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ABSTRACT

Fluvial plain lake watersheds are usually highly urbanized and have high concentrations of chromophoric dissolved or-
ganic matter (CDOM). CDOM derived from the connecting urban channels usually share strong terrestrial and anthro-
pogenic signals and net inflow runoff (Q,e) to the lake serves as a proxy of residential household sewage input. We
investigate how Qy¢ controls the optical characteristics of CDOM in fluvial plain Lake Taihu and the connecting chan-
nels. CDOM absorption coefficient a(350), dissolved organic carbon (DOC), the fluorescence intensity (Fax) of seven
PARAFAC components C1-C7, and 6'°N-TDN were higher in the northwestern relative to the other lake regions, and
a(250)/a(365), spectral slope S»75_295, and 6'>C-DOM relative low in the northwestern lake, all indicating strong terres-
trial and anthropogenic effects. Conversely, the urban land cover (%Cities), gross domestic product (GDP), and popula-
tion density were relatively low in the western sub-watersheds and high in the eastern sub-watersheds. This apparent
paradox reflects variations in Qe from different sub-watersheds. Thus, significant positive relationships were found
between Qe and a(350), DOC, chemical oxygen demand (COD), chlorophyll-a (Chl-a), Fyax of C1-C3 and C6-C7,
and %C2-%C3 in the five hydraulic sub-watersheds. We revealed significant positive relationships between mean a
(350), DOC, COD, Chl-a, C1-C3 and C6, %C2-%C3, and the products of Qye; x %Cities, Qner X GDP, and Qper X population
density. We further found dominant contribution of lignin to the total number of assigned formulas for the samples
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collected from the channels in the Huxi watershed and the central lake using high resolution mass spectroscopy. We
conclude that Q. is of key importance for the optical properties of CDOM molecules in the various regions of Lake
Taihu and the connecting channels.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Urbanization and industrialization usually take place in large fluvial
plains and coastal lake watersheds, which support the livelihood of
>75% of the human population worldwide (Paerl et al., 2013). An in-
crease in the urban and agricultural land use results in increasing
amounts of household sewage and agricultural humic-like substances
that are discharged downstream (Williams et al., 2016; Williams et al,
2010). Fluvial plains are usually located at low altitude with elevations
<10 m, and lake watersheds drainage within these areas can be com-
plex as the connecting river systems include natural rivers, semi-artifi-
cial-reformed rivers, man-made channels, and hundreds of floodgates.
The resulting effect on the carbon loading of lakes can be complex and
represents a challenge to unravel the sources of organic matter. Sewage
derived from intensive residential areas in these ecosystems often con-
tains high concentrations of dissolved organic matter (DOM).

Chromophoric DOM (CDOM) is the colored fraction of DOM that can
strongly absorb light in the ultraviolet (UV) and blue regions. CDOM origi-
nates from terrestrial and anthropogenic organic matter, microbial degra-
dation of aquatic organisms, and extracellular secretion released by algae,
and consists of a complex mixture of organic molecules. Its translocation
and transformation strongly impact the inland water carbon cycling and
the outgassing of greenhouse gases (Davidson et al, 2018; Le et al,, 2015;
Stedmon and Markager, 2005a; Zhao et al., 2017). Numerous studies
have elucidated how discharge impacts the dynamics of CDOM in streams,
rivers, mountainous lakes, and estuaries (Guo et al., 2014; Huang et al.,
2017; Li et al., 2016; Stedmon and Markager, 2005a; Yang et al., 2013;
Zhao et al,, 2016). In fluvial plain lake watersheds, however, the direction
of flow in the lake and the connecting river networks are broadly similar
to that of lagoons and can be reversed (backflow) under certain anthropo-
genic, climatic, and tidal conditions, and especially during cyclone events
(Qin et al,, 2007; Zhu et al., 2014). The hydraulic linkages between lakes
and the connecting channels in fluvial plain lake watersheds are therefore
much more complicated than mountainous lake ecosystems with fixed
flow direction. However, there have been few attempts to characterize
how net inflow runoff (Que calculated as backflow runoff subtracting
from inflow runoff) from connecting channels affects the variation in the
optical properties of CDOM in fluvial plain lake ecosystems.

It is difficult to trace the concentration and compositional dynamics of
CDOM due to the complex mix of CDOM molecules. UV-Vis spectral ab-
sorption and florescence measurements are important tools to evaluate
the optical concentration and composition of CDOM molecules. CDOM fluo-
rescent (FDOM) measurements of excitation (Ex) and emission (Em) ma-
trices (EEMs) are easy to obtain and yield high optical resolution by
enabling distinction of materials that absorb at the same wavelength but
emit in different spectral regions (Murphy et al., 2008). Parallel factor anal-
ysis (PARAFAC) decomposes EEMs of complex mixture into distinct trilin-
ear components and is useful in interpreting EEMs data arrays (Murphy
et al,, 2013; Stedmon and Bro, 2008). The stable isotopes &'>C-DOM and
5!5N-TDN can be used to trace the sources of bulk DOM as, typically,
5'3C-DOM of terrestrial humic-rich DOM ranges between —29%. and
—26%,, and is similar to that of terrestrial C3 plants with §'3C-DOM ranges
from —34%. to —23%. (Hood et al., 2009; Vizzini et al., 2005). In compari-
son, 8>C-DOM of biological autochthonous DOM (microbial degradation of
phytoplankton) typically ranges between —25%. and —20%. and is roughly
similar to values for C4 plants (—23%. ~ —7%.) (Hood et al., 2009; Vizzini et
al., 2005). 8'°N-TDN values were highest for riverine and anthropogenic
input (Vizzini et al., 2005; Zhou et al., 2015b). Fourier transform ion cyclo-
tron resonance mass spectrometry (FT-ICR MS) can be used to trace the

composition of DOM from the molecular level. FT-ICR MS enables the assig-
nation of thousands of molecular formulas of DOM in various aquatic eco-
systems (Kellerman et al., 2015; Spencer et al., 2014; Stubbins et al., 2010).

The Lake Taihu watershed is the most developed area in China with
high population density, urbanization, and economic development (Qin
et al., 2007). It covers 36,500 km?, and the lake has an area of
2338.1 km? with a mean depth of 1.89 m. The lake bottom has a mean
elevation of ~ 1.1 m above sea level and a total of 172 rivers or man-
made channels are connected to the lake (Qin et al., 2007). The summed
length of channels in the Lake Taihu watershed is 120,000 km, i.e.
~3.2 km km™2 (Qin et al., 2007), and the water retention time of the
lake is about 300 days (Tang et al., 2010). Water runoff usually drains
from the west, passes through the lake and to the east, and finally
empties into the East China Sea (Fig. 1). However, the water flow in
the whole lake watershed can be reversed, i.e. backflow runoff; this is
especially pronounced during the dry season (from late autumn to
late spring) and occurs particularly in the eastern part of the lake water-
shed (Qin et al., 2007). Water flow directions of the channels connecting
to Lake Taihu are largely controlled by tidal exchange, extreme events
(typhoon passages), and anthropogenic disturbance (e.g. hundreds of
floodgates), and are broadly similar to that of lagoon systems. Qpuet
draining to the lake from different hydraulic sub-watersheds can there-
fore be used to trace anthropogenic effluents from the corresponding
sub-watersheds. High urban land cover (%Cities) in the Lake Taihu wa-
tershed result in a high nutrient and CDOM input, which boosts the out-
break of algal blooms, as well as the accumulation of high
concentrations of autochthonous CDOM (Duan et al., 2014; Zhou et al.,
2015a). High concentrations of CDOM can cause an unpleasant odor
and taste of the water and produce undesirable disinfection byproducts
during water treatment processes (Tomlinson et al., 2016). The lability
of CDOM to degradation and mineralization is largely determined by
its source and composition (Stedmon et al., 2007). Although there
have been studies unraveling the spatial and temporal variations of
CDOM optical properties in Lake Taihu (Yao et al., 2011; Zhang et al.,
2011; Zhou et al., 2015b), how the Q¢ from individual hydraulic sub-
watersheds may influence the sources and optical properties of CDOM
in the lake watersheds remains, however, largely unknown. It was
found that the Qe varied greatly between the individual hydraulic
sub-watersheds of the Lake Taihu watershed (Qin et al., 2007).

In this study, we attempt to unravel how Q¢ draining to the lake from
individual hydraulic sub-watersheds may quantitatively control the optical
properties of CDOM in the fluvial plain Lake Taihu watershed. A total of
2277 field samples (128 samples collected in 2011 were previously re-
ported in reference Zhou et al. (2015b)) collected from the lake watershed
from February 2008 to November 2016 and long-term data on the monthly
(August 2009-December 2016) inflow and backflow runoff (net inflow,
Qpet) in individual hydraulic sub-watersheds of the lake were used to eluci-
date how Q,,¢¢ may influence the sources and optical properties of CDOM in
the lake watersheds. We hypothesized that the Qe from individual sub-
watersheds controls the optical properties of CDOM and its variation in
the lake and the connecting channels.

2. Materials and methods

2.1. Hydraulic sub-watersheds of Lake Taihu and hydrological and socio-
economic data collection

The Lake Taihu watershed can be divided into seven individual hy-
draulic sub-watersheds according to the Taihu Basin hydrological
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Fig. 1. Five sub-watersheds were delineated by gray dashed lines (a). Location of 32 seasonal sampling sites in Lake Taihu (white circles) from February 2008 to November 2016, 146 sites
in October 2008 (gray circles), and 116 sites in January and June 2014, and June 2015 (gray triangles) (all sites were divided into five spatial subgroups delineated by white dashed lines
following the boundaries of the five corresponding sub-watersheds), and location of 51 seasonal sampling sites on the connecting channels (white quadrates) from November 2013 to
November 2016 (b). Land cover (c), gross domestic product (GDP, in 10* RMB yuan km~2; d), and population density (km~2; e) of the Lake Taihu Watershed in 2010.

information service system (http://218.1.102.99:8100/indexWater.
html): Huxi, Wuchengxiyu, Zhexi, Hangjiahu, Yangchengdianmao,
Pudong, and Puxi (Fig. 1). The hydraulic sub-watersheds were divided
following the boundary where there is barely water exchange between
neighboring sub-watersheds (http://218.1.102.99:8100/indexWater.
html). The sub-watersheds Pudong and Puxi are not located in the
catchment surrounding Lake Taihu (Fig. 1) and are therefore not further
discussed. Five corresponding sub-regions surrounded by the five sub-
watersheds in Lake Taihu were divided according to the boundary of
the hydraulic sub-watersheds (Fig. 1).

In this study, inflow runoff is defined as inflow discharge from rivers
or channels to Lake Taihu while backflow runoff is defined as backwa-
ters discharged from the lake to the channels connecting to it. Q. is cal-
culated as inflow - backflow runoff and it is noted that Qe < 0 denotes
inflow runoff is less than the backflow runoff. Long-term data series on
the monthly (August 2009-December 2016) inflow and backflow run-
off from the five hydraulic sub-watersheds are available from the
Taihu Basin hydrological information service system (http://218.1.102.
99:8100/indexWater.html). Data on water flow direction in the lake it-
self are not available and not considered in this study.

Information on the land cover in 2005, 2010, and 2015 in the Lake
Taihu watershed was extracted from 1 km resolution national land
cover data for China identified through visual interpretation of Landsat
TM images (available from http://www.resdc.cn/) with ArcGIS 10.2
software. The land cover classes were further categorized into seven
groups: forest, grassland, waterbodies, cities, bare soil, sea reclamation,
and cropland (Liu et al., 2005). Gross domestic product (GDP) and pop-
ulation density data in 2005 and 2010 with a spatial resolution of 1 km
(available from http://www.resdc.cn/) for the Lake Taihu watershed
were extracted using ArcGIS 10.2 software. Because of limited temporal
resolution, land cover, GDP, and population density in 2005 were used
to represent 2008-2009, and 2010 to represent 2010-2014, and 2015
to represent 2015-2016 and correlated with CDOM-related indices. It

is noted that GDP and population density data in 2015 is not available
and we used the data in 2010 to represent.

2.2. Field sampling collection

A total of 2277 field samples were collected from the Lake Taihu wa-
tershed - 663 from 51 major channels connecting to the lake (0.2-5 km
upstream of the river mouths) and the remaining 1614 from the lake.
The 663 river samples were collected seasonally (February, May, Au-
gust, and November every year) from November 2013 to November
2016 and among the remaining 1614 lake samples, 1120 were collected
seasonally (February, May, August, and November every year) from
February 2008 to November 2016 (data are unavailable in February
2010), 146 in October 2008, and 348 (116 x 3) in January and June
2014 (Fig. 1). Surface (0-0.5 m) water samples were taken with 5 L
acid-cleaned Niskin bottles and stored on ice while in the field. The sam-
ples were filtered in the laboratory no later than 2 h after sampling and
stored in the dark at 4 °C. CDOM absorption and fluorescence measure-
ments were usually completed within three days and all laboratory
measurements were finished within five days.

2.3. CDOM absorption and fluorescence measurements

The water samples were first filtered through pre-combusted (450
°C for 4 h) Whatman GF/F filters (0.7 pm porosity) and then through
pre-rinsed Millipore membrane cellulose filters (0.22 um) under low
pressure into acid-cleaned and pre-combusted (550 °C for 6 h) glass
bottles. CDOM absorbance spectra were obtained between 200 and
800 nm at 1 nm intervals on a Shimadzu UV-2550PC UV-Vis spectro-
photometer with matching 5 cm quartz cells. Measurements were per-
formed at room temperature (20 + 2 °C) and Milli-Q water was used in
the reference cell. Absorbance spectra were baseline corrected by
subtracting the absorbance at 700 nm. CDOM absorption was calculated
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by multiplying absorbance by 2.303/r, where r is the cuvette length (in
m). The absorption coefficient at 350 nm, a(350), is widely used in var-
ious ecosystems as an indicator of relative CDOM concentration
(Stedmon et al., 2007; Yamashita et al., 2010) and was used in this
study as a surrogate for CDOM concentration. We used the ratio a
(250)/a(365) to estimate the relative molecular size of CDOM (Helms
et al.,, 2008) as previous studies have proved that this increases with de-
creasing a(250)/a(365) (Helms et al., 2008). CDOM spectral slope (S275-
295) was calculated from the absorption spectra by nonlinear fitting
(Helms et al., 2008). Similar to a(250)/a(365), Sy75_295 increased with
decreasing molecular size of CDOM molecules, and an enhanced micro-
bial reworking or photobleaching of CDOM molecules will result in in-
creased S»75_»95 (Fichot and Benner, 2012; Helms et al., 2008).

FDOM EEMs measurements were conducted on a F-7000 fluores-
cence spectrometer (Hitachi High Technologies, Tokyo, Japan) equipped
with a xenon lamp (700 V) at room temperature. The Ex and Em scan-
ning ranges were set to 200-450 nm (5 nm intervals) and 250-
600 nm (1 nm intervals), respectively. The EEMs scanning speed was
set to 2400 nm min~ . Daily measurements of Milli-Q water were
used as references. The EEM spectra measurements were corrected for
instrumental biases according to the procedure recommended by
Hitachi. Water Raman scatter peaks were eliminated by subtracting
the EEMs of Milli-Q water blanks. Inner-filter effects on EEM measure-
ments were removed by adjusting for CDOM absorbance at the corre-
sponding wavelengths (Kothawala et al., 2013; Mcknight et al., 2001):

FCOI’ _ Fobs x «10(AEX+AEIT1)/2 (1)

where Fe, and Fyps are the fluorescence intensity of EEMs pre- and post-
calibration, respectively; and Agyx and Agr,, are the corrected absorbance
at the corresponding Ex and Em wavelengths, respectively. Rayleigh
scatter peaks were removed by interpolation using the drEEM toolbox
(Murphy et al., 2013). Daily lamp variations were normalized to the in-
tegral of the Raman signal (Ex wavelength at 350 nm) of corresponding
daily Milli-Q water samples to produce intensities of Raman units (R.U.)
(Lawaetz and Stedmon, 2009). Data collected at Ex wavelengths below
230 nm and at Em wavelengths below 300 nm and above 550 nm were
removed before further processing due to deteriorating signal-to-noise
ratios.

2.4. PARAFAC modeling

PARAFAC is the method of choice for analysis of three-way data. In
this case the EEM data consists of measurements for fluorescence at
251 excitation wavelengths, 45 emission wavelengths and 2227 sam-
ples. PARAFAC modeling was performed with the drEEM toolbox (ver.
0.2.0) in MATLAB R2015b (Murphy et al., 2013), which employs the

250 300 350
Ex. (nm)

400 450250 350
EX. (nm)

N-way toolbox as the engine of the PARAFAC algorithm (Andersson
and Bro, 2000). The data array was split into six random dataset “halves”
(three for calibration and three for validation) and four- to eight-com-
ponent models were developed for each, yielding three “S,CgT5” valida-
tion tests (Murphy et al., 2013). A seven-component model was well
validated by split-half analysis, random initialization analysis, and anal-
ysis of residuals (Murphy et al., 2013; Stedmon and Bro, 2008), and it
was found to adequately describe the whole EEMs data array (Fig. 2;
Fig. S1; Fig. S2).

2.5. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) measurements and data processing

A large fraction of DOM does not fluoresce after being excited with
UV light and FT-ICR MS can be a promising tool to trace the molecular
composition of DOM molecules across ecosystems (Kellerman et al.,
2015; Spencer et al., 2014; Stubbins et al., 2010). In this study, a head-
water sample, a river water sample in the Huxi watershed, and a
water sample collected from Lake Taihu center were solid phase ex-
tracted using PPL Bond Elut (Agilent) resins following the methods de-
tailed in Spencer et al. (2014). Briefly, ~50 mL water samples through
Millipore membrane cellulose filters were acidified to pH = 2 using re-
agent grade HCI. The PPL columns were pre-cleaned by passing 3 mL
methanol (ULC-MS grade), 6 mL Milli-Q water, and then again 3 mL
methanol and sealed and soaked overnight with ~1.5 mL methanol in
the columns, and thereafter rinsed with 3 mL 0.01 M HCl, 3 mL metha-
nol, and 3 mL 0.01 M HClI in sequence. Calculated volumes of acidified
water sample (approximately 60 pg C) were passed through each col-
umn at a flow rate of ~0.5 mL min~'. Two columns of 0.01 M HCl
were used to rinse the columns again to wash away any inorganic mat-
ter before the PPL columns were finally dried under high purity N, gas.
DOM was eluted from the columns using 1 mL of methanol. The meth-
anol extracts were diluted 1:1 with Milli-Q water and analyzed in neg-
ative mode electrospray ionization using a 21 Tesla FT-ICR MS.
Molecular formulas were assigned to signals > 60 RMS baseline noise
using EnviroOrg ©,™ (Corilo, 2015) and the mass precision of the
assigned formulas < 0.3 ppm after the instrument internal calibration.

The assigned formulas were categorized following the methods de-
tailed in Ohno et al. (2014). The chemical compound categorized
using the van Krevelen diagrams usually include: (a) lipids (O/C = 0-
0.3, H/C = 1.5-2.0), (b) proteins and amino sugars (0/C = 0.3-0.67,
H/C = 1.5-2.2), (c) lignins (0O/C = 0.1-0.67, H/C = 0.7-1.5), (d) carbo-
hydrates (O/C = 0.67-1.2, H/C = 1.5-2.2), (e) unsaturated hydrocar-
bons (O/C = 0-0.1, H/C = 0.7-1.5), (f) condensed aromatics (0/C =
0-0.67, H/C = 0.2-0.7), and (g) tannins (0O/C = 0.67-1.2, H/C = 0.5-
1.5) (Ohno et al., 2014).

400 450250 350

350 400 450
Ex (nm)

400 450
Ex. (nm)

Fig. 2. Spectral characteristics of the seven PARAFAC components; the model was well validated using the split-half validation procedure (see Fig. S1).



880 Y. Zhou et al. / Science of the Total Environment 639 (2018) 876-887

2.6. Dissolved organic carbon (DOC), chemical oxygen demand (COD),
chlorophyll-a (Chl-a) and stable isotopic measurements

Water samples filtered through Whatman GF/F filters were first
acidified with 10 pL of 85% H5PO,4 before DOC concentrations were de-
termined by high temperature (680 °C) combustion on a TOC-V CPN
(Shimadzu, Tokyo, Japan) analyzer. DOC concentrations were not avail-
able for the samples collected before February 2013 except for the cam-
paign in October 2008 (146 sites).

Water samples through GF/F filters were further measured for
chemical oxygen demand (COD) by a colorimetric method using potas-
sium dichromate sulfuric acid as reagent following the method detailed
in Yao et al. (2011). COD concentrations were available for the samples
collected from Lake Taihu seasonally from February 2011 to November
2014. Chlorophyll-a (Chl-a) concentration was determined spectropho-
tometrically at 665 and 750 nm by extraction using hot ethanol (90% at
80 °C), and Chl-a was used in this study as a surrogate of algal biomass.
Chl-a was available for the samples collected from the lake seasonally
from February 2012 to November 2014.

Bulk 6'>C-DOM was determined for the samples collected from
three sites (riverine, river mouth, and open water) from three major
inflowing rivers: Changdou, Dapu, and Yincun in May 2010, February
and August 2011, February, May, and August 2012 (see reference
(Zhou et al., 2015b) for location details), and from the lake in November
2016. 8'°N-TDN was determined for the sample collected from the lake
in November 2016. Water samples for '>C-DOM and &'°N-TDN mea-
surements were first poured through Whatman GF/F filters and then
dried at low temperature (55 + 5 °C, generally within three days) in
acid-cleaned beakers until constant weight. We used 12 M HCI (grade
quality) to steam acidify the solid residue, i.e. DOM, for 72 h to remove
dissolved inorganic matter. The solid residue was dried at low temper-
ature again for 24 h and then stored in a dessicator and combusted on
a Flash EA1112 analyzer. CO, and N, gases were measured with a
Thermo Finnigan MAT Delta"“* dual-inlet continuous flow isotope
ratio mass spectrometer with <0.1%. precision for both 5'*C-DOM and
8'°N-TDN. 6'>C-DOM and 6'°N-TDN were calibrated against the Vienna
Pee Dee Belemnite (VPDB) standard and high-purity N, gas, respec-
tively (Hood et al., 2009; Zhou et al.,, 2015b).

2.7. Statistical analyses

Spatial variability of sampling sites and CDOM-related indices were
mapped with ArcGIS 10.2 software. Linear fittings was performed with
MATLAB R2015b. Mean, standard deviation, t-test, and the significance
level of linear regressions were conducted using R i386 2.15.2. Results
with linear fittings and t-test results with p < 0.05 were reported as
significant.

3. Results
3.1. PARAFAC results

The seven-component model explained >99.9% of the total variabil-
ity of the EEMs data array and was well validated using the split-half
validation procedure (Fig. 2; Fig. S1; Fig. S2). The spectral shapes of
the seven PARAFAC components (C1-C7) were compared with pub-
lished models of other ecosystems using an online spectral library called
Openfluor (Murphy et al., 2014). C1 (Ex/Em = < 230/396) was similar
to microbial humic-like substances (Kothawala et al., 2014; Murphy et
al., 2011; Shutova et al., 2014). C2 (Ex/Em = < 230 (285)/340) and
C6 (Ex/Em = 250 (290)/340) both displayed spectral shapes congruent
with amino-acid-associated tryptophan-like components (Murphy et
al.,, 2011; Shutova et al., 2014). C3 (Ex/Em = 235 (355)/476) was char-
acterized as representing typical terrestrial humic-like fluorophores
(Shutova et al., 2014; Stedmon and Markager, 2005b; Williams et al.,
2010). C4 (Ex/Em = 275/316) and C5 (Ex/Em = < 230 (270)/300)

were both categorized as tyrosine-like components (Graeber et al.,
2012; Kowalczuk et al., 2013; Yamashita et al., 2013), C4 being some-
what red shifted. C7 (Ex/Em = 265 (335)/420) was similar to agricul-
tural humic-like substances or red-shifted microbial humic-like
material (Osburn et al., 2016; Stedmon and Markager, 2005a).

3.2. Hydrological conditions

Inflow and backflow runoff varied greatly among sub-watersheds
(Fig. 3). Long-term (August 2009-December 2016) mean monthly in-
flow runoff to Lake Taihu from the five sub-watersheds ranged from
0.3 4+ 0.3 x 10® m® month™! (Yangchengdingmao) to 6.2 + 3.1
x 108 m® month ™! (Huxi), and monthly backflow runoff ranged from
0.2 + 0.4 x 108 m* month™! (Huxi) to 4.6 & 3.0 x 108 m® month™!
(Yangchengdingmao) (Table S1). Correspondingly, monthly mean Q¢
of the aforementioned five sub-watersheds ranged from —4.3 + 3.0
x 108 m?® month~! (Yangchengdingmao) to 6.0 =+ 3.2
x 108 m*® month™' (Huxi) (a negative Que “-” denotes backflow runoff
> inflow runoff; Fig. 3; Table S1).

3.3. Land cover, GDP, and population density results

To a certain extent, %Cities can be used as a proxy for discharge of
household sewage from the residential areas of the individual sub-wa-
tersheds. In 2005, %Cities in the five sub-watersheds surrounding Lake
Taihu ranged from 3.2% (Zhexi) to 27.2% (Wuchengxiyu); in 2010, %Cit-
ies in the five sub-watersheds ranged from 3.7% (Zhexi) to 32.8%
(Wuchengxiyu); and in 2015, %Cities ranged from 5.0% (Zhexi) to
34.6% (Wuchengxiyu) (Fig. S3; Table S2).

In 2005, the mean GDP of the five sub-watersheds ranged from 728
x 10* RMB yuan km™2 (US$: 115 x 10* km ™2, Zhexi; the exchange rate
on 27 April 2018 when 1 US$ = ~6.33 RMB yuan) to 8375 x 10-
4 RMB yuan km™2 (US$: 1323 x 10* km—2, Wuchengxiyu), and in
2010, the mean GDP of the five sub-watersheds ranged from 1466 x 10-
4 RMB yuan km™2 (US$: 232 x 10* km™2, Zhexi) to 11,708 x 10-
4 RMB yuan km™2 (US$: 1850 x 10% km™2, Wuchengxiyu) (Fig. S3;
Table S2).

The mean population density of the five sub-watersheds ranged
from 325 km™—2 (Zhexi) to 1770 km~2 (Wuchengxiyu) in 2005, and in
2010, the mean population density ranged from 344 km~2 (Zhexi) to
1427 km~2 (Wuchengxiyu) (Fig. S3; Table S2).

3.4. Spatial variability of CDOM quantity and quality, COD, Chl-a, and stable
isotopic signatures

There were notable differences among the CDOM optical properties
for the samples collected from the channels in different sub-watersheds
despite all samples share strong anthropogenic EEMs signals (Fig. S4;
Table S3). In this study, a(350) serves as a surrogate to trace the relative
concentrations of CDOM as data on DOC concentrations were unavail-
able before February 2013, except for the campaign in October 2008. a
(350) decreased notably from the northwestern bays to the southeast-
ern bays (Fig. S5), and high levels of a(350) were found in the north-
western bay in all seasons (Fig. S5). S»75_295 can be used to trace the
relative molecular size of CDOM molecules (Fichot and Benner, 2012;
Helms et al., 2008), and it increased notably from the northwestern
bays to the southeastern bays in all seasons (Fig. S5).

Multi-year (February 2008 to November 2016) mean contribution
percentages of the seven PARAFAC components (%C1-%C7) were
12.4%, 38.7%, 6.0%, 24.0%, 11.1%, 6.5%, and 1.4%, respectively. For all sam-
pling campaigns, the F,. of all the seven components, except for the
two tyrosine-like C4 and C5, decreased notably from the northwestern
bays to the southeastern bays (Fig. S6). High values of C4 and C5 were
found in the northern half of the lake and western coastal lines, respec-
tively (Fig. S6). PARAFAC-derived C3 is an exclusive terrestrial humic-
like fluorophore (Fig. 2) and can be used to trace terrestrial organic
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matter input. a(350) (* = 0.23), DOC (r* = 0.56), C1 (* = 0.75), C2 (1*
= 0.48),C4 (* = 0.13), C5 (* = 0.20), and C6 (* = 0.12) are all signif-
icantly and positively correlated to C3. High levels of F,.x of C3 were
found in the northwestern bay in all seasons (Fig. 4). The contribution
percentage of humic-like components (C1, C3, and C7) to the summed
Frax Of the seven PARAFAC components (Cpumics) can be used to trace
the transition between waters dominated by humic-rich sources vs in-
ternal biological production. Cp,ymics decreased notably from the north-
western bays to the southeastern lake regions in all seasons (Fig. 4).
Apart from C3, DOC were significantly and positively correlated to a
(350) (r* = 0.55; Fig. S7; Fig. S8), microbial humic-like C1 (r? = 0.50;
Fig. S7; Fig. S8), tryptophan-like C2 (> = 0.23; Fig. S7; Fig. S8) and C6
(r? = 0.08; Fig. S7; Fig. S8), and agricultural or red-shifted microbial
humic-like C7 (* = 0.10; Fig. S7; Fig. S8). No significant relationship
was found between DOC and tyrosine-like C4 and C5 (Fig. S7; Fig. S8).
Similar with a(350) and terrestrial humic-like C3, DOC decreased nota-
bly from the northwestern bays to the southeastern bays in all seasons.
COD for the samples collected from Lake Taihu ranged from 2.43 to
15.56 mg L~ " with a mean of 4.35 + 1.43 mg L™ (Fig. 4). In comparison,
Chl-a concentrations in the lake ranged from 1.2 to 270.6 g L~! with a
mean of 20.2 + 28.6 ug L™ ' (Fig. 4). Both COD and Chl-a decreased no-
tably from northwestern bay to southeastern bays with high values re-
corded in the northwestern half of the lake, especially in the
northwestern inflowing river mouths in all seasons (Fig. 4). COD were
significantly and positively correlated to DOC (r*> = 0.37; Fig. S9), a
(350) (* = 0.37; Fig. S9), microbial humic-like C1 (* = 0.12; Fig. S9),
terrestrial humic-like C3 (r* = 0.18; Fig. S9), and negatively correlated
to a(250)/a(365) (r* = 0.23; Fig. S9), and S,75_295 (r* = 0.37; Fig. S9).
Multi-year mean (May 2010 to August 2012) bulk §'3C-DOM for the
samples collected from the three river profiles ranged from —27.1%. to
—25.1%. with a mean of —26.3 £ 0.4%. (Fig. 5). Paired t-test results in-
dicated that there was no significant difference between the mean &'3C-
DOM of riverine sample and open water sample in any one of the three
river profiles (Fig. 5). No significant seasonal variation was found in the
mean 6'>C-DOM of any one of the three river profiles (Fig. 5). In Novem-
ber 2016, bulk §'3C-DOM of all field sampling sites ranged from
—27.5%0 to —25.2%., with a mean of —26.2 + 0.4%. (Fig. 5). 8'3C-

DOM values increased gradually from the northwestern bays to the
southeastern bays (Fig. 5). In comparison, in November 2016, bulk
5!°N-TDN ranged from —0.8%. to 13.8%., with a mean of 6.6 + 3.2%
(Fig. 5). Bulk 8'°N-TDN decreased notably from the northwestern bays
to the southeastern bays (Fig. 5).

3.5. Relationships between Qe and CDOM-related indices

Significant positive relationships were observed between monthly
Quec in the five sub-watersheds of the lake and monthly mean a(350),
DOC, COD, Chl-a, and Fmax 0of C1-C3 and C7 (? = 0.07, p < 0.05) at the
five corresponding lake and river sites (Fig. 6; Table 1). Significant neg-
ative relationships were recorded between monthly Q. in the five sub-
watersheds of the Lake Taihu watershed and monthly mean a(250)/a
(365) and S»75_295 at the five corresponding lake and river sites (Fig.
6; Fig. S10). No significant relationships were, however, traced between
monthly mean Q¢ in the five sub-watersheds and monthly mean Fy,ax
of tyrosine-like C4 and C5, and tryptophan-like C6 at the five corre-
sponding lake and river sites (Fig. S10). It is noted that there is no signif-
icant relationship between Chl-a and Fy,,x of the seven components
except for C7 (r* = 0.24, p < 0.001; Fig. S11).

Significant positive relationships were also observed between the
products of monthly Qe x %Cities and mean a(350), DOC, COD, Chl-a,
C1-C3, and C7 in the five sub-watersheds (Fig. 7; Table 1). Similarly, sig-
nificant positive relationships were found between the products of
monthly Quet X GDP, and Q,e¢ x population density and a(350), DOC,
COD, Chl-a, and C1-C3 (Fig. 7; Table 1). In comparison, significant nega-
tive relationships were observed between the products of monthly Q¢
x %Cities, Qnet X GDP, and Qque¢ X population density and mean a(250)/a
(365), S»75-295 in the associated catchment (Fig. 7; Table 1). No signifi-
cant relationship was recorded between the products of monthly Qpe¢
x %Cities, Qner X GDP, and Q¢ X population density and the two tyro-
sine-like C4 and C5 (Table 1).

Significant positive relationships were found between monthly Qye,
the products of monthly Qye¢ X GDP, and Que x population density and
%C2 and %C3 (Fig. 8; Table S4). In comparison, significant negative rela-
tionships were observed between monthly Que, the products of
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monthly Quet X GDP, and Qe X population density and a(250)/a(365),
S275-205, %C4 (Fig. 8; Fig. S12; Table 1; Table S4). No significant relation-
ship was recorded between monthly Qye, the products of monthly Q¢
x GDP, and Q¢ x population density and %C1, %C5, %C6, and %C7 (Fig.
S12; Table S4).

3.6. FT-ICR MS results

Solid-phase extracted samples for the headwater sample in the Lake
Taihu watershed, river sample in the Huxi watershed, and the lake cen-
ter sample contained between 4315 and 9867 peaks with molecular for-
mulas were assigned (Fig. 9; Table S5). In total, lignin displayed 3331,
6936, and 3245 assigned formulas peaks, corresponding to 77%, 70%,
and 68% for the headwater sample, the inflowing river sample in the
Huxi watershed, and the central lake sample (Fig. 9; Table S5). In com-
parison, protein displayed 214, 1376, and 961 assigned formulas peaks,

corresponding to 5%, 14%, and 16% for the headwater, the inflowing
river and lake DOM samples in the Huxi watershed, and the central
lake sample (Fig. 9; Table S5). All samples contained high proportions
of carbohydrates (CHO) (46%~49%) and nitrogen-containing com-
pounds (CHON) formulas (47%~50%; Fig. 9). The proportions of sul-
phur-containing compounds (CHOS) formulas for the three different
sources of DOM samples ranged from 2% to 5% (Fig. 9).

4. Discussion

The optical characteristics of CDOM in various regions of Lake Taihu
and the connecting channels are strongly influenced by Q. from the
corresponding sub-watersheds. We found that a(350), DOC, COD, Chl-
a, and Fpa of C1-C3 and C6-C7 was particularly high in the north and
north-western regions. Moreover, a(250)/a(365) and S,75_,95 (de-
creases with increasing aromaticity of CDOM molecules (Fichot and



Y. Zhou et al. / Science of the Total Environment 639 (2018) 876-887 883

3C-DOM S'5N-TDN
M <-266 <35
Bl -26.6 - -26.4 l3s5-45
[]-264--263 [145-55
[1-263--262 [ ]55-65

[ ]65-75
, [75-85
35

[1-262--26.1
26.1 --26.0

o
N

)
9N

[ Riverine L [ Yincun
[ River mouth [ Changdou

C I Open water d I Dapu
Yincun Changdou Dapu  May-2010 Feb-2011  Aug-2011  Feb-2012 May-2012  Aug-2012

)
~
T

3" C-DOM (%o)
NS
(o))

Fig. 5. Spatial distribution of stable isotopes 6'>C-DOC and '°N-TDN in the samples collected from Lake Taihu in November 2016 (a-b). Multi-year (May 2010 - August 2012) mean 6'>C-
DOC collected from the three river profiles (Yincun, Dapu, and Changdou, c) and the corresponding long-term variations (d).

Benner, 2012; Helms et al., 2008)) were low and 6'3C-DOM was de- population density in the North and Western sub-watersheds (Fig. 1;
pleted in these regions. This suggests high input from the terrestrial en- Fig. S3), but coinciding well with high Q. in these regions. Enriched
vironment, despite a relatively low urban land cover, GDP, and 8'>N-TDN and high COD (Fig. 5) further indicate major anthropogenic
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Table 1

Determination coefficients and significance levels of linear relationships between CDOM-
related indices and net inflow discharge (Qqet), and the products of Que¢ x urban land
cover (%Cities), the products of monthly Qe x gross domestic products (GDP), and the
products of Quer x population density for the samples collected from the five lake regions
and connecting channels shown in Fig. 1 from February 2008 to November 2016. *: p <
0.05.

CDOM indices  a(350) DOC COD Chl-a a(250)/a(365) Sy7s.205 C1
Qnet 049* 038" 039* 018" 026" 032° 020
Quet ¥ %Cities  0.38*  0.19* 030* 0.12* 0.19% 025*  0.18*
Quet X GDP 032°  0.16° 024° 009* 0.6 023*  0.16*
Qnet x Pop.den.  0.39°  0.19* 029* 0.12* 0.19% 024* 0.8
CDOM indices €2 3 @4 G C6 c7

Quet 0.07* 022* 000 000 0.06 0.07*
Qnet ¥ %Cities  0.08* 020 001 000 0.6 0.03

Quet X GDP 0.08* 018 001 000 0.06 0.02
Quec X Pop. den.  0.08*  021* 001 000 0.06 0.03

a(350): CDOM absorption at 350 nm; DOC: dissolved organic carbon; COD: chemical ox-
ygen demand; Chl-a: chlorophyll-a; Sy75_295: CDOM absorption spectral slope; Ic:Iy: fluo-
rescence peak integration ratio; C1-C7: the seven PARAFAC components.

input from household sewage and fishery in these regions (Zeng et al.,
2009) as sewage and fertilizer usually have enriched &!'°N-TDN signa-
ture and high COD (Vizzini et al., 2005).

Further evidence of the role of Q,e; comes from 1) the significant
positive relationships between monthly mean Qe and a(350), DOC,
COD, Chl-a, Fyax of C1-C3 and C7, and %C2-%C3. This indicated that ter-
restrial and anthropogenic CDOM increased with Qe as C3 is a typical
terrestrial humic-rich component and the spectral shape of C2 is highly
close to that of household sewage (Zhou et al., 2016). 2) The negative

relationships between mean Q¢ and a(250)/a(365), Sy75-295, and %
C4-%C5 (Fig. 6; Fig. 8). This suggested that prolonged water residence
time resulted from lower Q¢ in the southeastern sub-watersheds pos-
sibly resulted in elevated accumulation of autochthonous protein-like
components in these watersheds relative to the other sub-watersheds.
3) the positive relationships between the products of Quet x urban
land cover, Quet X GDP, and Qe x population density and mean a
(350), DOC, COD, Chl-a, C1-C3, and %C2-%C3, and 4) the negative rela-
tionships between the products of Que¢ x urban land cover, Qpet
x GDP, and Q¢ x population density and a(250)/a(365), S275-295, and
%C4 (Fig. 7; Table S4). This suggests that the products of Qe and an-
thropogenic indices controls largely on DOC concentrations and the op-
tical properties of CDOM. Qe Serves as a surrogate of the net inflow
discharge from the individual sub-watersheds while the products of
Quet x urban land cover, Que¢ X GDP, and Q¢ X population density is a
tracer of the extent of household sewage discharge from the residential
areas of individual sub-watersheds. The higher Q. x urban land cover,
Qnet X GDP, and Q,e¢ x population density in the northwestern sub-wa-
tersheds relative to the remaining sub-watersheds can therefore ex-
plain the strong terrestrial and anthropogenic CDOM input here. In
comparison, the higher urban land cover, GDP, and population density
in the southeastern sub-watersheds (e.g. Yangchengdingmao and
Hangjiahu; Fig. 1; Fig. S3; Table S2) may presumably resulted in higher
load of household sewage containing high concentration of CDOM.
However, the negative Q. in these regions implies that backflow runoff
discharged from the lake to the connecting channels was higher than in-
flow runoff from the channels to the lake. This resulted in negative Qpe¢
x urban land cover, Quer X GDP, and Que¢ x population density, and

T T

d

e}

a(350) (m™)

[Ne]
W

-1
S275-295 (hm )

C3 (R.U.)

F
max
[}

-300 0 300 -50000
Net inflow runoff x %Cities

(108 m’ mon™! %)

Net inflow runoff x GDP
(108 m® mon™ 10% Yuan km'z)
-10 -5 0

-10000 0 10000
Net inflow runoff x Pop. density

(108 m® mon”! km"l)

0 50000

> 10 15 Net inflow runoff

B T e e

Fig. 7. Relationships between the products of monthly net inflow runoff (Qye) X urban percentage (%Cities) of land cover and CDOM absorption coefficient a(350) (a), absorption spectral
slope S»75_295 (b), Fnax 0f PARAFAC-derived terrestrial humic-like C3 (c), between the products of monthly Que; x gross domestic products (GDP) and a(350) (d), Sa75-295 (€), Fimax 0f C3 (f),
and between the products of Qe x population density and a(350) (g), S275-205 (h), Fmax 0f C3 (i) for the samples collected from five lake regions and the connecting channels delineated by
white dashed lines as shown in Fig. 1. Circles: samples collected from the lake; quadrates: samples collected from the channels. Error bars in all panels represent 4-1 S.D. of samples

collected from the five lake regions.
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thereby explains the relatively low a(350), DOC, COD, Chl-q, and Fy,,x of
C1-C7 in the southeastern lake regions (Fig. 4; Fig. S6). Samples col-
lected from the channels in different sub-watersheds all share strong
anthropogenic EEMs signals despite their distinct optical properties
(Fig. S4; Table S3). Our results therefore suggested that in the Lake
Taihu watersheds, Q¢ Serves as an indicator of anthropogenic distur-
bance influencing the optical characterizations of CDOM (Williams et
al., 2016; Williams et al., 2010) in the lake and the connecting channels.

Our results indicated that riverine DOM primarily contributed to the
DOM pool in Lake Taihu. This is supported by 1) the mean value of ~
—26.2%, of 5'>C-DOM of the whole lake and 2) the declining a(350),
DOC, COD, Chl-a, 8'">N-TDN, Fyax of humic-like components C1, C3,
and C7, and Cyymics from northwestern to the southeastern lake regions
(Fig. 5; Fig. S6). 3) Although terrestrial humic-like signal C3 represents
limited contribution percentage to the summed F,,x of the seven
PARAFAC components, it explained >56% of the variability in DOC con-
centrations (Fig. S7). In comparison, protein-like components, some of
which is produced by phytoplankton degradation (Fig. 4) (Stedmon et
al.,, 2007; Williams et al., 2010; Yamashita et al., 2008; Yao et al.,
2011) contributed only marginally to the total DOM pool in the lake
(Fig. S7). 4) The major contribution percentages of lignin peaks with
molecular formulas assigned for the headwater sample, the inflowing
river and lake samples in the Huxi watershed, and the central lake sam-
ple (Fig. 9; Table S5). All the samples were enriched in nitrogen and the
limited contribution percentage of proteins and lipids for the central
lake sample provide direct evidence that riverine DOM contributed pri-
marily to the DOM pool in Lake Taihu (Fig. 9; Table S5). The significant
positive relationship between Chl-a and the red-shifted microbial
humic-like C7 (Fig. S11) suggested that algal degradation is a potential

important source to CDOM pool in the lake. This agrees with recent
studies that the degradation of algae cells in the summer impacted im-
portantly to the CDOM optical properties in the lake (Zhang et al., 2009;
Zhou et al.,, 2015a). A recent study have further suggested that CDOM
released from lakebed porewater potentially contributed importantly
to the CDOM pool in the overlying water column of the large and shal-
low lake (Xu et al., 2016).

In the large and shallow Lake Taihu, the prolonged water retention
time and high UV-vis underwater light availability in the eastern bays
compared to other regions (Shi et al., 2014) likely enhance the
photodegradation of terrestrial-derived humic-rich CDOM in these re-
gions (Zhang et al,, 2013). We did not consider water flow direction in
the lake as it varies over time (and is difficult to estimate being affected
by prevailing wind direction, anthropogenic, and tidal conditions (Qin
et al,, 2007)). However, the strong relationships between monthly
mean Qe and a(350), DOC, COD, Chl-a, Sy75_295, Fmax of C1-C3 and C7,
and %C2-%C4 (Fig. 6; Fig. 8; Table 1; Table S4) suggest that Qe from
channels connecting to the lake was the primary factor influencing the
CDOM optical characteristics. Although urban land cover, GDP, and pop-
ulation density in the five sub-watershed changes remarkably over the
past decade, their relative spatial distribution patterns are relative sta-
ble over time with the highest urban land cover, GDP, and population
density found in the Wuchengxiyu and the lowest in the Zhexi sub-wa-
tershed (Fig. S3; Table S2). This strongly supported that Q. rather than
urban land cover, GDP, or population density controls the optical prop-
erty of CDOM in the fluvial plain Lake Taihu watershed. This is further
substantiated by the multiple regression results that adding urban
land cover, GDP, and population density to Quec as independent vari-
ables does not increase but rather decrease the determination
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coefficients compared with simple linear fittings between Qe and
CDOM -related variables (Table 1; Fig. 6; Fig. 7).

CDOM fluorescence may serve as a reasonable good surrogate for bi-
ological oxygen demand (BOD), COD, and total nitrogen (Hur and Cho,
2012). The important role of Qe for the amount and composition of
CDOM demonstrated here call for a close monitoring of the inflow and
backflow in the major channels to and from the lake in order to develop
advanced water quality management schemes for the lake and for deci-
sions on how to control the input. At present, the resolution for inflow
and backflow time series for the whole lake and watershed are only
available on monthly and sub-watershed bases. During the algal
bloom seasons, high frequency monitoring of Qye from individual chan-
nels, especially those with high terrestrial CDOM concentrations, would
be useful as early warming indicator of high CDOM in the lake reducing
the usability of the water as a drinking water resource (Qin et al., 2015).
Moreover, as freshly organic and inorganic matter inputs to lake ecosys-
tems are exposed to photochemical and biological degradation (Hur et
al.,, 2011; Stedmon and Markager, 2005b). The degradation processes
can fuel the outgassing of greenhouse gases (Weyhenmeyer et al.,
2015), future work should focus on how terrestrial CDOM input coming
with the connecting channels impacts greenhouse gas emissions from
fluvial plain lake ecosystems.
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