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Abstract Selected water quality parameters and spectroscop-
ic characteristics of dissolved organic matter (DOM) were
examined during two different seasons for an artificial coastal
lake (Shiwha Lake in South Korea), which are affected by
seawater exchange due to the operation of a tidal power plant
and external organic loadings from the upstream catchments.
The coastal lake exhibited much lower concentrations of
organic matter and nutrients than the upstream sources. The
spectroscopic properties of the lake DOM were easily distin-
guished from those of the catchment sources as revealed by a
lower absorption coefficient, lower degree of humification,
and higher spectral slopes. The observed DOM properties
suggest that the lake DOM may be dominated by smaller
molecular size and less condensed structures. For the lake
and the upper streams, higher absorption coefficients and
fluorescence peak intensities but lower spectral slopes and
humification index were found for the premonsoon versus
the monsoon season. However, such seasonal differences
were less pronounced for the industrial channels in the upper
catchments. Three distinctive fluorophore groups including
microbial humic-like, tryptophan-like, and terrestrial humic-
like fluorescence were decomposed from the fluorescence
excitation-emission matrix (EEM) of the DOM samples by
parallel factor analysis (PARAFAC) modeling. The microbial
humic-like component was the most abundant for the indus-
trial channels, suggesting that the component may be associ-
ated with anthropogenic organic pollution. The terrestrial
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humic-like component was predominant for the upper
streams, and its relative abundance was higher for the rainy
season. Our principal component analysis (PCA) results dem-
onstrated that exchange of seawater and seasonally variable
input of allochthonous DOM plays important roles in deter-
mining the characteristics of DOM in the lake.

Keywords DOM - PARAFAC - Coastal lake - Seawater
exchange - Fluorescence - Season

Introduction

Dissolved organic matter (DOM) is a heterogeneous mixture
consisting of carbohydrates, proteins, lignins, organic acids,
and various uncharacterized structures such as humic sub-
stances (HS) (Thurman 1985). DOM is considered to be an
important element for aquatic ecosystems owing to its multi-
ple functionalities, including nutrient sources, light attenua-
tion, changing metal toxicity, and microbial respiration
(Mulholland 2003). DOM is introduced into aquatic systems
through external (allochthonous) and internal (autochthonous)
sources.

From the standpoint of DOM cycling, a coastal environ-
ment can be categorized into a transition zone where both
external and internal sources are mixed together and various
biogeochemical transformation processes occur. Several fac-
tors associated with upstream catchments such as hydrology,
geomorphology, land use/land cover, soil types, and season-
ality are likely to govern the quantity and the quality of the
DOM that is exported into the coastal environments (Stedmon
et al. 2003; Kowalczuk et al. 2009; Yamashita et al. 2011). In
nearby oceanic water, meanwhile, other processes such as
microbial degradation, photo-oxidation, and algal productivi-
ty were proposed as critical factors to determine the temporal
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and spatial variations in DOM (Romera-Castillo et al. 2011;
Guo et al. 2011; Maie et al. 2012).

The Shiwha Lake, an artificial coastal lake, is located on
the west coast of South Korea adjacent to the industrial cities
of Ansan and Siheung. This lake is surrounded by a 12.6-km-
long dike (constructed in 1994) as part of the development of
173 km? of a tidal flat. This estuary originally provided good
habitats for aquatic organisms, receiving water discharge from
the upstream watershed through streams and runoff (KICOX
2011). However, the dike construction has led to a serious
deterioration of water quality in the region due to the insuffi-
cient circulation of the enclosed lake water and the continuous
input of anthropogenic pollutants from nearby industrial com-
plexes (KORDI 1999). The average chemical oxygen demand
(COD) in the midregion of the lake before the construction of
the dike was 4 mg L', but it increased up to 15 mg L ™" after
the completion of the construction. To cope with the problem,
the South Korean government designated Lake Shihwa as a
special management zone, and it opened a water gate in a
middle of the dike in 2001 to allow water exchange with the
adjacent sea (Ra et al. 2011). In 2011, a tidal power plant
equipped with its power capacity of 254 MW was constructed
to promote seawater circulation and to supply electric power
to the nearby industrial complex (Cho et al. 2012). In spite of
the recent effort, however, continuous pollution input from the
upstream industrial complexes and the urban areas has been a
concern for maintenance of a sustainable ecosystem for this
area (Yoo et al. 2009; Moon et al. 2012).

Excitation-emission matrix (EEM) fluorescence spectros-
copy has been widely utilized as the simplest and most
effective method for probing the composition and the
sources of DOM in aquatic environments. Stedmon et al.
(2003) used parallel factor analysis (PARAFAC) to success-
fully decompose a large data set of EEMs into several
separate components representing its unique fluorescence
features. Many subsequent studies proved that combining
EEM with PARAFAC provided more reliable and plentiful
information on the fluorescence signals of DOM in various
aquatic ecosystems (Murphy et al. 2008; Yamashita et al.
2010; Yamashita et al. 2008; Guo et al. 2011). There were
many reports that successfully explored the spatial and tem-
poral variability of DOM in coastal regions using EEM-
PARAFAC analyses (Yamashita et al. 2011; Chari et al.
2012).

A few studies have been reported on ecological and envi-
ronmental evaluations of the Shiwha Lake since the construc-
tion of the tidal power plant, in which the accumulation of
heavy metals in sediments and bioaccumulation of benthic
organisms were highlighted (Ra et al. 2011; Won et al. 2012).
To date, however, there has been no investigation on DOM in
the coastal region affected by the operation of a tidal power
plant. It is thus required to examine the temporal and spatial
variability of DOM in the lake, tracking its sources. Therefore,

this study aimed at (1) exploring the distributions of DOM and
its spectroscopic characteristics within Lake Shiwha and the
upper streams at two different seasons (i.e., the monsoon and
the premonsoon seasons) and (2) tracking the sources of the
lake DOM by employing various spectroscopic techniques
including EEM-PARAFAC and multivariate statistical
analysis.

Materials and methods
Study area and sample collection

The Shiwha Lake is located on the west coast of South Korea
(between 126° 31'-127° 00’ E and 37° 11'-37° 23’ N, Fig. 1).
The depth reaches 17.9 m in the middle zone with the average
value of 4.5 m, and the area is approximately 79.4 km”. The
total watershed area is 476.5 km® and the lengths of the
inflowing streams are approximately 10 km. The water-
holding capacity of the lake reaches up to 323,769,000 m’
(Cho et al. 2012). Approximately 13,000 mills involving
mechanical (48 %), electrical/electronic (19 %), petrochemi-
cal (8.3 %), steel (5.7 %), and textile companies (3.5 %) are
currently operated in the upstream industrial complex areas.
The total population of the two cities of Shiheung and Ansan
exceeds 1 million (KICOX 2011). The average rainfall in this
region for the year 2012 was 1,719 mm. Intense rainfalls occur
mainly in the monsoon season from June to September. The
amount of rainfall during this period of 2012 accounts for
82.4 % of the total annual rainfall (www.wamis.go.kr).

A total of 15 sampling sites were selected to fully reflect the
spatial variability of the water quality and DOM of the lake
and the surrounding areas (Fig. 1). Sampling was conducted
twice in 2012 during two separate nonrain events of the
premonsoon (May 14—-15) and the monsoon seasons (Septem-
ber 5-7). For each sampling season, eight samplings were
made from the surface and the bottom layers at four different
lake sites (L1-L4). Five samples (I1-15) were collected from
the channels receiving treated wastewater and surface runoff
from the industrial complexes. Four samples (U1-U4) were
collected from the upper streams surrounded by forested and
agricultural areas. Two sampling sites (E1 and E2) represented
an estuary region, which connects the upper streams with the
lake. The collected samples (4 L) were refrigerated and stored
in an ice box, moved to a laboratory, and kept in a refrigerator.
All sample analyses were carried out within a week after their
collection except for biochemical oxygen demand (BOD),
which was completed within 12 h.

General water quality and DOM spectroscopic measurements

Measured general water quality parameters included BOD,
COD, total nitrogen (TN), total dissolved phosphorus (TDP),
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Fig. 1 Study area and the sampling locations

and chlorophyll @ (Chl @). All the measurements were made
based on standard protocols (APHA 2005).

An aliquot (100 ml) of each collected sample was filtered
using a prewashed 0.45-um membrane filter (cellulose ace-
tate, Advantec) for DOM analyses. Dissolved organic carbon
(DOC) concentrations (mg C L") were determined using a
Shimadzu V-CPH analyzer. Ultraviolet (UV)-visible spectra
from 250 to 600 nm were recorded using a UV—visible spec-
trophotometer (Evolution 60, Thermo Scientific) with a 1-cm
quartz cuvette. Specific UV absorbance (SUVA) values of the
samples were calculated by multiplying DOC concentration-
normalized UV absorbance at 254 nm by a factor of 100 (i.e.,
100 x UV,s4 / DOC) (Weishaar et al. 2003). The spectral
slopes of Sy75_290 and S;50_400 Were obtained by the ratios of
the two best fit regression lines from the natural log-
transformed absorption spectra of the filtered samples at the
wavelength ranges between 275 and 295 nm and between 350
and 400 nm, respectively (Helms et al. 2008). In addition, an
absorption coefficient at 375 nm (a375) was measured for
chromophoric DOM (CDOM) concentrations.

Fluorescence EEMs were measured with a luminescence
spectrometer (LS-55, PerkinElmer) by scanning the emission
spectra from 280 to 550 nm at 0.5-nm increments and stepping
through excitation wavelengths from 250 to 500 nm at 5-nm
increments. Excitation and emission slits were adjusted to 10
and 5 nm, respectively, and the scanning speed was set at
1,200 nm min"". To limit second-order Rayleigh scattering, a
290-nm cutoff filter was used for all the measurements. When
the UV absorbance of the samples at 254 nm exceeded
0.05 cm ™', the corresponding samples were appropriately
diluted to avoid the inner filter correction (Hur et al. 2007).
The background fluorescence EEM from a blank solution
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(Milli-Q water) was also taken into account. Fluorescence
intensity was normalized in quinine sulfate equivalent (QSE)
units, where 1 QSU corresponded to the maximum fluores-
cence intensity for 1 ug L' of quinine in 0.1 N H,SOy at the
excitation/emission of 350/450 nm (Coble et al. 1998). The
fluorescence index (FI) was calculated as the ratio of the
emission intensities at 450 to 500 nm for an excitation wave-
length of 370 nm (McKnight et al. 2001). FI values have been
used to differentiate between allochthonous and autochtho-
nous DOM sources. Humification index (HIX) was calculated
according to a definition suggested by Zsolnay et al. (1999)
with an exception of using the excitation wavelength of
255 nm instead of 254 nm. Higher HIX values are typically
associated with the characteristics of soil-derived DOM such
as a higher content of aromaticity, a lower rate of mineraliza-
tion, and a lower percentage of oxygen-containing functional
groups (Fuentes et al. 20006).

PARAFAC modeling

For this study, PARAFAC modeling was performed using
MATLAB 7.0 (MathWorks, Natick, MA, USA) with the
DOMFluor Toolbox (http://www.models.life.ku.dk). The
details of the modeling are well described elsewhere
(Stedmon et al. 2003; Kowalczuk et al. 2009; Nguyen et al.
2013). The split-half analysis was used to validate the identi-
fied components and the number.

Statistical analyses

Statistical analyses including correlation coefficients and PCA
were performed using XLSTAT (Addinsoft, New York, NY,
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USA). Differences in parameters were evaluated using the
p values based on Student’s ¢ test. The relationships among
variables were evaluated using regression and correlation
analyses. Shapiro-Wilk test was performed to confirm the
normality of the measured parameters.

Results and discussion

Spatial and seasonal variations of general water quality
parameters

The collected samples exhibited large variations in the organic
matter concentrations ranging from 0.7 to 5.9 mg L™ for
BOD, from 5.2 to 72.6 mg L! for COD, and from 1.8 to
23.9 mg L' for DOC, respectively (Table 1). The small
portion of BOD to COD indicates that the organic matters
are mostly constituted by nonbiodegradable fractions. The
nutrient concentrations varied from 0.5 to 4.7 mg L' and
from 0.023 to 0.177 mg L™" for TN and TDP, respectively
(Table 1). Irrespective of the sampling periods, the lake sam-
ples (L1 to L4) presented lower levels of the organic matter
and the nutrient concentrations than those of the upstream
catchments (Ul to U4 and I1 to I5) (¢ test, p<0.05). The
exceptions were BOD and TDP concentrations in September.
The relatively low concentrations in the lake may be attributed
to the dilution effect driven by the exchange of the lake water
with the nearby seawater. It has been reported that the ex-
changed water reaches 16 million tons per day, accounting for
8.9 % of the storage capacity of the lake (Cho 2005). Except
for BOD, the estuary area showed the concentration ranges of
the water quality parameters falling between those of the
upstream catchments and the lake (Table 1).

Seasonal variations in the general water quality param-
eters were compared for each categorized sampling region.
The organic pollution of the upstream catchments, which
were represented by BOD, COD, and DOC concentrations
in average, was more serious in May than in September
(»<0.05), and the same trend was observed for the nutri-
ent concentrations (i.e., TDP and TN). In the premonsoon
season, the pollutants from the industrial and municipal
effluents were the least diluted by precipitation. In con-
trast, the dilution effect could be more pronounced in
September, in which much higher precipitation (232 mm)
was reported (www.wamis.go.kr) than in May (9 mm).
The lower salinity values of the upstream catchments in
September versus May (¢ test, p<0.05) also supported the
enhanced dilution effect in the monsoon season. However,
the lake samples exhibited the opposite trend for the
seasonal variations. For example, except for DOC, all
the measured parameters of the lake displayed higher
concentration levels in September versus May (¢ test,
p<0.05) (Table 1). This observation may be explained
by the increased pollutant loadings into the lake for the
rainy season.

Our results based on the selected water quality parameters
demonstrated that the major pollutant sources of the lake
stemmed from the upper streams and the industrial channels
(i.e., the upstream catchments). It was also notable that the
water quality of the lake might be strongly affected by the
dilution from the seawater exchange, and it varied seasonally
probably due to the catchment runoff. Previous studies on
metal and organic contamination of this lake have also shown
that the deterioration of the lake water quality originated from
anthropogenic activities occurring in the upper catchments
(Raetal. 2011; Moon et al. 2012).

Table 1 Concentrations (mean =+ standard deviation) of selected water quality parameters for the four different sampling regions at two different

sampling periods®

Parameter ~ Catchments Estuary Lake

Industrial channels Upper streams

May September May September May September May September

(n=95) (n=95) (n=4) (n=4) (n=2) (n=2) (n=8) (n=8)
Salinity 0.7+0.2 0.4=+0.1 03+0.1 0.1£0.0 13.7+10.9 0.7+0.7 28.7+0.2 269+1.9
BOD 59+1.0 29+19 42+40 0.7+0.6 1.1+£0.1 1.1+04 14+04 22407
COD 72.6 +£14.2 30.6 +12.0 275+58 162 +6.0 223465 228455 52+1.0 82+2.6
DOC 23.9+14.0 63+3.1 6.1+1.7 35€1.2 5.6+24 40+02 1.8+0.3 1.9+£0.2
N 44+1.7 3.7+08 47+14 28+1.4 46+43 29+03 0.5+0.0 08+0.2
TDP 0.177+0.128  0.100 £0.066  0.175+0.155 0.139+0.065 0.170+0.129 0.183 +0.025 0.023 £0.006  0.070 + 0.027
Chla 0.029 £0.049 0.002 +0.002 0.035+0.038 0.007 +0.006 0.028 £0.007 0.006 +0.004 0.008 £ 0.004 0.002 + 0.001

2 The unit of salinity is practical salinity units (psu). The other parameters are in mg L™

BOD biochemical oxygen demand, COD chemical oxygen demand, DOC dissolved organic carbon, TN total nitrogen, TDP total dissolved phosphorus,

Chl a chlorophyll a
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Spectroscopic properties of DOM

SUVA has been used as a measure of DOM aromaticity in
water samples (Weishaar et al. 2003). For this study, the
average SUVA values exhibited large spatial and seasonal
variations, ranging from 0.7 to 2.9 L mg C™' m™' (Table 2).
However, no seasonal difference was found for the lake.
Instead, the samples from the upper streams showed lower
SUVA values in September than in May (7 test, p<0.05), and
the estuary had the same trend. The results suggest that more
nonaromatic DOM components could be brought into the
estuary presumably from the upstream forested and agricul-
tural areas in the rainy season. No distinct seasonal difference
was found for the industrial channels.

Significant positive relationships between CDOM absorp-
tion and DOC concentrations were previously reported in
aquatic environments, and the CDOM absorption coefficient
at 375 nm (i.e., a375) has often been used as a surrogate for
colored DOM (Fichot and Benner 2012; Asmala et al. 2012).
In this study, the average a375 values of the lake were 1.1 and
0.7 m' in May and September, respectively (Table 2), which
fell within the ranges reported from Danish estuaries and
coastal water (Stedmon et al. 2000) and from the open sea
(Kowalczuk et al. 2005). The average a375 values of the
catchment areas and the estuary had much higher levels,

ranging from 6.7 to 9.5 m™', indicating that the external
DOM sources may contain a larger fraction of chromophoric
organic matter within the total pool of DOM compared to the
lake DOM. Photobleaching may be involved in lowering a375
values in the lake (Stedmon et al. 2000).

The spectral slope of S;75_ 595 ranged from 13.8 to
22.9 um ' (Table 2), which fell into the range reported from
three Finnish estuaries (Asmala et al. 2012). The spectral
slopes of the lake were higher than those of the upstream
catchments for both sampling periods (¢ test, p<0.05), which
was consistent with the previous studies reporting the higher
spectral slope values of water samples with increasing salinity
(Helms et al. 2008; Asmala et al. 2012; Fichot and Benner
2012). Based on an inverse relationship previously established
between the spectral slope and the molecular weight of DOM
(Helms et al. 2008), our result suggests that the molecular size
of the lake DOM may be smaller than those of the upstream
areas probably due to photobleaching.

The spectral slope ratio (i.e., Sg or S»75_295/S350-400) can be
utilized as an indicator of photobleaching (Helms et al. 2008).
For this study, the slope ratios presented the range between 1.0
and 2.4 (Table 2). Seasonal differences were observed for all
the four classified regions of the lake, and the catchment areas
with higher values shown in May versus September (# test,
p<0.05) and the estuary had the same trend. This result could

Table 2 Spectroscopic properties (mean + standard deviation) of DOM for the four different sampling regions at two different sampling periods

Parameters Upstream Catchments Estuary Lake

Industrial channels Upper streams

May September May September May September May September

(n=5) (n=5) (n=4) (n=4) (n=2) (n=2) (n=8) (n=8)
SUVA® 1.0£0.7 0.7+£04 29+0.5 1.1£0.0 1.9+£09 1.1£0.2 13+£02 13+04
S275.205" 17819 16.0 +3.1 138+ 1.9 14.4+0.7 152435 13.8+0.2 202+2.7 229+3.1
Skr°® 1.7+£04 1.3+£0.3 14 +0.1 1.0£0.1 14+0.0 1.0£0.1 24+04 1.1+£0.2
as7s” 7.8+3.0 7.6+1.2 9.5+0.6 74+32 6.7+6.8 83+13 1.1+£0.7 0.7+0.5
FI® 1.7+0.0 1.8+0.0 1.7+0.0 1.7+0.1 1.6 +0.0 1.6 +0.1 1.6 +£0.0 1.6+£0.0
HIX 3515 3.6+£23 6.8+0.6 8.1+04 52+1.6 6.7+1.4 20+03 32+04
A® 164.0 £51.7 28.1+13.5 72.0+12.6 263+6.3 91.9 +32.1 14.0+2.0 7.6+1.1 147+ 8.6
ce 749 +£33.3 10.1 £5.0 432+£69 155+4.0 492 +15.5 7.1+1.6 3.7+0.6 73+43
T 71.1+78.8 25.8+47.4 140+3.5 35+09 233+12.7 20+0.1 39+0.6 42+21
M# 83.1+28.9 123+7.6 40.0 £ 6.8 13.8+3.9 494 +17.1 6.8+0.9 42+0.6 7.6+44

2 Specific UV absorbance in L mg C' m™" (Weishaar et al. 2003)
® Spectral slope in pm ™' (Helms et al. 2008)

¢ Spectral slope ratio (Helms et al. 2008)

9 Absorbance coefficient at 375 nm in m ™' (Stedmon et al. 2000)
¢ Fluorescence index (McKnight et al. 2001)

"Humification index (Zsolnay et al. 1999)

€ Fluorescence intensities of humic-like peak A, humic-like peak C, tryptophan-like peak T, and marine humic-like peak M (Coble 2007) in quinine

sulphate units (QSU)
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be attributed to the seasonal difference in the local solar radi-
ation. Longer monthly sunshine hours were reported for this
study area in May (525-540 h per month) compared to Sep-
tember (420435 h per month) (http://www.greenmap.go.kr).
The observed seasonal differences in the spectral slope ratios
were much pronounced for the lake (i.e., 128.4 % difference)
than for the upstream catchments (41.6 % difference) and the
estuary (43.1 % difference), presumably due to longer

A\\

400

Emission (nm)

300

250

450 500 55

=}

Emission (nm)

residence time and photobleaching effects on DOM (i.e.,
lower molecular weight) (Helms et al. 2008).

For this study, all the samples showed similar FI values
ranging from 1.6 to 1.8. However, the average HIX values of
the upstream catchments exhibited higher levels compared to
those of the lake, and higher HIX values were observed for the
lake in September than in May (¢ test, p<0.05). The HIX
information implies that, for the rainy season, more humified
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and condensed DOM structures from the upstream catchments
may be accumulated in the lake, subsequently affecting the
composition of the lake DOM.

Fluorescence EEM

Four peaks were identified from the EEM plots of all the
samples (Fig. 2). The peak maxima were located at the
excitation/emission wavelengths of <250/410-430 nm, 310—
330/410-430 nm, 280-300/410-430 nm, and 270-280/330—
360 nm. Following the definitions of Coble (2007), they can
be categorized as humic-like peak A, humic-like peak C, marine
humic-like peak M, and tryptophan-like peak T, respectively.
Seasonal differences were found in the EEM peaks. Except for
the lake, all the peak maxima were higher in May than in
September (Table 2). The differences were even more pro-
nounced compared to those of the DOC concentrations (Table 1),
suggesting that seasonal variability may be much greater for
fluorescent DOM compounds compared to the total pool of
DOC. Peak M was also observed for the samples from the
catchments, not only from the lake, implying that the marine
humic-like fluorescence features could be present for the areas
where biological activity is much involved (i.e., anthropogenic
and/or agricultural sources (Hudson et al. 2007).

EEM-PARAFAC components

Three fluorescence components (C1, C2, and C3) were
decomposed from the EEM measurements for all 38 samples
from the two seasons by the PARAFAC modeling (Fig. 3).
The overlap of the excitation and the emission loadings of the
two halves on the whole dataset confirmed that the three
components were appropriate to represent the measured fluo-
rescence EEM dataset (Stedmon et al. 2003). No outliers were
found. C1 exhibited a primary (and secondary) fluorescence
maximum intensity at an excitation/emission wavelength of
<250 (280)/382 nm. This component was analogous to the
peak M in the previous EEM plots, which was reportedly
associated with the primary production of phytoplankton in
oceans and freshwaters (Coble 2007). Similar PARAFAC
components were reported for other DOM samples, and they
were assigned as microbial humic-like components in prior
studies (Stedmon et al. 2003; Yamashita et al. 2011). The
appearance of the peak may also be attributed to the produc-
tion of new CDOM due to microbial degradation of labile
organic substitutes (Hur et al. 2009; Zhang et al. 2011). From
incubation experiments using axenic cultures of phytoplank-
ton, for example, (Romera-Castillo et al. 2010) reported that
the microbial humic-like components were possibly generated
by the biotransformation of algal-derived organic matters. For
our study, however, no significant correlation was observed
between Chl a and the PARAFAC component. Instead, the
highest correlation was found between Cl1 and DOC
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concentrations (#r=0.793, p<0.0001) among the three
PARAFAC components, suggesting that anthropogenic or-
ganic matter may be largely involved for the presence of the
component. Similarly, Zhang et al. (2011) claimed that this
component was highly associated with the anthropogenic
factors such as land use and human activities of the upstream
catchments for the downstream Tianmuhu lake, China.

C2 presented a fluorescence peak at the excitation/emission
wavelengths of 280/320 nm, which resembles Peak T in the
EEM plots (Coble 2007). This component is commonly ob-
served for many aquatic samples that are subject to anthropo-
genic influences in bays, estuaries, coastal areas, as well as the
areas of high primary productivity (Stedmon and Markager
2005; Yamashita et al. 2008; Hong et al. 2012). Although
many studies implied substantial contribution of phytoplank-
ton to the component of coastal and lake waters (Hanamachi
et al. 2008; Zhang et al. 2009), there is still lack of the
correlation between Chl a and the component (i.e., C2)
(Yamashita et al. 2011). This study also showed no direct
relationship between Chl ¢ and C2 (»=0.076; p=0.651). In-
stead, there was a close association between C1 and C2 (r=
0.978, p<0.0001), suggesting that the two fluorophore groups
may be similar to each other in their organic sources.

C3 exhibited a primary and a secondary fluorescence max-
ima at the excitation/emission wavelengths of <250/425 nm
and 330/425 nm, respectively. The component appears to be the
mixture of the two humic-like fluorescence peaks previously
observed (i.e., peak A and peak C). Prior studies demonstrated
that the component 3 might be either terrestrially derived or
possibly produced autochthonously in aquatic environments
largely affected by terrestrial input (Stedmon and Markager
2005; Guo et al. 2011; Zhang et al. 2011; Murphy et al. 2008).

The relative distributions of the three PARAFAC compo-
nents, expressed by the percent component, were compared
for all the sampling regions at the two different sampling
periods in Fig. 4. Irrespective of the sampling seasons, the
highest abundance of C1 over all the three components (i.e.,
%C1) was observed for the industrial channels, suggesting
that the component may be closely related to the anthropo-
genic organic pollution. Meanwhile, %C3 was the highest
among the three components for the upper streams and the
estuary, implying a close association between C3 and terres-
trial carbon sources (Fig. 4). Except for the industrial chan-
nels, C3 appears to be more pronounced for all the samples in
September than in May, also suggesting that terrestrial organic
input from the forested and agricultural catchments into the
lake may be intensified during the rainy season.

PCA for the interpretation of spatial and seasonal variations
in DOM

The basic matrix in PCA was constructed based on 15 differ-
ent variables of each sample (Fig. 5). The sampling site of 1
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PC1 (54.7%)

was excluded from the PCA because of a concern that the
extremely high concentrations of the general water quality
parameters may yield bias in the interpretation of the results.
For this study, the first two principal components explained
over 69.9 % of the total data variance. Correlations between
the first two principal components and the measured proper-
ties were depicted in a loading plot (Fig. 5a). The first princi-
pal component (PC1) was responsible for the 50.3 % variance.
Positive high loadings on PC1 were observed for the variables
of salinity, %C2, and S,75_,95, Whereas the high negative
loadings were observed for a375, HIX, %C3, and nutrients.
PC2 represents 19.7 % of the total variability, and it has
positive loading with organic-matter-related water quality pa-
rameters and %C1 and negative loadings with %C3 and HIX
(Fig. 5a). From the overall locations of the variables in the
loading plot, it can be postulated that PC1 is an indicator to
discriminate between marine organic matter and anthropogen-
ic and/or terrestrial organic matter originating from the up-
stream catchments, whereas PC2 is related to the concentra-
tions of DOM. The location of %C2 close to salinity suggests
that the presence of C2 may be associated with autochthonous
production in marine environments.

Additional information on seasonal differences was obtain-
ed from the score plot (Fig. 5b). The lake DOM showed the
unique characteristics distinguished from either the industrial
channels or the upper streams, as demonstrated by the distinc-
tive location of the lake samples from the two catchment
sources. Furthermore, the lake samples could be easily sepa-
rated into two seasons in the plot, as the September samples
were located toward the left side of the PC1 axis than those of
May. This observation suggests that, in September, the lake
DOM is likely to be more affected by terrestrial input from the
upstream catchments. Such seasonal differences were ob-
served for other sampling regions, as the data points corre-
sponding to the monsoon season were located in the lower
positions along the PC2 axis, indicating that more condensed
organic carbon components of allochthonous origin may be
more dominant for the rainy season irrespective of the

@ Springer
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sampling sites. Our PCA results provided additional evidence
that the dilution effects from the seawater exchange may
govern the characteristics of DOM and the water quality in
the lake. The variability of the lake DOM appears to be
partially affected by seasons as well, exhibiting higher contri-
bution of the organic input from the upper catchments to the
lake for the monsoon versus the premonsoon seasons.

Conclusions

Although the upstream catchments were the major sources of
DOM and nutrients to the coastal lake, much lower concen-
tration levels were observed in the lake due to the dilution
effect from the seawater exchange. The CDOM properties of
the lake were distinguished from those dissolved organic
matter sources from the upstream catchments. Lower absorp-
tion coefficients, HIX values, fluorescence EEM peak inten-
sities, and higher spectral slopes were obtained from the lake
samples, in comparison to values of the upper catchments,
suggesting that the lake DOM is characterized by lower mo-
lecular size and less condensed structures. Seasonal differ-
ences were also found for the upper streams and the lake, in
which higher absorption coefficients and fluorescence peak
intensities but lower spectral slopes and HIX values were
exhibited for the premonsoon versus the monsoon season. In
contrast, the seasonal differences were much less pronounced
for the industrial channels except for fluorescence peaks.
PARAFAC modeling revealed that a combination of three
fluorophore groups explained the variations in the fluores-
cence features of the DOM samples. The high abundance of
C1 component (microbial humic-like) in the samples from the
industrial channels suggests that this component may be as-
sociated with anthropogenic organic pollution. C3 component
(terrestrial humic-like) was the most enriched for the samples
from the upper streams and the estuary, and the relative
distribution was greater for the rainy season. Our PCA results
based on spectroscopic properties of DOM revealed that



Environ Sci Pollut Res (2014) 21:7678-7688

7687

although the lake DOM was the most likely to be affected by
the dilution effect, the contribution of allochthonous DOM
input from the upstream catchments to the lake might be
elevated during the rainy season.
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