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To identify seasonal fluxes and sources of dissolved inorganic nitrogen (DIN) wet deposition, concentrations and
5N signatures of nitrate (NO3) and ammonium (NHY) in wet precipitation were measured at four typical land-
use types in the Three Gorges reservoir (TGR) area of southwest China for a one-year period. Higher DIN fluxes
were recorded in spring and summer and their total fluxes (averaged 7.58 kg N ha~!) were similar to the critical
loads in aquatic ecosystems. Significant differences of precipitation '°N were observed for NHJ-N between town
and wetland sites in spring and between urban and rural sites in summer. For NO3-N, significant differences of
precipitation 8'°N were observed between town and rural sites in spring and between urban and town sites in
autumn, respectively. Quantitative results of NO3-N sources showed that both biomass burning and coal com-
bustion had higher fluxes at the urban site especially in winter (0.18 =+ 0.09 and 0.19 + 0.08 kg N ha™1), which
were about three times higher than those at the town site. A similar finding was observed for soil emission and
vehicle exhausts in winter. On the whole, DIN wet deposition averaged at 12.13 kg N ha ! yr ! with the urban
site as the hotspot (17.50 kg N ha™! yr~!) and regional NO3-N fluxes had a seasonal pattern with minimum
values in winter. The contribution to NO3-N wet deposition from biomass burning was 26.1 + 14.1%, which is
the second dominant factor lower than coal combustion (26.5 + 12.6%) in the TGR area during spring and
summer. Hence N emission reduction from biomass burning, coal combustion and vehicle exhausts should be
strengthened especially in spring and summer to effectively manage DIN pollution for the sustainable devel-
opment in TGR area.

1. Introduction Europe, the United States, and China (Xu et al., 2018; Theobald et al.,

2018; Liu and Du, 2020), but there are still seasonal issues initiated by N

Anthropogenic nitrogen (N) emissions from energy development,
rapid urban growth, and agricultural modernization contribute to the
increasement of N deposition (Vet et al., 2014; Nanus et al., 2018;
Vivanco et al.,, 2018; Wang et al., 2019a), which causes negative
ecological effects, further to serious concern to global governments and
scientists (Sutton et al., 2011; Boutin et al., 2017; Wang et al., 2019b; Liu
and Du, 2020). Related abatement technologies and regulations have
taken effect in hotpots of global N emission and deposition such as West

emission and deposition such as haze in winter (Evanoski-Colea et al.,
2017; Liu et al., 2019) and water eutrophication in summer (Oladosu
et al., 2017; Ti et al., 2018; Wu et al., 2018). However, most studies of
seasonal N deposition have been focused on fluxes and sources in agri-
cultural and urban ecosystems, less attention was paid on seasonal risk
assessments and source quantification in aquatic ecosystems (Leng et al.,
2018; Matsumoto et al., 2019; Liu and Du, 2020). Moreover, water
quality is inextricably bound to human health (Li et al., 2017; Schoen
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et al., 2017; Sanders-Demott et al., 2018). Thus, it is important to
quantify the seasonal contribution of deposited N to water quality for
developing emission control strategies, further to conserve regional
public health.

Seasonal variations of N deposition can be significant due to seasonal
variations in meteorological conditions (Cichowicz et al., 2017; Peng
et al.,, 2017) and human activities, such as heating and smoking-meat
during winter (Xue et al., 2016; Samek et al., 2020), straw burning in
summer and autumn (Fu et al., 2017; Fushimi et al., 2017; Chen et al.,
2018), and spring fertilization (Peng et al., 2017; Wang et al., 2019b).
Because wet deposition is the chief form of deposited N, the current
source tracking methods for N wet deposition reported in the literature
were mainly based on GEOS-Chem (http://geos-chem.org) and SIAR
model (Liu et al., 2017; Zhao et al., 2017; Xu et al., 2018; Cui et al.,
2018). GEOS-Chem is driven by larger datasets including meteorology,
emission source, underlying surface and so on, however, SIAR only
needs N isotope BN signatures. More studies have shown that SIAR is
a useful tool in identifying various source factors due to the unique value
of 8'5N from different types of sources (Parnell et al., 2010; Liu et al.,
2017; Cui et al., 2018).

The Three Gorges Reservoir (TGR) is located in southwest China and
forms a total 58,000 km? reservoirs area, which is a typical fragile
ecological zone. The industrial base in China has been shifting from the
east to the west, where the city of Chongqing is the largest city for
hosting the new industrial plants. Such industrial shift may increase the
regional deposited N as reflected by the exceedances in the critical load
of N deposition (Peng et al., 2017; Zhao et al., 2017; Cui et al., 2018).
Seasonal pollution episodes are common in this region, such as hazy
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days in autumn and winter (Jiang et al., 2015; Liao et al., 2018; Li et al.,
2019) and water eutrophication in spring to autumn (Yan et al., 2016;
Gou et al., 2017; Zhou et al., 2019). In our two previous studies we
measured dissolved inorganic N (DIN) concentrations and 51°N signa-
tures in precipitation at six sites covering four land-use types in the TGR
area, and quantified annual N wet deposition and identified potential
source factors (Leng et al., 2018; Cui et al., 2018). The same data set was
used in this study, but we focused on exploring the seasonal N fluxes and
51°N contents. The results would provide the needed knowledge for
making targeted control policies for major sources in different seasons.

2. Methodology
2.1. Sampling sites

Six sampling sites were selected to represent four land-use types
(urban, town, rural and wetland) in the TGR area of southwest China
(Fig. 1A-B; Table S1). One urban site is in Wanzhou district (WZ) where
there were some industrial plants (such as a lumber mill, a cement plant
and a chemical plant) and farms feeding 500 chickens and 400 pigs. One
town site is in Gaoyang town (GY) of Yunyang county. One wetland site
is in Qukou town (QK) of Kaizhou district. The three rural sites are in
Dede town (DD) and Houba town (HB) of Kaizhou district, and Renhe
town (RH) of Yunyang county, respectively. Detailed descriptions of the
sites and nearby emission sources were reported in Cui et al. (2018).

All the sampling sites are in the TGR area, where impounding begins
in September and lasts until next April. In September or October, the
water level in the TGR reaches to 135-175 m, which drowns a vast area
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Fig. 1. The TGR of Chongqing (a) and location of the monitoring sites (b), and seasonal average wind direction (c) and speed (d) in 2016, respectively, of the

TGR region.
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of regional soils.
2.2. Sample collection and methods

A total of 457 precipitation samples were collected by auto-samplers
(APS-3A, Changsha Xianglan Science Apparatus Ltd., China) and DIN
concentrations of every rain event were determined by an ion chroma-
tography (Dionex 600, Dionex Corp., USA). Monthly 8'°N values were
determined from mixed samples in every month by an isotope ratio mass
spectrometer (PT-IRMS, IsoPrime 100, IsoPrime Ltd., Germany) at each
site, as detailed in earlier studies (Leng et al., 2018; Cui et al., 2018).

Based on the early study in our group, local §'°N-NH3 sources
especially for the biomass burning factor are limited (Table S2; Cui et al.,
2018), and thus only seasonal sources of deposited NO3-N are discussed
in this study and 8!°N-NO values are presented in Table S2 and Fig. S1,
respectively.

Fluxes of wet deposition N were calculated using equation (1):

Fy=(P;x C;)/ 100 eh)
where F; (kg N ha_l), P; (mm) and C; (mg N L) are the flux, rainfall
amount and concentration of N during the ith rain event, 100 is the unit
conversion factor. The monthly fluxes are shown in Fig. S2.

Based on the reported studies in the TGR area (Cui et al., 2018), there
was a weak influence of precipitation amount, DIN concentrations and
fluxes on the variation of 5'°N in precipitation. Thus the arithmetic
averages of DIN fluxes and values of 5!°N at three sites of DD, HB and RH
were regarded as the DIN fluxes and 5'°N values at the rural site in this
study. These monthly DIN fluxes and seasonal 5!°N values were shown
in Fig. S3 and Table S3, respectively.

Statistical analysis of seasonal or annual N fluxes and 8'°N values
was conducted using one factor analysis of variance (ANOVA) in this
study. The criterion for statistically significant difference was set as p
values < 0.05 unless otherwise stated.
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3. Results and discussion
3.1. Seasonal wet deposition of DIN

At all of the four sites, the summer had the largest rainfall
(425.9-563.0 mm) while winter had the lowest rainfall (42.6-75.7 mm)
(Fig. 2A). Such large seasonal variation in rainfall amounts partially
caused the large seasonal variation in N wet deposition. For example,
seasonal variations in NHZ -N wet deposition were up to a factor of 2.6 at
urban site and 4.8 at wetland site, and for those in NO3-N, a factor of 2.0
at rural site and 3.5 at wetland site were observed for seasonal variation.
The sum of NH4-N and NO3-N (= DIN) also showed the smallest sea-
sonal variation at urban site (a factor of 2.3) and the largest at wetland
site (a factor of 4.8). On regional average (i.e., the average of the data for
all the four sites), DIN wet deposition was the highest (3.72kg N ha Y in
spring and the lowest (1.33 kg N ha™!) in winter, among these NH{-N
was from 0.93 kg N ha™! (winter) to 2.78 kg N ha™! (spring) and NO3-N
from 0.40 kg N ha™! (winter) to 0.95 kg N ha™! (summer) (Fig. 2B).
Significant differences in NO3-N, NH;-N or DIN were found between
winter and the other three seasons (p < 0.05; Fig. 2B).

Regarding site differences, annual DIN flux was remarkably higher at
urban (17.50 kg N ha™! yr’l) than rural (10.29 kg N ha! yr’l) or town
(8.63kgN ha™l yr’l) site (p < 0.05) (Table 1). No site differences were
observed for annual NH7-N (expect between urban and rural sites (p <
0.05)) or NO3-N flux among the four types (p > 0.05). Seasonally, there
were no site differences for rainfall (Table 1; p > 0.05). Site differences
were only significant in winter, with higher NO3-N, NH4-N and DIN
fluxes at urban site than town site (p < 0.05) and higher NH4-N and DIN
fluxes at urban site (1.73 and 2.37 kg N ha™1) than rural (0.88 and 1.26
kg N ha™1) or wetland (0.72 and 1.10 kg N ha™1) site (p < 0.05). As for
the three rural sites, site-differences were also observed but only in
winter with higher NH4-N and DIN fluxes at RH site than at the other
two sites (Table S3; p < 0.05).

Compared with the critical loads of atmospheric N deposition in
hydrosphere ecosystems (5-10 kg N ha™! yr™!), forest ecosystems
(10-20 kg N ha ! yr™!) and farmland ecosystems (35-55 kg N ha™*
yrfl) (Krupa, 2003; Fan and Huang, 2006), wet deposition fluxes of DIN
in the study region (expect town site) exceeded the critical load in
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Table 1

One-way ANOVA results are shown by letters and seasonal or annual rainfall,
fluxes and 8'°N values for NHZ-N and NO3-N in rainwater samplers among four
land-used types.

Season/ Index Land-used types
Year Urban Town Rural Wetland
Winter Rainfall (mm) 75.7a 42.6a 58.5a 61.2a
NO3-N (kgN 0.64a 0.26 b 0.38ab 0.39ab
ha™")
NHj-N (kgN 1.73a 0.62b 0.88 b 0.72b
ha 1)
DIN (kgN ha™1) 2.37a 0.89 b 1.26 b 1.10b
51°N-NO3 (%o0) 6.57a —4.65a —0.23a 1.70a
5"°N-NHZ (%0) —0.16a —1.55a 1.36a —1.20a
Spring Rainfall (mm) 275.0a 230.7a 303.5a 304.9a
NO3-N (kgN 1.25a 0.89a 0.88a 0.86a
ha™")
NHi-N (kgN 4.25a 1.93a 2.69a 2.37a
ha 1)
DIN (kgN ha™1) 5.49a 2.82a 3.57a 3.23a
51°N-NO3 (%0) —2.83ab -535b  1.79a —3.70ab
5'°N-NH{ (%0) —5.7lab  2.97a 1.86ab —6.25b
Summer Rainfall (mm) 425.9a 532.8a 488.4a 563a
NO3-N (kgN 0.96a 0.76a 0.87a 1.36a
ha™')
NH3-N (kgN 3.71a 1.81a 2.31a 3.41a
ha 1)
DIN (kgN ha™") 4.67a 2.57 3.18a 4.78a
5!°N-NO3 (%o0) —3.83a —4.23a —2.16a —4.55a
515N-NH; (%0) —3.57b  —259b  —0.22a —2.55ab
Autumn Rainfall (mm) 338.9a 234.5a 251.0a 266.7a
NO3-N (kgN 1.50a 0.82a 0.77a 0.92a
ha 1)
NH;-N (kgN 3.46a 1.53a 1.51a 2.07a
ha™")
DIN (kgN ha™") 4.97a 2.35a 2.28a 2.99a
5!°N-NO3 (%o0) 1.41a -8.15b  —4.67ab  —6.34ab
51°N-NH{ (%0) —3.05a —6.96a —1.20a —1.12a
Year Rainfall (mm) 1115.5a 1040.6a 1101.4a 1195.8a
NO3-N (kgN 4.35a 2.74a 2.90a 3.53a
ha 1)
NHZ-N (kgN 13.15a 5.89 b 7.39ab 8.57ab
ha 1)
DIN (kgN ha™?) 17.50a 8.63 b 10.29b  12.10ab
5'°N-NO3 (%o0) 0.33a -559b  -1.32ab  —3.22ab
5'"N-NH{ (%0) —3.12a —2.49a 0.45a —2.78a

Note: Different letters (such as a, b and c) in the same line at different land-used
types in the same season indicate significant difference at 95% confidence level
(p < 0.05), and the same letter indicates no significant difference at 95% con-
fidence level (p > 0.05).

hydrosphere ecosystems. Earlier studies have shown that, in the TGR,
water blooms often appeared in the spring-summer seasons (Holbach
et al., 2015; Gou et al., 2017). During the same seasons, high DIN wet
deposition was found in the study region with the total DIN fluxes
ranged from 5.40 to 10.16 kg N ha™!, which were similar to the critical
loads of aquatic ecosystems, implying a seasonal threat to the aquatic
ecosystem. A similar finding was observed in Jiaozhou Bay, North China
(Xing et al., 2018). Thus, high DIN deposition found in the present study
might have negative impacts on sensitive ecosystems such as the aquatic
areas during spring and summer.

3.2. Seasonal sources of DIN wet deposition

3.2.1. NHJ}-N sources

Looking at the four land-use types together, seasonal 5'°N-NH{ was
in the range of —6.96%o to +5.57%0 and no consistent seasonal trends
were found (Fig. 2C). For different sites, significant differences for
5°N-NH} were observed between town (2.97%c) and wetland
(—6.25%0) sites in spring and between rural (—0.22%.) and urban
(—3.57%o) sites in summer, respectively (Table 1; p < 0.05).

Annual §'°N-NHJ values in this study ranged from —3.12%o to
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+0.45%0 (Table 1), which were similar to 5'°N-NHj value (—3.4 +
1.7%o) of vehicle exhausts (Table S2) while those in Guiyang (—10.6%o;
Liu et al., 2017), Guangzhou (—7.3%o; Jia and Chen, 2010), Xiamen
(—16.91%0; Yu et al., 2014) and Chengdu (—21.8%0; Du, 2012) were
similar to 615N—NH3 value (—8.9 4+ 4.1%o0) of coal combustion
(Table S2), implying a different dominant source for wet deposition
NHj-N between this study (vehicle exhausts) and other reported studies
(coal combustion).

Early studies have shown that vehicle exhausts are an important
source of NOy emission. However, there is a long-standing and ongoing
controversy regarding the contributions of vehicle and ship emissions to
atmospheric NH3 (Chang et al., 2016; Felix et al., 2017; Teng et al.,
2017). In the US, vehicle exhausts accounted for 5%-12% of the national
NHj3 emissions (Sutton et al., 2000; Kean et al., 2009). In China, Chang
et al. (2016) estimated that vehicle-emitted NH3 accounts for 12% of
urban NH3 emissions in Shanghai and pointed out that vehicle-emitted
NHj might have potential implications for PMy 5 pollution. Also, Tao
et al. (2017) found that the vehicle exhausts factor contributed 27% to
PM, 5 in Guangzhou. In this study, we found that vehicle exhausts could
be a leading contributor to NH4-N wet deposition. The number of ve-
hicles increased by ~300% in Chongqing municipality during
2006-2014 and those of the passengers and freighter in the study region
(the Wan-Kai-Yun area), by 207%-365% and 284%-315%, respectively,
during 2006-2012 (Table 2). Thus, attention should be paid for vehicle
exhausts to reduce regional N pollution and protect ecosystem health.

3.2.2. NO3-N sources

Looking at the four land-use types together, seasonal 5°N-NO3 was
in the range of —8.05%0 to +6.57%o (Fig. 2C). Significant differences
were found between winter (+0.49%0) and autumn (—4.61%o) (p < 0.05)
for regional average 5'°N-NO3. For individual types, significant differ-
ences were only found between summer (—4.23%c) and autumn
(—8.15%0) at town site, and between spring (+3.58%o) and the other
seasons (—2.57%o to —5.35%o) at wetland site. However, among different
types, 8'°N-NO3 in spring were respectively +1.79%o and —5.35%o at
rural and town sites, and this difference was significant (Table 1; p <
0.05). Another significant difference was found for §'°N -NO3 between
urban (+1.41%o) and town (—8.15%o) sites in autumn (p < 0.05).

Based on monthly contributions of the four sources at the six indi-
vidual sites (Fig. S4), annual and seasonal averages of percentage
contribution to wet NO3-N deposition were calculated at four types and
shown in Fig. 3. During spring and summer, soil emission, biomass
burning, coal combustions and vehicle exhaustion contributed 22.2 +
11.2%, 26.1 + 14.1%, 26.5 + 12.6%, and 25.2 + 14.0% to deposited
NO3-N, respectively. Significant differences (p < 0.05) were observed in
the soil emission factor between town or wetland and rural sites in
spring and between urban and town sites in autumn. The highest con-
tributions of soil emission were found at town and wetland sites (p <
0.05) nearby the TGR where the reservoir storage and flash were usually
during October to April and May to September, respectively, which
could be attributed to the transformation and production of NOy soil
emission primarily mediated by nitrification and denitrification micro-
bial activity (Fang et al., 2014; Xia et al., 2017). In the TGR region, Yu
et al. (2018) found that N,O emissions increased in the initial flooding
period. Usually, there are some farming activities during the dry period
in the TGR region, which also increased NoO emissions (Fang et al.,
2014; Li et al., 2016). In other regions, some studies have suggested that
the flooding-drying conditions affected N3O soil emissions in agricul-
tural fields (Lu et al., 2014; Xia et al., 2017).

Also, significant differences were observed in the contributions of
NO3-N wet deposition by biomass burning between urban (27.5 +
14.5%) and wetland (25.3 + 14.2%) sites in winter and between rural
(27.1 4+ 14.7%) and wetland (25.4 + 14.1%) sites in spring (Fig. 3A-D;
p < 0.05). As shown in Fig. 3, the highest contributions of biomass
burning appeared at the rural site (26.4 + 14.2%), which significantly
differed from those at town and wetland sites (25.4 4+ 13.7% and 25.2 +



J. Cui et al.

Table 2
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Annual variations of business trucks (BT), business buses and cars (BBC), civil motor vehicles (CMV), transportation vessels (TV) (unit: 10* vehicle) in Chongqing
municipality, and passenger transportation (unit: 10° persons) and freight transportation (unit: 10° tons) in Wanzhou, Kaizhou and Yunyang during 2006-2014.

Year Chongqing municipality Wanzhou Kaizhou Yunyang

BT BBC TMC vV PT FT PT FT PT FT
2006 15.5 4.1 110.7 0.4 9.4 52.2 6.3 10.3 2.0 12.0
2007 17.6 5.0 132.0 0.4 12.9 65.7 6.6 12.4 2.6 16.0
2008 18.8 4.1 144.5 0.4 17.2 92.0 6.4 12.5 2.6 16.3
2009 20.0 4.3 162.8 0.4 19.7 144.9 5.9 15.7 2.8 18.7
2010 22.8 4.5 203.7 0.4 22.4 149.6 7.6 20.0 3.2 23.5
2011 26.0 4.8 276.0 0.4 28.6 152.6 10.6 23.8 3.8 28.7
2012 21.2 4.7 337.9 0.4 34.4 164.8 13.0 29.2 4.4 335
2013 23.5 5.0 389.9 0.4 nd. nd. nd. nd. nd. nd.
2014 25.7 5.2 407.6 0.4 nd. nd. nd. nd. nd. nd.

Note: “passenger transportation (PT) and freight transportation (FT), “nd.” indicates on data. All of the data in the above table are from the Statistical Yearbook of
Chongging (2007-2015, Available online: http://www.cqtj.gov.cn/tjsj/sjzl/tjgb/201603/t20160311_423854.htm).

= 45 (A)  Soil emission Biomass burning ; Coal combustions ~ Vehicle exhaustion
A a

y 30
T B i R

= Ol'l'l'l'l'l'll'l'l'l'l'll'l'l'l'l'll'l'l'l'l'l'l
2 ® UTRW UTRW UTRW UTRW
k%) 45 %b ab @ b %b b ab a a ab

. R kel mmAm BmAR | EEEA

[}
g 1 il N E W
"q'j LI I I I I I I LI I I |
2 45(C) UTRW UTRW UTRW UTRW

o .
= 30 i Jf [ l JF J

g < 151 . \WW | ﬂl |

5 é 0 LI I LI LI LI I |
o Oy UTRW UTRW UTRW UTRW
2 451 a gpab

c 30 I

o . T ’
g 18 LI '——:j' I 'm'm' I '}F'T ;'m' I LI '?'jlj"m' I 'ml'F'F'TT—" LI
o E
s ogP LITV MRV ¥IRn o ony

c 30 b |
S 15 T ’Jf‘ SpafEe T It
_g 0 L I I L L LI
'..E UTRW UTRW UTRW UTRW
o
o [ JWinter [ spring summer autumn year

Fig. 3. Differences and seasonal and annual contributions (%) of four sources to NO3-N wet deposition between at four land-used types of urban (U), town (T), rural
(R) and wetland (W). Different letters (such as a, b and c) on the bars at different types in the same season indicated significant difference at 95% confidence level (p
< 0.05), and the same letter indicated no significant difference at 95% confidence level (p > 0.05). The same to Figs. 4 and 5.

14.1%; p < 0.05). This difference could be attributed to regional energy
consumption and its seasonality. Cui et al. (2018) found that biomass
energy consumption including firewood and crop straws was equivalent
to 370.9 tons of standard coal, which accounted for 85.3% of rural en-
ergy consumption in the TGR region. In addition, weeds were burnt in
fields before crop planting, and parts of crop straws were also burnt in
open air after crop harvesting in spring and autumn (Peng et al., 2017),
which led to higher contributions at rural site (Fig.3; 27.1 + 14.7% in
spring and 25.7 + 13.8% in autumn).

Fig. 3 also shows that significant differences were observed in the
coal combustion factor between rural and town sites in spring, and the
vehicle exhausts factor between town and wetland sites in winter and
between at urban or town and rural sites in spring, respectively (p <
0.05).

Based on the fluxes of the total NO3-N wet deposition on different
land-use types (Fig. 2B) and the contributions from each source over the
four seasons (Fig. 3), the source-specific NO3-N wet deposition fluxes
were quantified for each of the four seasons (Fig. 4) and four land-use
types (Fig. 5), respectively. As shown in Fig. 4, only in winter (expect
coal combustion in autumn), there were significant differences in NO3-N

fluxes from these four sources between urban and town sites (Fig. 4A-D;
p < 0.05), implying a different NOy emission intensity. On a whole year
(Fig. 4E), NO3-N fluxes caused by biomass burning and coal combustion
were 1.14 + 0.62 and 1.28 + 0.54 kg N ha~! yr™! at urban site, which
significantly differed from those (0.69 + 0.28 and 0.65 - 0.32 kg N ha™!
yr’l) at town site (p < 0.05), respectively. Thus, differences of regional
NO3-N fluxes between the four types were from the two source factors of
biomass burning and coal combustion especially in winter.

For the individual type, no seasonality was observed for NO3-N
fluxes from all the four considered sources at urban and wetland sites (p
> 0.05; Fig. 5A and D). At town and rural sites, NO3-N fluxes of all these
four sources were the lowest in winter (Fig. 5B-C), which have the same
seasonal pattern at the regional scale (Fig. 5E).

Furthermore, 5'°N values of emitted NOx are also dependent of
fossil-fuel habitat, biomass location, and combustion temperature dur-
ing the burning process (Redling et al., 2013; Felix et al., 2014). Redling
et al. (2013) found that near-roadside NO» had an average 615N—N02 of
+1 £ 3.5%0, which was within the range of the value from biomass
burning (—1+4.1%o, Table S2), implying that the percentage contribu-
tions of biomass burning calculated using the SIAR model might be
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Fig. 4. Differences and seasonal and annual fluxes of NO3-N wet deposition between at the four land-used types of urban (U), town (T), rural (R) and wetland (W).
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overestimated due to the possibility of partially including the contri-
butions of the vehicle exhausts. Thus, more and detailed '°N values of
atmospheric NOy should be collected in order to accurately quantify the
contributions from major sources in China.

4. Conclusions

In this study seasonal and annual DIN wet deposition flux and 5'°N
signature were characterized, and relative contributions of dominant
source factors to NO3-N fluxes were quantified. Regional DIN wet
deposition ranged from 5.40 to 10.16 kg N ha~! during spring to

summer, which contributed to 58.1%-66.2% of the annual flux.
Regional NHZ-N wet deposition flux was nearly two times higher than
that of NO3-N. High DIN wet deposition observed in spring and summer
could have potential detrimental effects on ecosystem health especially
for aquatic ecosystems in the TGR area.

Combustion sources including biomass burning, coal combustion
and vehicle exhausts could be dominant source factors to DIN wet
deposition in this region. Nationwide NOx emission abatement strate-
gies were initiated in 2012, but no control policies have been made for
reducing NH3 emissions. One measure for reducing biomass burning
emissions could be prohibiting open-field burning of crop stalks in
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spring and autumn. Coal combustion should be controlled for decreasing
N emissions at town and rural sites. Additional measures should be made
to reduce vehicle exhausts emissions at town site.
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Table S1 List of monitoring sites and their coordinates, elevations (m), number of

samples, annual precipitation amount (mm yr'!), and land use types.

Monitoring site Coordinate El(e):lati Spalren Preic ;ﬁitat I;;II;:
Dade, Kezi;l;)o)u district NlOfS..23260°,E3 776 56 12433 Rural
Houbai, K(r;l{i]zsh)ou district NlOfS..25460°,E3 410 66 1132.6  Rural
Qukou, I%Zgu district N10§.15560°,E3 300 83 11958 Weélan
Gazs(y)irﬁ;ﬁ((g%ang N10§.16080°,E3 270 76  1040.6 Town
Renhe, Yl(l}l;ﬁl)ng county N10§-06420°,E3 460 85 928.4 Rural

Table S2 Compiled 8'°N values (mean = SD) of major NOx and NH3 emissions from

different sources (Cui et al., 2018).

N 515N
Sources :pecw %
Coal combustion NOx +13 47 z
Mobile exhausts NOx '7-25i;
Biomass burning NOj +1 -0i41-
Coal combustion NH;3 '8-9i41-
Mobile exhausts NH3 -3.4+ 17-
Biomass burning NH3 +12.(r)1j
Pig wastes NH; -29. li;
Human wastes ~ NH3 '38-5ig




Table S3 Difference analysis and seasonal or annual rainfall, fluxes and 8'°N values

for NH4+"-N and NOj3™-N in rainwater samplers between at three rural sites.

Season/ 1 fexes DD HB RH
Year
Rainfall 6702 60.5a 48.0
(mm) a
NOs™-N (kgN .54
Os-NkeN 070 0312 02
ha™) a
NH4"-N(kgN 1.25
ha-I; keN' 5 62b 0.61b )
Winter
DIN (kgN 1.79
N (kg 0.90b  0.92b
ha™) a
SN-NO5" +6.44 -3.80 -3.3
(%0) a a 4a
S"N-NH4" +2.06 +5.12  -3.1
(%0) a a Oa
Rainfall 313.7 3119 28s.
(mm) a a Oa
NOs™-N (kgN 0.94
PNEEN 102 0.60a
ha™) a
+
NHONKREN 5 970 2560 28
Spring ha”) a
DIN (kgN 3.52
N (ke 4.06a 3.16a
ha™) a
SN-NO5" -0.60 +2.60 +3.5
(%0) a a 8a
S"N-NH4" +5.57 +2.84 -09
(%0) a a Sa
Rainfall 562.3 5039 398.
(mm) a a 9a
NOs™-N (kgN 0.82
PNEEN ) 550 0.73a
ha™) a
+
NHONGReN 315, 2010 1
Summer ha”) 2
DIN (keN 421a 2840 27
ha™) a
SN-NO5" -5.37 +146 -2.5
(%0) a a 7a
S"N-NH4" -0.15 -1.03 0.52
(%0) a a a
Rainfall 300.3 2563  196.
(mm) a a Sa
Autumn _
NOs™-N (kgN 0.92a  0.64a 0.71

hal) a



NH,"-N(kgN 1.17

ha) 2.07a 1.30a .
DIN(keN 3002 1.940 158
ha™) a
8°N-NO5" -528 -396 -53
(%0) a a Sa
S"N-NH4" -0.84 -0.15 -2.7
(%o0) a a Oa
Rainfall 1243. 1132, 928.
(mm) 3a 6a 4a
NOSN(eN 3340 2280 02
ha™) a
+
I;f{; NkeN ¢ ¢70 6.5 6'92
Y
“  DIN(keN 1216 9.97
B 8.86a
ha™) a a
3 N-NOs’ -0.39  -1.25 -19
(%0) a a 2a
§'"N-NH4"  +2.16 +1.59 -1.5
(%o0) a a Sa

Note: Different letters (such as a and b) in the same line at different land-use types in
the same season indicated significant difference at 95% confidence level (p<0.05),
and the same letter indicated no significant difference at 95% confidence level

(p>0.05).
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Fig.S1 Monthly and seasonal variations of §!'°N values for NH4"-N and NOs™-N in

rainwater among four land-used types.
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Fig.S2 Monthly variations of rainfall and fluxes of wet deposition N forms at different

land-use types.
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Fig.S3 Monthly variations of rainfall and fluxes of N forms in wet deposition at three
rural sites
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Fig.S4 Seasonally fractional contribut (/) of biogenic soil e ()bm
burning (b), coal combustion (c¢), mobile exhausts (d) to precipitation NO3™-N at urban
(WZ), rural (DD, HB, RH, the green color ), own (GY) and wetland (QK) sites,
respectively. Grey points are percentage data (n=30000) output from the SIAR model.
Each box encompasses the 251-75" percentiles, whiskers are the 5™ and 95%
percentiles. The line in each box marks the mean fractional contribution.
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