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Abstract

It is well recognized that improving nitrogen use efficiency (NUE) can directly reduce nitrous oxide (N,O) emission in
cropland and indirectly reduce carbon dioxide (CO,) release from nitrogen (IN) production, while such a reduction has
not been well quantified in China. We estimated the greenhouse gas (GHG; N,O and CO,) mitigation potential (MP)
from Chinese cropland and its regional distribution by quantifying NUE and determining the amount of over-applied
synthetic N under various scenarios of NUE. We estimated that synthetic NUE in the late 1990s was 31 + 11%
(mean =+ SD) for rice, 33 + 13% for wheat, and 31 & 11% for maize cultivation. Improving NUE to 50% could cut 6.6 Tg
of synthetic N use per year, accounting for 41% of the total used. As a result of this reduction, the direct N,O emission
from croplands together with CO, emission from the industrial production and transport of synthetic N could be
reduced by 39%, equivalent to 60 Tg CO, yr™'. The MP was probably underestimated because organic N supply was
not taken into account when estimating NUE. It was concluded that improving N management can greatly reduce
GHG (N,O and CO,) emissions in Chinese croplands, and mitigation in the Jiangsu, Henan, Shandong, Sichuan,

Hubei, Anhui, and Hebei provinces should be given priority.
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Introduction

Nitrous oxide (N,O) is an important trace gas that
causes global warming and stratospheric ozone deple-
tion. Global atmospheric N,O concentration has increa-
sed from a preindustrial value of about 270-322 ppb
in 2008 (World Meteorological Organization, 2009).
Of global anthropogenic emissions in 2005, agriculture
accounts for about 60% of N,O (Smith et al., 2007).
Nitrogen fertilization is considered the primary source
of N,O emissions from agricultural soils (Mosier et al.,
1998; Mosier & Kroeze, 2000) and is often increased
when available N exceeds plant requirements (Smith &
Conen, 2004; McSwiney & Robertson, 2005, Oenema
et al., 2005).

The global use of N fertilizer has increased sevenfold
between 1960 and 1995 and is expected to increase
another threefold by 2050 unless there is a substantial
increase in fertilizer efficiency (Tilman et al., 2002).
Agricultural land in China comprises only 7% of the
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world’s arable land area but feeds some 22% of the
global population. To meet the food demand of the
growing population, consumption of N-based fertilizers
in China has continuously increased since the 1970s.
China is now the largest consumer of synthetic N in the
world, accounting for ~30% of the world’s total use
(Heffer, 2009). The use of synthetic N fertilizers will
continue to increase for the foreseeable future in an
effort to meet food demand (Zheng et al., 2002), which
will inevitably cause additional N,O emissions. Reduc-
tion of N,O emissions from synthetic N consumption in
China is therefore crucial for mitigating global synthetic
N-induced N,O emission.

Agricultural production in China has substantially
increased since the mid-1970s, with per-hectare yields
of grain doubling in many areas (National Bureau of
Statistics of China, 2009), mainly due to increasing
synthetic fertilizer application. The increasing input of
synthetic fertilizer cannot promise a substantial increase
in crop productivity because of diminishing returns
(Tilman ef al., 2002; Cassman et al., 2003; Galloway
et al., 2003), but increase N,O emissions (Mosier &
Kroeze, 2000; McSwiney & Robertson, 2005). According
to yearly data of grain yield and synthetic N consump-
tion (National Bureau of Statistics of China, 2009), the
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partial factor productivity of applied N (the ratio of
yield to the amount of applied N) has been cut in half
over the last 30 years. Similarly, Ma (2006) reported that
the contribution of synthetic N to increased grain yield
in China was 30.8% between 1978 and 1984 but declined
to 10.4% between 1999 and 2003. Moreover, annual
synthetic fertilizer N-induced N,O emission from Chi-
nese croplands has increased from 120 Gg N,O-Nyr ' in
the 1980s to 210Gg N,O-Nyr ' in the 1990s
(Zou et al., 2010). Nutrient addition levels in Chinese
fields are estimated to far exceed those in the United
States and Northern Europe (Vitousek et al., 2009). A
large-scale farm household survey (more than 20000
households in 19 provinces across China) conducted by
the China Agricultural University in the early 2000s
indicated that the application rates of synthetic N for
rice, wheat, and maize cultivation were higher than
250 kgha ' in 1/3 of farm households (Zhang et al., 2007).

A linear response of N,O emissions to N fertilizer
application from low to high N application rates is
generally observed (e.g. Liu et al.,, 2005; Zou et al.,
2005; Mosier et al., 2006). Moreover, a 3-year field
experiment with high-resolution N fertilizer inputs
conducted in southwest Michigan USA by McSwiney
& Robertson (2005) indicated that N,O fluxes in maize
fields were low to moderate until the N-input exceeded
crop needs, after which grain yield did not increase but
N,O flux nearly doubled, suggesting that prudent
management of N input can be an effective strategy to
minimize N,O emission from cropland. A large number
of studies have also shown that improving NUE can
reduce emissions of N,O largely from surplus N (e.g.
Cole et al., 1997, Matson et al., 1998; Dalal et al., 2003;
Robertson & Grace, 2004; Adviento-Borbe et al., 2007;
Robertson & Vitousek, 2009).

The industrial production of fertilizer also releases
carbon dioxide, an important greenhouse gas (GHG),
into the atmosphere. The stoichiometry of fertilizer
production suggests that 0.375mol of C would be
released as CO, for every mole of N captured in NHj,
equivalent to 0.32gCgN~" (Schlesinger, 2000). Taking
the inefficiencies of industrial processes into account,
West & Marland (2002) suggested that this factor is
actually 0.814 g C g N . It is unquestionable that cutting
synthetic N use where available N exceeds plant re-
quirements can reduce not only N,O emission from
croplands but also CO, emissions from fertilizer pro-
duction. However, such a reduction has not been well
quantified in China.

Recognizing the lower NUE in China (Zhang et al.,
2007; Ju et al., 2009; Vitousek et al., 2009), this study pays
particular attention to an assessment of the mitigation
potential (MP) of GHG (N,O and CO,) emissions asso-
ciated with synthetic N production, transportation, and

consumption. Our objective is to quantitatively evaluate
the GHG MP under various scenarios of NUE and its
regional distribution in mainland China so that policy-
makers could make sensible region-oriented mitigation
decisions.

Materials and methods

Rice, wheat, and maize are the main cultivated species in
China, together accounting for 54% of the total sown area
and 89% of the total grain yield (National Bureau of Statistics
of China, 2009). Focusing on these three cultivated species, we
estimated the GHG MP by evaluating NUE, comparing N,O
emissions in the late 1990s with those under various NUE
scenarios and quantifying the CO, emissions associated with
the industrial production of N-based fertilizer and transport.

Estimation of NUE

We used the recovery efficiency of N (% fertilizer N recovered
in aboveground crop biomass, REy) as a measure of NUE
(Dobermann & Fairhurst, 2000; Cassman ef al., 2002). To get the
level of confidence in the values obtained for the MP, two NUE
models were used in this study. One is based on the input-
output balance of N, where the output refers to the removal of
N in aboveground crop biomass, and the second model is
based on the relationship between REyx and N input.

N input—output-based NUE. On the basis of crop N removal,
indigenous nutrient supply, and synthetic N application, we
estimated NUE by

YXFNX(l—Ps)
N

where NUE; o denotes the NUE (%) based on input-output
balance of N, Y is crop grain yield (tha™'), Fy re-
presents the amount of N taken up by aboveground crop
biomass to produce 1ton of grain in fields that received NPK
fertilizer. According to Lu (1998), the typical values of Fy in China
are 21, 31, and 26 ngton’l of grain for rice, wheat, and maize,
respectively. N is the application rate of synthetic N (kgha™").
Pg in Eqn (1) is a relative contribution of indigenous soil
nutrients to crop yield, which was quantified by a yield ratio of
Yo/Y. Yy and Y represent harvested crop yield (tha™') in plots
without and with N application, respectively. Datasets
extracted from 147 publications representing 266 field
experiments across mainland China indicated a wide
variation of Pg values for a given crop species, depending on
soil properties (organic matter, concentrations of total
nitrogen, available potassium and phosphorus, fraction of
clay) and location (Appendix S1). Based on these datasets
(Table S2 in Appendix S1), we developed statistical models
(Table S1 in Appendix S1) to estimate Ps using stepwise
regression (spss, SYSTAT 10 ,STATISTICS I; SPPS, Chicago, IL, USA).

NUE; o = X 100%, (1)

Synthetic N application-based NUE. Ju et al. (2009) established a
relationship between REy and applied synthetic N for rice,
maize, and wheat in south and north China. We adopted these
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relationships [Eqn (2)] to estimate NUE:

32.64+1.11x 102 x N—7x 1075 x N? forrice,

NUEN =0 459 982 x 102 x N

79.0 —9.61 x Ln(N)

where NUEyY is the NUE (%) associated with the application
rate of synthetic N (kg ha™h.

Estimation of over-application of synthetic N

About 30%-50% of the N fertilizer applied worldwide is taken
up by crops (Smil, 1999; Cassman et al., 2002). By reviewing the
literature data, Mosier et al. (2004) reported that the mean NUE
in field studies reached 49% for rice, 45% for wheat, and 42% for
maize, respectively. A large-scale field survey in 18 provinces
across China indicated that the mean NUE in different provinces
ranged 27%-36% for rice, 11%—41% for wheat, and 25%—-26% for
maize (Zhang et al., 2007). Assuming that NUE could be
improved up to 50%, we set NUE scenarios from 30% to 50%
with a 5% interval to estimate the over-applied amounts of
synthetic N (AN, kgN ha ) by
NUE; — NUE
AN =N x <7NUES )
AN = 0 for NUE; < NUE,

®)

where NUE; represents a given NUE scenario and NUE is the
estimated nitrogen use efficiency using either Eqns (1) or (2).

Estimation of direct N,O emission due to over-application
of synthetic N

Using approaches by Zou et al. (2007) and Lu et al. (2006),
direct N,O emissions from irrigated rice and upland crops due
to over-application of synthetic N were calculated by Eqns (4)
and (5), respectively

0.0042 x AN for water regime F — D — F, 4)

0.0002 x AN for water regime F,
AENZO =
0.0073 x AN for waterregime F — D — F — M,

AEN,0 = 0.0186 x P x AN for upland crops, 5)

where AEn,o is the direct N,O emission (kgN,O-N ha )
resulting from over-application of synthetic N. F, F-D-F, and
F-D-F-M represent field water regimes of seasonal continuous
flooding, flooding—mid-season drainage-reflooding, and
flooding—-mid-season drainage-reflooding-moist intermittent
irrigation but without water logging, respectively (Zou et al.,
2007). P is annual precipitation (m). A 23% uncertainty (with a
95% confidence) was used to estimate the lower and upper
values of N,O emission (Zou et al., 2010) in this study.

4444012 x N — 4.8 x 1074 x N?

for wheat in north China, )
for wheat in south China,
for maize,

Estimation of CO, emission associated with the industrial
production and transport of synthetic N

We estimated additional CO, emission (AEco,, kg CO, ha™h)
associated with the industrial production and transport of
synthetic N by

AECO2 = (F1 -‘er) X AN, (6)

where factors F; and F, represent the amount of CO, emission
for the production and transportation of 1kgN, respectively.
According to Cao et al. (2008), who made a survey of 176
synthetic fertilizer manufactures in China, producing 1kgN
consumes 2.06 (1.66-2.31) kg of standard coal. Consumption of
1kg standard coal was estimated to release 0.617kgC (Lang
et al., 2004). Thus, F; was estimated to be 1.27 (1.03-
1.42)kgCkgN™" or 4.66 (3.78-521)kgCO,kgN~", which is
higher than the value of 0.814kgCkgN ™" suggested by West
& Marland (2002). This is attributed to the lower energy effi-
ciency in China (Lang & Shen, 2006; International Energy
Agency, 2009). Because the CO, emission from transportation
of synthetic N fertilizer in China is unavailable, we adopted a
value of 0.0435kg CkgN ! or 0.16 kg CO, kg N ! (West & Mar-
land, 2002) as F,, which represents the CO, emission from
transportation of 1 kg synthetic N in the manufacture of fertilizer
to the supply center, and the site of application (West & Marland,
2002).

Estimation of MP

MP was estimated as the sum of direct N,O mitigation and
indirect CO, mitigation by

3 m
44
MPn,0 = Z ZAENZO(LJ') X Ajj x 2% (7)
=
3 m
MPco, = » > AEco,ij) X Aij, )
P
MP = 298 x MPNZO + ]\/HJ(:O27 (9)

where MPn,0 (kgN,O yr’l), MPco, (kgCO, yr’l), and
MP(kg CO, eq.yr ) represent N,O, CO, and total MP, re-
spectively. A; ; is the sown area of crops (ha) in a given county
(denoted in subscript i) and subscript j (j =1, 2, 3) represents
the three cultivated crops. The fraction 44/28 is used to
convert mass of N to N,O. Constant 298 is the radiative forcing
constant of N,O relative to CO, at a 100-year time horizon
(IPCC, 2007). AEn,0(;,j) was estimated using Eqns (4) and (5);
AEco, ;. j) was computed using Eqn (6).
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Data sources

We obtained a database from the Agricultural Information
Institute, Chinese Academy of Agricultural Sciences to estimate
the NUE [Eqns (1) and (2)] and synthetic N-induced direct N,O
emission [Eqns (4) and (5)]. The database recorded county-level
yearly cultivation acreage and yield for each crop as well as
total amount of synthetic N application over the period of 1990~
2000. The number of counties that cultivated rice, wheat, and
maize was 1635, 1970, and 2142, respectively.

Because the county-level database did not show the syn-
thetic N application rate for an individual crop, we used a
proportional factor to allocate the total amount of synthetic N
application to different crops. The county-level rate of syn-
thetic N application for a given crop was estimated using the
proportional factor, the total amount of synthetic N applica-
tion, and cultivated area (Appendix S2).

There are about 2000 counties that cultivate wheat and
maize in mainland China, while only 670 county-level weather
stations have complete records that are up to World Meteor-
ological Organization standards. To estimate N,O emission
from upland crops [Eqn (5)] on a county scale, the annual site-
specific precipitation in the 670 stations acquired from the
National Meteorological Information Center, China Meteoro-
logical Administration was interpolated to each county by
applying the interpolation algorithm (Thornton et al., 1997)
via the GIS technique. Soil parameters for estimating the
contribution of soil indigenous nutrient to crop yield [Ps in
Eqn (1), Appendix S1] on a county scale were extracted by
overlaying the spatial grid datasets (10 km x 10 km resolution)
of soil parameters on the administrative boundary map of
China. The spatial grid datasets come from the Institute of Soil
Science, Chinese Academy of Sciences.

We averaged annual precipitation, and synthetic N applica-
tion rate and grain yield for a given crop over the period of
1996-2000 to estimate N,O flux [Eqns (4) and (5)] and NUE
[Eqns (1) and (2)] so as to avoid interannual variations.

Results
Nitrogen use and NUE

The area of rice, wheat, and maize cultivation was 30.9,
29.0, and 24.5 million ha, respectively. An estimated
16.1Tg of synthetic N per year was applied on these
croplands, accounting for ~67% of the total synthetic N
consumption in China. The area-weighted mean rate of
synthetic N application was 191, 190, and 187 kg ha™!
for rice, wheat, and maize, respectively. The area of N
usage higher than 250 kg ha™" accounts for 23% of land
cultivating rice, 24% of wheat, and 21% of maize; the
area of N rates lower than 100 kg ha™' accounts for 14%
in rice, 14% in wheat, and 16% in maize (Fig. 1).

Table 1 shows the cultivated area, the application rate
of synthetic N, and estimated NUE in different pro-
vinces. Lower NUE in rice is mainly distributed in
eastern China and Guangdong Province. Higher NUE

appeared in the Heilongjiang, Jiangxi, and Guangxi
Provinces. The areas of NUE lower than 30% and higher
than 40% account for ~53% and ~24% of the total
rice-growing area, respectively. In the main wheat-cul-
tivating areas, lower NUE values were mainly distrib-
uted in the Jiangsu, Sichuan, and Shaanxi Provinces,
and higher NUE occurred in the Gansu, Xingjiang, and
Heilongjiang Provinces. The areas of NUE lower than
30% and higher than 40% account for ~44% and
~26% of the total wheat-growing area, respectively. In
maize-cultivating areas, lower NUE was mainly dis-
tributed in the Liaoning, Hebei, Henan, and Yunnan
Provinces, and higher NUE occurred in Inner Mongolia,
Jilin, and Sichuan Provinces. The areas of NUE lower
than 30% and higher than 40% account for ~43% and
~32% of the total maize-growing area, respectively.
Using Eqn (1), the NUE across mainland China was
estimated to be 31 4+ 15% for rice, 31 4= 14% for wheat,
and 32 + 14% for maize. The NUE using Eqn (2) was
estimated to be 31 4 3% for rice, 36 + 12% for wheat, and
30 £ 6% for maize. By combining the estimates from Eqns
(1) and (2), the NUE was estimated to be 31 £+ 11% for
rice, 33 +13% for wheat, and 31 £ 11% for maize.
Although the mean values of NUE using Eqns (1) and
(2) are comparable, the cultivated area at different NUE
levels is not in accordance with the two models (Fig. 2).
Using Eqn (1), the NUE in 80% of cultivated area (10th—
90th percentile) was estimated to be between 16.9-57.2%
for rice, 18.7-48.8% for wheat, and 18.3-54.2% for maize.
Using Eqn (2), the NUE ranged between 28.8-33.0% for
rice, 18.7-50.3% for wheat, and 24.3-36.3% for maize.

Over-application of synthetic N under different NUE
scenarios

The rate of over-applied synthetic N (AN, kg N ha™h)
was calculated by substituting the estimated NUE into

10

O Rice [ Wheat

M Maize

2]
T

Cultivated area (Mha)

0-100

100-150

150-200

200-250

250-300

300-350 [FEEE
>350

Application rate (kg ha™)

Fig. 1 Cultivated area with different N application rates.
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Eqn (3). The AN was calculated with two estimates of
NUE [Eqns (1) and (2)], hereafter referred to as AN; and
ANy, respectively. The amount of over-applied synthetic
N was then estimated considering the corresponding
area for each crop. On a national scale, the over-applied
N was estimated to range from 2.8 Tgyr ' (30% NUE
scenario) to 6.6 Tgyr ' (50% NUE scenario) using AN
(Fig. 3), accounting for 17%-41% of the total amount
used in the three crops. Using AN,, the estimates range
from 1.3 Tgyr ' (30% NUE scenario) to 6.1 Tgyr ' (50%
NUE scenario). On average, improving NUE by 1%
could cut synthetic N use by 0.22 Tgyr " (Fig. 3).
Figure 4 shows the spatial distribution of the over-
applied N based on AN calculations with the 40% NUE
scenario. In accordance with the estimated NUE (Table
1), the over-fertilization in wheat and maize was gen-
erally in central and northern China, and that in rice
occurred in eastern and southern China. Under the 40%
NUE scenario, it was estimated that about 37% of the

T (a) B Eqn (1)
251 O Egn (2)
20
15

10

Cultivated area (Mha)
f=4]

I [=== |

D | o | I e
50-60 =60

<10  10-20 20-30 30-40 40-50
Estimated MUE (%)

Fig. 2 Cultivated area at different nitrogen use efficiency
(NUE) levels. Equations (1) and (2) represent the NUE estimated
using Eqns (1) and (2), respectively.

O aN,
y = 0.22x-4.37
L @ AN
-~ ‘ (R? = 0.99)
5 : W Average
= el
=
=
5 4
c
.O
B 3r
2
F 2t
g
o] 1k
D 1 1
30 35 40 45 50

MUE scenario (92)

Fig. 3 Estimated amount of over-application of synthetic N
under different nitrogen use efficiency (NUE) scenarios. AN,
and AN, represent the amount of over-applied N based on the
NUE estimates using Eqns (1) and (2), respectively.

croplands had over-applied N rates in excess of
100kgha 'yr~'. In terms of the total amount of over-
fertilization at a single province scale, Jiangsu, Henan,
Shandong, Hebei, Guangdong, Sichuan, Hubei, Liaon-
ing, Anhui, and Hunan Provinces were the top ten
ranked, together accounting for ~63% of the national
total.

MP

N,O and CO, emission. Substituting the synthetic N
application rate (N,kgha ") into Eqns (4) and (5) and
summing these rates over the cultivated areas of rice,
wheat, and maize, the total amount of direct N,O
emission was estimated to be 164 + 38 Gg N,O-N yrfl
or 76.8+17.7TgCO, eq.yr . Approximately 17%,
47%, and 36% of the total emission came from rice,
wheat, and maize cropland, respectively. According to
the emission factors F; and F, [Eqn. (6)], the production
and transport of 16.1 TgNyrf1 could annually release
77.6 (63.4-86.5) TgCO,. The total amount was thus
estimated to be 154 (123-181)TgCO, eq.yr ' when
N,O and CO, emissions were combined.

N,O MP (MPy,0). Using Eqns (3)-(5) and (7), the N,O
MP was estimated to range from 44 GgN,Oyr ' (30%
NUE scenario) to 104 GgN,Oyr ' (50% NUE scenario)
with ANj, accounting for 17%—40% of the total direct
N,O emission. With AN,, the potential ranged from
26 GgNzOyrf1 (30% NUE scenario) to 98 Gg N,O yrfl
(50% NUE scenario), accounting for 10%-38% of the
total direct N,O emission. On average, a 1%
improvement in NUE could reduce N,O emission by
~33Ggyr ' within the NUE scenarios of 30%-50%

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02187.x
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0N N . L N N s ) s
40°N
30N 1
200 1+ (kg N ha™ vy |
[{EE) 2
80°E S0°E 100°E 10E 120°E

Fig. 4 Spatial distribution of estimated amount of over-applied mineral N under 40% nitrogen use efficiency scenario. Abbreviations of
province: AH, Anhui; BJ, Beijing; CQ, Chongqing; FJ, Fujian; GD, Guangdong; GS, Gansu; GX, Guangxi; GZ, Guizhou; HEB, Hebei; HEN,
Henan; HLJ, Heilongjiang; HN, Hainan; HUB, Hubei; HUN, Hunan; IM, Inner Mongolia; JL, Jilin; JS, Jiangsu; JX, Jiangxi; LN, Liaoning;
NX, Ningxia; QH, Qinghai; SAX, Shaanxi; SC, Sichuan; SD, Shandong; SH, Shanhai; SX, Shanxi; TB, Tibet; TJ, Tianjin; X], Xinjiang; YN,

Yunnan; Z], Zhejiang.

(Fig. 5a). Compared with the N,O MP in rice cultivation
(Fig. 5b), there is a greater potential for mitigation in
wheat (Fig. 5c¢) and maize (Fig. 5d) cultivation,
accounting for 43% and 40% of the total amount of
N,O mitigation, respectively.

CO; MP (MPco,). Using Eqns (3) and (8), the CO, MP
was estimated to range from 13.6TgCO,yr ' (30%
NUE scenario) to 32.0 TgCO,yr ' (50% NUE scenario)
with AN; or range from 6.3TgCO, yrf1 (30% NUE
scenario) to 29.6 TgCO,yr ' (50% NUE scenario) with
ANj,. On average, a 1% improvement in NUE is expected
to reduce CO, emissions by ~1Tgyr ' within the NUE
scenarios of 30%-50% (Fig. 6).

Total amount of MP. In light of the estimates of N,O and
CO, MP (Figs 5 and 6), the total MP was estimated
using Eqn (9). Table 2 summarizes the estimated MP
under various NUE scenarios, suggesting that the MP
could reach between 19.2 +7.0TgCO, eq.yr ' (30%
NUE scenario) and 59.6 + 10.5TgCO,_eq.yr ' (50%
NUE scenario). Under the NUE scenarios of 30%-50%,
the mitigation of N,O together with CO, would account
for 12%-39% of the total emissions (Table 2). Table 2 also
suggests that improving NUE by 1% can allow the total
emission reduced by ~2TgCO, eq. yrfl. In addition,

the CO, MP associated with the industrial production
of synthetic N and transport (MPco,) is almost
equivalent to the direct N,O reduction (MPn,0) for a
100-year time horizon (Table 2).

Distribution of MP. Of the total GHG (N,O and CO,)
emissions in China, approximately 55% was estimated
to be released in the Jiangsu, Henan, Shandong,
Sichuan, Hubei, Anhui, and Hebei Provinces (Fig. 7a).
Improving NUE where the estimated NUE is lower
than 30-50% in these provinces could cut GHG
emissions by ~6% (30% NUE scenario) to ~21%
(50% NUE scenario) of the national total emissions
associated with synthetic N production and
consumption (Fig. 7b), accounting for 52% of the total
MP. Although the GHG emissions in Jiangsu and Hubei
Province are not the highest in the country, improving
NUE to 30-50% is expected to reduce the emissions by
16-44% in these two provinces (Fig. 7a and b), higher
than the national average (12-39%). The total amount of
GHG MP in the Jiangxi, Shanghai, Gansu, Hainan,
Xinjiang, Beijing, Tianjin, Ninxia, Tibet, and Qinghai
Provinces was estimated to be lower (Fig. 7b), <5% of
the national total, which is attributed to lower emissions
(Fig. 7a).

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02187.x
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Fig. 5 Estimated N,O mitigation potential under different NUE scenarios: (a) total amount; (b) rice; (c) wheat; (d) maize. MPy,o_AN;
and MPx;,0_AN, represent the mitigation potential estimated by using AN; and AN, respectively. MP, mitigation potential.
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Fig. 6 Estimated CO, mitigation potential under different
nitrogen use efficiency (NUE) scenarios. MPco, AN; and
MPco, AN, represent the mitigation potential estimated by
using AN; and AN,, respectively. The vertical bars are standard
deviations from six calculations by using the estimates of ANy
and AN, with low, mean and high values of F; [Eqn (6)]. See text
for the F; values. MP, mitigation potential.

Discussion
Uncertainties

The present assessments of MP (Table 2, Figs 5, 6 and
7b) were mainly made on the basis of several estimates,
including the NUE [Eqns (1) and (2), Table 1 and Fig. 2],
N>O emission from croplands [Eqns (4) and (5)], and

CO, emission from the industrial production of syn-
thetic N and transport [Eqn (6)]. Any inappropriate
estimates of these parameters would introduce errors
into the assessments.

NUE. The uncertainties of the crop N requirement [Fy
in Eqn (1)], may introduce errors into the NUE
estimates because the Fy varies widely depending
on environment, N supply, and availability (Fageria
et al., 1997; Lu, 1998; Witt et al., 1999; Dobermann &
Fairhurst, 2000). Although we recognize that an
imperfect Fy input would introduce errors into the
NUE, it appears difficult to quantify the errors on a
nation-wide scale. A reduction in the NUE errors is
expected when the values of Fy in different crop
regions are available.

We defined a yield ratio of Yy/Y to estimate the
contribution of the soil’s indigenous fertility to yield
[Ps in Eqn (1)] and further developed statistical
models to estimate Pg for different crops (Appendix
S1). The Pg described the integrated contribution of
indigenous nutrients to grain yield, which makes it
useful for estimating NUE. However, the present
statistical models for estimating Ps are far from
robust because the contribution of indigenous soil
fertility to crop yield depends not only on
indigenous nutrient supply but also on field
management (Tilman et al., 2002; Dobermann et al.,
2003), climate (Dobermann et al., 2003), and genotypes
or cultivars (Ortiz-Monasterio et al., 1997; Muurinena

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02187.x
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Table 2 Estimated mitigation potential under various NUE scenarios*

N>O mitigation
(GgN,Oyr Y

CO, mitigation
(TgCOLyr ™)

Total (TgCO,_eq.yr ")

NUE

Relative to

scenario (%) MPn,0_AN;T MPn,0_ AN2i  MPco, AN;  MPco, AN, MP_AN; MP_AN, Mean + SD§ emission (%)

30 43.7 26.4 13.6 6.3 26.6 14.1 192 +7.0 12+5
(33.6-53.8) (20.3-32.5) (11.0-15.1) (5.1-7.0) (21.1-31.1) (11.1-16.6)

35 60.0 46.7 18.7 12.7 36.5 26.7 304 +£72 20+5
(46.2-73.8) (36.0-57.4) (15.2-20.8) (10.3-14.2) (28.9-42.8) (21.1-31.3)

40 75.9 66.2 23.6 19.3 46.2 39.0 414 £+ 8.0 27 +5
(58.4-93.4) (51.0-81.4) (19.1-26.2) (15.7-21.5) (36.5-54.1) (30.9-45.7)

45 90.5 82.8 28.0 24.7 55.0 494 51.0 £ 9.2 33+6
(69.7-111.3) (63.8-101.8) (22.8-31.2) (20.1-27.6) (43.5-64.4) (39.1-57.9)

50 103.6 98.0 32.0 29.6 62.88 58.8 59.6 + 10.5 39 +£7
(79.8-127.4) (75.5-120.5) (26.0-35.7) (24.0-32.9) (49.8-73.6) (46.5-68.9)

*Values in parentheses are lower and upper estimates. A 23% uncertainty was given for the MPy,o estimates with a 95% confidence
(Zou et al., 2010). The lower and upper estimates of MPco, were made with lower and higher values of F; [Eqn (6)]. See text for the F;

values.

fTEstimated with ANj.

tEstimated with AN,.

§Averaged with six values from MP_AN; and MP_AN,.
NUE, nitrogen use efficiency.

et al., 2007). Ignoring these factors will inevitably lead
to errors in the estimates. Moreover, scaling current Pg
models across China may also introduce errors,
particularly in regions beyond the area for which the
models were developed. Fan et al. (2009) described a
relationship between the yields in fertilized and
nonfertilized plots for rice, wheat, and maize. Using
their relationship, we estimated the Pg to be 0.32-0.68
for rice with grain yields 4-8tha~!, 0.25-0.69 for
wheat with grain yields 2-6tha™', and 0.15-0.67 for
maize with grain yields 4-8 tha', respectively. When
the Ps models (Appendix S1) were scaled up to each
county across China, the Pg was estimated to be 0.35-
0.70 (10th-90th percentile) for rice, 0.18-0.62 for
wheat, and 0.15-0.71 for maize, values which are
comparable with those derived from Fan et al. (2009).

Owing to the lack of synthetic N application rate
for a given crop in the county-level database, we used
a proportional factor to allocate the total amount of
synthetic N application into different crops (Appendix
52). The area-weighted mean rate of synthetic N
application using the proportional factor was
estimated to be 191, 190, and 187kgha™' for rice,
wheat, and maize, respectively. Data from farm
household survey in 19 provinces across China
indicated the rates of 206 (129-328) kghaf1 for rice,
186 (113-251)kg ha™! for wheat, and 196 (126~
266)kgha ! for maize in the early 21st century (Yan,
2008). Similar N rates (193, 190, and 188 kgha’1 for
rice, wheat, and maize, respectively) were also

reported by Zhang et al. (2008). The application rates
of synthetic N used in this study appears acceptable.

We extracted datasets from the literature to test the
performance of two NUE models [Eqns (1) and (2)].
Model tests suggested that the estimates of NUE using
Eqn (1) (Fig. 8a) are closer to the observed values than
values generated from Eqn (2) (Fig. 8b). A further
cross comparison (data not show) indicated that the
estimates of NUE in rice using Eqn (2) are generally
higher than those to be estimated using Eqn (1). This is
not surprising because the NUE shows a rather small
variation using Eqn (2), with a range between 28.6%
and 32.9% corresponding to the prevailing N rates of
330-130kg ha™! (Yan, 2008). In wheat cultivation, the
estimates of NUE using Eqn (2) are in general higher
than those using Eqn (1). In contrast, the estimates of
NUE in maize are comparable using the two models,
although the NUE estimates using Eqn (2) show a
relative small variation with 24.3-36.3% (10th-90th
percentile).

MP. The estimated MP using Eqn (2) is 14% lower than
that using Eqn (1) under 30-50% NUE scenarios (Fig. 9).
It must be emphasized that the MP (Table 2) might have
been underestimated due to an overestimation of the
NUE, because we did not take the organic N supply
(e.g. farm yard manure, green manure, and crop
residues) into account owing to insufficient data.
Based on available information (Appendix S3), the
organic N supply was estimated to be 26 =+ 10,

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02187.x
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Fig. 8 Computed vs. observed nitrogen use efficiency (NUE). (a) computed using Eqn (1); (b) computed using Eqn (2). Observed NUE
(data not show) was extracted from the literature: rice (n1=37), wheat (n=27), and maize (n=25).

29 +13, and 31+ 15kgNha ' for rice, wheat, and to ~220kgha ! on the national scale. Accordingly, the
maize, respectively. In this case, the N application rate NUE would be 27-29% (Appendix S3), which is in
from both synthetic and organic sources would amount accordance with Zhang et al. (2007), who reported the

© 2010 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2010.02187.x
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current NUE in China to be 28.3% in rice, 28.2% in
wheat, and 26.1% in maize. In this case, the NUE using
Eqns (1) and (2) might have been overestimated by
~4%, and thus present MP might have been
underestimated by ~8TgCO, eq. yrfl.

The impact of movement of excess N from the
agricultural field into the surrounding environment
and resulting production of additional N,O is not
considered, so the estimated MP in this study is a
very conservative one. According to Crutzen et al.
(2008), 3-5% of all fertilizer N used is returned to the
atmosphere as N,O. If indirect N,O emissions from
surrounding environment (IPCC, 2006) due to excess
fertilizer N usage are taken into account, the MP would
be higher than the present estimation.

Possibility of reducing GHG emission by improving N
management

In well-managed fields, the NUE can reach up to 40-
60% in Asian countries (Cassman ef al., 2002; Ladha
et al., 2005). The present study indicated that the NUE in
China is 30-35% in three crops. Taking the organic N
supply into account, the NUE would be lower than
30%. Clearly, the improvement of N management is
essential in order to reduce GHG emission from the
agricultural sector in China.

It has been well recognized that the NUE can be
improved by matching temporal and spatial N supply
with plant demand, applying N fertilizer at or near the
plant roots, balancing N, P, and K fertilizer application,
and the use of nitrification inhibitors and controlled

release N fertilizers (Matson et al., 1998; Zhu & Chen,
2002; Cassman et al., 2003; Cui et al., 2009). Putting the
knowledge-based optimum N management techniques
(Zhu & Chen, 2002; Zhu, 2006) into practice, Ju et al.
(2009) estimated that current N application rates in
south China (rice/wheat system) and north China
(wheat/maize system) could be reduced by 30-60%.
This would still maintain crop yields and N balance in
rotations, while substantially reducing N losses to the
environment. Based on 331 field measurements (55 for
rice, 87 for wheat, 189 for maize) conducted by the
scientists in the China Agricultural University over
several years, Zhang et al. (2007) reported that adopt-
ing optimum N management could increase NUE by
7-16% compared with traditional N management.
Obviously, the mitigation of GHG emission from Chi-
nese croplands is possible mainly by improving N
management.

Improving N management requires investment. The
Chinese economy has been rapidly developing over the
last 30 years. Increasing investments in public sector
research and extension education by the government,
and investments in soil testing and improved timing of
fertilizer application by the government and/or farm-
ers is necessary to improve N management so as to
reduce GHG emission from the agricultural sector in
China.

Conclusions

An estimated 16.1 Tg of synthetic N was applied to rice,
wheat, and maize cultivation annually in the late 1990s
in mainland China, resulting in NUE with 31 + 11% for
rice, 33 + 13% for wheat, and 31 + 11% for maize. These
NUEs were probably overestimated because the organic
N supply was not taken into account. Improving NUE
in the areas where the estimated NUE is lower than 30—
50% could save 2.8-6.6 Tg synthetic N per year. Conse-
quently, the direct N,O emission from croplands to-
gether with CO, emission from the industrial
production and transport of synthetic N could be re-
duced by 19-60Tg CO,_eq. yrfl, accounting for 12-39%
of the total synthetic N-induced emission. The mitiga-
tion in Jiangsu, Henan, Shandong, Sichuan, Hubei,
Anhui, and Hebei Provinces should be given priority.
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