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a b s t r a c t

To constrain sources of anthropogenic nitrogen (N) deposition is critical for effective reduction of reactive
N emissions and better evaluation of N deposition effects. This study measured d15N signatures of nitrate
(NO3

�), ammonium (NH4
þ) and total dissolved N (TDN) in precipitation at Guiyang, southwestern China

and estimated contributions of dominant N sources using a Bayesian isotope mixing model. For NO3
�, the

contribution of non-fossil N oxides (NOx, mainly from biomass burning (24 ± 12%) and microbial N cycle
(26 ± 5%)) equals that of fossil NOx, to which vehicle exhausts (31 ± 19%) contributed more than coal
combustion (19 ± 9%). For NH4

þ, ammonia (NH3) from volatilization sources (mainly animal wastes
(22 ± 12%) and fertilizers (22 ± 10%)) contributed less than NH3 from combustion sources (mainly
biomass burning (17 ± 8%), vehicle exhausts (19 ± 11%) and coal combustions (19 ± 12%)). Dissolved
organic N (DON) accounted for 41% in precipitation TDN deposition during the study period. Precipitation
DON had higher d15N values in cooler months (13.1‰) than in warmer months (�7.0‰), indicating the
dominance of primary and secondary ON sources, respectively. These results newly underscored the
importance of non-fossil NOx, fossil NH3 and organic N in precipitation N inputs of urban environments.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

High production of anthropogenic nitrogen (N) (mainly nitrogen
oxides (NOx), ammonia (NH3), along with organic N molecules)
impairs the air quality in city environments and the chemistry of
atmosphere from regional to global scales (Morin et al., 2008;
Hastings et al., 2013). The subsequent increases of dissolved N
(mainly as nitrate (NO3

�), ammonium (NH4
þ), dissolved organic N

(DON)) in precipitation directly enhance the levels of atmospheric
by Dr. Hageman Kimberly Jill.
System Science, Tianjin Uni-

iu), xiaohuayun@vip.skleg.cn
N deposition and influence ecosystem structure and function (Neff
et al., 2002; Kendall et al., 2007; Koba et al., 2010). The composi-
tions and deposition levels of NO3

�, NH4
þ, DON in precipitation are

key information for accurately budgeting N deposition and evalu-
ating N pollution (Neff et al., 2002; Cape et al., 2004, 2011). Natural
15N abundance (expressed as d15N values) of NO3

�, NH4
þ and DON in

precipitation provides 'fingerprint' identification of major N sour-
ces (Cornell et al., 1995; Knapp et al., 2005; Altieri et al., 2014, 2016).
Such information is important for making strategies to reduce
airborne N pollution (Alexander et al., 2009; Hastings et al., 2009)
and for tracing the biogeochemistry of deposited N in ecosystems
(Michalski et al., 2004; Elliott et al., 2007; Altieri et al., 2016).

Precipitation N observations have mostly focused on NO3
� and

NH4
þ, whereas DON has seldom been analyzed extensively or

routinely. Actually, DON is an ubiquitous and significant component
in total dissolved N (TDN) of precipitation, excluding DON in-
troduces substantial uncertainties in estimating levels and critical
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loads of N deposition (Cornell et al., 2003; Aneja et al., 2011;
Cornell, 2011). To analyze precipitation DON concentrations and
deposition levels in polluted environments is necessary for un-
derstanding the provenance and importance of DON in elevated N
deposition (Carrillo et al., 2002; Cape et al., 2004). Atmospheric
DON can originate from terrestrial and oceanic, natural and
anthropogenic, primary and secondary sources (Cornell et al., 2001;
Neff et al., 2002). Components and sources of terrestrial DON in the
atmosphere are more diverse and complex than those of oceanic
ones (Cornell et al., 1995; Russell et al., 1998). Natural DON can be
derived from sea spray droplets and plant pollen (Prospero et al.,
1996), while anthropogenic DON includes primary emissions
directly from fossil-fuel and biomass combustion, fertilizers and
secondary production from inorganic N species via the reaction
with non-N-containing organic compounds (Chang and Novakov,
1975; Prospero et al., 1996; Cornell et al., 2001; Neff et al., 2002).
For example, the transformations of NH3 to ON have been clearly
verified in experimental studies (Na et al., 2007; Nozi�ere et al.,
2009), which is a potential source of ON in atmospheric dry and
wet deposition. The d15N values of DON in urban precipitation
provide source information of atmospheric DON under N-polluted
environments. However, a robust separation of detailed DON
components for direct d15N analysis of remain difficult (Cornell
et al., 1995; Feuerstein et al., 1997; Knapp et al., 2005). Using the
ultraviolet photo-oxidation of DON to NO3

� and subsequent
reduction of NO3

� to N2 (Rendell et al., 1993), Cornell et al. (1995)
first measured d15N values of DON in rain and snow samples,
showing awide distribution of�7.3‰ toþ7.3‰. By comparingwith
d15N values of potential sources, Cornell et al. (1995) attributed the
negative d15N values of rain DON at marine sites to anthropogenic
NOx and NH3 sources or products of marine denitrification, while
positive values at continental sites to primary sources from soil and
vegetation. Using the same method, Russell et al. (1998) observed
more positive d15N values of precipitation DON (�0.5‰ toþ14.7‰)
in Chesapeake Bay region, speculating common origins between
DON and NO3

� from fossil-fuel combustions. However, both studies
(Cornell et al., 1995; Russell et al., 1998) emphasized that the direct
processing using UV light irradiation may underestimate the
contribution of DON in N deposition, especially causing worse
precision in samples with high inorganic N and low DON. Alter-
natively, d15N values of DON can be calculated through a d15N mass
balance equation between TDN and dissolved inorganic N (DIN)
plus DON (TDN ¼ DON þ DIN), which has been widely performed
on water and soil samples (Koba et al., 2010, 2012; Altieri et al.,
2013, 2016). Using this method, a wider d15N distribution of aero-
sol DON (þ13.2 ± 18.6‰) was recently observed on the island of
Bermuda in the western North Atlantic Ocean (Altieri et al., 2016).

Precipitation d15N studies were mostly conducted on NO3
� and

NH4
þ since 1950s (Hoering, 1957). However, precise analyses of NO3

�

and NH4
þ sources in precipitation have been always prevented from

the fact that each of these ions in the atmosphere is derived from a
mixture of multiple emission sources and is a product of complicate
physical and chemical processing on the emission sources. There-
fore, there are two important conditions or assumptions for
that d15N values of precipitation NH4

þ or NO3
¡ can differentiate

contributions of major emissions sources.
First, d15N values of dominant NH3 or NOx emissions are

distinct and well characterized. In the urban environments,
dominant emission sources for precipitation NO3

� include 15N-
enriched NOx from coal combustion and biomass burning, 15N-
depleted NOx from vehicle exhausts, microbial N cycle of soil and
animal/urban wastes (Table S1). For precipitation NH4

þ sources,
both volatilization NH3 (mainly from animal wastes and fertilizers)
and fossil NH3 sources (mainly from coal combustion and vehicle
exhausts) showed negative d15N values (Table S1). A potential
origin of 15N-enriched NH3 is biomass burning, whose d15N value
was estimated by that of aerosol NH4

þ (12.1‰) in winter at Yur-
ihonjo, Japan (Kawashima and Kurahashi, 2011) though direct
measurements are still unavailable. Obviously, d15N values of NH3
and NOx emissions are still very limited and have substantial var-
iabilities. Extant studies showed that NH3 volatilization from ani-
mal wastes and fertilizers are temperature-dependent and can
cause 15N enrichments in both remaining NH4

þ thus later NH3
emissions over time (Mariappan et al., 2009). In the laboratory
study of Li and Wang (2008), the d15N values of NO from microbial
N cycle increased gradually over the time of soil incubation. d15N
values of NOx from coal combustion were influenced by the use of
NOx scrubbing technology, with significantly higher d15N values in
NOx undergone catalytic NOx reduction (Felix et al., 2012). The d15N
variations of NOx from vehicle exhausts showed a Rayleigh pattern
with the NOx emissions, which is linked to engine warming-up and
by extension local commute characteristics (Walters et al., 2015).
Recently, d15N of NOx from biomass burning was found to be a
function of biomass d15N values (Fibiger and Hastings, 2016).
Walters et al. (2016) observed diurnal and seasonal variations in
d15N of NOx, which might be influenced by internal isotope ex-
change between NO and NO2, in turn is dependent on meteoro-
logical factors such as temperature, solar radiation, and other
oxidant constituents (e.g., OH, O3, VOC). Accordingly, it remains a
challenge to well characterize and localize source d15N values, and
to assign source d15N values for precipitation d15N analysis more
specifically.

Second, precipitation scavenges both gaseous and particulate
N species efficiently because researchers have revealed isotopic
fractionations associated with the formations of NO3

� and NH4
þ in

atmospheric particulates, then differing rainout efficiency between
gaseous and particulate N species would change the initial d15N
values of emission sources in precipitation (Heaton, 1987; Heaton
et al., 1997; Altieri et al., 2014). In controlled experiments, large
15N enrichment of particulate NH4

þ due to the NH3 (g) 4 NH4
þ (p)

equilibrium was found (þ33‰; Heaton et al., 1997), resulting in
d15N values of particulate NH4

þ higher than the remaining NH3. For
NO3

�, NO is the major form of most initial NOx emissions. However,
the measurable NO in the atmosphere is a mixture of NO emissions
and NO2 photolysis-derived NO. Upon entering the atmosphere,
most of NO emissions would be rapidly oxidized (thus NO hasmuch
shorter life time) to NO2 then finally to NO3

�. Isotope exchange
equilibrium would occur during the NO-NO2 cycle. In simulated
experiments with very ‘beneficial’ conditions (e.g., closed systems,
no adequate oxidants, long mixing time to achieve an equilibrium
exchange) (Monse et al., 1969; Freyer et al., 1993; Heaton et al.,
1997; Walters et al., 2016), N isotope equilibrium exchange frac-
tionations were observed (>34‰; depending on the experimental
conditions), making 15N enrichment in more oxidized forms.
Moreover, the kinetic fractionation of gaseous NO2 oxidation to
gaseous HNO3 was simulated as �3‰ (Freyer, 1991). The equilib-
rium fractionation for gaseous HNO3 and NH4NO3 particles was
determined as þ21‰ in the laboratory (Heaton et al., 1997).
Differently, in the study of Geng et al. (2014), the d15N differences
(�8.5 ± 2.5‰) between snow NO3

� and gaseous HNO3 during
photolysis (Erbland et al., 2012) were assumed as the equilibrium
fractionations between gaseous HNO3 and particulate/aqueous
NO3

�. In general, these processes would result in higher d15N in
particulate NO3

� than the initial NOx sources.
In the ‘real’ atmosphere systems, however, isotopic fraction-

ations associated with NO3
� and NH4

þ formations have been poorly
known. Researchers often assumed efficient scavenging of both
gaseous and particulate N species into precipitation thus no sub-
stantial d15N difference between initial N emissions and precipi-
tation N. For examples, NOx from coal combustion and vehicle
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exhausts were directly attributed to be the dominant sources for
positive and negative d15N values of precipitation NO3

� observed in
urban environments, respectively (Xiao and Liu, 2002; Fang et al.,
2011; Felix et al., 2013; Walters et al., 2015). NH3 from domestic
wastes and sewage was inferred to be the dominant contributor to
negative d15N values of precipitation NH4

þ in major cities of China
(Xiao et al., 2012; Xiao and Liu, 2002, 2011). In this work, to char-
acterize the importance of DON and to determine contributions of
major inorganic N sources in atmospheric N deposition, we
measured the deposition levels and d15N values of NO3

�, NH4
þ and

DON in precipitation across cooler and warmer months at Guiyang
urban, southwestern China. By considering isotopic fractionations
associated with NO3

� and NH4
þ formations (Heaton et al., 1997;

Altieri et al., 2014; Walters et al., 2015), we inferred whether d15N
values have been substantially modified from emissions to pre-
cipitation or not. Then a Bayesian isotope mixing model (SIAR,
Stable Isotope Analysis in R; details in Supporting Information (SI))
was used to quantify contributions of dominant N sources in pre-
cipitation NO3

� and NH4
þ, respectively. Due to insufficient knowl-

edge of origins and components of atmospheric DON, an attribution
of specific sources to precipitation DON is difficult until now.
However, the depletion or enrichment of 15N in precipitation DON
may provide useful evidences on the relative importance of pri-
mary and secondary ON sources (Cornell et al., 1995; Russell et al.,
1998; Altieri et al., 2016).

2. Materials and methods

2.1. Study site and sample collection

Guiyang is one of the major cities suffering from severe acid
deposition in SW China since the 1980s (Xiao et al., 2012; Xiao and
Liu, 2002). The sampling site was located in the Institute of
Geochemistry, Chinese Academy of Sciences (26�350N, 106�430E),
which is a typical urban site of Guiyang (see detailed description in
Xiao and Liu (2002)). The d15N values of NO3

� and NH4
þ in precipi-

tation at this sitewere first measured in rain samples in July of 2001
(Xiao and Liu, 2002). To better characterize anthropogenic N in local
N deposition, a year-round collection of precipitation was con-
ducted at the same site from Oct-2008 to Sep-2009 (See details of
precipitation collection in Xiao et al. (2012). In this study, forty-four
daily-integrated samples were collected from the cooler
(3.3 ± 1.8 �C) months (Dec-2008 to Mar-2009; n ¼ 17) and warmer
(18.1 ± 3.4 �C) months (Apr-Sept, 2009; n¼ 27) (Fig. 1a). The annual
rainfall at Guiyang (1107 mm in 2009) has a distinct seasonal
pattern, with 70% falling during thewarmer and rainymonths (Apr-
Sept) and much less precipitation in cooler months (Oct-Mar).

2.2. Chemical analyses

Upon collection, precipitation samples were filtered and
immediately frozen (at �20 �C). Part of the filtered samples were
brought to Tokyo University of Agriculture and Technology (Japan),
the other part of samples was mainly used for d15N analysis of NH4

þ

(Xiao et al., 2012). The concentrations of NH4
þ were determined by

spectrophotometry after treatment with Nessler's reagent (Xiao
et al., 2012). The concentrations of NO3

� and TDN were deter-
mined by ion chromatography (IC) (Dionex DX-120, Osaka, Japan),
the same as that described in Li et al. (2012). The TDN was digested
to NO3

� using alkaline persulfate digestion and measured as NO3
� on

IC. The concentrations of DON were calculated as the differences
between TDN and DIN. Nitrate-N standards (at concentrations of
20, 50, 100, 250, 500 mmol-N L�1, respectively) were run with
samples in the whole process of digestion. The NO3

� concentrations
after oxidation were found 1%e4% (on average 2%) higher than
initial concentrations, suggesting no N loss during the treatment.
We used three standards of amino acids (alanine, histidine and
glycine) (at 10, 20, 50, 100, 250, 500 mmol-N L�1, respectively) to
examine the recovery in the oxidation process. The efficiency of
oxidation was found to be relatively lower (88%) when concentra-
tions of DON were higher than 500 mmol-N L�1, below which the
oxidation efficiencies were on average 96%, 100% and 99% for
alanine, histidine and glycine, respectively. Thus, the concentra-
tions of DON in the samples with concentrations higher than
500 mmol-N L�1 might have been underestimated. However, the
highest concentration of precipitation DON in this study was
406 mmol-N L�1, suggesting that the oxidation process was
completed overall and DON concentration measurements were not
significantly underestimated.

The d15N ratios of NO3
� (d15NNO3-) were measured using the

denitrifier method, detailed procedures of sample pretreatment
and analyses were the same as those in Fang et al. (2011). The
average standard deviation for replicate analyses of an individual
sample was ±0.2‰ (SD) for d15N of NO3

�. In this study, four pre-
cipitation samples contained NO2

� higher than 0.07 mg-N L�1

(5 mmol-N L�1), but accounting for 1.6%e4.1% of total NO3-N (NO3
�

plus NO2
�) in corresponding samples. We expect insignificant

analytical artifact resulting from the presence of NO2
�, so that we

refer to the sum of NO2
� plus NO3

� as NO3
� in these samples. The d15N

of TDN (d15NTDN) was determined by analyzing the persulfate-
digested samples using the same denitrifier method as that used
for NO3

� (Koba et al., 2010). Three isotopic standards (alanine,
glycine and histidine) dissolved in deionized water were used for
calibrating the d15N of TDN. We also analyzed several TDN samples
for the deionized water to correct for the effect of the N blank from
chemicals. The average standard deviation for replicate analyses of
d15NTDN in an individual samplewas ±0.3‰. The d15N values of NH4

þ

(d15NNH4þ) were measured using the diffusion method as described
in Xiao et al. (2012). The d15N values of DON (d15NDON) were
calculated using the isotope mass balance equation:

d15NDON (‰) ¼ (d15NTDN � [TDN] e d15NNO3- � [NO3
�] e

d15NNH4þ � [NH4
þ]) / [DON].

The propagated experimental error in calculating d15NDON

values was estimated using a Monte Carlo method as described by
Koba et al. (2012) and Knapp et al. (2010). Assuming that analytical
standard deviations (from replicate measurements) were ±3 mg-N
L�1 for [NH4

þ] and [NO3
�], ±4 mg-N L�1 for [TDN], ±0.5‰ for

d15NNH4þ, ±0.2‰ for d15NNO3- and ±0.3‰ for d15NTDN, and using
average concentrations and d15N values, the estimated analytical
error averaged ±6.2 mg-N L�1 for [DON] and ±1.3‰ for d15NDON.

In our previous studies, arithmetic mean values of d15NNO3- and
d15NTDN of precipitation samples in the study period were used for
discussing d15N records in moss bio-indicator (Liu et al., 2012).
Using the monthly mean values of d15NNH4þ, d15NNO3- and d15NTDN,
the monthly d15NDON values were calculated for discussing their
contributions to moss N (Liu et al., 2013). In this study, the d15NDON
values were re-calculated using d15NNH4þ, d15NNO3- and d15NTDN
values in each sample, aiming at quantifying NO3

� and NH4
þ sources,

and characterizing the importance of DON in precipitation N
deposition.

2.3. Statistical analyses

Statistical analyses were conducted using SigmaPlot software
11.0. An a level of 0.05 was inferred as indicating significance. One-
way ANOVA was performed for concentrations and isotopic values
of precipitation N species in order to identify the differences be-
tween cooler and warmer seasons. Two-way ANOVA was used to



Fig. 1. Daily precipitation amount and mean air temperature (a), concentrations (b) and d15N values (c) of NO3
�-N, NH4

þ-N and DON in daily-integrated precipitation collected on 44
days from Dec-2008 to Sept-2009 at Guiyang city, China.
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identify the significance between samples for the investigated
variables across the study period. Spearman's correlation coeffi-
cient was used to assess correlation amongmeteorological data and
concentration or isotopic data across the study period. Statistically
significant difference was set at P values < 0.05 unless otherwise
stated.

3. Results and discussion

3.1. Precipitation N deposition

Concentrations of dissolved N in precipitation generally
decreased with the increase of precipitation amount (Table S2;
Fig. 1ab). The precipitation TDN deposition was estimated as
24.8 kg N ha�1 across the study period (Fig. 2a), in which NO3

�-N,
NH4

þ-N and DON accounted for 17%, 42% and 41%, respectively
(Fig. 2b). Using the annual precipitation amount, the annual level of
DON deposition at Guiyang city can be estimated as 12.6 kg N ha�1

yr�1, which was within the ranges of annual DON deposition re-
ported at other urban/suburban sites of China (from 3 kg N ha�1

yr�1 to 18 kg N ha�1 yr�1; accounting for 12%e36% of TDN) (Li et al.,
2012). In China, the levels of DON deposition varied widely be-
tween 0.4 kg N ha�1 yr�1 to 26 kg N ha�1 yr�1 and accounted for
2%e78% in TDN deposition at rural, remote, marine and forested
sites (Shi et al., 2010; Zhang et al., 2008, 2012). Precipitation DIN at
Guiyang city was dominated by NH4

þ-N (Table S3). The NH4
þ-N:NO3-

N values averaged 5.0 in 2001 (Xiao et al., 2012) and decreased to
2.4 in 2009, which fell in the lower range of NH4

þ-N:NO3-N values
(1.5e22) amongmajor cities of southern China (Xiao and Liu, 2011).

3.2. Major sources of NO3
� in precipitation

Precipitation d15NNO3- ranged between �8.3‰ and þ3.0‰
(mean ¼ �1.9 ± 3.0‰; Fig. 1c; Table S4). There was no clear rela-
tionship between precipitation amount and d15N values of
Fig. 2. The deposition levels (a), percentages in TDN (b) and flux-weighted d15N values (c) o
2009), warmer months (Apr-2009 to Sept-2009) and the whole period (Dec-2008 to Sept-
dissolved N (Table S2), suggesting a weak influence of precipitation
amount on variations of precipitation d15N. The dissolved N in
precipitation was incorporated through the dissolution
(“washout”) and scavenging of gaseous N precursors and particu-
late N by ascending water vapor and by subsequently falling
condensed water (precipitation). As reviewed in the Introduction,
equilibrium isotope fractionations associated with the NO-NO2
cycle potentially cause higher d15N signatures in NO2 that is sub-
sequently oxidized to NO3

� in particulates (Freyer et al., 1993;
Heaton et al., 1997; Walters et al., 2016). In that case, d15N signa-
tures of precipitation NO3

�would differ from those of NOx emissions
unless precipitation can integrate both gaseous and particulate N
species. In our study, if precipitation NO3

� was derived from NO2
that has been enriched in 15N due to the NO-NO2 cycle, the ex-
pected d15N values of initial NOx emissions would be �42.3‰
to �31.0‰ (by considering the least isotopic exchange equilibrium
of 34‰), which appeared not explainable by d15N values of major
NOx emission sources (�30.3‰ to þ12.5‰ on average; Table S1).
Accordingly, we assumed negligible difference in d15N values be-
tween NOx emission sources and precipitation NO3

� in this study. A
similar assumption has also been made for the incorporation of
gaseous and particulate N into precipitation (Baker et al., 2007;
Elliott et al., 2009; Morin et al., 2009).

Using d15N values of NOx sources (Table S1), the fractional
contributions of major NOx sources to precipitation NO3

� were
estimated by the SIARmodel (Fig. S1 and Fig. 3 for analytical results
of each month and period, respectively; see methodological details
in SI). It should be noted that NOx from microbial N cycle includes
the sum of NOx from natural soils and agricultural soils, aquatic
ecosystems, urban sewage, and animal wastes in both urban and
rural areas, etc (assuming that NOx from these sources did not differ
in d15N values). The modeling results showed that NOx from
biomass burning, NOx from coal combustion, NOx frommicrobial N
cycle and NOx from vehicle exhausts accounted for 24 ± 12%,
19 ± 9%, 26 ± 5% and 31 ± 11% in precipitation NO3

�, respectively
f NO3
�-N, NH4

þ-N and DON in precipitation across the cooler months (Dec-2008 to Mar-
2009) at Guiyang city, China.



Fig. 3. The fractional contributions of dominant NOx sources to NO3
�-N, dominant NH3 sources to NH4

þ-N in precipitation across the cooler months (Dec-2008 to Mar-2009), warmer
months (Apr-2009 to Sept-2009) and the whole period (Dec-2008 to Sept-2009) at Guiyang city, China. Grey points are percentage data (n ¼ 10000) output from the SIAR model.
Each box encompasses the 25th�75th percentiles, whiskers are the 5th and 95th percentiles. The line in each box marks the mean fractional contribution.
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(Fig. 3). These results demonstrated the apparent contributions of
non-fossil NOx to NO3

�-N in urban precipitation. Biomass burning,
as a non-point and 15N-enriched NOx source (Hastings et al., 2009;
Morin et al., 2009; Agnihotri et al., 2011; Felix et al., 2014), as well as
NOx from microbial N cycle, substantially influenced d15NNO3- sig-
natures in urban precipitation. Compared with the d15NNO3- values
of precipitation collected in 2001 (ca. þ2.0 ± 4.4‰) (Xiao and Liu,
2002), precipitation d15NNO3- in 2009 (ca. �1.9 ± 3.0‰; Table S4)
decreased by 3.9‰ on average. Before this study, decreased
d15NNO3- has been attributed to enhanced NOx emission from
vehicle exhausts in Guiyang city (Xiao and Liu, 2002; Li et al., 2012;
Liu et al., 2012; Xiao et al., 2013). According to analysis of the SIAR
model in this work, however, we found that fractional contribu-
tions of corresponding NOx sources to precipitation NO3

� did not
differ significantly between 2001 and 2008e2009 (Fig. S1e).
Although the mean contributions did decrease by 9% for NOx from
coal combustion and increase by 6% and 6%, respectively for NOx

from microbial N cycle and vehicle exhausts in 2009, it remains
unresolved whether changes of non-fossil or fossil NOx emissions
are more important in driving precipitation d15NNO3- decreases in
Guiyang city.
3.3. Major sources of NH4
þ in precipitation

The range and mean value of d15NNH4þ in precipitation
are �28.7‰ to þ6.6‰ (Fig. 1c) and �10.6 ± 7.7‰ (Table S4),
respectively. These values assembled those reported for precipita-
tion NH4

þ presumably dominated by volatilization NH3 sources (e.g.,
Freyer, 1978; Heaton et al., 1997; Zhang et al., 2008; Koba et al.,
2012; Altieri et al., 2014) (Table S1). In Guiyang city, the 15N
depletion of precipitation NH4

þ has also been attributed to the NH3
emissions from domestic wastes and sewage (Xiao and Liu, 2002;
Liu et al., 2012; Xiao et al., 2013). However, the importance of
other NH3 sources (particularly fossil-derived NH3) to precipitation
NH4

þ remains unclear. Moreover, as introduced in the Introduction,
precipitation NH4

þ was scavenged from both NH3 and particulate
NH4

þ, the isotopic fractionations associated with NH3 (g)4 NH4
þ (p)

equilibrium should be justified for measuring contributions of
initial NH3 emissions based on precipitation d15NNH4þ signatures.

In our study, precipitation NH4
þ showed d15N values of �28.7‰

to þ6.6‰ (�10.6 ± 7.7‰), if these values have been elevated due to
isotopic equilibrium fractionations (þ33‰; Heaton et al., 1997), the
expected d15N values of initial NH3 emissions would range
between �61.7‰ and �26.4‰, which appeared not explainable by
d15N values of major NH3 sources (�27‰ to þ12‰ on average;
Table S1). Accordingly, we assumed negligible difference in d15N
values between emission NH3 sources and precipitation NH4

þ in this
study. Further, we calculated the proportional contributions of six
dominant NH3 sources to precipitation NH4

þ (Fig. S2 and Fig. 3 for
results of each month and period data analyses, respectively; see
methodological details in SI). We found that precipitation NH4

þ in
Guiyang city was originated more from fossil fuel-derived NH3
emissions (19± 12% for NH3 from coal combustion,19± 11% for NH3

from vehicle exhausts) and biomass burning (17 ± 8%) than from
volatilization NH3 emissions (22 ± 12% for NH3 from animal wastes,
22 ± 10% for NH3 from fertilizers) (Fig. 3). Accordingly, the NH3
emissions from domestic wastes and sewage might be over-
estimated in our previous studies (Xiao and Liu, 2002; Liu et al.,
2012; Xiao et al., 2013). Combustion NH3 sources especially that
from fossil fuels substantially contributed to the observed 15N
depletion of precipitation NH4

þ in the urban environment, which
should be emphasized in source measurement of anthropogenic
NH4

þ deposition.
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3.4. d15N signatures of DON in precipitation

Precipitation d15NTDN showed a range of �15.7‰ to þ7.4‰
(Fig. 1c). The depletion of 15N in precipitation TDN (�6.0 ± 5.2‰;
Table S4) suggested that elevated/anthropogenic N deposition
potentially influenced 15N abundance of N-limiting ecosystems in
the study area. Precipitation d15NDON showed a range of �32.5‰
to þ26.6‰ (Fig. 1c), which is much wider than that (�7.3‰
toþ15.0‰) reported for non-urban sites by Cornell et al. (1995) and
Russell et al. (1998). Unexpectedly, precipitation d15NDON showed
significantly higher values in cooler months than in warmer
months (Table S4; Fig. 1c). The flux-weighted d15NDON value
was �7.0‰ in warmer months and þ13.1‰ in cooler months
(Fig. 2c). A wider d15N range of precipitation DON indicated het-
erogeneous and complex DON origins, especially in continental and
urban precipitation (Cornell et al., 1995; Russell et al., 1998; Cape
et al., 2011; Altieri et al., 2016). Using the air mass back trajec-
tories, Altieri et al. (2016) reported that marine and continental
DON sources had mean d15N values of �0.2 ± 4.6‰
and þ2.6 ± 9.2‰, respectively. More variable d15N signatures
(þ13.2 ± 18.6‰) were observed in aerosols on the island of
Bermuda in the western North Atlantic Ocean, but no difference
between warmer (þ10.5 ± 4.9‰) and cooler seasons
(þ15.9 ± 26.3‰) was found (Altieri et al., 2016).

In our study, positive precipitation d15NDON values reflected the
dominance of primary DON sources, most possibly from biomass
and fossil-fuel combustions (Cornell et al., 1995). Previously,
organic N (ON) emitted from the burning of different types of
biomass (used as fuel wood, crop residues) and coal (used for
cooking and energy production activities) showed d15N values
of þ5‰ to þ21‰ (þ12 ± 5‰) (Morin et al., 2009). Because marine
DON sources would be not very depleted in 15N (Cornell et al., 1995;
Russell et al., 1998; Altieri et al., 2016), the negative precipitation
d15NDON in warmer months at Guiyang city suggested little
contribution frommarine ON sources, which was supported by the
air mass backward trajectories (Fig. S3). We inferred that negative
precipitation d15NDON was influenced by secondary DON sources
formed by the reaction of 15N-depleted inorganic N with organic
molecules (Atkinson, 2013; Na et al., 2007; Nozi�ere et al., 2009).
First, there were opposite seasonal patterns between d15NNH4þ and
Fig. 4. Correlations between d15NDON and d15NNH4þ (y ¼ �0.25x - 10
d15NDON (Table S4; Fig. 4), the 15N depletion in NH3 as well 15N
discrimination during NH3 transformation to organic molecules
might explain the observed 15N depletion of precipitation DON in
warmer months. Second, higher precipitation amount should have
caused NH4

þ-N deposition higher in warmer months higher than in
cooler months. In contrast, NH4

þ-N deposition in warmer months
was similar to that in cooler months, while DON deposition in
warmermonthswas significantly higher than that in coolermonths
(Fig. 2ab).

4. Remarks

The analyses of precipitation d15N values with a Bayesian isotope
mixing model (SIAR) provide a quantitative solution to re-examine
contributions of major N sources to precipitation N inputs in urban
environments. In the study city, non-fossil NOx (mainly from
biomass burning and microbial N cycle) and fossil NOx equally
contributed to the NO3

� in the urban precipitation, and vehicle ex-
hausts contributed more NOx than coal combustion. The contri-
butions of NH3 from combustion sources (mainly biomass burning,
vehicle exhausts and coal combustions) were found higher than
that of NH3 from volatilization sources (mainly animal wastes and
fertilizers). Moreover, DON is an important fraction in urban N
deposition via precipitation. Distinct d15NDON values between
cooler months and warmer months indicated the dominance of
primary and secondary ON sources, respectively. These information
highlighted the importance of non-fossil NOx, fossil NH3 and
organic N in precipitation N of urban environments, which is useful
for effective reduction of reactive N emissions and better evaluation
of N deposition impacts.

However, it should be noted that the source d15N values can vary
temporally and highly depend on the local conditions of emissions,
thus localized source d15N data should be measured specifically for
more accurate analyses of N deposition sources based on d15N.
Moreover, isotopic fractionations associated with the formations of
dissolved N in the atmosphere have not properly considered into
the source measurements of this work, partly because of very
limited knowledge on in situ fractionation mechanisms. Extant
fractionation information obtained in laboratory studies cannot be
always applicable or predictable for precipitation d15N, which may
.72, R2 ¼ 0.24, P < 0.001) in precipitation at Guiyang city, China.
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substantially integrate d15N signals of gaseous and particulate N
species. But it should be stressed that NO has a much lower solu-
bility relative to NO2 and NH3, and it is impossible to have no dif-
ference in washout efficiency between gaseous N and particulate N
species. These can drive precipitation d15N variations thus consti-
tute potential uncertainties to be clarified in future works..
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