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Abstract

Drinking water reservoirs are threatened globally by anthropogenic nitrogen pollution. Hydrochemistry and isotopes were
analyzed to identify spatial and temporal varieties of main nitrate sources in a large drinking water reservoir in East China.
The results showed that NO5;~ was the main nitrogen form in both the dry and wet seasons, but dissolved organic nitrogen (DON)
was increased in the wet season. The BISN—NO{ values (+ 1.3%o0 to + 11.8%0) and 6180-NO37 values (+2.5%o0 to + 13.5%o),
combined with principal component analysis (PCA), indicated that chemical fertilizer was the main nitrate source during the dry
season, while chemical fertilizer, soil N, and sewage/manure were the main nitrate sources during the wet season in the Qiandao
Lake area. And, the nitrate isotopes showed the significant nitrification and assimilation in the Qiandao Lake area. A Bayesian
isotopic mixing model (Stable Isotope Analysis in R) was applied to the spatial and seasonal trends in the proportional contri-
bution of four NO3 ™ sources (chemical fertilizer (CF), soil nitrogen (SN), sewage and manure (SM), and atmospheric deposition
(AD)) in the Qiandao Lake area. It was revealed that CF was the most important nitrate source in the dry season, accounting for
53.4% with 19.2% of SM and 18.9% of SN, while the contribution of SN increased in the wet season, accounting for 31.6%,
followed by CF (30.8%) and then SM (24.2%). The main nitrate sources in the urban area, rural area, and central lake arca were
CF and SN, accounting for 66.1% in the urban area, 71.7% in the rural area, and 68.2% in the central lake area. Measures should
be made to improve chemical fertilizer use efficiency and to reduce nitrogen loss in the Qiandao Lake area.

Highlights

* Nitrogen pollution threatens the water quality in a drinking water
eservoir.

« Spatial and seasonal variation of NOs ™ sources is identified by PCA and
dual isotope.

* Dual isotope combining with the SIAR model is applied for quantifying
NO; ™ sources.

¢ Chemical fertilizers and soil N were the main NO3~ sources in the
Qiandao Lake area.
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Introduction

Elevated nitrate (NO53 ) contamination has been a concern in
the global water environment. Too much NO3™ leads to acid-
ification and eutrophication in aquatic ecosystems (Camargo
and Alonso 2006; Gorski et al. 2019). NO;  pollution not only
affects the survival of aquatic organisms but also threatens
human health, especially in water sources for drinking water
supply (Knobeloch et al. 2000; Fathmawati et al. 2017).
Reservoirs have been built mainly to supply drinking water
and irrigation water, provide flood protection, and support
electric power generation (Nilsson 2009; Zhu et al. 2017). It
is evident that nitrogen loads are accepted as one of the key
driving forces for eutrophication in reservoirs (Zhang et al.
2017). NO; , which is the main form of nitrogen in drinking
water reservoirs, has recently received increasing attention
(Rogers et al. 2012; Li et al. 2017; Jin et al. 2018; Zhang
et al. 2018a).

Qiandao Lake (Xinanjiang Reservoir) is the largest reser-
voir in Zhejiang Province, East China. Qiandao Lake will
supply drinking water for over 8.0 million residents in
Hangzhou by Qiandaohu Diversion Engineering in 2020
(CCRH (Committee of Compiling Records of Hangzhou)
2017). However, 3897 tons of total nitrogen (TN) which was
mainly from sewage/manure and chemical fertilizers was
discharged into Qiandao Lake in 2011, and this amount
exceeded the limitation of nitrogen discharge (3176 t N/area)
because the target concentration of TN is 0.8 mg N/L (Zhang
et al. 2014). It was indicated that the main form of nitrogen in
Qiandao Lake was NO; , accounting for approximately 50%
of TN (Yu et al. 2010). The water quality of Qiandao Lake has
a potential risk of nitrate pollution. Thus, it is necessary to
identify NO3z sources and control NO3 concentrations in
the Qiandao Lake drinking water supply.

With the development of analytical techniques and meth-
odologies for stable isotopes of NO5, a dual isotope (5'°N-
NO;~ and §'®0-NO5 ") approach for identifying NO;~ sources
has been applied more widely (Xue et al. 2009; Lorenzo et al.
2012; Buetal. 2017; Wang et al. 2017; Yang et al. 2018). The
values of §'°N-NO; ™~ and §'%0-NO; " are distinct among dif-
ferent NOs ™ sources and can be used to trace NO5;  sources.
The following typical values of 5'°N-NO; ™ and 5'%0-NO;~
for known NO; sources were summarized by Xue et al.
(2009): — 6%o to + 6% for 5'°N-NO; ™ and — 5%o to + 15%o
for 6180-NO37 in ammonium fertilizer and urea, — 13%o to +
13%o for 6'°N-NO; ™~ and + 25%o to + 75%o for 6'%0-NO; ™ in
precipitation, + 4%o to + 25%o for 5'°N-NOs~ and + 5%o to +
15%o for 6180-NO37 in sewage/manure, and 0%o to + 8%o for
8'"N-NO; ™~ and + 5%o to + 15%o for §'#0-NO; ™ in soil organic
nitrogen (soil N (SN)). Yu et al. (2018) investigated the values

of 8'°N-NO; and §'®*0-NO; ™ in Chaohu Lake (China), find-
ing that urban wastewater discharge and soil organic nitrogen
were the main NOs  sources in Chaohu Lake. Sanchez et al.
(2017) used nitrogen and oxygen isotopes to successfully
identify that fertilizers and wastewater treatment plant efflu-
ents were the main NO3; sources in the Rio Grande
(American), and the effect of wastewater treatment plant ef-
fluents increased with the increase of urbanization and waste-
water treatment plants.

For quantifying the NO3™ sources, Parnell et al. (2010)
presented Stable Isotope Analysis in R (SIAR), which uses a
Bayesian modeling approach based on stable isotopes. It can
quantitatively identify NO5 sources for more than three
sources (Xue et al. 2012; Meghdadi and Javar 2018; Li et al.
2019). Meghdadi and Javar (2018) revealed that fertilizer had
the highest contribution (42.1%) in late spring and decreased
from late spring to early autumn, while the contribution of
sewage was highest (32.1%) in early autumn, increasing from
late spring to early autumn in the Tarom watershed (Northwest
Iran). Zhang et al. (2018b) found that sewage and manure
contributed the most NO5;  (64.9%) to Yellow River, and the
combination of chemical fertilizer and the Yellow River con-
tributed 51.6% of the NO5; of river water in Yellow River
irrigation regions (China).

To provide useful information for controlling the NO;~
level in Qiandao Lake, which serves as a drinking water
source, NO5;  sources and contributions of NO5~ sources need
to be identified. The aims of this study are (1) to explore the
spatiotemporal variations of nitrogen and evaluate their pollu-
tion, (2) to investigate the values of 5"°N-NO;~ and §'%0-
NO; in Qiandao Lake to identify the main NOs sources
and their transformations, and (3) to quantify the contributions
of NO;s  sources by the SIAR mixing model and propose
management measures for N pollution in the Qiandao Lake
area.

Material and methods
Description of study area

Qiandao Lake is located in the hilly and mountainous region
areas, averaging over 500 m above sea level, Hangzhou City,
Zhejiang Province, between 29° 11’ N and 30° 02" N, and
between 118° 34’ E and 119° 15’ E. Qiandao Lake has a water
surface area of 580 km?® with a storage capacity of 17.8 x 10’
m’. The Xin’an River is the biggest tributary, accounting for
over 70% of the volume of runoff into Qiandao Lake (Zhou
et al. 2016). Thus, Qiandao Lake is also known as Xinanjiang
Reservoir. Because of the subtropical monsoon climate, both
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high rainfall and high temperature occur in the same season.
The annual mean rainfall was 1636.5 mm from 1961 to 2014
in Qiandao Lake (Zhou et al. 2016). The wet season is from
April to October, and the dry season is from November to
March. The rainfall in 2017 was 1509.5 mm, with the wet
season accounting for 73.1% (1103.9 mm) and the dry season
accounting for 26.9% (405.6 mm). The bedrock in the
Qiandao Lake area is composed primarily of limestone
(Wang et al. 1984). The terrain in the Qiandao Lake area is
high in the surrounding area and low in the middle (high in the
west and low in the east).

The main land use types in the study area are shown in Fig.
1, including forest land (79%), rural area (8%), urban area
(2%), and water surface (11%). The forest land is composed
of natural forest land (87.2%) and economic forest land
(12.8%), the rural area is a mixture of farmland and small rural
residential areas, and the urban area, which consists of large
residential areas and shopping centers, is located in the down-
stream of the Xin’an River (LRBC (Land and Resources
Bureau of Chunan) 2015). Domestic sewage has been treated
by sewage treatment plants, both in the rural area and in the
urban area. To protect Qiandao Lake, industrial production is
prohibited in the Qiandao Lake area. The main crops in the
farmland are rice (from June to October), vegetables, and rape

plants (from November to May), and the main economic for-
est plants are moso bamboo, tea plants, and fruits trees (CCRH
(Committee of Compiling Records of Hangzhou) 2017).
Chemical fertilizer (urea and ammonium) is applied with
310.29 kg N/hm? every year in the study area, and manure
(115.86 kg N/(hm*/year)) is only applied on vegetables and
fruit trees; however, the nitrogen use efficiency is low (ap-
proximately 40%) (Kong 2015). Tourism has rapidly devel-
oped at Qiandao Lake in recent years. In 2017, there were 15.4
million tourists who were mainly concentrated during the pe-
riod March to November in the Qiandao Lake area (BS
(Bureau of Statistics) 2018).

Sampling and analysis

Based on the land use and human activity, the distributions of
the sampling sites are U1 to U6 in the urban area, R1 to R27 in
the rural area, and C1 to C11 in the central lake area. The
central lake area is 30 m away from the river bank in this
study. A total of 88 surface water samples were collected in
March and in July 2017 in the Qiandao Lake area (Fig. 1).
Moreover, the samples were collected 0.2 m under the water
surface and were saved in 500-mL-volume polyethylene plas-
tic bottles. The pH, electrical conductivity (EC), dissolved

Fig. 1 Location of the study area
and the sampling sites
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oxygen (DO), and water temperatures (7) were measured in
situ using portable meters (Mettler Toledo FG2-FK, Mettler
Toledo FG3-FK, and Leici JPB-607). Samples obtained in
situ, stored in pre-cleaned polyethylene bottles (500 mL),
were put in a portable refrigerator. The raw water samples
stored at 4 °C were used to analyze the TN and HCO; within
24 h. The water samples filtered through 0.45-pum membrane
filters on the sampling day, stored in pre-cleaned polyethylene
bottles (100 mL), were also stored at 4 °C for analyzing the
dissolved total nitrogen (DTN) within 24 h and analyzing ions
within a week. The water sampled filtered through 0.22-pm
membrane filters on the sampling day, stored in pre-cleaned
polyethylene bottles (60 mL), were frozen at — 20 °C for stable
isotopes. TN and DTN were measured by the alkaline potas-
sium persulfate digestion UV spectrophotometric method (HJ
636-2012). HCO5; was measured by the acid-base titration
method (GB/T 8538-2008). The main ions (Na®, Ca’*, K*,
Mg**, NH4*, NO5~, NO,~, CI", SO,*) were measured by
Dionex ICS-900. NO, in most samples was not detected.
The forms of total nitrogen are particulate nitrogen (PN), dis-
solved organic nitrogen (DON), and dissolved inorganic ni-
trogen (DIN, the sum of NO;~ and NH,*). The DON and PN
were calculated by the following mass balance: [DON] =
[DTN] — [DIN] and [PN] = [TN] — [DTN].

The surface water samples in Ul, U4, R3, R6, R8, R11,
R12,R16, R18, R19, R25, R26, C1, C2, C4, C5, C6, C7, C9,
and C10 were measured by the values of dD-H,O, 6180—H20,
5'°N-NO;", and §'°0-NO;". The 5D-H,O and §'*0-H,0
values were determined using a Picarro L2140-1 wave-
length-scanned cavity ring-down spectroscopy instrument.
The precision of 6D-H,O and 5'%0-H,0 was +0.5%0 and +
0.1%o, respectively. The 5'°N-NO5~ and 5'*0-NO;~ values
were analyzed using the denitrifier method of mass spectrom-
etry (Thermo Delta V Advantage) (Casciotti et al. 2002). The
precision of §'°N-NO;~ and §'®0-NO;~ was +0.3%0 and +
0.5%o, respectively. In international standards, stable isotope
ratios are defined as

d (%‘7) = [(Rsample_Rstandard) /Rstandard] x 1000

where R is the ratios of "’N/'N, '30/'°0, and *H/'H. The
standard of '>N/'*N is atmospheric air (AIR), and the
Vienna Standard Mean Ocean Water (VSMOW) is for
'%0/'°0 and *H/'H.

Principal component analysis

Principal component analysis (PCA) can be used to reduce the
variables in the hydrochemical studies for simplifying the
analysis (Matiatos 2016). The uncorrelated principal factors
were derived from the original variables. The factors whose
eigenvalues were greater than 1 were retained, and the first
principal factor responds the most variation of the original

variables. In order to examine the suitability of the PCA, the
Kaiser-Meyer-Olkin (KMO) and Bartlett’s tests of sphericity
were used. The high value of the KMO test indicates the
usefulness of PCA. The factors marvelous, meritorious, mid-
dling, mediocre, miserable, and unacceptable refer to the
KMO values of >0.9, [0.8, 0.9), [0.7, 0.8), [0.6, 0.7), [0.5,
0.6), and < 0.5, respectively (Kaiser 1974). The value of
Bartlett’s tests of sphericity should be less than 0.05 (P <
0.05). In this study, the PCA was supported by IBM SPSS
Statistics 19.

SIAR mixing model

Based on the Bayesian isotope mixing model (SIAR), the new
open source R package SIAR was published by Parnell et al.
(2010), which is a reliable tool for calculating nitrate source
contributions. The model can be formulated as follows
(Parnell et al. 2010):

Xy =5 1o (Sik + Cix) + &5
Sik~N (:U'jkvwzjk)
Ci~N (N, 7)

ex~N (0,0%))

where Xj; is the isotope value j of the mixture i, in which /=1,
2,3,..,Nandj=1,2,3,.., J; Sy is the source value k on
isotopej (k=1,2,3,..., K) and is normally distributed with the
mean /1 and the standard deviation wj; py is the proportion of
source k, as estimated by the SIAR mixing model; Cj is the
isotope fractionation factor for isotope j on source k£ and is
normally distributed with mean )\ and standard deviation
Tix; and € is the residual error, which represents the additional
unquantified variation between individual mixtures, and is
ordinarily distributed by the mean 0 and the standard deviation
o;. To estimate the contributions of major NO;™ sources at the
Qiandao Lake area, two isotopes (5'°N-NO;~ and &'°0-
NO; ) and four potential N sources were used in this study.
Four different sources of NO5 ™ are precipitation (atmospheric
deposition, AD), SN, chemical fertilizer (CF), and sewage and
manure (SM). A mean probability estimate (MPE), which
implies the mean contribution from each NO;  source, was
calculated and output by the STAR model.

Results and discussion
Water chemistry
Hydrochemical data

The statistics of the hydrochemical data in Qiandao Lake are
shown in Table 1. The water in Qiandao Lake was weakly
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alkaline. The variety of water temperatures (7) was consistent
with the variety of air temperatures. The lower DO value was
found in the wet season. The concentration of DO is correla-
tive with the water temperature; oxygen dissolves more great-
ly in colder water than it does in warmer water. Meanwhile,
the metabolism of microorganisms was more active in wet
season and might consume the DO in water.

The highest mean EC value accompanied by the highest
mean ion (Ca*, Na*, Mg**, K, HCO5, SO,>") concentra-
tions appeared in the urban area of the Qiandao Lake area
because of the stronger human activities. The following order
for major cations was Ca®* > Na* > Mg>* > K* > NH,4" in both
seasons. Furthermore, major anions in different seasons
showed different orders: HCO; > SO,° > NO; > CI” in
the dry season and HCO3 > SO,% > Cl > NOs  in the wet
season. The dominant cation was Ca2+, which accounts for
59.4% of total cations in the dry season and 55.1% of total
cations in the wet season. HCO; was the major anion,

accounting for 59.2% of the total anions in the dry season
and 62.6% of the total anions in the wet season. The water
types of Qiandao Lake in the dry and wet seasons were both
Ca”**-HCOj5 . In the Qiandao Lake area, limestone is the dom-
inant rock, which is the main origin for Ca**, Mg**, HCO; ",
and SO4>~ in the water. The significant and positive correla-
tions between the EC values and Mg**, Ca®*, HCO;, and
SO,* in the water samples (P < 0.01) were observed both
in the dry season and in the wet season, which indicated that
these came from a natural source (the influence of limestone).

Spatial and seasonal distribution of nitrogen

The TN concentrations in the water samples are shown in
Table 1. The concentrations of TN in the water samples from
the urban area and from the rural area were both higher in the
dry season than those in the wet season, indicating that the
dilution was caused by precipitation. However, in the central

Table 1  Statistical parameters of water quality in the Qiandao Lake area

Samples pH T(°C) EC (us/em) DO Na* K* Mg**  Ca®*  SO,2 HCO; CI° NHyt NO; TN  TDN

(mg/L) (mg N/L)

Dry season (n = 43)

Mean 74  14.0 84 85 315 1.16 2.09 1432 8.67 29.47 224 0.04 0.95 1.64 134
Min. 72 113 41 72 067 029 033 6.92 1.47 10.08 0.64 ND 0.42 0.83 0.64
Max. 7.6 182 130 9.7 671 262 426 23.65 1734  66.25 472  0.18 2.15 3.01  2.65
SD 0.1 1.7 21 0.6 135 051 090 3.50 397 11.21 1.00  0.04 0.40 0.51 053
Wet season (n = 44)

Mean 7.5 289 90 69 358 140 212 13.70  8.27 27.90 233  0.04 0.51 1.37  1.10
Min. 7.0 222 53 50 089 010 0.72 9.16 1.80 15.24 0.51 ND 0.18 0.76 034
Max. 79 326 153 9.1 535 332 3.63 2220 17.18  53.36 4.06 0.16 1.07 2.56  2.04
SD 02 23 20 1.0  1.09 068 0.57 321 3.50 6.35 0.76  0.03 0.20 043 037
Urban area (n = 12)

Mean 73 189 109 6.5 443 184 236 16.65 12.81  30.98 2.54  0.05 1.03 1.90 1.61
Min. 72 126 61 50 286 082 154 10.81  5.64 24.39 1.82 ND 0.54 124  0.78
Max. 75 274 143 84 671 332 282 19.81 17.34 3946 3.60 0.11 1.68 2,62 220
SD 0.1 64 23 13 1.11  0.84 048 2.96 4.16 4.88 0.57 0.04 0.38 041 051
Rural area (n = 53)

Mean 74 219 85 79  3.02 120 212 13.69  8.00 28.95 2.07 0.04 0.74 .51 1.21
Min. 72 113 41 5.1 081 0.10 0.59 6.92 1.47 10.08 0.51 ND 0.18 0.76 034
Max. 7.8 326 153 97 577 262 426 23.65 1608  66.25 472 0.18 2.15 3.01  2.65
SD 02 79 21 1.0 1.15 055 0.86 3.69 3.67 11.26 098 0.04 0.42 0.50 046
Central lake area (n = 22)

Mean 75 221 81 78 363 1.18 192 1334 722 26.74 2.67 0.02 0.55 125 1.02
Min. 7.0 123 61 59 067 029 033 9.35 495 23.56 1.86 ND 0.38 0.83 0.71
Max. 79 305 98 92 485 245 258 16.96 9.74 29.88 4.00 0.08 0.70 2.56  1.81
SD 02 8.1 8 1.0 1.14 046 053 1.73 1.19 1.76 0.59 0.03 0.11 033 032

n is the number of samples
ND not detected
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lake area, the TN concentrations in the water samples in the
dry season were lower than those in the wet season; this out-
come was caused by the increase of ships and tourists in the
wet season, and this increase was an important nitrogen source
in Qiandao Lake (Zhang et al. 2014). The TN concentrations
in 100%, 87.0%, and 95.5% of the water samples from the
urban area, the rural area, and the central lake area, respective-
ly, exceeded the limit of the surface water (GB3838-2002,
1.0 mg N/L). More serious nitrogen pollution occurred in
the urban area and was attributed to the stronger human activ-
ities. The lowest mean concentration of TN in the central lake
area mainly due to the self-cleaning capacity for a large and
deep lake. The TN concentrations in all samples in the central
lake area were lower than those in the rural area, because it is
further away from agricultural activities and residential areas.
The spatial and seasonal variations of the DTN in the water
samples were similar to those of the TN.

The PN concentrations accounted for 18.4% (0 mg N/L to
1.17mg N/L) and 19.9% (0.01 mg N/L to 1.25 mg N/L) of the
TN in the dry season and in the wet season, respectively (Fig.
2). The temporal and spatial variations of PN concentrations
were the same as those of TN concentrations. The PN in a
river-reservoir system was mainly derived from phytoplank-
ton, soil organic matter, exogenous nitrogen input, and deni-
trification (Liu et al. 2018). The higher PN concentrations
from the central lake area in the wet season were might be
due to more exogenous nitrogen input from increased tourists,
the same reason as the increased TN.

NO;  was the main nitrogen form, accounting for 58.2%
and 37.3% of the TN in the water samples in the dry season
and in the wet season, respectively (Table 1, Fig. 2). The NO5 ™~
concentrations of all samples did not exceed the permissible
limits for drinking water (GB3838-2002, 10 mg N/L).
Approximately 14% of the land is economic forest land and
farmland, and the major agricultural activities include rice,
rape, vegetables, moso bamboo, tea plants, and fruit trees,
suggesting that the chemical fertilizer was the major NO;~

2.4
Dry Wet
PN
20 + DON B R
N, (] (I
Noy [] [
16 F
)
z. [ITTIT
o 12 F
g
z
08 | | |
04 | DITTIT
0.0

Urban area Rural area Central lake area

Fig. 2 Spatial and temporal distributions of nitrogen forms

source in the Qiandao Lake area. The NOs; concentrations
in the water samples in the wet season were lower than those
in the dry season. Higher rainfall in wet season which was 2.7
times as more as that in dry season caused precipitation dilu-
tion effects. There is a large water-level-fluctuation zone for
the long shoreline due to the completion of the Qiandao Lake,
and rape was planted in the water-level-fluctuation zone in the
dry season with chemical fertilizer applied. The growth of
plants is slow, and plants could not actively absorb chemical
fertilizers from the soil during the dry season (winter) (Jarvie
et al. 2010; Jin et al. 2013). When it rains the chemical fertil-
izer applied at the water-level-fluctuation zone could be
transported into the surface water easily. The NO;  concentra-
tions in the water samples from the urban area were highest
among the three areas. It was found that urban areas are im-
portant NO; contributors to the aquatic system (Sanchez
et al. 2017). The concentrations of NOs in the urban arca
were the highest in both seasons due to the increase of the
sewage treatment plant effluents and urban runoff. The highest
NO; concentration of water samples was observed at R27 in
the dry season. It was likely that more chemical fertilizers
were used for the rapid growth of vegetables and rape plants
at the rural area in spring.

NO;5~ was the main form of TN, but the NH,* concentra-
tions of all the samples were very low and were similar to
those of different reservoirs in the Fenhe River Basin, China,
and Hexi Reservoir, East China (Yang et al. 2018; Zhang et al.
2018a). The NH,4" concentrations in the dry season and in the
wet season ranged from not detected (ND) to 0.18 mg N/L and
from ND to 0.16 mg N/L, which only accounted for 2.5% and
2.8% of the TN concentrations in the dry and wet seasons,
respectively (Table 1, Fig. 2). The NH,* was presented in low
concentrations and showed no seasonal variation in the
Qiandao Lake area. However, the spatial variation of NH4*
concentrations was observed as NO; . The mean NH,* con-
centrations were 0.05 mg N/L in the urban area, 0.04 mg N/L
in the rural area, and 0.02 mg N/L in the central lake area.

DON was also the dominant nitrogen species, accounting
for 20.9% and 40.0% of TN in the dry season and in the wet
season, respectively (Table 1, Fig. 2). The concentrations of
DON in the water samples were significantly increased in the
wet season. DON in the soil was a main form of DTN in the
subtropical forests, and the application of inorganic N fertiliz-
er increased DON in the soil (Wu et al. 2010). A short-term
but high-intensity precipitation will cause more serious soil
erosion compared with that of a long-term but low-intensity
precipitation (Qiu et al. 2018). The Qiandao Lake area is lo-
cated in the subtropical monsoon climate region as a result of
frequent heavy precipitations in the wet season, causing high
leaching of DON in soil. In addition, the terrain which is high
in the surrounding area and low in the middle is more condu-
cive to soil erosion in the Qiandao Lake area. Thus, the soil N
was also an important nitrogen source in the Qiandao Lake
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area, especially during the wet season. Previous research
(Lucke et al. 2018) observed that organic N made up
62~76% of TN in urban runoff. The highest mean concentra-
tion of DON occurred in the urban area, which indicated an
influence of urban runoff. NO;~ was the major N species in
the dry season, and NO3;  and DON were the two major N
species in the wet season of the Qiandao Lake area. The mean
TN concentration was calculated as 1.50 + 0.49 mg N/L in
Qiandao Lake. To achieve the target TN concentration (0.8 mg
N/L), which is the safety line for Qiandao Lake, the TN,
NO;, and DON, especially, should be reduced.

Principal component analysis

Principal component analysis can be applied to reduce the
dimensionality of the inter-correlated dataset (Matiatos 2016;
Zhou et al. 2016; Meghdadi and Javar 2018). As shown in
Table 2, PCA for major ions (Na*, NH,*, K*, Mg**, Ca**,
HCO; , SO42_, CI', and NOj3 ) in the dry season and in the
wet season was performed. It is feasible to use PCA for the
KMO test value 0.64 and the P value < 0.01 in the dry season
and the KMO test value 0.67 and the P value < 0.01 in the wet
season.

In the dry season, the results indicate that the contributions
of the first three factors (factor 1, factor 2, and factor 3) are
33.72%, 22.69%, and 19.39%, respectively, and they explain
75.8% of the total variances. Mg>*, Ca**, HCO; , and SO,
show high positive correlations in factor 1 (0.81, 0.82, 0.95,
and 0.68) (Table 2). It was indicated that factor 1 corresponded
to the “natural source” factor. The lower scores of NO5™ (0.07)
in factor 1 mainly explained that NO;~ was less affected by
soil N when related only to the presence of NO3 . Na* and CI”
show high loadings in factor 2 (0.87 and 0.85). The main
sources of Na* and CI ™ are seawater, silicate rock, sewage/

Table2  Principal component analysis for major ions of water in the dry
season (n = 43) and in the wet season (n = 44) of the Qiandao Lake area

Variable Dry season Wet season

1 2 3 1 2
Na* 0.10 0.87 0.24 0.15 0.9
NH,* 0.06 0.12 0.78 -0.08 0.48
K* 0.55 0.53 0.44 0.31 0.74
Mg>* 0.81 0.05 0.10 0.82 0.23
Ca** 0.82 0.30 0.05 0.91 -0.12
HCO;™ 0.95 -0.06 -0.07 0.90 -022
SO 0.68 0.41 0.28 0.94 0.12
Cl 0.12 0.85 -0.30 -0.05 0.91
NOs~ 0.07 -0.10 0.83 0.69 0.35
Eigenvalue 3.86 1.53 1.43 3.99 2.47
% of variance 33.72 22.69 19.39 4222 29.57
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manure, and industry wastewater. Low EC values of water
samples indicated that the Qiandao Lake area in the hilly
and mountainous region areas was hardly affected by seawa-
ter. Na* and CI” had no significant relationships with HCO5™,
Mg**, and Ca®*, indicating that natural sources had a low
influence on Na* and CI” in the Qiandao Lake area. Thus,
factor 2 can be regarded as the “sewage/manure” factor.
Regarding NOs ', there was a negative score, which could
likely be attributed to the slight influence of sewage/manure.
NH,4* and NO5~ showed high positive correlations in the third
factor (0.78 and 0.83). NH," and NO;~ probably originated
from chemical fertilizers, soil N, sewage/manure, and precip-
itation in the Qiandao Lake area, which was without industrial
wastewater. NH;* and NO;™ had no significant relationships
with Na* and CI', indicating that sewage/manure was not the
main source of NH,* and NO;~. A chemical fertilizer was
applied to enhance the growth of rape at the large water-
level-fluctuation zone, moso bamboo, and tea plants in the
dry season. The effect of manure can be ignored in the
Qiandao Lake area in the dry season, because less manure is
used due to the slow growth of vegetables in winter. Hence,
factor 3 corresponded to the “chemical fertilizer” factor. When
related only to the presence of NO; , a chemical fertilizer was
the dominant NO;  source, and soil N and sewage/manure
had low contributions to the NOs in the dry season at the
Qiandao Lake area.

In the wet season, the results showed that the contributions
of'the first two factors (factor 1 and factor 2) were 42.22% and
29.57%, respectively, which explained 71.79% of the total
variances. The high positive scores of HCO;~, Mg**, Ca*",
and SO,* (0.90, 0.82,0.91, and 0.94) suggested the influence
of limestone. Factor 1 was thus regarded as the natural source
factor. Factor 1 was also positively correlated with NO3 ™~
(0.69), which confirmed that NO;  reflected the soil N origin.
Factor 2 was highly correlated with Na* and CI™ (0.90 and
0.91), and it was also positively correlated with NH,* and
NO;3; (0.48 and 0.35). It was confirmed that factor 2
corresponded to the ions derived from common anthropogenic
sources (chemical fertilizer and sewage/manure). In the wet
season, the soil N was the main nitrate source, and the chem-
ical fertilizer and sewage/manure cannot be ignored.

Isotopic analyses of water and nitrate
Identify the water source by 8D-H,0 and §'20-H,0

5D-H,0 and 5'%0-H,0 can be utilized to indicate the water
recharge (Ji et al. 2017; Li et al. 2017; Peng et al. 2015; Yang
et al. 2018). Precipitation is an important water source of
Qiandao Lake, and the recharge of groundwater to Qiandao
Lake could be neglected. The values of §D-H,O and &'*0-
H,O in the surface water are used to determine the relationship
between the surface water and the precipitation combined with
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the meteoric water line. The values of §D-H,O and 5'%0-H,O
in the water samples at the Qiandao Lake area are shown in
Fig. 3. The 8D and §'%0 values of water in the dry season
ranged from —45.2 to — 38.0%0 (mean = — 41.8%o, n = 19) and
from — 8.0 to — 6.9%o0 (mean = — 7.5%o, n = 19), respectively.
The values varied between —52.0 and —40.7%o for 6D-H,O
(mean = —44.1%o, n = 19) and between — 8.9 and — 7.4%o for
5'%0-H,0 (mean = —7.9%0, n = 19) in the wet season. The
values of 5D-H,O and 5'%0-H,0 in all samples in both sea-
sons were close to the local meteoric water line (LMWL: 0D =
8.435'%0 + 17.46), indicating that the precipitation was the
main water source in Qiandao Lake. The 5D and §'®0 values
of water in the dry season were higher than those in the wet
season and consisted of a seasonal variance of 6D-H,O and
6180-H20 values in the East Tiaoxi River system, which is
close to Qiandao Lake (Jin et al. 2018). The slope of the
evaporation line in the wet season (6D = 8.2056'%0 + 20.89,
P = 0.84) was similar to that of LMWL, but the slope of the
evaporation line in the dry season (6D = 5.826'%0 + 1.62, /* =
0.67) was obviously lower than that of LMWL, suggesting the
influence of evaporation in the dry season.

Identify the main nitrate sources by §'°N-NO;™~ and §'20-NO;
The 5'°N-NO;~ values of all of the water samples at the

Qiandao Lake area ranged from + 1.3 to + 11.8%0, with a
mean of +4.9%o, and were close to the 615N—NO37 values of

Table3  The values of §'°N-NO;~ and §'30-NO; " in the water samples
in Qiandao Lake and the values of §'°N-NO; ™~ and 5'®0-NO; ™ used in
SIAR

Samples 3N-NO;~ 5'%0-NO;~
Mean SD Mean SD
Dry season (n = 20) +3.9 14 +4.3 1.0
Wet season (n = 20) +5.8 2.0 +8.0 2.5
Urban area (n = 4) +5.0 1.9 +4.4 1.1
Rural area (n = 20) +4.7 2.2 +6.0 2.8
Central lake area (n = 16) +5.1 1.8 +6.8 2.6
Chemical fertilizer® -2.1 +0.7 -4.1 2.7
Soil nitrogen® +3.8 +1.8 -2.7 4.4
Sewage/manure® +174 +39 +6.1 1.6
Atmospheric deposition? +0.6 +1.5 +57.2 6.9

Sources: Carey et al. (2013), Yang et al. (2013), and Xue et al. (2009)
®Sources: Cao et al. (1991) and Xue et al. (2009)

¢ Source: Rock and Ellert (2007)

9Source: Jin et al. (2018)

the Hexi Reservoir in Zhejiang Province (Table 3, Fig. 5)
(Zhang et al. 2018a). The 5'"N-NO;~ values in the dry season
(range = + 1.3%o to + 6.9%o, mean = + 3.9%0) were lower than
those in the wet season (range = + 4.5%o to + 11.8%o, mean =
+5.8%0). The 5'°N-NO; ™ values of the water samples ranged
from + 2.4 to + 6.9%o in the urban area, from + 1.3 to + 11.8%o

Fig. 3 The relationship between /
5D-H,0 and 5'0-H,0 in the dry -38 18 2 m /
season and in the wet season. The 6D=5.825 O+1.62, 1 =0.67 ’
local meteoric water line \D _
(LMWL) is from IAEA at -40 F /D ;
Nanjing (1994) A .
42 |
—_
£ 5D=8.205' " 0+20.89, r'~0.84 N
o) ' RN . 8D=8.435 O+17.46
o' 46 \ ; ’
7/
A o/
%) /A /
-48 - ’ /~
‘Y / 0 Dry season
50 A / A Wet season
) 7 — Dry season
A, ! - - - Wet season
-52 | ’ /./ — = LMWL
1 L 1 A 1 A 1
-10 -9 -8 -7 -6
18
5 °0-H,0 (%)

@ Springer



20372

Environ Sci Pollut Res (2019) 26:20364-20376

3.5
o Dry Wet
3.0F Urbanarea 0 m
3 . Ruralarea O @
2 25t o Central lake area & A
g
b= @]
= 2.0
é o
: 1.5+ o o o
< °
s 10t - o
2 o, 9
° N faca)
L A A O
[ ]
0.0 + L + L s 1 L 1 " 1 N 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12

CI” (mmolar/L)

Fig. 4 The relationship between [Cl ] and [NO; J/[Cl ] in the Qiandao
Lake area

in the rural area, and from + 3.5 to + 11.1%o in the central lake
area, with no obviously different mean values of 51N-NO;~
in the three areas. As shown in Fig. 5, the NO; ™ sources in the
Qiandao Lake area contained soil N, chemical fertilizer, and
sewage/manure. Because CI is a conservative ion, the Cl
and the molar ratio NO5 /Cl* can be used to indicate the
mixing of NO3 sources or biological processes. Because
Cl is a conservative ion, the CI" and the molar ratio NO5 /
CI' can be used to indicate the mixing of NO3  sources or
biological processes. Low concentrations of Cl™ and high ra-
tios of [NO5 J/[CI ] with low values of §'°N-NO; suggested
that chemical fertilizer was the dominant NO5~ source of the

Qiandao Lake area (Figs. 4 and 5) (Kaown et al. 2009; Yue
et al. 2017). Compared with the low NO;  concentrations in
the wet season, the decreased chemical fertilizer absorption
capacity of the plants at the large water-level-fluctuation zone
in winter resulted in the chemical fertilizer playing a more
important role in the dry season. The rapid growth of vegeta-
bles and fruit trees with the application of manure and more
tourists in the wet season led to the increase of §'°N-NOj
values. These results were consistent with those from
hydrochemical analysis and PCA. The 5'°N-NO; values of
the water samples ranged from + 2.4 to + 6.9%o in the urban
area, from + 1.3 to + 11.8%o in the rural area, and from + 3.5 to
+ 11.1%o in the central lake area, with no obviously different
mean values of '°N-NOjs in the three areas.

The 5'%0-NO; ™ values of all water samples ranged from +
2.5 to + 13.5%o0, with a mean of + 6.2%0 in Qiandao Lake
(Table 3, Fig. 5). The 56'8%0-NO; ™ values of all water samples
were much lower than the §'*0-NO; ™ values of precipitation,
indicating that precipitation was not the main NO5  source in
the Qiandao Lake area. The 5'%0-NO; ™ values by nitrification
have a range of — 5%o to + 15%o, which indicated that NO3 ™ in
the Qiandao Lake area was mainly produced by nitrification
(Kendall et al. 2008). It was reported that NO;  generated by
nitrification complied with the following equation: 5'*O-
NO;™ = 1/3 6'"0-air + 2/3 5'80-H,0 (Mayer et al. 2001;
Xue et al. 2009; Yu et al. 2018). The theoretical 5'30-NO;~
values in Qiandao Lake ranged from + 1.5 to + 3.9%o, accord-
ing to the 5'*0-H,0 values of water samples and &'%0-air (+
23.5%0), and they were lower than the actual 51%0-NO;~
values, which indicated the effect of assimilation or other pro-
cesses. Denitrification is the microbial process of reducing
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Table 4 The mean probability estimates of the NO3 ™~ source contributions estimated by SIAR

Sources Dry season (n = 20) Wet season (n = 20) Urban area (n = 4) Rural area (n = 20) Central lake area (n = 16)
Chemical fertilizer 53.4 30.8 35.5 35.5 33.6
Soil nitrogen 18.9 31.6 30.6 36.2 34.6
Sewage/manure 19.2 242 26.6 17.2 19.6
Atmospheric deposition 8.5 134 73 11.2 12.2

NO; to N, and N,O under the anaerobic conditions. The
residual NO5~ by denitrification enriched in '>N-NO5~ and
"¥0-NO;~ with a ratio of 1:1 to 1:2 between the 5'30-NO;~
and 5'°N-NO; "~ values (Kendall et al. 2008; Xue et al. 2009).
However, the DO concentrations of all the samples were
higher than 5.0 mg/L, which is not ideal for denitrification,
suggesting that no significant denitrification occurred in the
surface water of the Qiandao Lake area. The assimilation by
phytoplankton in the epilimnion significantly changed the
8'°N-NO;~ and §'®0-NO;~ values (Yue et al. 2018).
Assimilation causes the 5'°N-NO;~ and §'®0-NO;~ values
to increase with a ratio of 1:1 (Granger et al. 2010; Yue et al.
2018). It was found that the values of 5'30-NO; in the wet
season (range = + 3.2%o to + 13.5%o, mean = + 8.0%0) were
significantly higher than those in the dry season (range = +
2.5%o to + 6.2%0, mean = + 4.3%o), especially in the rural area
and the central lake area (Fig. 5). In the wet season, the sig-
nificant assimilation by phytoplankton resulted in the increase
of 5'°N-NO; ™~ and 5'%0-NO; ™ values, especially in the rural
area and the central lake area.

Estimation of the contributions of nitrate sources
by SIAR

According to the above analysis, four NO;  sources (sewage/
manure, chemical fertilizers, soil nitrogen, precipitation) were
identified in the Qiandao Lake area. The 5'°N-NO;~ and
5'%0-NO;~ values of the NO;~ sources were based on the
relevant literature (Cao et al. 1991; Rock and Ellert 2007,
Xue et al. 2009; Carey et al. 2013; Yang et al. 2013; Jin
et al. 2018), as shown in Table 3. We assumed Cj = 0 in
SIAR because of the absence of denitrification in the
Qiandao Lake area. According to the SIAR mixing model,
the contributions of four potential NO;  sources were quanti-
fied, suggesting a significant variability in the different sea-
sons and areas (Table 4, Fig. 6). It was revealed that CF had
the highest contribution (MPE = 53.4%), followed by SM
(MPE = 19.2%), SN (MPE = 18.9%), and AD (MPE =
8.5%). CF was the leading NO5 ™ source in the dry season in
the Qiandao Lake area. The probable explanation could be
that the chemical fertilizer used for the slow growth of vege-
tables, rape, and tea plants could not be absorbed effectively in
the dry season and was easily transported into the surface
water of the Qiandao Lake area. Compared with the dry

season, the contribution of CF in the wet season decreased,
accounting for 30.8%, while the contributions of SN, SM, and
AD (MPE) increased and were 31.6%, 24.2%, and 13.4%,
respectively. The contribution of SN in the wet season was
obviously higher than that in the dry season, indicating that
precipitation was an important driving factor for soil erosion.
Meanwhile, SM in the wet season contributed more NO5
than that in the dry season. Manure was applied on vegetables
and fruit trees in the wet season. Manure used in farmland
flowed into the lake with the surface runoff, thus causing a
high contribution of SM in the wet season.

The CF and SN were the main contributors of NO;
sources in the urban area (MPE = 35.5% and MPE =
30.6%, respectively), the rural area (MPE = 35.5% and
MPE = 36.2%, respectively), and the central lake area
(33.6% and 34.6%, respectively) in Qiandao Lake, be-
cause the natural forest land, the economic forest land,
and the farmland accounted for approximately 83% of
the land in the Qiandao Lake area. The extensive applica-
tion of chemical fertilizer in the economic forest land and
in the farmland increased the risk of N loss. On the other
hand, the used chemical fertilizer also increased the soil
organic matter, including water-soluble organic N (soil
N), which could flow into the lake with the surface runoff
(Wu et al. 2010). Furthermore, the lowest contribution of
SN was in the urban area and showed little soil erosion
for less farmland in the urban area. Meanwhile, mixing
source between CF and SM has similar isotopic values of
nitrate with SN, which might lead to the lowest contribu-
tion of SN in the urban area. SM contributed significantly
highest in the urban area (MPE = 26.6%), due to the
increase of the sewage treatment plant effluents and urban
runoff in the urban area. Emission from ships and visitors
in the central lake arca had an influence on the NO3 in
water for a little higher contribution of SM in the central
lake (MPE = 19.6%) compared with that in the rural area
(MPE = 17.2%). The contribution of AD was highest in
the central lake area (MPE = 12.2%), followed by the
rural area (MPE = 11.2%) and then the urban area (MPE
= 7.3%), which was in accordance with the conclusion by
Bourgeois et al. (2018); the proportions of the atmospher-
ic nitrate were higher in the montane streams than in the
urban streams. However, the mixing nitrate sources and
the isotope fractionation would increase the uncertainties
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in identifying nitrate sources by the SIAR model. To im-
prove the applications of the STAR model, the mixing
fractions of nitrates sources and the fractionation factors
can be considered to reduce the uncertainties of the con-
tributions in the future research.

The results showed that chemical fertilizer and soil N
were the main NO;  sources in Qiandao Lake. Nitrogen
pollution caused by chemical fertilizer threatens the
Qiandao Lake drinking water supply. To reduce the N loss
and protect water quality of the Qiandao Lake, manage-
ment measures for the use of chemical fertilizer should be
strictly implemented. It is necessary to accelerate the ap-
plication of soil testing and fertilizer recommendation to

minimize the overuse of nitrogen fertilizers (Huang et al.
2017). The Hangzhou government stipulated that the pro-
portion of soil testing and fertilizer recommendation in the
area must reach 70% of the total farmland by 2020 (HZG
2017), adopting slow-released N fertilizer and adopting
the deep placement of urea fertilizer in the root zones of
the plant, which helps to keep the N fertilizer in the soil
for plant growth instead of being washed away by precip-
itation and thus decreases the N loss (Vogeler et al. 2007,
Tewari et al. 2010; Guo et al. 2016). Furthermore, the
surface runoff containing higher TN concentrations could
be collected and could reduce N by artificially enhanced
N removal techniques, such as the enhanced oxidation
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pond, constructed and restored wetlands, artificial floating
islands, and a denitrification wall.

Conclusions

Qiandao Lake is a large drinking water reservoir in East
China. In this study, the results showed that NO;~ was the
dominant form of TN in the Qiandao Lake area, especially
in the dry season. The results of PCA indicated that chemical
fertilizer was the main source of NO;  in the dry season, with
low effects of soil N and sewage/manure, while soil N was the
main origin of NO3 ™ in the wet season with high effects of
chemical fertilizer and sewage/manure. The 5D and 5'%0 of
H,0 indicated that lake water was mainly recharged by pre-
cipitation, and the influence of evaporation in the dry season
was significant. The '°N and 5'%0 of NO; revealed the
significant seasonal variations, nitrification, and assimilation
in the Qiandao Lake area. Although chemical fertilizer, soil N,
and sewage/manure were the main NO; ™ sources in the
Qiandao Lake area, the influence of chemical fertilizer was
increased in the dry season, but the influence of sewage/
manure was enhanced in the wet season.

The SIAR mixing model was applied to quantify the con-
tributions of NO3 ™ sources. The results showed that the chem-
ical fertilizer was the highest NO3 contributor in the dry
season, accounting for MPE = 53.4%, followed by sewage/
manure, soil N, and precipitation. In the wet season, soil N
(MPE = 31.6%) and chemical fertilizer (MPE = 30.8%) were
the main NO3 ™ contributors, followed by sewage/manure and
precipitation. There was no significant spatial difference
among the NOs™ sources, which were mainly chemical fertil-
izer and soil N in the Qiandao Lake area. The results implied
that the chemical fertilizer applied for agricultural activities
remarkably affected the N concentration in the Qiandao
Lake area. Effective measures need to be taken to prevent
nitrogen from entering Qiandao Lake.
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