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This study examined the physical and biogeochemical processes that
determine the spatial and summer/winter distributions of dissolved organic
matter (DOM) and chromophoric dissolved organic matter (CDOM) in the
Taiwan Strait (TS). The hydrological conditions in the TS varied between early
summer and winter because of differences in terrestrial input as well as input
from the poleward South China Sea Water (SCSW) during the warm summer
and the strong, nutrient-rich, equatorward China Coastal Water (CCW) in
winter. Concentrations of dissolved organic carbon (DOC) ranged from 60 to
100 uM-C in early summer and from 70 to 144 uM-C in winter. The average
stoichiometric ratio of DOC : DON:DOP was high (353:49:1) in the land-source
impacted zones and low (168:21:1) in the SCSW-laden areas, both of which are
higher than the Redfield ratio. The concentrations of DOC and nutrients were
higher in the western TS (on the coast of China) than in the eastern TS (on the
coast of Taiwan), and the highest concentrations were mostly found in the
Minjiang River plume, reflecting the profound effects of freshwater input in
early summer and CCW inflow in winter. The absorption and emission
characteristics of the CDOM varied to a large extent with locations because
of the mixing of the shelf water with different source waters. Although the
absorption coefficient (acpom(325)) and fluorescence intensity of the terrestrial
humic-like CDOM (Ft: Ex/Em= 260/400-460) were both strongly inversely
correlated with salinity, as an optical tracer, Ft may be more effective than
acpom(325) in examining the mixing among source waters, given that acpom
(325) may be subject to various photobleaching effects in the TS. Ft was also
significantly correlated with the concentrations of terrestrially derived nitrate
and nitrite (N+N) and silicate. The results of factor analysis elucidated the
complexity of the hydrological and biological processes that affect the
distributions of DOM and CDOM in the TS.
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GRAPHICAL ABSTRACT

Introduction atmospheric CO2 (Hansell, 2002; Calleja et al., 2019). DOC plays

a key role in carbon cycles and is also critical for nutrient

Dissolved organic carbon (DOC; for abbreviations, please
refer to Table 1) comprises the largest pool (680-700 Pg C) of
reduced carbon in the hydrosphere and is comparable in mass to
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transformation and availability in oceans (Abell et al., 2000;
Hansell, 2002; Barron and Duarte, 2015; Hansell and Carlson,
2015). A growing body of evidence has revealed that the quality
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rather than total concentration of DOC is crucial to microbial
metabolism and carbon transfer within oceans and at the
boundaries between the atmosphere and oceans (Amon et al.,
2001; Benner, 2002; Stepanauskas et al., 2005; Raimbault et al.,
2008). Although substantial progress has been made in
understanding the reactivity and bioavailability of marine
dissolved organic matter (DOM), numerous properties of
DOM, especially its chemical composition and optical
properties, have not been fully explored in different coastal
environments and thus warrant further investigation (Abdulla
et al., 2013; Stedmon and Nelson, 2015; Riedel et al., 2016). The
chemical composition is also critical for the lability of DOM, and
the bioavailability and recycling of DOM are generally
dependent on the source, regional and global circulations, and
external and oceanic forcing (Hansell, 2002; Benner, 2002;
Stepanauskas et al., 2005; Hansell et al., 2012).

The most notable characteristic of DOM in marginal seas, in
addition to its derivation from productive regions, may be how it
is strongly affected by continental input. The reactivity of
terrestrial DOM is generally considered more biologically
refractory than that of marine DOM (Guo et al., 1995; Benner,
2002; Abdulla et al., 2013). In addition, the large input of
terrestrial DOM may profoundly affect the biogeochemical
cycles of carbon-related elements as well as satellite-derived
primary productivity in oceans. The sources, sinks, and lability
of DOM in marginal seas are complex and poorly understood
because they are associated with boundary exchanges, and
turbulent mixing and a lack of a clear vertical gradient.
Although analyses of the molecule-level composition of DOM
are useful for understanding the function and reactivity of DOM,
the techniques employed in such analyses are usually not
straightforward and require expensive equipment.

TABLE 1 Acronyms used in this study.

Acronyms Water mass and chemical parameter
CCW China Coastal Water

Kw Kuroshio Water

SCSW South China Sea Water

TSW Taiwan Strait Water

DOC Dissolved organic carbon

DON Dissolved organic nitrogen

DOP Dissolved organic phosphorus

DOM Dissolved organic matter

CDOM Chromophoric dissolved organic matter
Acpom2s) Absorption coefficient of CDOM at 325nm
Scpom Spectral slope coefficient of CDOM
Th-like CDOM Terrestrial human-like CDOM

TDN Total dissolved nitrogen

TDP Total dissolved phosphorus

DIN Dissolved inorganic nitrogen

DIP Dissolved inorganic phosphorus
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As an alternative to these analyses, spectroscopic methods
have been widely used to characterize the sources and chemical
features of DOM. Chromophoric DOM (CDOM), which can
absorb solar radiation in aquatic environments, comprises a
large proportion of the bulk DOM pool. The molecular
structures of CDOM can be excited using a specific
wavelength of radiation and subsequently emit a longer
wavelength of radiation as fluorescence, and oceanographers
can use such features to identify the sources and evaluate the
quality of DOM (Coble, 1996; McKnight et al.,, 2001; Coble,
2007; Jafte et al., 2008; Abdulla et al., 2013; Stedmon and Nelson,
2015). The reactivity of CDOM to sunlight may also result in the
remineralization of DOM and produce several reactive products
and elements that can be used by biota (Miller and Zepp, 1995;
Obernosterer and Benner, 2004; Norman et al,, 2011). Although
the absorption of ultraviolet light can prevent damage to
organisms, the absorption of visible light interferes with the
estimation of concentrations of satellite-derived chlorophyll in
coastal and marginal seas (Blough and Del Vecchio, 2002; Siegel
et al., 2002; Romera-Castillo et al., 2011; Dutkiewicz et al., 2019).
The fates of DOM and CDOM and their effects on ecosystems in
marginal seas are crucial.

The Taiwan Strait (TS) is a shallow marginal sea separating the
main island of Taiwan from mainland China and serves as a major
connection between the South China Sea (SCS) and the East China
Sea (ECS). The seasonal variations in river discharge, seawater
circulation, flow patterns, and transport rates in the TS are highly
pronounced. Numerous studies and reviews (Jan et al., 2002; Chen,
2003; Wang et al,, 2003; Wu and Hsin, 2005; Jan et al., 2006; Chen
et al, 2010; Hu et al,, 2010; Jan et al., 2010; Hong et al., 2011; Huang
et al, 2020) have proposed various seawater transport modes and
budgets since Wyrtki (1961) investigated the transport between the
SCS and TS in summer (0.5-1.0 Sv northward, 1Sv = 10° ms™) and
in winter (0.5 Sv southward). The major circulatory features of the
TS are a northward current in the eastern TS in summer and a
southward current in the western TS in winter. The currents and
transport in the TS are generally modulated by monsoon forcing and
topographic variations (Jan et al., 2002; Hu et al,, 2010). The source
waters of the eastern current of the TS in the summer and other
seasons are the SCS Water (SCSW) and intruding Kuroshio water
(KW), respectively, and that of the western current is the colder and
fresher China Coastal Water (CCW) driven southward by the
northeast monsoon (Jan et al., 2002). Jan et al. (2006) estimated
that the northward transport through the TS ranges from 1.16 to
2.34 Sv between March and August. Findings related to the seasonal
variations in seawater volume transport have remained consistent.
However, in a summary report, Hu et al. (2010) reported that the
volume transport through the TS in summer and winter was
approximately 2.3+0.82 Sv and 0.8+0.96 Sv northward, respectively.

In addition to seawater circulation and transport, the TS may
also play a key role in the transfer of chemical constituents between
the SCS and ECS. (Chen and Sheu, 2006; Chen, 2008) investigated
the nutrient contributions of the TS and their benefits for primary
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productivity in the ECS in summer. Regarding DOM
biogeochemistry in the TS, some studies have reported that the
biogeochemical processes and budgets of DOC and CDOM
depend not only on physical circulation and boundary transport,
but also on local upwelling and continental input in the western TS
and its associated estuaries (Du et al.,, 2010; Guo et al,, 2011; Hong
et al., 2011). However, few studies have focused on the
biogeochemical processes of DOM and CDOM across the entire
strait. To address this research gap, this study investigated the
physical and biogeochemical processes that affect the distributions
and fates of DOM and CDOM for a better understanding of the
connection between DOM and CDOM characteristics and the
variability of water properties and hydrological conditions in
the TS.

Materials and methods

Study area, sampling, and hydrological
conditions

The sampling stations in the study area are shown in Figure 1.
In early summer (ORII CR1353, 05/20-25/2006), surface
seawater samples were collected from the entire TS (Stations
1-33). In winter (ORI CR889, 02/11-13/2009), samples were
collected from the stations along the coast of China and from two
strait-crossing transects located respectively on the northernmost
and southernmost parts of TS. An additional experiment was
performed at the Gaoping Estuary in southern Taiwan
(Figure 1C) to examine the mixing behavior of terrestrial DOM
and CDOM from riverine and oceanic waters.

The seawater samples were collected using cleaned 10-L
Niskin bottles mounted on a CTD/Rosette. The CTD and
attached probes were used to record the temperature (T),
salinity (S), fluorescence, and transmission data. The irradiances
of both the surface and subsurface was measured using a PAR
sensor (OSP2001, Biospherical Instruments, San Diego, USA).
The euphotic depth was defined as the depth at which the light
intensity was 1% of the surface irradiation. Dissolved oxygen
samples were pickled immediately after the seawater samples were
collected, and the concentrations were determined by measuring
the absorbance of total iodine in the pickled samples after
acidification (Pai et al., 1993). Chlorophyll a (Chl-a) was
extracted from the filtered particulates with 90% acetone and
measured fluorometrically (10AU Fluorometer, Turner Designs)
using the non-acidification method (Welschmeyer, 1994).

Measurements of dissolved organic
carbon, nitrogen, and phosphorus

DOC and particulate organic carbon (POC) in seawater were
separated by the filtration of seawater samples through
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precombusted GF/F (Whatman) glass-fiber filters immediately
after seawater collection, according to the published procedures
(Hung et al,, 2000; Hung et al., 2003). After filtration, the filters
were sealed in cleaned petri-dishes and stored in the frozen
condition before being transferred to thelaboratory. The filters
were then dried in an oven at 60 °C for POC determination.
Aliquot of the filtered seawater was acidified with HCI (0.4%, v/v)
and stored in cleaned glass bottles until the measurement of DOC
in the laboratory. DOC was measured with the method of high-
temperature catalytic oxidation using the Shimadzu TOC-5000A
analyzer (Hung et al, 2003; Hung et al., 2007). Consensus
reference materials (41-44 uM C) provided by Dr. D. A. Hansell
from the University of Miami were regularly checked to ensure
data quality. POC was measured with a C/N/S analyzer (Thermo
Scientific Flash 2000) following carbonate removal from the
filtered particulates (Hung et al., 2007; Hung et al., 2008).

Dissolved organic nitrogen (DON) was determined from the
difference between total dissolved nitrogen (TDN) and dissolved
inorganic nitrogen (DIN). TDN was measured with the high
temperature oxidation and chemiluminescent detection (Antek
N/S analyzer) with reproducibility within +7% for seawater (n =
9) (Hung et al., 2008), while the DIN was determined according
to the procedures described in the following section. Dissolved
organic phosphorus (DOP) was determined by the difference
between dissolved inorganic phosphate (DIP) and total dissolved
phosphorus (TDP) that was measured by the UV-persulfate
oxidation and colorimetric method (Ridal and Moore, 1990).
Reproducibility of TDP measurement in seawater (n = 9)
was +6%.

Measurements of DIN, DIP and silicate

Dissolved inorganic nitrogen (NO; +NO, +NH,", herein
DIN) and phosphate (PO,*, or DIP) and silicate (H,SiO,, or
DSi) were determined colorimetrically (Grasshoff et al., 1983)
using a UV-Vis spectrophotometer (Hitachi U-2000) equipped
with a module of flow injection analysis (Pai and Riley, 1994)
with an exception of NH," determination. The concentration of
NH," was determined with an indophenol blue method using a
spectrophotometer (Hitachi U-3030, 5-cm quartz cell) according
to Pai et al. (2001).

Measurements of absorption and
fluorescence spectra of CDOM

The CDOM absorption spectra were determined using a
spectrophotometer (Hitachi U-3310), employing a 10-cm optical
quartz cell and Milli-Q water as a blank. The data were corrected
for scattering and baseline fluctuation by subtracting each
spectrum from the mean value of absorption at 600-700 nm
(Bricaud et al., 1981; Green and Blough, 1994). To minimize the
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FIGURE 1
Study area and sampling locations in the Taiwan Strait in early summer (A, Stations 1-33, ORIl CR1353) and winter (B, ORI CR889). Arrows
represent the regional circulation patterns associated with the Taiwan Strait (C). Different sizes of red and light red arrows represent the
difference in warm, saline, and current strength for Kuroshio Current and South China Sea Current, respectively. The blue arrow indicates cold
and less saline China Coastal Current during winter. The discharge of river water is shown by the different width of short green line in southeast
China and Taiwan. The Kuroshio intrusion into the South China Sea (SCS) tends to be stronger in winter than in summer (Wu et al,, 2017), and
the China Coastal Current and SCS Current prevail in winter and in summer, respectively (Jan et al., 2002; Hu et al., 2010).
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inner filter effect, those samples having an absorbance greater
than 0.05 (325 nm) were properly diluted with Mill-Q water
before measurements. Absorption coefficients, aCDOM(L), were
calculated using the following equation,

1)

Where ACDOM(A) is the absorbance over the pathlength L
at the wavelength A. The absorption of CDOM at 325 nm was
used as a proxy for CDOM concentration (Nelson et al., 2007;

aCDOM(A) = 2.303 x ACDOM(A)/L

Swan et al., 2009). The spectra were then fit to an exponential
function, using a nonlinear least squares fitting routine (NLF)
over the range 280-500 nm,

aCDOM(A) = aCDOM(2y) € S(A-2g) 2)

Where Ay is a reference wavelength and S is the
spectral slope.

The measurements of CDOM fluorescence were carried out
using a fluorescence spectrometer (Hitachi F-4500), employing a
1-cm optical (quartz) cell and Milli-Q water as a blank. The
excitation-emission matrix (EEM) was derived from the emission
scans between 200 and 600 nm (A, = 200-600 nm) at 5 nm
intervals and the excitation increased from 200 to 500 nm (Aey =
200-500 nm) at 5nm intervals (Coble. 1996). A solution of 10 pg/1
of quinine sulfate (qs) in 0.5 M H,SO4(aq) was employed as a
standard with sulfuric acid (0.5M) used as the blank, thus the
fluorescence of qs (Fqs) was the mean value recorded from
excitation at 355 nm (A) and emission at 430—-450 nm (Aep,).
The sample fluorescence (Fs) recorded through the same
excitation-emission (Ex/Em) condition as the standard was
normalized to the fluorescence of standard to give a
fluorescence unit (FLU. = 10 x Fg/Fqs). The assignment of
peaks at various Ex/Em (nm) was adapted from the previous
report (Coble, 1996). The peak A (260/400-460 nm) was the
terrestrial humic substances peak, peak C (320-360/420—460 nm)
was the terrestrial fulvic substances peak, peak M (290-310/
370-410 nm) was the marine fulvic substances peak, and peak
T (275/340 nm) was the proteinaceous substances peak. Although
the parallel factor analysis (PARAFAC) was widely used for
identifying components and gave a EEM interpretation
(Stedmon et al., 2003; Murphy et al., 2008; Hong et al., 2012;
Stedmon and Nelson, 2015; Carr et al., 2019), we simply pick
Coble’s assigned peaks particularly peak A as an index of
terrestrial humic source. Seawater samples were also measured
for the concentration of total suspended matter (TSM) according
to methods reported by (Hung et al., 2007; Hung et al., 2008).

Mixing experiments of land-sourced
DOC and CDOM in the Gaoping Estuary

Water samples were taken along a salinity gradient in the
Gaoping Estuary located in southwestern Taiwan (Figures 1C,
8A) during the dry (winter) season when the estuary was in
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well-mixed conditions. Salinity was measured using a portable
conductivity/salinity meter (WTW, LF-320) with a resolution
of 0.01 salinity unit. DOC, aCDOM(325), and terrestrial
humic-like (Th-like) CDOM were measured according to
methods described in the above sections. DOC and Th-like
CDOM were plotted against salinity to elucidate their
mixing behavior.

Statistical analysis: Factor analysis

Because of the co-varying nature of the measured variables
for a specific season in the TS, a multivariate analysis method,
the factor analysis, was performed for the analysis of data
collected from the cruise CR 1353 (early summer) or the
cruise CR889 (winter) using the statistical software
SYSTAT 11. The total variance explained by each factor was
employed to elucidate the major associated physical and
biogeochemical processes.

Results

Hydrographic conditions in early summer
and winter

Figure 2A presents the surface distribution of salinity in the
TS in early summer. The salinity generally increased from 26.79
on the coast of mainland China (in the western TS) to 34.2 on
the coast of Taiwan (in the eastern TS). The surface temperature
distribution (figure not shown) followed the similar pattern,
increasing from 20.7°C on the coast of China to 24.7°C on the
coast of Taiwan. Accordingly, the temperature—salinity (T-S)
diagram reveals that the seawater conditions at the stations in
the study area were characterized by low temperature and
salinity (Figure 2B), likely resulting from freshwater input
mainly from the Minjiang and Jiulongjiang rivers in the early
stages of high river discharge (Hong et al., 2012; Zhang et al,
2015), or from the remnants of the southward CCW from the
previous winter. The T-S diagram also reveals that seawater
conditions at the stations located in the central region of the TS
and on the coast of Taiwan had high temperature and salinity
and properties between those of the KW and SCSW, which likely
resulted from the mixing of the shelf water and the SCSW
(Figure 2C). The contribution of the intruding KW would have
been limited because of weak Kuroshio intrusion (Wu et al.,
2017). The T-S diagram (Figures 3A, B) reveals that, during
winter, the SCSW and intruding KW mixed in the southern end
of eastern TS, but likely mixing between TS water and coastal
water in the northern end of the eastern TS. Chen and Sheu
(2006) contended that these saline waters (S >33.00) are present
year-round along the eastern TS as the intermittent northward
flow of the SCSW and Kuroshio branch current. The waters in
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Spatial distribution of salinity in surface waters of the TS in early summer (A; Cruise CR1353) and plots of the temperature—salinity (T-S)
relationship at sampling stations located in the western TS (on the coast of China, B) and the central and eastern TS (on the coast of Taiwan, C)
in early summer (CR1353). The "KW" and “SCS" curves represent the typical T-S features of the Kuroshio Water (KW) and SCS Water (SCSW),
respectively. The KW and SCSW represent typical waters collected from the western Philippine Sea and SCS central basin, respectively
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the western TS were dominated by the nutrient-rich CCW,
identified on the basis of its low temperature (<15.6°C) and
salinity (<32.57), which appears to come from the north. The
distributions of various waters in different seasons observed in
here are consistent with those observed in previous studies (Jan
et al., 2002; Chen, 2003; Chen et al., 2010; Hu et al., 2010; Jan
et al., 2006; Hong et al., 2011). Despite the samplings were
carried out in two seasons under different years, the different
circulation patterns occurring between summer and winter were
yearly persistent in the TS (Jan et al., 2002; Chen et al., 2010; Hu
et al., 2010; Chen et al., 2021).

10.3389/fmars.2022.988340

Distributions of nutrients

Figure 4A illustrates the surface concentrations of nitrate and
nitrite (N+N) in the TS in early summer, which ranged from 0.01
to 1.35 UM and from 0.01 to 5.51 UM in the eastern and western
TS, respectively. The surface concentrations of dissolved silicate
ranged from 2.0 to 7.2 uM and from 1.8 to 22.4 UM in the eastern
and western TS, respectively (Figure 4B). The concentrations of
NH," (not shown) were generally lower than 1.0 UM, except for
the station located on the Minjiang River plume (Station 25)
where the concentration was as high as 2 uM. The distribution of
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FIGURE 3

Schematic plots of T-S relationships for surface and bottom waters collected from stations located in the western TS (on the coast of China)
(A) and the central and eastern TS (on the coast of Taiwan, B) in winter. The surface and bottom waters at each station are connected by dotted
lines. The "KW" and "SCS" curves represent the typical T-S features of the KW and SCSW, respectively. The KW and SCSW represent typical
waters collected from the western Philippine Sea and SCS central basin, respectively.
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DIP was similar to those of NH,", ranging from 0.05 to 0.42 uM
with the highest concentration at Station 25. The concentrations
of NH,*, N+N, DIP, and silicate were consistently higher in the
western TS than in the eastern TS, with the highest concentrations
consistently occurring at Station 25.

Despite the lack of available sampling stations in most of the
central and eastern TS in winter, the concentrations of N+N
increased from 0.24 UM in the eastern TS to 24.5 UM in the
western TS, with the highest concentration occurring at Station 25
(Figure 4C). The concentrations of DIP ranged from 0.07 to 0.49
UM and 0.02 to 0.91 uM in the eastern and western TS, respectively
(figure omitted). The concentrations of silicate ranged from 1.92 to
11.0 uM and from 5.00 to 29.5 UM in the eastern and western TS,
respectively (figure omitted). Similar to the conditions in early
summer, the concentrations of N+N, DIP, and silicate were higher
in the western TS than in the eastern TS. This difference was
particularly notable in winter, when the southward flow of the
CCW was most pronounced. The distribution patterns of nutrients
result from river input in early summer and the effects of the
nutrient-rich CCW on the western TS, which contrast considerably
with the effects of the oligotrophic SCSW and intruding KW on the
eastern TS in early summer and winter.

Distributions of DOM

The concentrations of DOC, dissolved organic nitrogen
(DON), and dissolved organic phosphorus (DOP) in the TS
ranged from 60 to 120 uM, 2.92 to 13.8 uM, and 0.07 to 0.38 puM,
respectively, in early summer (Figure 5). The concentrations of
DOC and DON were slightly higher in the western TS than in
the eastern TS; however, the concentrations of DOP were largely
confined to the range of 0.2 - 0.3 uM. The highest
concentrations of DOC, DON, and DOP were consistently
observed in the Minjiang River plume in early summer,
reflecting the strong effects of river discharge on DOM
distributions. DOP was depleted relative to DOC and DON,
with the average DOC:DON:DOP ratio being approximately
330:46:1, which is significantly higher than the Redfield ratio
(106:16:1), indicating potential N- and P-limited in the study
area. All the DON/DOP ratios fell between the highest (50) and
lowest (16) boundaries (Figure 6), which may have
corresponded to the largest effects of terrestrial and biological
origins, respectively. In addition to DOM, the highest
concentrations of nutrients and total suspended matter (TSM)
were also observed near the Minjiang River plume, which also
had the lowest salinity among the sampling stations. The results
suggested that the hydrological conditions and DOM
distributions in the TS were considerably affected by terrestrial
input, given that the monthly discharge in the Minjiang River
peaked in May in 2006 (Zhang et al., 2015). The stations with the
impacts of SCSW and KW generally had low concentrations of
DOC and DON, except for a few spots near estuaries in the east
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side of the TS. The surface concentrations of DOP, however,
were highest close to the source waters of the SCSW and KW
(Hung et al., 2007).

The concentrations of DOC in winter (72—-83 UM, data not
shown) was much lower than that in early summer in the
western TS, where the water was dominated by the southward
CCW, a local spot near the Kinmen Islands (144 uM, see
Figure 1B for the location) was the exception. The
concentrations ranged from 70 to 110 uM in the eastern TS,
which are relatively high (90 — 110 uM) near the coast of Taiwan
along the northern transect where the water mixed with
upwelled water and was characterized by high concentrations
of nutrients and Chl-a. The concentrations of DOC were low (70
- 71 uM) in the eastern TS along the southern transect where the
water was dominated by the SCSW and KW. The stoichiometric
relationship of DOC, DON and DOP in winter could not be
derived because DON and DOP data for winter
were unavailable.

Distributions of CDOM

The distributions of acpom(s2s) and spectral slope (S) values
in the TS are illustrated in Figure 7. In early summer, the acpom
(325) values were higher in the western TS (0.4 - 0.6 m™") than in
the eastern TS (0.2 - 0.3 m™'; Figure 7A), corresponding to the
relatively low S values (0.018 - 0.020 nm™') in the western TS
and relatively high S values (0.019 - 0.021 nm™") in the eastern
TS (Figure 7B). The highest acpomas) value (0.6 m™') and
lowest S value (0.018 nm™') occurred at the Minjiang River
plume (Figures 7A, B). These results strongly suggest that
terrestrial input, derived mainly from the Minjiang and
Jiulongjiang rivers (China), with higher acpomas) and higher
apparent DOM molecular weight (or lower S values), affected the
western TS. The CDOM data from the stations near the coast of
Taiwan did not reflect a considerable effect of terrestrial input
because the river runoff from Taiwanese rivers during the
sampling period was relatively small. The high S values at
Stations 5 and 6 indicate that a strong photobleaching effect
(Figure 7B) occurred in waters shallower than 20 m.

The acpomsas) values in the western TS in winter (0.6-1.53
m™'; figure omitted) were higher than those in early summer
(0.4 - 0.6 m™"). This may have resulted from the sources of
CDOM between early summer and winter. The acpom(szs)
values in the eastern TS in early summer (0.2- 0.3 m™) did
not differ considerably from those in winter (0.2- 0.4 m™). In
general, the S values were slightly higher or lower in DOM
molecular weight in winter than in early summer, but the spatial
distributions of the S values were similar, with lower values in
the western TS and higher values in the eastern TS.

Regarding CDOM fluorescence, concentrations of terrestrial
Th-like CDOM were closely examined in this study because Th-
like CDOM is generally regarded as an indicator of terrestrial
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input. The distributions of Th-like CDOM are illustrated in
Figures 7C, D. The spatial distribution of fluorescence intensity
increased significantly from the eastern TS to the western TS
both in early summer (Figure 7C) and winter (Figure 7D). The
highest value occurred in the Minjiang River plume in early
summer and in the Minjiang and Jiulongjiang river plumes in
winter, reflecting the contributions of terrestrial sources from the
two rivers as well as those of the CDW. Yang et al. (2019)
discovered that the Minjiang River exported the largest amount
of DOC among the rivers adjacent to the TS, with 72% of annual
flux occurring in spring and summer. They also reported the
increased river export of terrestrial aromatic and high molecular
weight constitutes in summer. The signal intensity of Th-like
CDOM was small in the eastern TS in both seasons because the
amount of discharge from the rivers on the main island of
Taiwan was relatively small.
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Conservative mixing behaviors of
terrestrial DOC and CDOM

The geochemical and optical properties of DOM and CDOM
have been used to trace or understand the mixing behaviors of
water masses in estuarine and oceanic waters (Matsuoka et al.,
2012; Yang et al,, 2013; Yu et al., 2016). To evaluate the mixing
behavior of terrestrial DOC (Figure 8B) and Th-CDOM
(Figure 8C), the Gaoping River Estuary (Figure 8A) under
well-mixed conditions was examplified to trace sources and
fates of DOC and Th-CDOM in the TS. In addition to a
conservative mixing behavior, the significant correlation
between a(325) (an indicator of CDOM concentration) and
fluorescence intensity of the Th-CDOM (Figure 8D) indicates
that Th-CDOM is the main component of terrestrial CDOM.
Yang et al. (2013) also reported a negative linear correlation
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between a350 and salinity in most estuaries in western Taiwan.
Although limited data have been used to investigate mixing
conditions in estuaries in southeast China, Yi et al. (2014)
discovered a negative correlation between a350 and salinity in
the Jiulong River estuary. Hong et al. (2012) reported that the
mixing of land and local pollution sources with seawater
determines the distribution of CDOM in the Jiulong River
estuary. Therefore, the conservative mixing behavior of
terrestrial CDOM may be used to trace the distribution and
fate of CDOM in the TS.

Discussion

Hydrological and biological controls on
nutrient and DOM distributions

The concentration of N+N varied inversely but not strictly
linearly with salinity in early summer and winter (Figure 9),
indicating the roles of terrestrial and human sources in
determining the elevated surface concentrations of N+N in early
summer and of pollution and CCW in determining the N+N
concentrations in winter. Zhang et al. (2004, 2015) attributed the
recent increase in pollution and hypoxic conditions in the
Minjiang Estuary to increased agricultural activity and
wastewater input. The surface concentrations of N+N were
generally low in early summer except for those at stations close
to the Minjiang plume (e.g., Station 25). The inverse relationship
of phosphate-salinity was similar to that of (N+N)-salinity, but the
relationship of silicate-salinity was stronger than that of (N+N)-

10.3389/fmars.2022.988340

salinity because of silicate being derived mainly from terrestrial
sources (figures omitted). The high concentration of nutrients at
Station 10 (see Figure 1A for location, concentration not shown)
relative to those at the neighbouring stations was likely caused by
the upwelling of the northward SCSW rather than by river input
because of the high salinity (34.37) and relatively low temperature.
The response of N+N concentration to changes in salinity in
winter was sharper than in early summer, mainly because of the
effect of the Changjiang Dilute Water (CDW) being carried
southward by the China Coastal Current, particularly on the
coast of China. The CDW generally has a salinity of 30-32 and
high concentrations of N+N (>18 uM) even in the middle of the
coast of China (Chen et al., 2021), causing the TS (especially near
the coast of China) to have a higher N+N concentration in winter
than in early summer. Figure 10 illustrates the sharp gradients of
seawater temperatures, which increased from the coast of China to
the coast of Taiwan coast (from 14°C at Station F1 to 19°C at
Station Al; Figure 10A) and the concentrations of N+N, which
decreased from the coast of China to the coast of Taiwan (from 20
UM at Station F1 to 6 uM at Station Al; Figure 10C) along the
northern transect. Similar conditions occurred in the southern
section (Figures 10B, D), with temperatures increasing from the
coast of China to the coast of Taiwan (from 15°C at Station M2 to
22.6°C at Station D2) and concentrations of N+N decreasing from
the coast of China to the coast of Taiwan (from14 UM at Station
M2 to 1 uM at Station D2), although temperatures and N+N
concentrations were generally higher and lower, respectively, in
the southern section than in the northern section. These results
indicate the effect of the CDW, with a low temperature and high
concentrations of nutrients, on the western TS in winter. The
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FIGURE 9

Schematic plot of N+N concentrations and salinity in early summer (x, CR1353) and winter (other icons, CR889) in the TS. Sg-China coast is surface-
excluded samples in the coast of China. The sampling stations with particularly low salinity and high N+N concentrations (25, F1, KM4) are noted.
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distribution patterns of phosphate and silicate (data not shown)
were similar to that of N+N in both early summer and winter;
however, the variations in silicate concentration between early
summer and winter at a given salinity were smaller, likely because
the silicate contribution of rivers was higher in early summer than
in winter.

The concentration of DOC was inversely correlated with
salinity except for at a few stations with particularly high DOC
concentrations (Figure 11) but was weakly correlated with Chl-a
(data not shown), indicating that the distributions of DOC in
early summer and winter were likely determined primarily by
terrestrial input and hydrological processes rather than by
biological processes. The concentrations of DOC at a given
salinity were comparable between early summer and winter,
because the contribution of DOC from the CDW was lower in
winter. The especially high concentration at KM6 (see location
in Figure 1B) and moderately high concentration at Al in winter
were likely caused by pollution in the Jiulongjiang River plume

10.3389/fmars.2022.988340

(at KM6) and in water close to the Damshui Estaury in Taiwan
(at Al). DON was also inversely correlated with salinity, but
DOP concentrations were not strongly correlated with salinity
and exhibited little spatial variation in early summer.
Unfortunately, DON and DOP data were not collected during
winter for further comparisons. The relatively high DOC : DON:
DOP ratio (353:49:1) at Station 25 reflects the effect of terrestrial
DOM in the Minjiang River plume in early summer. However,
the ratios at Station 10 (186:20:1) and Station 31 (168:21:1) were
significantly lower and closer to the Redfield ratio, indicating
that the DOM at these stations was mainly derived from
biological sources. This is because Stations 10 and 31 are
located in the upwelling zone and have higher concentrations
of nutrients than those at neighboring stations. In general, the
DON : DOP ratios were largely confined to the ranges between
16 (lower limit, the Redfield ratio) and 50 (upper limit) in early
summer and can be roughly grouped as three zones (with DON/
DOP ratios of 20.6, 28.5, and 57.0) increasing from the coast of

F1 E1l DI J1 Ci1 B1 Al F1 E1l DI J C1 B1 Al
0 1 1 e e 1 i L 1 0 1 1 1 1 i L 1 1 1
T
0 120
R =)
o \14 16 o
— \_12 Q
N N _\/\ ~
40 AN L 40 b <
A
*

™

80 L 80
Feb 2009 Feb 2009
5 ORI-889 | o ORI-889
~| Temperature ( C ) T N#N (pM)
OMZ nKe n & E2 D2 yp 12 K2 R G E2 D2
}& 0
8 PN
104 L & L
1 I pe
207 2 2, F
> S
301 s 3
SR
. P Feb 2009 f
>
g ORI-889
01 g emperature ( C ) |
\\

FIGURE 10

Temperature and N+N contours in the profiles of water samples from along the northern (A, C; upper panel) and southern (B, D; lower panel)

TS-crossing transects in winter (Feb. 2009).
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Relationship between DOC and salinity in early summer (x, CR1353) and winter (other icons, CR889) in the TS. Sg-China coast is surface-excluded
samples in the coast of China. The sampling stations with particularly low salinity and high DOC concentrations (25, F1, KM6, Al) are noted.

Taiwan to the coast of China (Figure 6), following a pattern
opposite to that of nutrient distribution.

Characterization and distribution
patterns of CDOM

Th-like CDOM was significantly and negatively correlated
with salinity (Figure 12) in early summer, suggesting that Th-like
CDOM in the TS is mainly derived from terrestrial input. The
concentrations of marine-like and Th-like CDOM (data
omitted) were also significantly correlated (r = 0.8445,
p<0.0001), indicating that terrestrial nutrient input supports
biological productivity and serves as a source of marine-like
CDOM. Although aCDOM(325) did not behave conservatively
(because it was affected by multiple sources and was subject to a
photobleaching effect), the fluorescence intensity of Th-like
CDOM was significantly inversely correlated with salinity
(r = —0.8051, p<0.0001) in the TS. This indicates that Th-like
CDOM can be effectively used as an optical tracer for predicting
the mixing of source waters (the CDW, Minjiang Water, S
SCSW, and KW). The validity of Th-like CDOM as an optical
tracer is also supported by the significant relationship between
salinity and Th-like CDOM concentrations (r = —0.9153,
p<0.0001) in the Gaoping Estuary under well-mixed
conditions (Figure 8C). In early summer, the KW and SCSW
have the highest salinity and lowest Th-like CDOM
concentrations and the CDW and Minjiang Water have the
lowest salinity highest Th-like CDOM concentrations.
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Therefore, salinity and Th-like CDOM concentrations of
samples from the TS are scattered linearly between the highest
and lowest values.

The distribution profiles of Th-like CDOM along the
northern and southern TS-crossing transects (Figures 13A, B)
reveal a clear decreasing trend in Th-like CDOM concentration
from the western TS to the eastern TS and from the surface to
the bottom of the sea. The pattern indicates that the distribution
of Th-like CDOM in the TS is determined primarily by mixing
between the CDW and the KW in winter. Therefore, Th-like
CDOM is inversely correlated with salinity (r = -0.7896,
p<0.0001; Figure 12), and Th-like CDOM can be effectively
used as an optical tracer for water mixing in the TS.

Factor analysis of DOM and CDOM
distributions

To further elucidate the processes and factors affecting the
DOM and CDOM distributions in the TS, factor analysis was
used to investigate potential statistical associations among
physical and biogeochemical parameters and potential cause-
and-effect relationships between such parameters and fates of
DOM and CDOM in the TS. The results of the factor analysis
(Table 2) indicated that Factor 1 explained 31.6% of the variance
in temperature; salinity; and silicate, N+N, terrestrial and marine
humic-like CDOM, DOC, and POC concentrations. The
concentrations of DOC and CDOM were significantly
correlated with those of terrestrial-derived indicators, and the
distributions of DOC and CDOM in the TS in early summer are
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Inverse correlation between Th-like CDOM and salinity in TS surface waters in early summer season.

likely controlled primarily by hydrological conditions and
physical processes. The Factor 2, which was principally
associated with parameters related to biological productivity,
could explain 21.7% of the variance in the selected parameters.
Chl-a was positively correlated with tryptophan-like CDOM and
a(325) but inversely correlated with temperature and salinity.
This is likely because the western TS receives fresh water and
nutrients that fuel primary productivity and has a lower
temperature than does the eastern TS influenced considerably
by the SCSW and the warm intruding KW. The variance in

DON and DOP concentrations may be associated with biological
activity and thus determined by physical and biological
processes. Factors 3—5 were less important, explaining only
13.762%, 12.295%, and 8.263% of the variance, respectively.
The variance associated with Factors 3-5 was likely associated
with the subsurface upwelling around Station 10; biological
excretion of DON and DOP; and recycling of DOC, NH,",
and tyrosine-like CDOM, respectively (Table 2). Yang et al.
(2016) did find a close relationship between apparent oxygen
utilization (AOU) and DOM parameters, including DOC and
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Distributions of Th-like CDOM along the northern (A) and southern (B) TS-crossin transects in winter.
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TABLE 2 Factor matrix of hydrological and biogeochemical variables in the TS in early summer (CR1353).

Variables Factor 1 Factor
Salinity -0.918* -0.262
Silicate 0.917* 0.184
Nitrate+Ntrite 0.887* 0.042
Terrestrial humic-like CDOM 0.883* 0.396
Marine humic-like CDOM 0.862* 0.315
Tryptophan-like CDOM 0.682* 0.586*
Temperature -0.638* -0.629*
DOC 0.565* -0.167
POC 0.528* 0.697*
a(325) 0.022 0.877*
Chlorophyll a 0.286 0.845*
Spectra slope parameter -0.226 -0.682*
Ammonium 0.127 0.127
DIP 0.271 0.016
TSM 0.084 0.085
DOP -0.059 -0.073
DON 0.463 0.091
Tyrosine-like CDOM -0.084 0.029
Percent of total variance explained 31.578 21.712

Probably dominant factor Terrestrial input

*significance level (p < 0.05).

protein-like CDOM in the east TS, suggesting for the influence
of microbial activities on the dynamics of DOM. In total, the five
factors explained approximately 90% of the variance.

Factor analysis was also performed for the data collected in
winter. The results were highly similar to those obtained in the
factor analysis of data collected in early summer. Factors 1-5
explained 23.096%, 19.012%, 14.682%, 9.616%, and 10.670% of
the variance in the parameters, respectively accounting for
approximately 80% of the total variance. Factor 1 explains
considerably less variance in the parameters in winter because
of the lower amount of terrestrial input.

Conclusion

The distributions of nutrients, DOM, and CDOM in the TS are
mainly controlled by local input of polluted river water mixed with
the poleward SCSW and Kuroshio branch current (which have low
nutrient, DOM, and CDOM concentrations) in early summer and
by the CDW (which has high nutrient, DOM, and CDOM
concentrations) and the intruding KW in winter. Because of the
unique characteristics and conservative behavior of Th-like CDOM
in different source waters, Th-like CDOM can be used as an effective
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Factor 3 Factor 4 Factor 5
-0.043 -0.096 -0.086
0.256 0.12 0.034
0.305 0.199 0.129
0.121 0.066 0.099
0.097 0.08 0.141
0.158 0.029 -0.224
-0.026 0.158 0.032
-0.073 0.305 0.591*
0.378 0.049 -0.163
-0.014 -0.122 -0.243
-0.156 0.261 0.074
-0.268 0.234 -0.12
0.174 0.093 0.5*
0.929* 0.117 0.124
0.895* -0.136 -0.24
0.271 0.913* -0.101
-0.075 0.828* -0.015
0.078 0.166 -0.827*
13.762 12.295 8.263

Subsurface upwelling Biological excretion Recycling

optical tracer to examine the mixing of source waters, including the
CDW, Minjiang Water, SCSW, and KW, in the TS. The factor
analysis performed in the present study revealed the relative
importance of hydrological and biogeochemical processes in
determining the distributions of nutrients, DOM, and CDOM in
the TS in early summer and winter.
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