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Abstract

The Chaohu Lake is highly polluted and suffers from severe eutrophication. Nitrate is a key form of nitrogen that can cause water
quality degradation. In this study, hydrochemical and dual isotopic approaches were utilized to identify the seasonal variation of
nitrate sources in the Chaohu Lake and its inflowing rivers. The average nitrate concentrations ([NO3 ]) of the lake and its
inflowing rivers were 89.9 and 140.8 pmol L', respectively. The isotopic values of 5'°N-NO; and §'®*0-NO; ™ in the lake
ranged from — 1.01 to + 16.67%o and from —4.39 to + 22.20%o, respectively. The two major rivers had distinct isotopic compo-
sitions, with average 515N—NO37 values of + 17.52 and + 3.51%o, and average élgO—NO{ values of +2.71 and + 7.47%o for the
Nanfei River and Hangbu River, respectively. The results show that soil organic ammonium and urban wastewater discharge
were the main sources of nitrate in the Chaohu Lake, and nitrate assimilation was an important process affected [NO; | and
isotopic compositions, especially in the western Chaohu Lake. The elevated [NO; ] and '°N-NO5~ values in the western
Chaohu Lake indicate the high influence of human activities. Urban wastewater discharge was the primary nitrate source in
the Nanfei River and soil organic ammonium was the main source in the Hangbu River. Although nitrate from direct atmospheric
deposition was low, its strong flushing effect can substantially improve riverine [NO5 | and nitrate loading from terrestrial
ecosystem. The relatively high nitrate fluxes from the Hangbu River indicate that nitrogen loading from agricultural watershed
is unneglectable in watershed nitrogen sources reduction strategies.
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Introduction

Over the last few decades, intense human activities, such as
chemical fertilizer use and fossil fuel combustion, have greatly
exacerbated nitrogen (N) input to terrestrial ecosystems
(Galloway et al. 2003). Elevated nitrogen loading coupled with
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climate change has dramatically enhanced watershed nitrogen
export (Baron et al. 2012; Greaver et al. 2016; Yan et al. 2010).
Excessive nitrogen loading in receiving waters may pose a
remarkable threat to resident organisms and can cause eutrophi-
cation and hypoxia (Liu et al. 2015; Mallin et al. 2006; Paerl
et al. 2011). Nitrate is one of main existing forms of nitrogen,
and is mobile in terrestrial ecosystems and easily transported to
aquatic systems. High nitrate concentration ((NO5 ]) can even
threaten drinking water supplies for human and livestock (Ward
et al. 2005). Therefore, it is crucial to identify nitrate sources
and to determine their variabilities in improving regional nutri-
ent management and maintaining water quality.

Nitrate in surface waters is often the mixture of different
sources, such as atmospheric deposition, nitrate fertilizer, ni-
trification of soil organic nitrogen, and nitrification of manure
and sewage (Kendall 1998; Li et al. 2010; Liu et al. 2013a;
Ohte et al. 2010), nitrate from groundwater supply could also
be an important nitrate source (Silva et al. 2002). Stable iso-
tope technique is a promising method of identifying nitrate
sources in aquatic ecosystems, and dual isotopic methodology


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-2178-9&domain=pdf
https://doi.org/10.1007/s11356-018-2178-9
mailto:yanwj@igsnrr.ac.cn

Environ Sci Pollut Res (2018) 25:19518-19529

19519

of nitrate (§'°N and 5'®0) has been widely applied to identify
nitrate sources in groundwater, rivers, and lakes (Elisante and
Muzuka 2016; Haberhauer et al. 2002; Liu et al. 2013a; Mayer
and Wassenaar 2012). Different nitrate sources often have
distinctive §'°N and §'%0 values (Kendall et al. 2008).
Nitrate from atmospheric deposition is characterized by high
6180—-NO3_ values, ranging from +25.0 to + 80.0%¢, and a
wide range of 5'°N-NO;~ from — 8.0 to + 15.0%. (Kendall
1998). Nitrate derived from nitrate fertilizer is categorized
by a narrow range of 6'°N-NO;~ values (from — 5.0 to
+5.0%0) and high 5'®*0-NO;~ value of approximately +
20.0%0 (Chang et al. 2002). However, the isotopic values of
nitrate originating from nitrification depend on substrate, with
§'"°N-NO;~ values ranging from —10.0 to +25.0%0 and
5'"®*0-NO; " values ranging from — 10.0 to + 10.0%e, respec-
tively (Mariotti et al. 1988; Wassenaar 1995).

Moreover, microbial activities such as assimilation, de-
nitrification, and nitrification, can cause the change of
§'°N and §'®0 values in nitrate (Liu et al. 2013a; Mayer
and Wassenaar 2012). Assimilation by phytoplankton and
denitrification by microorganism are the processes of ni-
trate retention that leave substance enriched in '°N and
80 (Mayer and Wassenaar 2012). The ratio of increased
5'°N and 6'®0 values in the residual nitrate is assumed to
be close to 1.0 for assimilation (Granger et al. 2004), and
ranging from 1.3 to 2.1 for denitrification (Bottcher et al.
1990; Kendall et al. 2008). Nitrification is a two-step pro-
cess of ammonium oxidation, during which NH,* is first-
ly oxidized to NO, and then to NO5 . Unlike the coupled
isotopic relationship in the processes of assimilation and
denitrification, nitrogen and oxygen isotopes are unrelated
during nitrification, with one-third of the oxygen atom in
NO;  originating from dissolved oxygen and two-thirds
from the surrounding water (Kendall et al. 2008).

Nitrate exported from terrestrial landscape is mostly
dependent on watershed nitrogen loading; however, cli-
mate change, such as precipitation, can also determine
nitrate export fluxes (Baron et al. 2012). The influence
of precipitation on watershed nitrate export is primarily
reflected by direct atmospheric deposition and the effect
of flush on terrestrial landscape. Moreover, the alterna-
tion of hydrological condition driven by precipitation
can also change nitrate export patterns (Greaver et al.
2016). During dry seasons, with low denitrification rate,
terrestrial ecosystems exhibit high retention leading to
the accumulation of nitrogen. During wet seasons, high
amounts of nitrogen could be flushed into aquatic eco-
systems owing to the enhanced effect of hydrological
conditions (Kaushal et al. 2008).

As a typical shallow lake located within the capital city
of Anhui Province, East China, the Chaohu Lake endured
unprecedented nutrient loading in recent decades. The ac-
cumulation of nutrient in the lake has deteriorated its

water quality since the 1980s. However, it is still unclear
how nitrate sources vary throughout the year under differ-
ent hydrological conditions. In this context, a seasonal
study of water samples from the Chaohu Lake and its
inflowing rivers was conducted. The purposes of this
study are (1) to interpret seasonal nitrate sources in the
Chaohu Lake, (2) to identify the major nitrate source in
the inflowing rivers under different hydrological condi-
tions, and (3) to assess the influence of hydrological var-
iability on the sources and distribution of nitrate in
inflowing rivers.

Methods and materials
Study area

The Chaohu Lake (31°25' N - 31°43' N, 117° 17" E - 117°
52'E), located in the capital city of Anhui Province, is the
fifth largest freshwater lakes in China, with a surface wa-
ter area of 783 km? (Fig. 1). The watershed experiences a
humid temperate climate, and falls in the Asian subtropi-
cal monsoon climatic zone. The mean annual temperature,
precipitation, and wind speed of the watershed are
15.5 °C, 1000 mm, and 4.1 m s_l, respectively. The
Nanfei River and Hangbu River are the two largest
inflowing rivers, with watershed area of 1464 and
4246 km?, respectively. The Chaohu Lake was naturally
connected to the Changjiang River by the Yuxi River be-
fore 1960s, and it was impounded by Chaohu Dam after
1962. The lake can be divided into two parts as the west-
ern and eastern lake based on a line crossing Zhongmiao
Temple and Mushan Island. The depths of the western and
eastern lake range from 2.0 to 3.0 m and from 3.0 to
4.0 m, respectively, with no water column stratification
throughout the year.

Sampling and hydrochemical and isotopic analysis

Surface water samples were collected from the Chaohu Lake
and its inflowing rivers on September 8, 2015, January 6,
2016, October 21-22, 2016, and June 7, 2017. Each sampling
site was positioned by GPS. Four samples were collected from
the western lake (CH1, CH2, CH3, and CH6) and three from
the eastern lake (CH4, CHS, and CH7) (Fig. 1). Surface water
samples were collected from the inflowing rivers of the Nanfei
River (NFR) and Hangbu River (HBR). Water samples from
Shiwuli River (SWLR), Pai River (PR), and the middle of
Nanfei River (NFR-M), and the effluents of sewage treatment
plants located near Nanfei River (STP1), Shiwuli River
(STP2), and Pai River (STP3) were collected in January
2016. Rainwater was also collected during the sampling trips.
All samples were filtered through glass microfiber filter (GF/F
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Fig. 1 Study area and sampling
sites in the Chaohu Lake
watershed
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Waterman, UK) in situ. For each sample, 300 mL was stored
in polyethylene bottles for nitrogen concentration test and
50 mL subsamples were stored in centrifuge tubes for isotopic
compositions and ion tests, respectively. All samples were
stored at 4 °C in the field and frozen once they were brought
to laboratory before further testing. The air temperature and
precipitation of the Chaohu Lake watershed during sampling
months are listed in Table 1.

[NO53 ] of samples were determined in laboratory
using Flow Injection Analyzer (FIA-3100, China).
Chloride concentrations ([Cl ]) were measured by
Dionex-ICS-1500 with an analytical precision of =+
0.01 mg L™". The oxygen isotope compositions in water
were measured by LGR’s Isotopic Water Analyzer
(IWA-45EP, Los Gatos Research Inc.), with a precision

Table 1 The monthly air temperature and precipitation in the Chaohu
Lake watershed

Sampling time Air temperature Precipitation

°C mm

September 2015 23.5 49.7
January 2016 5.0 494
October 2016 17.5 268.2

June 2017 25.5 132.1

@ Springer

of +£0.25%¢ for 5'®*0-H,0. Nitrogen and oxygen com-
positions were performed using the denitrifier method
(Casciotti et al. 2002), by which nitrate was firstly con-
verted into N,O by Pseudomonas aureofaciens, which
lack nitrous oxide reductase enzyme to reduce N,O to
N,. Then gaseous N,O was tested by isotope ratio mass
spectrometer (IRMS, Isoprimel00, Isoprime, Cheadle,
UK). The isotopic compositions of "N and '*0 were
expressed in & and reported as per mill (%) relative to
the atmospheric N, and Vienna standard mean ocean
water (V-SMOW) for §'°N and §'®0, respectively.

Results
Temporal and spatial variation of water chemistry

The ion concentrations of water samples are listed in
Table 2. [NO; ] ranged from 8.64 to 200.96 pumol L'
(average 89.9 umol L") in the Chaohu Lake. The average
[NO; ] of the inflowing rivers was higher, with 168.9 and
92.9 umol L™ for NFR and HBR, respectively. In com-
parison, the [NOj3 | of rainwater was much lower than
that of surface water, ranging from 23.9 to
40.7 umol L™ (average 30.1 pumol L™"). The effluent of
sewage treatment plants was found to be with the highest
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Table 2 Hydrochemical and

isotopic compositions of water Samples Sampling cr NO;~ 8""N-NO;~ 5'°0-NO;~ 5'*0-H,0

samples in the Chaohu Lake month/type pmol/L pmol/L %o %o %o

watershed
CH-1 September 2015 972.1 54.6 7.29 5.20 —-5.27
CH-2 890.7 17.1 1.99 19.31 —5.36
CH-3 860.3 18.0 4.44 19.18 —-5.11
CH-4 679.6 8.64 1.33 21.99 —5.03
CH-5 916.7 10.1 -1.01 22.20 —4.67
NFR 2046.6 97.1 9.77 5.81 -6.75
HBR 230.7 53.1 3.54 13.69 =577
CH-1 January 2016 1752.8 133.5 14.89 4.28 —4.80
CH-2 1035.0 80.5 8.44 4.18 —4.80
CH-3 946.4 72.3 6.28 4.81 —4.40
CH-4 810.4 77.1 6.02 11.31 —4.51
CH-5 693.6 46.2 2.75 17.01 —-4.18
NFR 3187.5 207.9 21.73 2.92 -4.99
HBR 664.5 83.3 4.57 8.58 —4.47
NFR-M 2827.0 221.7 21.33 1.40 -5.14
SWLR 1365.7 110.1 21.09 7.10 —4.80
PR 1476.9 222.7 19.04 11.01 —4.57
Rain 209.8 40.7 —1.16 68.36 —4.61
CH-1 October 2016 505.8 201.0 16.67 1.38 =776
CH-2 482.7 162.9 7.75 -3.96 —7.84
CH-3 445.1 179.1 6.48 7.83 —7.68
CH-4 2429 50.0 5.57 10.51 —6.89
CH-5 553.1 64.3 7.05 -0.19 -6.97
CH-6 539.5 164.8 7.70 —4.39 —7.47
CH-7 352.1 37.1 4.06 5.87 -7.22
NFR 707.0 142.7 12.76 -4.10 -8.15
HBR 2329 136.8 2.54 3.30 —8.46
Rain 13.91 23.9 0.65 29.55 —13.44
CH-1 June 2017 1364.1 86.2 13.41 6.38 —4.06
CH-2 1065.6 115.0 8.90 6.94 —4.45
CH-3 911.9 127.8 9.22 7.08 —4.36
CH-4 696.4 114.8 8.81 7.65 —4.78
CH-5 699.3 101.1 8.76 10.00 -4.99
CH-6 1118.9 137.9 10.36 5.36 —4.43
CH-7 695.1 97.6 8.27 9.19 —5.02
NFR 1625.3 175.2 22.02 7.53 —-4.71
HBR 450.7 98.5 3.40 4.33 —5.41
STP-1 Effluent of septic 2205.4 434.1 15.71 9.27 —5.40
STP-2 treatment plants 53703 743.9 13.37 4.60 -4.89
STP-3 1344.6 505.7 12.65 7.26 —-5.22

[NO;5 ], with an average concentration of 561.2 umol L™'  Lake and inflowing rivers, respectively. The average [CI]
(ranging from 434.1 to 743.9 pumol L™"). of rainwater was lower, with 83.2 umol L™ (ranging from

The [C1l ] of the samples ranged from 242.9 to 13.9 to 209.8 umol L™"). The [C]1 ] was 1940.1 umol L'
1752.8 pmol Lt (average 801.3 pumol L") and from 230.7 (ranging from 1344.6 to 2270.3 pwmol LY of effluent of
to 3187.5 umol L™! (average 1321.2 umol L") in the Chaohu  sewage treatment plants.
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Isotopic compositions of water samples in the Chaohu
Lake watershed

The isotopic compositions of samples from the Chaohu Lake
watershed are listed in Table 2. The 5'°N of nitrate varied from
—1.01 to + 16.67%0 (average + 7.31%o) in the Chaohu Lake.
There was a wide range of §'°N-NO; " in the inflowing rivers
ranging from —4.10 to +22.0%0 with average values of +

17.52 and +3.51%0 for NFR and HBR, respectively. The
5'"N-NO; " values of rainwater were much lower than those
in lake and rivers, with an average of + 0.36%o. In comparison,
there was a narrow range of 5'°’N-NO5~ in the effluent of
sewage treatment plants, ranging from + 12.65 to + 15.71%o
(average + 13.91%o).

The values of 5'*0 were found to varying from —4.39 to +
22.20%o (average + 8.30%0) and from —4.10 to + 13.69%o
(average + 5.60%o0) in the Chaohu Lake and inflowing rivers,
respectively. The 5'%0 values of rainwater were much higher,
ranging from +29.55 to + 68.36%o0 (average + 44.87%o). The
5'®*0-NO; ™ values ranged from + 4.60 to + 9.27%. (average +
7.04%o0) in sewage treatment plants. In comparison, there was
a narrow range of &' *O values in water, ranging from — 8.46 to
—4.06%0 (average —5.58%0) of water samples from the
Chaohu Lake and inflowing rivers. The values of §'*0-H,0
were ranging from — 13.44 to —3.81%o¢ (average — 7.28%0)
and from —5.40 to —4.89%o (average — 5.17%o) in rainwater
and effluent of sewage treatment plants, respectively.

Discussion
Hydrochemical compositions and mixing processes

Dissolved ions in surface water are usually the mixture of
different sources that can be characterized with distinct
hydrochemical signatures. Chloride, unlike nitrate, is conser-
vative and cannot be removed by physical, chemical, and
biological processes (Pellerin et al. 2008). Potential C1™
sources in fresh water include atmospheric deposition, hydro-
geology, agricultural chemicals, sewage input, industrial
wastewater, and other anthropogenic sources. Animal manure
and sewage, and urban wastewater discharge are characterized
with high [Cl ] and low NO; /Cl (Krapac et al. 2002), and
agricultural watershed samples typically have a low [CI ] and
high NO; /Cl (Liu et al. 2006). Therefore, molar ratio of
NO; /CI" and [Cl ] can be used as indicators to differentiate
the mixing effects of various nitrate sources and provide use-
ful information for identifying nitrate retention processes,
such as denitrification and assimilation (Kellman and
Hillaire-Marcel 1998; Li et al. 2010; Nestler et al. 2011).

The temporal and spatial variation of samples from the
Chaohu Lake can be interpreted by mixing processes of dif-
ferent nitrate sources (Fig. 2). Rainwater was marked by a

@ Springer

relatively low [Cl ] and high molar NO;3 /CI ratio. Samples
from the urbanized Nanfei River and the agricultural Hangbu
River were characterized by distinct values, and could be
regarded as end-members for the Chaohu Lake. During the
September 2015 sampling trip, the [Cl | of the Chaohu Lake
exhibited a narrow range, while the NO3 /Cl” was much lower
than that of the inflowing rivers. The relatively low NO5 /Cl™
can be attributed to in-site nitrate retention processes, such as
denitrification and/or assimilation that substantially depleted
nitrate. During the January 2016 sampling trip, precipitation
was low and the clustered distribution of [CI | and NO5 /Cl™
suggests that there was no constant mixing process in the
Chaohu Lake. The elevated [C] ] and NO5 /CI  ratios in the
western lake could be inferred that this lake part was subjected
to more influence by sewage input than the eastern lake.
Moreover, sewage treatment plants were expected to be the
main nitrate source for urban rivers during base flow season;
however, the higher [C] ] of urban rives than that of the efflu-
ent of sewage treatment plants suggested that there was anoth-
er potential source that had a marked influence on these rivers.
During the October 2016 sampling trip, the [Cl ] of the lake
was lower than that observed in the other seasons, which
could be attributed to dilution effect by rainwater. The clus-
tered and scattered [Cl ] of the western and eastern lake indi-
cate the occurrence of different mixing processes, respective-
ly. In June 2017, the [C] ] and NOs /CI" were concentrated
within the end-members of the Chaohu Lake, excluding CHI.
The lower NO3 /CI™ at CH1 could also be attributed to deni-
trification and/or assimilation.

Differentiating sources of nitrate based on stable
isotope composition

Sources of nitrate in the Chaohu Lake

The 5"°N and 5'®0 values of nitrate can be used as a diagnos-
tic tool for discerning major nitrate sources (Kendall 1998). A
crossplot of the typical ranges in the §'°N versus 5'*0 values
of various nitrate sources and the nitrogen and oxygen signa-
tures of samples from the Chaohu Lake watershed are present-
ed in Fig. 3. The dual-isotopic composition of NO;  suggests
that nitrate in the Chaohu Lake watershed could be the mix-
ture of any pairings of any two end-members or of all four: (1)
ammonium fertilizer, (2) soil organic NH,", (3) urban waste-
water discharge, and (4) atmospheric nitrate. Overall, the tem-
poral and spatial variation can be attributed to differences in
mixing processes and contributions from these sources.
During September 2015, the 5'°N-NO; ™ and 5'%0-NO;~
crossplot for CH2 to CHS was within the range of nitrate
fertilizer (Fig. 3). However, this does not indicate that the
nitrate primarily originated from such a source. As the nitro-
gen chemical fertilizer applied in the Chaohu Lake watershed
are primarily ammonium fertilizer (Wang et al. 2014), such
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Fig.2 Variations of molar ratio of 1 ()1 T T
NO; /Cl" and CI" in the Chaohu
Lake, inflowing rivers, rainwater
and effluent of sewage treatment
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isotopic compositions indicate a mixture of various sources,
for example, atmospheric deposition, soil organic ammonium,
and urban wastewater discharge. The relatively low values of
§'°N-NO;~ suggest that soil organic ammonium was the ma-
jor source of nitrate, especially for sites in the eastern lake.
Given the dissolved oxygen 5'%0 value of +23.5%o, the
values of 6'%0-NO; ™ produced through nitrification should
theoretically vary from + 2.66 to + 5.13%o. The relatively high
5'"®*0-NO; ™ values suggest that either atmospheric deposition
was the main nitrate source or other processes changed the

[CI'] (mmol L)

5'%0 values of the dissolved nitrate (Fig. 4). The rainwater
collected from the Chaohu watershed had a lower [CI | and
a higher NO; /CI ratio (Fig. 2). If the elevated 5'80-NO;5~
values originated from atmospheric deposition, the
hydrochemical character would be marked by low a [C]].
However, the high [C] ] and low NO3 /CI ratio indicates that
nitrate retention processes such as denitrification and/or up-
take by algae, which decrease the [NO5 ], had a substantial
effect on nitrate isotopic compositions. The relatively high
§'"N-NO; value at CHI indicates a higher nitrate
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Fig. 4 Crossplot of §'0-H,0 30
versus §'50-NO;~ in Chaohu
Lake and inflowing rivers. The
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contribution from urban wastewater discharge. The &'°N—
NO; ™ and 5'%0-NO; ™ values at CHI were comparable to
those of NFR, suggesting that the nitrate at this site could be
under the influence of the Nanfei River. Studies have demon-
strated that change of 5'°N and 5'®0 in nitrate had positive
correlation with 2:1 for denitrification (Mengis et al. 1999;
Panno et al. 2006) and 1:1 for assimilation (Granger et al.
2004: Mayer and Wassenaar 2012). According to the kinetic
fractionations theory, the isotopic composition of a product
would be the same as that of the initial substrate, while the
isotopic composition of the substrate would be higher, espe-
cially at the end of a reaction (Sulzman 2008). In September
2015, the higher nitrate removal rate resulted in lower [NO;™ |
and an enriched isotopic composition at CH2 to CHS. The
higher [NO5 ] at CH1 can be attributed to the nitrate contin-
ually exported by the Nanfei River.

During January 2016, the hydrochemical compositions
were similar throughout the Chaohu Lake, and clustered in
the [Cl ] versus NO;3 /Cl™ crossplot (Fig. 2). The crossplot
of §'"®*0-H,0 versus §'*0-NO; " shows that samples from
the Chaohu Lake were mainly distributed close to the nitrifi-
cation equilibrium line (Fig. 4). The air temperature was be-
low 10 °C, and the effect of microbial activities was expected
to be low. The isotopic compositions of the samples indicated
various nitrate sources. The elevated 5'>N-NO;~ values in the
Chaohu Lake indicated that soil organic nitrogen and urban
wastewater discharge were the dominant nitrate sources.
Elevated [NO; ] and §'°N-NO;~ values were observed in
the western lake, indicating a higher contribution from urban
wastewater discharge.

In October 2016, precipitation was extremely high in the
Chaohu Lake watershed (Table 1). The [C] ] in the lake was
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significantly lower than that observed during other sampling
trips, suggesting a strong diluting effect by rainwater. The
crossplot of §'*0-H,0 versus 5'¥0-NO;~ shows that samples
from the Chaohu Lake were distributed around the nitrifica-
tion equilibrium line (Fig. 4), which indicated that nitrate pro-
duced from in-site nitrification contributed little to the nitrate,
and the nitrate mainly originated from allochthonous input.
Considering the low [NO; ] and high §'%0-NO;~ value of
rainwater, it could infer that direct atmospheric deposition
from rainwater had limited contribution to nitrate in the
Chaohu Lake. The §'>’N-NO; ™ and §'*0-NO; " of sites
CH2 to CH7 show that nitrate from soil organic nitrogen
and urban wastewater discharge dominated nitrate input in this
season (Fig. 3), and those sources significantly promoted
[NO5 ] in the Chaohu Lake. The elevated 5'°’N—NO;~ value
at CH1 suggested that urban wastewater discharge was the
main nitrate source.

During sampling trip of June 2017, the average
[NO5; ] was comparable to that observed in October
2016, while the average [Cl | was approximately one
time higher. This indicates that nitrate removal process-
es might occur during in this season. The observed
5'"N-NO;~ and 8'80-NO;~ values were within a rela-
tively narrow range (Fig. 3). In addition, the average
value of §'°N-NO;~ was +9.7%o that was much higher
than that observed during the other sampling trips, and
the 5'®%0-NO;~ values were slightly higher than the ni-
trification equilibrium values, indicating less in-site ni-
trate transfer. During this sampling season, algac were
fast growing and assimilating nitrogen resulting in ele-
vated values of 5'°N-NO;~ and §'®*0-NO;™ the in sur-
rounding water (Mayer and Wassenaar 2012).The lower
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[NO; ] and enriched 5'°N-NO;~ value at CHI indicated
that the assimilation rate was higher than that at the
other sampling sites.

Sources of nitrate in rivers

The importance of nitrate sources also varied between differ-
ent sampling sites in the inflowing rivers. As the linkage be-
tween Hefei City and the Chaohu Lake, the Nanfei River was
severely polluted and as such, it was a pollutant source for the
Chaohu Lake (Yang et al. 2011). During sampling trip of
September 2015, the elevated 615N—NO37 and depleted
5'®0-NO; " values at NFR indicated that urban wastewater
discharge was the predominant nitrate source. This was con-
sistent with observations of the urban river in the Taihu Lake
watershed (Townsend-Small et al. 2007) and the result of a
previous study in the Chaohu Lake watershed (Xi et al. 2015).
The §'"°N-NO; ™ and 5'50-NO; " values for the agricultural
Hangbu River suggested that nitrate originated from soil or-
ganic ammonium was the major source.

In January 2016, [NO; | of NFR, PR, and SWLR were
much higher than those measured in the previous sampling
trips. Urban wastewater discharge was expected to be the main
nitrate source. However, the values of 6]5N—NO37 of these
rivers were significantly higher than those in effluent of sew-
age treatment plants (Table 1 and Fig. 3), suggesting that there
may be another potential nitrate source that was characterized
by high [NO5 ] and elevated 5'°N. A previous study elucidat-
ed that the [NO5 ™ ] of groundwater was elevated in winter, and
was higher in the northern area of the Chaohu Lake watershed
than that in the other regions (Wang et al. 2014). Groundwater
in urban area that receives nitrate from overlying soil is
enriched in °N (Chang et al. 2002), and denitrification in
groundwater could also result in enriched 5'°N in substrate
(Liu et al. 2006). Therefore, groundwater could be the main
nitrate source for urban rivers during dry season. In compari-
son, the relatively lower 5'°N—-NO;~ value at HBR suggested
that groundwater had a negligible role in riverine nitrate. The
isotopic compositions of 8'°N-NO; ™~ and 5'*0-NO5" in the
Hangbu River indicate that soil organic nitrogen was the pri-
mary nitrate source.

In October 2016, the [NO3 ] of NFR and HBR were sim-
ilar. However, the 615N—NO3_ value at NFR was much higher
than that at HBR, indicating difference in nitrate sources. The
5'N-NO; and §'®*0-NO; " values indicated that the main
nitrate sources of the Nanfei River and Hangbu River were
urban wastewater discharge, and ammonium fertilizer and/or
soil organic nitrogen, respectively. The low [NO5s ] and high
5'"®*0-NO;~ value of rainwater suggested that direct input
from precipitation had little effect on nitrate in rivers. As this
was the transition period of rice and winter wheat cultivation,
a series of agricultural activities, such as farmland plowing
and chemical fertilizer spreading, were performed during the

sampling trips. Besides, the improvement of ventilation and
substrate content promote nitrification, and the newly pro-
duced nitrate could be easily flushed into streams and rivers
before infiltration to groundwater or denitrification under in-
tense rainfall (He et al. 2011). This leads to a notable increase
of the [NO3 ] of the agricultural Hangbu River.

During sampling trip of June 2017, the [NO; | of NFR was
twice as that of HBR. The crossplot of CI' and NO; /CI”
suggested that microbial activities had less effect on the re-
moval of nitrate in these two rivers. In addition, the 5'%O-
NO; ™ values were slightly higher than the nitrification equi-
librium values, indicating lower in-river nitrification. The el-
evated 8'°N-NO; value of the Nanfei River suggested that
the main nitrate source was urban wastewater discharge, while
the 5'"°N-NO;~ value of the Hangbu River suggested that
ammonium fertilizer and soil organic nitrogen were the main
nitrate sources.

There were significant decreasing and increasing trends of
5'"N-NO; ™ and 5'"®*0-NO;~ with decreasing [NO; ], respec-
tively (p <0.01 for '°N-NO; ™~ and §'*0-NO;") (Fig. 5a, b).
However, the relationships were distinct between different
sampling trips. As nitrate was receiving from terrestrial eco-
system, the hydrochemical and isotopic compositions of the
nitrate sources varied seasonally. The spatial variation of ni-
trate sources also differed between the western and eastern
Chaohu Lake. The western Chaohu Lake was more influenced
by the watershed; therefore, the [NO5 ] and 615N7NO37
values were higher than those of the eastern Chaohu Lake
(Table 2). Though denitrification in the sediment and overly-
ing water can cause isotopic fractionations, the range was
much smaller than that caused by denitrification in groundwa-
ter (Liu et al. 2013b; Sebilo et al. 2003). The positive relation-
ship between [NO5 ] and 5'°N-NO5 can be attributed to the
spatio-temporal variation of nitrate sources.

Influence of precipitation on nitrate export from two
watersheds

Climate change caused hydrological cycle by altering pre-
cipitation can greatly change the quantity of nitrogen
exported from terrestrial ecosystems (Baron et al. 2012).
Increased precipitation is a major driving force that results
in greater terrestrial landscape nitrogen export to aquatic
ecosystems (Greaver et al. 2016). Atmospheric deposition
was expected to be a key nitrate source; however, the
hydrochemical and isotopic compositions observed in
the Chaohu Lake watershed suggested that it plays less
of a role in the Chaohu Lake watershed (Table 2). The
hydrochemical and isotopic compositions presented sig-
nificant seasonal variation in the Nanfei River (Fig. 6).
The seasonal variation in the §'°’N-NO;  and 5'%0-
NO; values indicates that nitrate in the Nanfei River
originated from various sources. In comparison, less

@ Springer



19526 Environ Sci Pollut Res (2018) 25:19518-19529
Fig. 5 The relationship between 30 T T T T T
[NO; ]and a §'>N-NO; and b
5'50-NO;" in the Chaohu Lake . y=772x+0.938 < A A A @)
and the inflowing rivers. WCH, c\g 20 R?= 0.58, p<0.01 T
Western Chaohu Lake; ECH, “:q
Eastern Chaohu Lake; NFR, l®) Sep. Jan. Oct. Jun.
Nanfei River; HBR, Hangbu Z. 10F WCH 2(25 2216 20.16 2217 T
River; PR, Pai River; SWLR, Z. ECH © e e o
SWLR; STP, Sewage treatment b NFR A A A A
plants w OFe HBR & ¢ ¢ ¢ 7
PR | 4
SWLR <
_ 1 O L L L L ']
30 L] L] L] L] L]
g =-70.0x + 14.8 ®
,\§ 20F .. yz— -/U.U X . -
< . R”=0.41, p<0.01
S 10} > :
o
*
< oF A -
A m
_ 1 0 '] '] '] '] L
0 0.05 0.10 0.15 0.20 0.25 0.30

seasonal variation of the [Cl ], 615N—NO37, and §'%0-
NO; values was observed in the Hangbu River, indicat-
ing a consistent nitrate source. During the dry season in
January 2016, elevated [C1 ] and enriched §'°N-NO;~
values were observed in both rivers. However, in
October 2016 with intensive rainfall, reduced [Cl ] and

[NO}] (mmol L™

depleted 6'°N-NO;~ values were measured. This is con-
sistent with the result of a study on rivers in Austin, USA,
which found that groundwater was the main nitrate source
during the baseflow season (Silva et al. 2002).

The exported nitrate fluxes from the Nanfei River and the
Hangbu River were estimated based on the [NO;3 | and

Fig. 6 Seasonal variation of a — 40
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riverine discharge (Supplementary Material). In September
2015, the nitrate fluxes from the Nanfei River and Hangbu
River were considerable, with 1.07 and 0.70 t N dayfl, re-
spectively, and increased to 2.28 and 2.61 t N day ! in
January 2016 (Fig. 7). However, in October 2016, when
precipitation was extremely high, nitrate fluxes sharply in-
creased to 10.2 and 25.4 t N day ' for the Nanfei River and
Hangbu River, respectively. The nitrate exported from the
Hangbu River was approximately 2.5 times higher than that
from the Nanfei River. In June 2017, the nitrate flux from
the Hangbu River was 10.93 t N day ', which was approx-
imately 1.8 times that from the Nanfei River, which was
5.93 t N day '. Although the seasonal trends in the
hydrochemical compositions and isotopic signatures of the
Nanfei River and the Hangbu River were similar, the differ-
ences in the exported nitrate fluxes indicated that nitrate
loadings from these rivers had distinct responses to hydro-
logical condition (Figs. 6 and 7). The highly impervious
surface coverage of urbanized watersheds can rapidly cause
surface runoff to discharge into rivers (Kaushal et al. 2014),
and elevate the riverine [NO3 ]. Unlike watershed of
Baltimore, USA (Kaushal et al. 2008), the nitrogen fertilizer
utilized in the Chaohu Lake watershed is mainly ammonium
fertilizer (Wang et al. 2014). Large quantities of ammonium
and organic nitrogen could be retained and transformed into
nitrate during the dry season and flushed into river during
wet season (Greaver et al. 2016). Besides, intense rainfall is
associated with a short nutrient resident time in river chan-
nel, and it can weaken the denitrification rates of sediment
and overlying water (Baron et al. 2012). This indicated that
agricultural watershed was more vulnerable to changing

hydrological conditions in the Chaohu Lake watershed.
The higher fluxes of exported nitrate suggested that nitrate
from agricultural areas should also be considered in water-
shed nitrogen reducing strategies.

Conclusions

Dual stable isotopes in nitrate and the hydrochemical com-
position of water were used to identify spatial and temporal
variations in the nitrate sources in the Chaohu Lake water-
shed. The results show that the [NO5 ] had significant sea-
sonal and spatial variation of the Chaohu Lake and its
inflowing rivers, with higher [NO3 ] observed in rivers.
The §'°N and 5'®0 values of the nitrate in the Chaohu
Lake indicated that it mainly originated from soil organic
ammonium and urban wastewater discharge. Combined this
with the molar NO5 /CI ratio and 8'%0-NO;~ value sug-
gested that the assimilation of algae played a significant role
in nitrate removal of the lake. The higher [NO3; | (>
97.1 pmol L") and §'"°N-NO;~ value (> + 9.8%0) of the
Nanfei River indicated that the main source of nitrate was
urban wastewater discharge, while soil organic ammonium
and ammonium fertilization were the major nitrate source in
the Hangbu River during all seasons. The [NOj; ] of rain-
water was very low (<41.0 pmol L"), suggesting that it
contributed less nitrate to the rivers and lake. However,
the flushing effect of rainwater can substantially promote
nitrate export from the Nanfei River and the Hangbu River
into the Chaohu Lake.
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