
© Science China Press and Springer-Verlag Berlin Heidelberg 2016  earth.scichina.com    link.springer.com

SCIENCE CHINA
Earth Sciences

SPECIAL TOPIC: GlobeLand30 remote sensing mapping innovation and large data analysis

•   RESEARCH PAPER   •
December 2016   Vol.59   No.12:2285–2294

doi: 10.1007/s11430-015-5277-0

Relationship between nitrogen deposition and LUCC and its impact
on terrestrial ecosystem carbon budgets in China
LU XueHe1,2, JIANG Hong1,2*, ZHANG XiuYing1,2 & JIN JiaXin1,2

1 Jiangsu Provincial Key Laboratory of Geographic Information Science and Technology, Nanjing University, Nanjing 210023, China;
2 International Institute for Earth System Science, Nanjing University, Nanjing 210023, China

Received April 14, 2016; accepted October 11, 2016; published online November 4, 2016

Abstract    Increased nitrogen (N) deposition and land-use and land-cover change (LUCC) have influenced the terrestrial
ecosystem carbon budget in China over the past few decades. However, the coupling effects of N deposition and LUCC on the
carbon cycle remain unclear. This study first evaluated the effects of LUCC on N deposition based on estimated N deposition
data from NO2 column remote sensing data and the GlobeLand30 LUCC dataset, and then assessed the coupling effects of N
deposition and LUCC on carbon budgets in China based on a terrestrial ecosystem process-based model. The results showed
that the average rate of increase in N deposition in China was 0.35 Tg N yr−1 (Tg = 1012 g), which caused net primary production
(NPP) and net ecosystem production (NEP) to rise by 92.2 Tg C yr−1 and 46.9 Tg C yr−1, respectively. The effects of LUCC
reduced N deposition by 0.21 Gg N yr−1 (Gg = 109g). The land changed from forest to cropland had the greatest rate of increase in
N deposition among all types of land-cover change. Changes from cropland to forest slowed the rate of N deposition increase the
most. Generally, the change in N deposition resulting from LUCC reduced NPP and NEP by 0.7 and 0.4 Gg C yr−1, respectively.
Compared with the total effects of N deposition on NPP and NEP, N deposition changes caused by LUCC had a limited aggregate
effect on the C budget.

Keywords    Carbon budget, Nitrogen deposition, Land-use and land-cover change, Remote sensing, Model simulation

Citation: Lu X H, Jiang H, Zhang X Y, Jin J X. 2016. Relationship between nitrogen deposition and LUCC and its impact on terrestrial ecosystem carbon budgets
in China. Science China Earth Sciences, 59: 2285–2294, doi: 10.1007/s11430-015-5277-0

1.         Introduction

Carbon (C) assimilation is limited by insufficient soil N in
many ecosystems (Luo et al., 2004; Zhang et al., 2014).
Moreover, N limitation has become even more serious
because of the effects of increasing atmospheric CO2 con-
centration and climate change (Norby et al., 2010). Soil N
content has been changed by atmospheric N deposition as
a result of increased human activity since industrialization
(Dentener et al., 2006), which has had further effects on
global C budgets (Law, 2013). In China, this situation is
more serious due to the rapid economic development. At the
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beginning of the 21st century, the national average N depo-
sition rate was ~21.1 kg N ha−1 yr−1 (Liu et al., 2013), which
has further increased nearly 59% in the past few decades (Lü
and Tian, 2014). In some economically developed provinces,
N deposition is even several times greater than the national
average (Gu et al., 2012). The rapid increase of N deposition
greatly affects ecosystem C budgets in China (Lü et al.,
2012).
Changes in atmospheric N are connected with land-cover

types. The rapidly increasing N deposition in China is related
to the growth of surface nitric gas emissions from cropland
and urban areas (Gu et al., 2013). In cropland, nitric gas emis-
sion is mainly N 4

+ from fertilizer application. Given its short
transmission distance, N 4

+ usually deposits near the emission
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sources (Cornell et al., 2003). In urban areas, NO3
− is mainly

nitric gas emission from fossil fuel combustion during indus-
trial production and traffic pollution. In contrast with N 4

+ in
cropland, NO3

− can affect wider areas because of its long-dis-
tance transmission in the atmosphere. In addition, land use
affects boundary layer conditions, including surface rough-
ness (Ouyang et al., 2003), moisture and heat flux (Seinfeld
and Pandis, 2012), which are important to dry and wet N de-
position.
Substantial land cover changes have been caused by the

rapid economic development in China over the past 30 years.
However, Chinese land use/land cover change (LUCC) pol-
icy since the 21st century has shifted from all-out exploita-
tion to a balance between exploitation and conservation. Cur-
rently, the characteristics of Chinese LUCC are such that for-
est and urban areas are increasingwhile grasslands are shrink-
ing and croplands remained unchanged (Liu et al., 2014).
This rapid land-use change has already affected atmospheric
N deposition patterns, which in turn affect C cycling in ter-
restrial ecosystems. Owing to a lack of necessary datasets
such as long-term N deposition data and high spatial-reso-
lution land-cover data, few studies have explored either the
relationship between N deposition and land-cover change or
how their relationship may affect the C budgets of terrestrial
ecosystems. However, in recent years, these limitations have
been surmounted by the new method of remote sensing to es-
timate N deposition and the availability of land-cover datasets
with high spatial resolution. Therefore, this study evaluates
the effects of N deposition changes arising fromLUCCon ter-
restrial ecosystem C budgets, based on a terrestrial ecosystem
model (IBIS).

2.         Method and data
First, N deposition rates were estimated from NO2 columns
retrieved from 2000–2010 satellite data of China. Then, land-
cover change was summarized by comparison between Glo-
beLand30 datasets from 2000 and 2010. After that, land-
cover change and N deposition data were used to evaluate
the influences of land-cover change on N deposition. Finally,
simulated C-N coupling results of the terrestrial ecosystem
model IBIS (Integrated Biosphere Simulator) were used to as-
sess the effects of N deposition change caused by land-cover
change on terrestrial ecosystem C budgets. Details about the
method and data used in this study are introduced below.

2.1         Estimation of N deposition rates

Generally, regional N deposition is monitored using a net-
work of observation stations, but temporal and spatial cov-
erages are limited. In China, a national observation network
for N deposition has not been established. Hence, long-term
national data on N deposition remain scarce. Such deposition
can be simulated by atmospheric chemical models, but this is

not suitable for simulating high spatial-resolution, long-term
deposition, because the simulation requires too much time.
Therefore, no long-term N deposition datasets from atmo-
spheric chemistry model simulations have been released until
recently.
Remote sensing technology has recently made it possible to

estimate N deposition rates, using space-based measurement
of NO2 columns. Studies have estimated N deposition from
those columns as retrieved from satellite (Lu et al., 2013; Ma
et al., 2012). Based on the method of Lu et al. (2013), multi-
ple linear regression describes N deposition as a function of
meteorological and NO2 column data, as

N a a t a p a h a w a w a c.dep n0 1 2 3 4 e 5 6= + + + + + + (1)

In this equation, a0, a1, a2, a3, a4, a5, a6 represent regression
coefficients of the linear regression; Ndep is atmospheric N de-
position; t is surface temperature; p, h ,we, wn and c represent
precipitation, relative humidity, meridional wind speed, zonal
wind speed and NO2 column concentration, respectively.
To estimate N deposition within every grid cell in our

study area, grid data of N deposition, NO2 column concen-
tration, and meteorological data are needed to calculate the
coefficients ai in eq. (1). N deposition data were from the
atmospheric chemical model MOZART (Model for Ozone
and Related Chemical Tracers) over 2007 to 2010. NO2

column concentrations were retrieved from the Global Ozone
Monitoring Experiment (GOME) and Ozone Monitoring In-
strument (OMI). Meteorological data were downloaded from
the China Meteorological Association’s data sharing website
(http://data.cma.cn/). All data were resampled to 0.25°
spatial resolution by interpolation. Because of collinearity
among multiple factors, principal component regression was
used to eliminate this problem following the method of Lu
et al. (2013).
Because there is no single satellite NO2 column con-

centration data series that covers the entire study period
(2000–2010), GOME and OMI data were both used. In eq.
(1), the GOME NO2 column was used from 2000 to 2004,
and OMI NO2 column data were used from 2005 to 2010.
The gap between the two data series was smoothed by eq.
(2).

V V ,V
V2010

OMI'
2010
OMI 2000-2004

GOME

2005-2010
OMI= × (2)

whereV 2010
OMI' is the smoothed OMI NO2 column concentration

in 2010,V 2010
OMI is the original OMI NO2 column concentration

in that year, V 2000-2004
GOME is the average GOME column concen-

tration from 2000 to 2004, and V 2005-2010
OMI is the average OMI

column concentration from 2005 to 2010.

2.2         GlobeLand30 LUCC data

GlobeLand30 is a global surface coverage product with
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30-m spatial resolution, provided by China’s National Ad-
ministration of Surveying, Mapping and Geoinformation
(NASG). NASG researchers produced these products for
two base years of 2000 and 2010, using techniques such as
multi-source image optimization and refined extraction of
land-cover type (Chen et al., 2014). With high spatial res-
olution and classification accuracy, GlobeLand30 provided
more accurate land-cover change information for our study.
Compared with other moderate-resolution land-cover data,
GlobeLand30 can better reflect the reality that urban area
in China has been increasing rapidly since the turn of the
21st century. Therefore, we used GlobeLand30 to extract
land-cover change information.

2.3         Evaluating effects of LUCC on N deposition

The effects of LUCC on N deposition were calculated by eqs.
(3) and eq. (4). Eq. (3) calculates the effect of LUCC on the
change rate of N deposition. Based on its results, the total
change of N deposition since a LUCC was calculated by eq.
(4).

R ,
N N

N
n

i j

i j i j

i j

i j

2010 2000

2000= (3)

where i and j are land-cover types in 2000 and 2010, respec-
tively. The subscript i→j represents a change of land-cover
type from i to j in the period 2000 to 2010. Ri→j is the change
rate of N deposition when the land-cover type changes from i
to j. Ni j

2000 and Ni j
2010 is the N deposition of a certain grid cell

in 2000 and 2010, respectively, with the land cover chang-
ing from i to j. ni→j is the total number of grid cells whose
land-cover type changed from i to j. When land-cover type
changed from i to j, labelled as subscript i→j, Ri→j represents
the change rate of N deposition in the period 2000–2010. If
the land-cover type iwas unchanged over that period, labelled
as subscript i→i, Ri→i symbolizes the average N deposition
change rate of land-cover type i, which is the background
change of N deposition for i. Comparing Ri→j with Ri→i in-
dicates how LUCC alters the rate of N deposition.

Ndep Ndep R

Ndep R S

(

) .
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d

i j i j

i j i i i j

2000

2000

= ×

× × (4)
In the above equation, i and j are land-cover types in 2000

and 2010. Ndepi j
2000 is the average N deposition of grid cells

whose land-cover type was i in 2000 and changed to j by
2010. Si→j is the total area of land whose cover changed from
i to j. Ndepi j

d is total change of N deposition rate owing to
land-cover type change from i to j.

2.4         Simulation of N deposition effects on C budgets

The effects of N deposition on C budgets in China were simu-

lated by the process-based IBIS model. IBIS was first devel-
oped by Foley et al. (1996). Subsequently, Liu et al. (2005)
improved the representation of N cycling processes in IBIS.
The accuracy of this IBIS model has been validated not only
at individual flux tower scale but also at regional and global
scales. After several years of development, IBIS has been
used widely in the studies of C, water, and N cycles in China
(Lu et al., 2012; Yuan et al., 2014; Zhu et al., 2012). There-
fore, IBIS was suitable for simulating N deposition effects on
C budgets in the present study.
The initialization data of IBIS mainly includes multi-year

average meteorological data, vegetation data, soil data
and elevation data, which were collected from the China
Meteorological Administration’s data sharing website
(http://data.cma.cn/), 1:4000000 vegetation maps of China,
1:1000000 soil dataset of China and SRTM (Shuttle Radar
Topography Mission) global DEM (digital elevation model)
data. The driving datasets of the IBIS model are gridded
monthly meteorology data, N deposition data and atmo-
spheric CO2 concentration. The driving meteorology data
was also produced from meteorology site observation data
collected from the China Meteorological Administration’s
data sharing website using the annuspline interpolation
method. N deposition data were simulated in this study.
Atmospheric CO2 concentration was calculated using an
exponential equation based on the observation of background
atmospheric CO2 concentrations at the Mauna Loa, Hawaii,
United States, station from 1959 to 2004.
The IBISmodel simulation is divided into three stages. The

first stage is the model preheating stage. Initial data are used
to preheat the pools of C andN in the IBISmodel. The second
stage is to simulate the C and N cycles in IBIS under the
influence of the driving data. The aim of this stage is to ensure
the accuracy of the C budget simulation in preparation for the
next stage. In the third stage, two simulation scenarios are
used to evaluate the effects of N deposition on the C budget.
In one scenario, the N deposition level, was fixed at the year
2000. In another scenario, N deposition varied with time.
Details about the three stages are listed in Table 1.

2.5         Assessing effects of N deposition change caused by
LUCC on C budget

Due to LUCC, the effects of N deposition change on C budget
come from two parts. One is the responses of net primary
production (NPP) and net ecosystem production (NEP) to N
deposition are changed after LUCC. The average effects of N
deposition on the NPP and NEP of each land-cover type are
calculated by eq. (5). The other is the increasing rate of N
deposition changes since the LUCC can be calculated by eq.
(3). In summary, the effects of N deposition change caused
by LUCC on C budget are assessed by eq. (6).
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Table 1        Basic setting of model simulation

Stage Scenarios Range Climate data N deposition

1 1901−1950 Multi-year average Multi-year average

2 1951−2000 Monthly average Extended data

N0 2000−2010 Monthly average Fixed at 2000
3

N1 2000−2010 Monthly average Monthly average

E

E

,

.
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(5)

In eq. (5), i represents the land-cover type. The subscript
i→j represents the cells where the land-cover type had not
changed from 2000 to 2010. Ei i

NPP and Ei i
NEP are the average

effects of N deposition on NPP and NEP in land-cover type
i, respectively. NPPi i

N1 and NEPi i
N1 are the NPP and NEP

under the N1 simulation scenario, respectively. NPPi i
N 0 and

NEPi i
N 0 are the NPP and NEP under the N0 simulation sce-

nario, respectively. Ndepi i
2000 and Ndepi i

2010are the N depo-
sition levels in 2000 and 2010, respectively. ni→i is the to-
tal number of grid cells in which land-cover type was not
changed.
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where NPPi j
d and NEPi j

d are the effects of N deposition
change caused by LUCC on NPP and NEP, respectively.
Ndepi j

2000 is the average N deposition level in 2000 with
land-cover type changing from i→j. Ri→j is the change of N
deposition rate when land-cover type change from i to j. Ri→i

is the average change rate of N deposition when land-cover
type is always i from 2000 to 2010. Si→j is the total area of
land cover whose type changed from i to j .

3.         Results and discussion

3.1         N deposition rates calculated from NO2 column data

N deposition rates were calculated from NO2 column and
gridded meteorology datasets from 2000 to 2010, using eq.
(1). The calculated N deposition rates were validated by data
from previous studies (Table 2). The estimated N deposition
is close to the results of those studies. The simulated results

had a higher accuracy for forests than for croplands. The rea-
son is that N 4

+ deposition is the major form of N deposited in
croplands, but NO2columns do not measure atmospheric N 4

+;
instead, they mainly reflect nitrate. Although N 4

+ was con-
sidered in the MOZART model outputs used in eq. (2), N de-
position in cropland was still underestimated. If the accuracy
of NH3 columns from space is improved, our calculations of
N deposition over cropland might be more accurate. Gener-
ally, our estimationmethod is more suitable to the ecosystems
that are less disturbed by human activity. The calculations
gave less national average N deposition than the integration
of observations from multiple sites. Because the observation
sites were mainly in areas with substantial human activity, the
aggregation of single-site observations to give regional esti-
mates may have led to overestimation of actual N deposition.
Therefore, our estimation method is better for large-scale N
deposition estimation, because of the continuous and uniform
spatiotemporal coverage of satellite data.
From 2000 to 2010, the average N deposition was 1.3 g N

m−2 yr−1, and the national total was 12.5 Tg N yr−1. N depo-
sition rates increased from 1.2 g N m−2 yr−1 in 2000 to 1.6 g
N m−2 yr−1 in 2010, due to the intensifying human activity in
the country. The average rate of increase was 0.35 Tg N yr−1.
The increase in N deposition is closely related to the rising
consumption of fossil fuels and fertilizer (Figure 1b and c),
which are the main sources of reactive N in the atmosphere
over China (Gu et al., 2012).
Figure 1a shows that N deposition was high in eastern

China and low in the west. Because of the relatively low re-
active N emissions in western China, N deposition was only
0.2–0.5 g N m−2 yr−1, nearly equal the natural background
rate of N deposition. In the Northeast Plain, N deposition
was 1–2 g N m−2 yr−1. As reactive N emissions increased,
N deposition increased from west to east. The North China
Plain, Yangtze River Delta, and Sichuan Basin in eastern
China had high N deposition, within the range of 3–4 g N m−2

yr−1. In addition, in the eastern coastal areas and southwest,
N deposition was < 1.5 g N m−2 yr−1.
N deposition rates in industrially and agriculturally devel-

oped regions of southeast China have exceeded average lev-
els in Europe and the United States. In industrial areas of the
latter, the average N deposition rate is ~1 g N m−2 yr−1. In
Western Europe, the rate is 1–2 g N m−2 yr−1. In industrial
areas  of  India,  the  mean  rate is 2 g N m−2 yr−1 (Reay et al.,
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Table 2        Validation of N deposition rates calculated from NO2 column data (g N m−2 yr−1)

This study Previous study
ID Location Land cover Time

Avg. max Min Avg. max min
Reference

1 Yingtan, Jiangxi Forest 2004–2005 1.2 1.95 1.06 0.97 Fan et al., 2007
2 North China pain Crop 2003–2004 2.02 4.82 1.17 2.47 4.07 1.49 Zhang et al., 2006
3 South of Jilin Province Crop and grass 2004 0.62 1.21 0.42 1 Li et al., 2010
4 Jiulong river, Fujian Crop and forest 2004–2005 1.44 1.67 0.83 1.48 Chen et al., 2008
5 50 sites Forest 1980–2009 1.56 5.08 0.15 2.08 7.1 0.28 Fang et al., 2011
6 China All 2003 1.1 1.3 Lü and Tian, 2007
7 270 sites All 2000s 1.3 2.1 Liu et al., 2013

Figure 1            Multiyear average N deposition (2000–2009).

2008). Compared with the above areas, southeast China has
become another region with a high rate of N deposition.

3.2         LUCC effects on N deposition

Land-cover changes between crop, grass, forest and urban
areas occurred under the guidance of state policy in China
since the beginning of the 21st century (Liu et al., 2014). The
current situation of these major LUCC types was extracted
from GlobeLand30 and is described in Table 3 and Figure 2.
LUCC can alter the properties of N deposition by changing

features of the ground surface (turbulent diffusion, Brownian
diffusion, and surface absorption) and reactive N emission
(mainly NOx and NH3). In China, changes into forest have
greatly affected N deposition. When forest changed into the
other land-cover types, N deposition rates increased very fast,
as shown in Figure 3. The change from forest to cropland in-
crease the rate of N deposition to be higher than any of the
other changes between land cover types. However, changes
into forest slowed the rate of N deposition increase. For in-
stance, the change of cropland to forest caused the largest de-

cline of N deposition increase (Figure 3c). And when urban
areas were changed into forest, the rate of N deposition in-
crease was also slowed obviously (Figure 3d).
On a national scale, changes from forest to grassland and

cropland increased total N deposition by 0.249 and 0.444 Gg
Nyr−1, respectively. However, changes of cropland and grass-
land into forest slowed the rate of increase in N deposition,
resulting in deposition decreases of 0.376 and 0.538 Gg N
yr−1 (Figure 4). Other types of land-cover change had lesser
effects than the four types mentioned above. The net effect
of all LUCC was to reduce the increase of N deposition by
0.210 Gg N yr−1.

3.3         Effects of N deposition change on C budget

IBIS-simulated C budgets were validated against earlier re-
search results for various periods, as shown in Table 4. IBIS-
simulated NPP is lower than most of those results, which can
be explained by two factors. First, dynamics of the area frac-
tion of  vegetation  types  within grids of the IBIS model can
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Table 3        Land-use transitions in China (104 ha)

2010

Forest Grass Crop Urban
Decline

Forest – 136.05 89.12 3.90 229.07

Grass 127.93 – 31.35 4.41 163.69

Crop 102.82 25.06 – 24.80 152.68
2000

Urban 3.22 1 .81 13.12 – 18.15

Increase 233.97 162.92 133.59 33.11

Figure 2            Major land-cover change in China. C, cropland; F, forest; G, grassland; U, urban. LUCC can be represented using these letters; e.g., forest change
into cropland can be represented as F to C.

Table 4        Validation of IBIS-simulated NPP and NEPa)

This study Previous studies
System Period

NPP NEP NPP NEP Method Reference

National avg. 1980–2002 – 70.2 – 173±39 Model Piao et.al., 2009

National avg. 1995–1998 2.68 83.7 3.09 70 Model, RS Cao et.al., 2003

National avg. 1981–2000 2.62 69.8 2.94 100 Model Ji et.al., 2008

National avg. 2001 2.73 – 2.24 – Model, RS Feng et.al., 2007

Forest 1990–1999 1.08 87.4 1.13 189 Model Ju et.al., 2007

Forest 1977–2003 – 70.4 – 75.2 CMB Fang et.al., 2007

Forest 1990–2007 – 89.3 – 87.5 CMB Pan et.al., 2011

a) Unit of NPP is Pg C yr−1; that of NEP is Tg C yr−1 (Pg=1015g, Tg=1012g); CMB, carbon mass balance; RS, remote sensing.

make the simulated NPP low. Second, N limitation of the C
budgets has not been considered in most modelling studies,
but IBIS considers it explicitly. In summary, the IBIS-sim-
ulated NPP is still within acceptable ranges of the previous
studies. Those studies have shown substantial uncertainties
in NEP. Model-simulated results are generally greater than

those derived using the C mass balance (CMB) method. The
IBIS-simulated NEP is lower than other models’ simulated
NEP. One reason is that the NPP in IBIS is less than in other
models. The other reason is that N control of biogeochemical
cycling in IBIS makes soil respiration more reasonable than
models without such control. Therefore, IBIS NEP is closer
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Figure 3            Changes in N deposition rate caused by LUCC. C, cropland; F, forest; G, grassland; U, urban. Grey bars are average rates of N deposition increase
(background rate of N deposition increase); white bars are average rates of N deposition increase in areas of land-cover change; the bar filling with slashes and
cross grids are increments and decrements in the rate of N deposition, respectively.

Figure 4            N deposition changes due to LUCC. C, cropland; F, forest; G, grassland; U, urban.

to CMB NEP, which is calculated from biomass survey data.
In Europe, the average NPP response to additional N depo-

sition is 5–75 g C (g N)−1 (de Vries et al., 2009). In China,
the terrestrial ecosystem average NPP response to additional
N deposition in the 1990s was 0–21 g C (g N)−1. Average
responses of NPP to additional N deposition in forests, grass-
lands and croplands in the early 21st century were respec-
tively 35, 29 (25 in grassland and 33 in shrubland) and 4 g
C (g N)−1(Lu et al., 2012). Simulated responses of NPP to
increasing N deposition in those land-use types were 42, 32
and 10 g C (g N)−1, respectively. The national average from
2000 to 2010 was 25 g C (g N)−1, close to the results of pre-
vious studies. The validation of NPP response to additional
N deposition shows that the IBIS model can better simulate

coupling effects between C and N, and was suitable for this
study.
Increased N deposition raised NPP by 9.6 g C m−2 yr−1

on average, accounting for ~92.2 Tg C yr−1 of the national
total. In most parts of China, NPP increases were < 0.01
kg C m−2 yr−1. However, in the forests of southeast China
and the Sichuan Basin, NPP response was clearly sensitive
to N deposition (Figure 5a). The increased N deposition in-
creased NEP by 4.6 g C m−2 yr−1 on average, or ~46.9Tg C
yr−1 of the national total. The most positive effects of N de-
position on NEP were in the forest areas of Zhejiang, Fu-
jian, Sichuan, Hainan, and Daxing’anling (Figure 5b), with
a rate of increase 0.05–0.08 kg C m−2 yr−1. The negative ef-
fects of N deposition on NEP were widespread in the north-
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west and strongest in the southwest, where under increased N
deposi-tion, enhanced C assimilation was outweighed by in-
creased soil respiration. Studies have shown that LUCC has
turned terrestrial ecosystems from weak C sources into weak
C sinks (Ge et al., 2008). Our study indicated that N depo-
sition has increased NPP and NEP, which has promoted the
conversion of terrestrial ecosystems from C sources into C
sinks.
In some areas, the highest N deposition did not induce

strong responses of NPP and NEP. For example, in cropland,
N deposition increased by 0.21 g N m−2 on average, the
greatest increase among the land-cover types from 2000 to
2010. However, the responses of NPP and NEP to this depo-
sition were only 9.80 and 2.93 g C (g N)−1. Because cropland
is an N-rich ecosystem, N input from its deposition cannot
clearly augment NPP and NEP. Therefore, the responses of
NPP and NEP to increasing N deposition in cropland were
much weaker than in grassland and forest (Table 5). Because
N deposition in grassland only increased by 0.04 g N m−2,
it did not enhance NPP and NEP much. A strong impact of
N deposition on C budgets was found in forest, where the
deposition increase was more obvious (0.16 g N m−2) and N
use efficiency was high (Table 5).

LUCC changed the N deposition rate of increase and af-
fected the responses of NPP and NEP to additional N depo-
sition (NPP/Ndep and NEP/Ndep), which were the two main in-
fluences on our results. According to the calculation in Table
5, when forest was changed into grassland and cropland, the
increase of NPP andNEP from increased N deposition caused
by LUCC was greater than the decrease of NPP and NEP
from the effects of NPP/Ndep and NEP/Ndepchange. Therefore,
in such land-type transition, changes of N deposition from
LUCC increased NPP and NEP. In another typical change,
cropland to grassland and forest, although rates of N depo-
sition increase were restrained, NPP and NEP still increased
because of their heightened responses to N deposition (i.e.,
increases in NPP/Ndep and NEP/Ndep).
The net effect of N deposition changes caused by LUCC

on total NPP and NEP was to reduce them by 0.7 and 0.4
Gg C yr−1, respectively, from 2000 to 2010. Among vari-
ous types of land-cover change, changes from grassland into
forest and cropland reduced NPP and NEP most. Compre-
hensive effects of slower rates of N deposition increase and
reduced responses of NPP and NEP to N deposition clearly
decreased NPP and NEP in such change. Furthermore, this
type of land-cover change made up the large part of the total

Figure 5            Simulated effects of N deposition on NPP and NEP (2000–2010).

Table 5        Effects of N deposition change caused by LUCC on C budget

Rate of Ndep increase Carbon budget
Land
cover

NPP/
Ndep

NEP/
Ndep

Land
cover
change

Average Ndep

(2000) Initial land
cover

Changed
land cover

Total area of
land cover
change

Average
NPP

Average
NEP

Total
NPP

Total
NEP

eq. (5) eq. (5) Ndepi j
2000 Ri→i Ri→j Si→j eq. (6) eq. (6)

g C (g N)−1 g N m−2 yr−1 1010 m2 g C m−2 yr−1 1010 g C yr−1

Grass 1.11 0.025 1.36 0.49 0.17 0.67 0.24
Forest 41.88 12.75

Crop 1.10
0.0085

0.056 0.85 0.21 0.06 0.18 0.05
Forest 2.26 0.006 1.28 −0.81 −0.28 −1.03 −0.36

Grass 32.03 10.58
Crop 1.29

0.0190
0.028 0.31 −0.43 −0.15 −0.13 −0.05

Grass 1.47 0.023 0.25 0.59 0.21 0.15 0.05
Crop 9.80 2.93

Forest 2.09
0.0340

0.009 1.03 0.09 0.03 0.09 0.03
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LUCC area. Therefore, the change from grassland into forest
and cropland was the major reason for NPP and NEP reduc-
tion. Compared with the total effects of N deposition on NPP
and NEP, N deposition changes caused by LUCC had a lim-
ited aggregate effect on the C budget.

4.         Conclusions

In this study, N deposition calculated from remotely sensed
NO2 column data andGlobeLand30 datasets was used to eval-
uate the effects of N deposition caused by LUCC on the C
budget in China, with the aid of the IBIS model. The study
showed that LUCC decreased N deposition by 0.21GgN yr−1,
which was mainly caused by changes of cropland and grass-
land into forest. LUCC also changed the sensitivity of the C
budget to N deposition. Generally, the influence of LUCC
on N deposition reduced NPP and NEP by 0.7 and 0.4 Gg C
yr−1, respectively. Among all typical LUCC, the change from
grassland into forest and cropland was the major factor that
reduced NPP and NEP.
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