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Abstract Water samples at both surface and bottom layers
were taken from 102 sites in Lake Taihu to study the fluores-
cent components and spatial patterns of chromophoric dis-
solved organic matters (CDOM). Three-dimensional excita-
tion-emission matrix data obtained from the samples were
analyzed by parallel factor approach in which four humic-
like and two protein-like fluorescent components (named
C1-C6) were identified. The results showed that fluorescence
intensities were higher in the northern and western lake re-
gions, and notable declines of fluorescence maxima (Fax)
were observed from the northwest to the center and then to
the southeast of the lake. Calculated biological index (BIX)
values ranged from 0.88 to 1.44 and humification index (HIX)
values from 0.64 to 3.37 for all the samples. The spatial var-
iations of BIX and HIX values suggested stronger allochtho-
nous CDOM characteristics in Zhushan Bay and the western
area and autochthonous characteristics in the southern and
eastern areas. Vertically, the average F),,.x value of the surface
samples was about 6 % less than that of the bottom samples,
but noticeable variations existed among different sampling
sites and components. These distribution characteristics of
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CDOM were mainly attributed to the spatial heterogeneity
of sources and wind-induced transportation process.
Interestingly, the C6 component (Ex,ax/Empy.x = 250/
455 nm) seemed to be unique in samples from Zhushan Bay
and probably resulted from the discharge of the Taige River.
Therefore, it could be used as an indicator of point-source
discharge and a tracer to study the fate of CDOM in the lake.

Keywords PARAFAC - CDOM - Spatial heterogeneity -
Vertical difference - Hydrodynamics

Introduction

Dissolved organic matter (DOM) plays critical roles in eutro-
phic lakes, and its concentration and composition can both
directly and indirectly influence the physical, chemical, and
biological processes of nutrient cycling as well as the devel-
opment of phytoplankton blooms (Stedmon et al. 2003; Biers
et al. 2007). High spatial heterogeneity of DOM in large lakes
exists as a result of multiple sources, complex chemical com-
positions and structures, and variable biogeochemical reac-
tions. Therefore, knowledge of it is of vital importance in lake
management and protection and has been of concern for the
past several decades.

Chromophoric dissolved organic matter (CDOM) is the
colored fraction of DOM, which mainly originates from the
decomposition of plant matter such as phytoplankton algae
and macrophyte by microorganisms within the aquatic envi-
ronment (autochthonous), as well as through the transport of
partially degraded organic material from rivers and the sur-
rounding terrestrial environment (allochthonous) (Henderson
etal. 2008, Williams et al. 2010, Yao et al. 2011). It consists of
complex components such as aromatics, carbohydrates, humic
and fulvic acids, and proteinaceous substances, and is hard to
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trace using regular chemical measurements. Fluorescence
spectroscopy has been shown to be an efficient and effective
approach to characterize CDOM, and the three-dimensional
excitation-emission matrices (3DEEMs) that can be obtained
from fluorescence measurements coupled with parallel factor
(PARAFAC) analysis have been extensively applied to eval-
uate the composition, source, and fate of CDOM in various
aquatic systems (Coble 1996; Stedmon and Markager 2005a;
Murphy et al. 2013; Zhou et al. 2015a).

Lake Taihu is a large, shallow, eutrophic lake in the
Yangtze Delta of China, which is located between 30° 55
40"-31° 32’ 58" N and 119° 52’ 32"-120° 36’ 10" E (Qin
et al. 2007), and has a surface area of about 2338 km? and
mean depth of 1.9 m (Zhang et al. 2011). The lake is connect-
ed to a very complex network consisting of 172 rivers or
channels (Qin et al. 2007), of which most are distributed in
the western and northwestern parts of the lake basin, and water
discharge mainly goes through Taipu River in the southeast of
the lake into the East China Sea. Taihu Basin is a highly
developed area in China, with high population density, urban-
ization, and economic development (Qin et al. 2007). The
rapid increase in the amount of sewage discharged into Lake
Taihu since the 1980s has led to high loads of nutrients and
CDOM in the lake, especially in the northern and northwest-
ern regions where large terrestrial and riverine inputs enter,
making the lake serve as a repository for sewage from nearby
urban households as well as industrial and agricultural activ-
ities (Qin et al. 2010). Heavy algal blooms mainly caused by
Microcystis spp. have frequently occurred in the recent de-
cades, especially in the hyper-eutrophic lake areas such as
Meiliang Bay, Wuli Bay, and Zhushan Bay, where annual
cyanobacterial blooms occur from May to October and in situ
production from the degradation of phytoplankton becomes
one of the dominant sources of CDOM (Zhang et al. 2009a,
Zhou et al. 2015b). In addition, Lake Taihu has a long water
retention time of about 309 days, causing the lake to act as a
large bio-reactor for CDOM degradation before upstream-
derived CDOM is discharged downstream, resulting in the
degradation of young, fresh CDOM and leaving refractory
material for downstream transport (Zhang et al. 2014). Both
microbial activity and photochemical process can alter the
compositions and biological availability of CDOM, suggest-
ing that its lability might correspondingly decrease during the
water translocation processes (Hood et al. 2009). As a result,
these variations in sources and biogeochemical reactions lead
to a high spatial heterogeneity of CDOM characteristics in the
water of Lake Taihu (Yao et al. 2011, Zhang et al. 2011, Zhou
et al. 2016a), and accurate interpretations of it are crucial and
meaningful to the understanding of water quality issues in the
lake.

In some previous studies (Yao et al. 2011, Zhang et al.
2011, Zhou et al. 2015¢), the spatial and temporal variations
as well as probable sources of CDOM in Lake Taihu were
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discussed. However, these studies were mainly based on water
samples from the lake surface, and there is still a lack of
information on the distribution of CDOM as a function of
depth. It is of great interest whether or not there are differences
in the vertical distribution of CDOM characteristic in such a
shallow lake without temperature stratification (Qin et al.
2007). In fact, environmental factors such as solar irradiance,
dissolved oxygen (DO), and phytoplankton are not uniformly
distributed along the depth (Yang et al. 2007; Wu and Kong
2009), which are closely related to the fate of CDOM (such as
photochemical and/or biological degradations) in the water
and may lead to vertical heterogeneity. Other factors such as
hydrodynamic conditions (e.g., wind-induced wave and cur-
rent) also play important roles in the spatial distribution of
CDOM in the lake (Wu et al. 2015, Zhou et al. 2016b) and
need to be further discussed as well.

The main aims of this study are to (1) characterize fluores-
cent components of CDOM in Lake Taihu by PARAFAC
analysis based on water samples taken from both surface
and bottom layers; (2) inspect both horizontal and vertical
distributions and sources of CDOM in the lake; and (3) dis-
cuss factors that influence the spatial pattern of CDOM, in-
cluding sources and hydrodynamic conditions.

Materials and methods
Sample collection and preparation

Water samples were collected from 102 sites (shown in Fig. 1)
in Lake Taihu in early September 2013. Both surface (about
0.1 m below surface) and bottom (about 0.1-0.3 m above
bottom) water samples were collected using a 2-L plastic sam-
pler and stored on ice while in the field. DO of each sample
was determined immediately after sampling by a portable DO
meter (HQ30, Hach Company, USA).

All water samples were filtered at low pressure first
through a Whatman GF/F filter (0.7 um) and then through a
25-mm Millipore cellulose membrane filter (0.22 pum) into
glass bottles pre-combusted at 550 °C for 8 h, and stored in
a refrigerator at 4 °C before measurement (Zhang et al. 2011).

Three-dimensional fluorescence measurement

Excitation-emission matrixes (EEMs) of CDOM were mea-
sured using a Hitachi F-7000 fluorescence spectrometer
(Hitachi High-Technologies, Japan) with a 150-W xenon
lamp. The scans ranged from 200 to 400 nm on the excitation
side and from 220 to 600 nm on the emission side, with 5- and
2-nm intervals for excitation and emission, respectively. The
scanning speed was 1200 nm min ', and the voltage for the
photomultiplier tube (PMT) was set to 700 V. Blank EEMs of
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Fig. 1 Sampling sites in Lake
Taihu, China. Both surface and
bottom water samples were taken
at the 102 sites (nos. 1-102) in
early September 2013. There
were also three samples (n0s.
103-105) obtained from the Taige
River. The lake was divided (by
the gray dashed lines) into seven
areas: Meiliang Bay (MB),
Gonghu Bay (GB), Zhushan Bay
(ZB), western lake (WL),
southern lake (SL), eastern lake
(EL), and center lake (CL)
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Milli-Q water were also recorded and used to reduce the water
Raman scatter peaks via spectral subtraction.

Correction of instrumental response was conducted accord-
ing to the procedure recommended by Hitachi (Hitachi F-7000
Instruction Manual) on both the excitation and emission sides.
Absorbance spectra ranging from 200 to 600 nm were used for
correction of inner filtering effects in the EEMs (Mobed et al.
1996), which were collected for all samples using a UV-vis
spectrophotometer (UV2600, Shimadzu Corporation, Japan).
Measured EEMs were corrected for absorbance by multiply-
ing each value in the EEMs with a correction factor to elimi-
nate the inner-filter effects (McKnight et al. 2001). Rayleigh
and Raman scatter effects were removed by a MATLAB tool-
box drEEM (Ver. 0.20) written by Murphy et al. (2013).

PARAFAC modeling

PARAFAC analysis was carried out using the MATLAB tool-
box drEEM (Ver. 0.20) according to Murphy et al. (2013), in
which the basic principles and main steps for PARAFAC
modeling were given. Faulty data of excitation wavelengths
below 220 nm and emission wavelengths below 250 nm in the
EEMs were eliminated due to the unreliable signals present in
these regions. Outlier tests were carried out to remove samples
which could adversely affect the modeling. PARAFAC
models with different numbers of components (4-7) were

fitted and validated through a four-split analysis to find out
the most reasonable number of fluorescent components.

Calculation of fluorescence indices

Two fluorescence indices were calculated to better understand
the composition and distribution of CDOM characteristics.
The humification index (HIX) is defined as the ratio of two
areas (H/L) for the emission spectrum at the excitation wave-
length of 255 nm (254 nm in the literature), in which the
ranges of emission wavelengths were 435-480 nm for A and
300-345 nm for L (Zsolnay et al. 1999). HIX indicates the
aromaticity degree of CDOM, with larger values correspond-
ing to greater fluorescence intensity at longer wavelength and
thus to the presence of more conjugated aromatics. The bio-
logical index (BIX) is calculated as the ratio of fluorescence
intensity emitted at 380 and 430 nm both excited at 310 nm,
which increases with increasing CDOM input from autoch-
thonous biological activity in water samples, and larger values
indicate CDOM with stronger endogenous characteristics
(Huguet et al. 2009).

Measurements of other water quality parameters

Other water quality parameters such as total nitrogen (TN),
total dissolved nitrogen (TDN), nitrate (NO5 ), ammonia
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Fig. 2 Examples of EEMs for
water samples from different
areas of Lake Taihu: a lake center;
b southern lake; ¢ Meiliang Bay;
d Zhushan Bay; e Gonghu Bay; f
western lake. Contour was
fluorescence intensity (a.u.)
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Fig. 3 Fingerprint maps for the six fluorescent components (C1-C6) identified by the six-component PARAFAC model validated by a four-split

analysis, in which a—f were for C1-C6, respectively
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Fig.4 Spectral loadings for the six fluorescent components identified by the PARAFAC model validated through a four-split analysis, in which a—f were

for C1-C6, respectively, and different line types represented different splits

TN and TOC were analyzed on a TOC/TN Analyzer (Multi
N/C 2100, Analytik Jena Company, Germany). The other pa-
rameters were analyzed on a UV-vis spectrophotometer
(Shimadzu UV2600), in which TP, NO;, and NH,* were
determined by the molybdenum blue spectrophotometry, UV
spectrophotometry, and Nessler’s reagent spectrophotometry
methods, respectively.

Statistical analyses and plots

In order to discuss the horizontal variations of CDOM
characteristics, the whole lake areas were divided into
seven sub-regions, which are center lake (CL), eastern
lake (EL), western lake (WL), southern lake (SL),
Meiliang Bay (MB), Gonhu Bay (GB), and Zhushan
Bay (ZB), respectively (see Fig. 1).

The coefficient of variation (CV), also called relative stan-
dard deviation (RSD), is used to describe the differences in
CDOM characteristics between the surface and bottom water
samples. It is defined as the ratio of standard deviation (o) to
the mean (u):

cv =7 x 100% (1)
I

and larger CV values indicate greater variations between
the samples from the surface and bottom layers.

Statistical analyses including calculation of mean values,
variations, and regression coefficients were performed using
MATLAB 2013a (MathWorks, Inc.). Regression and correla-
tion analyses were used to examine the relationships between
CDOM components and the other water quality parameters.
Plots were generated by ArcMap 10.0 (ESRI Inc.) and Origin
Pro 8.5 (OriginLab Corp.).

Results
General characteristics for EEMs of DOM

EEMs of all the water samples were analyzed, and four typical
fluorescence peaks could be characterized from the contour
plots using the “peak picking” technique, which comprised
two humic-like and two protein-like fluorescent peaks (Coble
1996). The first humic-like fluorescent peak was located in the
ultraviolet band with excitation wavelengths ranging from 230
to 250 nm and emission wavelengths from 400 to 460 nm, and
the second was in the visible range (Ex = 280-310 nm,
Em = 380455 nm). The first protein-like fluorescent peak
had shorter excitation wavelengths (Ex = 230-240 nm,
Em = 330-350 nm), and the second had longer excitation
wavelengths (Ex = 270-290 nm, Em = 300-310 nm).
Examples of EEMs for water samples from different areas of
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Table 1
previous studies

Maxima of excitation and emission of the six fluorescent components identified by the PARAFAC model in this study and comparisons with

Component EXax/nm Em,,,/nm

Comparison with other similar studies

Origin and description

C1 260/340 452

C peak 320-360/420-480 (Coble 1996)

Terrestrial-like humic substances

Cl: 270(265)/453 (Zhang et al. 2009b)
C1: 270(365)/470 (Chari et al. 2012)
C3: 260(355)/470 (Zhou et al. 2016a)

C2 275/315 392

M peak: 290-310/370—410 (Coble et al. 1998)
N peak: 280/370 (Coble et al. 1998)

Marine humic-like substances
(phytoplankton degradation)

C3:295/398 (Stedmon &Markager 2005a)
C4:290/405 (Chari et al. 2012)
C2: 315/418 (Murphy et al. 2013)

C3 275/290 302

B peak 275/305-310 (Coble 1996)

Tyrosine-like, protein-like

C4: 275/306 (Stedmon &Markager 2005a)
C7:270/299 (Yamashita et al. 2008)

C2: 275/<300 (Zhang et al. 2009b)
C3:270/295 (Chari et al. 2012)

C4 250 372

A peak 230-260/380—460 (Coble et al. 1998)

Terrestrial-like humic substances

C3: <250(305)/412 (Stedmon &Markager 2005b)
C4: 250 (320)/370 (Murphy et al. 2008)

C6: 250/360 (Jorgensen et al. 2011)
C5:240/384.5 (Nimptsch et al. 2015)

Cs 290 340

T peak: 225-230(275)/340-350 (Coble et al. 1998)

Tryptophan-like, protein-like

C6: 280/338 (Stedmon &Markager 2005b)
C4: 280/318 (Yamashita et al. 2008)
C5:275/325 (Chari et al. 2012)

Cc6 255 455 C1: <250/448 (Stedmon &Markager 2005b)
C1: <260/458 (Yamashita et al. 2008)

Terrestrial humic-like substances,
UV humic-like

C3: <250/432 (Osburn et al. 2011)
C2: <250/440 (Chari et al. 2012)

Lake Taihu are given in Fig. 2. The contour maps for EEMs of
samples from each area were similar, and the two protein-like
fluorescence peaks were prominent. The humic-like peaks,
however, varied between the lake areas, especially the ultra-
violet humic component which was more significant in
Zhushan Bay than in the other lake areas. Red shifts for the
fluorescence peaks were also unique in the EEMs of Zhushan
Bay when compared to the others. Additionally, the fluores-
cence peak intensity of the sample from the center of the lake
was relatively low in comparison.

PARAFAC modeling

The results of PARAFAC analysis suggested that the six-
component model provided the best result statistically and
could explain more than 99.6 % of the EEMs. The fingerprint
maps of the six identified components (represented as C1-C6)
and their excitation and emission spectra are presented in
Fig. 3 and Fig. 4, respectively. Characteristics of the excitation
and emission features for these components are provided in
Table 1, with information on similar components reported in
related works by other researchers.

The six identified components consist of four humic-like
and two protein-like components. Cl (Ex ../
Em,,,, = 260(340)/452 nm) and C6 (ExXpa/Emy.c = 255/
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455 nm) are similar to that of terrestrial humic-like materials
which were found in many natural water bodies in previous
works based on peak-picking and PARAFAC analysis (Coble
1996, Coble et al. 1998, Osburn et al. 2011, Zhou et al.
2016a), and were characterized as peak C by Coble et al.
(1998). C4 (Exiax/Emax = 250/372 nm) is probably from ter-
restrial humic-like substances as well and was characterized as
peak A (Coble et al. 1998). C2 (Expax/Empyax = 275(315)/
392 nm) is similar to that of humic substances derived from
biological degradations, which is also called marine humic-
like substances in seawater and was characterized as peak M
by Coble et al. (1998). C3 (EXpax/EmMpax = 275(290)/302 nm)
and C5 (Expax/Empax = 290/340 nm) represent protein-like
fluorophores, which are similar to tyrosine-like (peak B) and
tryptophan-like (peak T) fluorophores, respectively (Coble
et al. 1998).

Areal distributions

Contour maps for the vertically averaged fluorescence in-
tensity maxima (Fp,.y, in unit of a.u.) of the six compo-
nents are shown in Fig. 5. It is clear that F,,« values are
larger in the northern (Zhushan Bay and Meiliang Bay)
and western areas and smaller in the center, eastern, and
southern areas. Notable declines in F,,, values
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(especially for C1, C2, and C6) are observed from the  generally have higher fluorescence intensities than those
northwest to the center and then to the southeast of the  from the other regions. In particular, samples from
lake. Zhushan Bay appear to have markedly higher fluores-

The average F,.x values of each component from dif-  cence intensity than the others. It is also very interesting
ferent lake areas are shown in Fig. 6. It is suggested that  that the intensity of C6 only seems to be notable in sam-
water samples from the three bays (ZB, MB, GB) ples from Zhushan Bay, exhibiting a large gradient from
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Fig. 6 Average intensity maxima 500
of fluorescent components (C/—
C6) for surface (a) and bottom (b)
water samples from different lake
areas: center lake (CL), eastern
lake (EL), Gonghu Bay (GB),
Meiliang Bay (MB), southern lake
(SL), western lake (WL), and
Zhushan Bay (ZB)
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(a) Water samples from surface layer
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the mouth of the Taige River to the open lake area in the
bay and becoming much lower outside the bay.

Variations with depth

The calculated CV values for the six components in different
lake areas are presented in Table 2. CV values for C6 are
greater than those of the other components, indicating larger
differences between the surface and bottom samples. C4
shows the next highest variability with an average value of
23.4 %, about half'that of C6 (41.5 %). The other components
have very similar CV values. Of the seven lake areas, Gonghu
Bay has the largest CV value of 35.7 %, followed by Meiliang
Bay 31.8 % and then by center lake, southern lake, and eastern
lake, with CV values all around 25 %. Western lake has much
smaller CV values (11.3 %), and Zhushan Bay has the
smallest (4.6 %). Generally, the differences in Fy,, values
between water samples obtained from the two vertical layers
are smaller than those in the horizontal direction. In addition,
Fax values in the surface samples are a little smaller (about

Table 2  Coefficient of variation (CV, %) values of vertical distribution
for the six fluorescent components in different lake regions

Lake area Cl C2 C3 C4 C5 C6 Average

Center lake 242 236 282 206 221 410 26.6
Eastern lake 13.0 137 198 163 141 554 221
GonghuBay 188 224 440 246 303 739 357
Meiliang Bay 252 285 303 264 284 520 318
Southern lake  19.6  19.7 20.6 19.8 19.7 444 240
Western lake 82 79 134 87 95 203 113
Zhushan Bay 5.7 33 3.1 43 3.1 8.3 4.6
Average 172 175 234 173 183 415 225
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Lake Areas

6 % in average) than those in the bottom layer (see Fig. 6 and
Table 2), which is not significant if the measuring errors are
considered. However, it is still noticeable as the CV values
range from 0.04 to 141 % (relative errors range from —45 to
21 %) among distinct components and sampling sites, still
suggesting noteworthy vertical heterogeneity.

Fluorescence indices

The calculated BIX values range from 0.89 to 1.44 with an
average of 1.06 + 0.10 for all the water samples from the
surface layer, and from 0.88 to 1.44 with an average of
1.07 + 0.11 for those from the bottom. The corresponding
HIX values for the surface and bottom samples range from
0.83 to 3.37 with an average of 1.55 £ 0.60, and from 0.64 to
3.30 with an average of 1.55 £ 0.60, respectively. No obvious
differences are found in the average BIX and HIX values
between the surface and bottom samples. The average of the
two fluorescence indices for different lake areas are shown in
Fig. 7. It could be seen that spatial differences in the fluores-
cence indices in the lake are notable. Zhushan Bay has the
smallest BIX value and southern lake has the largest, whereas
Zhushan Bay has the largest HIX value and eastern lake has
the smallest.

Relationships with water quality parameters

The average values of water quality parameters in samples
taken from different lake areas are shown in Table 3.
Nutrient loads (TN and TP) are observed to be higher in
Zhushan Bay and western lake than in the other lake regions,
especially in Zhushan Bay where TN and TP are about 160
and 200 % of the average of the whole samples, but DO is
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Fig. 7 Average values of 14
fluorescence indices for water
samples from different lake areas.
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CL

only 60 % of the average, suggesting heavier organic pollu-
tion. The vertical variations of the water quality parameters are
less significant than their horizontal differences. In general,
TN and DO in the surface samples are a little higher than those
in the bottom water samples, but TP has the opposite trend.
The correlation between the six components and five water
quality parameters were analyzed by the Pearson product-
moment correlation method (Liu et al. 2004), and the deter-
mined coefficient as well as significance level of the linear
relationships for the water samples from the surface and bot-
tom layers are provided in Table 4 and Table 5, respectively.
Positive and significant linear relationships are found between
the fluorescent components and nutrients (TN, TP) in the wa-
ter, especially for C1, C2, C5, and C6, which have higher
positive coefficients (0.46-0.62, p < 0.001) with TP. Strong
negative linear relationships exist between the fluorescent
components and DO, with coefficient values ranging from

]

—0.73 to —0.34, which are mainly due to DO consumptions
from biological degradations of CDOM.
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Lake Area

Discussions
Influence of sources

The spatial distribution of CDOM in lakes is influenced by
multiple factors, such as sources (allochthonous and/or au-
tochthonous) and biogeochemical transformations (photo-
chemical and/or biological degradation) (Henderson et al.
2008, Yao et al. 2011).

It is found in this study and previous reports (Zhang et al.
2011, Zhou et al. 2015a) that areas with relatively high
CDOM concentrations are mainly located in the northern
and northwestern parts of Lake Taihu (Zhushan Bay, western

Table 3  Average values of water quality parameters in samples from different lake areas

Lake areas TN (mg/L) TDN (mg/L) TP (mg/L) DOC (mg/L) DO (mg/L)
Surface Bottom Surface Bottom Surface Bottom Surface Bottom Surface Bottom

Center lake 4.59 5.01 1.98 1.98 0.059 0.063 15.1 14.5 7.7 7.6
Eastern lake 439 4.08 1.65 1.66 0.042 0.047 14.5 17.7 8.0 7.8
Gonghu Bay 4.75 4.70 1.46 1.35 0.051 0.055 16.1 15.6 8.9 8.1
Meiliang Bay 3.89 3.85 1.60 1.90 0.088 0.088 12.3 15.2 8.0 74
Southern lake 3.75 3.57 2.14 2.13 0.044 0.050 15.8 16.6 8.0 8.0
Western lake 498 4.44 2.09 2.02 0.066 0.065 14.2 13.2 7.2 7.0
Zhushan Bay 7.81 7.81 2.94 3.18 0.134 0.133 10.4 13.9 4.5 43
Average 4.30 4.68 1.97 1.98 0.064 0.067 14.4 14.9 7.5 73

TN total nitrogen, 7DN total dissolved nitrogen, 7P total phosphorus, DO dissolved oxygen, DOC dissolved organic carbon
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Table4 Correlation coefficient and significance level between the six fluorescent components (C1-C6) and water quality parameters for surface water

samples
Cl C2 C3 Cc4 Cs5 Co6 DO TN TDN TP DOC
Cl 1.00 - - - - - - - - - -
C2 0.79* 1.00 - - - - - - -
C3 0.55*% 0.50%* 1.00 - - - - - -
C4 0.74* 0.71* 0.75% 1.00 - - - - - -
Cs 0.76* 0.75% 0.75% 0.61* 1.00 - - - - -
Co6 0.49* 0.45%* 0.67* 0.44* 0.78* 1.00 - - - -
DO —0.68* —0.67* —0.53* —0.49* —0.73* —0.70* 1.00 - - -
TN 0.33% 0.34* 0.26%%* 0.11 0.44* 0.36* —0.41* 1.00 - -
TDN 0.327%: 0.30% 0.21%%* 0.21%%* 0.37* 0.42% —0.41* 0.34* 1.00 -
TP 0.62* 0.60* 0.34* 0.29% 0.59* 0.59* —0.56* 0.30%:* 0.33* 1.00
DOC 0.78* 0.75% 0.69* 0.67* 0.74* 0.61* —0.64* 0.24%#3#% 0.297%: 0.48%* 1.00

TN total nitrogen, TDN total dissolved nitrogen, 7P total phosphorus, DO dissolved oxygen, DOC dissolved organic carbon

#p < 0.001; #%p < 0.005; **%p < 0.05

lake, and Meiliang Bay). Remarkable declines in fluorescence
intensities of CDOM components (e.g., C1 and C6) are ob-
served from the north and northwest to the center and then to
the south and southeast of the lake (see Fig. 5). Outputs from
analysis on fluorescence indices show that these areas have
larger HIX and smaller BIX values than the other lake areas,
suggesting stronger allochthonous CDOM characteristics, and
terrestrial inputs from rivers and tributaries may be the dom-
inant sources (Zsolnay et al. 1999; McKnight et al. 2001;
Huguet et al. 2009; Birdwell and Engel 2010; Zhou et al.
2015a). The results are in accordance with those in previous
reports (Zhang et al. 2011, Zhou et al. 2015a). In fact, the
northern and northwestern sub-basins are covered by highly
urbanized towns with high population density (Qin et al.
2010). Most of the heavily polluted rivers such as Caogqiao

R., Liangxi R., Taige R., Yicun R., and Zhihugang R. are
located in these regions, and huge amounts of DOM as well
as nutrients derived from sewage, industry waste, and domes-
tic effluents with little or no treatments are discharged into the
rivers and come into the lake, making these lake areas exhibit
stronger allochthonous CDOM characteristics than the other
areas (Yao et al. 2011, Zhang et al. 2011, Zhou et al. 2015c).

In addition to terrestrial sources, materials mainly derived
from in situ decomposition of phytoplankton and macrophyte
may also be an important contributor to the CDOM pool in
large, shallow, and eutrophic lakes (Zhang et al. 2009a;
Birdwell and Engel 2010; Osburn et al. 2011). Lake Taihu
has a very large surface area and a long water retention time;
therefore, it essentially serves not only as a sink but also a
large biological reactor for CDOM (Zhou et al. 2015¢). In

Table5 Correlation coefficient and significance level between the six fluorescent components (C1-C6) and water quality parameters for bottom water

samples
Cl1 C2 C3 C4 Cs Co DO N TDN TP DOC

Cl 1.00 - - - - - - - - -
C2 0.78%* 1.00 - - - - - - - -
C3 0.52% 0.47* 1.00 - - - - - - -
C4 0.65%* 0.65* 0.79* 1.00 - - - - - - -
Cs 0.75% 0.73* 0.71%* 0.56* 1.00 - - - - - -
Co 0.49%* 0.43* 0.60* 0.36* 0.76* 1.00 - - - - -
DO —0.67* —0.64* —0.45% —0.34* —0.69* —0.77* 1.00 - - - -
TN 0.34%* 0.33 0.40%#* 02475 0.43* 0.36* —0.41* 1.00 - - -

TDN 0.17 0.16* 0.16 0.09 0.28%##* 0.46* —0.44* 0.30%* 1.00 - -
TP 0.47%* 0.46* 0.28##* 0.20%%#* 0.50* 0.54* —0.60* 0.33* 0.37%* 1.00 -

DOC 0.78%* 0.75% 0.62%* 0.58* 0.72% 0.59* —0.66* 0.39* 0.25% 0.38%* 1.00

TN total nitrogen, 7DN total dissolved nitrogen, TP total phosphorus, DO dissolved oxygen, DOC dissolved organic carbon

#p < 0.001; *p < 0.005; *+*p < 0.05

@ Springer



Environ Sci Pollut Res (2016) 23:23057-23070

23067

Taipu R,

Fig.8 Vector plots of flow fields at the water surface in Lake Taihu under
prevailing south and southwest (SSW) winds (which usually dominated
from June to September), according to Qin et al. (2007)

recent decades, heavy cyanobacterial blooms induced by high
nutrient loads of nitrogen and phosphorous have occurred in
Lake Taihu, especially in the northern and northwestern areas
where blooms have taken place almost every year (Zhang
et al. 2011, Zhou et al. 2015a). Large quantities of biomass
were produced during the blooms and degraded by microor-
ganisms after the death of phytoplankton. As a result, CDOM
in these regions (such as Meiliang Bay, Gonghu Bay, and
western lake) also exhibit stronger autochthonous characteris-
tics than the other lake areas, and relatively higher fluorescence

800 L From Taige River
From Zhushan Bay
| ----- From the other lake areas

- [=a)
> >
= =l

Fluorescence intensity/(a.u.)
N
=

Emission wavelength/nm

Fig. 9 Emission spectra at exciting wavelength of 255 nm for water
samples from different areas including three samples from the Taige
River connected to Zhushan Bay. Numbers are identifiers for the
sampling sites shown in Fig. |

15
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®  Meiliang Ba:
I, g Bay
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Fig. 10 Bar chart for spatial distribution of component C6 in the north of
Lake Taihu (including three samples from the Taige River). Horizontal
bars represented fluorescence maxima calculated by the PARAFAC
model (Fmax, in unit of a.u.) of each sampling site, in which black and
line-filled bars stood for water samples from surface and bottom layer,
respectively. Numbers are identifiers for sampling sites shown in Fig. 1

intensities of component C2, which is probably derived from
phytoplankton degradation, are found in these regions. In con-
trast, the eastern and southern lake areas are cleaner (with
lower nutrient loads in the water) and less affected by algal
blooms, where eastern lake is far away from the regions with
heavy algal blooms described above and southern lake is dom-
inated by macrophytes. Therefore, relatively lower intensities
of C2 are observed in these areas.

Influence of hydrodynamic conditions

Hydrodynamic conditions also play important roles in shaping
the spatial pattern of CDOM in the water (Wu et al. 2015,
Zhou et al. 2016b). In Lake Taihu, no obvious temperature
stratifications are found (Qin et al. 2007), and wind-induced
waves and currents are the major forces transporting materials
both horizontally and vertically, which can not only directly
transport CDOM from one region to another but can also have
indirect effects through altering the distributions of nutrients
and phytoplankton. Previous studies (Qin et al. 2007) found
that prevailing winds from the southeast or southwest during
the summer season (usually from June to September) could
generate a large counterclockwise circumfluence in the center
of Lake Taihu, and there was a stable southward current along
the western coast and a weak and unstable current in Meiliang
Bay (see Fig. 8). As described before, most of the rivers and
channels (especially those heavily polluted) are located in the
north and west, and water mainly goes out through Taipu
River in the southeast of the lake. Therefore, DOM discharged
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into the lake from these rivers will be carried by the southward
current and then transported along the west coast from north to
south, and part of it will be brought to the center and the east
by the large counterclockwise circumfluence. This can be
clearly seen on the contour maps of the terrestrial fluorescent
components (e.g., C1 and C6, shown in Fig. 5), in which the
shapes of contours suggest a very similar transporting trajec-
tory of DOM by the currents. Also, the currents could lead to
an aggregation of algal blooms (Microcystis spp.) in the north-
e and northwestern regions of the lake, making these areas
algae-dominated and exhibit stronger autochthonous charac-
teristics (larger Fi,x values of C2) than the other regions.

Vertically, the mixing of CDOM in the water column is
mainly controlled by hydrodynamic process. There are almost
no density flows in such a large, shallow, and freshwater lake,
as minor and transient thermal stratification is easily broken
down by the wind (Tao et al. 2007). Therefore, waves and
currents induced by wind become the dominant factors, and
the mixing strength is determined by wind speed. Materials
such as CDOM, nutrients, and algae in the water column tend
to be uniformly distributed by turbulent mixing under strong
wind conditions, especially in the bays and the western coastal
regions where the water is relatively shallow (Wu & Kong
2009). As a result, only about 6 % difference is observed in
the average F,. values between the water samples from the
surface and bottom layers, and the CV values are smaller in
the northern and western regions. However, the vertical het-
erogeneity of CDOM characteristics is still noticeable, as the
CV values ranged from 0.04 to 141 % among distinct compo-
nents and sampling sites. In addition, F,,,x values of the sur-
face water samples are generally smaller than those of the
bottom samples, which may be due to two aspects: (1) photo-
chemical degradation of CDOM in the surface layer is stron-
ger than that in the bottom, as solar radiation is more intensive
at the water surface. Photochemical degradation can result in
significant alternations of florescence properties, absorbance
losses, decreases in aromaticity and average molecular weight
of CDOM, as well as declines in DOC concentration in the
water (Zhang et al. 2009b; Zhang et al. 2013; Zhang et al.
2015); (2) resuspension from sediment by wind-induced
waves and currents may increase CDOM concentration of
the bottom water. Sediment is an important sink as well as
source in Lake Taihu (Hu et al. 2012). Wind-induced hydro-
dynamic disturbance can result in explosive sediment suspen-
sion and release of CDOM from the sediment to the overlying
water (Wu et al. 2015).

Interestingly, the observed average TN concentration in the
surface water samples is a little larger than that in the bottom
samples. It may be partially explained by the amount of algal
biomass being greater in the surface water samples, as previ-
ous observations in Lake Taihu by Wu and Kong (2009) sug-
gested that the cyanobacteria Microcystis spp. colonies (espe-
cially those with a radius larger than 120 pm) were mainly
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concentrated in the surface layers (at 0 and 0.5 m) under calm,
even windy, conditions.

Sources and indications of component C6

It is very interesting to find that C6 seems to be unique in
water samples from Zhushan Bay and exhibits strong terres-
trial characteristics. The fluorescence intensity of C6 exhibits
sharp declines from the northern end to the open area of
Zhushan Bay and becomes much lower outside the bay (see
Fig. 5f), suggesting an obvious dispersion trajectory that is in
agreement with the wind-induced current shown in Fig. 8.
Although the other components (e.g., C1, C2) have similar
spatial patterns and transporting characteristics as well, the
horizontal heterogeneity of C6 is much greater between the
inside and outside areas of Zhushan Bay. In addition, the
emission spectra excited at the wavelength of 255 nm (i.e.,
the exciting wavelength of C6’s F,.,) show that the water
samples collected from Zhushan Bay are different to those
collected from the other lake areas (see Fig. 9), in which there
are intense peaks at the emission wavelength of about 455 nm
(i.e., the emission wavelength of C6’s F,,,). Such peaks are
also found in the spectra (Fig. 9) of the samples obtained from
the Taige River which connects to the northern end of
Zhushan Bay, suggesting that C6 probably originates from
riverine inputs.

A spatially distributed bar plot (i.e., to plot bars at the
locations of the sampling sites) for the F,,, values of C6 is
shown in Fig. 10, from which it can be seen that site no. 1 in
Zhushan Bay, which is closest to the mouth of the Taige River,
has a similar F,,,,, value to those of the three sites (nos. 103—
105) in the upstream of the Taige River, and sharp declines
with increasing distances from the river mouth are observed at
the other sites in the bay (nos. 2—8). Therefore, we infer that
C6 is mainly from the discharge of the Taige River (may also
be sourced from Caoqiao River which has the same mouth to
flow into Zhushan Bay, but water samples from this river were
unavailable in the present study). Although there are no sam-
ples available in the other rivers (such as Yicun R. and
Shatang R.) connected to Zhushan Bay, it could still be in-
ferred that these rivers were not likely to be the major sources
of C6, as no obvious gradients of F,,, values were found at
the sites (such as site nos. 3 and 5) near the mouths of these
rivers.

C6 is not likely to be derived from degradation of algae
either. Meiliang Bay usually has heavier cyanobacterial
blooms than the other lake areas due to its high nutrient loads
and hydrodynamic conditions (Qin et al. 2007). However, the
Fax values of C6 in the water samples from this region are
significantly lower. In addition, the excitation and emission
characteristics of C6 are more prone to be terrestrial-like ac-
cording to previous studies (Stedmon and Markager 2005a;
Yamashita et al. 2008; Osburn et al. 2011; Chari et al. 2012).
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The unique characteristics of C6 make it a potential indi-
cator of “point source” discharge of CDOM in Lake Taihu,
and its spatial pattern could be a representative of CDOM
discharged from the Taige River. It may also be used as an
environmental tracer to study the transportation process of
CDOM discharged from the Taige River.

Conclusions

(1) Six fluorescent components (named C1-C6) were identi-
fied through PARAFAC analysis, consisting of four humic-
like and two protein-like CDOM signatures.

(2) Clearly larger Fy,,, values (especially for C1, C2, and
C6) were found in the northern and western regions, with
notable declines to the center and then to the eastern and
southern areas, suggesting transporting trajectories in accor-
dance with the wind-induced currents under prevailing wind
conditions.

(3) The average F,.x value of the surface water samples
was about 6 % less than that of the bottom samples. However,
the vertical heterogeneity of CDOM characteristics is still no-
ticeable considering the large variations of CV values among
distinct components and sites.

(4) The spatial variations of BIX and HIX values suggested
stronger allochthonous CDOM characteristics in Zhushan
Bay and Western Lake and autochthonous characteristics in
southern lake and eastern lake.

(5) Component C6 was unique in Zhushan Bay and prob-
ably originated from the discharge of the Taige River. Its
unique nature and source make it a potential indictor and trac-
er to CDOM fate from point-source discharge.
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