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The dissolved organic matter (DOM) in the ocean is a large carbon pool that
plays an important role in the global carbon cycle. Investigation of the
characteristics and behaviors of DOM in some areas facilitates a better
understanding of biochemical processes in the water column. In February
2020, water samples were collected to characterize the distribution and optical
properties of DOM from the Northern Andaman Sea and the Northeastern Bay
of Bengal. A high dissolved organic carbon (DOC) concentration appeared in
the Northern Andaman Sea, which is strongly affected by the DOM contents of
the Irrawaddy and Salween Rivers. A barrier layer that resulted from the
freshwater input was observed above the thermocline. This layer was
believed to have had a consistent effect on the concentration of DOM in the
surface water and contributed to the differences in DOC concentration on
each side of the Preparis Channel. Based on the fluorescence excitation
emission matrix and parallel factor analysis, four fluorescent components
were identified, including three humic-like components (C1, C2, and C4 with
their maximal Ex/Em at <240/418 nm, 315/384 nm, and 270 (360)/442 nm and
represented as peaks A, M, and A+C, respectively) and one protein-like
component (C3 with maximal Ex/Em at 275/334 nm and represented as peak
T). The humic-like components were mainly derived from terrestrial inputs.
Low levels of humic-like components were confined in the upper water, with
strong photodegradation in the euphotic zone. C3 was a typical tryptophan-
like component that represented freshly produced autochthonous DOM. The
correlation between C3 and biological index and apparent oxygen utilization
suggested that it was highly bioavailable and not easy to be preserved in the
deep sea. Overall, our results showed the distributions of DOM in the Northern
Andaman Sea and the Northeastern Bay of Bengal and revealed the behaviors
and controlling factors for DOM in the upper water.
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1 Introduction

Dissolved organic matter (DOM) is one of the largest and
most dynamic pools of organic carbon in natural waters
(Hedges, 2002). Estimated to be 662 Pg C, marine DOM
contained as much carbon as the atmosphere (Hansell et al.,
2009) and plays an important role in the global biogeochemical
cycle by regulating nutrient availability and participating in food
webs (Fellman et al., 2008; Jorgensen et al., 2011; Zhao et al.,
2021). Chromophoric dissolved organic matter (CDOM) is the
main light-absorbing constituent in aquatic systems and is
estimated to account for 20%-70% of dissolved organic carbon
(DOC) in the ocean (Laane and Koole, 1982). There are
particularly high values of CDOM in coastal zones, where
terrestrial input is the primary source of DOM (Ludwig et al.,
1996; Coble, 2007). With the absorption properties of ultraviolet
(UV) and visible wavelengths, high concentrations of CDOM
can alter primary productivity by affecting the penetration of
photosynthetically active radiation and blocking the light-
sensitive organisms from UV radiation in coastal ecosystems
(Blough and Del Vecchio, 2002; Foden et al., 2008). CDOM is
highly photoreactive, and when exposed to sunlight, it can
generate smaller organic carbon compounds, dissolved
inorganic carbon (Osburn et al., 2001), and a series of reactive
oxygen species, such as hydroxyl radicals, hydrogen peroxide,
and superoxide radical ions (Page et al., 2014; Sun et al., 2021),
offering labile substrates for microbial utilization (Benner and
Biddand, 1998; Sendergaard et al., 2003).

The optical properties of natural water provided information
on CDOM in chemical composition, sources, and transformation
(Stedmon and Markager, 2001; Stedmon and Markager, 2005b).
For decades, excitation emission matrix (EEM) fluorescence
spectroscopy has been shown to be an effective technology with
high sensitivity and selectivity (Coble, 2007). In EEMs, the
common fluorescent components have been identified in aquatic
environments, including humic-like compounds, acid-like
compounds, and pigment-like compounds (Coble, 1996; Coble
et al., 1998; Coble, 2007). In 2003, parallel factor (PARAFAC)
analysis, a trilinear decomposition-based multivariate data analysis
method, was successfully applied to decompose large amounts of
complex matrices into individual fluorescent components
(Stedmon et al., 2003). This method can identify the position of
fluorescence peak and calculate the relative concentrations of each
component more accurately. EEMs coupled with PARAFAC
analysis have been proven to be an efficient and convenient tool
to characterize CDOM and have significantly improved the ability
to trace different fractions of fluorescent DOM in natural waters
(Stedmon and Markager, 2005a; Kowalczuk et al., 2009; Walker
et al., 2009; Lin and Guo, 2020). In marginal seas like the
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Andaman Sea (AS), which is a complex aquatic system
containing both terrestrial and autochthonous CDOM, EEM-
PARAFAC analysis is suited to describe the origins and
behaviors of fluorescent DOM.

The AS is a semi-closed marginal sea in the northeast
Indian Ocean, adjacent to Myanmar to the north and
Thailand and Malaysia to the east. To the west, the AS is
separated from the Bay of Bengal (BOB) by the Andaman and
Nicobar Islands (ANI). The topography near archipelagos
changes rapidly, and channels of varying sizes are formed to
control the exchange of waters between the AS and the BOB.
Among these, the major transport occurs in three important
channels: the Preparis Channel, the Ten Degree Channel
(TDC), and the Great Channel (GC). From April to
November, the transport is inward from the BOB to the AS
and becomes outward from December to March (Kiran, 2017;
Liao et al., 2020). The exchange in the upper layer results in
similar properties and vertical structure for the water column.
Located in the South Asian monsoon regions, where the
southwest wind prevails in summer (May-October) in
contrast to the relatively weak northeast wind in winter
(November-February), the AS and northern coastal zone
accept large amounts of precipitation (Potemra et al.,, 1991;
Kiran, 2017). Moreover, the Irrawaddy and Salween Rivers,
the main surface runoffs on the north coast, bring an influx of
fresh water to the AS. It was estimated that the input of
freshwater (runoff + precipitation) was about 1,725 mm-a’l,
higher than the evaporation flux, which was about 1,252
mm-a' (Varkey et al., 1996). Under the influence of a large
runoff and plenty of rainfall, surface salinity is significantly
low and forms a stable vertical stratification, resulting in a
barrier layer that prevents the exchange of heat and materials
in the upper water column (Sprintall and Tomczak, 1992). As
it is well known, the BOB is one of the most typical oxygen
minimum zones in the tropics (Paulmier and Ruiz-Pino,
2009). The degradation of dead organisms and DOM
consumes the oxygen, and the existence of a barrier layer
intensifies the hypoxia in the subsurface water.

As we mentioned, the AS is an atypical marginal sea with a
complex oceanographic condition. However, there are several
research projects exploring the dynamics of CDOM in the
coastal waters of BOB (Chari et al.,, 2012; Chari et al., 2016; Das
et al, 2017), with few focusing on the AS. In this study,
investigations were carried out in the northern AS and the area
near the Preparis Channel. We aimed to investigate the
distribution and controlling factors for DOM in the AS. By using
EEM-PARAFAC analysis, the fluorescent properties of CDOM
were characterized to better understand the biogeochemical
processes in the AS.
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2 Materials and methods
2.1 Study area and sampling

The sampling stations were in the northern AS and the area
near the Preparis Channel (12-16°N, 90-99°E; Figure 1). In the
northern AS, there is a wide continental shelf with steep
topography, declining sharply from east to west, to a depth of
2,000 m. The width of the Preparis Channel is 322 km, while the
depth only reaches 250 m (Kiran, 2017). The depth of the water
to the west of the Preparis Channel can reach more than 2,000
m, and to the east, the water is approximately hundreds of
meters deep. The Irrawaddy and Salween Rivers are the main
runoffs to the north of the AS, with annual discharges of 410
km>a?' and 171 km3a, respectively. However, there is a
significant seasonal difference between runoff fluxes. During
the winter monsoon (including December, January, and
February only), the runoff was estimated to be 20 km® and 8
km?, respectively, while in the summer monsoon (June, July, and
August), the high flux was up to half of the annual discharge
(Varkey et al., 1996).

The sampling was carried out from the 20th to the 24th of
February 2020, at the end of the northeast monsoon. A total of
171 samples in 16 stations were collected from the study area
using 12 L Niskin samplers mounted on conductivity-
temperature-depth (CTD) sensors (SeaBird Electronics, SBE
911 plus) on the China-Myanmar investigation “Joint
Advanced Marine and Ecological Studies (JAMES).” The water
samples were filtered immediately after collection using syringe
filters (0.22 um). The filtrate was poured into a brown glass
bottle (CN'W, 40 ml, immersed in HCI for 24 h and cleaned with
Milli-Q water, then pre-combusted at 450°C for 5 h) and stored
at —18°C for analyses of DOC and EEMs. The dissolved oxygen
(DO) was obtained from the detectors (Seabird, SBE 43, and
WET Labs, ECO-AFL/FL) on the CTD apparatus.

100°E

Bay of Bengal

12°N

Ocean Data View‘

10°N
FIGURE 1
Study area and sampling sites.
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2.2 Dissolved organic carbon
measurement

The DOC concentration was measured using a Shimadzu
TOC-L analyzer in the non-purgeable organic carbon (NPOC)
model, in which inorganic carbon was removed by acidification
with HCl and oxygen purging, and then the DOC concentration
was measured by a high-temperature catalytic oxidation method
(Yang et al, 2012). Standard solutions were prepared using
potassium hydrogen phthalate (KHP), and a standard curve
was determined before measurement. Each sample was
measured at least twice until the variation coefficient was <5%.
The accuracy of the DOC concentration was checked using a
1—mg~L'1 standard solution (diluted from 1,000 mg~L'1 DOC
standard) inserted in the samples.

2.3 Excitation emission matrix
measurement and analysis

Fluorescence EEMs were measured using a fluorescence
spectrophotometer (Hitachi, F-7100) with a 1-cm cuvette. The
emission spectra were scanned every 1 nm at wavelengths from
280 to 600 nm, with excitation wavelengths of 240-450 nm at 5-
nm intervals. Additionally, the scanning rate was at 12,000
nm-min”. The EEMs of samples were subtracted from the
blank response (Milli-Q water). The fluorescence intensity of
EEMs was calibrated using the Raman scatter peak of water and
reported in Raman units (RU) by the following equations:

A Aem2
Arf," = / I/lem d/lem

em1

(1)

Lo, (AU

p

Fy ., (R.U.)= (2)
where A, is the integral of the Roman peak, with an excitation
wavelength of 350 nm and an emission wavelength of 371-428
nm;l;_ is the measured intensity of the Raman peak at emission
wavelength A; F is the fluorescence intensity in RU after
calibration. After calibration, the fluorescence intensity is
independent of instrument specificities (Lawaetz and Stedmon,
2009). The humification index (HIX) and biological index (BIX)
represent the degree of humification and autotrophic productivity,
respectively (Zsolnay et al., 1999; Huguet et al., 2009).

2.4 Parallel factor modeling and
statistical analysis

The EEM spectra were analyzed by PARAFAC analysis in

MATLAB R2020b with the DOMFluor toolbox 1.7
(MathWorks, Natick, MA, USA; Stedmon and Bro, 2008). In
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the modeling process, an alternating least squares algorithm is
used to minimize the sum of squared residuals and determine
the number of components. The region of the spectra influenced
by scatter peaks, where Rayleigh and Raman peaks dominate the
signal, was cut and replaced with missing values. The data for
outlier samples were identified by a leverage plot. Loading plots
and residuals of different models were compared to determine
the number of components that fit best. Finally, a four-
component model was chosen to fit and validate by split-half
analysis and random initialization. Split-half analysis and
validation were conducted in MATLAB to mathematically
compare the excitation and emission loadings of the models
run on separate splits of the data using Tucker Congruence
Coefficients (Figure S1). Then, 10 different 4-component models
were run using random initialization, and the emission and
excitation loadings were checked to be the same as those found
during the split-half validation. Finally, the result of the
PARAFAC model was uploaded to OpenFluor, an online
spectral library of autofluorescence by organic compounds in
the environment, to quantitatively match with previous studies
(Murphy et al., 2014).

Pearson’s bivariate correlation (r) was used to calculate
significant relationships between hydrologic parameters and
variables we measured, and p< 0.05 was regarded as
statistically significant. The principal component analysis
(PCA) was used to reduce the dimensionality of the data set
and show the difference in DOM between AS and BOB visually.
The statistical analysis and plotting were carried out in Origin
Pro 2021 (OriginLab Corporation, Northampton, MA, USA).

2.5 Calculation of the barrier layer

In the eastern equatorial Indian Ocean, there exists a
common phenomenon in which the pycnocline does not
coincide with the thermocline, implying that a strong halocline
with uniform temperature exists above the thermocline. The
distance between the bottom of the mixed layer and the top of
the thermocline was referred to as the “barrier layer” (Sprintall
and Tomczak, 1992). Here, the isothermal layer depth (ILD) is
calculated as the depth where the temperature is 0.5°C lower
than the sea surface temperature. The mixed layer depth (MLD)
is calculated as the depth where the potential density is the sea
surface density plus a variation in density when surface
temperature decreases by 0.5°C, but salinity remains constant.
The barrier layer thickness (BLT) is equal to the ILD minus the
MLD. If the value is negative, there exists a compensated layer in
the upper water. The calculation equations are as follows:

tILD = to +0.5°C (3)
OMmip = Op + Ao (4)
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BLT = ILD - MLD (5)

where #, and oy are the temperature and density of the
surface water, respectively, and Ao represents the variation
attributed to the change in temperature.

3 Results and discussion
3.1 Hydrography

Salinity varied from 31.04 to 32.76 in surface waters, with
relatively low values near the Irrawaddy and Salween Rivers,
showing the influence of freshwater and the mixing between
freshwater and sea water. Influenced by latitude and monsoon,
sea surface temperature ranged from 25.91°C to 28.79°C, higher
in the south and lower in the north. The impact of human
activities was observed in the eastern coastal area, where the
temperature and DO are relatively high in surface waters.
Although the Preparis Channel is the main passage of water
mass transport from the BOB to the AS (Liao et al., 2020), the
horizontal transport in the upper water is limited due to the
northeast monsoon.

A section was defined across the Preparis Channel to explore
the difference in water masses between the BOB and AS. The
northeast BOB is deeper than 2,000 m, whereas the geography in
the northern AS is extremely complicated and shallow. The
cross-sectional distributions of potential temperature and
salinity are similar and affected by the vertical mixing of water
masses. However, the ILD of the BOB was deeper than the AS,
which was also reflected in the distributions of DO (Figure 2B).
As one of the most typical characteristics, hypoxia (DO<2
mg-L") in the subsurface water was observed in both the BOB
(depth of about 90-1,400 m) and the northern AS (deeper than
50 m). In some regions of the BOB, the values of DO are even
close to the minimum detection limit.

A stable stratification in the upper water column was
observed in the study area. For all stations, the depth of the
isohaline layer was shallower than that of the isothermal layer.
Here, we calculated the thickness of the barrier layer and found it
to be much thicker in the BOB (almost more than 50 m). In the
northern AS, the BLT was less than 20 m, with relatively high
values in the north near the rivers and the southern stations. A
considerable freshwater flux resulted in the barrier layer in the
eastern BOB. Especially during the southwest monsoon,
abundant precipitation and river runoff caused a change in
salinity in the surface water and brought a strong halocline
above the thermocline into being. Freshwater discharge
sustained the thick barrier layer until the northeast monsoon,
when river runoff and precipitation gradually decreased. During
February, the subtropical anticyclonic gyre (SAG) is well
established in the BOB, and the barrier layer achieves a mature
phase in which it is thick and widespread. As the vertical mixing
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FIGURE 2

(A) The barrier layer thickness (BLT, m) in the study area. (B) Cross-sectional distribution of dissolved oxygen (DO, mg-L.;) across the Preparis
Channel. (C) The distribution of dissolved organic carbon (DOC, mg-L_4) in the surface water. (D) Cross-sectional distribution of DOC (mgeL_4)

across the Preparis Channel

became stronger in the surface water, the barrier layer would be
eroded and even disappear (Sprintall and Tomczak, 1992;
Thadathil et al., 2007; Kumari et al., 2018).

3.2 Distributions and controlling
factors for dissolved organic
matter in the water column

DOC concentrations ranged from 0.22 to 0.97 mg-L™!, with
an average of 0.58 + 0.17 mg-L™" and a negative correlation with
salinity (r = —0.711, p< 0.01, n = 171). The vertical distributions
of DOC concentrations showed a decreasing trend from the
surface to the deep layer, with constantly low values below 100 m
(Figure 2D). On the surface (Figure 2C), DOC concentrations
were relatively lower in the eastern BOB, where there was little
source of DOM. In the northern AS, terrestrial allochthonous
DOC was discharged from the Irrawaddy and Salween Rivers.
However, the average concentrations from all stations were
lower than 1 mg-L™" due to the long offshore distances and low
flux of rivers during February. The DOC concentrations should
be higher in the coastal area in the north. In addition, high values
of DOC were observed at the southern stations (MD-26, MD-27,
MD-28, MD-29), indicating that there was a water mass
abundant in dissolved organic exceeding that of the northern.
The salinity of this water mass is relatively low, and the source of
DOC was not explained because of the limited data. The
distributions of DOM in the surface water resulted from the
mixing of water masses with different characteristics that were
affected by the northeast monsoon.

Vertical stratification in the upper water column facilitates
the accumulation of DOC (Hansell et al., 2009). Considering the
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coupling relation between the thickness of the barrier layer and
DOC concentrations (Figures 2A, C), we proposed that the
barrier layer was another factor controlling the distribution of
DOM. In the BOB, which was lacking in organic matters, the
strong barrier layer was conducive to maintaining the low
concentrations. Conversely, in the southern stations in the AS
with high levels of DOC, for example, the barrier layer favored
the accumulation of materials on the surface by reducing the
vertical delivery to the underlayer. Under the barrier layer, the
DO was inadequate without an effective supplement, leading to a
retarded rate of decomposition, which was reflected in the low
levels of DOC concentrations in the anoxic zone.

3.3 Characteristics of fluorescent
dissolved organic matter

3.3.1 Parallel factor components

Four fluorescent components, namely, three humic-like
components (Cl, C2, and C4) and one protein-like component
(C3), were identified by EEM-PARAFAC analysis in the study area
(Figure 3) and compared with previous studies in OpenFluor
(Murphy et al., 2013; Murphy et al,, 2014). Table 1 provides the
spectral characteristics of the four components, including the
maximum of excitation and emission, the range of maximum
fluorescence in RU (Figure 4A), probable sources, and some
examples of matching components identified by other
researchers in various aquatic environments. Contour plots and
loadings of excitation and emission of individual PARAFAC
components are given in Figure 3. All fluorescent components
identified here were reported in previous studies for midwestern
and coastal waters of the BOB (Chari et al., 2012; Chari et al., 2016).
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FIGURE 3

Contour plots (A=D) and loadings (E—H) of excitation and emission of individual parallel factor components (C1-C4).

TABLE 1 The characteristics of the four components (C1-C4) identified by the PARAFAC (parallel factor) model [including peak positions
(Excitation/Emission maximum) with secondary excitation bands in brackets, fluorescence maximum (F.x) range, classification by traditional peak
(Coble, 1996), and brief description].

Component Excitation/Emission Frmax range Traditional Description and references
maximum (RU) peak
C1 <240/418 nm 0.047-0.639 Peak A Humic-like substance, terrestrially derived or produced after DOM
(0.332+0.112) 260/380-460 exposure to UV radiation
Cl: 265/422 nm (Chen et al., 2016)
C2: 240 (340)/398 nm (Stedmon and Markager, 2005b)
C4: 250/430 nm (Amaral et al., 2020)
C2: <240/416 nm (Stedmon et al., 2003)
C2 315/384 nm 0.007-0.443 Peak M Marine and terrestrial humic materials, closely related to plankton
(0.214+0.091) 312/380-420 productivity
C4: 305 (<250)/396 nm (Cawley et al., 2012)
C3: 315/384 nm (Chen et al., 2018)
C1: 306/404 nm (Chari et al., 2016)
C3 275/334 nm 0-0.446 Peak T Amino acids, free or bound in proteins
(0.196£0.115) 275/340 Mainly derived from algae exudation
C3: 280/338 nm (Borisover et al., 2009)
C4: 275/312 nm (Osburn et al., 2016)
C4: 275/306 (338) nm (Stedmon and Markager, 2005b)
C5: 280/344 nm (Osburn et al., 2012)
C4 270 (360)/442 nm 0.036-0.346 Peak A Terrestrial humic-like substances
(0.211+0.058) 260/380-460 Mainly terrestrially derived
Peak C Cl1: <260 (370)/466 (Yamashita et al., 2010a)
350/420-480 Cl: <260 (345)/462 nm (Yamashita et al., 2010b)
C2: <260 (370)/475 nm (Dainard et al., 2015)

The excitation maximum for C1 occurred at <240 nm and
the emission maximum at 418 nm, typically categorized as a
humic-like peak A as defined by Coble (1996). It was described
as a common terrestrially derived component or one produced
after DOM exposure to UV radiation (Stedmon and Markager,
2005b), observed in both terrestrially and marine-derived DOM.
Component C2 showed an excitation maximum at 315 nm and
an emission maximum at 384 nm, classified as a secondary
humic-like component peak M existing in various aquatic
environments and closely related to plankton productivity.
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The absence of peak M in the surface water indicated that it
was labile and hard to preserve over long periods (Coble et al.,
1998). The correlation between C1 and C2 (r = 0.861, p< 0.01, n
= 170) implies a similarity of origins and consistency of
behaviors in the study area. C1 and C2 were ubiquitous in
aquatic environments and contained both autochthonous and
allochthonous DOM. The F,,,, of Cl was higher than that of
others, while C2, C3, and C4 showed no difference in
quantitative terms. C1 and C2 were predominant in FDOM,
with a total proportion of 56%, and strongly correlated to FDOM
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in Foa (r = 0.952, p< 0.01, n = 170; r = 0.888, p< 0.01, n =
170, respectively).

Component C3 had a peak at 275 nm excitation and 334 nm
emission, which was confirmed as a fluorescent protein-like
(tryptophan-like) substance, peak T. The tryptophan-like
substance is sensitive to the polarity of the solvent. The
position of the tryptophan-like substance in fluorescence
spectra usually moves to a shorter wavelength when bounding
to proteins because of the shielding effect of water (Lakowicz,
2006). C3 was mainly derived from algae exudation,
representing autochthonous DOM freshly produced (Stedmon
and Markager, 2005b), which was also reflected in the
correlation to the BIX (r 0.703, p< 0.01, n = 170).
Furthermore, the proportion of C3 in FDOM (C3%) showed
relevance to the apparent oxygen utilization (AOU, calculated by
DO; r = -0.869, p< 0.01, n = 170), suggesting that C3 was
biodegraded and recycled in the water column with high

availability. The tryptophan-like substance was produced in
upper water and expends rapidly as depth increases, so that
smaller quantities were preserved in the deep sea. In the open
sea, in situ biological production is the primary source of CDOM
(Coble, 2007). The tryptophan-like (peak T) and tyrosine-like
(peak B) substances are the main materials of fresh DOM in
natural water. However, the tyrosine-like fluorophore (peak B)
was not considered in the modeling because of its low
abundance. It was enriched in the area with high nutrient and
coastal upwelling, since the tyrosine-like fluorophore was
attributed to bacterial decay of photosynthetically produced
organic matter and considered a proxy of primary production.
Different from tryptophan-like substances, tyrosine-like
substances are not significantly affected by microbial and
photodegradation and exert a positive priming effect on the
overall DOM pool. In the study area, the fluorescent DOM was
dominated by runoffs north of the AS. The barrier layer slowed
down the vertical exchange in the upper water, so that few
tyrosine-like substances were generated and preserved.
Therefore, it was enriched in the continental shelf waters of
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the western BOB (Chari et al., 2016), but few observations were
made in the AS.

Component C4 was composed of two peaks, with a primary
excitation band centered at 270 nm and a secondary excitation
peak at 360 nm, and one emission peak centered at 442 nm. C4
seemed to be a mixture of the traditional peak A in the
ultraviolet region and peak C in the visible region defined by
Coble (1996) and Coble et al. (1998), which were commonly
observed in coastal environments. The F,,,, of C4 was positively
related to the HIX (r = 0.631, p< 0.01, n = 169), implying that it
was terrestrially derived. The proportions of C3 and C4 in
FDOM (C3% and C4%) were calculated and seemed to be
exponentially correlated (r 0.85, p< 0.01, n 170;
Figure 4B). C4% and C3% represented the degree of effect on
FDOM by terrestrial input and biological activities in the site,

respectively. The nonlinear relationship between them suggested
the existence of other fluorescent components, namely, C1 and
C2, with multiple sources.

3.3.2 Spatial distribution and behaviors of
fluorescent dissolved organic matter

The HIX values ranged from 0.70 in the subsurface layer
(15 m) at station MD-20 with lowest C4% (11.7%) to 6.74 in the
deep water station at MD-14, with a mean value of 2.07 + 0.90.
The higher values of the HIX were observed in the coastal area
and resulted from terrigenous input from the rivers in the north
(Figure 5B). In the vertical section, high values appeared in the
upper-middle layer and bathypelagic layer because the
terrestrial material was removed when exposed to sunlight in
the surface and in the bottom; FDOM could originate from the
resuspension of organic matter in pore waters (Guo et al.,, 2011).
BIX values ranged between 0.86 and 1.90 (1.34 + 0.22) and
reflect a mixture of terrestrially derived DOM and marine-
derived protein-like DOM. The high values of the BIX were
observed in the surface and subsurface, closely related to
biological activities (Lin et al., 2021). Both the HIX and BIX
changed consistently with DOM sources, with high HIX values

60%
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20% Sgo
o2 -~
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(A) Fluorescence maximum (Fa,) of fluorescent components identified by parallel factor (PARAFAC) analysis (data were represented by colored
dots on the left side and the distribution density on the right side; the black dots represent the average value). (B) The exponential correlation

between C3% and C4%
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(A) The distribution of the fluorescence maximum of fluorescent dissolved organic matter (FDOM, RU) in the surface water. (B) The distribution
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organic matter (FDOM, RU) across the Preparis Channel. (D) Cross-sectional distribution of the fluorescence maximum of C3 (RU) across the

Preparis Channel.

in nearshore waters, demonstrating that terrigenous materials
with a high humification degree played a dominant role in the
distribution of FDOM.

In the surface water, the distribution of FDOM showed
a decreasing trend from nearshore to offshore stations
(Figure 5A), which was mainly controlled by terrestrial input
from rivers and human activities. The distributions of individual
components were similar to those of FDOM intensities. In the
vertical section, FDOM was largely photodegraded at the
surface, and as a consequence, the maximum FDOM
concentrations were observed in the subsurface layer
(Figure 5C). Photobleaching in the upper water was thought to
be the major sink of humic-like components in the ocean (Chen
and Bada, 1992). Differing from DOC, the concentration of
FDOM had a poor correlation with salinity (r = -0.027, p =
0.728, n = 170), which was considered as evidence of the high
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degradability of FDOM. Identified as humic-like components,
C1, C2, and C4 had high concentrations in subsurface layers due
to the reduced photodegradation, which was a primary way to
remove humic-like substances in the surface layer (Gongalves-
Araujo et al., 2015). In the AS, the humic-like components
decreased with depth. However, the fluorescence intensities of
the humic-like components are rapidly increasing in the
mesopelagic layer and are at a constantly high level in the
bathypelagic layer in the BOB. The humic-like fraction of
DOM reached a net equilibrium between the supply from the
terrestrial inputs, in situ production by the microbial activities,
and photodegradation in surface waters (Jorgensen et al., 2011;
Kowalczuk et al., 2013). For C4, strong fluorescence signals were
observed in the bathypelagic layer in the BOB. Peak C was
reported in previous studies to fluoresce from humic material
that was refractory to degradation from the deep ocean (Coble
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et al., 1998). As a typical autochthonous component, C3 was
produced freshly, which is indicative of recent biological activity.
The tryptophan-like C3 from this study shows resistance to
photodegradation. Without significant photodegradation and
biodegradation (Stedmon and Markager, 2005b), C3
accumulated and was preserved for some time in the surface
layer (Figure 5D). The distributions of C3 showed no difference
between the AS and BOB, with a decreasing trend in the upper
water, consistent with its sources from biological processes
within the euphotic zone.

3.4 Principal component analysis

The PCA was carried out on the 11 parameters, namely,
salinity, temperature (T), DO, DOC, HIX, BIX, FDOM, and the
fluorescent components (C1-C4). Together, principal
components 1 and 2 (PCl and PC2, respectively) explained
83.47% of the total variance in the data set. As shown in
Figure 6A, PC1 accounted for 51.34% of the variance, being
positively related to DOC and temperature and negatively
related to salinity. Loadings for variables we measured were
clustered in three zones. C3 and the BIX with positive loadings of
PC1 represented autochthonous FDOM, whereas C4 and the
HIX with negative loadings represented allochthonous FDOM.
As discussed before, FDOM, Cl1, and C2 contained materials
from both marine and terrestrial systems, with low loadings in
the middle. Therefore, we assumed that PC1 was dominated by
sources of FDOM. PC2 explained 32.13% of the variance and
may be strongly related to conservation of variables. For
example, with the minimum of PC2, DO showed a strong
correlation to salinity (p = 0.951, < 0.01, n = 171). Compared
with C1 and C2, protein-like C3 and DOC were less influenced
by degradation (negatively related to salinity, » = —0.741, p< 0.01,
n=170;r=-0.711, p< 0.01, n = 171, respectively) and had lower
loadings of PC2. Although humic-like C4 was also
photodegraded at the surface, refractory humic materials

06 A c20lo OFDOM
c1
_.03r i
5 " &%
OO0 .

< 9 Salinity "X BIX" 52
AN
= oDO
S ;
O 03|

-0.6 . A

06 03 0 03 06
PC1(51.34)

ScoresonPC2

10.3389/fmars.2022.1043194

served as a supplement to the degradability of C4. PC1 and
PC2 were able to characterize the sources and behaviors of
DOM, respectively.

Scores of samples are shown in Figure 6B, which clearly
visualize how the samples relate to each other. Here, the samples
were classified by location (BOB: Stations MD-14, MD-15, and
MD-17; AS: Stations MD-18, MD-3B, MD-19, MD-13B, MD-20,
and MD-22-MD-29) and depth (ILD). In the upper water
column, there were more DOC and protein-like C3, which was
mainly generated by plankton. The fraction of terrestrial FDOM
was higher below the ILD. The scores of samples also showed the
differences of DOM in the BOB and AS. Compared with those
from AS, the samples from the BOB scored lower in both PC1 and
PC2. It was shown that DOC and FDOM concentrations were
lower in the BOB, which was caused by a low influx of DOM and
the maintenance of a barrier layer. However, C4 was abundant in
the BOB, especially in deep water, which implies that it may be the
primary fluorescent DOM in the whole BOB. In the study area, the
productivity in AS was higher, and there were more
autochthonous FDOM produced by biological activities. Some
samples of deep water in the AS had similar characteristics to the
BOB and cannot be distinguished in the plot.

4 Conclusions

Horizontal and vertical distributions and controlling factors
for DOM were investigated in the AS and adjacent area of the
Preparis Channel. Using EEM-PARAFAC analysis, CDOM was
characterized to independently assess the behaviors of the
fluorescent components in the overall DOM pool. The results of
DOC showed that the Irrawaddy and Salween Rivers are the
primary terrestrial input, controlling the chemical properties of
DOM on either side of the Preparis Channel. With a considerable
quantity of freshwater input, barrier layers formed above the
thermocline and had a persistent effect on DOC at the surface.
Four fluorescent components were identified from 171 EEM
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Principal component analysis (PCA). (A) Loading plot of the 11 parameters and (B) score plot of all samples (squares and dots represent
samplesabove and below the isothermal layer depth (ILD), respectively; gradation of color was used to distinguish the sampling area)
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samples measured, namely, three humic-like (C1, C2, and C4)
components and one protein-like (C3) component. The humic-
like components were dominated by terrestrial inputs and
photodegradation at the surface, while C3 was a typical
tryptophan-like component with high bioavailability and was
not significantly affected by photochemical processes. The PCA
results showed that with a thicker barrier layer on the surface,
DOC and FDOM concentrations were lower in the northeast
BOB. In the AS, there were more autochthonous FDOM produced
by biological activities. However, the differences in the samples
from the deep sea were not observed.
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