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Atmospheric N deposition impacts terrestrial ecosystems.
Composition of wet N deposition in China scale was ﬁrst reported.
Atmospheric N deposition was underestimated without particulate N in rainfall.
Precipitation, N fertilizer use, and energy consumption inﬂuence wet N deposition.
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a b s t r a c t
Atmospheric nitrogen (N) deposition is an important component of the global N cycle, and is a key source of biologically available N. Understanding the spatio-temporal patterns and inﬂuencing factors of N deposition is essential to evaluate its ecological effects on terrestrial ecosystems, and to provide a scientiﬁc basis for global
change research. In this study, we monitored the monthly atmospheric N deposition in rainfall at 41 stations
from the Chinese Ecosystem Research Network through measuring total N (TN), total dissolved N (TDN), ammo−
+
nium (NH+
4 –N), and nitrate (NO3 –N). The results showed that the atmospheric wet deposition of TDN, NH4 –N,
−1
−1
–N
were
13.69,
7.25,
and
5.93
kg
N
ha
yr
,
respectively.
The
deposition
of
TN
and
total
particulate
N
and NO−
3
(TPN) was 18.02 and 4.33 kg N ha−1 yr−1 respectively, in 2013. TPN accounted for 24% of TN, while NH+
4 –N and
NO−
3 –N made up 40% and 33%, respectively, conﬁrming the assumption that atmospheric wet N deposition
would be underestimated without particulate N in rainfall. The N deposition was higher in Central and Southern
China, and lower in North-west, North-east, Inner Mongolia, and Qinghai–Tibet regions. Precipitation, N fertilizer
use, and energy consumption were signiﬁcantly correlated with wet N deposition (all p b 0.01). Models that included precipitation and N fertilizer can explain 80–91% of the variability in wet N deposition. Our ﬁndings reveal,
for the ﬁrst time, the composition of the wet N deposition in China at different scales and highlight the importance of TPN.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The deposition of atmospheric nitrogen (N) is integral to the global
N cycle (Galloway et al., 2004; Liu et al., 2011). Anthropogenic activities
over recent decades, such as the burning of fossil fuels and fertilizer application, resulted in a rapid increase in the emission of reactive N (Neff
et al., 2002). It was estimated that the production of reactive N increased
from 15 Tg N in 1860 to 156 Tg N in 1995, with a further increase up to
187 Tg N in 2005 (Galloway et al., 2008). On the one hand, atmospheric
N deposition has a positive effect on maintaining plant productivity of
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terrestrial ecosystems through enhancing the N availability (Fleischer
et al., 2013; Reay et al., 2008; Thomas et al., 2010; Ti et al., 2012); on
the other hand, excessive N deposition has negative impacts on ecosystem health and services, such as N saturation (Aber et al., 1989; Kopacek
et al., 2013), soil acidiﬁcation (Bowman et al., 2008; Maljanen et al.,
2013; Vitousek et al., 1997), and loss of biodiversity (Bobbink et al.,
2010; Stevens et al., 2004).
Observations of atmospheric N deposition are essential for evaluating its ecological effects on terrestrial ecosystems (Galloway et al.,
2008; Liu et al., 2011, 2013). Some studies have reported the observed
results of atmospheric N deposition at a local scale (Chen and Mulder,
2007; Huang et al., 2013), from catchments (Chen et al., 2011; Yu
et al., 2011), or from belt transects (Sheng et al., 2013; Zhan et al.,
2014) in China. Data collection, meta-analysis, and models have been
used to estimate regional N deposition in China (Lü and Tian, 2007; Jia
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et al., 2014). However, there is currently no representative national
scale observation network for atmospheric N deposition in China.
Therefore, it is difﬁcult to compare or evaluate these ﬁndings because
of the higher uncertainty caused by different sampling and analytical
methods. Furthermore, no study has evaluated particulate N in wet deposition in China, although the ﬂuxes of dissolved wet N deposition
−
(NH+
4 –N and NO3 –N) have been reported (Zhang et al., 2006; Huang
et al., 2013; Shen et al., 2013). As a potential N source, ignoring particulate N deposition in rainfall would underestimate the N input through
rainfall in terrestrial ecosystems.
In this study, we selected 41 stations from the Chinese Ecosystem
Research Network (CERN) to monitor atmospheric wet N deposition
through rainfall events. These stations cover the main types of terrestrial ecosystems in China (Fu et al., 2010). Precipitation was collected
monthly, and total N (TN), total dissolved N (TDN), ammonium
−
(NH+
4 –N) and nitrate (NO3 –N) were measured to investigate the composition, spatial patterns, and drivers of wet N deposition. The main objectives were to: 1) investigate wet N deposition in Chinese terrestrial
ecosystems; 2) clarify the composition of wet N deposition; and 3) explore the main inﬂuencing factors of wet N deposition in China.

provides a new approach to explore the patterns of atmospheric N deposition in China from single sites, to ecological regions, and up to national scale.
2.2. Sampling and analysis
Precipitation was collected into plastic buckets installed at the
height of 1.5 m above the ground at the onset of rain (or snow) in
2013. The samples were collected over the duration of rainfall, and included soluble and insoluble particulates in precipitation. Collection
was conducted about 3–5 times in each month; the samples were
mixed evenly to get a monthly sample, and were then stored in polyethylene plastic bottles under −20 °C.
Each sample was divided in two parts in the laboratory. One part
was digested using the alkaline potassium persulfate digestion method,
to measure total N (TN) of mixed rainfall in the continuous ﬂow analyzer (FUTURA, Alliance Instruments, France). The other part was ﬁrst ﬁltered by gravity through a 0.45 μm membrane ﬁlter to remove
insoluble particulates, and then the concentrations of TDN, NH+
4 –N,
and NO−
3 –N were measured using the same continuous ﬂow analyzer.
The methods of duplicates, blank, and standard materials were used to
control data quality.

2. Methods
2.3. Data calculation and analysis
2.1. Site description
The 41 study sites cover the major terrestrial ecosystems in China
(Table S1, Fig. 1), including forest, grassland, desert, lake, karst, and
urban ecosystems (Fu et al., 2010). Based on these stations, we constructed a new observation network to monitor atmospheric wet N deposition at national scale. These stations are distributed within 22
Chinese provinces and can be divided into eight ecological regions
based on climate and vegetation (Fig. 1). The observational network

The different components of wet N deposition were calculated using
the following equations:
þ

−

DIN ¼ NH4 −N þ NO3 −N

ð1Þ

DON ¼ TDN−DIN

ð2Þ

TPN ¼ TN−TDN

ð3Þ

Fig. 1. The distribution of the 41 observation sites and 8 ecological regions for atmospheric wet N deposition across China. Aksu (AKA), Ailao Mountains (ALF), Ansai (ASA), Beijing (BJU),
Inner Mongolia Grassland (NMG), Changshu (CSA), GreaterKhingan (DAF), Dangxiong (DXA), Dinghu Mountain (DHF), Dongling Mountain (BJF), Dongting Lake (DTM), Duolun (DLG),
Erdos (ERF), Fengqiu (FQA), Fukang (FKD), Gongga Mountain 1600 m (GGF1), Gongga Mountain 3000 m (GGF2), Haibei (HBG), Hailun (HLA), Heshan (HSF), Huzhong (HZF), Huanjiang
(HJK), Huitong 1 (HTF1), Huitong 2 (HTF2), Lhasa (LSA), Linze (LZA), Luancheng (LCA), Miaoxian (MXF), NaimanCounty (NMD), Qianyanzhou (QYA), Sanjiang (SJM), Shapotou (SPD),
Shennongjia (SNF), Shenyang (SYA), Taoyuan (TYA), Xishuanbanna (BNF), Yanting (YGA), Yingtan (YTA), Yucheng (YCA), Changbai Mountains (CBF), and Changwu (CWA). The dots
with different colors represent different ecosystem types.
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where DIN is dissolved inorganic N; DON is dissolved organic N; and
TPN is the total particulate N.
We calculated the monthly wet N deposition ﬂux using:

DN ¼

Xn
t¼1

C t  Pt
100

ð4Þ

where DN is the N deposition ﬂux per year, which is the sum of monthly
N deposition ﬂux (kg N ha−1 yr−1); Ci is the N concentration of the different components in each month (mg N L−1); Pi is the monthly precipitation (mm); and 100 is the conversion factor.
The Kriging interpolation technique was applied to calculate wet N
deposition at a national scale. Taiwan province was not evaluated
owing to the lack of monitoring data. Prior to the interpolation, a
geostatistical method tool from ArcGIS 10.0 software conducted data
analyses, including data distribution, outlier identiﬁcation, and trend
analyses. The optimal variogram model and parameters were then determined. The normal distribution plots and tests are shown in Fig. S1
and Table S2, respectively. In addition, a cross-validation was implemented to evaluate the results of the Kriging interpolation. The crossvalidation analysis and prediction errors are shown in Fig. S2 and
Table S3, respectively. The annual deposition ﬂux for China's eight ecological regions, as well as for the whole China, was then obtained using
the Kriging interpolation method. The predicted values had high rootmean-square and relatively low R2 values, which ranged from 4.61 to
13.15 and 0.24 to 0.46 (p b 0.01), respectively (Fig. S2 and Table S3), because of the limited number of observation sites.
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Data on the use of N fertilizer in the provinces (Table S4) were obtained from the China Statistical Yearbook (2001–2010) (Yearbook,
2001–2010b). The data on the energy consumption in the provinces
were obtained from the China Energy Statistical Yearbook
(2001–2010) (Yearbook, 2001–2010a), which consists primarily of the
consumption of coal, crude oil, natural gas and their by-products. Atmospheric wet N deposition ﬂuxes in provinces were taken as the average
of the observation sites. Linear and curvilinear regression was used to
evaluate the relationship between N deposition and the distance between observation sites and nearest provincial capital, precipitation, N
fertilizer use, and energy consumption.
Multiple linear regressions were used to evaluate the combined effects of precipitation, N fertilizer use, and energy consumption on wet
N deposition. Path-analysis was conducted to evaluate the dependence
of the spatial variations of wet N deposition on inﬂuencing factors. A signiﬁcance level of p b 0.05 was used for all tests. All analyses were conducted using the SPSS 12.0 program.
3. Results
3.1. Atmospheric wet N deposition
3.1.1. Spatial patterns of atmospheric wet N deposition
The magnitude and spatial patterns of wet N deposition are shown
−
in Fig. 2. In 2013, the wet deposition ﬂux of TDN, NH+
4 –N, and NO3 –N
−1
−1
was 13.69, 7.25, and 5.93 kg N ha
yr , respectively (Table 1); In
−
other words, the TDN, NH+
4 –N, and NO3 –N inputs in China were approximately 12.52, 6.63, and 5.42 Tg N yr− 1, respectively. The TN

−
Fig. 2. Spatial patterns of atmospheric N deposition in China (kg N ha−1 yr−1). A, NH+
4 –N deposition; B, NO3 –N deposition; C, total dissolved N deposition; D, total N deposition.
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Table 1
Atmospheric N deposition through rainfall on the basis of different methods and temporal scales.
Reference

Estimation technique

Year

Lü and Tian (2007)
Liu et al. (2013)

Data collectiona
Summarized previous results

Jia et al. (2014)

Data collection

Zhang et al. (2012a,b)
This study

Measurementb
Measurement

1985–2005
1980s
2000s
1990s
2000s
2005–2009
2013

a
b

Nitrogen components (kg N ha−1 yr−1)
NH+
4 –N

NO−
3 –N

DIN

DON

TDN

TN

7.13
–
–
–
–
–
7.25

2.75
–
–
–
–
–
5.93

9.88
13.2
21.1
11.11
13.87
–
13.18

–
–
–
–
–
6.84
0.52

–
–
–
–
–
24.43
13.69

–
–
–
–
–
–
18.02

“Data collection” indicates data from published sources.
“Measurement” indicates data obtained by analyzing the rainfall samples.

deposition was 18.02 kg N ha−1 yr−1 and the annual input of TN was
approximately 16.48 Tg N yr− 1. The wet N deposition showed the
following clear spatial distributions. The TN deposition for Central
China (CC) and South China (SC) was greater than 35 kg N ha−1 yr−1.
The N deposition in North-west (NW), North-east (NW), Inner
Mongolia (IM), and Qinghai–Tibet (QT) regions ranged from 7.55 to
12.84 kg N ha−1 yr−1.
3.1.2. Components of atmospheric wet N deposition
−
NH+
4 –N, NO3 –N, and TPN were the main components of wet N deposition, accounting for 40%, 33%, and 24% of TN, respectively (Fig. 3).
−
The ratio of NH+
4 /NO3 was 1.22 on average, ranging from 0.82 to 1.35
in the eight ecological regions (Fig. 3). The deposition of TPN was
about 4.33 kg N ha−1 yr−1. The deposition of DON was approximately
0.52 kg N ha−1 yr−1, which is small compared with the total N (3%).
3.2. Relationship between atmospheric wet N deposition and proximity of
metropolitan areas
−
NH+
4 –N, NO3 –N, TDN, and TN were closely related with the distance
between the observation site and the nearest provincial capital (Fig. 4).

When the distance was less than 250 km, wet N deposition increased
exponentially with decreasing distance.
3.3. Factors inﬂuencing atmospheric wet N deposition
−
2
2
The deposition of NH+
4 –N (R = 0.1975, p = 0.004), NO3 –N (R =
2
2
0.3093, p b 0.0001), TDN (R = 0.2522, p = 0.001), and TN (R =
0.3981, p b 0.0001) was closely related to precipitation (Fig. 5). The accumulation of wet N deposition increased with increasing precipitation.
The use of N fertilizer and energy consumption was signiﬁcantly correlated with wet N deposition across the 22 provinces (Figs. 6 and 7). N
2
fertilizer use was strongly linearly related to NH+
4 –N (R = 0.5385, p b
2
2
0.0001), NO−
–N
(R
=
0.431,
p
=
0.001),
TDN
(R
= 0.6678, p b
3
0.0001), and TN (R2 = 0.6708, p b 0.0001). Energy consumption could
explain 24%, 44%, 42%, and 35% of the total variance in wet deposition
−
of NH+
4 –N, NO3 –N, TDN, and TN, respectively.
Models including N fertilizer and precipitation could explain 80–91%
of the spatial variation of wet N deposition (Table 2). The ﬁnal equations
did not include the parameter of energy consumption (Table 2), because
regressions including energy consumption did not make further variations explicable. Path-analysis showed N fertilizer use was the main

Fig. 3. Composition of atmospheric N deposition by rainfall at different observational scales. A, composition of wet N deposition at 41 observation sites. B, composition of wet N deposition
in eight ecological regions; North-west (NW), Inner Mongolia (IM), North-east (NE), North China (NC), Central China (CC), South China (SC), South-west (SW), and Qinghai–Tibet (QT).
C, composition of wet N deposition in China.
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−
Fig. 4. Relationship between atmospheric wet N deposition by rainfall and the distance from the observation site to the nearest provincial capital. A, NH+
4 –N deposition; B, NO3 –N deposition; C, total dissolved N deposition; D, total N deposition.

inﬂuencing factor in the analysis of the spatial patterns of wet N deposition (Fig. 8).
4. Discussion and conclusions
−
Atmospheric DIN deposition (NH+
4 –N and NO3 –N) was approximately 13.18 kg N ha−1 yr−1 in 2013 in Chinese terrestrial ecosystems.

This result was consistent with our previous study (Jia et al., 2014),
which reported that atmospheric wet N deposition in China was about
13.87 kg N ha−1 yr−1 in the 2000s by collecting published monitoring
data and employing the Kriging technique (Table 1). Using the same
methods, Lü and Tian (2007) estimated that atmospheric wet N deposition was about 9.88 kg N ha−1 yr−1 during 1980–2005. Taking the average of data from published sources and measurements, Liu et al. (2013)

−
Fig. 5. Effect of annual precipitation on atmospheric wet N deposition. A, NH+
4 –N deposition; B, NO3 –N deposition; C, total dissolved N deposition; D, total N deposition.
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−
Fig. 6. Effect of N fertilizer use on atmospheric wet N deposition. A, NH+
4 –N deposition; B, NO3 –N deposition; C, total dissolved N deposition; D, total N deposition.

demonstrated that atmospheric N deposition was 13.2 kg N ha−1 yr−1
in the 1980s, and 21.1 kg N ha−1 yr−1 in the 2000s. However, uncertainties in the estimate of atmospheric wet N deposition in China still
exist because of the different data sources, methods, and study periods
involved.
The deposition of DON estimated in this study was approximately
0.52 kg N ha− 1 yr− 1, which is lower than those of previous studies
(Jiang et al., 2013; Zhang et al., 2012b). Some studies have reported
that DON accounted for 15–35% of TDN at single sites or regional scales
(Fang et al., 2008; Li et al., 2012; Zhang et al., 2012b). In this study, the

wet deposition of DON ranged from 0 to 7.71 kg N ha−1 yr−1, which implied signiﬁcant DON variation among different observation sites. Further studies therefore are required to clarify the wet deposition of
DON at different scales.
−1
−
The wet deposition of NH+
yr−1
4 –N and NO3 –N were 7.25 kg N ha
−1
−1
and 5.93 kg N ha yr in 2013, respectively, and the average ratio of
−
+
−
NH+
4 /NO3 was 1.22 in China. The ratio of NH4 /NO3 is widely considered a proxy for the sources of atmospheric reactive N (Huang et al.,
2013; Xie et al., 2008). Agricultural activity is the main source of reactive
N if the ratio is larger than 1, whereas, industrial activity is the main

−
Fig. 7. Effect of energy consumption on atmospheric wet N deposition. A, NH+
4 –N deposition; B, NO3 –N deposition; C, total dissolved N deposition; D, total N deposition.
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Table 2
Parameters of multiple linear regressions.
N compositionsa

a

b

F

R2

p

NH+
4 –N
NO−
3 –N
TDN
TN

1.126
0.79
2.157
3.044

0.005
0.004
0.009
0.014

53.98
44.84
90.15
114.35

0.828
0.799
0.890
0.912

b0.0001
b0.0001
b0.0001
b0.0001

a
Multiple linear regressions equation: DN = a ∗ FN + b ∗ P, where DN represents the N
deposition; FN represents N fertilizer use; P represents annual precipitation; and a, b are
regression coefﬁcients.

−
source if the ratio is lower than 1. The ratio of NH+
4 /NO3 in China was
1.22, which indicates that, as a developing country with a large population, both agricultural and industrial activities collectively inﬂuence the
deposition of atmospheric N. Meanwhile, the deposition of NH+
4 –N and
NO−
3 –N for China was higher than that for America or Europe (Table 3),
in agreement with previous studies (Cape et al., 2012; Enzai et al., 2014;
Galloway et al., 2004; Lü and Tian, 2007).
The deposition of TN for China in 2013 was approximately
18.02 kg N ha−1 yr−1, and TPN was approximately 4.33 kg N ha−1 yr−1,
, contributing 24% of TN. Previous studies have focused mainly on dis−
solved wet deposition N, including TDN or DIN (NH+
4 –N and NO3 –N)
(Cui et al., 2014; Shen et al., 2013; Zhang et al., 2006; Jia et al., 2014), ignoring TPN. Furthermore, the deposition of TPN via rainfall has not been
considered into dry deposition. Therefore, previous studies have
underestimated the ﬂux of atmospheric wet N deposition owing to ignoring TPN. Qi et al. (2013) estimated atmospheric N deposition as
18.38 kg N ha−1 yr−1 in the Yellow Sea, with 39% of N dry deposition.
Holland et al. (2005) reported that the contribution of dry deposition
was 37% in America and 41% in Europe (Table 3). If we assume that
the contribution of dry deposition was also approximately 40%
in China, and then the total N deposition in China would be
30.03 kg N ha−1 yr−1. To improve this estimate, more work is required
to investigate the concentration of particulates in different regions in
order to estimate atmospheric deposition accurately (Wolf and Hidy,
1997).
The inﬂuence of local emission sources on atmospheric N deposition
has signiﬁcant geographic limitations. Cities emit large amounts of pollutants and atmospheric transportation provides a means for pollutants
to migrate and transform (Aneja et al., 2001; Behera et al., 2013;
Holland et al., 2005). Most observational sites in this study were located
in natural ecosystems, and therefore provided a good opportunity to
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explore the sources and the diffusive distances of atmospheric N deposition, using the relationship between N deposition and the distance
from the observation site to the provincial capital. The observed atmospheric N deposition was negatively correlated with the distance from
the provincial capital (Fig. 4). Bettez et al. (2013) suggested that more
work is required to estimate transport distances for the gaseous N emissions, which are especially important to estimate ecosystem N budgets
or to control N loading in N limited terrestrial ecosystems.
Precipitation, N fertilizer use, and energy consumption were signiﬁcantly correlated with atmospheric wet N deposition (Figs. 5, 6, and 7).
Precipitation is an important driver of the spatial patterns of wet N deposition across large areas. Walaszek et al. (2013) also proposed that
the national N deposition budget was strongly correlated with precipitation, while the variability of annual precipitation did not change the
general spatial patterns of wet deposition. Using models and stable isotope methods, many studies have demonstrated that anthropogenic
emissions are the main source of atmospheric N deposition (Dentener
et al., 2006; Jia and Chen, 2010; Zhang et al., 2012a). Galloway et al.
(2008) suggested that controlling reactive N emissions from fossil fuel
combustion using maximum feasible reduction would result in a decrease of reactive N creation of 25 to 7 Tg N yr−1, which could signiﬁcantly decreased atmospheric N deposition. N fertilizers and energy
consumption were the two important sources for atmospheric N deposition, we could therefore control atmospheric N deposition to some extent by reducing energy consumption and the use of N fertilizers in
future.
Precipitation and N fertilizers collectively explain 80–91% of the
spatial variation in atmospheric N deposition in China, whereas energy
consumption did not signiﬁcantly explain the variability. Therefore,
the ﬁnal ﬁtted equations did not include the parameter of energy
consumption (Table 2), although precipitation, N fertilizer use, and
energy consumption were all signiﬁcantly correlated with atmospheric
wet N deposition. N fertilizer use was the main driving factor in
analysis of the spatial patterns of the wet N deposition in China, which
−
could partly explain why the NH+
4 /NO3 ratio was higher than 1 in this
region.
In summary, atmospheric wet N deposition in China shows apparent
spatial variability, and precipitation, N fertilizer use, and energy consumption were all signiﬁcantly correlated with wet N deposition. Our
study demonstrated the composition of wet N deposition through rainfall events in China, highlighted the importance of TPN in wet N deposition, and veriﬁed the assumption that ignoring the TPN deposition will
result in a serious underestimate for wet N deposition. These ﬁndings

Fig. 8. Path diagram illustrating the effect of inﬂuencing factors related to wet N deposition in China. E, P, and F are the energy consumption, precipitation, and N fertilizer use, respectively.
Standardized correlation coefﬁcients are labeled in the ﬁgure.
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Table 3
Estimation and relative contributions of wet and dry deposition in different regions.
Reference

Holland et al. (2005)
Holland et al. (2005)
Du et al. (2014)
Cape et al. (2012)
This study
a
b

Area

America
Europe
America
Europe
China

Wet deposition (kg N ha−1 yr−1)
NH+
4 –N

NO−
3 –N

TPN

1.38
4.2
2
0.34–6.52
7.25

1.64
2.56
1.5
0.58–4.01
5.93

–
–
–
–
4.33

−
NH+
4 /NO3

Dry deposition (kg N ha−1 yr−1)

Dry deposition/total deposition

0.84
1.64
1.46
–
1.22

1.76a
4.56b
–
–
–

37%
41%
–
–
–

−
Dry deposition in America includes measured HNO3 (gaseous), particulate NH+
4 , and particulate NO3 .
−
Dry deposition in Europe includes measured NO2 (gaseous), HNO3 (gaseous), particulate NH+
4 , and particulate NO3 .

provide a useful framework for exploring the ecological effects of atmospheric N deposition on terrestrial ecosystems.
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