nitrogen composition
in summer. Therefore, in spite of phytoplankton as the main source in the upper bay,
terrigenous sources were dominant in Zhanjiang bay in summer.
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Figure 7. Relationships between chlorophyll a (Chl a) and δ15N and δ13C in the different areas of
Zhanjiang Bay during the summer.

4.2. Sources of POM in the Surface Water of Zhanjiang Bay in Winter

In this study, the POC/Chl a ratios ranged from 21 to 122 (average of 50) in Zhanjiang
Bay, with higher values in the upper bay (32 to 122, average of 56) in winter and lower ratios
(21 to 70, average of 48) in the middle bay and bay mouth, indicating that marine organic
materials played an important role in the POM in winter. This phenomenon indicates
that the in situ phytoplankton contributions were relatively important in winter. In the
upper bay, the POC was uncorrelated with the Chl a concentrations in winter (Figure 9a),
indicating that one source of organic matter may be terrigenous material input. This is
supported by the changes in the salinity in the upper bay in winter (Figure 2d). However,
the POC and PN values were correlated with the Chl a concentrations in the middle bay
and bay mouth in winter (Figure 9b,d), suggesting that the POM distribution in the surface
water was mainly dominated by the phytoplankton biomass rather than by terrigenous
material input. The C/N ratios provide further evidence that the phytoplankton biomass
contributed more to the POM (Figure 4). In winter, the C/N ratios ranged from 3.7 to 8.9
(average of 6.3), with lower ratios in the upper bay (average of 5.7) and higher ratios in the
middle bay and bay mouth (average of 6.5). The C/N ratios in Zhanjiang Bay were similar
to the C/N ratios of phytoplankton, but they are much lower than those of terrestrial
organic matter, indicating that the main source of organic matter may be phytoplankton
production rather than terrigenous input.
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Figure 8. Relationships between salinity and POC (a), PN (b), δ13C (c), and δ15N (d), of Zhanjiang
Bay during the summer.

Figure 9. Relationships between chlorophyll a (Chl a) and POC and PN in the different areas of
Zhanjiang Bay during the winter.

The δ13C values generally increased seaward in the upper bay (−27.3‰ to −22.9‰,
average of −24.2‰) and decreased from the middle bay to bay mouth (−23.5‰ to −20.5‰,
average of −20.8‰) in winter. The δ15N values ranged from 3.70‰ to 9.30‰ (average
of 7.02‰) in winter. In the upper bay, a strong positive correlation was found between
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the δ13C and Chl a concentrations (Figure 10a,b), indicating that there was a greater con-
tribution from the phytoplankton biomass. Similarly, the δ13C values were related to the
concentrations of Chl a in the middle bay and bay mouth in winter (Figure 10). These results
suggest that the distribution of the δ13C values of the surface seawater of Zhanjiang Bay
were primarily dominated by phytoplankton biomass. A significant positive correlation
between δ15N and Chl a was found in the upper bay, while no relationship was found
between the two in the middle bay and bay mouth (Figure 10; Tables 3 and 4). This suggests
that biological processes had a strong impact in the upper bay, while other factors were
responsible for the δ15N variations in the middle bay and bay mouth. Moreover, since
Zhanjiang Bay is greatly affected by monsoons, during the dry season (from October to
March), due to the dryness and coldness of the winter monsoon, the subsurface nutri-
ents are transported to the surface, thereby promoting plant growth. This is supported
by the variations in the Chl a content in winter. This is in agreement with relationships
between salinity and POC, PN, δ15N, and δ13C in the different areas of Zhanjiang Bay
during the winter (Figure 11). Salinity has a low correlation with nutrients, POC, PN, and
δ15N, showing that land-based input is not the main source of POM (Figure 11; Table 4).
Thus, we can reasonably conclude that the contributions from in situ phytoplankton were
relatively important. Furthermore, we found that the POM δ15N values were lower in the
middle bay and bay mouth in winter. This also suggests that there was a lower input of
15N rich sewage from domestic, and the contributions from in situ phytoplankton were
relatively important.

Figure 10. Relationships between chlorophyll a (Chl a) and δ15N and δ13C in the different areas of
Zhanjiang Bay during the winter.
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Figure 11. Relationships between salinity and POC (a), PN (b), δ13C (c), and δ15N (d) of Zhanjiang
Bay during the winter.

4.3. Quantification of the Sources of the Organic Matter in Zhanjiang Bay

The relative contributions of POM from distinct sources, including terrestrial organic
matter, freshwater algae, and marine organic matter, were estimated using the SIAR model.
Here, the terrestrial organic matter can include C3 and C4 plants, soil organic matter,
and sewage. C4 plants are not common in the area surrounding Zhanjiang Bay since the
main cultivated botany are C3 plants (such as rice) and the subtropical forest is mainly a
natural ecosystem. Thus, the contribution of the C4 plants to the POM in Zhanjiang Bay
can be ignored [26]. According to the isotopic ranges of potential sources, the ranges of
the δ15N and δ13C values in summer and winter indicate that terrestrial organic matter
and marine organic matter may be the main POM sources in the study area, respectively
(Figure 12). In addition, the POM δ13C and δ15N values of each potential source area are
summarized in Table 5. The contributions of potential sources were calculated using a
Bayesian mixing model. The contributions of the soil organic matter, C3 plants, sewage,
marine organic matter, and freshwater algae are presented in Figure 13. In the upper bay,
the POM sources originated from C3 plants (13%), soil organic matter (26%), sewage (7%),
marine organic matter (49%), and freshwater algae (5%) during the summer (Figure 13a),
whereas, in winter, the POM in the upper bay originated from C3 plants (30%), freshwater
algae (14%), marine organic matter (26%), sewage (14%), and soil organic matter (16%)
(Figure 13c). In the middle bay and bay mouth, the main contributions of POM were from
soil organic matter (63%), marine organic matter (24%), sewage (7%), freshwater algae
(3%), and C3 plants (3%) in summer (Figure 13b), indicating the main source was upstream
basin runoff. In winter, the dominant contributions of POM were from marine organic
matter (53%), C3 plants (20%), soil organic matter (17%), freshwater algae (5%), and sewage
(5%) (Figure 13d), indicating that the source was mainly dominated by phytoplankton
biomass. The cause for the large credibility intervals obtained for each source component
in the Bayesian analysis might be that the spatial difference of land use in Zhanjiang bay is
obvious due to the different natural conditions and economic level [25–27,55]. However,
we believe that this estimation can at least help us understand the source of nitrogen in
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Zhanjiang Bay to a certain extent. In the future, more systematic and in-depth work is
needed to monitor spatial and temporal variations in the contributions of each source to
clarify this issue.

Figure 12. Mixing plots of the carbon (δ13C) and nitrogen (δ15N) values of the particulate organic
matter (POM) from three potential sources for all of the sampling stations in Zhanjiang Bay. The
endmember POM sources include freshwater phytoplankton, marine organic matter, sewage, and
terrestrial organic matter.

Table 5. Carbon (δ13C) and nitrogen (δ15N) values of the possible sources of the particulate organic
matter (POM) in Zhanjiang Bay.

Sources δ13C δ15N References

C3 plants −27.0 ± 3.0 5.1 ± 2.1 [31,56]
Terrestrial soils −19.2 ± 2.4 10.3 ± 2.7 [31]

Sewage −24.8 ± 3.2 12.7 ± 3.4 [57]
Marine organic matter −20.0 ± 2.0 6.0 ± 2.0 [6]

Freshwater phytoplankton −30.0 ± 2.0 12.0 ± 2.0 [6]

The contributions of the marine organic matter, terrestrial organic matter, and fresh-
water algae to the POM in each season varied. The contributions in winter were obviously
higher than those in summer, while the contribution rate of the soil organic matter in
summer exceeded that in winter. During the dry season (winter), which was less affected
by basin runoff and rainwater and by the influence of monsoons, the nutrients imported
by the runoff and the bottom nutrients were more efficiently utilized by the phytoplankton
to promote growth. Thus, the POM contribution from the marine organic matter was
obviously higher in winter than in summer. Thus, the POM sources were predominantly
affected by both local activities and the monsoon. Conversely, during the rainy season, the
input of rainstorms and powerful rivers may have brought more terrestrial material from
the basin, thus transforming the sources of the local POM. Therefore, the contribution of
SPM should be very low during the dry season. In addition, the rainstorms and powerful
river inputs increased suddenly, washing away a large quantity of the POM gathered in
the drainage basin soils during the previous dry season [50–52]. Thus, the POM from
the soil organic matter in summer was significantly higher than that in winter. These
results indicate that basin runoff has a significant effect on the transfer of POM between
the upstream basin and local sources in each season.
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Figure 13. Contributions of the potential sources of the particulate organic matter (POM) in Zhanjiang
Bay. MO denotes marine organic matter; FP denotes freshwater phytoplankton.

5. Conclusions

In this study, the seasonal and spatial distributions of the POC and PN in the sur-
face waters of Zhanjiang Bay, which is a semi-enclosed bay with concentrated human
activities situated in Southern China, were investigated. In summer, the seasonal and
spatial distributions of the POC and the PN were similar, with both exhibiting seaward
decreases and higher concentrations in the upper bay. Moreover, in winter, both the PN
and POC contents exhibited the opposite pattern, with lower values at the bay mouth. The
δ13C and δ15N values were more enriched in summer than in winter. In addition, they
had a lower correlation with Chl a in summer, suggesting a lower contribution from in
situ phytoplankton but significant terrigenous input. In the upper bay, the POC was not
correlated with the Chl a in winter, indicating that one source of the organic matter may be
terrigenous material. However, the POC and PN values were correlated with Chl a in the
middle bay and bay mouth in winter, suggesting that the POM distribution in the surface
seawater was mainly dominated by phytoplankton biomass rather than by terrigenous
materials. Moreover, the δ13C values exhibited a significant correlation with Chl a during
the winter, indicating that the contributions of the in situ phytoplankton were relatively
important and were affected by the winter monsoon. The δ15N values exhibited complex
spatial distributions relative to the δ13C values. Based on the SIAR model results, in the
upper bay, the source of POM was mainly from marine organic matter (49%) in summer,
and almost an equilibrated contribution of all sources in winter. In the middle bay and
bay mouth, the POM contribution mainly originated from marine organic matter (53%)
during the winter. In contrast, the POM source was mainly soil organic matter (63%) in
summer, suggesting that the POM was sourced from the runoff from the upstream basin.
This indicates that the POM source was mainly controlled by the phytoplankton biomass
and was affected by the monsoon in winter, whereas in summer, it was mostly influenced
by the upstream basin runoff.
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