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The distribution and dynamics of chromophoric dissolved organic matter (CDOM) in the Taiwan Strait were in-
vestigated through an examination of the seasonal and geographic variations of its optical properties. The absorp-
tion coefficient a,go showed higher values in the onshore area occupied by the low salinity Min-Zhe Coastal
Current and river plumes, and decreased toward offshore waters dominated by the South China Sea seawater
and Kuroshio Current. The spectral slope over wavelengths of 275-295 nm (S375_295) also increased with increas-
ing distance from the coastline. The seasonal variations of a,gg and s,75_295 Were closely related to the salinity,
where high a,gp and low s375_595 Were associated with low salinity. Three fluorescent components, including
two protein-like and one humic-like, were further identified with the application of parallel factor analysis to ex-
citation-emission matrix spectra. The seasonal variations of fluorescent components were similar to a,go, and the
marine autochthonous fluorescent component increased from 38 to 44% along with the increasing fraction of
South China Sea seawater and the Kuroshio Current in the Taiwan Strait. The spatial and seasonal distribution
of bulk CDOM and fluorescent components suggested the important contribution of terrestrial input and the hy-
drological control of CDOM dynamics in the Taiwan Strait. A mixing model of three end-members, coastal water,
river plumes and offshore seawater, was applied to estimate the CDOM removal or addition in the Taiwan Strait.
The results revealed moderate addition of bulk CDOM to the Taiwan Strait in summer, likely contributed by the
primary production and input from ungauged small coastal rivers. During winter, CDOM was conservatively

mixed in the northern Taiwan Strait but showed up to 50% removal in the southern Taiwan Strait.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Dissolved organic matter (DOM), one of the largest pools of reduced
carbon in the marine environment, is poorly characterized and thus hin-
ders an understanding of its dynamics (Coble, 2007; Yamashita and
Jaffe, 2008; Hansell et al., 2009). However, DOM is actively involved in
the marine food web as energy and nutrient sources and as byproducts
of biological metabolisms (Dyhrman et al., 2006; Jiao et al., 2010; Wetz
and Wheeler, 2007). Because of its binding affinity and photo-reactivity,
DOM also regulates the speciation and bioavailability of trace metals
such as iron, and serves as an important mediator in numerous photo-
chemical reactions (Barbeau et al.,, 2001; Bergquist et al., 2007;
Hansell and Carlson, 2015). The great reactivity and bioavailability of
DOM therefore suggest its potential role in global carbon cycles, which
has been the subject of numerous investigations (e.g., Nelson and
Siegel, 2013; Nelson et al., 2010). DOM in the open ocean is dominated
by autochthonous input (Coble, 2007; Hansell and Carlson, 2015). In
contrast, terrestrially-derived DOM composes a substantial fraction of
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bulk DOM in marginal seas (Fichot and Benner, 2012; Fichot et al.,
2013), and its reactivity and transformation greatly impact the distribu-
tion, fate and cycling of organic carbon in marine environments
(Hansell and Carlson, 2015; Bianchi et al., 2013).

Chromophoric DOM (CDOM) represents an important fraction of
DOM which contributes to the ocean colour by absorbing light over a
broad range of UV and visible wavelengths (Coble, 2007). Owing to its
intense absorption in the blue range (350-500 nm), CDOM has a critical
impact on the light availability, and therefore influences the primary
production in aquatic ecosystems (Blough and Del Vecchio, 2002; Del
Vecchio and Blough, 2004; Nelson and Siegel, 2013). In coastal areas,
distribution and composition of CDOM are generally controlled by phys-
ical mixing of terrestrial and autochthonous sources, although removing
processes, such as photo-bleaching and microbial degradation are also
widely observed (Coble, 2007; Nelson and Siegel, 2013; Nelson et al.,
2010; Yamashita et al.,, 2013). Various optical analytical techniques
combined with statistical methods have been developed to analyze
the CDOM abundance and composition in the investigation of the effect
of hydrological and biogeochemical processes on the quantity and qual-
ity of CDOM in dynamic coastal environments (Cai et al., 2013; Guo and
Santschi, 2007; Helms et al., 2008; Stedmon et al., 2003; Twardowski et
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al., 2004). For example, the shape of the CDOM absorption spectrum, or
spectral slope, is an indicator of the molecular weight (MW) of DOM
controlled by source properties and biological alteration (Helms et al.,
2008; Twardowski et al., 2004). Thus, the spectral slope has been uti-
lized to trace the terrestrial input, water mixing and the variation of
CDOM quality in coastal environments (Cai et al., 2013; Guo et al,,
2007). Meanwhile, the three-dimensional excitation-emission matrix
(EEM) fluorescence measurements and subsequent parallel factor anal-
ysis (PARAFAC), a multivariate data analysis method (Stedmon et al.,
2003), have been applied to characterize the individual components
contributing to the fluorescent DOM in coastal environments, allowing
for the examination of CDOM dynamics and its spatio-temporal distri-
bution when combined with environmental and ecological settings
(Coble, 2007; Fellman et al., 2010; Guo et al.,, 2011; Kowalczuk et al.,
2010).

The Taiwan Strait borders Mainland China to the west and Taiwan to
the east, and connects two large river-dominated marginal seas in the
western Pacific Ocean: the East China Sea (ECS) and South China Sea
(SCS) (Fig. 1). It is a shallow strait with an average depth of 60 m, span-
ning approximately 350 km meridionally and 180 km transmeridionally
(Hong et al.,, 2011a). The Taiwan Strait serves as a crucial channel for
water exchange between the western Pacific Ocean and the Chinese
marginal seas. The Kuroshio Current and the SCS seawater flow north-
ward along the Penghu Channel between Taiwan and the Penghu
Islands and reach the ECS shelf (average 2.28 Sv in winter and 3.32 Sv

Latitude(°N)
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116

in summer) (Hu et al., 2010). However, the Min-Zhe Coastal Current
transports a large amount of associated organic matter and nutrients
through the Taiwan Strait from the ECS to the SCS during winter along
with the water transportation (1.02 Sv) (Jan et al., 2002; Hu et al.,
2010; Zhang et al., 2013). In addition, the Taiwan Strait receives the di-
rect discharge of freshwater from coastal rivers, including the Minjiang,
Jiulong and Hanjiang Rivers along the western coast and the Tamsui,
Zhuoshui, and Tsengwen Rivers along the eastern coast. Furthermore,
the Pearl River plume intrudes into the southern part of the Taiwan
Strait during summer. Upwelling systems are observed along the west-
ern coast and the Minnan-Taiwan Bank in the Taiwan Strait during
summer.

Distinct seasonal variations of hydrological conditions exert influ-
ences on the biogeochemistry of the Taiwan Strait (Hong et al., 2011a,
2011b; Naik and Chen, 2008). Until now, most of the biogeochemical in-
vestigations in the Taiwan Strait focused on the distribution patterns
and behavior of nutrients and bulk organic carbon (Chen et al., 2004;
Hong et al., 2011a; Wang et al.,, 2013). CDOM dynamics in the Taiwan
Strait are, instead, poorly examined although some researchers have in-
vestigated the seasonal variations and mixing behavior of CDOM in the
watersheds and estuaries along both sides of the Taiwan Strait (Guo et
al., 2007,2011; Yang et al., 2012, 2013). In our study, seawater samples
were collected from the Taiwan Strait during spring, summer and win-
ter 2012 for analysis of the CDOM absorption spectrum and fluores-
cence in order to understand its biogeochemistry in response to the
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Fig. 1. Map of the Taiwan Strait. Sampling locations are marked by diamonds for February, circles for July and triangles for November 2012.
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hydrological regimes and environmental factors in the Taiwan Strait.
Three fluorophores were identified with the application of the PARAFAC
program. The optical properties were examined against the hydrologi-
cal parameters and biological activities. A three end-member model
was developed to further examine the mixing behavior of CDOM in
the Taiwan Strait. The result could be beneficial to understanding the
CDOM dynamics in the Taiwan Strait and may shed light on organic car-
bon cycling in the marginal seas of the western Pacific Ocean.

2. Methods
2.1. Sample collection

Three cruises were conducted in the Taiwan Strait onboard R/V
Yanping II from 21st February to 1st March, 1st to 7th July and 20th to
23rd November 2012, representing the spring, summer and winter sea-
sons. Eight cross-strait transects covering the middle-north part of the
strait were surveyed in the spring and three transects located at the
southern part of the strait in the winter cruises, while the whole strait
was surveyed in the summer cruise (Fig. 1).

Seawater samples for CDOM measurement were collected in 12 L
Niskin bottles mounted on a rosette sampler with a Seabird CTD. Imme-
diately after sampling, the seawater samples were filtered through pre-
combusted (450 °C for 5 h) GF/F filters (Whatman, 0.7 um pore size).
The filtrate was stored in 60 mL pre-combusted (450 °C for 5 h)
amber borosilicate glass vials with Teflon-lined caps after triple rinsing.
The samples were kept in cold (4 °C) and dark conditions for <1 month
until analysis in the laboratory. Previous investigations report that the
storage effect on CDOM properties is negligible during one month stor-
age (Stedmon et al., 2000; Walker et al., 2009). An aliquot of the filtrate
sample was collected and kept frozen until the analysis of dissolved or-
ganic carbon (DOC), when the concentration was measured on a high
temperature combustion total organic carbon analyzer (Shimadzu TOC
Vepn). The total DOC blank (including Milli-Q water, acid for sample
acidification, and the instrument blank) was generally <2 uM. Precision
was better than 2% and the accuracy was within 1% based on the analy-
sis of a deep seawater DOC standard (Cai et al., 2008, 2013).

2.2. Absorption measurements

Water samples were warmed overnight to room temperature in the
dark and then the CDOM absorption spectra were triply scanned over
the wavelength range 240-900 nm in 0.2 nm increments on a Shimadzu
UV2500 UV-Vis spectrophotometer with 10 cm path length quartz cu-
vettes. The blanks were corrected by subtracting the Milli-Q water ab-
sorption spectrum while the correction for the refractive index effect
was conducted by subtracting the average absorbance between 800
and 900 nm of each sample spectrum. The absorption coefficient (ay)
was calculated from the absorbance (Ay) using the equation:

ay = 2.303 XAA/I (1)

where [ is the cuvette length in meters. CDOM concentration was deter-
mined by the absorption coefficient at a specific wavelength for which
280 nm was chosen (agp). Strong correlations were found between ab-
sorption coefficients at wavelengths of 254, 280 and 350 nm, supporting
d>go as an indicator of CDOM concentration in the Taiwan Strait.

An exponential regression of ax and the spectral slope over a wave-
length range of 275-295 nm (S,75_295) was applied to describe the expo-
nential decrease of absorbance with increasing wavelength:

ay = ay, e S275-205(A—No) (2)

where a,, is the absorbance at the reference wavelength of 280 nm
(No). Spectral slope parameters are widely used as an excellent indicator
of the sources, MW and diagenetic status of CDOM in aquatic

environments, and S,75_,95 is demonstrated to be a reliable proxy of
CDOM average MW and a potential indicator of DOM photo-bleaching
intensity in the marine environment (Helms et al., 2008). It is also pro-
posed as a tracer of terrigenous DOC in fluvial-influenced coastal mar-
gins (Fichot and Benner, 2012).

2.3. Fluorescence EEM analyses and PARAFAC modeling

Fluorescence of the water samples was measured using a Cary
Eclipse Spectrofluorometer (Varian, Australia) equipped with a 15 W
Xeon pulse lamp as the excitation light source and a x 2 photomultiplier
tube as the emission detector. EEMs were generated over an excitation
wavelength range from 200 to 450 nm at 5 nm intervals and an emis-
sion wavelength range from 230 to 600 nm at 2 nm intervals. In order
to correct Rayleigh and Raman scatter peaks, the Milli-Q water blank
values were subtracted from each sample EEM. A dilution series of
known concentration of quinine sulfate was used to normalize the fluo-
rescence intensity, which was then converted to quinine sulfate unit
(QSU) equivalents.

PARAFAC was used to resolve all EEM spectra. The “N-way tool box”
on the MatLab software platform (Version 7.8.0.347, R2009a) was used
to decompose EEMs into individual fluorescent components (Stedmon
and Bro, 2008). Split-half validation and residual analysis were carried
out to validate the three component model generated by PARAFAC.

24. Three end-member mixing model

In order to determine the fraction of CDOM deviating from conserva-
tive mixing owing to biological production and physiochemical process-
ing, an algebraic three end-member mixing model is developed to
describe the CDOM dynamics in the Taiwan Strait (Rosén et al., 1997),
which is a hydrologically dynamic region as revealed by previous stud-
ies (Hong et al., 2011a, 2011b; Wu et al., 2007). Three typical water
masses are selected as end-members based on their distinct hydrologi-
cal characterization (Fig. 2). The dilution water (DW) represents the
Min-Zhe Coastal Current in the winter and river plumes in the summer,
and is characterized by low salinity as a result of dilution by fresh water.
The SCS surface water (SCSSW) and the subsurface water (SCSsubW),
which is 150-200 m deeper than the SCSSW, have high salinity. The po-
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Fig. 2. Diagram of potential temperature versus salinity in spring (orange dots), summer
(light blue dots) and winter (dark green dots) in the Taiwan Strait. Three typical
seawater masses, including the Min-Zhe Coastal Current water (red line) collected in
the southern part of East China Sea, Kuroshio Current water collected east of the Luzon
Strait (green line) and South China Sea water collected near the SEATS station (blue
line) are plotted together. Data for the three typical currents were downloaded from
http://www.nodc.noaa.gov/OC5/WODO09/pr_wod09.html.
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tential temperature (6) and salinity (S) of the water samples are used to
calculate the fractions of each water source:

Opw f pw + Oscssubw fscssubw + Oscssw fscssw = 0
Sow fpw + Sscssubw f scssubw + Sscssw fscssw = S (3)
fow + Fsessubw + Fscssw = 1

where fpow, fscssubws fscssw are the fractions of DW, SCSsubW and SCSSW;
and Opw Oscssubw Oscssw and Sow, Sscssubw»Sscssw are the pOtential tem-
perature and salinity of the three end-members. Table 1 displays two
different seasonal sets of average and standard deviation of all parame-
ters involved in the model, including potential temperature, salinity,
ay30, DOC, and the three fluorescent components.

a,g0 was selected to represent the bulk CDOM concentration. With
the fraction of each water source derived from Eq. (3), the conservative
absorption coefficient ago- was predicted following the three end-
member mixing equation:

a280° = (280, S pw + A280¢esm S sCSsubW +02805cse S sCs5W (4)

where azgo,,, 0280, ., 12805, A€ the azgo values of the three water
mass end-members. The differences between the modelled conserva-
tive values and the measured values a,g (in situ), denoted as Adxgo,
are estimated using the following equation:

Aazso = azso(in situ) —aagp- (6)
The positive Aa,go indicated the CDOM addition beyond the conser-

vative mixing. On the contrary, the negative Ad,gg values were associat-
ed with CDOM removal. In addition, DOC and three fluorescent

Table 1

components derived from the PARAFAC program were analyzed using
the same model, generating ADOC, AC1, AC2 and AC3. The model un-
certainty for each parameter generally arises from the designated
range of potential temperature, salinity and parameter for each end-
member. Since the potential temperature and salinity of each end-
member are well defined with a small variation, the uncertainty of
every parameter is largely derived from its own variation. Table 2 dis-
plays the field measurement, model output and uncertainty of each pa-
rameter in two different seasons.

3. Results
3.1. Water masses

Based on the spatial distribution of hydrological properties (salinity
and temperature) during sampling cruises, the water masses in the Tai-
wan Strait are well characterized in previous studies (Hu et al., 2010;
Naik and Chen, 2008). In our study, the high temperature and high sa-
linity water derived from the SCS waters and Kuroshio Current was
present in the eastern Taiwan Strait all year round. However, the
water masses in the western Taiwan Strait showed significant seasonal
variation. During spring, the low temperature and low salinity Min-Zhe
Coastal Current spread southward along the western coast (Fig. 3a and
b); and it dissipated in the Taiwan Strait during summer, while several
fresh water plumes with high temperature and low salinity were pres-
ent, being the Minjiang River, Jiulong River and Pearl River plumes
from north to south along the west coast (Fig. 3c and d). Several patches
of upwelling water with low temperature and high salinity were also
defined along the west coast and Minnan-Taiwan Bank in the Taiwan

Summary of end-member values applied in the three end-member mixing model. SCSSW, SCSsubW and DW refer to the South China Sea Surface Water, South China Sea Subsurface Water
and Dilution Water. DW includes the Min-Zhe Coastal Current during spring and winter, and river plume waters during summer.

Season End-member parameters Water masses
SCSSW SCSsubW DW

Summer Potential temperature [°C] 28.048 + 0475 16.301 + 0.445 28.805 + 0.651
Salinity 33.641 £ 0.048 34.585 + 0.009 24.500 + 0.085
Aag0 [M™] 0.446 + 0.196 0.477 + 0.032 1.345 4+ 0.091
C1[Qsu] 1.524 + 0.456 1.528 + 0.325 4.889 + 2.745
C2 [QSU] 0.710 + 0.411 0.822 + 0.143 1.381 + 0.057
C3[QsU] 5227 + 0944 1.967 + 0.501 4.268 + 2.170

Winter Potential temperature [°C] 26.903 + 0.156 17.300 + 0.723 22.279 + 0.029
Salinity 33.641 + 0.048 34.585 4 0.009 24.500 + 0.085
Gag0 [M™'] 0.453 + 0.048 0.479 + 0.027 1.455 + 0.057
C1[QSU] 0.789 + 0.239 1.641 + 0.461 5.527 + 0.292
C2 [QSU] 0.319 + 0.026 0.768 + 0.149 2.407 + 0.403
C3[QSU] 1.624 + 0.588 3.081 + 1.244 7.019 + 1.021

Table 2

Summary of field concentration and model outcome of a,go, DOC and three fluorescence components and their differences between field observation and model estimation and model
uncertainty. Owing to the conservative trends in the northern Taiwan Strait during winter, only the southern part of the Taiwan Strait was taken into account to estimate the removal

percentage.
Season Statistic Parameter azs0 C1 c2 Cc3
[m™7] [QsU] [Qsu] [Qsu]

Summer In situ value (X) 0.711 £ 0.347 2.832 4+ 2.814 1.022 + 0.613 3.136 + 2.315
Model outcome (x°) 0.617 £ 0.193 2352 + 1.127 1.075 + 0.412 2.969 + 1.042
Difference (Ax) 0.094 £+ 0.36 0.348 + 2.604 -0.061 4+ 0.571 -0.031 + 2.351
Uncertainty (&x) 0.148 0.182 0.100 0.097
Addition or removal percentage (%) 132 £ 19 129 +£ 23 -3.1 £03 -1.0 £ 0.1

Winter In situ value (X) 0.715 + 0.346 1.931 + 1.589 0.931 + 0.658 2.637 + 1.831
Model outcome (x°) 0.857 + 0.218 2.709 4 0.885 1.175 + 0383 3.872 £+ 0.962
Difference (Ax) -0.279 + 0.240 -0.872 + 1.413 -0.289 + 0.676 -1.364 + 1.593
Uncertainty (&x) 0.0475 0.113 0.018 0.067
Addition or removal percentage (%) -493 + 2.3 -47.5 + 54 -32.6 + 0.6 -54.4 + 3.6
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Fig. 3. Spatial distribution of (left) temperature (°C) and (right) salinity in the western Taiwan Strait in 2012.
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Strait which were induced by the northward movement of the SCS wa-
ters and Kuroshio Branch Current, and subsequent uplift owing to the
topographical conditions (Fig. 3¢ and d). Although hydrological data
were only collected in the southern part of the Taiwan Strait during
the 2012 winter, the peripheral signal of the Min-Zhe Coastal Current
was observed in the northwest part of the surveyed area (Fig. 3e and
f). The T-S diagram, which was plotted from all the hydrological data
collected during all three cruises, suggested that the seawater in the Tai-
wan Strait was apparently derived from the SCS waters, the Kuroshio
Current, riverine freshwater input and the Min-Zhe Coastal Current, al-
though seasonal variations of the contribution of each water mass were
significant (Fig. 2).

February

July

S75.205 (M)

3.2. Absorption coefficient, spectral slope coefficient and DOC

The absorption coefficient a.g varied from 0.06 to 2.46 m~ ! in the
Taiwan Strait during all three cruises. It showed a higher value in the
coastal regions which were occupied by the Min-Zhe Coastal Current
during spring and winter, and by the river plume waters during sum-
mer. Du et al. (2010) report high a4, value in the two major western
coastal estuaries, which was consistent with our a,gg results. The a,gg
value decreased in offshore waters which were dominated by the SCS
waters and Kuroshio Current (Fig. 4).

Vertically, surface water usually had a higher a,gg value than deep
water with higher salinity, although a subsurface maximum could be

DOC(umol/L)
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Fig. 4. Spatial distribution of (left) a,go (m™"), (middle) s,75_305 (M~ ') and (right) DOC (umol-L~") from 3 m to 30 m in (top) spring, (middle) summer and (bottom) winter, 2012, in the

Taiwan Strait.
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observed in some SCS water dominant areas during summer (Figs. 4,
S1-6), likely due to the photo-degradation of DOM in the surface
water and/or autochthonous production of DOM associated with the
subsurface chlorophyll @ maximum (Hong et al., 2011b; Jorgensen et
al., 2011). This was consistent with the biological activities in the eupho-
tic zone contributing the high autochthonous CDOM. The relatively
higher terrestrial input in the surface water brought by the river plumes
and Min-Zhe coastal current with lower salinity also enhanced the sur-
face CDOM concentration.

The a0 value also showed significant seasonal variation, with aver-
age values of 1.23 & 0.32,0.71 & 0.35 and 0.58 + 0.33 m~ ! in spring,
summer and winter (Fig. 5). Significant inverse linear correlations
existed between the salinity and a,gg in all three cruises (p < 0.01), im-
plying the major terrestrial contribution to the CDOM pool in the Tai-
wan Strait and a possible dilution through a physical mixing with
seawater. However, the data points scattered over the mixing line in
summer and winter, which implied additional biogeochemical process-
es, including microbial deposition and photo-degradation, beyond the
simple two end-member mixing responsible for non-conservative be-
havior, especially in the southern part of the Taiwan Strait. Further dis-
cussion about conservative and non-conservative mixing dynamics in
the Taiwan Strait is presented in the next section.

The slope coefficient between 275 and 295 nm (S,75_295) varied be-
tween 0.0014 and 0.0806 nm ™~ !. As expected, the spectral slope was
flatter in the coastal area and steeper in the offshore, which indicated
that high MW (HMW) CDOM derived from fluvial input prevails in
the coastal area, but marine-derived low MW (LMW) CDOM in the off-
shore water (Fichot and Benner, 2012; Helms et al., 2008). Vertically,

S»75_295 generally increased from the surface to bottom water in the
northern and central Taiwan Strait, but no consistent vertical pattern
was shown in the southern Taiwan Strait (Fig. 4, S1-S6). S275_295 also
varied seasonally: 0.0144 4 0.0022, 0.0310 + 0.090, and 0.0288 +
0.0123 nm™ ! in spring, summer and winter. Positive linear relation-
ships between slope and salinity were significant in spring (R?> =
0.478, p < 0.01), but not in summer and winter (p > 0.01) (Fig. 5). This
supported the observed scattering of a,go data in the southern part of
the Taiwan Strait and indicated that the non-conservative mixing of flu-
vial input and marine dominant CDOM during summer and winter is ac-
companied by an alteration of the MW and quality of the DOM (Helms
et al.,, 2008).

During all three cruises, DOC ranged from 35.3 to 123.0 umol/L in the
Taiwan Strait. Similar to the vertical distribution of a,go, DOC was usual-
ly prominent in the surface layer and decreased with depth (Fig. 5 S1-
S6). The vertical distribution pattern of DOC in the Taiwan Strait is
also similar to that in the SCS but significantly higher at the surface
(Dai et al., 2009). No obvious seasonal variation of DOC concentration
was observed: 67.1 4 14.9,65.4 & 11.5 and 62.6 & 9.2 pmol/L in spring,
summer and winter. Unlike a,go, which had a conservative trend with
salinity in spring, DOC had a vague relationship with salinity in spring
(R? = 0.18, p > 0.05), likely due to the mixing of non-chromophorous
DOC in the bulk DOM pool (Fig. 5). However, in summer and winter,
DOC showed a significant but weak linear inverse correlation with salin-
ity (p <0.01), suggesting the mixing of terrestrial input and marine-
dominant DOC (Fig. 5). Nevertheless, the variation of DOC concentration
in the high salinity zone was distinguishable. This was consistent with
the spatial distribution of CDOM concentration and the spectral slope,
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and further indicated the multiple DOC sources in the southern part of
the Taiwan Strait. These DOC sources may have included the fresher
DOC with higher concentration and larger MW in the SCSSW and
Kuroshio Current and the aged DOC with LMW at about 40 umol/L in
the SCS deep water (Dai et al., 2009; Lin, 2013). In addition, the biolog-
ical and physiochemical processes, which caused the non-conservative
behavior of CDOM, could have affected the quality and biogeochemical
cycling of bulk DOM.

3.3. Fluorescent components

All fluorescence EEMs from the three cruises were sorted and ana-
lyzed using the PARAFAC program, and three fluorescent components
were revealed (Table 3; Fig. 6). All three components had two excitation
maxima and one emission maximum. Component 1 (C1) had a primary
excitation maximum peak at 230 nm and a secondary peak at 315 nm
with one common emission maximum at 350 nm. The primary peak
was analogous to peak N or a combination of peak N and a trypto-
phan-like component (Guo et al, 2011; Stedmon et al., 2003;
Yamashita and Jaffe, 2008). The secondary peak was expected to be
the M peak (Coble, 2007). Component 2 (C2) had a broad excitation
peak from 250 to 355 nm with an emission wavelength maximum at
435 nm. It was identified as a mix of peaks A and C, which were
humic-like components derived from terrestrial input (Guo et al.,
2011; Stedmon et al., 2003; Yamashita and Jaffe, 2008). Du et al.
(2010) also separately detect peaks A and C in the nearshore waters
along the west coast of the Taiwan Strait. Component 3 (C3) had excita-
tion maxima at 225 nm and 275 nm and an emission maximum at
340 nm. The secondary peak resembled the spectral characteristic of
tryptophan, which is peak T linked with primary production in previous
studies (Coble, 2007; Stedmon and Markager, 2005). All three compo-
nents had similar variation characteristics with a,go. Components
were also strongly correlated with each other (data not shown).

Fluorescent DOM intensity and its spatial distribution showed dis-
tinct seasonal variations. The bulk fluorescence in spring was almost
two-fold those in summer and winter, while the fluorescence in sum-
mer was slightly higher than winter. C1 was the predominant fluores-
cent component in spring with the highest fluorescent intensity
(8.2 £ 5.5 QSU). In summer, the fluorescence of C1 dropped to 3.0 +
3.6 and in winter to 2.1 £+ 1.9 QSU, and was comparable to C3 (3.1 +
23 and 2.5 £ 1.5 QSU in July and November). C2 was the minor fluores-
cent component during all three seasons. Its intensity decreased from
2.8 4+ 1.4 inFebruary to 1.0 + 0.6 and 1.0 + 0.7 QSU in July and Novem-
ber. Analogous to ag, all fluorescent components showed robust linear
correlation with the salinity in spring (Fig. 7). This inverse linearity be-
tween fluorescence and salinity was not present in the other two sea-
sons. Simultaneously with the weak correlation between a,go and
salinity during summer and winter, this might imply that CDOM was
subjected to extensive biogeochemical alteration, in which the fluores-
cence was an indicator more sensitive than absorption.

In the northern and central Taiwan Strait, higher concentrations of
fluorescent DOM were shown in the coastal water but the intensity de-
creased offshore (Figs. 8, S1-S4). Meanwhile, the maximum concentra-
tion of fluorescent DOM was observed in outer shelf stations along the
southern Taiwan Strait transects (Figs. 8, S5 and S6). Overall, vertical
profiles of the three fluorescent components showed a consistent pat-
tern with higher but fluctuating intensity in the surface, and decreasing

Table 3

PARAFAC results and characterizations of three fluorescence components in the Taiwan Strait.

intensity with increasing depth (Figs. 8, S1-S6). Similar to a,go, Subsur-
face maximum fluorescent components were sometimes observed in
the southern Taiwan Strait (Figs. 8, S5 and S6), suggesting the surface
microbial decomposition and photo-degradation of labile organic com-
ponents and/or subsurface autochthonous contribution (Hong et al.,
2011b; Jergensen et al., 2011). The higher fluorescent intensity in the
surface water than in the deep water in the Taiwan Strait (which is con-
sistent with its lower salinity) might reflect the terrestrial contribution
to the individual fluorescent component and the CDOM pool (Hong et
al., 2011b). Meanwhile, biomass growth in the surface water stimulated
by the riverine nutrient input would further enhance the production of
autochthonous fluorescent components in the Taiwan Strait (Hong et
al., 2011a; Yan et al., 2012).

4. Discussion
4.1. Sources and composition of CDOM

C1 resembled peak N, which is proposed as a protein-like compo-
nent (Coble, 2007). Nonetheless, some investigators also suggest peak
N as a PAH component (Murphy et al., 2006) or humic-like substance
(Cory and McKnight, 2005; Fellman et al., 2010). Studies conducted in
the human-impacted Jiulong River watershed and estuary adjacent to
the western Taiwan Strait exclude the possibility of either PAHs or
humic substances and, instead, infer that it is a freshwater contributed
protein-like material (Guo et al., 2011). Considering the resembling en-
vironmental settings in the west coast of the Taiwan Strait, it was rea-
sonable to assume that C1 was riverine protein material.

The C1 fluorescence in spring was greater than that in both summer
and winter. Meanwhile, C1 was more abundant in the northern than the
southern Taiwan Strait with a decreasing trend from the coastal area to
offshore (Fig. 8). This was consistent with the winter and spring south-
ward spreading of the Min-Zhe Coastal Water which entrains large
amounts of freshwater to the west coast of the Taiwan Strait and results
in the lower salinity there (Hu et al., 2010). Rivers which contribute
large amounts of freshwater to the Min-Zhe Coastal Water, including
the Yangtze and Minjiang Rivers, are significant sources of terrestrial
DOM to the ECS and its adjacent areas (Guo et al.,, 2014; Li et al., 2007;
Xue et al., 2009). During summer, river plumes formed by the freshwa-
ter discharge of the Pearl, Jiulong and Minjiang Rivers were clearly ob-
served in the Taiwan Strait (Fig. 3). These river plumes act as large
point sources of riverine DOM and therefore enhance the CDOM level
in the Taiwan Strait (Guo et al., 2011; He et al., 2010; Yang et al.,
2012). The SCS seawater and Kuroshio Branch Current were prevailing
in the southern Taiwan Strait in November and the Min-Zhe Coastal
Current could reach only the northwest periphery of the investigation
area (Fig. 3). In accordance with such a hydrological condition, the riv-
erine input of C1 was minimized in the southern Taiwan Strait although
the intensity of C1 was still gently increased in the Min-Zhe Coastal Cur-
rent influenced area (Fig. 8).

The hydrological settings not only determined the spatio-temporal
variation of the riverine protein-like C1 component, but also that of
the terrestrially-derived humic-like C2 component. As shown in Fig. 8,
high fluorescence intensity of C2 appeared in the coastal regions,
strongly affected by the Min-Zhe Coastal current and river plumes,
and decreased offshore in the SCS waters and the Kuroshio Current
dominated area. The seasonal variation of C2 in the Taiwan Strait also

Fluorescence components Excitation Emission Fluorophores type February [QSU] July [QSU] November [QSU]
[nm] [nm]

Component 1 230(315) 350 Protein-like (Tryptophan-like) 82 +£55 3.0+ 36 21+ 19

Component 2 250-355 435 Humic-like 28+ 14 1.0 + 06 1.0 + 0.7

Component 3 225(275) 340 Protein-like (Tryptophan-like) 49 + 29 314+ 23 25+ 15
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Fig. 6. EEMs of the three divided components (top) and their excitation (light blue) and emission (red) loadings (bottom).

mimicked C1, with higher concentration in February, followed by July
and November. The gradually decreasing C2 concentration with increas-
ing depth for all seasons, which was similar to the salinity vertical struc-
ture, further implied hydrological control of the spatio-temporal
distribution of C2 in the Taiwan Strait.

C3 was likely a protein-like fluorescent component derived from re-
cent primary production (Stedmon and Markager, 2005). The maxi-
mum intensity of C3 usually appeared in surface water although it
was also shown in mixed-layer water in some stations (10-30 m;

Fig. 8). The subsurface maximum is likely associated with the subsurface
chlorophyll @ maximum (Hong et al., 2011b). Meanwhile, a patch with
enhanced C3 concentration existed in the upwelling system located at
the Minnan-Taiwan Bank during summer (Fig. 8), which was not ob-
served for C1 and C2. Seasonal monsoon-induced upwelling and year
round topographically-derived upwelling pump the nutrient-rich SCS
deep water to the subsurface of the Minnan-Taiwan Bank and induce
high biomass or even algal blooms (Hong et al., 2011a). Therefore, the
highest intensity of C3 associated with the chlorophyll a maximum
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layer and the high primary production demonstrated its autochthonous
source from in situ biomass growth. An elevated C3 concentration was
also observed in the western coastal Taiwan Strait influenced by the
Min-Zhe Coastal Current in February and November and in river plumes
in July. However, the observation was more likely to have been caused
by biomass growth stimulated by nutrient discharged by these onshore
water masses, instead of simple physical mixing. Previous investigation
suggests that the Min-Zhe Coastal Current is a major nutrient source
supporting the winter primary production of the northern SCS (Han et
al., 2013). The Taiwan Strait, as the sole pathway for the intrusion of
the Min-Zhe Coastal Current into the northern SCS, undoubtedly pre-
sented more significant fractions of autochthonous production of organ-
ic matter stimulated by nutrients in the Min-Zhe Coastal Current than
the northern SCS.

Based on the average intensity of these components in the three
cruises (Table 3), terrestrial input (C1 + C2) comprised 55-69% of
total fluorescent DOM, leaving 31-45% as marine autochthonous
input. The dominance of terrestrial input in the fluorescent DOM pool
in the Taiwan Strait was consistent with the fact that the Taiwan Strait
receives large amounts of freshwater discharge from the Yangtze,
Pearl and Jiulong Rivers and some other small coastal rivers (Li et al.,
2007; Wang et al., 2013). Although the southern and northern parts of
the Taiwan Strait were separately sampled in the February and Novem-
ber cruises, both cruises were considered to be conducted under the
prevailing northeast monsoon, and these two datasets were therefore
combined for comparison with the July dataset. This revealed that the
marine autochthonous fluorescent DOM increased from 38 to 44%
when the winter northeastern monsoon switched to the summer
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southwestern monsoon, consistent with increasing northward trans-
portation of the SCS water through the Taiwan Strait (Liu et al., 2002).

The absorption coefficient a,go could be an integrated parameter
representing CDOM concentration from both terrestrial and marine
sources, which might also include a fraction of fluorescent DOM. The
spatial distribution of a,gq closely resembled fluorescent components
C1 and C2 (Figs. 4 and 8) with significant correlation between them
(data not shown). Apparently, total CDOM concentration and its
spatio-temporal variations were also greatly influenced by the hydro-
logical conditions in the Taiwan Strait as shown by the riverine and ter-
rigenous fluorescent DOM. The robustly inverse correlation between
a,g0 and salinity for each cruise also suggested the focal role of the ter-
restrial input of organic matter and nutrients in determining the
CDOM level in the Taiwan Strait through water mass transport and
mixing (Fig. 5). Generally, CDOM can be applied as a distinctive indica-
tor to trace the water masses and their seasonal retreat from, and intru-
sion into, the Taiwan Strait. However, the variable s,75_,95, which did
not show a significant correlation with salinity, implied that the
CDOM dynamics in the Taiwan Strait might be more complicated than
simple physical mixing (Fig. 5).

4.2. CDOM mixing behavior

Since the cruises conducted in February and November were under
similar northeast monsoon and hydrological circumstances, these two

Spring-Winter

53

datasets were combined to generate a full spring-and-winter dataset
covering the Taiwan Strait for comparison with the summer southwest
monsoon scenario. A three end-member model was subsequently con-
ducted to resolve the mixing behavior of CDOM in the Taiwan Strait and
its geographic and seasonal variations.

4.2.1. Spatial variations

A contrasting CDOM mixing behavior was shown between the
northern and southern Taiwan Strait during spring and winter (Fig. 9a
and c). Along the salinity gradient, a significant conservative mixing
was observed in the northern Taiwan Strait (Fig. 9a), while an apparent
removal was revealed in the southern Taiwan Strait (Fig. 9¢). In the
northern Taiwan Strait, the model indicated that the conservative
mixing behavior of CDOM and its fluorescent components was consis-
tent with the field observation of significant inverse correlation be-
tween each CDOM parameter with salinity during winter (Figs. 5 and
7). Therefore, physical mixing among the Min-Zhe coastal current and
SCS waters was the dominant factor determining the distribution and
dynamics of CDOM in the northern Taiwan Strait during winter. In con-
trast, an effective removal of CDOM and all fluorescent components was
indicated by the three end-member mixing model in the southern Tai-
wan Strait during winter with nearly 50% removal of CDOM and 30-
55% removal of fluorescent components during the physical mixing pro-
cess (Fig. 9b and d; Table 2). Compared to the northern Taiwan Strait,
the southern Taiwan Strait had higher s,75_,95 but lower CDOM,
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fluorescent intensities and DOC concentration during winter (Figs. 5
and 7). While lower CDOM, fluorescent intensities and DOC concentra-
tion in the southern Taiwan Strait could be induced by diminishing ter-
restrial input, the higher s,75_,95 might suggest the general LMW and
relatively degraded characteristics of CDOM (Fichot and Benner, 2012;
Guo et al,, 2014, 2011; Helms et al., 2008), which strongly supported
the model outcome.

During summer, the CDOM mixing behavior did not present any
contrasting geographical difference between the northern and southern
Taiwan Strait as was seen in winter (Fig. 9). This was consistent with the
coherent hydrological regime throughout the summer Taiwan Strait,
which was dominated by the northward flowing SCS seawater and
Kuroshio Current with obvious upwelling waters and river plumes
(Fig. 3; Hu et al,, 2010; Naik and Chen, 2008).

4.2.2. Seasonal variations

Not only geographic variations but also seasonal variations of CDOM
mixing behaviors were observed in the Taiwan Strait between spring-
and-winter and summer. Nearly 50% removal of CDOM and 30-55% re-
moval of fluorescent components were observed in the southern Tai-
wan Strait during winter with higher removal rates of protein-like C3
and C1 than humic-like C2, suggesting the more labile characteristics
of proteins (Fig. 9b and d; Table 2). This was consistent with previous
observations in the estuaries along the western Taiwan Strait coast
and other areas showing that protein-like components are susceptible
to microbial decomposition and photo-degradation (Fellman et al.,
2010; Guo et al., 2011, 2014). Simultaneously, a positive correlation be-
tween AC3 and chlorophyll a concentration was further indicated by the
mixing model, which supported the marine algal production of protein-
like C3 (Fig. 9e). Considering the in situ contribution of primary produc-
tion to protein-like C3, its actual removal rate from the southern Taiwan
Strait during winter could be more significant than the apparent remov-
al rate indicated by the mixing model.

On average, bulk CDOM, indicated by a0, and riverine fluorescent
C1received a 13% addition as revealed by the three end-member mixing
model while terrestrial fluorescent C2 and freshly produced marine
fluorescent C3 remained quite conservative with negligible (1-3%) re-
moval compared to the model uncertainty in the whole Taiwan Strait
during summer (Table 2). The addition of bulk CDOM to the Taiwan
Strait in summer was likely to have been contributed by primary pro-
duction as suggested by the significant positive correlation between
Adaygo and the chlorophyll a concentration in the southern Taiwan Strait,
although such a correlation was not found in the northern Taiwan Strait
(Fig. 9f). Widespread upwelling systems bring nutrient abundant
SCSsubW into the Taiwan Strait and thus stimulate phytoplankton
growth (Chen, 2008; Hong et al., 2011b). Owing to the intensive anthro-
pogenic impacts in southeastern China, the coastal rivers also discharge
an increasing nutrient load into the northern SCS and the Taiwan Strait
(Han et al., 2012; Yan et al., 2012). The anthropogenic nutrient input
could further enhance the primary production in the study area. Previ-
ous investigations have revealed relatively abundant DOM in the Tai-
wan Strait which are in fresh colloidal form and have potentially high
bioavailability (Chen, 2008; Lin, 2013). Even under nutrient deplete
conditions, the dissolved organic nutrients (including dissolved organic
nitrogen and phosphorus) can still support a significant amount of bio-
mass in the Taiwan Strait (Chen, 2008). However, the autochthonous
protein-like C3 did not exhibit a significant correlation with chlorophyll
a concentration (Fig. 9f). Considering the higher water temperature and
more intensive solar radiation in summer, the microbial decomposition
and photo-degradation of CDOM was expected to be strongest at this
time of year. The freshly produced protein-like substances could under-
go more intensive decomposition than bulk CDOM owing to its labile
characteristic and thus obscure its relationship with primary production
(Fellman et al., 2010; Guo et al,, 2014, 2011).

Another source of additional CDOM could be the input of riverine au-
tochthonous CDOM since a 13% addition of riverine protein-like C1 was

also revealed (Table 2). Although the riverine input had been included
as the end-member of the DW in the mixing model estimation, the var-
ious major river sources in the Taiwan Strait with different human im-
pacts and basin-wide hydrographic settings, including the Minjiang,
Jiulong and Pearl Rivers, would challenge the identification of the river-
ine end-member and enlarge the model uncertainty more than expect-
ed (He et al., 2010; Yan et al., 2012). Guo et al. (2014) also reveal the
variable CDOM compositions in southeastern Chinese rivers which
show a significantly different CDOM fraction in the bulk DOM pool
than do other major world rivers. On the other hand, there are abundant
small ungauged coastal rivers along the west coast of the Taiwan Strait
besides the aforementioned major rivers. Although no data is currently
available, the contribution from these small rivers cannot be ignored.

Based on the contrasting seasonal and geographical variation of its
CDOM mixing behavior, the Taiwan Strait could act as a significant
CDOM sink in the southern part of the Strait during winter while as a
moderate CDOM source during summer, likely contributed by the fresh-
water and marine primary productivity. The CDOM was also mixed con-
servatively in the northern part of the Taiwan Strait during winter.
Although hydrological variation as well as the CDOM sources and reac-
tivity were determined to play a focal role in controlling the distribution
and quality of CDOM in the Taiwan Strait, the details of interaction, cou-
pling and biogeochemical feedback among the hydrology, biology and
physiochemical processes remain ambiguous and warrant further
investigation.

5. Conclusions

The spatio-temporal distribution of bulk CDOM and fluorescent
components were examined along with their mixing behavior in the
Taiwan Strait during 2012 in spring, summer and winter. The applica-
tion of EEMs and PARAFAC identified two protein-like fluorescent com-
ponents (C1 and C3) and one humic-like fluorescent component (C2).
Both spatial and seasonal distribution of bulk CDOM and terrestrially
derived fluorescent components (C1 and C2) showed significant varia-
tions with higher intensity in the Min-Zhe Coastal Current dominated
water mass and river plume waters, and with decreases offshore,
which were dominated by the SCS seawater and the Kuroshio Current,
implying the importance of terrigenous input and hydrological trans-
port and mixing in shaping the CDOM dynamics in the Taiwan Strait.
The increasing absorption spectral slope between 275 and 295 nm
(5275-295) from onshore to offshore and from spring-and-winter to sum-
mer further revealed the control of CDOM quality by the hydrological
regimes in the Taiwan Strait while bacterial decomposition and photo-
degradation of CDOM would further cause the variation of s,75_59s.
Based on the hydrological characteristics as revealed in the 6-S diagram,
three water mass end-members were determined: the SCSSW,
SCSsubW and DW (i.e. Min-Zhe Coastal Current during winter and
river plume waters during summer), and were further applied in a
three end-member mixing model to evaluate the CDOM mixing behav-
ior in the Taiwan Strait. During winter, a conservative mixing of CDOM
occurred in the northern Taiwan Strait, while a significant (33-54%) re-
moval of bulk CDOM and individual fluorescent components was ob-
served in the south. Instead, a 13% addition of bulk CDOM and riverine
fluorescent C1 was indicated throughout the whole Taiwan Strait dur-
ing summer. The significant correlation between bulk CDOM addition
and chlorophyll a concentration in the southern Taiwan Strait suggested
the contribution of additional CDOM from the primary production in the
summer Taiwan Strait, although riverine input from ungauged small
coastal rivers could be another potential source.
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