SCIENTIFIC B ENC A

REP{%}RTS

SUBJECT AREAS:
BIOGEOCHEMISTRY
ATMOSPHERIC CHEMISTRY

Received

24 October 2013

Accepted
24 December 2013

Published
20 January 2014

Correspondence and
requests for materials
should be addressed to
G.R.Y. yugr@igsnrr.

ac.cn)

Spatial and decadal variations in
inorganic nitrogen wet deposition in
China induced by human activity

Yanlong Jia'2, Guirui Yu', Nianpeng He', Xiaoyun Zhan', Huajun Fang', Wenping Sheng', Yao Zuo'?,
Dayong Zhang® & Qiufeng Wang'

'Synthesis Research Center of Chinese Ecosystem Research Network, Key Laboratory of Ecosystem Network Observation and
Modeling, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101,
China, 2University of Chinese Academy of Sciences, Beijing 100049, China, College of Life Sciences, Beijing Normal University,
Beijing 100875, China.

Atmospheric nitrogen (N) deposition, an important component in the global N cycle, has increased sharply
in recent decades in China. Here, we constructed national-scale inorganic N wet deposition (Ngp) patterns
in China based on data from 280 observational sites and analysed the effects of anthropogenic sources and
precipitation on Ngep. Our results showed that the mean Ny, over China increased approximately 25%,
from 11.11 kg ha™ a™" in the 1990s to 13.87 in the 2000s. Ny, was highest over southern China and
exhibited a decreasing gradient from southern to western and northern China. The decadal difference in
Ngep between the 1990s and 2000s was primarily caused by increases in energy consumption and N fertiliser
use. Our findings conformed that anthropogenic activities were the main reason for the Ny, increase and
provide a scientific background for studies on ecological effects of N deposition in China.

tmospheric nitrogen (N) deposition has dramatically increased worldwide in the past few decades'.
Although these N inputs to ecosystems can increase food production® and stimulate plant growth*,
particularly in N-limited regions, excessive N has caused a cascade of detrimental effects on natural
ecosystems and humans, including the acidification of soils and waters’, negative impacts on the buffering
capacity of soil®, a loss of biological diversity>', and risks to human health''. Simultaneously, N deposition
can influence the balance of greenhouse gases (N oxide and ozone in addition to carbon dioxide)"'.
Therefore, an understanding of the spatio-temporal patterns and the factors controlling N deposition is essential
for evaluating its ecological effects, and can provide the scientific background for research into global changes.

Both natural and anthropogenic sources contribute to atmospheric N deposition, but anthropogenic reactive N
(N,) emissions dominate N deposition at both continental and regional scales''*. Anthropogenic N, is released
into the atmosphere either as N oxides (NO, = NO + NO,), primarily from fossil fuel combustion, or as
ammonia (NH;), primarily from agriculture>". After a series of chemical conversions and physical transport,
the ultimate fate of NO, and NHj is removal by wet scavenging and dry deposition on terrestrial and aquatic
ecosystems™>". Although the process of N deposition is relatively clear in theory and has been applied in models,
knowledge of how anthropogenic sources influence N deposition at the regional scale using observational or
statistical data is lacking.

Anthropogenic N, emissions have increased significantly in China due to rapid agricultural production and
industrial development in the past three decades's, and progress has been made with regard to research into N
deposition in China over the last decade, particularly wet (bulk) deposition. Three important aspects of this
research are as follows. Observations of N deposition in situ have been more extensively studied across China
from 1980 to the present'”'®. Meta-analyses based on this massive observational dataset have been implemented
in recent years to evaluate nationwide N deposition dynamics and spatial patterns'>*’. Simultaneously, atmo-
spheric chemistry transport models have also been implemented to simulate current and future N deposition in
China>*'. Such studies have all indicated high N deposition in China. Nonetheless, it remains unclear how the
pattern of N deposition is determined and what role anthropogenic sources play, an issue that requires further
investigation.

This study established nationwide datasets of inorganic N wet deposition (abbreviated as Ngep) from 280
observational sites and amassed data on N fertiliser use, energy consumption, and precipitation in China between
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the 1990s and 2000s. Based on these data, this study attempts to
address the following questions: (1) What are the spatial patterns
of Ngep in the 1990s and 2000s in China? (2) How do anthropogenic
sources and precipitation influence the spatial pattern of Nge,? (3)
Do the factors controlling the spatial pattern of Ny, also determine
decadal variation?

Results

Spatial patterns of Ngcp in the 1990s and 2000s. In China, the mag-
nitude and spatial pattern of Ng.,, differed significantly according to
region and decade (Fig. 1). In the 1990s, Ny, exhibited a decreasing
gradient from southern to western and to northern China. Ny, was
>30 kg ha™" a™' in some provinces of southern China, such as
Hunan, Hubei, Guangdong, and Guangxi, whereas Ngc, in other
provinces of southern China was approximately 20-25 kg ha™" a™".
Ngep over northern, northeastern, and northwestern China was
approximately 10-20, 5-15, and 0-10 kg ha™" a™', respectively
(Fig. 1a).

Compared to the 1990s, Ny, increased across nearly all of China
in the 2000s (Fig. 1b), and mean Ny, over China increased by
approximately 25% from the 1990s (11.11 kg ha™" a™') to the
2000s (13.87 kg ha™" a™*). Ng, over most parts of southern China
reached 30 kg ha™" a™" and also increased to some extent in other
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Figure 1 | Spatial patterns of Ny, in China (kg ha™' a™"). Spatial
distribution maps of Ny, in the 1990s (a) and 2000s (b) were obtained
from 136 and 144 monitoring sites, respectively, by Kriging interpolation.
The letters denote the abbreviations of province names in China, and the
full names of the provinces are listed in Supplementary Table S1. The dots
indicate the location of the capital of each province. The distribution of
monitoring sites is shown in Supplementary Figure S2. The maps were
generated using ArcGIS 10.0 software.

regions. It is worth noting that North China also gradually became a
centre for Ngep, with a value of 25 kgha™'a™".

The effect of metropolitan areas on Ng., in natural forest ecosys-
tems. Cities are centres of human activity that emit large quantities of
N pollution and can influence surrounding ecosystems through
atmospheric transport. N emissions from natural forest ecosystems
are mainly due to the decomposition of soil and animal excreta,
although the magnitude of N deposition induced by these emis-
sions is quite limited. We analysed the relationship between the
Ngep of natural forest ecosystems and the distance from a forest
site to the nearest large city with more than 2 million inhabitants.
The results indicated that Ny, at a forest site was significantly related
to the distance to the nearest city using a power model (R* = 0.57, P
< 0.001) (Fig. 2). The distance within a city affected forest N, was
approximately 200 km (shadow in Fig. 2). This result indicates that
anthropogenic sources influence Ny, primarily at the local scale and
vice versa, i.e., Ngep was primarily influenced by local anthropogenic
sources. This finding was the basis for studying the relationship
between anthropogenic sources (N fertiliser use and energy
consumption) and the spatial pattern of Nge, by province in the
ensuing analyses.

The effects of anthropogenic sources and precipitation on the
spatial pattern of Ng,. N fertiliser use, energy consumption, and
precipitation were significantly correlated to Ngc, by province in the
1990s (Fig. 3), contributing 60%, 51%, and 63%, respectively, to the
spatial variation of Nge, (P < 0.001). Ny, was strongly logarith-
mically related to N fertiliser use and energy consumption
(Fig. 3a,b) and linearly related to precipitation (Fig. 3¢). It is worth
noting that there was a large dispersion of Ny, in provinces where N
fertiliser use was approximately 3-8 t km™> a™' (shadow in Fig. 3a).
We found that precipitation played an important role in this
dispersion; for example, given similar magnitudes of N fertiliser
use in different provinces, high precipitation usually accompanied
high Ngep (Supplementary Table S1). A similar situation was obser-
ved for the relationship between energy consumption and Nigp.
Conversely, in the case of relatively consistent precipitation, those
provinces with high Ny, also had high N fertiliser use or energy
consumption (shadow in Fig. 3¢ and Supplementary Table S1).
Therefore, anthropogenic sources and precipitation need be consi-
dered together when studying the factors that control the spatial
patterns of Ny, at the regional scale.
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Figure 2 | Correlation between N, in natural forest ecosystems and the
distance between the forest site and nearest large city. All natural forest
monitoring sites in the 2000s were selected from our datasets. Large cities
were selected if they contained more than 2 million inhabitants. Note: the
area of shadow indicates the distance to which the Ny, of a natural forest
was strongly influenced by the nearest city.
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Subsequently, we analysed the combined effect of N fertiliser use,
energy consumption, and precipitation on the spatial variation of
Ngep in China. The result showed that these three factors combined
contributed 79% of the spatial variation of Ngc, (equation (1)).
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Figure 3 | The effects of N fertiliser use, energy consumption, and
precipitation on the spatial pattern of Ng.;, in the 1990s. (a) N fertiliser use
(expressed as the volume of effective component). The data on N fertiliser
use in provinces were obtained from the China Statistical Yearbook®. (b)
Energy consumption (expressed as standard coal). The data on energy
consumption in provinces were primarily from the China Energy
Statistical Yearbook*. (c) Precipitation. The data on the annual amount of
precipitation were obtained from the China Meteorological
Administration and included 756 weather stations (Supplementary Fig.
S$3). The mean Ny, in provinces was obtained from spatial maps of Ngep
over China using the Zonal Statistics tool of ArcGIS 10.0 software. Notes:
the area of shadowing indicates the provinces with large variations in Ngep
when the x-axis variable was relatively constant.

Niep =3.3366 In[(Fy x 18.5%+E x 0.24%) x P

(1)

—5.0317 (R*=0.79 P<0.001)

where Ny, is inorganic N wet deposition (kg ha™' a™'), Fy is N
fertiliser use (expressed as the volume of effective component) (t
km™ a™'), E is energy consumption (as standard coal) (t km™
a™"), P is precipitation (mm), 18.5% is the average NH;-N emission
factor for N fertiliser®’, and 0.24% is the average NO4-N emission
factor for energy consumption®.

We used data from the 2000s to test whether equation (1), estab-
lished using data from the 1990s, can reflect the spatial variation of
Ngep in China. The results showed that Ny, calculated using equa-
tion (1) was strongly related to the Ngep values for the 2000s inter-
polated by Kriging (Fig. 4), indicating that equation (1) can well
describe the spatial patterns of Nge, in China. Assuming that the
existing emission factors for N fertiliser and energy consumption
do not change much, we can use N fertiliser use, energy consump-
tion, and precipitation as the driving factors to simulate and predict
future trends in Ngep.

The effects of anthropogenic sources and precipitation on the
decadal variation in Ngep. The changes in N fertiliser use, energy
consumption, precipitation, and Nge, from the 1990s to the 2000s in
China were quite different (Fig. 5). Compared to the 1990s, N
fertiliser use increased by approximately 10%, energy consumption
nearly doubled, precipitation decreased slightly, and Ny, increased
by approximately 25% in the 2000s. We used equation (1) to calculate
the individual effects of N fertiliser use, energy consumption, and
precipitation on the decadal variation of Ng., (see Data and
Methods). The results indicated that an increase in energy
consumption dominated the change in Ng., from the 1990s to the
2000s in China, contributing approximately 80% of this decadal
variation. N fertiliser use also contributed to the decadal increase
in Ngep, but its role was relatively small. Precipitation had little
effect on the decadal increase of Ny, although there was an
adverse effect, as shown in Fig. 6; this effect was quite small and
may be produced from the deviation of equation (1).

Discussion

Atmospheric N deposition in China has dramatically increased in
recent decades. In the present study, Nge, averaged 11.11 and
13.87 kgha™" a™" in the 1990s and 2000s, respectively. Other studies
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Figure 4 | Test of equation (1) using data from the 2000s. The x-axis
variable was modelled results of Ng;, in provinces, as obtained by equation
(1) and data on N fertiliser use, energy consumption, and precipitation in
provinces in the 2000s. The y-axis variable was interpolated results of Ngep,
as obtained by Kriging interpolation.
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Figure 5 | N fertiliser use, energy consumption, precipitation, and Ny, in China in the 1990s and 2000s. The data on N fertiliser use in provinces were
obtained from the China Statistical Yearbook®. The data on energy consumption in provinces were primarily from the China Energy Statistical
Yearbook*". The annual amount of precipitation was obtained from the China Meteorological Administration and included 756 weather stations

(Supplementary Fig. $3). Ngep, was obtained by Kriging interpolation.

have also assessed wet deposition (the same N deposition species as
in this study, including NH,* and NO; ") in China using different
approaches. Lii and Tian employed the Kriging technique to char-
acterise spatial pattern of wet deposition, arriving at an average of
9.88 kg ha™' a™' during 1980-2005 throughout China®, a value that
is slightly lower than the results of our study. One possible reason for
this discrepancy is the different time scales used in the two studies. Ti
et al. noted that annual wet deposition averaged 5.37-9.1 kgha™'a™"
over China during 1985-2007 (ref. 3), which was based on the rela-
tionship between wet deposition from monitoring and N emissions,
with a resolution of 0.5° X 0.5°%; however, as the gridded emissions
were obtained based on regional emission data and population
data™, that estimate of wet deposition may have a large uncertainty.
By summarising monitoring data from publications and measure-
ments, Liu et al. reported that annual bulk deposition (wet depos-
ition) averaged 13.2 and 21.1 kg ha™" a™' in the 1980s and 2000s,
respectively, over China'’. Their results were considerably higher
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Figure 6 | The effects of N fertiliser use, energy consumption, and
precipitation on the decadal variation in Ngcp,. The individual effects of
these three factors on the decadal variation of Ny, was obtained by
equation (1) and data on N fertiliser use, energy consumption, and
precipitation in provinces in the 1990s and 2000s (see Data and Methods).

than those of other studies, and a possible reason for this being that
the mean wet deposition over China reported by Liu et al. was
obtained directly from the arithmetic average of monitoring data,
which did not consider the spatial differences in wet deposition in
China. In summary, due to the lack of an extensive long-term mon-
itoring network, the assessment of N deposition in China still has a
large uncertainty. Nonetheless, the results from geostatistical meth-
ods considering spatial differences may be reliable**.

Although the values of critical loads in different ecosystems have a
given amount of uncertainty, it is currently believed that the values of
terrestrial ecosystems are approximately 10-20 kg N ha™" a™"' (ref.
10,25-27). Considering only N, in this study (Fig. 1), we evaluated
the possible regions where N deposition exceeded the critical loads
(Supplementary Fig. S1). Based on our results, 53% and 16% of land
in China received N deposition exceeding 10 and 20 kgNha 'a™'in
the 1990s, and these proportions reached 61% and 24%, respectively,
in the 2000s. However, according to the results from their models,
Dentener et al. reported that 11% of the world’s natural vegetation
received N deposition exceeding the critical load of 10 kg N ha™'a™"
(ref. 2), and Zhang et al. noted that 35% of US land received N
deposition exceeding this load'. These results indicated that the
potential risk of N saturation may be higher in China than in other
regions, which may cause a cascade of detrimental effects on natural
ecosystems and humans, such as the acidification of soils and waters’,
a negative impact on the soil’s buffering capacity®, the loss of bio-
logical diversity®'’, and human health risks''. Consequently, it is
important and urgent to study the impact of N saturation on terrest-
rial ecosystems in China.

Previous studies have suggested that anthropogenic activities are
the main cause of atmospheric N deposition>'>'*'***?* and that the
pattern of wet deposition depends on precipitation and N emis-
sions'*"*; however, these results were obtained primarily from model
simulations and isotope techniques. For example, Zhang et al. used
the GEOS-Chem global chemical transport model to separate the
contributions to N deposition from anthropogenic and natural
sources'; the results showed that anthropogenic and natural sources
account for 84% and 16%, respectively, of N deposition in the US.
Russell et al. combined back trajectories and isotope techniques to
reveal that the dominant sources of N deposition were most likely
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fertilisers, soil, animal excreta, and fossil fuel combustion®. Based on
isotope techniques, Hastings et al. distinguished nitrate from anthro-
pogenic emissions and from lighting in different seasons®.

In the present study, we used monitoring data and statistical
information to demonstrate how anthropogenic sources and precip-
itation influence the spatial pattern and decadal variation of Ngep in
China (Fig. 3, 4, and 6). The combination of anthropogenic sources
(N fertiliser use and energy consumption) and precipitation contrib-
uted 79% of the spatial variation of Nge, (equation (1)), and energy
consumption contributed approximately 80% of the decadal vari-
ation in Ny, (Fig. 6). The findings further demonstrated in a new
way that anthropogenic sources have played an important role in the
increase of Ny, and that Ny, is primarily influenced by regional
human activities. These findings suggest that it is possible for regions
to control their N deposition by decreasing their emissions.

Currently, it is generally considered that forest ecosystems have
the greatest carbon uptake potential under increasing N deposition*.
Based on the interpolated results of this study, we evaluated the
possible contribution of Ng., to forest carbon sequestration in
China. For this, we assumed the following: the forest average of
Ngep Was equivalent to the national average over China (11.11 and
13.87 kg ha™' a™' in the 1990s and 2000s); the net ecosystem pro-
duction (NEP) response to N deposition would be approximately
45 kg C per kg N in forest ecosystems®*” (Supplementary Table
S2); and the area of forests in China were 146 and 185 million ha
(ref. 38) and that these forests may take up an additional 72 and
115 Tg C each year owing to N, respectively, in the 1990s and
2000s. According to the results of Gregg et al., CO, emissions from
fossil fuel combustion and cement manufacturing reached approxi-
mately 1500 Tg Ca™" in 2006 in China®, suggesting that forests may
have absorbed approximately an additional 7% of anthropogenic
CO, emissions owing to Ngcp in the 2000s in China. Because there
was no consideration of some factors, such as forest type, forest age,
and N saturation, that can influence the response of forest carbon
sequestration to N deposition, the above assessment has a large
uncertainty. Nonetheless, this preliminary assessment does suggest
that anthropogenic N emissions can offset anthropogenic CO, emis-
sions to some extent, particularly in China, which has a large forest
area and high N deposition.

Our findings are still uncertain to some extent due to the use of
derived data, although we conducted rigorous data screening and
quality control. There were four plausible contributors to the uncer-
tainty. First, error is involved in the preservation of samples and in
measuring instruments. The samples of inorganic wet deposition
were obtained from precipitation collected in open rain collectors
by different researchers, and some errors were introduced by the
researchers using different methods of sample preservation and dif-
ferent measuring instruments. Second, errors may be contributed by
the number and distribution of monitoring sites. Due to the lack of an
extensive long-term monitoring network, the temporary monitoring
sites were limited and distributed unevenly; therefore, uncertainty
from the interpolated results was induced by the limited amount and
uneven distribution of the monitoring sites. Third, only N fertiliser
use and energy consumption were considered as anthropogenic
sources. In China, the largest sources of NH; and NO, are due to
N fertiliser use and energy consumption**, respectively, which is
why we selected these two human activities as anthropogenic
sources; however, other N sources, such as livestock and biomass
burning, may impact the study results because of regional differences
in these sources. Furthermore, some uncertainties are attributed to
the data from governmental statistical yearbooks. The data from
governmental statistical yearbooks were collected not only from pro-
fessional statistical departments but also from competent depart-
ments of various industries, which may affect the neutrality of data
for some subjective needs. Therefore, it is necessary and urgent to
establish an extensive long-term monitoring network with consistent

quality control in China to reduce the uncertainty associated with N
deposition estimates and evaluation of the ecological effects of N
deposition.

Methods

Data sources. Datasets on Ng, were summarised from published sources for the
1980-2010 period (see Supplementary Information for a complete reference list) and
the National Acid Deposition Monitoring Network (NADMN) established by the
China Meteorological Administration. After rigorous data screening and quality
control, we obtained a total of 620 site-year data for N4ep. The contents of our datasets
included the following: the name of the monitoring site, location of the monitoring
site, monitoring period, monitoring method, ecosystem type, annual precipitation,
concentration and deposition of NH,"-N, and NO; ™ -N, total inorganic N wet
deposition, and the literature source. To study the spatio-temporal pattern of Ngep,, we
divided the datasets into three sections according to decade (1980s, 1990s, and 2000s).
The mean Ny, was calculated per site and decade, which represented the regular
status of Nge;, at the site for the period. After the above integration, the monitoring
sites distributed in China numbered 25, 136, and 144 for the 1980s, 1990s, and 2000s,
respectively. The number of monitoring sites in the 1980s was insufficient to study the
spatial pattern of Ny, by geostatistical methods; therefore, we focused on the Ny,
occurring in the 1990s and 2000s. The monitoring sites were distributed throughout
China (Supplementary Fig. S2) and were used to produce maps of Nge;, for China in
the 1990s and 2000s using a geostatistical method.

The data on N fertiliser use (expressed as the volume of effective component) in
provinces were obtained from the China Statistical Yearbook®. The data on energy
consumption (expressed as standard coal) in provinces were predominantly from the
China Energy Statistical Yearbook*!, which primarily consists of the consumption of
coal, crude oil and their products, and natural gas. Nevertheless, as there were no
energy data for 1991-1994 in the national yearbooks, we obtained the energy data for
those years from provincial yearbooks. Due to the lack of energy data in Tibet
province, we assumed that the per capita energy consumption was similar between
the Tibet and Xinjiang provinces, which are both located in western China, and
deduced data on energy consumption in Tibet province from the Xinjiang province
data (the populations in these two provinces were known). The mean annual N
fertiliser use in provinces in the 1990s and 2000s was calculated from annual data for
1990-1999 and 2000-2009, respectively. The mean annual energy consumption in
provinces was treated in the same way.

Data on the annual amount of precipitation were obtained from the China
Meteorological Administration, comprising 756 weather stations (Supplementary
Fig. $3). The mean annual precipitation in provinces in the 1990s and 2000s was
calculated based on the annual precipitation between 1990-1999 and 2000-2009,
respectively, from the weather stations in each province.

Geostatistical method and cross-validation. A geostatistical method was used to
produce spatially continuous estimates from discrete field measurements. For this
study, we constructed national-scale Ng., maps for the 1990s and 2000s using the
Kriging interpolation technique. Kriging is a statistical method of providing unbiased
estimates of variables in regions where the available data exhibit spatial
autocorrelation, and “Kriging estimates” are obtained in such a way that they have
minimum variance®. Prior to Kriging interpolation, the Explore Data tool of ArcGIS
10.0 software was employed to conduct a data analysis, including the data’s
distribution, outlier identification, and trend analyses; the optimal variogram model
and parameters were then determined. Because the original data did not follow a
normal distribution, we transformed the data through Box-Cox transformation (A =
0.6) using the transformation tool in ArcGIS 10.0 software. The normal distribution
plots and normal distribution tests are shown in Supplementary Figure S4 and Table
S$3. Subsequently, the transformed data were used for Kriging interpolation, and the
data are back-transformed before the final map was created. Additionally, a cross-
validation analysis was implemented to evaluate the results of the Kriging
interpolation. In this analysis, every monitoring site was individually removed, and its
value estimated via Kriging based on the other surrounding sites was compared to the
original observed value. The results of the cross-validation analysis and prediction
errors are shown in Supplementary Table S4 and Figure S5, including the mean
prediction error, root-mean-square standardised error, root-mean-square error,
average standard error, R’ and regression coefficient. From these parameters, we
found that the Kriging method worked well to predict the spatial patterns of Nqcp, in
China although the predicted values for some sites were not perfect due to relatively
higher root-mean-square error and low R?. These results indicated that the results of
interpolation can express the trend of spatial patterns of Ny, in the 1990s and 2000s
in China.

The effect of metropolitan area on Ny, in natural forest ecosystems. We selected
all of the natural forest monitoring sites in the 2000s from our datasets and used the
Near tool in ArcGIS 10.0 software to calculate and record the distance between each
forest site and the nearest large city with more than 2 million inhabitants. These
distances were fitted to the Ny, of natural forests by a power model that depended on
the distribution of the scatter diagram and the correlation coefficient and P value.
These data were analysed using SPSS (Statistical Package for the Social Sciences) 11.0
statistical software. Through the above analysis, we determined the maximum
possible distance at which anthropogenic sources influence atmospheric N
deposition, which was the basis for studying the relationship between anthropogenic
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sources (N fertiliser use and energy consumption) and the spatial pattern of Ny, by
province in the analyses described below.

The effects of anthropogenic sources and precipitation on the spatial pattern of
Nep- Based on our Kriging interpolation, we obtained maps of N, over China in the
1990s and 2000s with a resolution of 10 X 10 km. The Zonal Statistics tool of ArcGIS
10.0 software was employed to obtain the mean Nge, by province. N fertiliser use,
energy consumption, and precipitation in provinces were fitted with the mean Nge;,
using a linear or nonlinear regression model. Subsequently, we analysed the
combined effect of these three factors on the spatial variation of Ny, in China
(equation (1)). It should be noted that Beijing, Tianjin, and Shanghai are three
economically developed municipalities with a total area of 34,400 km?, less than 0.4%
of the national area, but their energy consumption is significantly higher than the
other provinces (Supplementary Table S1). Therefore, these three municipalities did
not follow the same relationship between energy consumption and Ngep
(Supplementary Fig. S6) and were excluded when we explored the effects of
anthropogenic sources and precipitation on the spatial pattern of Ngcp. Moreover, due
toalack of data from Taiwan, Hong Kong, and Macao, these three provinces were also
not considered. A total of 28 provinces were considered in the analysis; aside from
Hainan province, with an area of 34,000 km?, the area of every other 27 province is
more than 60,000 km* (Supplementary Table S1).

The effects of anthropogenic sources and precipitation on the decadal variation in
Naep- We used equation (1) to calculate the individual effects of N fertiliser use, energy
consumption, and precipitation on the decadal variation in Ngep. Specifically, we
quantified the individual effects of a given factor by applying three factors in different
decades (1990s or 2000s) as input data for equation (1). The specific method was as
follows (using N fertiliser use as an example). First, data on N fertiliser use in
provinces in the 1990s and energy consumption and precipitation in the 2000s were
input to equation (1), and the mean Nge, over China (N1) was then calculated for
these parameters; i.e., N fertiliser data were held constant in the 1990s, and data for
energy consumption and precipitation taken from the 2000s. Second, data on N
fertiliser use, energy consumption, and precipitation in provinces in the 2000s were
inputted into equation (1), and the mean Ny, over China (N2) was calculated for
these parameters. Third, the difference between N2 and N1 was the individual effect
of N fertiliser use on the decadal change (1990s-2000s) in Ny, over China because
this difference was obtained for conditions in which only N fertiliser use was varied.
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