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Both dissolved and particulate organic matters (DOM and POM) provide a

reduced carbon pool of considerable size in coastal ecosystems, and the two

are closely linked. Currently, however, the integrated study of DOM and POM

remains limited, precluding a more in-depth understanding of their interaction in

coastal regions. In April 2021, 13 surface water samples were collected from

Qinzhou Bay, in the northern Beibu Gulf. The DOM samples were characterized

using dissolved organic carbon (DOC) analysis and UV-visible and fluorescence

spectroscopy techniques. We determined the POM for the particulate organic

carbon and nitrogen (POC and PN) and also isotopic composition (d13C and

d15N). The weak to negligible relationships found between the DOC, colored and

fluorescent DOM, salinity, and chlorophyll a together suggested that DOM’s

distribution in Qinzhou Bay is concurrently shaped by various processes, namely,

hydrological and in situ biological processes. A high C/N ratio of ~17, high POC/

chlorophyll a ratio (253 ± 112), and depleted d13C (−25.7 ± 1.6‰) confirmed that

POM is highly degraded and originates mainly from allochthonous input, to

which the terrigenous organic matter and freshwater phytoplankton each

contributes 35%. The total organic carbon (TOC = DOC + POC) was positively

correlated with the humic-like peak M, revealing the transformation of labile

DOM and POM into recalcitrant DOM components. The in situ production

efficiency of peak M in surface waters of Qinzhou Bay is one order of

magnitude greater than that in inland waters or open oceans, indicating that

not only temperature but also the activity of substrate is a key factor controlling

the in situ production of recalcitrant DOM in Qinzhou Bay. High levels of TOC

and humic-like fluorescent DOM suggest the mass coexistence of organic

matter differing in its reactivity, highlighting the large potential for

photochemical as well as microbial degradation in the future.
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1 Introduction
Although coastal regions comprise less than 10% of the global

ocean surface area, they play a disproportionately large role in primary

production, carbon production, transformation, degradation, and

burial (Gattuso et al., 1998; Castillo et al., 2010). Furthermore, coastal

regions receive tremendous amounts of allochthonous organic matter

(OM) via various sources, such as river runoff (Raymond and Spencer,

2015; Liu et al., 2020), atmospheric deposition (Willey et al., 2000), and

submarine groundwater discharge (McDonough et al., 2022). This

allochthonous OM delivered to coastal regions varies greatly in terms

of its size, level, composition, and biogeochemical reactivity, resulting

in distinct fates with profound implications for coastal ecosystems

(Carlson and Hansell, 2015). The autochthonous sources, including

phytoplankton production and microbial metabolism, can also make

considerable contributions to the OM pool in coastal environments

because of the high productivity supported by the sufficient supply of

nutrients (Bauer et al., 2013). Moreover, global climate change (e.g.,

warming and extreme climatic events) and continued human pressures

(e.g., agriculture, industry, and aquaculture) have drastically altered the

hydrological and environmental contexts, thereby affecting the sources,

sinks, and cycling dynamics of OM in coastal ecosystems (Diaz and

Rosenberg, 2008; Doney, 2010; Liu et al., 2020). Yet, the key processes

controlling OM transformation in coastal regions remain poorly

understood or quantified, limiting our knowledge of how the coastal

ocean affects the ocean carbon cycle and atmospheric CO2.

Unlike the dominance of dissolved OM (DOM) in reduced

carbon pools of open ocean (Gardner et al., 2006, Hansell et al.,

2009), particulate OM (POM) accounts for a considerable

proportion of total OM in coastal regions due to large external

inputs and substantial in situ phytoplankton production (Ji et al.,

2021). Focusing on either the DOM or POM in coastal regions, with

respect to its composition, sources, and sinks has led to them to

being well understood, largely by applying key techniques such as

elemental analyses, isotopic data and analysis (Sarma et al., 2014;

Huang et al., 2020), optical properties (Stedmon et al., 2000, Guo

et al., 2014), and molecular characterization (Wu et al., 2022). Yet,

studies that simultaneously investigate POM and DOM in coastal

ecosystems are still rare despite their likely active linkages, for

example, regarding their sources, composition, and transformation

(Li et al., 2018).

Examining optical properties (absorption and fluorescence

spectrum) is an effective way to identify the origin of DOM in

coastal ecosystems with various material sources (Stedmon et al.,

2000, Guo et al., 2007; Guo et al., 2014, Zhu et al., 2018). Absorption

coefficients at a certain wavelength (e.g., 254, 325 nm) and

fluorescence intensities of several distinctive peaks (e.g., peak A,

C, M, T) are commonly used as quantitative indicators of DOM

components (Coble, 1996; Guo et al., 2007). The corresponding

qualitative parameters, namely, spectral slope, specific absorbance,

fluorescence index (FI), humification index (HIX), and biological

index (BIX), provide a great deal of valuable information on the

composition, sources, and reactivity of DOM (Ohno, 2002;

Weishaar et al., 2003; Cory and McKnight, 2005; Helms et al.,

2008; Huguet et al., 2009). The intensity of humic-like DOM always
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shows a positive relationship with apparent oxygen utilization

(AOU) across the land–ocean aquatic continuum (Thottathil

et al., 2013; Tanaka et al., 2014; Catalá et al., 2015; Catalá et al.,

2016). This implies these DOM fractions are bio-recalcitrant and

produced during microbial activity, accompanied by the

consumption of oxygen. The in situ production efficiency of

recalcitrant DOM per unit consumption of oxygen, this

quantified as the slope of a linear regression between humic-like

DOM and AOU, is known to be tightly linked to temperature in

inland reservoirs, lakes, marginal basins, and the open ocean (Wang

C. et al., 2021; Qu et al., 2022). Accordingly, we may infer that

temperature is a key factor shaping the microbial-driven

transformation of labile OM into recalcitrant carbon. Yet, this

transformation in coastal OM cycling has received little attention

when compared with inland and oceanic waters (Wang C. et al.,

2021; Qu et al., 2022).

Stable isotopes of carbon (d13C) and nitrogen (d15N) are widely
used in the tracing and source analysis of POM in coastal

environments (Wu et al., 2003; Ye et al., 2017; Sarma et al., 2020;

Gao et al., 2021). POM originates from various sources and has

correspondingly different values of d13C, offering the good

opportunity to reliably identify the sources of POM in coastal

regions. For example, the d13C value of C3 plants in terrestrial

ecological environments ranges from −32 to −23‰, whereas C4

plants have relatively less negative d13C values (−17 to −9‰).

Marine-derived OM tends to have moderate d13C values ranging

from −22 to −19‰ (Boutton, 1991; Meyers, 1994; Meyers, 1997).

Similarly, the d15N of POM from different sources takes on specific

end-member values; hence, it is another robust tracer for identifying

OM sources, especially for the signal of sewage (Kendall, 1998;

Maksymowska et al., 2000; Lu et al., 2021). In addition, the C/N

ratio and ratio of particulate organic carbon to chlorophyll a (POC/

Chl a) have been applied widely to distinguish the POM sources

(marine vs. terrestrial, fresh vs. degraded) (Cifuentes et al., 1988).

Therefore, knowing the distribution and variation in not only the

d13C and d15N but also the C/N and POC/Chl a ratios is crucial to

elucidate the sources of POM and potential interactions occurring

between POM and DOM in coastal ecosystems.

Qinzhou Bay, in the northern Beibu Gulf, has undergone several

decades of rapid economic growth, receiving from anthropogenic

activities vast material inputs, such as nutrients (Lai et al., 2014),

heavy metals (Zhu and Zheng, 2013), organic pollutants (Lao et al.,

2021), and microplastics (Zhu et al., 2019; Zhu et al., 2022b). Not

surprisingly, the cycling and budget of OM has changed as well.

This provides an ideal marine region to learn more about the

sources, compositions, and transformations of OM in coastal

ecosystems under high pressure from human activities. This study

had three objectives: (1) to determine the levels and distributions of

DOM and POM in Qinzhou Bay based on DOM optical parameters

and POM elemental and isotopic analyses; (2) to clarify the sources

of various DOM and POM fractions according to basic

hydrological, chemical, and biological parameters; (3) to

understand the interaction between POM and DOM and quantify

the in situ production efficiency of recalcitrant DOM. Altogether,

the findings should provide further insight into the turnover of OM

in coastal ecosystems.
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2 Materials and methods

2.1 Study area

Qinzhou Bay is one of the important bays in the middle part of

Guangxi inshore in the northern Beibu Gulf. It is a typical drowned

valley-type, semi-enclosed bay covering about 400 km2 of water.

The whole bay is gourd-shaped and its overall composition consists

primarily of an inner bay (Maowei Sea) and outer bay. This study

mainly focuses on the area of intense water exchange in the outer

bay (Figure 1). Two major rivers flow into Qinzhou Bay, the Qin

and Maoling Rivers, whose runoff discharge is up to 1.49 × 1011 m3

yr-1, or ~45% of total river discharge flowing into the northern

Beibu Gulf. More than 80% of the water discharge occurs in the wet

season (i.e., April to October) (Lai et al., 2014). Qinzhou Bay is a

crucial fishing ground and aquaculture base in the Beibu Gulf given

its the year-round warm temperatures and rich nutrients.

Additionally, the Qinzhou port and city strongly impact the

biogeochemistry and ecology of Qinzhou Bay and the northern

Beibu Gulf.
2.2 Sampling and pretreatments

A field-sampling cruise across the Qinzhou Bay, northern Beibu

Gulf, South China Sea, was conducted on 8 April 2021. The water

temperature and salinity at 13 stations were measured using a

calibrated SBE911 conductivity-temperature-depth (CTD) system

(Sea-Bird, Bellevue, Washington, USA). At all stations, surface
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seawater samples were collected using a Niskin bottle at a depth

of ~0.5 m below the water surface (Figure 1). The original seawater

was sampled for its dissolved oxygen (DO). After their collection,

the samples were filtered through pre-cleaned MF-Millipore™

filters (pore size: 0.45 mm) and stored in pre-heated (500°C, 5h)

glass vials. All samples were kept frozen until analyzed for nitrate,

nitrite, phosphate, colored DOM (CDOM), and fluorescent DOM

(FDOM). Samples for the dissolved organic carbon (DOC), total

suspended matter (TSM), chlorophyll a (Chl a), POC, PN, d13CPOC,

and d15NPN analyses were then immediately filtered through pre-

heated (500°C, 5h) GF/F filters (Whatman, nominal pore size = 0.7

mm). Acidified filtrate (H3PO4, pH< 2) was likewise stored in pre-

heated glass vials with Teflon-lined caps and kept frozen until the

DOC analysis. Filter membranes for the analyses of particulate

parameters (i.e., TSM, Chl a, POC PN, d13CPOC, and d15NPN) were

stored frozen as well. The analyses of DO were completed within 8h,

and other analyses were finished within 3 days since sampling.
2.3 Measurements of
environmental parameters

The DO was immediately measured using the Winkler titration

method (Carpenter, 1965), with a precision of 0.07 mg liter-1, and its

saturation calculated using the salinity and potential temperature

(Benson and Krause, 1984). The AOU was calculated as the

difference between the calculated saturation and measured DO

concentration. Chl a was extracted using 90% aqueous acetone in the

dark for 24h at 4°C and then measured by a Turner Trilogy

fluorometer (Welschmeyer, 1994). The concentrations of nitrate

(NO3-N), nitrite (NO2-N), and soluble reactive phosphate (SRP)

were determined using a San++ continuous flow analyzer (Skalar,

Netherlands), while the NH4-N concentration was measured by

spectrophotometry. Dissolved inorganic nitrogen (DIN) was

calculated as the sum of NO3-N, NO2-N and NH4-N concentration

values. Quality control was conducted based on the detection limits for

DIN and SRP, which were 0.1 and 0.03 mmol liter-1, respectively. The

N/P was calculated as the ratio of DIN and SRP.
2.4 Measures of dissolved organic
matter parameters

The DOC concentrations were measured on an Elementar Vario

TOC Cube in the high-temperature catalytic oxidation mode (Wang

C. et al., 2021). A five-point standard curve was generated using KHP

(potassium hydrogen phthalate). For the running blank, it was

determined as the average peak area of the Milli-Q water acidified

with H3PO4. Next, DOC concentrations were obtained by subtracting

that running blank from the average peak area of the samples

(injected two to three times) and dividing by the slope of

the standard curve. The analytical precision of the DOC analysis

was< 3%; this based on deep sea water (DSR) provided by the Hansell

Lab at the University of Miami (https://hansell-lab.rsmas.miami.edu/

consensus-referencematerial/index.html).
FIGURE 1

Map showing the locations of the 13 surface water sampling stations
in Qinzhou Bay, northern Beibu Gulf.
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Absorbance spectra for CDOMwere obtained using a Shimadzu

UV-1780 dual beam spectrophotometer and 10-cm quartz cuvettes

at room temperature (Wang C. et al., 2021). Absorbance (Al) was

quantified from 800 to 240 nm at a 0.5-nm interval. The fresh Milli-

Q water spectrum was scanned to provide the blank. Absorbance

was corrected accordingly by subtracting the blank of Milli-Q water

and then converting to a Napierian absorption coefficient, al (m
-1)

using this equation:

al = 2:303Al=0:1 (1)

Absorption coefficients at 254 and 325 nm are reported here,

because both have been widely used for quantifying CDOM in

marine environments (Benson and Krause, 1984; Nelson et al.,

2010; Wang C. et al., 2021). The spectral slope over the range of

275–295 nm (S275-295, nm
-1) was calculated from a linear regression

of the natural log-transformed absorption spectra (Helms et al.,

2008). The specific ultraviolet absorbance at 254 nm (SUVA254, m
2

g-1 C) was calculated by dividing the decadal absorption coefficient

(i.e., A254/0.1) by the DOC concentration in units of mg C liter-1

(Bergamaschi et al., 2003).

To obtain the fluorescence excitation–emission matrices

(EEMs), a Hitachi F-7100 fluorescence spectrofluorometer was

used with a 1-cm quartz cuvette when the sample is at room

temperature (Wang C. et al., 2021). Briefly, emission (em) scans

from 280 to 600 nm were recorded at 2-nm intervals with excitation

(ex) wavelengths ranging from 240 to 450 nm at 5-nm intervals (the

slit widths were set to 5 nm). To apply the inner filter correction, an

absorbance-based approach was used (Kothawala et al., 2013). The

EEMs were blank-corrected and normalized by respectively using

the EEMs and Raman spectra of freshly generated Milli-Q water;

hence, fluorescence intensity is reported in Raman units (RUs)

(Lawaetz and Stedmon, 2009).

Based on contour plots, we determined two humic-like

components (peak C, ex/em: 260/450 nm and peak M, ex/em:

300/400 nm) and one protein-like component (peak T, ex/em: 275/

340 nm); all three are ubiquitous in marine environments (Coble,

1996). In addition to this, three common fluorescence parameters

based on the EEMs were derived to infer the sources, composition,

and properties of DOM (Wang C. et al., 2021). The FI was

calculated as the ratio of the emission intensity at 470 nm to that

at 520 nm when excited at 370 nm (Cory and McKnight, 2005). The

HIX was calculated as the integrated emission spectra area at 435–

480 nm divided by the summed 300–340 nm plus 435–480 nm

emission areas, obtained via excitation at 254 nm (Ohno, 2002).

The BIX was calculated as the ratio of fluorescence intensity emitted

at 380 nm to the intensity emitted at 430 nm, upon excitation at 310

nm (Huguet et al., 2009).
2.5 Measures of particulate organic
matter parameters

To obtain the concentration of TSM, the dry weight difference

between the pre-weighed and re-weighed values was divided by the

filtration volume (Zhou et al., 2021). The filters used for analysis of
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the concentrations of POC and PN and the values of d13CPOC and

d15NPN were tightly packed into a tin cup, and those response

variables quantified with an element analyzer coupled to a stable

isotope ratio mass spectrometer (EA Isolink-253 Plus, Thermo

Fisher Scientific, Bremen, Germany). Before running the analysis,

the filters were exposed to a concentrated HCl vapor for at least 48h

to remove any carbonate, after which the HCl was removed in a

caustic soda dryer for at least 48h (Sato et al., 2006; Ke et al., 2019).

The references for d13C and d15N are Vienna Pee Dee Belemnite

(VPDB) and atmospheric N2, respectively. The average standard

deviation of POC or PN concentrations was ±0.1%, and that of

d13CPOC or d15NPN was ± 0.2‰. The ratio of POC to PN (C/N) and

that of POC to Chl a (POC/Chl a) are reported in this study.
2.6 Estimation of proportional
contributions of particulate organic matter

To quantify the contribution of various sources to the POC pool

in the northern Beibu Gulf, an isotope mixing model “Stable Isotope

Analysis in R (SIAR)” was used (http://cran.rproject.org/; Parnell,

2008). This model has been successfully used elsewhere to estimate

the proportional contributions of major sources to POM in coastal

ecosystems (Krishna et al., 2013; Sarma et al., 2014; Huang et al.,

2020). The selection of the end-member values is pivotal for

obtaining reliable estimates of the respective proportion of

possible sources. Here, six end-members were used in the model

processing, as suggested by previous studies (Table 1).
2.7 Statistical analyses

Pearson correlation analyses among the environmental

variables, DOM, and POM parameters were performed using

OriginPro 2022b software, for which the significance level (p-

value) was determined by a two-tailed test.
3 Results

3.1 Hydrographic and
environmental properties

The salinity and temperature of surface waters in Qinzhou Bay

varied over a small range of 29.89–31.53°C and 24.4–26.0°C,

respectively (Figures 2A, B). High salinity was recorded in the

offshore waters of Qinzhou Bay (Figure 2A). The concentrations of

DO changed over a minimal range of 6.4–7.0 mg liter-1, with higher

values at the inshore stations (Figure 2C). The DO saturation

changed from 93% to 102% while the AOU varied from −0.18 to

0.49 mg L-1 with an average value ± SE of 0.24 ± 0.19 mg L-1

(Figure 2D). Positive AOU values were found for 11 stations, the

exceptions being two offshore stations (Q11 and Q13). For DIN, its

concentration was highly variable, ranging between 2.38 and 21.19

mmol liter-1, whereas the SRP concentration fell within a narrow
frontiersin.or
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range of 0.15–1.06 mmol L-1. However, DIN and SRP shared a

similar distribution pattern, in that their concentrations gradually

decrease from inshore to offshore waters (Figures 2E, F). Yet, the

difference in concentration of DIN between the three inshore

stations (Q1, Q2, and Q3) and other offshore stations was much

larger than that of SRP (Figures 2E, F). Thus, the N/P varied largely

within the range of 6.9– 36.1. High N/P-values (> 16) were found at

the inshore stations (Figure 2G). The concentration of Chl a ranged

from 1.7 to 4.5 µg L-1, averaging 2.45 µg L-1. Apart from the

maximum Chl a concentration found at station Q7, Chl a

concentration varied little (Figure 2H).
3.2 Distributions and correlations of
dissolved organic matter parameters

The DOC concentration varied from 75.8 to 154.2 mmol L-1 and

averaged 113.9 ± 23.1 mmol L-1 (Figure 3A). There was a strong

positive correlation between the absorption coefficient at 254 nm

(a254) and 325 nm (a325) (r = 0.98, p< 0.001, n = 13). Hence, for

simplicity, we report only the a325 results. The a325 ranged from 0.41

to 0.81 m-1 (Figure 3B). The intensity of humic-like peaks C and M,

respectively, spanned 1.18 to 2.28 × 10-2 RU and 3.21 to 6.27 ×10-2

RU (Figures 3C, D), whereas the protein-like peak T varied over a

large range of 3.96–9.56 × 10-2 RU (Figure 3E). DOC had moderate

positive correlations with a325 (r = 0.59, p = 0.03, n = 13), peak M (r

= 0.59, p = 0.03, n = 13), and peak T (r = 0.82, p< 0.001, n = 13), but

was not correlated with the intensity of peak C (p > 0.05). Regarding

a325, it showed significant relationships with the intensities of peak

C (r = 0.82, p< 0.001, n = 13), peak M (r = 0.82, p< 0.001, n = 13),

and peak T (r = 0.82, p = 0.003, n = 13). Accordingly, the three

FDOM peaks had significantly correlated intensities (p<

0.05, Table 2).

The spectral slope, S275-295, varied minimally from 20.0 to 22.5

mm -1 (Figure 3F). The variation in SUVA254 was more than

twofold, spanning 0.45 to 1.11 m2 g-1 C (Figure 3G); FI ranged

between 2.35 and 2.50 (Figure 3H); and HIX and BIX varied from

0.58 to 0.68 and 1.35 to 1.79, respectively (Figures 3I, J). The S275-295
was negatively correlated with HIX (r = −0.76, p = 0.003, n = 13), as

was SUVA254 with the DOC concentration (r = −0.62, p = 0.02, n =

13) although it positively correlated with HIX (r = 0.67, p = 0.01, n<

13). FI had significant correlations with a325 in addition to peak C,
Frontiers in Marine Science 05
and peak M (r = 0.56–0.75, p< 0.05, n = 13). By contrast, BIX was

not significantly correlated with DOM’s other quantitative and

qualitative parameters (p > 0.05).
3.3 Distributions and correlations of
particulate organic matter parameters

The concentration of TSM ranged from 13.7 to 30.8 mg L-1 at 10

offshore stations (except for Q1, Q2, and Q3), being highest at

station Q12 and lowest at station Q10 (Figure 4A). The

concentrations of POC and PN ranged fourfold from 27.9 to

122.0 mmol L-1 (51.1 ± 26.5 mmol L-1) and from 0.9 to 4.0 mg L-1

(2.8 ± 0.9 mmol L-1), respectively (Figures 4B, C). A high POC

concentration was found at stations Q1 and Q8, while other stations

featured low and similar POC values. Compared with that of POC,

the spatial distribution of PN was more complex and unstable. Low

PN values (< 1.5 mnol L-1) characterized two offshore stations (Q10

and Q12), while all other stations showed high and comparable

PN values.

Negligible correlations were found between TSM, POC, and PN

in this region (p > 0.05). The d13CPOC varied from −28.7 to −24.0‰,

with an average of −25.7 ± 1.6‰. The d13CPOC was strongly

correlated with the PN concentration (r = 0.84, p< 0.001, n = 13)

and followed a similar distribution pattern to PN (Figures 4C, D).

Isotopically heavy d15NPN ranged from 4.5 to 7.7‰ (6.0 ± 1.1‰,

Figure 4E), but it was apparently not associated with other POM

parameters (p > 0.05). The C/N ratio (mol/mol) varied over a large

range of 10.8 to 33.3, with an average of 16.7 ± 17.8 (Figure 4F).
4 Discussion

4.1 Microbial reprocessing dominates
the dissolved organic matter pool in
Qinzhou Bay

The water and material sources of coastal ecosystems (e.g.,

water mass movement, in situ primary productivity, and external

inputs) constrain their various possible DOM sources (e.g.,

autochthonous, terrestrial, and anthropogenic sources) and

distribution patterns (e.g., conservative, net additional, and net
TABLE 1 The end-member values of d13CPOC and C/N for the potential POM sources used in this study.

Source d13C (‰) C/N Reference

Terrestrial C3 plants -25.9 ± 1.2 >20 (Meyers, 1994; Sarma et al., 2014)

Terrestrial C4 plants -13.1± 1.2 >20 (Meyers, 1994; Sarma et al., 2014)

Soil organic matter -19.2± 2.4 10-14 (Kendall, 1998; Sarma et al., 2014)

Sewage -24.8 ± 3.2 7-8 (Andrews et al., 1998; Sarma et al., 2014)

Marine organic matter -20.0 ± 2.0 5-9 (Middelburg and Herman, 2007; Ye et al., 2017)

Freshwater phytoplankton -30.0 ± 2.0 5-14.6 (Thornton and Mcmanus, 1994; Ye et al., 2017)
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FIGURE 2

Spatial distributions of (A) salinity, (B) temperature, (C) dissolved oxygen (DO), (D) apparent oxygen utilization (AOU), (E) dissolved inorganic nitrogen
(DIN), (F) soluble reactive phosphate (SRP), (G) the ratio of DIN and SRP (N/P), and (H) chlorophyll a (Chl a) in the surface water of Qinzhou Bay.
Black dots show the sampling stations and are labeled in (A).
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FIGURE 3

Distributions of (A) dissolved organic carbon (DOC), (B) absorption coefficient at 325 nm (a325), (C) peak C, (D) peak M, (E) peak T, (F) spectral slope
(S275-295), (G) specific ultraviolet absorbance at 254 nm (SUVA254), (H) fluorescence index (FI), (I) humification index (HIX), and (J) biological index
(BIX) in the surface water of Qinzhou Bay.
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FIGURE 4

Distributions of (A) total suspended matter (TSM), (B) particulate organic carbon (POC), (C) particulate nitrogen (PN), (D) d13CPOC, (E) d15NPN, and
(F) C/N ratio in the surface water of Qinzhou Bay.
TABLE 2 Coefficients (r values) of Pearson correlations between DOM parameters.

DOC a254 a325 peak C peak M peak T S275-295 SUVA254 FI HIX BIX

DOC 1

a254 0.55 1

a325 0.42 0.98* 1

peak C 0.29 0.89* 0.92* 1

peak M 0.39 0.92* 0.94* 0.88* 1

peak T 0.76* 0.85* 0.78* 0.66* 0.71* 1

S275-295 0.52 -0.04 -0.17 -0.42 -0.26 0.31 1

SUVA254 -0.57 0.37 0.49 0.57 0.43 -0.01 -0.58* 1

FI 0.13 0.56 0.59* 0.75* 0.57* 0.48 -0.48 0.38 1

HIX -0.54 0.19 0.27 0.46 0.29 -0.30 -0.78* 0.73* 0.35 1

BIX 0.01 0.10 0.14 -0.11 0.31 0.08 0.12 -0.12 -0.24 -0.17 1
F
rontiers in Mar
ine Science
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Two-tailed test of significance is used. *Correlation is significant at the 0.05 level.
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removal pattern) (Stedmon et al., 2000; Guo et al., 2007; Guo et al.,

2014). Previous studies have demonstrated that optical parameters

could provide valuable information concerning the source,

composit ion, and transformation of DOM in marine

environments (Yang et al., 2015; Zhu et al., 2018; Zhu et al.,

2022a). Here, optical parameters clearly revealed the major source

of DOM in the surface waters of Qinzhou Bay. The range of FI

(2.35–2.50), it widely used to classify DOM sources with FI values of

> 1.9 as autochthonous (i.e., microbial- or phytoplankton-derived),

suggested the dominance of autochthonous input on the DOM in

Qinzhou Bay (Figure 3) (Fellman et al., 2010). The values of S275-295
(20.0–22.5 mm-1) and HIX (0.57–0.69) also indicated that DOM

originated from a dominant source with a narrow range for

molecular weight, aromaticity, and humification degree

(Figure 3). In terms of this autochthonous input, phytoplankton-

derived DOM is rich in labile molecules (e.g., dissolved amino

acids), which would increase S275-295 (Fenchel et al., 2012).

However, microbial processes can shift S275-295 opposite to those

caused by primary production (Moran et al., 2000; Helms et al.,

2008; Fenchel et al., 2012). We found that S275-295 values on par with

those in the aphotic oceanic waters, where DOM is highly reworked

by microbial communities (Wang et al., 2017). Meanwhile, the

positive values of AOU (7.4 ± 6.1 mmol liter-1) were observed in the

surface waters of Qinzhou Bay, even though oxygen could be

replenished via the air–sea interface exchange process and net

primary production. Taken together, these results confirmed that

DOM in Qinzhou Bay mainly arises from in situ microbial

activities. Such low S275-295 values also suggest a great potential of

DOM for photochemical degradation, accompanied by the rapid

release of CO2 (Helms et al., 2008).

Considering the distinct distribution patterns observed among

bulk DOC, CDOM, and humic-like FDOM (Figures 3A–F) and the

weak correlations between these parameters (Table 2), we may infer

that, once produced by phytoplankton photosynthesis, their

distributions are subject to multiple biogeochemical processes

(Carlson and Hansell, 2015). That, a significant relationship was

found only between DOC, and salinity suggests the former’s

distribution is mainly determined by the mixing of water masses

(Figure 5A). The R2 value of 0.52 for the linear fit of DOC versus

salinity suggests that other factors (e.g., primary production and

microbial degradation) may considerably affect the distribution of

DOC in the study region. However, the negligible relationships

between CDOM, FDOM, and sal ini ty indicated that

biogeochemical processes could be driving the distributions of

CDOM and FDOM, and not the conservative mixing of water

masses (Figures 5B–D). There were also no noteworthy correlations

between DOC, CDOM, FDOM, and Chl a (p > 0.05), suggesting

these do not directly originate from phytoplankton production.

This is consistent with the above result that DOM in Qinzhou Bay is

highly reprocessed by microbial communities. Other research has

shown that the labile protein-like peak T and a small amount of

humic-like FDOM could come from growing phytoplankton, while

the recalcitrant humic-like materials are mostly produced

microbially, with the consumption of oxygen and labile organic

materials (Rochelle-Newall and Fisher, 2002; Stedmon and

Markager, 2005; Raymond and Saiers, 2010; Xiao et al., 2021).
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The transition from labile OM to recalcitrant DOM as mediated by

heterotrophic microbes could be facilitated under the conditions of

warm temperature (~25°C), sufficient nutrients, and high

productivity (Figure 2; Carlson et al., 2007). Their confluence

could be the major factor responsible for the uncoupling between

DOC, CDOM, and FDOM and the various correlations between

DOM and salinity (Table 2, Figure 5).
4.2 Multiple sources of POC and PN

The POM in marine environments can originate from

allochthonous sources and the in situ biological processes (Ye

et al., 2016). In our study, POC and PN are not correlated (p >

0.05), which differs from the linear relationships found in the

marine POM dominated by phytoplankton (Zhou et al., 2021).

The POC shows no correlation with Chl a (p > 0.05), whereas the

PN is significantly related to Chl a when the outlying high Chl a

value of 4.5 mg liter-1 is excluded (Figures 6A, B). This would seem

to indicate that POC and PN are dominated by different source; a

low contribution from in situ phytoplankton production to the

POC is perhaps tenable. This finding contrasts with general trends

in high-productivity estuarine and coastal environments (e.g., Pearl

River estuary, Daya Bay), where POC mainly stems from

phytoplankton production (Ke et al., 2017; Huang et al., 2020).

The OM originating from terrigenous sources is usually

characterized by a C/N ratio of > 20, whereas fresh marine

phytoplankton-derived OM typically presents a C/N ratio of 5–8

(O'Leary, 1988; Meyers, 1994; Savoye et al., 2003). Thus, the ratio of

C/N is a reliable indicator of the POM source in coastal ecosystems

(Twichell et al., 2002; Zhou et al., 2021). In the present study, the C/

N ratio (16.7 ± 7.8) lies between the terrigenous and marine OM

endmember values, being closer to that of terrestrial organic water

(Table 1). Combined with a higher POC/Chl a ratio (253 ± 112) and

more depleted d13CPOC value (−25.7 ± 1.6‰) measured in this

study, we speculate that POC is highly degraded and has

predominately terrigenous origins. Due to the relatively high

salinity (Figure 2A), shallow water depth (Figure 1), and

insignificant correlation between POC and salinity (p > 0.05), the

surface sediment may be a key source of POC in this region besides

the river runoff of terrestrial OM. The lack of evidence for TSM and

POC being correlated (p > 0.05) indicates that in situ phytoplankton

production also contributes markedly to POM in the study region.

Quantifying the relative contribution to POM from its various

sources is critical for understanding the carbon and nitrogen

dynamics in coastal marine environments. To assess the relative

contribution of terrigenous, sewage, freshwater phytoplankton, and

marine sources to the POM pool, we use the SIAR model (Parnell,

2008; Huang et al., 2020). The resulting estimates of these sources in

the studied coastal region of northern Beibu Gulf are summarized in

Figure 7. Evidently, the contribution from terrigenous organic

materials (including C3, C4 plants, and soil OM) is ~35%, while

marine OM accounts for only 9.5% of the POM pool. This

divergence is consistent with our above conclusion that the

allochthonous input dominates the POM pool in the study

region. Notably, the contribution of freshwater phytoplankton to
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POM (34.8%) is comparable to that of terrigenous OM. The

sampling time corresponded to the onset of the flood season of

the rivers (Qin River and Maoling River) flowing into bay. The

enhanced nutrient levels of river waters (DIN > 100 mmol liter-1)

due to human activities could have resulted in the rapid production
Frontiers in Marine Science 09
and accumulation of freshwater phytoplankton-derived POM (Lao

et al., 2020). Part of the freshwater phytoplankton POM could have

escaped the in situ microbial mineralization for later delivery into

the coastal waters of northern Beibu Gulf. Moreover, the sewage

source made an ~20.6% contribution to the POM in the study
A B

FIGURE 6

Relationships between POC, PN, and Chl a. (A) Relationship between POC and Chl a; (B) Relationship between PN and Chl a. The red point is an
abnormal value (outlier) that was excluded from linear fitting. Gray shading represents the 95% confidence bands for the fitted regression lines.
A B

DC

FIGURE 5

Relationships between DOC, CDOM, FDOM, and salinity. Shading represents the 95% confidence bands for the fitting regression lines.
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region. This is a reasonable result given the numerous developing

ports, cities, fishing grounds, and aquaculture (e.g., oyster culture)

surrounding the studied bay (Wang R. et al., 2021). A recent study

found that intensive human activities have led to the high loading of

organic pollutants in the coastal Beibu Gulf (Lao et al., 2021).
4.3 Particulate organic matter as the
substrate for the production of recalcitrant
dissolved organic matter

The proportion of total organic carbon (i.e., DOC plus POC)

that consisted of DOC is 70 ± 9%, which is far lower than the > 90%

for the oceanic environment (Hung et al., 2007; Wu et al., 2015), but

still exceeding that of inland rivers of China’s mainland (42 ± 19%,

Liu et al., 2020). The seaward increase in the DOC proportion

clearly reflects the transformation from POM to DOM along the

river-coastal sea-open ocean continuum. Marine humic-like peak

M is recognized as being a useful proxy for tracing the microbial-

derived recalcitrant DOM compounds (Rochelle-Newall and Fisher,

2002). In our study, the TOC concentration increased with the

intensity of peak M (Figure 8A), while the single DOC or POC

seems unrelated to peak M (p > 0.05, Figure 8B). These results

suggest that both the POC and labile DOC could serve as substrates

for vast heterotrophic microbial populations and support the

formation of recalcitrant humic-like components as a byproduct

of microbial activities (Lønborg et al., 2010; Yang et al., 2016). That

oxygen consumed is supported by the positive relationship between

peak M and AOU, when omitting those negative AOU values at

stations Q11 and Q13 (Figure 8C). This accords with reported field

observations in an inland reservoir (Qu et al., 2022), lake (Thottathil

et al., 2013), marginal basins (Tanaka et al., 2014; Martıńez–Pérez

et al., 2019; Wang C. et al., 2021), and open oceans (Catalá et al.,

2015). As part of that process, nutrients are regenerated and
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released into waters and a linear correlation would be expected

(Yamashita et al., 2007); however, the intensity of peak M has no

discernible correlation with DIN (Figure 8D). A reasonable

explanation for this is that the allochthonous sources, such as

river runoff discharge, supply large amounts of nutrients into

Qinzhou Bay (Lao et al., 2020). Notably, although the “terrestrial”

peak C is a better indicator of microbial-mediated remineralization

in the open ocean due to the most pronounced correlation between

peak C and AOU (Yamashita and Tanoue, 2008; Catalá et al., 2015;

Wang C. et al., 2021), the poor relationships between peak C, TOC,

and AOU in this study suggest that it is ill suited for tracing the in

situ production of recalcitrant carbon in coastal environments

where the allochthonous inputs may make a considerable

contribution to the peak C pool. Finally, the high level of TOC

reveals the characteristic low molecular weight and humification

degree, as seen in the negative correlations between TOC, SUVA254,

and HIX (p< 0.05). Hence, the existing OM in the study region also

harbors much potential for microbial consumption and could be a

major CO2 source in future warmer coastal ecosystems.
4.4 High in situ production efficiency of
recalcitrant humic-like materials

The slope of a linear regression between humic-like component

and AOU offers a good opportunity to quantify the in situ

production efficiency of recalcitrant humic-like materials per unit

oxygen consumption in inland waters (Thottathil et al., 2013) or

marginal basins (Tanaka et al., 2014; Martıńez–Pérez et al., 2019;

Wang C. et al., 2021) and even open oceans (Castillo et al., 2010;

Carlson and Hansell, 2015). Given our focus on how microbial

metabolism affects the production of peak M, the data points for

which primary production rates prevail over respiration rates (i.e.,

AOU< 0 mmol liter-1) were excluded from this regression analysis

(Figure 8C). In this way, the effect of primary production and

exchange with the atmosphere on the AOU is minimized. The in

situ production efficiency of peak M in Qinzhou Bay [1.6 ± 0.6 × 10-

3 RU (mmol kg-1)-1] surpasses that in the Shuikou Reservoir, China

[3.6–13.0 × 10-5 RU (mmol kg-1)-1; Qu et al., 2022], Lake Biwa, Japan

[4.7×10-3 RU (mmol kg-1)-1; Thottathil et al., 2013], marginal basins

(South China Sea, Japan Sea, and Mediterranean Sea, 2.2–3.5 × 10-5

RU (mmol kg-1)-1, (Wang C. et al., 2021) and the global ocean [2.6 ±

0.2×10-5 RU (mmol kg-1)-1; Catalá et al., 2015], as well as the

euphotic global ocean [5.3 ± 0.7×10-5 RU (mmol kg-1)-1; Catalá

et al., 2016]. Findings from inland waters, marginal basins, and

open oceans demonstrate the major temperature regulation of

deoxygenation-related microbial production of RDOM

components (Figure 9). Meanwhile, the evidence from the

intermediate Japan Sea, Lake Biwa, and Shuikou Reservoir

(Summer 2017, 2020) also suggest that the supply of labile carbon

could alter the in situ production efficiency of RDOM (Figure 9;

Wang C. et al., 2021; Qu et al., 2022). The enormous positive shift of

the slope (i.e., in situ production efficiency) in Qinzhou Bay is likely

the result of a combination of two factors, warm temperature and

ample supply of labile OM (Figures 3, 4; Wang C. et al., 2021).

Although there are no data on the oxygen utilization rate, we are
FIGURE 7

Relative contribution of potential POM sources in the northern
Beibu Gulf. The credibility intervals of the model (95, 75, and 25%)
are shown in dark, medium, and light gray coloring, respectively.
MO, marine organic matter; FP, freshwater phytoplankton.
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confident that the turnover of OM (production and degradation) in

surface waters of Qinzhou Bay is quite fast. This result clearly

implies that the coastal region, such as the Qinzhou Bay, functions

as a hotspot for the microbial production of recalcitrant carbon in

aquatic systems.
5 Conclusions

In this work, we studied in detail the sources, distributions, and

transformations of DOM and POM present in surface waters of

Qinzhou Bay in the early wet season based on various parameters

(DOC, CDOM, FDOM, POC, PN, d13C, and d15N). The weak

relationships between DOC, CDOM, and FDOM suggest that their

distributions are subjected to different processes. DOC is mainly

controlled by water mass mixing, as indicated by the significant

correlation between it and salinity. The lack of discernible

correlations between DOC, CDOM, FDOM, and Chl a together

demonstrate that the primary production is not the major source of
Frontiers in Marine Science 11
DOM in the studied region. High FI values of > 1.9 and lower S275-295
values of< 22 mm-1 further suggest that DOM is being highly degraded

bymicrobial activity. That POC and PN lacked evidence for correlation

between them seems to reflect their different sources. PN correlates well

with Chl a, whereas POC appears unrelated Chl a. Furthermore, the

high C/N ratio, POC/Chl a ratio, and depleted d13C values strongly

support the inference that POC is also being highly degraded and not

directly sourced from in situ phytoplankton. That finding is consistent

with the SIAR result, where marine OM is responsible for only a 9.5%

contribution to the POM pool. The TOC concentration had a positive

correlation with the intensity of peak M, while neither the single DOC

nor POC do. This suggests the transformation of POM and labile

DOM into recalcitrant DOM. The in situ production efficiency of

humic-like peak M exceeds that in both the inland waters and open

ocean, suggesting the rapid accumulation of recalcitrant carbon

supported by warm temperatures and a sufficient supply of labile

carbon. Further studies are required to determine the molecular

formulas of POM and DOM, to better understand the mechanistic

interaction and transformation of OM of different sizes, and to
frontiersin
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FIGURE 8

Relationships between the intensity of humic-like peak M versus TOC, DOC, POC, AOU, and DIN. The red point is an abnormal value (outlier) that
was excluded from linear fitting. Blue points are the negative AOU values also excluded from linear fitting. Gray shading shows the 95% confidence
bands for the fitted regression lines. (A) Relationships between peak M and TOC; (B) Relationships between peak M and DOC; (C) Relationships
between peak M and AOU; (D) Relationships between peak M and DIN.
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elucidate the principal factors shaping the rapid turnover of OM in

coastal environments.
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