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A B S T R A C T

Nitrogen (N) deposition plays a key role in ecosystem function as one of the major N sources for natural ve-
getation, particularly in karst agricultural areas with thin soil cover, which drive the karst N fate via rainwater.
To understand the seasonal and spatial variation in nitrogen deposition and to identify the major sources of
nitrate in wet deposition in a karst agricultural area (Houzhai Catchment) in southwestern China, two sites with
different land use were selected to assess wet and dry deposition for one year. Houzhai village (HZV) is an area
highly influenced by agriculture, whereas Muzhu reservoir (MZR) is a more pristine environment with less
anthropogenic influence. Nitrogenous species and dual nitrate isotopes were analyzed. The results showed that
agriculture-derived NH4

+ was the major contributor of annual total wet N deposition (> 55 %). The con-
tribution of NH4

+ to wet N deposition was 1.63 times higher than that of NO3
− and dissolved organic nitrogen

(DON). The annual nitrogen deposition in this study was approximately twice as much as the average wet N
deposition over China, while lower dry N deposition relative to other Chinese monitoring sites was observed. The
δ15N-NO3

− showed a seasonal trend of negative summer values and positive winter values, which were pri-
marily controlled by the variations in NOx emission sources. Seasonal variation in δ18O-NO3

− was mainly
controlled by NOx oxidation pathways and showed a similar trend to δ15N-NO3

−. The contributions from four
endmembers (coal combustion, vehicle exhaust, biomass burning, and soil emission) were calculated using a
stable isotope mixing model. Contributions show a clear seasonal variation (except vehicle exhaust), with the
four sources accounting for 20.0 %, 25.6 %, 22.9 % and 31.5 % respectively (annual mean probability estimate,
AMPE) at HZV, and 19.0 %, 27.8 %, 23.2 % and 30.0 % (AMPE) at MZR. Isotopic evidence determined agri-
cultural soil emission is a major contributor to rainwater during the summer growing season, which can sig-
nificantly impact the agricultural ecosystems.

1. Introduction

In recent decades, nitrogen (N) in the environment has dramatically
increased as a result of the intensive use of fossil fuels and application
of fertilizers, which has significantly impacted on the global N cycle
(Galloway et al., 2008; Wei et al., 2019a), for example by increasing the
flux of NOx (NO + NO2) and NH3 into the atmosphere. Generally,
agricultural processes, including fertilization and straw burning, con-
tribute large amount of gaseous nitrogen-containing compounds to the

atmosphere (Wang et al., 2020; Zeng et al., 2019), e.g., NH3 volatili-
zation from soil after fertilization and NOx emission from soil-microbial
nitrification/denitrification. The high concentration of NOx and NH3 in
the atmosphere which subsequently become dissolved in rainfall as
compounds including nitrate (NO3

−), ammonium (NH4
+) and dis-

solved organic N (DON)) directly result in high levels of atmospheric N
deposition (Kendall et al., 2007). Excess N deposition has attracted
great societal concern about negative impacts on ecosystem health and
services (Bobbink et al., 2010; Gao et al., 2019; Liu et al., 2017a). This
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phenomenon is particularly prominent in countries undergoing rapid
agricultural development, like China (Liu et al., 2013; Yu et al., 2019;
Zhang et al., 2008). As N is an essential biological element in most
ecosystems, excessive N deposition is considered to be a crucial en-
vironmental factor disturbing the structure and function of surface-
earth ecosystems, particularly in vulnerable environments, such as karst
agricultural regions (Erisman et al., 2007; Liu et al., 2017b; Zeng et al.,
2019).

In karst areas of southwestern (SW) China, the typical geomor-
phology is carbonate cone-cockpit terrain with thin discontinuous soil
cover. The climate is subtropical monsoonal with the majority of
rainfall occurring during the wet season, which results in low nutrient
levels in the epikarst system. Thus, nitrogen deposition in this area is
important to the development of the ecosystem and rock weathering
due to the low pH of the rainfall. The N level of karst aquatic ecosys-
tems is therefore sensitive to N deposition originating from agricultural
production (e.g. fertilization and straw burning) (Yue et al., 2015).
Recent studies have found that rainfall drives N transport in agri-
cultural karst aquifer systems (Wang et al., 2020; Yue et al., 2019).
Thus, rainfall can be considered as one of driving factors for karst N fate
as it is an important nitrogen source for the surface ecosystem (Gao
et al., 2019; Wang et al., 2020). Additionally, high rates of short-term N
deposition may accelerate plant growth and affect the stability of the
agroecosystem (Bobbink et al., 2010; Lee et al., 2012). Therefore, the
evaluation of N deposition rates and N source identification is critical to
understanding the N cycle in karst areas.

Generally, NO3
− and NH4

+ from atmospheric deposition originate
from gas-phase inorganic N (NOx and NH3), which can have many
origins (e.g. NOx and NH3 from coal combustion, vehicle exhaust and
biomass burning, NH3 from animal waste and fertilizer volatilization,

and NOx from soil emissions) (Chang et al., 2018; Felix et al., 2013,
2012; Li and Wang, 2008; Walters et al., 2015a). Additionally, a series
of studies have suggested that DON in atmospheric deposition can also
be derived from natural sources (e.g., sea spray droplets and plant
pollen) as well as anthropogenic sources (primary emissions from bio-
mass burning and fertilizers, and secondary production from gas phase
reactions of inorganic N and non-nitrogenous organic matter, e.g. NOx

and VOCs) (Jang and Kamens, 2001; Lee et al., 2012; Liu et al., 2017b).
However, there are many uncertainties in quantifying the sources of
nitrogen, and its behavior in atmospheric deposition via the traditional
analysis method of nitrogen concentration.

Stable nitrogen isotopic analysis provides an effective tool for the
study of the atmospheric nitrogen cycle (Kendall et al., 2007;
Kawashima and Kurahashi, 2011). Stable isotope studies have clearly
suggested that a major control on ammonium in agricultural areas is
volatilization of fertilizers (Xiao et al., 2012; Xie et al., 2008). However,
confidently identifying nitrate sources can be difficult due to the range
of sources and complexity of photochemical processes occurring during
formation. For example, previous studies have used dual isotopes of
nitrate (expressed as δ15N and δ18O values) to investigate atmospheric
nitrogen deposition and its sources (Li et al., 2020; Liu et al., 2017b;
Nelson et al., 2018), and found that nitrate isotopic composition in
rainwater can be affected by the transformation of gas-phase nitrogen
oxides (NOx, the precursor of nitrate in rainwater) and variations in
NOx sources (Felix et al., 2012; Fibiger and Hastings, 2016; Walters
et al., 2015a).

Dual nitrate isotopes have been successfully applied to understand
atmospheric nitrogen transfer, spatial-temporal variations, and source
apportionment in urban areas or developed regions (Elliott, et al., 2019;
Li et al., 2020; Liu et al., 2017b) and agricultural areas (Hall et al.,

Fig. 1. Sampling sites in Houzhai Catchment. Map modified from Zhang et al. (2017).
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2016; Jin et al., 2019; Lee et al., 2012). However, there are few studies
comparing N deposition mechanisms and sources between rural and
urban areas. In order to know the N deposition level and understand the
fate of N deposition in a karst agriculture area, the concentrations of N
species and dual nitrate isotopes were analyzed in rainwater samples,
which were collected at two sites with different land uses in a karst
agricultural catchment in SW China. The main objective of present
study is to identify the nitrogen wet deposition process and its con-
trolling factors and sources. Moreover, the quantitative assessment of
rainwater nitrate sources will make a complete estimation of atmo-
spheric nitrate sources from the perspective of anthropogenic and ac-
tivities natural process in frequent-rainy karst area with extensive
agricultural production. This study will powerful support policy makers
N management strategies to mitigate nitrogen contamination in SW
China, Particularly the agricultural N management.

2. Materials and methods

2.1. Site description

Based on landscape and land use, two sites located in Houzhai
Catchment (HZ) were chosen to collect samples for dry and wet de-
position measurements (Fig. 1). One site representing lesser anthro-
pogenic influence is located at Muzhu Reservoir in the mountainous
area located in the headwaters of HZ catchment, with land-use com-
prising shrub, forest and little agricultural (paddy) land (MZR,
105°46′47″E, 26°14′04″N, 1330 m asl.). The second site at Houzhai
village represents greater anthropogenic influence and is located in the
flat plains of the lower reaches of the HZ catchment within a mixed area
of buildings and agricultural land (dry land and paddy fields) (HZV,
105°41′15″E, 26°16′09″N, 1220 m asl.). The HZ catchment has an area
of 73.4 km2 and is in the center of the karst region in Guizhou Province,
SW China. The catchment has been intensively studied since 1978 as an
area representative of cone and cockpit karst geomorphology (Zhang
et al., 2017; Qin et al., 2019). Elevation decreases from southeast to
northwest, ranging from 1212 to 1552 m.

This catchment is a characterized by a subtropical, monsoonal cli-
mate, with an average annual temperature of 20.1℃. Annual pre-
cipitation ranges from 1200 to 1400 mm, with the majority of annual
rainfall (∼80 %) occurring during the wet season (May to October).
The climate in the study catchment can be divided into spring (March to
May), summer (June to August), autumn (September to November),
and winter (December to February of the following year). The lithology
is composed of Permian and Triassic limestone and dolomite (Chen
et al., 2008; Zhang et al., 2017); they develop into limestone soil (Re-
ndzina) according to FAO soil taxonomy classifications (IUSS Working
Group WRB, 2015), which correspond to Mollic Inceptisols (Liu et al.,
2020).

Land cover/use includes natural vegetation (forest, shrub & grass),
aquatic areas (rivers & reservoirs), developed areas (road & built-up
areas), farmland (dry land & paddy fields) and bare rock (Liu et al.,
2016; Yue et al., 2019). The farmland (dry land & paddy field) is mostly
distributed in the middle and lower reaches and covers approximately
41 % of the area, and approximately two thirds of the agricultural land
is covered by rice paddies in the wet season (Oliver et al., 2020; Yue
et al., 2019). Other crops grown in the catchment are corn and various
vegetables. Canola and selected vegetables are the main crops in the dry
season. In the study catchment, various fertilizers including synthetic
fertilizers, urea, di-ammonium phosphate and animal waste are applied
for crop growth (Liu et al., 2020). Animal waste (e.g. pig and cattle
manure) is seasonally used as a fertilizer at the beginning of major crop
tillage periods (Yue et al., 2019), such as for rice (summer crop, May)
and rape (winter crop, November), while the other fertilizers are typi-
cally further applied during April ∼ July. Overall, the generally per-
centage of fertilizer use of urea, di-ammonium phosphate and animal
waste are approximately 40–60 %, 20–30 %, and 20–30 %,

respectively.

2.2. Sample collection

Precipitation samples were collected from June 2016 to May 2017.
Rainwater samples were collected using a 65 cm diameter polyethylene
sampler placed approximately 100 cm above the ground. A poly-
ethylene cap was used to avoid particle fallout in the absence of rain for
wet deposition. Wet deposition samples were collected daily, while dry
deposition samples were collected monthly using the same size poly-
ethylene sampler at the beginning of each month. When it began to
rain, the cap was removed as quickly as possible from the wet deposi-
tion sampler and closed for the dry deposition sampler. A total of 86
and 90 wet deposition samples were collected at HZV and MZR, re-
spectively, and 12 dry deposition samples were collected at each site.

2.3. Analysis and calculation

Electrical conductivity and pH were measured immediately with a
portable multiple parameter meter (WTW, Multi Line 3320). The pre-
cipitation samples were then filtered through 0.45 μm acetate mem-
brane filters, and the filtrate was stored directly in a pre-cleaned
polyethylene bottle for measurement of nitrogen concentration and
dual isotopes of nitrate. All the wet deposition samples were kept re-
frigerated at 4℃ until analysis. The NH4

+–N, NO3
−–N + NO2

−–N and
dissolved total nitrogen (DTN) concentration ([N]) in rainwater sam-
ples were analyzed by using a continuous-flow analyzer (Skalar, SAN+

+). The contribution from [NO2
−–N] to [NO3

−–N + NO2
−–N] is less

than 1%, which indicated that NO2
−–N contribution is insignificant

and will not be discussed. Dissolved organic nitrogen (DON) was cal-
culated by subtracting [NH4

+–N] and [NO3
−–N + NO2

−–N] from
DTN. The volume-weighted mean (VWM) N concentrations of NH4

+–N,
NO3

−–N, DON and DTN were calculated by dividing the sum of pro-
ducts of N concentration and precipitation amount with the sum of
precipitation amount recorded for the events, and the N wet deposition
rate (kg ha−1 yr−1) was calculated with the VWM concentration and
precipitation amount. The N dry deposition rate was calculated by ni-
trogen content (expressed as %) of dry deposition samples measured
using an elemental analyzer (Perkin Elmer, PE-2400) and the sampler
area. The denitrifier method was used to measure nitrate isotopes of the
samples (Mcilvin and Casciotti, 2011) based on its nitrate concentra-
tions, and the monthly δ15N-NO3- and δ18O-NO3- values were the mean
value of each month. In brief, the denitrifier (Pseudomonas chlororaphis
subsp. aureofaciens ATCC 13985, which lacks an N2O-reductase en-
zyme, was used to convert NO3

− into N2O. N2O was then purified by
using on-line pre-concentration ability of trace gases, and the δ15N and
δ18O analysis of the N2O was performed simultaneously using an iso-
tope ratio mass spectrometer (IsoPrime, GV, UK). The isotope ratios of
N2O are expressed in delta (δ) notation, i.e., δ (‰) = [Rsample/Rstandard

‒ 1] × 1000, where Rsample is 15N/14N or 18O/16O of sample, Rstandard is
the 15N ratios in atmospheric N2 or 18O ratios in Vienna Standard Mean
Ocean Water. In order to ensure the reliability of isotope analysis, the
international reference materials (USGS-32, USGS-34, USGS-35 and
IAEA-N3) with same treatment as samples were used for calibration of
δ15Nnitrate and δ18Onitrate after blank correction (Mcilvin and Casciotti,
2011). In general, analytical precision of δ15N and δ18O for nitrate were
better than±0.3‰ and±0.5‰, respectively. Then a Bayesian isotope
mixing model (SIAR; details in Supplementary Information (SI)) was
used to quantify the dominant N sources for wet deposition of NO3

−

(Jin et al., 2018; Moore and Semmens, 2008; Parnell et al., 2010). SIAR
model was performed with the residual error and process error term as
well as uninformative priors. Residual error explains the unknown
sources of variability in the mixture progress (Stock and Semmens,
2016). The model result provides the posterior probability distribution
of the proportional contribution of the different sources and reports
overview statistics including median, mean, standard deviation, and
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credible interval (Li et al., 2020).

3. Results

3.1. The concentration of nitrogenous species at two karstic sites

The total annual rainfall during the study period was 1308.5 mm.
The annual VWM concentrations of NH4

+–N, NO3
−–N, DON and DTN

were 0.9, 0.3, 0.3, and 1.5 mg L−1 in HZV and 0.7, 0.3, 0.2 and 1.2 mg
L−1 in MZR, respectively (Fig. 2, Tables S1 and S2). The trends in
monthly N concentration are different between the two sites, but the
highest NH4

+–N and NO3
−–N concentration were all observed in De-

cember when the highest DTN concentrations were observed (Fig. 2).
The monthly contribution from NH4

+–N to wet N deposition ranged
from 37.8 to 72.9 % at HZV and from 47.0 to 66.9 % at MZR (Fig. 2).
The monthly contribution of NO3

−–N ranged between 10.6 and 35.0 %
at HZV and from 18.4 to 53.0% at MZR, with the highest values in
February and relatively lower values in June and July. The contribution
of DON was less than 20 %, except in July at HZV (Fig. 2).

On the basis of monthly precipitation and VWM concentration of
DTN, the annual wet N deposition rates between 2016 and 2017 were
21.8 and 17.1 kg ha−1 yr−1 in HZV and MZR (Tables S1 and S2), re-
spectively. Including the contribution of dry deposition, the total ni-
trogen deposition is 25.2 at HZV and 18.3 kg ha−1 yr−1 at MZR, with
an average of 21.8 kg ha−1 yr−1. The highest monthly wet N deposition
was observed in June at both sites (5.0 kg ha−1 yr−1 at HZV and 5.3 kg
ha−1 yr−1 at MZR) owing to the high intensity rainfall during this
month, which contributed 22.9 and 31.0 % to the annual wet N de-
position, respectively.

The average molar ratios of NH4
+/NO3

− are 2.7 at HZV and 2.2 at
MZR (Tables S1 and S2). The lowest and highest NH4

+/NO3
− ratios

were observed at HZV in February (1.5) and June (3.7), respectively.
The NH4

+/NO3
− ratios at MZR showed seasonal variation with low

values in the dry season (0.9–1.9, December to May of the following
year) and high values in the wet season, particularly in June (3.3).

3.2. The isotopic values of nitrate

At HZV the monthly δ15N-NO3
− values range from −9.0 ‰ (July)

to +2.4 ‰ (February) with mean a value of −2.8 ‰, which is slighter
narrower than at MZR where values range from−9.1‰ (July) to +2.5
‰ (February), with a mean value of −2.7 ‰ (Tables S1 and S2). The
monthly mean δ18O-NO3

− values of rainwater at HZV ranged from
+54.2‰ (July) to +75.8 ‰ (February) and from +54.5‰ (July) to
+75.3 ‰ (February) at MZR, (Tables S1 and S2).

4. Discussion

4.1. Concentrations of N in rainwater and N deposition rate

The annual inorganic N concentrations observed in our study were
much higher than those for forested areas in South China (0.02–0.05
mg L−1 for NH4

+–N and 0.02–0.08 mg L−1 for NO3
−–N) (Chen and

Mulder, 2007) and karst virgin forest in SW China (0.4 mg L−1 for
NH4

+–N and 0.04 mg L−1 for NO3
−–N) (Zeng et al., 2020). Ad-

ditionally, our values are higher than previously reported values (0.5
mg L−1 for NH4

+–N and 0.2 mg L−1 for NO3
−–N) for Puding county

(Lü et al., 2017; Wu et al., 2012), which is close to the studied area. This
could be attributed mainly to the fact that the sampling frequency in the
current study is much higher than that of previous studies, and all the
rainfall events were sampled as frequently as possible, particularly
small rainfall events with relatively high N concentration. The location
of sample sites in an agricultural area may be another contributing
factor. Higher monthly NH4

+–N and NO3
−–N concentrations were

observed at HZV compared with the values at MZR (Fig. 2, Tables S1
and S2), which suggests that there is higher loading of nitrogenous
species at HZV, derived from agricultural activities and relatively
denser residents.

The concentrations of NH4
+–N and NO3

−–N during winter and
spring were higher than those in summer and autumn, due to the lower
precipitation and rainfall frequency. In the late autumn and winter,
more gaseous nitrogen compounds (NOx and NH3) will be accumulated
in the atmosphere with increased heating of dwellings (coal combus-
tion) in these seasons, which will subsequently result in higher levels of
NO3

− and NH3 or NH4
+ in particulates (Yeon et al., 2015). Although

the low rainfall intensity/frequency in winter cannot wash out nitrogen
completely from particulate matter (Wei et al., 2019b), it can capture a
proportion, which would result in high concentrations of nitrogenous
species (NH4

+–N and NO3
−–N) in wet deposition (Elliott et al., 2015).

It is also evident that the secondary annual peak of NH4
+–N and

NO3
−–N concentration occurs in March, which is indicative of more

atmospheric NH3 and NOx being deposited by rain droplets, as there
was double the rainfall in March compared with February. The varia-
tion in DON concentration didn’t show seasonal variation, suggesting
that it is affected by more factors (Fig. 2), such as the organic nitrates
derived from gas phase reactions and N existing in reduced states in-
cluding urea, amino acids, and amines from biomass combustion and
agricultural production (Lee et al., 2012).

The annual wet N deposition calculated from this study is 1.63 times
higher than the average annual wet N deposition over China (13.7 kg
ha−1 yr−1) (Zhu et al., 2015), but similar to the values obtained for
another subtropical Chinese catchment with cultivated land covering

Fig. 2. The concentration of nitrogenous species, nitrogen wet deposition and rainfall in Houzhai Catchment, southwestern China.
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21 % of the catchment area (23.2 kg ha−1 yr−1) (Hao et al., 2017). In
contrast, the values obtained for dry N deposition in this study were
lower than the results reported in the previous study (Hao et al., 2017).
The N deposition measured in the present study is lower than in the
adjacent capital city of Guizhou province, Guiyang (24.8 kg ha−1 yr−1)
but there is a lower NH4

+ component in this urban district (Han et al.,
2019; Liu et al., 2017b). Monthly variation in N deposition is related to
the amount of precipitation due to precipitation being a primary control
of N deposition (Zhang et al., 2008). Monthly DTN deposition rates
were positively correlated with the amount of monthly rainfall (R2 =
0.78, P<0.001 and R2 = 0.86, P<0.001 for HZV and MZR, respec-
tively), which indicates that the seasonal variation in DTN deposition
was controlled by the seasonal variation in rainfall and sources avail-
able in the catchment (Liu et al., 2013).

4.2. Sources controlling rainwater inorganic N and nitrate isotopes in karst
agriculture

4.2.1. Sources of the NH4
+–N

The NH4
+/NO3

− molar ratio is a good indicator of the relative
contributions of agricultural sources (fertilizer and livestock manure)
and non-agricultural sources (industrial fossil fuel combustion and ve-
hicle exhaust) to wet N deposition (Zhao et al., 2009). It can provide an
indication of the degree of agriculturalization and industrialization on a
local scale due to differences between the main sources of NH4

+ and
NO3

−. As mentioned above, agriculture-associated NH3 volatilization
from fertilizer (urea, di-ammonium phosphate in this study area) and
human or animal excrement applied in agricultural soils is the major
source of atmospheric NH4

+ (Zhao et al., 2009). In areas with intensive
agricultural production, such as Midwestern USA, Southern Korea and
rural China (Fahey et al., 1999; Lee et al., 2012; Zhang et al., 2008), the
NH4

+/NO3
− molar ratio was greater than 1, while the NH4

+/NO3
−

molar ratio of rainwater has been reported to be generally lower than 1
in metropolitan areas such as New York (North America), Guangzhou
(South China) and Chengdu (Southwest China) (Fahey et al., 1999;
Fang et al., 2010; Wang and Han, 2011). In these highly industrialized
areas, there are with the approximately equal contributions of NH4

+

and NO3
− in rainwater.

In the present study, NH4
+ contributes significantly more to N de-

position than NO3
−, with the VWM annual NH4

+/NO3
− molar ratios

higher than 2.0 (Tables S1 and S2), which indicates that agriculture is
the predominant source of NH4

+–N deposition in this catchment. The
NH4

+ in rainwater at the HZV site is more affected by anthropogenic
impact, in the form of residential and agricultural land, than at MZR.
The lowest NH4

+/NO3
− molar ratio was observed in February at both

locations (1.5 and 0.9 at HZV and MZR, respectively) indicating that the
contribution from agricultural activity to wet N deposition is lower
during this month. Using the stable isotopes of wet deposition, one

study which has similarly high contributions from NH4
+–N (∼60 %) to

annual wet N deposition also concluded that agriculture was a major
contributor (Xie et al., 2008).

4.2.2. Source controls of monthly δ15N-NO3
− variation

The dominant oxidation pathways of the nitrate precursor (NOx) in
rainwater have been regarded as a driver of temporal variations in
δ15N-NO3

− values (Freyer et al., 1993; Jarvis et al., 2008). This me-
chanism explains the variations of δ15N-NO3

− values in rainwater on
the nocturnal and diurnal scale (Freyer et al., 1993). However, the NOx

oxidation pathways seem not to be the reason for the monthly varia-
tions of rainwater δ15N-NO3

− values, which can be proved by the molar
ratio of NO2 and O3 observed in other studies (Hastings et al., 2003;
Elliott et al., 2007). In this study, the monthly NO2/O3 shows a similar
trend with the isotopic variations and an opposite trend with variations
in solar radiation (Fig. S1). However, all the NO2/O3 ratios are less than
1 (0.1 to 0.4, Fig. S1), which could not lead to the high δ15N-NO3

−

values via oxidation pathways on the monthly scale. Moreover, since
the photochemical oxidation reactions are rapid, the monthly δ15N-
NO3

− values could not be directly applied to explain shorter time
variations. Therefore, the NOx oxidation pathways can only be con-
sidered as a potential factor driving the δ15N-NO3

− seasonal variation
in this study. Source variations are therefore the most significant cause
of monthly changes in δ15N-NO3

− values.
Sources of NO3

− are generally believed to be NOx emitted from
fossil fuel combustion, automobiles, and biomass burning (Zhao et al.,
2009), and the NOx released from the soil by microbial N cycle process
(e.g. denitrification). There is a significant difference between the δ15N
values of nitrate in rainwater and single NOx sources, e.g. NOx emitted
from coal combustion (+19.8±5.2‰), vehicle exhaust
(−2.5±1.5‰), biomass burning (+12.5±3.1‰), and soil emission
(−30.3± 9.4‰) (Felix et al., 2013, 2012; Hastings et al., 2009; Li and
Wang, 2008; Walters et al., 2015a) (Fig. 3a, Table S3), suggesting that
there is mixing of nitrate from these sources and temporal changes in
contributions from different sources (see section 4.3).

Although the monthly δ15N-NO3
− values are close to δ15N-NOx

values of vehicle exhaust (Walters et al., 2015a) (Fig. 3a), it cannot be
concluded that the seasonal variation in δ15N-NO3

− is controlled by the
nitrate derived from vehicle exhaust, as the study area is located in a
rural region and NOx emissions from vehicle exhaust is not likely to
vary seasonally.

The negative δ15N-NO3
− values in summer rainwater observed in

this study (Fig. 3a) are similar to the results of other studies (Chen et al.,
2019; Fang et al., 2010; Zhang et al., 2008). This represents the main
period of fertilizer application to crops. Additionally, the higher tem-
peratures in summer could accelerate NOx production via agricultural
soil microbial N cycle processes (e.g. nitrification/denitrification). Soil
microorganisms can convert organic nitrogen (e.g. urea and manure)

Fig. 3. (a) Seasonal variation of monthly δ15N-NO3
− values, and (b) δ18O-NO3

− values in rainwater. The ranges of nitrogen isotopic composition of various NOx

sources and atmospheric NO3
− are shown, as well as the ranges of oxygen isotopic compositions of O2, O3 and atmospheric NO3

−.
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used in agricultural production into NO3
− following Eq. (1). Mean-

while, these microorganisms can also denitrify NO3
− into NOx ac-

cording to Eq. (2) and subsequently release N to the atmosphere (Chen
et al., 2019; Felix et al., 2012; Lee et al., 2012).

→ → →
+ − −ON NH NO NO4 2 3 (1)

→ → →
− −NO NO NO N O3 2 2 (2)

Due to such processes, the heavy and frequent rainfall in June and
July may capture the emissions of 15N-depleted NOx microorganism
denitrification of agricultural soil (Elliott et al., 2019; Felix et al., 2013;
Wang et al., 2018). This suggests that more NO3

− during this time
period should originate from soil emissions via chemical N fertilizer
application and the subsequently microbial N cycle. After the intensive
fertilization period, nitrogen availability gradually decreases and sub-
sequently the NOx emission from farmland decline.

It should be noted that δ15N-NOx values from biomass burning are
more positive than the δ15N-NO3

− in rainwater (Felix et al., 2012;
Hastings et al., 2009) (Fig. 3a), which may result in a secondary peak in
the δ15N-NO3

− values of rainwater in September and November due to
the agricultural practice of burning more straw during these months.
The increase in δ15N-NO3

− values until February suggest contribution
from soil emissions gradually decreases, or that there is an increased
contribution from other sources with high δ15N values, such as coal
combustion (Fig. 3a) (Felix et al., 2012). Previous studies have found
that the seasonal proportions of NOx emissions from cultivated land in
China were 20.9 %, 75.8 %, 2.6 % and 0.7 % in spring, summer, au-
tumn and winter, respectively (Xie et al., 2005), and a similar seasonal
trend has been reported in the United States (Williams et al., 1992).

Although electricity production from thermal power by coal com-
bustion is non-seasonal, this process releases significant NOx to the
atmosphere that can be transported long-distances to the catchment
(Zeng et al., 2019), which results in the contribution from this source
being higher during autumn and winter due to the reduction in soil NOx

emissions (the reduction in agricultural fertilization). In the study
catchment, there is substantial seasonal variation in coal combustion
for heating requirements. Residents burn significantly more coal in
winter, which could be the cause of increased δ15N-NO3

− values due to
increased NOx formation (Yeon et al., 2015).

4.2.3. Monthly variation of δ18O-NO3
−

As shown in Fig. 3b, most rainwater oxygen isotope values from
October to May were higher than 60‰, while the rainwater samples in
summer and early fall had lower δ18O-NO3

− values in summer and
early fall were relatively close to the signatures of δ18O2 (+23.5‰)
(Kendall et al., 2007). Monthly variation in δ18O-NO3

− values was si-
milar to δ15N-NO3

−, which has been widely observed (Hastings et al.,
2003; Yeon et al., 2015). In winter, weak solar radiation (Fig. S1) and
reduced photochemical activity means nitrates are produced primarily
by the N2O5-radical pathway (the production of HNO3 via the N2O5

pathway), resulting in increasing δ18O-NO3
− values (Fang et al., 2010;

Hastings et al., 2003). However, during the summer, strong solar ra-
diation enhances the OH-radical pathway producing decreased δ18O-
NO3

− values (Hastings et al., 2003). Moreover, the δ18O-NOx from coal
combustion and vehicle exhaust may be close to the δ18O2 of the at-
mosphere (Kendall et al., 2007), due to the chemical reaction with ni-
trogen species and atmospheric oxygen in these emission processes,
which is not likely to vary seasonally. Additionally, during deni-
trification (soil microbial N cycle processes), the δ15N and δ18O values
will increase simultaneously in the residual nitrate, resulting in a ne-
gative δ18O value occurring in the production of NOx, while the δ18O-
NO3

− values in our rainwater samples are extremely positive (Fig. 3b,
Tables S1 and S2). Therefore, the results of this study suggest that δ18O-
NO3

− values in rainwater, and their variation, are primarily controlled
by the atmospheric cycle of nitrates and show the δ18O signature of
photochemical reactants like O3 (δ18O3 = +90‰ to +122‰)

(Johnston and Thiemens, 1997; Kendall et al., 2007).

4.3. Source contributions to nitrate in rainfall based on SIAR model

Although it is well established that major seasonal sources con-
tributor to the rainwater nitrate, the contributions from each source are
still unquantified. Previous studies have used the SIAR model to cal-
culate source contributions based on two conditions: (i) δ15N values of
primary NOx emissions are distinct, and (ii) rainfall washes down both
gaseous and particulate N species efficiently (Liu et al., 2017b). In the
last decade, there has been significant work measuring the typical δ15N
values of NOx emissions from different sources (Table S3), which can be
used to calculate source contributions. We considered the contribution
from lightning NOx (δ15N= −0.5‰–1.4‰) (Liu et al., 2017b) is neg-
ligible because the more negative values of δ15N-NO3

− occur in May to
August, when lightning occurs with a high frequency. However, since
there is insufficient knowledge of the δ18O values of atmospheric NOx,
δ18O values were not adopted in source apportionment for sources
controlled by the complex photochemical reaction processes of NOx

emissions with oxidants (e.g. ozone).
N isotope equilibrium exchange fractionation (> 34‰, depending

on experimental conditions) would occur during the NO-NO2 cycle, and
result in 15N enrichment in more oxidized forms that is subsequently
oxidized to NO3

− in rainwater (Heaton et al., 1997; Walters et al.,
2015b). In this scenario, if rainwater NO3

− (ranging from −9.1 ‰ to
+2.5 ‰) was produced by 15N-enriched NO2 via the NO-NO2 cycle in
our study, the expected δ15N values of primary NOx emissions would be
−43.1‰to −31.5‰ (considering the minimum isotopic exchange
equilibrium of 34‰), which could not explained by δ15N values of
major NOx emission sources (−30.3‰ to +19.8‰ on average; Table
S3). Additionally, previous studies have found that the impact of nitrate
isotope washout might be less important on seasonal timescales (Chen
et al., 2019). In this study, there was no clear relationship between
rainfall and δ15N-NO3

− values of rainwater (R2 = −0.36, P<0.01,
HZV; R 2 = −0.17, MZR), suggesting rainfall is not a strong influence
on δ15N-NO3

−. Consequently, we assumed that the difference in δ15N
values between NOx emission sources and rainwater NO3

− is negligible,
which is also assumed in other studies (Elliott et al., 2015; Liu et al.,
2017b; Morin et al., 2009).

Although the mean proportional contribution of different sources
will be slightly potential biases due to this assumption, the annual mean
probability estimate (AMPE) within 95 % credible interval and the re-
lative difference of proportional contribution of different sources are
acceptable (Liu et al., 2017b). Using δ15N-NOx values of different
sources (Table S3) and the δ15N-NO3

− values of rainwater (Table S4),
the contribution of major NOx sources to rainwater nitrate was esti-
mated using the SIAR model (Fig. 4). The modeling results showed that
NOx from coal combustion, vehicle exhaust, biomass burning, and soil
emissions accounted for 20.0 %, 25.6 %, 22.9 % and 31.5 % respec-
tively (AMPE) in rainwater NO3

− at HZV, and 19.0 %, 27.8 %, 23.2 %
and 30.0 % (AMPE) in rainwater NO3

− at MZR (Fig. 4a, b, c, and d).
Compared with the contribution rate of rainwater NO3

− collected in a
karst urban area (Liu et al., 2017b), soil emission by microbial N cycle
processes substantially influenced δ15N-NO3

− signatures and was the
primary contributor to NO3

− in rainwater of the karst agricultural
catchment, particularly during the growing season (Fig. 4d), while the
vehicle exhaust contribution was stable as the secondary contributor
(Fig. 4b). This relatively high contribution from vehicle exhaust is un-
likely to be from a local source as there are few vehicles in this agri-
cultural catchment. The most likely explanation is that the vehicle ex-
haust is from surrounding cites. Comparing the results from this study
with a karst urban area (Guiyang) (Liu et al., 2017b), there was no
significant difference in the contributions of NOx from coal combustion
and biomass burning. Moreover, the contributions of coal combustion
and biomass burning were lower in warm months and higher in cold
months, while soil emission showed the opposite trend (Fig. 4a, c, and
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d).
The source contribution calculation demonstrates that agricultural

activity is a strong driver of the NO3
− in rainwater via soil emissions

contribution. These results also indicate that excess fertilization is
prevalent in karst agricultural areas, which could significantly influence
the atmospheric wet nitrogen deposition and further impact the agri-
cultural ecosystems. The low efficiency of fertilization of farmland is a
matter for concern because of the critical link to the karst N cycle. The
efficiency of agricultural fertilization therefore needs to be improved to
promote higher quality agricultural eco-environmental management
(Oliver et al., 2020).

4.4. Spatial variations of nitrate isotopic composition and nitrate isotopes in
different climatic zones

The annual mean δ15N-NO3
− value was slightly more negative in

HZV (-2.8‰) than at MZR (-2.7‰). Moreover, there are more months
when HZV has lower δ15N-NO3

− values (June, August, September,
February, March, and May) than MZR (Fig. 5). For δ18O-NO3

−, the
annual mean values were slightly higher in HZV (+66.9‰) than in
MZR (+65.9‰). But lower δ18O-NO3

− values were still observed at

HZV than MZR for several months (June, July, August, and March).
Dual isotopes of nitrate were consistently lower at HZV than MZR for
three months (June, August, and March) and HZV in four months
(October, November, January, and April) were higher than MZR
(Fig. 5).

This type of monthly nitrate isotopic differences in rainwater on
small catchment scales has not been reported in previous studies. In the
current study, the spatial variation may depend on the particulate de-
position process, sources, and photochemical reactions occurring at
each site. For example, one study in USA suggested that dry deposition
(HNO3 (g) and particulate NO3

−) had consistently higher δ15N values
than wet deposition (NO3

−) while the δ18O values are also higher in dry
deposition but not as pronounced as δ15N (Elliott et al., 2015). The
δ15N-NO3

− and δ18O-NO3
− values at HZV during October, November,

January, and April were consistently higher than at MZR, indicating
HZV was more affected by particulates with its higher dual isotopic
values during these months, while MZR was more affected by particu-
lates in June, August, and March (Fig. 5). Additionally, the spatial
variation in land use and topography can also impact the source flux
and photochemical reactions which result in the spatial variation of
NOx among two sites. The possible fractionation in the diffusion process
of NOx from different sources in the atmosphere may also affect spatial
variation. To further investigate the controls on dry and wet deposition,
further measurements such as the dual isotopic composition of dry
deposition and NOx levels are required.

Comparing to other studies in different climatic zones, NO3
−–N

concentrations of our study area (0.3 mg L−1) are within the ranges of
those reported in the literature for different climatic zones (0.1–1.2 mg
L−1) (Table 1). In subtropical climatic zones, NO3

−–N concentrations
in this study are closer to those observed in rural areas and oceanic
islands but lower than cities in karst regions and metropolitan areas
more generally (Altieri et al., 2013; Fang et al., 2010; Lee et al., 2012;
Liu et al., 2017b).

We further compared the δ15N-NO3
− values with all those studies in

subtropical climatic regions (Table 1). The results in this study are more
negative than in a nearby karst city (Guiyang), a coastal city
(Guangzhou), and a metropolitan area close to rural areas in South
Korea, but more similar to those obtained in a study on an oceanic
island (Bermuda island) (Altieri et al., 2013; Fang et al., 2010; Lee

Fig. 4. Mean proportional contribution of major NOx sources to NO3
− in precipitation at HZV and MZR as calculated by SIAR.

Fig. 5. Differences in nitrogen (Δ15NHZV-MZR) and oxygen (Δ18OHZV-MZR) iso-
topic composition of precipitation nitrates.
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et al., 2012; Liu et al., 2017b). This illustrates that the δ15N-NO3
−

values from sites in a similar climatic zone are strongly influenced by
emissions from human activity in urban areas (e.g. coal combustion,
producing higher isotope values). Moreover, the δ15N-NO3

− values in
rainwater in our study seemed to be higher than those in most tem-
perate regions (Beijing, Sapporo, Rishiri island, North of Sault Ste),
except in temperate forest areas (Ochang, Hamburg) (Beyn et al., 2014;
Nelson et al., 2018; Spoelstra et al., 2004; Yeon et al., 2015; Zhang
et al., 2008), and also higher than monitoring data from a site in the
eastern Mediterranean Sea (representing a Mediterranean climate site)
(Mara et al., 2009). Compared with a tropical industrial city, the δ15N-
NO3

− values in this study are also negative (Chen et al., 2019), while
our δ18O-NO3

− values for rainwater are similar to those obtained in
subtropical urban areas (Guangzhou), and lower than the subtropical
oceanic island (Bermuda island), but much higher than temperate re-
gions (North of Sault Ste) and a tropical industrial city (Zhanjiang)
(Altieri et al., 2013; Chen et al., 2019; Fang et al., 2010; Spoelstra et al.,
2004). Overall, the dual isotopic composition of rainwater in different
climatic zone varies greatly and is strongly affected by the local en-
vironment (e.g. agricultural activities in present study).

5. Conclusions

This study aims to explore the nitrogen wet deposition process,
identify the factors controlling spatial-temporal variations, and quantify
the contribution of different sources to rainwater nitrate in a typical
karst agricultural catchment, located in the center of one of three
world’s largest continuous karst areas. Base on the N chemical and
NO3

− isotope geochemistry of one-year rainwater samples, the rela-
tively high nitrogen deposition rate (21.8 and 17.1 kg ha−1 yr−1 at
HZV and MZR, respectively) compared to the Chinese average value
were observed. In combined with the Bayesian isotope mixing model
and dual isotopes, here we concluded that agriculture is the driver of
nitrogen wet deposition process. Particularly, the nitrogen emission
(e.g. NOx and NH3) from farmland controlled the seasonal variations in
nitrogen deposition process and nitrate isotopes. Moreover, the SIAR
model result quantifies the contributions of major sources to rainwater
NO3

−. That is, soil emission processes within the microbial N cycle
(31.5 %), and vehicle exhaust (25.6 %), were the first and second lar-
gest contributors, which drove the NO3

− in rainwater. These results
highlight the importance of agricultural activity as a driver of nitrogen
wet deposition in agricultural catchment regions.
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