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Distribution, spectral
characteristics, and seasonal
variation of dissolved organic
matter in the northern Beibu
Gulf, South China Sea

Zuhao Zhu1,2, Huihua Wei1, Yao Guan1,2*, Li Zhang1,2,
Renming Jia1,2, Pengfei Sun1,2, Yang Yang1,2,
Zhen Zhang1,2 and Qiufeng Zhang2

1Guangxi Key Laboratory of Beibu Gulf Marine Resources, Environment and Sustainable
Development, Fourth Institute of Oceanography, Ministry of Natural Resources, Beihai, China,
2Key Laboratory of Tropical Marine Ecosystem and Bioresource, Fourth Institute of Oceanography,
Ministry of Natural Resources, Beihai, China
Dissolved organic matter (DOM) in the land–ocean interface plays a critical role

in the global carbon cycle, yet its dynamic is not well understood. Dissolved

organic carbon (DOC) in the northern Beibu Gulf was measured seasonally

from April 2020 to January 2021. Chromophoric and fluorescent DOM (CDOM

and FDOM) were synchronously characterized by absorption and fluorescence

spectroscopy. Three fluorescent components were identified from 597

samples using parallel factor analysis, including two humic-like and one

protein-like component. DOC displays a significant seasonality with the

average level being highest in summer (177 mmol/L) and lowest in winter (107

mmol/L). CDOM and FDOM levels in summer are also higher than those in

winter. Although the variation ranges of DOC, CDOM, and FDOM in surface

water are generally greater than in bottom water, the difference between the

two layers is statistically insignificant. River discharge and anthropogenic input

are important external sources of DOM in the low-salinity nearshore waters

(i.e., estuaries and coast), whereas DOM in offshore waters is mainly produced

by in situ biological activity. The mixing behavior of DOM in the northern Beibu

Gulf varies spatially but minimally on a seasonal scale. Two distinct conservative

mixing behaviors of DOC, CDOM, and humic-like FDOM occur in the

nearshore waters from Tieshangang Bay and excluding Tieshangang Bay,

respectively. The removal of protein-like FDOM along the salinity gradient

and the negative correlation between protein-like FDOM intensity and

apparent oxygen utilization are pronounced in the nearshore waters

excluding Tieshangang Bay, jointly indicating that oxygen is consumed by

microbial communities. In contrast, a net addition of DOC occurs in the high-

salinity offshore waters, whereas the CDOM and humic-like FDOM undergoes

quasi-conservative mixing. Overall, this study reveals notable spatial and

seasonal variations in the concentration, source, and mixing of DOM at the
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land–ocean interface and highlights the importance of sources and processes

in shaping the amount and composition of DOM exported to the oceanmargin.
KEYWORDS

northern Beibu Gulf, dissolved organic carbon, chromophoric dissolved organic
matter, fluorescent dissolved organic matter, parafac, seasonality
Introduction
Marine dissolved organic matter (DOM) at 662 ± 32

petagrams of carbon (Pg C) is one of Earth’s major, reduced,

and exchangeable carbon reservoirs, comparable to atmospheric

CO2 storage (Hedges et al., 1997; Hansell et al., 2009). DOM

consists of a heterogeneous mixture of organic molecules

originating from a wide variety of sources, such as

autochthonous biological production and allochthonous input

(Hansell, 2013). The export of riverine DOM from land to the

ocean is a crucial pathway of reduced carbon to coastal

environments (Raymond and Spencer , 2015) . The

allochthonous DOM can undergo a variety of biogeochemical

reactions in estuaries and coastal sea that ultimately determines

both the concentration of dissolved organic carbon (DOC) and

the composition of DOM reaching the ocean (Raymond and

Spencer, 2015). Unsurprisingly, the behavior of terrestrial DOM

during estuarine and coastal mixing varies significantly. The

nonconservative mixing of DOM occurs in numerous estuaries

and coastal regions because of additions, such as anthropogenic

pollution, phytoplankton production, and desorption from

sediments (Chen and Gardner, 2004; Spencer et al., 2007; Guo

et al., 2014), and removals including flocculation, adsorption

onto suspended sediments, and microbial and photochemical

degradation (Shank et al., 2005; Yang et al., 2013a). Moreover,

the export flux, composition, and fate of riverine DOM are

dramatically affected by intensified human activities (Guo et al.,

2014), the discharge of organic by-products (Levshina, 2008),

dam construction (Zhang et al., 2014), and global climate change

(Tian et al., 2013), which significantly impact coastal carbon

cycling (Liu et al., 2020).

In addition to bulk DOC, measurements of chromophoric

DOM (CDOM) and fluorescent DOM (FDOM) are widely

reported from inland watersheds to the deep ocean (Massicotte

et al., 2017; Wang et al., 2021a;Wang et al., 2021b; Qu et al., 2022).

CDOM absorption coefficients at different wavelengths (e.g., 254,

280, 325, 350, 355, and 443 nm), and fluorescence intensities at

specific excitation/emission wavelength pairs are commonly used

as good indicators of DOM level (Coble, 1996; Guo et al., 2007;

Yang et al., 2013b; Wang et al., 2017; Wang et al., 2021a; Wang

et al., 2021b). The qualitative parameters, such as the spectral
02
slope (e.g., S275–295), carbon-normalized absorbance (e.g.,

SUVA254), fluorescence index (FI), humification index (HIX),

and biological index (BIX), are good proxies for the molecular

weight, humification degree, DOM freshness in natural aquatic

environments, and its associated photochemical and biological

processes (Zsolnay et al., 1999; Weishaar et al., 2003; Cory and

Mcknight, 2005; Helms et al., 2008; Huguet et al., 2009).

Specifically, FDOM excitation-emission matrices (EEMs)

coupled with parallel factor (PARAFAC) analysis are used to

characterize the natural DOM in numerous estuaries and coastal

gulfs around the world, such as the Yangtze River estuary (Guo

et al., 2014), Pearl River estuary (Li et al., 2019), Jiulong River

estuary (Guo et al., 2011), Taiwan estuaries (Yang et al., 2013b),

Gulf of Mexico (Yamashita et al., 2015), and Gulf of Alaska

(Dainard and Guéguen, 2013). The humic-like components tend

to be resistant to microbial use but are sensitive to solar radiation

(Rochelle-Newall and Fisher, 2002; Helms et al., 2013), whereas

the protein-like components are rapidly consumed by

microorganisms (Xiao et al., 2021). Thus, bulk DOC combined

with its specific optical properties can provide valuable

information regarding the quantity, quality, and biogeochemical

reactivity of DOM in natural aquatic environments.

Estuaries and coastal gulf waters comprise some of the most

biologically productive yet anthropogenically stressed

ecosystems from inland watersheds to the global ocean

continuum. Besides the in situ production of DOM, terrestrial

inputs of nutrients and organic carbon are important

components driving estuarine and coastal biogeochemical

cycling and have implications ranging from degraded

ecosystem health to food web perturbations (Beusen et al.,

2016). The Beibu Gulf, in the northwestern South China Sea,

is located near the rapidly urbanizing and industrializing Beibu

Gulf urban cluster. It is a tropical gulf and receives large

freshwater discharge with marked seasonal fluctuation and a

huge amount of industrial and domestic sewage (See Study area).

Biogeochemical studies of the Beibu Gulf have thus far mainly

focused on nutrient distribution (Kaiser et al., 2014; Lai et al.,

2014; Lao et al., 2021a), heavy metals, and organic pollutants

(Meng et al., 2013; Zhu and Zheng, 2013; Yang et al., 2015a; Lao

et al., 2019; Lao et al., 2021b; Lao et al., 2022; Zhu et al., 2022a, b)

and the associated ecological responses (Xu et al., 2019; Li et al.,

2020). The results show that these materials are concentrated in
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the coastal areas of the Beibu Gulf, suggesting a significant

impact of river runoff discharge and human activity on the

Beibu Gulf. Nevertheless, the distribution of DOC, CDOM, and

FDOM and their seasonality in the Beibu Gulf has not been

studied. It greatly limits our understanding of the carbon cycling

and ecological effect of a human-influenced coastal gulf in a

changing climate background.

For this study, water samples were collected at a high spatial

resolution over the four seasons from April 2020 to January 2021

in the northern Beibu Gulf. Our major goals were to (1) provide

the first baseline data set on DOC concentrations, CDOM, and

EEMs-PARAFAC-derived FDOM parameters in the northern

Beibu Gulf; (2) evaluate the sources and mixing behaviors of

DOC, CDOM, and FDOM in the northern Beibu Gulf; and (3)

reveal the seasonal variabilities of DOM dynamics in the

northern Beibu Gulf. The results of this study further increase

our understanding of DOM cycling in human-impacted

estuarine and coastal waters.
Materials and methods

Study area

The Beibu Gulf is a shallow, semi-enclosed gulf located in the

northwestern South China Sea and has an average depth of

about 40 m and a total area of about 128,000 km2. Southwesterly

winds prevail in summer, and northeasterly winds in winter are

influenced by the East Asian monsoon (Chen et al., 2011). The

circulation pattern of the Beibu Gulf is mainly controlled by the

East Asian monsoon with cyclonical circulation in winter,

causing water accumulation near the western coast of the gulf.

The westward water transport from the Qiongzhou Strait could

influence the most northern part of the gulf in winter. In

contrast, water from the coastal area tends to move offshore

and undergoes strong mixing in the center of the gulf in summer

(Wang et al., 2018). Several rivers flow into the northern coastal

area of the Beibu Gulf, including the Nanliu, Dafeng, Qin,

Maoling, and Fangcheng Rivers. The total river runoff

discharge is up to 3.3 ×1011 m3 yr-1, and more than 80% of

the water discharge occurs in the wet season (April to October)

(Lai et al., 2014). Consequently, the water in the northern Beibu

Gulf falls into two categories: diluted and mixed water. The

diluted water is found along the northern coast of the Beibu

Gulf, and the mixed water mainly occupies the northern Beibu

Gulf (Chen et al., 2011). The Beibu Gulf is also an important

fishing ground and aquaculture base in China because of its

year-round warm temperatures and rich nutrients. Additionally,

the northern coastal area hosts numerous developing ports and

cities (Beihai, Qinzhou, Fangcheng; see Figure 1). The intensive

human activity in this area has led to a high loading of nutrients

(Lao et al., 2020), metals (Lao et al., 2019), and organic

pollutants (Lao et al., 2021a) in the Beibu Gulf, which has a
Frontiers in Marine Science 03
dramatical impact on the biogeochemistry and ecology of

the gulf.
Sample collection and pretreatment

The sampling area covered the northern Beibu Gulf,

stretching from the upper estuaries and bays to near the center

of the gulf with a total of 127 stations (Figure 1). The labels and

coordinates of the stations alongside other sampling information

are given in the Supplementary Material. Water temperature and

salinity were recorded by using a calibrated SBE 911 plus

conductivity–temperature–depth profiler. Water samples were

collected from the surface (approximately 1 m deep) and near

the bottom (approximately 1 m above the seabed) using a 5 L

Niskin sampler in April–May 2020 (spring), July–August 2020

(summer), October–November 2020 (autumn), and December

2020–January 2021 (winter). The samples were analyzed for

dissolved oxygen (DO), DOC, CDOM, and FDOM. At 10% of

the sampling stations, samples were collected in duplicate to

ensure sampling and data reliability. The relative deviations of

oxygen, DOC, CDOM, and FDOM for all duplicate samples

were <2%. Samples for DO analysis were preferentially collected

and measured on board by using the Winkler titration method

(Carpenter, 1965). Apparent oxygen utilization (AOU) was

calculated as the difference between the oxygen saturation

concentration and measured DO concentration using

algorithms from Ocean Data View (version 5.2.0). Samples for

DOC, CDOM, and FDOM analyses were filtered immediately

through precombusted (500°C, 5 h) GF/F filters (nominal pore

size ≈0.7 mm) into precombusted amber glass vials with Teflon-

lined screw caps under a gentle vacuum of <150 mm Hg (Wang

et al., 2017). DOC samples were acidified to pH ≈ 2 with H3PO4

(85%, Merck) and stored frozen until analysis. CDOM and

FDOM samples were stored in the dark at 4°C until analysis,

which was done within 1 week of collection.
Analysis of DOC concentrations

DOC concentration for each sample was determined in

triplicate by using an Elementar Vario TOC cube (Germany)

in high-temperature catalytic oxidation mode with coefficients of

variance of <2% (Wang et al., 2021b). A five-point standard

curve was generated by using potassium hydrogen phthalate

standards daily. The running blank was determined as the

average of the peak area of the Milli-Q water acidified with

H3PO4. DOC concentrations were obtained by subtracting the

running blank from the average peak area of the samples and

dividing by the slope of the standard curve. The analytical

precision of the DOC analysis was <3% based on DOC

consensus reference material provided by the Hansell Lab

from the University of Miami, USA.
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Measurements of CDOM and FDOM and
data processing

The CDOM absorbance spectra were measured by using a

Shimadzu UV-1780 dual-beam spectrophotometer and 10 cm

quartz cuvettes at room temperature. Absorbance Al was

obtained from 240 and 800 nm at 0.5 nm intervals. The Milli-

Q water was used for baseline correction and all absorbance

spectra were corrected for baseline offsets by subtracting the

average absorbance between 690 and 700 nm (Guo et al., 2007).

A Napierian absorption coefficient al (m−1) was calculated as

2.303 times the absorbance Al divided by the light path length L

of the cell in meters (0.1 m) to quantify CDOM concentration.

Absorption coefficients at the wavelengths 254, 280, 300, 325,

350, 355, and 412 nm are widely reported from watershed to the

open ocean continuum (Massicotte et al., 2017). The spectral

slope between 275 and 295 nm (S275–295, nm
−1) was calculated

based on a linear fit of the log-transformed absorption

coefficient, which is a good proxy of the relative molecular

weight of the DOM (Helms et al., 2008). Specific ultraviolet

absorbance at 254 nm (SUVA254, mg C L−1) was calculated to

indicate the aromaticity of the DOM by dividing the decadal

absorption coefficient [i.e., A(l)/L] by the concentration of DOC

(Weishaar et al., 2003).

Fluorescence EEMs were acquired by using a Hitachi F-7100

spectrofluorometer with a 1-cm quartz cuvette at room

temperature. The excitation (Ex) wavelengths spanned from

240 to 450 nm in 5-nm increments, and the emission (Em)

wavelengths spanned from 280 to 600 nm in 2-nm increments.

Excitation and emission slit widths were set to 10 and 5 nm,
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respectively. Raman scattering was compensated for by

subtracting Milli-Q water EEMs that were scanned on the

same day as the samples. The spectral fluorescence intensities

presented in arbitrary units were then normalized to Raman

units (RU) following the procedure of Lawaetz and Stedmon

(2009). The normalized EEMs were calibrated for potential inner

filter effects by using an absorbance-based approach (Kothawala

et al., 2013). The HIX and BIX were calculated from the EEMs

(Zsolnay et al., 1999; Huguet et al., 2009). The HIX, which is the

ratio offluorescence signals over the emission range 435–480 nm

to those over the range of 300–345 nm with excitation at 254 nm,

is an indicator of the extent of humification (Zsolnay et al.,

1999). The BIX is a surrogate for the autochthonous FDOM and

is the ratio of emission intensity at 380 nm to that at 430 nm

upon excitation at 310 nm (Huguet et al., 2009).

A PARAFAC analysis was conducted on a total of 597

normalized and calibrated EEMs using the DOMFluor

toolbox in MathWorks® MATLAB (R2020b) (Stedmon and

Bro, 2008; Murphy et al., 2013; Wang et al., 2017). The models

were constrained to nonnegative values. The number of

PARAFAC components was determined based on split-half

validation. The fluorescence intensity of each component was

expressed as Fmax in RU (Stedmon and Bro, 2008). Based on

the analysis of duplicate samples, the uncertainty of Fmax for

each modeled component was <2%. The PARAFAC result was

compared with known PARAFAC components taken from

the online OpenFluor data set (https://openfluor.lablicate.

com/, last access: August 8, 2022) to enhance the robustness

of and confidence in the PARAFAC model (Murphy

et al., 2014).
FIGURE 1

Map of the northern Beibu Gulf showing its topography (color background) and the locations of the sampling stations (green dots) in spring
(April–May 2020), summer (July–August 2020), autumn (October–November 2020), and winter (December 2020 to January 2021). The blue
lines and labels represent major rivers that flow into the northern Beibu Gulf, and the red stars represent cities. Sampling stations were divided
into three regions: Region I (nearshore stations with a bottom depth of < 5 m excluding Tieshangang Bay, yellow circles), Region II (Tieshangang
Bay, red circles), and Region III (offshore stations with a bottom depth of > 5 m, green circles).
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Statistical analyses

The significance of DOM comparisons between surface- and

bottom-water samples was tested by using Student’s t-test (two-

tailed, a = 0.05) in IBM SPSS Statistics 23. A one-way analysis of

variance test was conducted to determine the differences in the

mean values of the respective parameters at the sampling

stations in the different seasons. Correlations between DOM

variables were assessed based on Pearson’s correlation coefficient

r, and the significant level p was determined by applying a two-

sided test.
Results

Hydrological and environmental
backgrounds

As shown by the potential temperature-salinity (q-S)
diagram in Figure 2 and by the spatial distributions of q
(Figures 3A–H) and salinity (Figures 3I–P), the hydrographic

properties of waters differ distinctively over the four seasons. The

q in the northern Beibu Gulf varies from 20.8 to 31.6, 25.9 to

33.7, 17.2 to 25.5, and 12.7 to 22.2°C in spring, summer, autumn,

and winter, respectively (Figure 2). The q of surface waters is

almost homogeneous in summer but develops greater spatial

differences over the other three seasons (Figures 3A–D). In

spring and winter, surface water in the northern Tieshangang

Bay, Naliu estuary, and Qinzhou Bay has low q, which also

occurs near the Fangchenggang and eastern coasts of the

sampling area. The q of bottom waters varies over smaller

spatial scales but otherwise follows a spatial pattern similar to

that of the surface water (Figures 3E–H). The salinity varies over

the minimal range of 21.0–32.1 in winter, 10.0–31.8 in autumn,

4.1–34.2 in spring, and 2.2–32.4 in summer (Figure 2). Qinzhou

Bay has the lowest salinity surface water over the four seasons,

followed by the Nanliu–Dafeng estuary and then Tieshan Bay.

High surface salinity is measured in the southwest of the study

area in spring and autumn and in the southeast in summer

(Figures 3I–L). The low-salinity river plumes are much weaker

in bottom water but the spatial distribution of salinity in the

bottom water is similar to that of the surface water

(Figures 3M–P).

DO concentrations range from 3.5 to 8.7, 5.0 to 7.3, 4.0 to

7.7, and 6.5 to 10.3 mg/L in surface water in spring, summer,

autumn, and winter, respectively (Figures 3Q–T). In spring, DO

concentrations of surface waters are lower in Tieshangang Bay,

Qinzhou Bay, and offshore regions but are higher in the coastal

stations near Tieshangang Bay and the cities of Beihai and

Fangchenggang (Figure 3Q). However, the distribution

characteristics of the DO concentration in surface water in

summer are generally opposite those in spring (Figure 3R). In
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autumn, low surface DO concentrations occur in Tieshangang

Bay, Naliu estuary, and Qinzhou Bay, whereas surface water at

other sampling stations has either high or comparable DO

concentrations (Figure 3S). The DO concentration of surface

water generally decreases in going from nearshore to offshore in

winter (Figure 3T). The variation ranges and spatial patterns of

DO concentrations in bottom waters are very similar to those in

spring, autumn, and winter, whereas DO concentrations of

bottom water in summer are much less (3.4–6.7 mg/L) and

follow completely different spatial distribution patterns than

surface-water DO concentrations (Figures 3R,V). AOU in this

study is greater than zero (18.5 ± 22.4 mmol/kg), suggesting that

oxygen consumption occurs both in the surface and bottom

waters over the four seasons. The AOU is greater in bottom

water (22.5 ± 22.2 mmol/kg) than in surface water (15.0 ± 23.7

mmol/kg) and follows a pattern that is roughly opposite that of

the DO. Notably, AOU reaches up to about 90 mmol/kg in some

bottom waters in spring and summer (southwest of the study

region) and in the surface water in autumn (Tieshangang Bay).
Distributions of DOC and CDOM

Figure 4 depicts the spatial (surface vs. bottom) and seasonal

distributions of DOC concentration and CDOM variables. The

DOC concentration of surface water over four seasons varies

largely within the range 59.1–509 mmol/L (spring), 95.6–616

mmol/L (summer), 73.2–512 mmol/L (autumn), and 70.8–292

mmol/L (winter) (Figures 4A–D). In comparison, the bottom

DOC concentration varies over a smaller range of 69.7–300

mmol/L in spring, 83.3–347.6 mmol/L in summer, 72–540 mmol/

L in autumn, and 60.2–414 mmol/L in winter (Figures 4E–H). In

terms of spatial distribution, the DOC concentration in spring,

autumn, and winter generally follows a similar pattern in both

the surface and bottom layers, that is, high DOC concentrations

in estuaries and coastal water and low DOC concentrations in

offshore water (Figures 4A, B, D–F, H). The horizontal

distribution of DOC concentrations in autumn differs slightly

with the highest concentrations in coastal water near Beihai and

Fangchenggang but moderate concentrations in the Nanliu–

Dafeng estuary, Qinzhou Bay, and Tieshan Bay in the surface

layers (Figure 4C) and speckled features in the bottom

layers (Figure 4G).

Strong positive correlations (p <.001, n = 590, r = 0.83–0.99)

occur among CDOM absorption coefficients at the seven

selected wavelengths (254, 280, 300, 325, 350, 355, and 412

nm). Thus, for simplicity, we choose the absorption coefficient

a350 at 350 nm as the indicator of CDOM abundance, and the

CDOM absorption coefficients at the other six wavelengths are

presented in the Supplementary Material. The coefficient a350 is

maximal in estuaries and coastal waters and generally decreases

with increasing offshore distance over the four seasons
frontiersin.org

https://doi.org/10.3389/fmars.2022.1023953
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhu et al. 10.3389/fmars.2022.1023953
(Figures 4I–P). For summer and winter, when CDOM data are

available at almost all stations, a350 in surface waters varies from

0.28 to 4.0 m−1 in summer and from 0.33 to 1.6 m−1 in winter

(Figures 4J, L), and a350 in bottom water varies over a smaller

range of 0.31–1.5 m−1 in summer and 0.34–1.1 m−1 in winter

(Figures 4N, P). The coefficient a350 varies over the range 0.31–

4.6 m−1 in all water (excluding the offshore water without data in

spring) and over the range 0.29–0.85 m−1 [excluding the

estuarine and coastal waters without data in autumn; see

Figures 4I, K.

The spatial pattern of the spectral slope S275–295 contrasts

with that of a350 (Figures 4Q–X), with a range of variation of

0.0161–0.0253 nm−1 in surface water (Figures 4Q–T). The

spectral slope S275–295 in bottom water varies over a range of

0.0170–0.0247 nm−1, which is comparable to that in surface

water (Figures 4U–X). The specific ultraviolet absorbance

SUVA254, with surface and bottom combined, varies over a

large range of 0.26–3.87 m2/g C. High SUVA254 values occur in

estuarine and coastal water for spring and summer and in almost

the entire study area except for the coastal water near Beihai and

Tieshangang Bay in winter (Figures 4Y–AF).
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PARAFAC results and
distribution of FDOM

Three distinct FDOM components are identified by using

the EEM-PARAFAC approach (Figure 5) and are compared

with FDOM components from the online OpenFluor data set

based on the Tucker congruence coefficient (TCC) between

different PARAFAC models (Murphy et al., 2014). Component

1 (C1) has two Ex maxima at ≤250 and 280 nm and one Em

maximum at 390 nm. It resembles the humic-like C2 component

of Murphy et al. (2011); Gueguen et al. (2015), and Yang et al.

(2019) (TCC > 0.97). Its EEM contour covers Peak M areas

(290–310/370–410 nm) and part of Peak A areas (260/400–460

nm) defined in Coble et al. (1998), which were previously

recognized as a traditionally marine-derived humic-like

fluorophore. Component 2 (C2, Ex/Em = 250, 345/440 nm) is

highly similar to humic-like C1 in Jorgensen et al. (2011); Chen

et al. (2017), and Amaral et al. (2021) (TCC > 0.98) and is close

to the traditional terrestrial Peak A and Peak C (320–360/420–

460 nm). Recently, two humic-like components have been found

to be widely distributed in natural aquatic systems from inland
FIGURE 2

Potential temperature versus salinity plot (q-S diagram) for the sampling stations on the northern Beibu Gulf. Green circles, red squares, cyan
diamonds, and purple triangles denote spring, summer, autumn, and winter, respectively. The gray lines indicate the isopycnals (s0). The plot
was created by using Ocean Data View (https://odv.awi.de).
frontiersin.org

https://odv.awi.de
https://doi.org/10.3389/fmars.2022.1023953
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhu et al. 10.3389/fmars.2022.1023953
watersheds to open oceans and correlate strongly with microbial

activities (Qu et al., 2022; Catalá et al., 2015). C3 has Ex/Em

maxima at 275/318 nm and is attributed to a combination of the

autochthonous tyrosine-like peak B (275/305 nm) and the

tryptophan-like peak T (275/340 nm) (Coble, 2007). C3 is
Frontiers in Marine Science 07
highly similar to C4 (TCC > 0.95) in Gao and Guéguen

(2018), to C3 in Gueguen et al. (2015), and to C4 in Dainard

et al. (2015).

The fluorescence intensities of two humic-like components

(C1 and C2) correlate significantly (r = 0.94, p < 0.001, n = 539)
FIGURE 3

Spatial distributions of (A–H) potential temperature q, (I–P) salinity, (Q–X) dissolved oxygen (DO) and (Y–AF) apparent oxygen utilization (AOU)
in the surface and bottom layers of the northern Beibu Gulf in spring, summer, autumn, and winter. Surface layer is 1 m deep and is labeled by
red text. Bottom layer extends about 1 m above the seafloor and is labeled by blue text. The plot was created by using Ocean Data View
(https://odv.awi.de).
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and follow spatial distribution characteristics very similar to

those of a350 (Figures 4I–P). The range of variation of C1 and C2

in surface waters over the four seasons is 0.023–0.32 and 0.009–

0.18 RU, respectively, whereas C1 and C2 for bottom waters vary

over smaller ranges of 0.03–0.19 RU (C1) and 0.008–0.10 RU

(C2) (Figures 6A–H). The intensity of protein-like C3 ranges
Frontiers in Marine Science 08
from 0.024 to 0.17 RU in surface waters and from 0.014 to 0.17

RU in bottom waters (Figures 6Q–X). Although weak

correlations exist between the intensity of C3 and the two

humic-like components (r = 0.25 for C3 vs. C1 and r = 0.33

for C3 vs. C2, p <.001, n = 539), the coefficients generally have

spatial features like those of humic-like C1 and C2 both in
FIGURE 4

Spatial distributions of (A–H) DOC, (I–P) a350, (Q–X) S275–295, and (Y–AF) SUVA254 in the northern Beibu Gulf in spring, summer, autumn, and
winter. Surface layer is 1 m deep and labeled by red text. Bottom layer extends about 1 m above the seafloor and is labeled by blue text. The
plot was created by using Ocean Data View (https://odv.awi.de).
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surface and bottom water (Figure 6). In all four seasons, high

values of C3 have been measured in estuarine and coastal water

near cities [e.g., Nanliu–Dafeng estuary, Beihai, Tieshangang

Bay, and Qinzhou Bay; Figures 6Q–X).

Compared with the quantitative variables of FDOM, the

EEM-derived qualitative metrics (i.e., the HIX and BIX) also

reveal clear variations in the horizontal gradient from estuaries

and coastal water to offshore water both at the surface and at the

bottom (Figures 7A–P). The HIX ranges from 0.4 to 4.3 and

from 0.3 to 3.1 in surface and bottom water, respectively. The

HIX correlates positively with the intensities of C1 (r = 0.74,

p <.001, n = 539) and C2 (r = 0.85, p <.001, n = 539) and shares

similar spatial distribution patterns (Figures 7A–H). The BIX

varies from 0.88 to 1.54 and 1.04 to 4.33 in surface and bottom

water, respectively, and shows a moderate negative correlation

with the HIX (r = −0.39, p <.001, n = 560). Except for extremely

high values in Qinzhou Bay in winter, the BIX generally

increases in going from estuaries and coastal waters to offshore

water (Figures 7I−P). The FI is everywhere greater than 1.9 and

varies over a small range in surface waters (2.17−2.79) and

bottom waters (2.18−2.74). The FI does not correlate with other

FDOM-derived variables (p >.05) and does not exhibit clear

spatial gradients for any of the four seasons (Figures 7Q−X).
Relationships between DOC, CDOM,
and FDOM

DOC linearly correlates with a350 in spring (r = 0.66, p <.001,

n = 62), summer (r = 0.30, p <.001, n = 204), and autumn (r = 0.32,

p <.001, n = 79) but does not correlate with a350 in winter (p >.05).

The DOC has a moderate linear correlation with two humic-like
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components (C1 and C2) in spring (r = 0.63 and 0.68, p <.001,

n = 59), very weak correlations with C1 and C2 in summer (r =

0.17 and 0.20, p <.001, n = 195) and winter (r = 0.21 and 0.26,

p <.001, n = 59), and no correlation with C1 and C2 in autumn

(p >.05). DOC correlates weakly with protein-like C3 in summer

(r = 0.16, p <.001, n = 195) and winter (r = 0.29, p <.001, n = 206)

but does not correlate with C3 in spring and autumn (p >.05).

Separately, a350 correlates strongly with the intensities of humic-

like C1 and C2 over the four seasons (p <.001) with high Pearson r

values in spring (0.77 and 0.86), summer (0.94 and 0.95), and

winter (0.74 and 0.74) and low r values in autumn (0.30 and 0.38).

However, the significant correlations between a350 and C3 occur

only in summer (r = 0.48, p <.001, n = 195) and winter (r = 0.31,

p <.001, n = 206).
Discussion

Sources of DOM in northern Beibu Gulf

The q-S plots and their spatial distribution patterns confirm

that multiple water endmembers (≥3) coexist in the northern

Beibu Gulf, and their seasonal differences are evident (Figures 2,

3A−Q). The levels of DOC, CDOM, and FDOM in the northern

Beibu Gulf vary by more than one order of magnitude from the

estuaries and coastal waters to offshore waters (Figures 4, 6),

which further indicates the various sources and processes in

shaping the distribution and composition of DOM. The weak or

nonexistent correlations between DOC, CDOM, and FDOM

suggest that these components are subjected to different sources

and processes in the northern Beibu Gulf. For example,

anthropogenic input could supply many labile compounds,
FIGURE 5

Excitation-emission contours of three components identified by PARAFAC model.
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such as DOC and protein-like FDOM but less refractory humic-

like components (Guo et al., 2014). The in situ primary

production and microbial activity cooperatively drive the

transformation of DOM from a labile to refractory nature,

resulting in the decoupling of relationships between DOC,

CDOM, and FDOM (Wang et al., 2021a; Wang et al., 2021b).
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Clearly, low-salinity waters (<20) are entrenched in Qinzhou

Bay, the Nanliu–Dafeng estuary, and upper Tieshangang Bay

and are most prominent in summer and spring, likely because of

major river discharge in the wet season (April−October) (Lai

et al., 2014). Correspondingly, the levels of DOC, CDOM, and

humic-like FDOM are almost maximal in these three regions
FIGURE 6

Spatial distributions of (A–H) humic-like C1 intensity, (I–P) humic-like C2 intensity, and (Q–X) protein-like C3 intensity in the northern Beibu
Gulf in spring, summer, autumn, and winter. Surface layer is 1 m deep and is labeled by red text. Bottom layer extends about 1 m above the
seafloor and is labeled by blue text. The plot was created using Ocean Data View (https://odv.awi.de).
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over two seasons (i.e., summer and spring), concurrent with low

S275−295 and BIX but high HIX and SUVA254 (Figures 4, 7). This

suggests that the terrigenous molecules with high molecular

weight, humification degree, and aromaticity are very popular in

DOM pools of the low-salinity regions over two seasons. By

comparison with the reported DOC and CDOM data along the

global aquatic continuum summarized by Massicotte et al.
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(2017), both DOC and a350 in the low-salinity estuarine and

coastal water of the northern Beibu Gulf fall within the range of

river–estuary–coastal ecosystems but are lower than those in the

inland wetlands and lakes with high productivity. In addition,

the riverine terrigenous CDOM and humic-like FDOM signals

are limited to a smaller region near the upper estuaries during

autumn and winter (Figures 4, 6), which is consistent with the
FIGURE 7

Spatial distributions of (A–H) humification index (HIX), (I–P) biological index (BIX), and (Q–X) fluorescence index (FI) in the northern Beibu Gulf
in spring, summer, autumn, and winter. Surface layer is 1 m deep and is labeled by red text. Bottom layer extends about 1 m above the seafloor
and is labeled by blue text. The plot was created by using Ocean Data View (https://odv.awi.de).
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low water discharges of several rivers to the northern Beibu Gulf

in the dry season (Lai et al., 2014). Annually, it differs from other

coastal areas with large river runoff, such as that the Yangtze

River (Guo et al., 2014), Pearl River (Li et al., 2019), and Amazon

River (Nelson et al., 2010), where river discharge makes a

remarkable contribution to coastal DOM pools. Even so,

considering the characteristics that river-borne organic

material degrades easily in the sea by photochemical

transformation and biomineralization (Fichot and Benner,

2014), the turnover of riverine DOM might significantly

impact the budget of the nutrients and carbon in the estuaries

and coast of the northern Beibu Gulf, especially in spring

and summer.

Except for the low-salinity Qinzhou Bay, Tieshanggang Bay,

and Nanliu–Dafeng estuary, high salinity (>25) was measured at

other sampling stations of the northern Beibu Gulf over the four

seasons (Figures 3I−P). Although the levels of DOC, CDOM,

and FDOM are much lower than those in the low-salinity

estuarine and coastal water (Figures 4, 6), they are also

significantly greater than those in the adjacent ocean-

dominated surface of the South China Sea (Wu et al., 2015;

Wang et al., 2017). S275−295 in particular is a reliable proxy

tracing terrestrial input and photochemical degradation of DOM

in the marine environment (Stedmon and Markager, 2003;

Helms et al., 2013). Here, S275−295 values are less than 0.025

nm−1 at all high-salinity stations, which were comparable to the

levels in rivers and estuaries dominated by terrestrial organic

molecules (Stedmon et al., 2010) and the levels in the deep ocean

where the DOM was fully reworked by microbial activities

(Wang et al., 2017). However, they were far less than the value

of > 0.04 nm−1 in photodegraded surface oceanic water (Catala

et al., 2016; Wang et al., 2021b). Thus, we conclude that DOM in

the high-salinity water of the northern Beibu Gulf is dominated

by terrestrial input and microbial reworking. Cultural

experiments confirm that both terrestrial and microbial-

derived DOM with low S275−295 can be easily degraded by light

radiation (Helms et al., 2013; Yang et al., 2020). It can be

expected that DOM in the high-salinity water of the northern

Beibu Gulf also has a large potential for photodegradation, when

it was transported into the upper stratified layer of the adjacent

South China Sea (Chen et al., 2011). (Figures 4Q−X). Although

no direct evidence links DOM and primary productivity, the

relatively high chlorophyll concentration (average of 3.0 mg/L in

the wet season and 1.5 mg/L in the dry season) measured in the

same region (Lao et al., 2021b) supports the hypothesis that the

in situ primary production and subsequent microbial

transformation might be an important source of DOM (Wang

et al., 2021b). The high FI (>1.9), high BIX, and low HIX over

four seasons further confirm that humic-like FDOM in high-

salinity waters of the northern Beibu Gulf is mainly sourced

from recent microbial activities (Figure 7). A strong correlation

between humic-like FDOM and a350 demonstrates that CDOM
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is subjected to sources and processes similar to those of humic-

like FDOM in the northern Beibu Gulf. In contrast, weak or zero

correlation between DOC, CDOM, and humic-like FDOM in

this study also occurs in coastal and oceanic environments

(Massicotte et al., 2017). The most likely explanation is that

the kinetic processes (e.g., physical mixing, photochemical

transformation, and microbial degradation) operate at different

rates on DOC and optical fractions of the DOM pool, which as a

result may cause the mentioned decoupling or nonlinear

relationship between these pools (Stedmon and Nelson, 2015).

Notably, the high levels of protein-like C3 but low levels of

humic-like components were apparent in the outer Tieshangang

Bay during spring and winter and on the Beihai coast over four

seasons (Figure 6), suggesting the obvious contribution of

anthropogenic input and/or enhanced primary production

(Guo et al., 2014). The sediment release may also have a

considerable contribution to DOM pools in the northern

Beibu Gulf as indicated by the elevated levels of DOC, CDOM,

and FDOM in the bottom layer (Figures 4, 6) and high

concentration of organic carbon in the surface sediment (Liao

et al., 2018). The impact of submarine groundwater discharge

and atmospheric deposition on the DOM pool in the northern

Beibu Gulf has large variability owing to the lack of supporting

data. In addition, water intrusions by currents from the adjacent

South China Sea considerably affect the water volume of the

reservoir and nutrients in the northern Beibu Gulf (Lao et al.,

2022) as well as the DOM pool. Thus, these sources and

processes should be considered in future research on the

DOM budget in the Beibu Gulf.
Mixing of DOM in the northern
Beibu Gulf

The mixing behavior based on the relationships between

DOM variables and salinity has been used for decades to

estimate the apparent removal or addition of DOM in land–

ocean interfaces (Noureddin and Courtot, 1989; Guo et al., 2007;

Yang et al., 2015b; Li et al., 2019). The hydrological cycle of the

northern Beibu Gulf is complex (Figures 2, 3) and is influenced

by multiple riverine and low-salinity water sources mixing with

water from the adjacent South China Sea with the help of

variable wind and circulation patterns (Chen et al., 2011;

Wang et al., 2018; Lao et al., 2022). As a result, simple two-

end-member mixing of constituents may be unsuitable to

describe the mixing behaviors of DOC, CDOM, and FDOM in

the northern Beibu Gulf. Over four seasons, DOM at all

sampling stations appears remarkably nonconservative with

net additions of DOC over four seasons, net additions of

CDOM and humic-like FDOM during spring and summer,

and net removal of protein-like C3 in spring and summer

(Figure 8). However, upon dividing sample stations into the
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three categories (Figure 1), the convincing mixing of DOM

appears clearly in the northern Beibu Gulf.

In region I, the conservative mixing behavior of bulk DOC,

CDOM, and humic-like FDOM occurs over four seasons

(Figures 8A–P), which may reflect the fewer changes in these

variables along the estuaries. Similar behavior during estuarine

mixing was reported in other estuarine and coastal systems (Jaffe

et al., 2004; Guo et al., 2007; Guo et al., 2011; Li et al., 2019; Yang

et al., 2019; Amaral et al., 2020). Such mixing patterns indicate
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that the physical mixing of fresh river water and coastal water

dominates the distributions of DOC, CDOM, and humic-like

FDOM in estuaries and coastal ecosystems. In contrast, the

protein-like C3 points in region I in spring and summer fall

below the theoretical mixing line, which indicates the removal of

C3 during the estuarial mixing process (Figures 8Q, R). The

protein-like FDOM components have been recognized as the

labile fraction of DOM as indicated by the gradual decrease of its

level during the microbial dark incubation (Yamashita and
FIGURE 8

Relationships between DOM parameters and salinity in three regions of the northern Beibu Gulf over four seasons. (A–D) DOC vs. salinity,
(E–H) a350 vs. salinity, (I–L) humic-like C1 vs. salinity, (M–P) humic-like C2 vs. salinity, (Q–T) protein-like C3 vs. salinity. The paired data
including DOC, CDOM, and FDOM and unpaired data (only DOC) are denoted by circles and squares, respectively.
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Tanoue, 2003; Xiao et al., 2021). Coupled with the negative

relationships between C3 intensity and AOU in this region in

spring and summer (r = −0.65, p <.001), we conclude that

protein-like C3 is degraded by bacteria in estuaries.

In region II (i.e., Tieshangang Bay), no CDOM and FDOM

data were measured in autumn and winter (Figures 4, 6). The

quasi-conservative mixing behavior was determined for DOC

over the four seasons and for CDOM and humic-like FDOM in

spring and summer (Figures 8A–P). However, the protein-like

FDOM does not correlate with salinity in spring (Figures 8Q, R),

which might be attributed to the abovementioned anthropogenic

input during the sampling period (Figure 6Q). Similar

nonconservative addition from human activities has been

found in other estuaries and coasts, such as the Yangtze

estuary (Guo et al., 2014), thereby potentially impacting the

local coastal ecosystem when consumed by microbes. Notably,

the conservative mixing lines between DOM and salinity are

separated into two regions (Figure 8). The slopes of DOC,

CDOM, and humic-like FDOM with respect to salinity in

region I are less than those in region II, suggesting that the

northern Beibu Gulf receives lower levels of DOM from rivers

near the region (Qin River, Maowei River, Dafeng River, and

Nanliu River) relative to those from the upper Tieshangang Bay

(Figures 8A–N). Conversely, the different slopes for DOC versus

salinity in the two regions is lower than slopes for its optical

fractions versus salinity, which implies that the two major

terrigenous DOM pools delivered into the northern Beibu Gulf

differ in their nature and composition. DOM from rivers

surrounding region I have higher DOC-normalized CDOM

and humic-like FDOM values compared with region II, and,

presumably, a high potential for photochemical degradation in

the coastal shelf (Helms et al., 2013).

In region III, which contains high-salinity mixing waters

from the coast and the adjacent South China Sea, the additions

of DOC are highlighted over the four seasons (Figures 8A–D).

This result reinforces the hypothesis that DOC in the offshore

water of northern Beibu Gulf comes mainly from in situ

biological activities. However, the CDOM and humic-like

FDOM maintain quasi-conservative behavior like those in

low-salinity estuarine and coastal waters. Except for the

measured low spectral slopes S275–295 (<0.025 nm−1), the lack

of correlation between CDOM, humic-like FDOM, and AOU is

also a noticeable feature in this region. Thus, the biogeochemical

processes, such as photochemical bleaching and microbial

transformation, should make a minor impact on the

distribution patterns of CDOM and humic-like FDOM in the

northern Beibu Gulf.
Conclusions

This study demonstrates seasonal and spatial variations of

DOC and DOM optical fractions in the northern Beibu Gulf,
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South China Sea. The DOC and CDOM absorption coefficients

and the FDOM intensities range over more than one order of

magnitude. Except for spring, DOC correlates weakly with

CDOM and FDOM components, indicating that different

sources and processes shape their distributions in the northern

Beibu Gulf. River discharges are major sources of DOM in

several estuaries and coastal waters, especially in spring and

summer. Anthropogenic input makes a remarkable contribution

to protein-like FDOM in some specific coastal waters near cities,

whereas in situ biological activity acts as a major source of DOM

in offshore waters. The mixing of DOM in the northern Beibu

Gulf separates spatially into three regions but does not separate

seasonally. The conservative mixing dominates the distributions

of DOC, CDOM, and humic-like FDOM in the nearshore

waters, excluding Tieshangang Bay (region I) and Tieshangang

Bay (region II). This implies that two terrestrial DOM pools with

distinct optical properties are transferred into the northern

Beibu Gulf. However, the protein-like FDOM in region I is

nonconservative and is removed by microbes coupled with the

net consumption of oxygen. In the high-salinity offshore waters

(region III), the net addition of DOC suggests that it comes from

in situ biological sources, whereas the CDOM and humic-like

FDOM forms a quasi-conservative mixing pattern. The multiple

sources and complexity of mixing for various DOM components

demonstrate the dynamics of DOM in the estuarine and coastal

ecosystem, which make a considerable and varied impact on the

carbon cycle in ocean margins.
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