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Fluorescence characteristics of dissolved organic matter

and its association with the nepheloid layer in the
northern South China Sea
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Abstract

The northern South China Sea (SCS) is characterized by multiple oceanographic phenomena and has developed diverse
patterns of distribution, migration and transformation of dissolved organic carbon (DOC). To better understand the
DOC behavior and its relationship with the nepheloid layer, UV-visible absorption spectra and three- dimensional
fluorescence spectra of dissolved organic matter (DOM) were obtained in the northern SCS, as well as beam attenuation
(BA), major physicochemical parameters and chlorophyll a (Chl-a) data. DOC and chromophoric dissolved organic
matter (CDOM) gradually decrease from the surface to deeper layers, with high-low alternations occurring in the
euphotic zone. The fluorescence intensity of DOM is primarily attributed to protein-like components, followed by
humic-like components (24.6%). CDOM exhibits a typical marine origin and is produced mainly through bacterial
production in situ. The spatial and temporal distributions of DOC and humic-like components are influenced by
major physicochemical factors (such as temperature, salinity, and nutrients) and Chl-a. In contrast the protein-like
components might be closely associated with bacterial activity. The distributions of DOC and humic-like components
are significantly correlated with the presence of the nepheloid layer. In the euphotic zone, phytoplankton particulates are
the primary source of humic-like components, while suspended particles affect the distribution of humic-like components
below the euphotic zone. The results presented direct evidence for the function of the marine nepheloid layer in the

organic carbon cycle.
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1. Introduction

As the largest biologically active carbon reservoir in the
ocean, dissolved organic carbon (DOC) is crucial in the ma-
rine carbon cycle (Hansell and Carlson, 1998). The global
oceanic DOC reservoir contains 650 *+ 30 Gt C (Hansell
et al,, 2012), equivalent to approximately 75% of the at-
mospheric CO, carbon inventory (880 + 40 Gt Cin 2021;
Friedlingstein et al., 2022). This close order-of-magnitude
relationship highlights DOC as a critical component in
Earth’s carbon cycle. Chromophoric dissolved organic
matter (CDOM), an optically active fraction comprising

© 2025 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

20-70% of the DOC pool with significantly higher pro-
portions in oligotrophic open oceans than in eutrophic
marginal seas (Coble, 1996; Jgrgensen et al., 2011), inter-
acts with solar radiation and exhibits a global distribu-
tion. CDOM sources display distinct regional patterns: au-
tochthonous production dominates pelagic waters,
contrasted by terrestrial dominance in coastal zones
(Yamashita and Tanoue, 2008; Sabbaghzadeh et al., 2024).
[ts removal occurs mainly via photobleaching and micro-
bial degradation (Stedmon and Nelson, 2015). Due to its
ability to absorb ultraviolet radiation, CDOM is involved
in photochemical reactions to be degraded into smaller
and more bioavailable dissolved organic matter (DOM)
(Kieber et al.,, 1989). Subsequently, this bioavailable DOM
can be readily utilized by microbes, which facilitates its
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remineralization (Miller and Zepp, 1995).

As the widest continental shelf region in the Western
Pacific, the SCS is crucial in climate change and ocean car-
bon cycling. DOM flux is crucial in this region, and land-
derived DOC and CDOM inputs from the Pearl River Delta
into the SCS are estimated to be 3.62 x 105 t/yr and 4.93
x 10 m?/yr, respectively (Li et al., 2019). The CDOM
and fluorescent DOM (FDOM) transported from the SCS
through the Luzon Strait to the Western Pacific are ap-
proximately 1.13 X 103 m?/yr and 5.72 x 10! RU m3 /yr,
respectively (Wang et al., 2017). The relative content of
CDOM in the northeastern part of the SCS fluctuates from
the nearshore to the open ocean, with multiple peaks and
troughs observed from the surface to deep layers (Li et al.,
2022). Various processes in the northern SCS influence
and regulate the sources, distribution, and transforma-
tion of DOM. The input of land-derived CDOM is critical in
coastal areas, while marine biological activity is the pri-
mary source of CDOM in the open ocean (Li et al., 2019;
Lietal, 2022; Wang et al,, 2017; Yang et al., 2020). Pho-
tochemical processes are crucial in shaping the dynamics
of DOM in the northern SCS, with humic-like components
being more prone to photobleaching than protein-like com-
ponents (Li et al.,, 2022; Yang et al., 2020). Additionally,
processes such as the intrusion of the Kuroshio Current
and mesoscale eddies regulate the regional distribution
and behavior of CDOM (Wang et al., 2017; Zhang et al,,
2020).

The nepheloid layer refers to a water layer with rela-
tively high particle content (Eittreim et al., 1969), and the
benthic nepheloid layer may be a major channel for par-
ticulate organic carbon (POC) and DOC transport from the
continental shelf to the open ocean (Anderson et al., 1994;
Guo etal,, 1996). Extensive nepheloid layers are developed
on the northern shelf of the SCS, with horizontal extensions
up to several tens of kilometers (Geng et al., 2018; Zhang
etal,, 2014). Itis estimated that the cross-shelf POC flux
along the benthic nepheloid layer in the northern shelf of
the SCS ranges from 3.5 + 0.5 to 20 + 2 mmol/m?/d, which
is approximately 0.8 to 4.7 times greater than the vertical
POC flux in the basin (Cai et al., 2015; Shen et al., 2020).
During the process of transport, POC is susceptible to con-
sumption within multilevel food webs and is subsequently
excreted as DOC (Steinberg and Landry, 2017). Moreover,
the microbial carbon pump (MCP) is crucial in the direct
degradation of POC or the conversion of DOC into refrac-
tory dissolved organic matter (RDOC) (Jiao et al.,, 2018).
The carbon stock in the nepheloid layer is greater than that
in typical water bodies (Guo and Santschi, 2000; Sempéré
etal, 1994), and the distribution of CDOM in the deep lay-
ers of the northern SCS is related to the resuspension of
sediments (Li et al., 2022).

However, the direct relationship between the neph-
eloid layer and DOM remains unclear. Suspended sedi-
ment particles in the nepheloid layer can influence POC
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concentrations in the water column, and the exposure of
suspended sediment particles to oxidative conditions can
facilitate the remineralization process of particulate or-
ganic matter (Burdige, 2007; Hartnett et al.,, 1998). Re-
suspended sediment contributed an average of 72 + 20%
to aged POC in the Japan Sea (Seo et al.,, 2023), and the
benthic nepheloid layer may be a major pathway for trans-
porting POC and DOC from the continental shelf to the
open ocean (Anderson et al., 1994; Guo et al,, 1996), which
is important in regional carbon cycling. The vertical trans-
port flux of POC from the euphotic layer to deep water was
estimated at 26 + 1 mmol/m?/d in the cross-shelf section
of the northern SCS, while the cross-shelf transport flux of
POC along the benthic nepheloid layer ranged from 3.5 *
0.5 to 20 * 2 mmol/m?/d. Moreover, the POC transported
across the continental shelf may reach deep water, increas-
ing the long-term carbon storage in the SCS (Hong et al,,
2021).

Characterized by the diverse distribution and dynamic
behavior of DOM, the SCS is renowned for its rich marine
phenomena. To acquire a more comprehensive under-
standing of the role and mechanisms of DOM in the car-
bon cycle within this region, we focused on the utilization
of UV-visible absorption spectra and three-dimensional
fluorescence spectra of FDOM. We aimed to investigate
the spatiotemporal distribution characteristics of DOC and
FDOM in the northern SCS while analyzing the large impact
of major physicochemical factors on the behavior of DOC
and FDOM. Furthermore, we sought to explore the correla-
tion between the distribution of nepheloid layers and the
presence of DOM, to enhance our knowledge and under-
standing of the biogeochemical processes associated with
DOM in the SCS. Our findings will contribute to a clearer
understanding and improved insights into the function
and mechanisms of marine nepheloid layers in the organic
carbon cycle.

2. Material and methods

2.1 Study area and sampling sites

The study area in the northern SCS was investigated aboard
the research vessel Dongfanghong 3 in September 2022
as part of the National Natural Science Foundation’s
collaborative expedition in the northeastern South
China Sea and the Luzon Strait. Two major sections,
labeled B and C, were established, as illustrated
in (Figure 1). Section B, encompassing stations A1l and
B4-B9, covered a deep-sea basin close to the west
Dongsha I[slands and extended southwestward to the wa-
ters off Taiwan. It consisted of six stations arranged
along the 21°N direction. Section C was located in the
south of the Dongsha Islands to the north of the Zhongsha
Islands, with five stations arranged along the 115°E direc-
tion. Station B8 served as a 24-hour continuous sampling
site, with sampling conducted from 18:00 on September
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Figure 1. Study area and sampling locations in the northeastern South China Sea in September 2022.

7th to 18:00 on September 8th. Samples were collected at
3-hour intervals during this period.

2.2 Sample collection and pretreatment

Water samples were collected at various depths to inves-
tigate the water column characteristics. The sampling
depths included 5 m, 25 m, 50 m, and 75 m; the deep
chlorophyll maximum (DCM) layer - 100 m, 150 m, 200 m,
300 m, and 500 m; and additional layers below 500 m with
intervals of 500 m, including the bottom layer. Further-
more, measurements of seawater temperature (T), salinity
(S), beam attenuation (BA), dissolved oxygen (DO), and
chlorophyll fluorescence, among other parameters, were
conducted using a ship-mounted CTD instrument (Seabird
911 Plus, USA). The quantified water samples were fil-
tered through 47 mm glass fiber filters (Whatman GF/F,
combusted at 450°C for 4 hours) and distributed into 100
mL amber glass bottles. These samples were then frozen
for subsequent analysis of dissolved nutrients, DOC, and
FDOM (Xie et al.,, 2023).

2.3 Analysis methods
2.3.1 Dissolved organic carbon

DOC measurements were performed using the high-tem-
perature catalytic oxidation method. A Shimadzu TOC-L
Total Organic Carbon Analyzer equipped with an ASI-L
automatic sampler was used to quantify DOC concentra-
tions at the Ocean University of China. Quality control
was ensured through the use of internationally standard-
ized deep-sea water samples. The acidified samples were
tested in triplicate, resulting in an analytical error of +3%
and an analytical precision below 4%.

2.3.2 Dissolved inorganic nitrogen and phosphate
Dissolved nitrate (NO37-N), nitrite (NO27-N), ammonia
(NH4*-N) and phosphate (DIP) were measured by spec-
trophotometry via a continuous flow analyzer (AutoAn-
alyzer 3 HR, SEAL Analytical) at the Ocean University of
China. The detection limits were 0.02, 0.003, 0.03 and
0.02 umol/L, and the maximum relative errors were 0.6%,
0.6%, 0.7% and 4.3%, respectively. The concentration of
dissolved inorganic nitrogen (DIN) was the sum of NO3™-N,
NO2~-N and NH4"*-N.

2.3.3 UV-visible spectroscopy analysis

The analysis of the CDOM absorption spectra was con-
ducted using a spectrophotometer (UV-2550, Shimadzu,
Japan) at the Ocean University of China. Milli-Q water
served as the reference, and water samples were scanned
in quartz cuvettes with a path length of 5 cm, ranging from
190 to 800 nm. The absorbance values were recorded at
1 nm intervals. The absorbance at each wavelength was
corrected by subtracting the absorbance at 700 nm to ac-
count for refractive index differences between seawater
and the reference Milli-Q water and to correct for baseline
drift caused by the scattering of fine particles in the water
sample (Del Castillo et al., 1999). This correction aimed to
refine and calibrate the absorbance values.

2.3.4 Fluorescence Spectral Analysis

The excitation-emission matrix (EEM) fluorescence spec-
trum of the FDOM was scanned by a fluorescence spec-
trophotometer (F-4600, Hitachi, Japan) at the Ocean Uni-
versity of China. Water samples were placed in a 1 cm
quartz four-way fluorescence cuvette for three-dimensional
fluorescence scanning. A xenon arc lamp (450 W) was used
as the excitation light source, with a selected PMT voltage
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Table 1. Maximum excitation/emission wavelengths of each fluorescence component in the northern South China Sea.

Component Excitation Emission Type of fluorescent Peak type Reference

(region) maximum maximum component

c1 246 305 Phel. T fﬂci”l;l:n(sle?lgtg);ll. (2011)
c2 264 295 TyrL B Coble (1996)

C3 <240(276) 340 TrpL-1 T Coble (1996)

c4 <240(292) 340 TrpL-2 T Coble (1996)

C5 <240 430 HumL A Coble (1996)

of 700 V. Fluorescence measurements were obtained using
scanning excitation spectra (Ex) from 200 to 450 nm at 2
nm intervals and emission wavelengths (Em) from 240 to
680 nm at 5 nm intervals. The scanning speed was 12000
nm/min, and the response time was 0.05 s.

Samples were diluted if the a(350) ata 1 cm path length
was greater than 0.02 m™? to prevent inner-filter effects
(Kowalczuk et al.,, 2009). The sample EEMs were sub-
tracted by Milli-Q water blank EEMs to eliminate Raman
peaks, and then the excised data were replaced with in-
terpolated data using the Delaunay triangulation method
(Zepp et al.,, 2004). Subsequently, the EEM spectra were
normalized with respect to the area under the Raman scat-
ter peak (Ex: 350 nm) (Lawaetz and Stedmon, 2009), and
the result was reported in RU. The relevant parameters of
the UV-visible spectrum and EEM fluorescence spectrum
are shown in Table 1.

2.3.5 Parallel factor analysis (PARAFAC) of EEM spectra
Using the DOMFluor toolbox in MATLAB R2022b software,
we conducted parallel factor analysis (PARAFAC) on the ac-
quired three-dimensional fluorescence spectral data. The
study area encompassed a total of 249 excitation-emission
matrices (EEMs), each matrix comprising 89 excitation
bands and 106 emission bands. These EEM matrices were
divided into six random subsets, with three subsets utilized
for modeling and the remaining three for model validation.
Each subset of EEMs was subjected to consecutive veri-
fication for models with three to six components. Three
sets of data were excluded from the northern SCS samples
based on the Q test for leverages, considering them outliers
(section B, station B9 at 2000 m; section C, station C5 at
150 m; continuous station B8, 18:00 at 200 m). Through
cross-validation, random initialization analysis, and resid-
ual analysis (Christensen et al., 2005; Olivieri, 2005), five
fluorescence component models were established for the
northern SCS region’s water data.

Component identification was performed by match-
ing spectra against the OpenFluor online spectral library
(https://openfluorlablicate.com/) (Murphy et al., 2014).
Subsequent analysis of the identified components was
then carried out. Spectral similarity was confirmed with
a Tucker congruence value of 0.95 for both the excitation
and emission spectra (Stedmon and Bro, 2008). Infor-
mation on the identified fluorescence components in the

northern SCS region is detailed in Table 1. To characterize
the concentration and fluorescence intensity of each fluo-
rescence component, the maximum fluorescence intensity
(Fmax) for each component was measured in Raman units
(RU) (Stedmon and Markager, 2005). The 3D-EEM results
for the fluorescence components in the northern SCS are
presented in Figure A.1.

2.4 Statistical analysis and calculations
Distribution maps of the research site locations were con-
structed using MATLAB 2022b and Surfer 23. Analysis
of variance (ANOVA) was conducted utilizing IBM SPSS
Statistics 26 software. Correlation analysis was performed
with the aid of Origin 2023b. Cross-sectional and continu-
ous station distribution maps for parameters were metic-
ulously designed using Surfer 23. Canonical correlation
analysis (CCA) was performed with CANOCO 5.

Optical parameters of absorption coefficient a(350)
and spectral slope over 275 — 295 nm (S(275-295))-

A
a(350) = 2.303 x —>2

(1)

where A;s, and L represent the absorbance at 350 nm
and the optical path length (m) (Yamashita and Tanoue,
2008).

S(275-295) was derived from the nonlinear fitting of the
exponential decay model.

a(4) = a(4o) X exp [_5(275—295) X (A— Ao)] (2)

where 4y = 285 nm is the reference wavelength, and 1
ranges from 275 to 295 nm (Helms et al.,, 2008).

Fluorescence index (FI) is the ratio of fluorescence in-
tensity at emission wavelengths of 470 nm and 520 nm
when excited at a wavelength of 370 nm, which charac-
terizes the source of FDOM. FI > 1.9 indicates a microbial
source predominance, and FI < 1.4 indicates a terrestrial
input predominance (McKnight et al., 2001).

Iem,41-70 nm

FI = , Ex =370 nm 3

Iem,520 nm
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Autochthonous index (BIX) is the ratio of fluorescence
intensity at emission wavelengths of 380 nm and 430 nm
when excited at a wavelength of 310 nm, which reflects
the relative contribution of endogenous components to
FDOM. A BIX range of 0.6 to 0.7 indicates a low contribu-
tion of autochthonous components, while that of 0.7 to
0.8 suggests a moderate degree of recent autochthonous
characteristics, and that of 0.8 to 1.0 indicates a strong
autochthonous signature, and then that of > 1.0 suggests
biological and bacterial activity or degradation (Cory and
Mcknight, 2005; Huguet et al., 2009).

em,380 nm

I
BIX = ———,

em,430 nm

Ex =310 nm 4)

Humification index (HIX) is the ratio of the integrated
fluorescence intensity at emission wavelengths within the
ranges of 435 — 480 nm and 300 — 345 nm when excited
at a wavelength of 254 nm, which reflects the degree of
organic matter humification. The HIX < 4 indicates a rel-
atively weak degree of DOM humification (Huguet et al.,
2009).

480
Z:34,5 Iy
345
z:300 I

HIX =

, Ex =254 nm (5)

where I, denotes emission intensity and Ex denotes exci-
tation wavelength.

3. Results

3.1 Distributions of physicochemical parameters and
chlorophyll a

The distributions of major physicochemical parameters
and Chl-a concentrations in section B of the northern SCS
are illustrated in Figure 2. T exhibited a significant strat-
ified distribution, decreasing gradually from the surface
at 30°C to approximately 2.3°C in the deeper layers, with
the most rapid temperature change occurring between 50
and 500 m. S ranged from 33.3 to 34.7, presenting an over-
all stratified distribution with lower values in the surface
layer and higher values in the deeper layers. Between 100
to 250 min section B and 50 to 200 m in section C, the salin-
ity increased, decreased gradually toward the surface and
reached the lowest values at approximately 500 m before
gradually increasing again toward the bottom layer. The
DO concentration in seawater followed a similar stratified
pattern to that of temperature and salinity, with the highest
values reaching 6.54 mg/L in the surface layer. The low-
est DO concentrations occurred between 600 and 1000 m
in section B and near 700 m in section C, reaching a min-
imum of 4.86 mg/L and gradually increasing in deeper
layers.
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The concentrations of DIN and DIP in seawater
generally decreased in the surface layer but gradually in-
creased in the deeper layers (DIN,,.,;, = 43.5 umol/L,
DIP,.x = 2.8 umol/L), with a distinct high-low alterna-
tion at approximately 500 m in the deeper layers. The
distributions of DIN and DIP in the deep layers of section C
were somewhat similar, while in section B, the DIN con-
centration was greater in the east and lower in the west,
and DIP exhibited more pronounced high-low alternation
in the horizontal direction. High concentrations of Chl-a
were concentrated in the euphotic layer between 50 and
100 m, ranging from approximately 0.05 to 0.94 ug/L. Be-
low the euphotic layer to the deeper layers, the Chl-a con-
centrations were significantly lower, reaching a minimum
of approximately 0.01 ug/L.

The distributions of major physicochemical parame-
ters and Chl-a concentrations at 24-hour anchor station
B8 are depicted in Figure 3. The overall distribution of
each parameter was similar to that of the cross-sectional
pattern. T, S, DO, Chl-a, DIN and DIP concentrations all
exhibited a stratified distribution from the surface to the
bottom. Notably, the T, S, DO and Chl-a concentrations ex-
hibited significant stratified distributions, while the DIN
and DIP concentrations exhibited vertically consistent pat-
terns below 1000 m. At 200 m, the DIN and DIP concentra-
tions decreased from approximately 24:00 to 3:00 and near
18:00 on the second day, resembling the surface values.
In the deeper layers (500 m and below), the DIN and DIP
concentrations underwent significant temporal variations,
with different trends between the two. The stratified distri-
bution of the Chl-a concentration and its primary variation
occurred within the upper 100 m, reaching a maximum
of 0.25 ug/L, while below 150 m, the Chl-a concentration
decreased to below 0.04 ug/L.

3.2 Distribution characteristics of the dissolved organic
carbon concentration

The DOC concentration across the water column of the
northern SCS (sections B and C) is illustrated in Figure 4.
At some stations, the surface/subsurface DOC concentra-
tions were relatively high, ranging from 0.48 to 1.81 mg/L
in the upper 100 m and decreasing to 0.30 to 0.61 mg/L
(average of 0.46 mg/L) below 2000 m, showing an over-
all decreasing trend from the surface to the deeper layers.
The surface DOC concentration in section B was greater in
the east and lower in the west, while in the deeper layers,
it was greater in the west and lower in the east. Most sta-
tions exhibited two distinct peaks in the vertical variation
in DOC concentration, one near the surface or subsurface
and the other at a depth of approximately 200 m. The
average DOC concentration in section C was lower than
that in section B. In the vertical direction within the up-
per 300 m, the DOC concentration in section C showed
complex variations, contrasting with that in section B. This
result was generally consistent with other investigations
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Figure 2. Study area and sampling locations in the northeastern South China Sea in September 2022.

in the northern SCS (Wu et al., 2015). There were no sig-
nificant differences in DOC concentration below 2000 m
among stations (ANOVA, n = 18, p > 0.05), indicating a rel-
atively uniform distribution of deep-sea DOC in the SCS
basin, possibly influenced by the rapid replenishment of
water from the western Philippine Sea (Qu et al.,, 2000; Wu
etal, 2015).

The continuous variation in DOC concentration at sta-
tion B8 is depicted in Figure 4, exhibiting an overall de-
creasing trend from the surface layer to the bottom layer.

In the upper 300 m, the horizontal distribution was rela-
tively consistent, while in the deeper waters below 300 m,
although the DOC concentration was lower, the variations
in both the horizontal and vertical directions were more
noticeable. Higher values were observed between 25 and
75 m from 18:00 to 03:00, after which they extended to
75-200 m. Additionally, minor increases in deep layers
were observed at 9:00 and 12:00, ranging from 0.04 to 0.29

mg/L.
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Figure 3. Study area and sampling locations in the northeastern South China Sea in September 2022.

3.3 Fluorescence spectral characteristics of DOM

Using the EEin seawater PARAFAC model, five fluorescence
components were identified in the study area, including
four protein-like components (C1, C2, C3 and C4) and one
humic-like component (C5), as shown in Figure A.1. The

maximum excitation/emission wavelengths for each fluo-
rescence component are provided in Table 1, where C1 cor-
responds to phenylalanine-like fluorescence (Jgrgensen
et al, 2011; Wang et al,, 2017), C2 corresponds to tyro-
sine peak B (Coble, 1996), and C3 and C4 correspond to
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Figure 4. Study area and sampling locations in the northeastern South China Sea in September 2022

tryptophan-like fluorescence. C5 represents terrestrial
humic-like fluorescence peak A (Coble, 1996), which is
widely present in seawater (Jgrgensen et al., 2011; Ya-
mashita et al.,, 2010). When combined with the same pro-
tein, the fluorescence of tryptophan can be quenched by
tyrosine, and the fluorescence of tyrosine can be quenched

by phenylalanine (Lakowicz, 2006). In the northern SCS,
fluorescence signals of tryptophan, tyrosine, and pheny-
lalanine were concurrently identified, which was consis-
tent with studies in upwelling regions such as the SCS,
North Atlantic, and eastern South Pacific (Jgrgensen et al.,
2011; Wang et al., 2017).
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Figure 5. Study area and sampling locations in the northeastern South China Sea in September 2022.

The fluorescence intensities of the five fluorescence
components across sections B and C are depicted in
Figure 5. The distribution of fluorescence intensity for
each component in section B was similar, generally show-
ing lower values in the west and higher values in the east,
with elevated concentrations observed at 700-800 m,
2300-2500 m, and 3000-3500 m. On average, the rel-
ative contribution of fluorescence intensity for section B
followed the order of C1, C5, C3, C2 and C4 from high to
low. In other words, protein-like component C1 was the
dominant component, with a contribution ranging from
0.0-54.4% (average of 30.3%), followed by humic-like
component C5, which contributed 7.8-54.5% (average
of 26.2%), and tyrosine-like component C2, which con-

tributed 0.0-34.3% (average of 14.8%). The contributions
of the remaining two phenylalanine-like components, C3
and C4, were 0.0-48.2% (average of 15.4%) and 0.0-46.5%
(average of 13.3%), respectively. In section C, the ver-
tical distribution of fluorescence components was more
pronounced than that in section B. The relative contribu-
tion rates for each component in section C followed the
order of C1, C5, C4, C2 and C3 from high to low. Simi-
larly, the tryptophan-like component C1 was the predomi-
nant fluorescence component, with a contribution range of
0.0-65.7% (average of 31.1%), followed by the humic-like
component C5, which contributed 2.9-58.0% (average of
23.1%), and the phenylalanine-like component C3, which
contributed 0.0-78.5% (average of 20.5%).
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Despite differences in relative contribution size and
spatial distribution, the protein-like components in sec-
tions B and C collectively accounted for more than 70%
of the total fluorescence intensity, causing them to be the
primary contributors to FDOM fluorescence. Among them,
tryptophan-like components had the highest contribution
rate (Jgrgensen et al., 2011). With increasing depth, the
protein-like components in sections B and C exhibited an
overall decreasing trend, contrary to the trend observed for
the humic-like components, which showed an increasing
trend overall. This was consistent with the vertical dis-
tribution results of protein and humic-like components
in the SCS during the spring of 2014 and in the north-
western Pacific Ocean (Wang et al.,, 2017; Yamashita et al.,
2010).

The fluorescence intensities of components at station
B8 are shown in Figure 5, where the fluorescence intensi-
ties of each component exhibit relatively consistent vari-
ations over time. In contrast to the sections, the aver-
age contribution rate of long-wavelength-excited humic-
like component fluorescence was the lowest. The fluo-
rescence intensities of the components were ranked C1,
C5, C2, C3 and C4 from high to low, with tryptophan-like
component C1 having the highest average contribution
rate (37.3%), followed by humic-like component C5 (av-
erage of 22.6%), tyrosine-like component C2 (average of
18.6%), and phenylalanine-like components C3 and C4 (av-
erage of 11.1% and 10.4%, respectively). Consistent with
the section results, protein-like fluorescence intensity ac-
counted for 20.6-99.9% of the total fluorescence intensity,
causing it to be the main contributor. In the upper 100 m,
the protein-like fluorescence intensity was relatively high,
while with increasing water depth, the humic-like fluo-
rescence intensity gradually increased, but protein-like
fluorescence remained dominant.

4. Discussion

4.1 Biological origin of FDOM
The FI and BIX results for the study area are illustrated in
Figure 6. The FI values were greater in the surface layer
and exhibited alternating decreased toward the deeper
layers. Stations C2 and C4 in section C showed the highest
FIs in the surface layer, exceeding six times that of other
water bodies in the investigation area. The overall elevated
FI suggested intense biological activity in the study area,
indicating critical marine characteristics (McKnight et al.,
2001). The trend in BIX changes was generally similar to
that in FI, showing higher values in the surface layer and
gradually decreasing toward the deeper layers with a de-
gree of high-low alternation (Wang et al., 2017). Higher
BIX values in the surface layer indicated that the fluores-
cent DOM mainly originates from in situ biological activity
(Huguet et al., 2009).

The continuous FI values at station B8 were generally
high, with significant spatiotemporal variations ranging
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from 0.6 to 6.8 (with an average of 2.4). These values exhib-
ited an overall high-low alternation in a patchy distribution.
The highest and lowest values occurred in the upper 100 m,
and the changes in the FI were rapid in time and confined
to a small spatial extent. The BIX values ranged from 0.51
to 3.47 (average of 1.38), with similar variations to those
of the FI in the upper 200 m, which higher surface layer
values gradually decreasing toward the deeper layers. The
variation pattern in the deeper layers was generally oppo-
site to that of the FI. During the period from 9:00 to 18:00,
the BIX values were lower, indicating a lower contribution
from autochthonous substances.

The correlation analysis between the FI, BIX, and the
fluorescence intensity of protein-like and humic-like com-
ponents is presented in Figure A.2. The BIX showed a sig-
nificant positive correlation with protein-like fluorescence
(r= 0.2653, p < 0.001, n= 274) and a significant nega-
tive correlation with humic-like fluorescence (r=—0.2371,
p <0.001,n=274). While both the Fl and BiX indicated the
biological origin characteristics of FDOM, the FI primarily
represents contributions from bacterial and algal secre-
tions when indicating a marine source (McKnight et al.,
2001), and higher BIX values indicate in situ bacterial ac-
tivity or degradation products (Huguet et al., 2009). In the
study area, the BIX showed a significant positive correla-
tion with protein-like fluorescence, suggesting that in situ
bacterial activity is the primary source of protein-like com-
ponents (Coble, 1996; Sierra et al,, 1994). However, the
BIX exhibited a significant negative correlation with both
the FI and humic-like fluorescence. The high proportion
of humic-like fluorescence (average of 24.2%), along with
significant positive correlations with DIN (r=0.7120, p <
0.001, n=274) and DIP (r = 0.6779, p < 0.001, n= 274),
as products of microbial remineralization, indicated that
humic-like components may be essential carbon sources
supporting bacterial regeneration activities (Yamashita et
al.,, 2010).

4.2 Influence of major physicochemical factors on
DOM
The DOM characteristics were represented by the DOC con-
centration and FDOM absorption properties, and FDOM
fluorescence components. Linear correlation analysis with
major physicochemical factors such as T, S and nutrients
was conducted, as shown in Figure A.2 . CCA results are
presented in Figure 7. The euphotic layer depth in the
study area ranges between 50 and 100 m and gradually
decreases from east to west (Tang et al., 2007). Conse-
quently, the water quality points were categorized into
three classes: 0-100 m, representing the euphotic layer;
150-500 m, representing the subeuphoticlayer; and 500 m,
representing the deep layer. Statistical analysis revealed
differences in the DOM characteristics among the euphotic
layer, subeuphotic layer, and deep layer. Although the char-
acteristics of the euphotic layer and deep layer DOM dif-
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fered, the subeuphotic layer partly exhibited characteris-
tics of both the euphotic and deep layers.

DOC showed a significant correlation with T, S, DO, nu-
trients and Chl-a. This suggested that DOC distribution
is influenced by a combination of physicochemical and
biological factors, including the secretion and release of
phytoplankton (Chen and Wagnersky, 1993), oxidation
and degradation under DO dominance (Peltzer and Hay-
ward, 1996), and conditions related to DOC production
and oxidation. The weak correlation between a(350) and
DOC implied different processes and transformation mech-
anisms for FDOM and DOC in the study area. The crucial
factors influencing FDOM are T, DO and nutrients. Simulta-
neous analysis of FDOM fluorescence components, such as
humic-like component C5, revealed a strong negative cor-
relation with DOC and various physicochemical and Chl-a
factors. The direction of the correlation between these
factors and C5 was opposite to that of DOC with the same
factors. This indicated that changes in humic-like compo-
nents are influenced by multiple factors and, as a relatively
stable component in DOC, primarily arise from active com-
ponents within DOC (Jiao et al., 2018). Both a(350) and
C5 showed strong negative correlations with S;75_39s),
suggesting that the molecular size of FDOM was primarily
regulated by humic-like FDOM components. Higher abun-
dance of humic-like FDOM contributes to more complex
FDOM molecular structures, resulting in lower S(375_295)
(Helms et al., 2008).

Within the FDOM protein-like fluorescence compo-
nents, only phenylalanine-like C1 showed a positive cor-
relation with S, and tryptophan-like C4 showed a positive
correlation with Chl-a. Only tryptophan-like C3 showed
a significant correlation with physicochemical factors and
Chl-a. The correlation directions of these fluorescence
components with physicochemical factors were opposite
to those of humic-like component C5, indicating a cross-
process between protein-like and humic-like components
in FDOM in the study area. The results with lower correla-
tion coefficients or no correlation with major physicochem-
ical factors and Chl-a suggested that the production and
transformation of protein-like components are less directly
influenced by major physicochemical factors and primary
production activities, potentially being more closely associ-
ated with bacterial regeneration and degradation activities
(Cammack et al., 2004).

The fluorescence intensity of humic-like components
exhibited a highly significant negative correlation with DO,
indicating a large influence of oxidation processes on the
transformation and degradation of humic-like components.
In contrast to the relationship between humic-like com-
ponents and DO, tryptophan-like C3 showed a positive
correlation with DO. Other protein-like components exhib-
ited no correlation with DO, and total protein fluorescence
had no correlation with DO (Figure 8h). It was hypoth-
esized that amino acids, primarily produced by bacteria,
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were more active in nature, with higher production rates
and faster transformation and degradation. The bacterial
regeneration activities were relatively less restricted by
redox conditions, resulting in a weak association between
protein-like fluorescence and dissolved oxygen. The linear
correlation analysis of the fluorescence intensity for the
five FDOM fluorescence components in the study area is
presented in Figure A.2. The fluorescence intensities of
the four protein-like components C1, C2, C3 and C4 were
strongly correlated. The protein-like components C1, C2,
C3 and C4 were significantly correlated with the humic-
like component C5, albeit with a slightly lower correlation.
The above correlation analysis indicated consistency in
the source and behavior of protein-like components in
the FDOM of the northern SCS and a close relationship be-
tween the source and behavior of humic-like components
and protein-like components. In subsequent calculations,
protein-like components were grouped for analysis and
discussion.

4.3 Coupling between the nepheloid layer and
DOM

Extensive nepheloid layers have developed over the SCS
shelf, with vertical thicknesses exceeding 100 m and hori-
zontal extensions covering several tens of kilometers
(Zhang et al., 2014; Geng et al., 2018). Observations along
section B in this study (Figure 4a) indicated higher BA
values in both the surface and bottom layers.

Between 500 m and 2500 m, there were five regions
with elevated BAs extending horizontally from the bottom
layer, with the highest BA occurring near 500 m. These
horizontally distributed high BA values indicated the lo-
cation, extent and concentration of particulate matter in
the nepheloid layer. Continuous observations at station B8
revealed that, apart from the surface and bottom layers,
BA near 500 m and 2000 m remained higher than that
in the surrounding layers throughout the 24-hour obser-
vation period, indicating the persistent presence of the
nepheloid layer.

The relationships between the different forms of DOM
and BA in the study area are illustrated in Figure 8. Gener-
ally, DOC showed a positive correlation with BA, indicating
that the nepheloid layer region likely had higher DOC con-
centrations. In the surface seawater, the contribution of
particles to BA was mainly from phytoplankton-dominated
planktonic biogenic particles. Figure 8b shows a signifi-
cant positive correlation between Chl-a and BA in the eu-
photic layer (0-100 m), while Chl-a concentrations were
low, close to the detection limit, in the subeuphotic and
deep layers, exhibiting no apparent correlation with BA.
Despite phytoplankton particles being the primary con-
tributors to BA in the euphotic layer, DOC did not show
a significant correlation with Chl-a (Figure 8c). Further
analysis of FDOM components, including humic-like com-
ponents and protein-like components, in relation to Chl-a
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Figure 6. Study area and sampling locations in the northeastern South China Sea in September 2022.
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Figure 7. Study area and sampling locations in the north-
eastern South China Sea in September 2022.

concentrations revealed that humic-like fluorescence in-
tensity was positively correlated with Chl-a (Figure 8d),
while protein-like fluorescence intensity did not exhibit
a clear pattern in relation to Chl-a (Figure 8e). Thus, it was
suggested that the humic-like components in the euphotic
layer water are mainly derived from the transformation
of organic matter from phytoplankton, while protein-like
components may originate from bacterial regeneration
activities (Cammack et al.,, 2004; Yamashita and Tanoue,
2004).

Further analysis of the relationship between humic-
like component and protein-like component fluorescence
with Chl-a and BA revealed the following patterns: Humic-
like fluorescence intensity was positively correlated with
Chl-a Figure 8d), while protein-like fluorescence intensity
did not exhibit a consistent pattern in relation to Chl-a con-
centrations (Figure 8e). In the euphotic layer, humic-like
fluorescence did not show a correlation with BA, whereas
in the subeuphotic and deep layers, humic-like fluores-
cence was positively correlated with BA (Figure 8g). On
the other hand, there was no significant correlation be-
tween protein-like fluorescence and BA. Phytoplankton
particles in the euphotic layer were suggested to be the
primary source of humic-like components, while in the
subeuphotic and deep layers, suspended particles are the
carrier, becoming the main source of humic-like compo-
nents. Protein-like components are mainly derived from
bacterial regeneration activities (Cammack et al,, 2004).
Bacterial regeneration activities, influenced by environ-
mental conditions, contribute greatly to the transforma-
tion and degradation of organic matter (Williams, 2000).
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We did not explicitly establish the associations between
protein-like fluorescence and phytoplankton particles in
the euphotic layer or between protein-like fluorescence
and suspended particles in the deep layer.

5. Conclusions

The marine nepheloid layer developed under the compre-
hensive effects of ocean dynamics and geomorphology in
the northern SCS, which largely impact the existence, trans-
formation and migration of nutrients and organic matter
(Burdige, 2007; Seo et al., 2023). BA can indicate the loca-
tion and extent of the marine nepheloid layer. There are 3
patches in the higher BA that extend horizontally from the
bottom to the water in section B in the SCS, in which the
patch with the highest BA is near the bottom 500 m and
extends eastward. Elevated DOC in the nepheloid layer
coincided with higher BA, reflecting a consistent positive
DOC-BA correlation from surface to bottom waters. More-
over, the fluorescence intensities of the protein-like and
humic-like components of FDOM present dissimilar rela-
tionships with BA, which imply that the regulatory mecha-
nisms of the nepheloid layer to different sources of DOC
are inconsistent. The positive relationships between BA,
Chl-a concentrations and humic-like fluorescence suggest
that phytoplankton particles primarily contribute to the
suspended particulate matter in the euphotic nepheloid
layer (Madron et al,, 2017), and humic-like components
originate from the organic matter of phytoplankton (Ya-
mashita and Tanoue, 2004; Cammack et al., 2004). BA is
closely associated with DOC and humic-like components
in the euphotic zone, where Chl-a decays to the detection
limit. It was reported that suspended particles in the ma-
rine nepheloid layer provides hosting sites for microor-
ganisms (Thiele et al,, 2019), and the nonliving particles
of organic carbon insufficiently support the bacterial de-
mand (Boetius et al., 2000). Protein-like components are
more active than humic-like components and are associ-
ated with regenerative bacterial activities. Generally, the
marine nepheloid layer primarily influences the distribu-
tions of DOC and humic-like components, are regulated
by phytoplankton particles in the euphotic zone and by
nonliving and bacterial particles in the euphotic zone.
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Figure 8. Study area and sampling locations in the northeastern South China Sea in September 2022.
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