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Abstract: KCl-extractable sediment dissolved organic nitrogen (KS-DON) extracted from sediments
near drinking water intakes of six drinking water sources in Taihu Lake in China was partitioned into
hydrophobic and hydrophilic fractions and high /low molecular weight fractions. The results showed
that the total dissolved nitrogen (TDN) contents of the extracts ranged from 67.78 to 128.27 mg/kg.
KS-DON was the main TDN species, accounting for more than 50%, with NH4*-N and NO; ~-N
averaging 30% and 20%, respectively. The molecular weight fractions of <1 kDa accounted for
almost half of KS-DON. Hydrophilic compounds accounted for more than 75% of KS-DON. Three
fluorescence peaks were identified: soluble microbial byproducts (A); protein-like substances (B);
and humic acid-like substances (C). It is concluded that the KS-DON in Taihu Lake sources has higher
bioavailability and higher risk of endogenous release. Ecological dredging and establishment of
constructed wetlands are possible measures to reduce the release of endogenous nitrogen.
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1. Introduction

Nitrogen is an essential element to living organisms, particularly in primary productivity in
aquatic ecosystems [1]. Dissolved organic nitrogen (DON) is the important and active component of
dissolved organic matter (DOM) in lake sediments, and approximately 12-72% of DON can be used as
a nitrogen source by bacteria and algae [2]; thus, its availability and mobility have an important role
in the dynamic processes of nitrogen mineralization, immobilization, leaching, and plant absorption,
which are all important in nitrogen cycling in lake ecosystems [3]. The DON pool comprises a mix
of complex compounds. Urea, dissolved free amino acids, proteins, nucleic acids, amino sugars,
and humic substances have frequently been observed [4]. Kemp and Mudrochova [5] studied the
surface sediments of Lake Ontario in Canada and reported that DON was the main component of
TDN in surface sediments, accounting for 90% of the total nitrogen content of the sediment: 28-46% as
amino acid nitrogen, 4-7% as hexosamine nitrogen, and 21-31% as hydrolyzable unidentified nitrogen.
Lin et al. [6] researched six lakes, including Poyang Lake, and Dongting Lake in Hunan and Jiangxi
Provinces, China, and reported that the DON content varied from 17.18 mg/kg to 292.31 mg/kg (mean
content, 134.45 mg/kg), comprising 51.86% TDN and 7.14% total nitrogen (TN) across the six lakes;
in addition, the distribution of DON was closely related to pollution levels in each lake. The sources of
DON are extensive, including sediment, organic matter in the soil, microbial and biological organic
debris, and their metabolites [7], besides, the effluent discharged from wastewater treatment plants
is also an important source of anthropogenic DON loading to surface waters [8,9], with extremely
complex composition [10] that can be bioavailable to aquatic plant species and toxic risk [11].
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Many studies have confirmed the bioavailability of DON in sediments [12-14], indicating that
higher content and fluorescence characteristics of hydrophilic fraction of dissolved organic matter
(HIM) had a higher bioavailability and might remarkably impact the nitrogen cycle in water [15],
and benthic macroalgae can also use low molecular weight DON compounds in sediments for growth.
Besides, sediment DON can easily be released into overlying water in high temperature (>25 °C) and
absorbed by algae quickly. Several research has used first-order kinetic equation to simulate the release
kinetics of DON in the surface sediment [16,17]. Shi et al. [17] reported that the release kinetics of DON
in the surface sediment could be well simulated by first-order kinetics equation, ranging from 24.387
to 46.949 mg/kg. Under certain conditions, the release flux of DON in shallow lake sediments is much
greater than that of inorganic nitrogen [18].

Although DON content is usually low in surface water, it has become a critical issue in
terms of drinking water treatment, because of reactions with chlorine that generate disinfection
byproducts (DBPs) during the disinfection/oxidation processes [19,20]. Chlorine was found to
react with DON released from sediment in a drinking water source during the disinfection process,
resulting in the formation of nitrogenous (IN)-DBPs [19,20], such as nitrosamines, halonitromethanes,
and haloacetonitriles. Toxicity results indicated that N-DBPs are more strongly carcinogenic or
mutagenic than are regulated DBPs, such as THMs and HAAs [21-23]. Thus, emerging concerns for
drinking water safety have increased the need to understand better the concentration and speciation
characteristics of DON.

Taihu Lake is an important source of drinking water in eastern China, with an important role
in regional economic and social development, in addition to impacting human quality of life and
wellbeing [24,25]. The northern and northwestern regions of Taihu Lake are the main inflow areas of
the Taihu Lake Basin [26]. Every year, large amounts of TN and ammonia are discharged into Taihu
Lake from the inflow rivers [27]. This high nitrogen input leads to an increase in nitrogen content in the
western and northwestern regions of Taihu Lake [28] and, as a result of hydrodynamics and biological
transformation processes, nitrogen is gradually deposited in the sediment [29,30], resulting in elevated
concentrations of TDN and NH4+-N in sediments sampled in the western and northwestern regions
of Taihu Lake compared with other regions. In addition, sediment nitrogen release [31] and extreme
weather events (heavy rainfall and strong winds) [32] has been confirmed to be remarkably correlative
with cyanobacterial bloom, threatening the water quality security of drinking water sources of Taihu
Lake. In this study, the fluorescence, hydrophilicity /hydrophobicity and molecular weight distribution
of DON in sediments of Lake Taihu were studied, which provided a theoretical basis for protection of
Taihu Lake drinking water sources in the future.

2. Material and Methods

2.1. Study Site

Taihu Lake (119°52' E-120°36' E, 30°55’ N-31°32" N), with an area of 2425 km? and a mean depth
of 1.90 m, is the third largest shallow freshwater lake in China, located in the southern part of the
Yangtze River Delta, China [33] (Figure 1). Taihu Lake can be divided into an algae-type zone and
a grass-type zone (Figure 1). In recent years, the boundary of algae-type zone and grass-type zone
has been determined through field observations of the spatial distribution of aquatic vegetation and
algae occurrence. Algal blooms outbreak frequently in the algae-type zone [34]. In the grass-type zone,
the lake bottom is covered with hydrophytes and the water quality is better than that in the algae-type
zone [35].

Taihu Lake Basin has many important water source protection sites, providing drinking water for
cities such as Suzhou City and Wuxi City. However, due to the rapid development of economy and
population around Taihu Lake Basin, Taihu Lake has suffered increasing eutrophication in recent years.
Since the outbreak of cyanobacteria in the water source of Gonghu Bay in 2007 [36], the government
has taken a series of measures to rectify the Taihu Lake and achieved good results [37]. However,
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the frequency of cyanobacteria outbreak has not decreased [32], which seriously threatens the water
supply security of the water source area.
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Figure 1. Sampling points in Taihu Lake.

2.2. Sampling Position

Samples were selected from the East Taihu Lake (Y1), Xukou Bay (Y2), Gonghu Bay (Y3, Y4
and Y5), Western shore-line (Y6). Y1-Y6 are important drinking water sources across the Taihu lake,
serving 10 million people in the Taihu Lake Basin. Y1 (31°00.938' N, 120°46.331’ E), Y2 (31°22.312" N,
120°36.343' E) and Y3 (31°38.505' N, 120°39.054’ E) are located in grass-type zones with better water
quality, surrounded by outflow rivers ; Y4 (31°45.001’ N, 120°37.775' E), Y5 (31°40.434' N, 120°24.028' E)
and Y6 (31°24.088' N, 119°58.517" E) are located in algal-type zones, especially in Y6, surrounded by
main inflow rivers(Chengdonggang River, Guandugang River, etc.).

2.3. Sample Collection and Pretreatment

Surface sediment samples (0-10 cm) were collected near the drinking water intakes with a grab
sampler in April 2015. Three adjacent surface sediment samples were collected from each site and
mixed evenly in the field. These sediment samples were placed into sealed polyethylene tubes
and temporarily stored in iceboxes at 4 °C. After immediate transfer to the laboratory, the samples
were stored below —20 °C and then freeze-dried at —50 °C using FD-1D-50 freeze-dryers (Boyikang
Corporation, Beijing, China). The dried samples were homogenized using an agate mortar and passed
through a 100-mesh sieve before analysis.

The sediment samples were extracted using a 1 mol/L KCl solution (solid: water ratio of 1:10,
W/V) for 1 h in a horizontal shaker at room temperature, then centrifuged at 5000 r/min for 15 min
at 4 °C and filtered through 0.45-pum Millipore filters (mixed cellulose ester membrane) to remove
suspended solids and residual bacteria. Extracts were stored in the dark, kept at 4 °C prior to the
experiments, and analyzed within 1 weeks of collection

2.4. Sample Analysis

2.4.1. KS-DON Analysis

NO;3;7-N was determined using ultraviolet (UV) spectrophotometry, whereas NH4*-N was
measured using the salicylate hypochlorite method. TDN was measured via the alkaline potassium
persulfate digestion-UV spectrophotometric method. All the determinations were done according to
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the Chinese National Standard Methods (SEPA of China., 2002) [38]. The concentration of KS-DON
was calculated as the difference between the TDN and the sum of the inorganic nitrogen species
(i.e., NO3~-N and NH;*-N) [39] (Equation (1)):

w (KS-DON) = w (TDN) — w(NO3 -N) — w (NH4"-N) (1)
where w () is N concentration, N mg/kg. Each index was tested three times in parallel.

2.4.2. Molecular Weight Fractionation

Extracts were fractionated using molecular sieves. Four types of regenerated cellulose membrane
(Millipore Corp., Billerica, MA, USA) were used: (i) 1-kDa nominal molecular weight limit (NMWL);
(ii) 3-kDa NMWL,; (iii) 5-kDa NMWL,; and (iv) 10-kDa NMWL. Extract samples at a volume of 200 mL
were filtered through each membrane in series. Fifty milliliters of raw water and of each filtrate
was retained for further analysis. The percentage of KS-DON in the samples collected using each
membrane size was calculated as follows (Equations (2)—(6)):

Clk.permeat@

% < 1kDa = % 100(%) ©)

raw

C3k.permeatef Clk.permeate

%1k — 3 kDa =
Craw

x 100(%) 3)

C5k.permeatef C3k.permeate
Craw

%3k — 5 kDa = x 100(%) )

ClOk‘ permeate— C5k‘ permeate

%5k —10 kDa =
Craw

x 100(%) ®)

Craw—Ciok. permeate
Craw

where “C” represents the concentration of KS-DON under each molecular weight.

Based on Yeh et al.’s [40] study, we divided the sediment DON into two groups, namely high
molecular weight KS-DON (HMW, MWs >1 kDa) and low molecular weight KS-DON (LMW, MWs
<1 kDa).

% > 10 kDa = x 100(%) ©6)

2.4.3. Hydrophilic and Hydrophobic Fractionation

Extract was fractionated by using different resins (Supelite DAX-8, Amberlite XAD-4 and
Amberlite IRA-958, Sigma-Aldrich, St. Louis, MO, USA) [41,42]. The fractionation approach suggested
by Tao et al. [16] was used and is shown schematically in Figure 2. Each extracts was adjusted to
pH = 2 and fed onto a Supelite DAX-8 non-functionalized resin, which retained strongly hydrophobic
(SH) organic matter. This fraction was eluted with 0.1 mol/L NaOH. The unabsorbed concentrate from
the DAX-8 resin was fed onto an Amberlite XAD-4 resin, which retained weakly hydrophobic (WH)
organic matter. This fraction was also eluted with 0.1 mol/L NaOH. The unabsorbed concentrate from
the XAD-4 resin, which comprised hydrophilic organic matter attributed to proteins, amino acids,
and carbohydrates, was fed onto an Amberlite IRA-958 anion exchange resin, which retained charged
hydrophilic (CH) material. This fraction was eluted with 1 mol/L NaOH/NaCl. The remaining neutral
hydrophilic (NH) material was not retained by any of the resins.
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Figure 2. Outline of the water sample hydrophobicity fractionation procedure.

2.4.4. EEM Fluorescence Spectroscopy Determination and Analysis

Three-dimensional excitation-emission matrix (EEM) fluorescence spectroscopy (F-700 FL
spectrophotometer, Hitachi, Tokyo, Japan) was used to characterize KCl-extractable sediment DOM.
The excitation (Ex) wavelength was set from 200 to 450 nm at 5-nm intervals, corresponding to
emission (Em) wavelengths from 250 to 550 nm at the same intervals. The scanning speed was set at
1200 nm/min. The spectrum of deionized water was recorded as the blank.

Fluorescence regional integration (FRI), a quantitative technique proposed by Chen et al. [43],
integrates volumes beneath different Ex-Em regions in EEMs, and can be used to quantitatively
analyze EEMs and determine the configuration and heterogeneity of DOM. The EEM spectrum was
divided into five regions (Table 1), including simple aromatic proteins, such as tyrosine and tryptophan
(Regions I and II), fulvic acid-like substances (Region III), related to soluble microbial byproduct-like
materials (Region IV), and humic acid-like organics (Region V).

Table 1. Excitation and emission (Ex/Em) wavelengths for each fluorescence region.

Region Substance

Ex/EM Wavelengths (nm)

I

Tyrosine-like proteins

200-250/280-330

II Tryptophan-like proteins 200-250/330-380
I Fulvic acid-like organics 200-250/380-550
v Soluble microbial byproducts 250-400/280-380
\% Humic acid-like organics 250-400/380-550

2.5. Data Analysis

The water quality parameters of extracts were expressed as the mean =+ standard deviation of the
three replicate samples. One-way analysis of variance (ANOVA) was used to analyze the differences
of nutrient in the sediment between six sites. Statistical analysis was performed using the SPSS 20.0
statistical package (IBM corp., Armonk, NY, USA), and the level of significance used was p < 0.05 for
all tests.
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3. Results and Discussion

3.1. Sediment Nitrogen Species and Concentrations

The nitrogen species and concentrations in each extracts are shown in Figure 3. The concentrations
of NO3™-N showed no significant differences (p > 0.05) between six sites, while the concentrations
of TDN, NH,4*-N and DON differed (p < 0.05), and the TDN, NH;*-N and DON content of sites in
the Algae-type zones were higher (p < 0.05) than the Grass-type zone. The content of TDN showed as
follows: Y6 > Y5 > Y4 > Y3 > Y2 > Y1. The concentrations of TDN in the six sediment samples from
Taihu Lake ranged from 67.78 mg/kg to 128.27 mg/kg. The sediment NH4*-N content ranged from
17.64 mg/kg to 34.78 mg/kg, and accounted for 24-31% of sediment TDN content. Its distribution
pattern across the six sample sites was the same as that of sediment TDN. The sediment NO; ~-N
content ranged from 9.87 mg/kg to 25.70 mg/kg, and accounted for the lowest percentage fraction
of sediment TDN compared with other nitrogen species. It is likely that this result is because the
sediment is an anaerobic environment, which is unfavorable to the formation of NO3~-N sediment
NO?®~-N. The KS-DON content ranged from 39.23 mg/kg to 76.63 mg/kg, contributed to 68.0-82.5%
of sediment TDN, consistent with previous studies [14].

The sediment DON content of the Taihu Lake is closely related to the level of pollution, and
research has shown that the more serious the pollution, the higher the concentration of DON in the
sediment [6]. Sediment release is an important source of DON in surface water, which can be directly
absorbed by algae, leading to eutrophication, and even algae blooms [44].
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Figure 3. The distribution and forms of nitrogen in each sediment sample.
3.2. Molecular Weight Fractionations of KS-DON

The KS-DON composition of each molecular weight fraction is shown in Figure 4. Although
the KS-DON concentration across the six sample sites varied, there was no obvious difference in the
molecular weight distributions of KS-DON. The molecular weight fractions of <1 kDa accounted for
almost half of KS-DON (43.78 £ 1.51%). The molecular weight fractions of 1-3 kDa and >10 kDa were
considerable, with mean values of 20.22 4 0.67% and 21.06 + 0.74%, respectively. The fractions of
3-5 kDa and 5-10 kDa were relatively small, accounting for 7.71 4= 0.75% and 7.23 4= 0.42% of KS-DON,
respectively, which is different with Erhai Lake. The fractions of <1 kDa accounted for only 12.3% in
the Erhai Lake sediment [12], which is high molecular weight fraction accounted majority.

The results showed that KS-DON of the Taihu Lake mainly comprised small molecular weight
fractions, which is similar to the results of Tao et al. [16] and showed that most of the DON released
from sediment comprised fractions <3 kDa, accounting for approximately 77.5% of the total DON [16].
Small-molecule DON, including proteins, amino acids, nitro and heterocyclic compounds, can
easily be released into raw water, increasing the difficulty of removing DON using current water
treatment technologies.
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Figure 4. Molecular weight fractionations of KS-DON.
3.3. Hydrophilic and Hydrophobic Fractions of KS-DON

According to the published literature, humic and fulvic acids are the main components of SH,
and hydrophilic (non-humic) organic matter (CH and NH) are attributed to proteins, amino acids,
and carbohydrates [45,46]. As shown in Figure 5, the distribution of hydrophilic and hydrophobic
fractions of KS-DON was similar across samples. The NH fraction was the main component,
contributing 43.84 £ 1.57% of KS-DON in all sample sites. CH was the second main component
of KS-DON, contributing 33.78 & 1.32%, followed by SH and WH (14.29 £ 0.69% and 8.10 &+ 1.51%,
respectively). Previous study also indicated that approximately 62.74% of the KS-DON was hydrophilic
fraction in Taihu Lake [14].

The KS-DON fractionation results demonstrated that KS-DON from Taihu Lake mainly comprised
hydrophilic groups. Research has shown that plant and animal debris can degrade to proteins,
polypeptides, and amino acids, increasing the content of hydrophilic DON [16]. The hydrophilic
portion can be more easily released to water compared with the hydrophobic portion, thus increasing
the concentration of DON in water and making water treatment more difficult [47].
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Figure 5. Hydrophilic and hydrophobic fractions of KS-DON.
3.4. Fluorescence Characteristics of KS-DON

Figure 6 gives the 3D fluorescence spectra of KS-DON in the six sediment samples from Taihu
Lake. From the EEM spectra, three main peaks were identified: (i) peak A was observed at Ex/Em
wavelengths of 275-285/310-320 nm, representing soluble microbial by products produced by the
fluorescence of microbial metabolites, including proteins, coenzymes, low-molecular-weight organic
acids, and pigments [43,48]; (ii) peak B was observed at 220-230/330-340 nm, which is the boundary
of Region I and II and represents tyrosine and tryptophan-like proteins. Peak B also represents
protein-like substances formed by endogenous products mainly resulting from the degradation of
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enzymes or biological debris [49]. Tyrosine-like proteins are mainly related to aromatic protein-like
structures generated from microbial degradation, whereas tryptophan-like proteins are mainly related
to aromatic amino acid structures and degradation products of lignin [50]; and (iii) Peak C was
observed at Ex/Em values of 270-280/420-430 nm, which was thought to be generated mainly by
humic acid-like substances with complex molecular structures [51], this substance is usually considered
as nondegradable fractions for its complex and stable structure with aromatic ring and covalent bond.
The result was similiar to Su et al.’s [52] research results on EEMs of KS-DON in Shankou Lake, which
two types of protein-like substances and one FA-like substance were observed at Ex/Em values of
225-275/350, 275/240-350 and 250/400-410.

Exinm

Exinm

400
Eminm Eminm

Figure 6. 3D fluorescence maps of DON from each sample site.

The distributions of volumetric fluorescence among the five regions (P;,) for the KS-DON
are presented in Table 2. Fluorescence components of KS-DON from water sources (except Y6)
of Taihu Lake mainly comprised simple aromatic proteins (Region I and II) with fewer humic acid-like
substances (Region V) and fluvic acid-like substances (Region III), reflected by its high ratio of Pr.jj,n
for region of simple aromatic proteins(region I and II), ranging from 50.13% to 61.76%. This quantitative
result was consistent with visual analysis of the location of peaks within regions I and II of the EEM
spectra (Figure 6). While fluorescence components of KS-DON from Y6 mainly comprised fluvic
acid-like substances (Region III) and humic acid-like substances (Region V), which was different with
other water source KS-DON. Previous studies reported that main fluorescence peak of hydrophilic
fraction in Taihu Lake surface sediment extracts were located at Region II and III, whereas hydrophilic
fraction has another obvious fluorescence peak in Region IV [14]. Besides, there was a obvious
fluorescence peak on Region IV of LMW fractions, whereas a humic-like substance peak was obvious
in the Region V of HMW fractions [12].

Table 2. Percentage distribution of (f; x 100%) of KS-DON.

Pin Piin Prii,n Prvn Pyn P11 + Vo /P1 411 + 110
Y1 28.46 33.34 13.71 13.99 10.51 0.32
Y2 25.85 31.51 17.24 15.67 9.74 0.37
Y3 19.44 30.69 11.58 21.64 16.65 0.39
Y4 13.24 40.65 12.65 15.32 18.15 0.44
Y5 21.07 33.33 16.00 14.37 15.23 0.45

Y6 13.72 29.76 23.09 11.95 21.48 0.80
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Here, the ratio of Ppy,vp for the humic- and fulvic-like regions (regions III and V) to Py, for
the protein-like regions (regions I, I and IV) were calculated (Table 2),ranging from 0.32 to 0.8,which is
much lower than the ratio of the Erhai Lake sediment(ranging from 1.30 to 2.56) [12]. This indicated the
higher humid material proportion and the correspondent more stable property in Erhai sediment than
in Taihu Lake. Qian et al. [53] also reported that the structural groups of organic nitrogen in Taihu Lake
sediments were relatively complex, but the aromaticity was low and the aromatic ring substituents
were few. Therefore, the retention capacity of nutrients was weak in Taihu Lake sediments, which
contributes greatly to water pollution.

In addition, although the sediments of Y1, Y2 and Y3 had lower Pyyyvn/Prinsmn and higher
risk of DON endogenous release, the water quality of Y1, Y2 and Y3 was significantly better than
that of other water sources, Wan et al. [54] have reported that the annual variation of total nitrogen
concentration in Western Taihu Lake ranged from 2.25 mg/L to 3.41 mg/L, but for Eastern Taihu Lake
and Xukou bay, the annual variation range of total nitrogen concentration is only between 0.25 mg/L
and 1.34 mg/L. The difference of Lake type is one of the important reasons for this difference [34],
because of the flourishing of aquatic plants and the absorption of nutrient release in the Grass-type
zones [54], which is important for reduction of nitrogen release and protection of water sources.

3.5. Possible Management Approaches on Reduction the Risk of Endogenous N Release

From the above, we concluded that KS-DON in Taihu Lake source sediments is mainly composed
of hydrophilic and small molecular components, while the fluorescence spectrum of KS-DON shows
high protein fluorescence. Based on the analysis of Zhai et al. [12,14,52,55], it is concluded that
the sediment KS-DON in Taihu Lake source area has higher bioavailability and higher risk of
endogenous release. In addition, higher NH4*-N loads also exist in sediments, which should be
paid attention to. In view of this, we propose the following possible measures to reduce the release of
endogenous nitrogen.

3.5.1. Ecological dredging

The purpose of ecological dredging is to remove surface sediments containing high-impact salts,
including suspended, semi-suspended flocculent colloids of nutrients deposited on the surface of silt,
or dormant algae or biological debris of animals and plants. Liu et al. [56] have reported that ecological
dredging would effectively control N-release in Wuli Lake after interception the external loading.
Liu et al.’s [57] research also confirmed the role of ecological dredging in reduction of organic matter
content in sediments and weakening total biological activity, but it's worth noting that there was a
high risk of endogenous NH,*-N release (especially at higher water temperature) in the short term
after ecological dredging, because of the higher NH,*-N content in the porewater, so it was suggested
that ecological dredging in winter with lower water temperature could reduce the internal loading in
order to achieve positive efficiency.

3.5.2. Establishment of constructed wetlands

Wetlands and higher aquatic plants can play the role of wave dissipation and physical retardation,
thus promoting particulate deposition and reducing sediment resuspension [58]. Besides, aquatic
plants can absorb a lot of nutrients in water and sediments, and some macrophytes could significantly
improve the removal efficiency benthic N by enhancing the ANAMMOX and denitrification
processes [27]. Moreover, constructed wetlands have the value of resource utilization and can
effectively improve the ecological environment around Taihu Lake.

4. Conclusions

The characteristics of KS-DON in the six drinking water sources from Taihu Lake were investigated
in the current study. KS-DON was the main species of TDN and accounted for >50% of TDN. Molecular
weight fractions of <1 kDa, 1-3 kDa, 3-5 kDa, 5-10 kDa, and >10 kDa accounted for 43.78%, 20.22%,



Int. J. Environ. Res. Public Health 2019, 16, 929 10 of 13

7.71%, 7.23% and 21.06% of TDN, respectively. NH was the main component of KS-DON and averagely
contributed 43.84% of KSDON in the sediment samples. CH, SH, and WH contributed 33.78%, 14.29%,
and 8.09% of KS-DON, respectively. There were three fluorescence peaks: (i) soluble microbial
byproducts; (ii) protein-like substances; (iii) and humic acid-like substances. It is concluded that
KS-DON in Taihu Lake is mainly hydrophilic and low molecules with high bioavailability, low
humification and high risk of KS-DON endogenous release. Therefore, measures should be taken not
only to control the input of exogenous pollution, but also to reduce the risk of endogenous N-pollution
release, such as using ecological dredging and establishment of constructed wetlands.

Author Contributions: Conceptualization, X.Y. and X.X.; methodology, X.W. And X.Y.; investigation, X.Y. And
J.W.; data curation, Y.Z.; writing—original draft preparation, J.L.; writing—review and editing, X.Y and X.X.

Funding: This work was supported by the Anhui Provincial Natural Science Foundation (1808085ME133),
the Natural Science Fund of Education Department of Anhui province (TSKJ2016B3016 and KJ2017A119) and the
Advanced Research for the National Natural Science Foundation of China (zryy1310).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nowlin, W.H.; Evarts, ].L.; Vanni, M.]. Release Rates and Potential Fates of Nitrogen and Phosphorus From
Sediments in a Eutrophic Reservoir. Freshw. Biol. 2010, 50, 301-322. [CrossRef]

2. Berman, T.; Chava, S. Algal Growth on Organic Compounds as Nitrogen Sources. J. Plankton Res. 1999, 21,
1423-1437. [CrossRef]

3. Holst, J.; Brackin, R.; Robinson, N. Soluble inorganic and organic nitrogen in two Australian soils under
sugarcane cultivation. Agric. Ecosyst. Environ. 2012, 155, 16-26. [CrossRef]

4. Antia, N.J.; Harrison, PJ.; Oliveira, L.; Anita, N.J.; Harrison, PJ.; Oliveira, L. The role of dissolved organic
nitrogen in phytoplankton nutrition, cell biology and ecology. Phycologia 1991, 30, 1-89. [CrossRef]

5. Kemp, A.LW.; Mudrochova, A. Distribution and forms of nitrogen in a lake ontrario sediment core.
Limnol. Oceanogr. 1972, 17, 855-867. [CrossRef]

6. Lin, S.; Wang, S.; Jin, X.A.; Xingcun, H.E. Contents and distribution characteristics of soluble organic nitrogen
in surface sediments of lakes. J. Lake Sci. 2009, 21, 623-630.

7. Lovett, GM.; Weathers, K.C.; Arthur, M.A. Control of Nitrogen Loss from Forested Watersheds by Soil
Carbon: Nitrogen Ratio and Tree Species Composition. Ecosystems 2002, 5, 712-718. [CrossRef]

8. Hu, H;; Liao, K,; Geng, J.; Xu, K,; Huang, H.; Wang, J.; Ren, H. Removal Characteristics of Dissolved
Organic Nitrogen and Its Bioavailable Portion in a Postdenitrifying Biofilter: Effect of the C/N Ratio.
Environ. Sci. Technol. 2018, 52, 7b-5115b. [CrossRef]

9. Hu, H; Jiang, C.; Ma, H.; Ding, L.; Geng, J.; Xu, K.; Huang, H.; Ren, H. Removal characteristics of DON in
pharmaceutical wastewater and its influence on the N -nitrosodimethylamine formation potential and acute
toxicity of DOM. Water Res. 2016, 109, 114. [CrossRef]

10. Elif, PM.; Sedlak, D.L. Measurement of dissolved organic nitrogen forms in wastewater effluents:
Concentrations, size distribution and NDMA formation potential. Water Res. 2008, 42, 3890-3898.

11. Ji,J.Y; Xing, Y.J.; Ma, Z.T,; Cai, J.; Zheng, P; Lu, H.E. Toxicity assessment of anaerobic digestion intermediates
and antibiotics in pharmaceutical wastewater by luminescent bacterium. J. Hazard. Mater. 2013, 246, 319-323.
[CrossRef] [PubMed]

12.  Zhang, L.; Wang, S.; Zhao, H.; Li, Y.; Huo, S.; Qian, W.; Yang, Y.; Cheng, ]. Using multiple combined analytical
techniques to characterize water extractable organic nitrogen from Lake Erhai sediment. Sci. Total Environ.
2016, 542, 344-353. [CrossRef]

13. Derrien, M.; Lee, Y.K,; Shin, K.; Hur, ]. Comparing discrimination capabilities of fluorescence spectroscopy
versus FT-ICR-MS for sources and hydrophobicity of sediment organic matter. Environ. Sci. Pollut. Res. 2018,
25, 1892-1902. [CrossRef]

14. Zhai, T.; Zhang, J.; Huo, S.; Xi, B.; Su, M.; Ma, C.; He, Z,; Su, J. Algal activity of dissolved organic nitrogen
(DON) in the sediments of Lake Taihu, Eastern China. Environ. Earth Sci. 2016, 75, 1496. [CrossRef]


http://dx.doi.org/10.1111/j.1365-2427.2004.01316.x
http://dx.doi.org/10.1093/plankt/21.8.1423
http://dx.doi.org/10.1016/j.agee.2012.03.015
http://dx.doi.org/10.2216/i0031-8884-30-1-1.1
http://dx.doi.org/10.4319/lo.1972.17.6.0855
http://dx.doi.org/10.1007/s10021-002-0153-1
http://dx.doi.org/10.1021/acs.est.7b05115
http://dx.doi.org/10.1016/j.watres.2016.10.010
http://dx.doi.org/10.1016/j.jhazmat.2012.12.025
http://www.ncbi.nlm.nih.gov/pubmed/23334482
http://dx.doi.org/10.1016/j.scitotenv.2015.10.039
http://dx.doi.org/10.1007/s11356-017-0531-z
http://dx.doi.org/10.1007/s12665-016-6286-x

Int. J. Environ. Res. Public Health 2019, 16, 929 11 of 13

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wang, S.; Zhao, Y,; Jiao, L.; Zhang, L.; Guo, W. Characteristics of soluble organic nitrogen composition and
sources in sediments from Erhai Lake in China and the effect on the water quality. Environ. Earth Sci. 2015,
74, 3849-3856. [CrossRef]

Tao, H.; Feng, B.; Chen, W.; Hua, W.; Zhao, S.J. Behavior of dissolved organic nitrogen in sediment.
Fresenius Environ. Bull. 2014, 23, 908-914.

Shi, L.L.; Zhang, L.; Wang, S.R.; Duan, C.Q.; Li, W.Z; Xi, Y,; Li, Q.C.; Xu, K.C. Releasing Characteristics of
Sediment Dissolved Organic Nitrogen (DON) from Erhai Lake and its environmental impact mechanism.
China Environ. Sci. 2017, 37, 2715-2722.

Lomstein, B.A.; Jensen, A.; Hansen, ].W.; Andreasen, J.B.; Hansen, L.S.; Berntsen, J.; Kunzendorf, H. Budgets
of sediment nitrogen and carbon cycling in the shallow water of Knebel Vig, Denmark. Aquat. Microb. Ecol.
1998, 14, 69-80. [CrossRef]

Nawrocki, J. Nitrosamines—Troublesome by-products of water disinfection. Ochr. Sr. 2007, 29, 13-18.
Schreiber, 1.M.; Mitch, W.A. Occurrence and fate of nitrosamines and nitrosamine precursors in
wastewater-impacted surface waters using boron as a conservative tracer. Environ. Sci. Technol. 2006,
40, 3203-3210. [CrossRef] [PubMed]

Xu, B.; Li, D.P; Li, W,; Xia, S.J.; Lin, Y.L.; Hu, C.Y,; Zhang, C.J.; Gao, N.Y. Measurements of dissolved
organic nitrogen (DON) in water samples with nanofiltration pretreatment. Water Res. 2010, 44, 5376-5384.
[CrossRef] [PubMed]

Richardson, S.D.; Plewa, M.].; Wagner, E.D.; Schoeny, R.; Demarini, D.M. Occurrence, genotoxicity, and
carcinogenicity of regulated and emerging disinfection by-products in drinking water: A review and
roadmap for research. Mt. Res./Fundam. Mol. Mech. Mutagen. 2007, 636, 178-242. [CrossRef] [PubMed]
Bing, L.; Li, G.; Xin, Y.; Yu, G.; Zhang, H.; Xu, J. Dissolved organic nitrogen (DON) profile during backwashing
cycle of drinking water biofiltration. Sci. Total Environ. 2012, 414, 508-514.

Chen, J.; Xie, P.; Ma, Z.; Niu, Y.; Tao, M.; Deng, X.; Wang, Q. A systematic study on spatial and seasonal
patterns of eight taste and odor compounds with relation to various biotic and abiotic parameters in Gonghu
Bay of Lake Taihu, China. Sci. Total Environ. 2010, 409, 314-325. [CrossRef] [PubMed]

Niu, X,; Geng, J.; Wang, X.; Wang, C.; Gu, X.; Edwards, M.; Glindemann, D. Temporal and spatial distributions
of phosphine in Taihu Lake, China. Sci. Total Environ. 2004, 323, 169-178. [CrossRef] [PubMed]

Trolle, D.; Zhu, G.; Hamilton, D.; Luo, L.; Mcbride, C.; Zhang, L. The influence of water quality and sediment
geochemistry on the horizontal and vertical distribution of phosphorus and nitrogen in sediments of a large,
shallow lake. Hydrobiologia 2009, 627, 31-44. [CrossRef]

Han, H.; Li, Z. Effects of macrophyte-associated nitrogen cycling bacteria on ANAMMOX and denitrification
in river sediments in the Taihu Lake region of China. Ecol. Eng. 2016, 93, 82-90. [CrossRef]

Xu, S.; Huang, B.; Wei, Z.; Luo, ].; Miao, A.; Yang, L. Seasonal variation of phytoplankton nutrient limitation
in Lake Taihu, China: A monthly study from Year 2011 to 2012. Ecotoxicol. Environ. Saf. 2013, 94, 190-196.
[CrossRef]

Hagedorn, C.; Liang, X. Current and future trends in fecal source tracking and deployment in the Lake Taihu
Region of China. Phys. Chem. Earth Parts A/B/C 2011, 36, 352-359. [CrossRef]

Tang, X; Ullah, N.; Yu, C.; Qin, Z.; Huang, R.; Zhu, X; Shen, C.; Chen, Y. Chemical and Bioassay Analysis of
Estrogen Pollution in the Surface Water of the Tiaoxi River, the Source River for Taihu Lake. Bull. Environ.
Contam. Toxicol. 2012, 89, 816-819. [CrossRef]

Xiaolong, Y.; Lu, Z.; Yunlin, Z.; Bo, Z.; Zhonghua, Z.; Yibo, Z.; Min, L.; Xingyu, J. Nitrogen Fixation Occurring
in Sediments: Contribution to the Nitrogen Budget of Lake Taihu, China. J. Geophys. Res. Biogeosci. 2018, 123,
2661-2674.

Yang, Z.; Zhang, M.; Shi, X.; Kong, F.; Ma, R.; Yu, Y. Nutrient reduction magnifies the impact of extreme
weather on cyanobacterial bloom formation in large shallow Lake Taihu (China). Water Res. 2016, 103,
302-310. [CrossRef]

Huo, S.; Zhang, J.; Yeager, KM.; Xi, B.; Qin, Y.; He, Z.; Wu, F. Mobility and sulfidization of heavy metals in
sediments of a shallow eutrophic lake, Lake Taihu, China. J. Environ. Sci. 2015, 31, 1-11. [CrossRef]
Hongtao, D.; Ronghua, M.; Xiaofeng, X.; Fanxiang, K.; Shouxuan, Z.; Weijuan, K.; Jingyan, H.; Linlin, S.
Two-decade reconstruction of algal blooms in China’s Lake Taihu. Environ. Sci. Technol. 2012, 43, 3522-3528.


http://dx.doi.org/10.1007/s12665-015-4107-2
http://dx.doi.org/10.3354/ame014069
http://dx.doi.org/10.1021/es052078r
http://www.ncbi.nlm.nih.gov/pubmed/16749682
http://dx.doi.org/10.1016/j.watres.2010.06.034
http://www.ncbi.nlm.nih.gov/pubmed/20619437
http://dx.doi.org/10.1016/j.mrrev.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17980649
http://dx.doi.org/10.1016/j.scitotenv.2010.10.010
http://www.ncbi.nlm.nih.gov/pubmed/21056900
http://dx.doi.org/10.1016/j.scitotenv.2003.10.017
http://www.ncbi.nlm.nih.gov/pubmed/15081725
http://dx.doi.org/10.1007/s10750-009-9713-0
http://dx.doi.org/10.1016/j.ecoleng.2016.05.015
http://dx.doi.org/10.1016/j.ecoenv.2013.05.006
http://dx.doi.org/10.1016/j.pce.2010.03.031
http://dx.doi.org/10.1007/s00128-012-0758-9
http://dx.doi.org/10.1016/j.watres.2016.07.047
http://dx.doi.org/10.1016/j.jes.2014.12.003

Int. J. Environ. Res. Public Health 2019, 16, 929 12 of 13

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Luo, J.; Li, X;; Ma, R;; Li, E; Duan, H.; Hu, W,; Qin, B.; Huang, W. Applying remote sensing techniques to
monitoring seasonal and interannual changes of aquatic vegetation in Taihu Lake, China. Ecol. Indic. 2016,
60, 503-513. [CrossRef]

Paerl, HW.; Otten, T.G. Blooms Bite the Hand That Feeds Them. Science 2013, 342, 433—-434. [CrossRef]
Juan, YI; Feng, X.U.; Gao, Y.; Xiang, L.; Mao, X. Variations of water quality of the major 22 inflow rivers
since 2007 and impacts on Lake Taihu. J. Lake Sci. 2016, 28, 1167-1174. [CrossRef]

EPA of China. Water and Wastewater Monitoring Analysis Method, 4th ed.; Chinese Environment Science
Publisher: Beijing, China, 2002.

Huo, S.; Yu, H.; Xi, B.; Zan, E; Zhu, C.; Zhang, ]. Characteristics of dissolved organic nitrogen (DON) in the
surface water of Beijing Olympic Forest Park. Environ. Earth Sci. 2014, 71, 1-8. [CrossRef]

Yeh, Y.L.; Yeh, K.J.; Hsu, L.E; Yu, W.C.; Lee, M.H.; Chen, T.C. Use of fluorescence quenching method to
measure sorption constants of phenolic xenoestrogens onto humic fractions from sediment. J. Hazard. Mater.
2014, 277, 27-33. [CrossRef]

Gray, S.R.; Ritchie, C.B.; Bolto, B.A. Effect of fractionated NOM on low-pressure membrane flux declines.
Water Sci. Technol. Water Supply 2004, 4, 189-196. [CrossRef]

Carroll, T,; King, S.; Gray, S.R.; Bolto, B.A.; Booker, N.A. The fouling of microfiltration membranes by NOM
after coagulation treatment. Water Res. 2000, 34, 2861-2868. [CrossRef]

Chen, W.; Westerhoff, P.; Leenheer, ]J.A.; Booksh, K. Fluorescence Excitation-Emission Matrix Regional
Integration to Quantify Spectra for Dissolved Organic Matter. Environ. Sci. Technol. 2003, 37, 5701-5710.
[CrossRef]

Poder, T.; Maestrini, S.Y.; Balode, M.; Lips, U.; Béchemin, C.; Andrushaitis, A.; Purina, I. The role of inorganic
and organic nutrients on the development of phytoplankton along a transect from the Daugava River mouth
to the Open Baltic, in spring and summer 1999. ICES . Mar. Sci. 2003, 60, 827-835.

Owen, D.M.; Amy, G.L.; Chowdhury, Z.K,; Paode, R.; McCoy, G.; Viscosil, K. NOM: Characterization and
treatability: Natural organic matter. J. Am. Water Works Assoc. 1995, 87, 46-63. [CrossRef]

Bolto, B.A.; Dixon, D.R.; Eldridge, R.J.; King, S.J. The Use of Cationic Polymers as Primary Coagulants in Water
Treatment; Springer: Berlin/Heidelberg, Germany, 1998; pp. 173-185.

Wei, L.I; Bin, X.U; Xia, S.J.; Gao, N.Y.; Yan, L.; Liang, C. Review on Characteristics and Control of Dissolved
Organic Nitrogen in Drinking Water. China Water Wastewater 2009, 25, 22-26.

Wang, C.; Zhang, X.; Chen, W. Characterization of dissolved organic matter as N-nitrosamine precursors
based on hydrophobicity, molecular weight and fluorescence. J. Environ. Sci. 2013, 25, 85-95. [CrossRef]
Coble, P.G. Characterization of marine and terrestrial DOM in seawater using excitation-emission matrix
spectroscopy. Mar. Chem. 1996, 51, 325-346. [CrossRef]

Jie, C.; Leboeuf, E.J.; Sheng, D.; Gu, B. Fluorescence spectroscopic studies of natural organic matter fractions.
Chemosphere 2003, 50, 639-647.

Wu, E; Tanoue, E. Isolation and partial characterization of dissolved copper-complexing ligands in
streamwaters. Environ. Sci. Technol. 2001, 35, 3646-3652. [CrossRef]

Su, M.; Zhang, J.; Huo, S.; Xi, B.; Hua, F; Zan, F; Qian, G.; Liu, J. Microbial bioavailability of dissolved
organic nitrogen (DON) in the sediments of Lake Shankou, Northeastern China. J. Environ. Sci. 2016, 42,
79-88. [CrossRef]

Qian, W.B.; Zhang, L.; Wang, S.R.; Cao, C.C; Li, Y.P; Cheng, J.; Yang, J].C.; Li, W.Z. Compositional
characteristics of sediment dissolved organic nitrogen in typical lakes and its relationship on water trophic
status. Spectrosc. Spectr. Anal. 2016, 36, 3164-3608.

Wan, Y.; Bai, Y.; He, ].; Zhang, Y; Li, R.,; Ruan, X. Temporal and spatial variations of aquatic environmental
characteristics and sediment bacterial community in five regions of Lake Taihu. Aquat. Ecol. 2017, 51,
343-358. [CrossRef]

Li, Y,; Wang, S.; Zhang, L.; Zhao, H.; Jiao, L.; Zhao, Y.; He, X. Composition and spectroscopic characteristics
of dissolved organic matter extracted from the sediment of Erhai Lake in China. . Soils Sediments. 2014, 14,
1599-1611. [CrossRef]

Liu, C.; Zhong, J.; Wang, J.; Zhang, L.; Fan, C. Fifteen-year study of environmental dredging effect on
variation of nitrogen and phosphorus exchange across the sediment-water interface of an urban lake.
Environ. Poll. 2016, 219, 639-648. [CrossRef]


http://dx.doi.org/10.1016/j.ecolind.2015.07.029
http://dx.doi.org/10.1126/science.1245276
http://dx.doi.org/10.18307/2016.0602
http://dx.doi.org/10.1007/s12665-013-2785-1
http://dx.doi.org/10.1016/j.jhazmat.2014.03.057
http://dx.doi.org/10.2166/ws.2004.0077
http://dx.doi.org/10.1016/S0043-1354(00)00051-8
http://dx.doi.org/10.1021/es034354c
http://dx.doi.org/10.1002/j.1551-8833.1995.tb06301.x
http://dx.doi.org/10.1016/S1001-0742(12)60029-1
http://dx.doi.org/10.1016/0304-4203(95)00062-3
http://dx.doi.org/10.1021/es0019023
http://dx.doi.org/10.1016/j.jes.2015.08.011
http://dx.doi.org/10.1007/s10452-017-9621-8
http://dx.doi.org/10.1007/s11368-014-0916-2
http://dx.doi.org/10.1016/j.envpol.2016.06.040

Int. J. Environ. Res. Public Health 2019, 16, 929 13 of 13

57.  Liu, X,; Shi, C,; Xu, X;; Li, X.; Xu, Y.; Huang, H.; Zhao, Y.; Zhou, Y.; Shen, H.; Chen, C. Spatial distributions
of B-cyclocitral and -ionone in the sediment and overlying water of the west shore of Taihu Lake.
Sci. Total Environ. 2017, 579, 430-438. [CrossRef]

58. Tan, E.; Hsu, T.C,; Huang, X.; Lin, HJ.,; Kao, S.J. Nitrogen transformations and removal efficiency
enhancement of a constructed wetland in subtropical Taiwan. Sci. Total Environ. 2017, 601, 1378-1388.
[CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.scitotenv.2016.11.079
http://dx.doi.org/10.1016/j.scitotenv.2017.05.282
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Study Site 
	Sampling Position 
	Sample Collection and Pretreatment 
	Sample Analysis 
	KS-DON Analysis 
	Molecular Weight Fractionation 
	Hydrophilic and Hydrophobic Fractionation 
	EEM Fluorescence Spectroscopy Determination and Analysis 

	Data Analysis 

	Results and Discussion 
	Sediment Nitrogen Species and Concentrations 
	Molecular Weight Fractionations of KS-DON 
	Hydrophilic and Hydrophobic Fractions of KS-DON 
	Fluorescence Characteristics of KS-DON 
	Possible Management Approaches on Reduction the Risk of Endogenous N Release 
	Ecological dredging 
	Establishment of constructed wetlands 


	Conclusions 
	References

