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Abstract. Nitrous oxide (NO) is a long-lived greenhouse contributions to total direct pfO emissions made by differ-
gas with a large radiation intensity and it is emitted mainly ent amendments was synthetic N fertilizemanure> straw,

from agricultural land. Accurate estimates of total direct representing about 78, 15, and 6 % of total diregONemis-

N2O emissions from croplands on a country scale are im-sions, respectively, between 2000 and 2007. The spatial pat-
portant for global budgets of anthropogenic sources N tern of total NO emissions in 2007 in China shows that high
emissions and for the development of effective mitigation direct NbO emissions occurred mainly in the north and in the
strategies. The objectives of this study were to re-estimate&sichuan Basin in the southwest. The provinces with the high-
direct ;O emissions using localized emission factors and aest emissions were Henan (35.4 Gg) and Shandong (31.6 Gg)
database of measurements from Chinese croplands. We oland Tibet had the lowest (0.65 Gg). High diregtONemis-
tained NO emission factors for paddy fields (0.410.04 %)  sions per unit of arable land occurred mainly on the North
and uplands (1.0% 0.02%) from a normalization process China Plain and the southeast coast. The mean value nation-
through cube root transformation of the original data. Af- ally was 2.52 kg N hal, with 18 provinces above this value
ter comparing the results of normalization from the origi- and with emissions af4.0 kg N ha ! in Beijing, Tianjin and

nal values, Logarithmic and cube root transformations weren Jiangsu, Shandong, Fujian and Henan provinces.

used because the frequency of the original data was not nor-
mally distributed. Direct MO emissions from Chinese crop-
lands from 1980 to 2007 were estimated using IPCC (2006)

guidelines combined with separate localized emission facl Introduction

tors for paddy fields and upland areas. DiregONemissions

from paddy fields showed little change, increasing by 10.5 %Nitrous oxide (NO) undoubtedly plays a key role in con-
with an annual rate of increase of 0.4 % from 32.3G@NN  tributing to global warming and climate change (IPCC,
in 1980 to 35.7 Gg NO-N in 2007. In contrast, emissions 2007a). It had already reached a concentration of 319 ppb
from uplands changed dramatically, increasing by 308 %(10~°molmol~?) in 2005 with a rate of increase of approx-
with an annual rate of 11 % from 68.0 Gg®-N in 1980 imately 0.26 % per year (IPCC, 2007b). Agriculture plays
to 278 Gg NO-N in 2007. Total direct NO emissions from & major role in the global emissions ob® (Robertson et
Chinese croplands increased by 213 % with an annual raté@!., 2000), explaining about 60 % of total anthropogeni©N

of 7.6 % from 100 Gg NO-N in 1980 to 313 Gg BO-N in emissions (IPCC, 2007c). Synthetic nitrogen (N) fertiliz-
2007, and were determined mainly by upland emissions (acers are the largest source op® emissions from croplands
counting for 67.8—-88.6 % of total emissions from 1980 to (EIA, 1997), with a linear or exponential effect of N fertilizer
2007). Synthetic N fertilizers played a major role in@  rate on NO emissions (Bouwman et al., 2002; Snyder et al.,

emissions from agricultural land, and the magnitude of the2009). The total global consumption of N fertilizers reached
100 million tonnes in 2007 (Heffer and Prud, 2008) and will

continue to increase to meet the food requirements of the in-

Correspondence taX. T. Ju creasing world population (Jiang et al., 2010). In some in-
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tensive agricultural areas excessive N fertilizer application
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is common because farmers always include an “insurancéound to differ in recent studies (Ju et al., 2009, 2011). The
dressing” to avoid yield or economic losses. Lower N useobjectives of the current study were therefore to summarize
efficiency will produce severe environmental problems in- all the observations of directdD emissions from N inputs
cluding large emissions of A0 (Dobermann, 2007; Ju et in Chinese croplands and compute the emission factors of
al., 2009). If N fertilizers and animal manures are not care-paddy fields and upland areas, to re-estimate diresd N
fully managed in the future, §O emissions from agricultural emissions from both paddy fields and uplands using these
soils will increase by 35-60% up to 2030 according to thelocalized emission factors together with IPCC (2006) guide-
FAO (2003). lines from 1980-2007, and to compare the estimates with
China became the largest producer and consumer of Nthers reported in the literature.
fertilizers in the world during the 1990s (Heffer and Prud,
2008). It is important to estimate the direct® emissions
from N fertilizers and to devise measures of mitigation. Di- 2 Materials and methods
rect NbO emissions have been defined agONproduction
from soils to which N has been applied during the current2.1 Basic data sources
year or season and is the result of multiplying the diregdN
emission factor (EFd) with the rate of N application (IPCC, The N,O emission data from Chinese croplands were col-
2006). Direct emissions contribute 75% of the totalON  lected from previous studies published in the literature,
emissions caused by agriculture in China according to Zhendpooks or research reports. The database mainly includes crop
et al. (2004). Several methods have been devised to estimagystems, distribution region, N application rates, correlation
direct \bO emissions, namely the emission fluxes aggregafactors of soil and climatic conditions and emission factors
tion extrapolation method (Mosier et al., 1991; Xing, 1998), range in different region and were shown in Table 1 which
the IPCC (1996) guideline method (Mosier et al., 1998; Xing had been summarized from data collected in previous stud-
and Yan, 1999; Yan et al., 2003; Zheng et al., 2004; Zou eties (e.g. Su et al., 1992; Cai et al., 1997, 2003; Chen et al.,
al., 2009), the empirical formula method (Zou et al., 2010) 1997, 2002; Song et al., 1997; Zheng et al., 2000; Dong et
and the mechanistic model computation method (Li et al.,al., 2001; Xiong et al., 2002; Gao, 2004). The frequency
2003; Zheng et al., 2004). The emission flux aggregationof NoO measurements were twice weekly, weekly or with
extrapolation method is a simple extrapolation using fieldlonger time intervals.
measurements of emission flux in an area combined with the N2O emission factors were summarized with Meta Analy-
arable area of the cropping system and it is too approximateis (%) using the database described above. The direct emis-
for a large country with diverse edaphic and climatic condi- sion factor (EFd) was calculated as totaiemission from
tions and cropping systems. Empirical formula methods esti-nitrogen fertilizer plots minus the emission from unfertilized
mate through empirical formulae created by combinindN  control plots expressed as a percentage of N applied (IPCC,
emissions with controlling factors and is also unsatisfactory1996).
for calculating emissions on a national scale. Mechanistic The numbers of livestock and poultry breeding in each
model computation calculates through a process model angrovince and over the whole country were obtained from
links with a database of related parameters. Complex modehe Ministry of Agriculture of the People’'s Republic of
structure and input parameters make it difficult to use this ap-China (1980-2007b) and N fertilizer rate, crop yield, and
proach on a large scale. In addition, this type of model still population data from the Ministry of Agriculture of the
awaits further validation using local observation data. IPCCPeople’s Republic of China (1980-2007a). N application
methods mainly involve calculation by aggregating the in- rates on paddy fields were sourced from “Information of the
puts of N on cropland and combining these with emissionNational Agricultural Costs and Returns” (Energy Bureau
factors. This is a universally accepted method for calculat-of National Development and Reform Commission, 1980—
ing the national inventory of pD emissions from different 2007) and the doctoral dissertation of Wang (2007). Other
fertilizer N sources and the calculation parameters are easparameters (Tables 2—4) such as quantities of human and an-
to collect. It also easy to make comparisons among counimal excreta and N contents (fresh samples) were the mean
tries but the accuracy of estimation depends very much orvalue of different publications from 1994 to 2004 which were
the emission factor of each N input source. The estimatiorsummarized by Ma et al. (2006) and Wang et al. (2006). Per-
by localized EFs with the IPCC Tier 2 method is better thancentage of excreta returned to the field was the average of
by default values of EFs with the IPCC Tier 1 method. different publications during 1980-2007 (Zhu, 1997; Li et
Most of the estimates of direct J® from Chinese al., 1998; Liu et al., 2006; Ma et al., 2006). Ratio of oil crop
croplands were calculated using the old version of theseed conversion to cake fertilizer, N content in cake fertilizer
IPCC (1996) guidelines with the default value, and may notand green manures were sourced from National Extension
be suitable, especially since they do not differentiate be-Center of Agriculture Techniques (1999a, b). Ratio of straw
tween paddy fields and uplands. However, the mechanism® grain, N content in straw and percentage return of main
and quantities of BO emitted from these two systems were crop straw to the field were sourced from different literature
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Table 1. Crop systems, distribution region, N application rates, correlation factors of soil and climatic conditions and emission factors range

in different regions.

Type Crop systems Ratio to total  Distribution N application Average Precipitation  Organic matter  Total N pH Emission
measurements  region rate (kgN'Ha temperature  (mm) content (%) factors range
(%) season?) (°C) (%) (%)
Wheat, maize or wheat 42.4 Northeast China (NE)
and maize rotation North China (N)
Upland
Cotton, soybean 10.5 East China (E) 62-559
and peanut Northwest China (NW) <10 (NE) 662 (NE) 2.4 (NE) 0.11(NE) 6.5(NE) 0.11-4.80 (NE)
and Southwest China (SW) 14.2 (N) 534 (N) 1.5(N) 0.09 (N) 8.2(N) 0.13-1.61 (N)
wheat (or green manure) 4.3 16.4 (E) 829 (E) 1.9 (E) 0.18 (E) 6.9 (E) 0.0036-4.71 (E)
and rice rotation or early 22.1(S) 2107 (S) 2.0(S) 0.07 (S) 5.7 (S) 0.11-2.16 (S)
rice and late rice rotation East China (E) 155 (NW) 428 (NW) 0.6 (NW) 0.14 (NW) 8.0 (NW) 0.04-1.25 (NW)
Paddy fields South China (S) 95-479 14.2 (SW) 1200 (SW) 1.2 (sSwW) 0.07 (SW) 7.5(SW) 3.23-3.55 (SW)
Rice (6.7 % seasonal 42.8 and Northeast China (NE)
continuous flooding
and 93.3% applying

midseason drainage)

Table 2. Human or animal excreta parameters, their N contentsTable 3. Ratio of oil crop seed conversion to cake fertilizer and N

(fresh samples) and percentage of return to the field in China content in cake fertilizer and green mariure

Category Amountof N content Percentage Organic material Ratio of oil crop N content

excreta (gkgl) returnto seed conversionto  (gkd)
field (%) cake fertilizer (%)

Pig 5.3kgd? 2.38 65 Rape cake 0.55 53.5

Labor cow 10.1tal 3.51 30 Cotton seed cake 0.8 42.9

Beef cow 7.7tal 3.51 30 Soybean cake 0.85 66.8

Milk cow 19.4tal 3.51 30 Peanut cake 0.5 69.2

Horse 59tzl 3.78 44 Sesame cake 0.5 50.8

Donkey and mule  5.0ta 3.78 44 Elunflovxll(er seed cake 007'7 5;'766

Sheep 0.87tal 10.14 33 Gf‘exef]amznure f o

Meat chicken 0.10kgdlt 10.32 45 '

Layer chicken 53.3 kg_al 10.32 45 * Data from the National Extension Center of Agriculture Techniques (1999a, b).

Duck and goose  39.0kga 6.25 45

Rabbit 41.4kgal 8.74 45

Human 107 kgal 6.43 33

mal distribution on a probability scale (Group Section) (Xue,
* Data from Zhu (1997); Li et al. (1998); Wang et al. (2006); Ma et al. (2006); Liuet 1978; Tang, 1984.; Zhang et al., 1990). Figure 3c and f show
al. (2006). that the data are normally distributed after cube root transfor-
mation of the original data on the probability scale. However,
the method of cube root transformation is not valid simply to

or publications (Lu et al.,, 19964, b; Li et al., 1998; National ¢g|cylate the arithmetic or geometric mean values of the sam-
Extension Center of Agriculture Technique, 1999a, b; Liu etpie. The main step in normalization is to calculate the fre-

al., 2006). quency of each group and the relative cumulative frequency

after grouping the original data according to the order. The
2.2 Normalization of the emission factors probability scale (Group Section) can be found in the area
table under the curve of normalization and the group interval
The frequency of emission factors of both paddy fields andof two neighboring groups can be calculated based on rela-
upland areas (Fig. 2a and b) are not normally distributed andively cumulative frequency. The normalized frequengy (
it is not valid simply to calculate the arithmetic or geometric of each group can be calculated from the frequency divided
mean values of this type of sample. A normalization processy the group interval. The average group valteand the
of the emission factor is necessary for obtaining the mean andtandard deviation of the group value)(can then be calcu-
standard deviation of the emission factor. The normalizationlated using formulas (1) and (2). The last obtaimedlues
process is by conversion of the skewed frequency distributior(z & §) were used to deduce the original value by the method
(positive bias or negative bias) on the original scale to a nor-of linear interpolation. The range between maximum and
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Table 4. Ratio of straw to grain, N content in straw, and percentage a b
straw return to the field of main crops in China I _
40
Crop Ratio N content  Percentage -

of straw of straw  straw return
tograin  (gkgl) tofield (%)

Frequency

Rice 0.9 9.1 30 o - ) _
Wheat 65 sl w7 NN Rl N
i . . o | LTI e
M.alze 1 2 9 2 20 00 05 10 15 20 25 00 10 20 30 40 50
Millet 1.0 8.2 0 Emission factors (%)
Sorghum 2.0 12.5 0
Other cereals 1.0 6.8 45 Fig. 2. Frequency distribution of the original data 0§® emission
Bean 1.0 21.0 80 factors of paddy field) (» = 195) and uplandg) (n = 261). The
Potato 0.5 25.1 0 Gaussian curves superimposed on the two frequency distributions
Cotton 3.0 12.4 0 of the original data representing the original data are not normally
Peanut 0.8 18.2 90 distributed
Rape seed 2.5 8.7 40 '
Sugarcane (leaves/stems) 0.3 11.0 90
Beet (leaves/roots) 0.5 25 920 -
t=>1t 1
Tobacco leaves 1.0 14.4 0 Z fin (1)
2 2
* Data from Lu et al. (1996a, b); Li et al. (1998); Liu et al. (2006); the National St = nZl‘ f — (th) (2)
Extension Center of Agriculture Technique (1999a, b). - n(n _ 1)

wheren is the sum of each group frequency after normal-
ization, and is the group value, i.e. the mean of two neigh-
boring group intervals. Finally, the emission factor can be
calculated in reverse based on thealue obtained through

the mean group values one standard deviation (Xue, 1978;
Tang, 1984). The steps above can be repeated after convert-
ing the original data using other transformation functions if
they are still not normally distributed with graphics using
group interval as the x-axis anfl as the y-axis (Zhang et

al., 1990).

2.3 Items included in the calculation

The method of calculating direct® emissions from crop-
lands in this study using IPCC (2006) guidelines with local-
ized emission factors was as follows:

900 0 900 1800 Kilometers ¢ Observation site
]

N20pirectN = N20-Nninputs+ N20-Nos -+ N20-Nprp ~ (3)

Fig. 1. Locations of the NO emission observation sites in Chinese

croplands. where NObpirect-N, N20-Nninputss: N20-Nos, and NO-

Nprp represent direct pD emissions from fertilized soil on
an annual basis, 2D emitted from synthetic N amended saill,
minimum, after cube tranSformation, is smaller than that Offrom Histosol areas and from grass|and soil resumng from
the original data and after original data is log transformedaddition of manure and urine, respectively. The units are
(see Supplement Tables S1 and S2). As aresult, the data aftgflograms of NO-N per year.

cube transformation has less variation than the original data Thijg study did not consider thesl® emissions from grass-
and the data after log transformation. So the mean values dggzng by adding manure or urine $§8-Nprp. In addition,
duced frony-values (= 6t) by normalization after cube root  Hjstosol areas comprise about 5 million ha and occur mainly
transformation also have lower standard error than data nofi the northeast and in remote mountainous areas of south-
malized through the original data and normalized after logwest China which are not cultivated for arable crop pro-
transformation. duction. The cultivated area of Histosols amounts to only
19 000 ha and the #D emissions amount to 0.95 Gg, a value
basically unchanged since 1990 (Xing and Yan, 1999). The

Biogeosciences, 8, 3013624 2011 www.biogeosciences.net/8/3011/2011/
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Fig. 3. Frequency distribution of pO emission factors of paddy fields £ 195),(a): normalized through original datéh): normalized after
log transformation(c): normalized after cube transformation and uplands 61),(d): normalized through original datée). normalized
after log transformation(f): normalized after cube transformation.

N2>O emission data from cultivated Histosols are thereforeCake fertilizerN:ZCake cropyieldi)-Cake production ratg)
taken as a default value since 1990. i

- Nitrogen content in cake fertilizet) )
2.4 Calculating direct NoO emissions from different N

input sources .
P Green manure N=Green manure production

The formula used to calculate the amount and sources of - Nitrogen contern®o) (8)

nitrogen from which NO emissions were estimated are in- ) .
cluded in Eq. (4). We calculated the rural population only and the ratio of

the total population to the adult population is 0.85 (Cao et
N20O-Nninputs= [(Fsn+ Faw + Fcr) - EFR1] al., 2006; Zhu, 1997).

+[(Fsn+Faw +Fcr) - EF1FRl (4) Fcr= Z Crop yield(i) - Ratio of straw to grairgi)

Where the kN, Faw, Fcr represent inputs of N from syn-
thetic fertilizers, organic materials and crop residues. N con-
tent in compound fertilizer was calculated at 0.3 kg kgNi-
trogen fixation by legumes is not considered in the calcula-3 Results
tion according to the IPCC (2006) guidelines. Ehd ERgr

are the emission factors for paddy fields and uplands, respe@.1  Emission factors of paddy fields and uplands
tively.

- Straw nitrogen conterit)-Proportional return to field) (9)

The mean emission factors were more normally distributed
Faw=Manure/Urine N+Cake fertilizer N-Greenmanure N(5)  after normalization by cube root transformation of the origi-

nal data compared to other transformations (see Supplement

Tables S1 and S2 for detailed description) (Fig. 3a, b, c, d,

Manure/Urine N= ~ Human or animal specie() e, f). We conducted further statistical testing for the effect of
) P ) normal distribution after cube root transformation (Table 5)

- Discharge coefficient) - Nitrogen excreted:) and the Z statistic values of one sample K-S test for paddy

- Percentage return to field) (6) fields and uplands were 0.562 and 0.440, respectively. Both

www.biogeosciences.net/8/3011/2011/ Biogeosciences, 8, 30242011
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Table 5. Normal test (one-sample K-S test) of the normalized frequency after cube root transformation.

Item Value
Paddy fields Uplands

Samples 10 10
Normal parameters Mean 45.727 59.583

Standard deviation 29.112 39.944
Most extreme differences Absolute 0.178 0.139

Positive 0.142 0.132

Negative —-0.178 —-0.139
Kolmogorov-Smirnov Z 0.562 0.440
Asymptotic significance (2-tailed) 0.911 0.990

Table 6. N>O emission factors (%) of Chinese paddy fields and uplands calculated by different methods.

Land type No. of samples  Method Mean Standard deviation Range

Original data 0.54 0.53 0.0036-2.13
i Normalized through origin data 2.18 0.25 1.93-2.43

Paddy fields 195 Normalized after logarithms conversion  0.23 1.07 0.21-0.25
Normalized after cube root conversion 0.41 0.04 0.37-0.45
Original data 1.49 1.23 0.035-4.8
Normalized through origin data 1.90 0.98 0.92-2.88

Uplands 261 Normalized after logarithms conversion ~ 0.79 0.36 0.28-2.19
Normalized after cube root conversion 1.05 0.02 1.03-1.07

reject the null hypothesis and reach normal distribution be-
cause the corresponding concomitant probabilities are 0.911
and 0.990 larger than the significance level of 0.05. This was
the most reasonable method of normalization after cube roa
conversion and gave smaller standard deviation and rang
than other methods (Table 6). We therefore selected 0.419
and 1.05 % to replace the original average values of 0.54 %
and 1.49% as the emission factors of paddy fields and up ™%
lands, respectively (Table 6). )

N,O-N (G

3.2 Direct NoO emissions from paddy fields

Direct NoO emissions from paddy fields have changed lit-
tle from 1980 to 2007 (Fig. 4). They have increased from
32.3Gg in 1980 to 35.7 Gg in 2007, with an annual rate
of increase of only 0.4%. Emissions were maintained at 8
stable level between 1980 and 1995 and changed markedly
from 1995 to 2007. The dynamics of total direci®lemis-

—e— Fgy
—o— Fun
—v— Fer
—&— Histosol
—a— Total

2005 Year

T
1980

1985 1990 1995 2000

Fig. 4. Total direct NO emissions in paddy fields between 1980

sions were dominated byJ® emissions from synthetic N and 2007; En, Fun, Fcr and Histosols represent direcy® emis-
fertilizers. However, NO emissions caused by manures and sions from synthetic fertilizers, manures, crop residues and His-

straw showed only slight variation and the emissions g®N
from Histosols remained horizontal because of the applica-
tion of the default value of 1990. The order of contributions

Biogeosciences, 8, 3013624 2011
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Table 7. Contribution of different sources to direcb® emissions from Chinese croplands (%).

\ Synthetic N fertilizers | Manures \ Crop residues \ Histosols

Paddy Uplands Total | Paddy Uplands Total | Paddy Uplands Total | Paddy Uplands Total
Year | fields croplands| fields croplands| fields croplands| fields croplands
1980 | 76.84 52.16 60.11 | 15.85 38.54 31.24 | 4.37 9.30 7.71 2.94 / 0.95
1985 | 75.57 67.43 69.27 | 15.90 23.67 2193 | 547 8.89 8.12 3.06 / 0.69
1990 | 74.18 75.30 75.11 | 17.06 17.77 17.65 | 5.85 6.93 6.75 291 / 0.49
1995 | 74.31 77.60 77.12 | 17.97 15.88 16.19 | 5.12 6.51 6.31 2.60 / 0.38
2000 | 73.06 79.05 78.26 | 19.08 14.84 1540 | 5.24 6.12 6.00 2.63 / 0.35
2005 | 70.90 79.10 78.12 | 21.38 14.79 1557 | 5.07 6.11 5.99 2.65 / 0.32
2007 | 71.50 80.43 79.42 | 20.58 13.54 1434 | 5.26 6.03 5.94 2.66 / 0.30

350 40
300 00 °
o o
En r 30
> D
=4 >
_ o 2504 z
8 8 s
= 8 200 4 F20 &
Z < g
Q, 2 3
z E =
— >
S 150 4 k)
g &
o
= ° 10
100 —e— Uplands
o Total
—4a— Paddy fields
50 T T T T T 0
1980 1985 1990 1995 2000 2005 Year 1980 1985 1990 1995 2000 2005 Year

Fig. 5. Total direct NO emissions from uplands between 1980 and Fig. 6. Historical changes in direct 0 emissions from Chinese
2007. croplands between 1980 and 2007.

to direct O emissions in paddy fields was synthetic N fer- €St level. The order of contributions to direci® emissions
tilizers> organic mattes straws Histosols. of uplands was synthetic N fertilizessmanures> straw.

The contributions of synthetic N fertilizers, manures, The contributions of synthetic N fertilizers, manures and

straw and Histosols to directJ® emissions showed slight straw to direct NO emissions also showed slight variation

variation after 2000 (Table 7) and were maintained at abouta“;ter Z(jog%g}'able 7 ar_1d \;verlf mamr;camed at ab_out ??;80’.13?
71-73%, 19-21%, 5.2 % and 2.6 %, respectively. From the:L and 6.0%, respectively. From the perspective of historica

perspective of historical change, the contribution from Syn_change, the contrib_ution of synthetic N_ fertiliz_ers appeared
thetic N fertilizers declined by 6.9% from 76.8% in 1980 to follow the opposn.e trend to paddy f|elds, Increasing by
to 71.5% in 2007, from Histosols declined by 9.5% from 54.0% from 52.2% in 1980 to 80.4% in 2007, rising at an

2.9% in 1980 to 2.7 % in 2007, and from manures and stranf'¢'39€ of 1.9.% per year, and the contribution fro”." manure
incre(:';\sed by 29.8% a°nd 20.4%, respectively declined by 64.9% from 38.5% in 1980 to 13.5% in 2007,

and that from straw declined by 35.2 % from 9.30 % in 1980
. . to 6.03 % in 2007.
3.3 Direct NoO emissions from uplands

3.4 Overall direct NoO emissions from Chinese
Direct NoO emissions from uplands showed rapid growth be- croplands

tween 1980 and 2007 (Fig. 5). They increased by 308 % from

68.0 Gg in 1980 to 278 Gg in 2007, rising at an approximateThe total direct NO emissions from Chinese croplands were

rate of 11 % per year. Their change was also controlled byestimated by summing the emissions from paddy fields and
N2O emissions from synthetic N fertilizers and the totalN  uplands. They increased rapidly from 100.2 Gg in 1980 to
emissions caused by manures and straw remained at a mo813.2 Gg in 2007 (Fig. 6), rising at an approximate rate of

www.biogeosciences.net/8/3011/2011/ Biogeosciences, 8, 30242011
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clear that the application of synthetic N fertilizers exerts an
important influence on total directZ® emissions from crop-
land. The contribution of synthetic N fertilizers was about
twice the world average of 36 %, and manures were much
lower than the world average level of 30% (Mosier et al.,
1998).

3.5 Total direct NoO emissions from croplands at
provincial level in 2007

Total direct NO emissions from croplands on a provincial
scale in 2007 were calculated by multiplying the rate of N ap-
plied from Fsn, Fyn and ker in each province with the cor-
responding emission factors of paddy fields or uplands and
showed large spatial variability among provinces (Fig. 7a).
This reflects the large variation in synthetic N inputs in dif-
ferent Chinese provinces. The larger emission provinces
were mainly in north China and the Sichuan Basin, with the
highest emission provinces, Henan (35.4 Gg) and Shandong
(31.6 Gg), accounting for 11.6 % and 10.3 % of total direct
N2O emissions from cropland. Tibet had the lowest emis-
sions (0.65 Gg), accounting for only 0.21 % of total direct
N2O emissions from cropland.

Direct N,O emissions per unit of arable land had different
distribution patterns from total emissions at provincial scale
(Fig. 7b). Values were higher in the east than the west and the

130 f‘l 1.60 s U
- 4 159

highest emission provinces were on the North China Plain
and in the southeast coastal areas (Fig. 7b). The mean direct
N>O emissions per unit of arable land were 2.52 kg N‘ha
nationally and 18 provinces had higher values, including
>4.0kg N ha'1 in Beijing, Tianjin and in Jiangsu, Shandong,
Fujian and Henan provinces. Beijing had the highest values
ofto 5.14kgNhal.

2.52 kg N;O-N ha

Fig. 7. The provincial pattern of total directdD emissions from . .

(a) Chinese croplands ar{®) direct ;O emissions per unit area 4 Discussion

of arable land in 2007; bar with 2.52 kgpg®-N ha ! represents the o .

scale of average directJO emissions per unit area of arable land 4-1 Emission factors of paddy fields and uplands

of all provinces. o )
The emission factors (0.41% for paddy fields and 1.05%

for uplands) were obtained by the statistical approach in this
. ) o study in order to estimate the totab® emissions on a na-

7.6% per year. Direct pD emissions from uplands ac- tignal scale. It might be possible to make some compari-
counted for about 82.8 % of total direcb® emissions from 5 with IPCC methodology but there is no way of compar-
croplands, with a range of 67.8-88.6 % from 1980 to 2007.jng sjte-specific results. Both emission factors are slightly
The NoO emissions from paddy fields were maintained atpigher than the default values of the IPCC guidelines (2006)
a stable level relative to uplands and had a slight effect 0N0.3% and 1.0% for paddy fields and uplands) and within
total direct NO emissions of croplands. Thus the histor- ey ranges of 0-0.6 % and 0.3-3.0 %, respectively. These

ical changes in total direct 2D emissions from croplands  jycreases may reflect the general and widespread overuse of
showed a similar trend to those from uplands. The order ofy fertilizers in most Chinese croplands.

contributions to total direct dD emissions of cropland was Recent studies have indicated that directONemission

synthetic N fertilizers- manures- straw> Histosols. factors are very low in semiarid and low carbon soils. For ex-
The contributions of synthetic N fertilizers, manures, ample, they were only 0.08 % and 0.13 % in winter wheat and

straw and Histosols to total directo® emissions have 0.45% and 0.46 % in summer maize under conventional and

changed year by year (Table 7) and have remained at abowptimum N fertilization when an automate@® flux mea-

78, 15, 6 and 0.32% from 2000 to 2007, respectively. It issurement system was used in the North China Plain (Ju et al.,
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2011). The mean PO emission factor was only equivalentto flooding-midseason drainage-reflooding (0442.12 %) and
0.26 % of applied N fertilizer in the semiarid Northern Great flooding-midseason drainage-reflooding-moist intermittent
Plains in the USA (Dusenbury et al., 2008). The value wasirrigation (0.73+0.22%) were calculated by Zou et
as low as 0.02% and 60 times lower than the IPCC defaulal. (2007) by classifying the §O database into three cate-
value in the semiarid climate of west Australia (Barton et al., gories taking into consideration differences in water regime
2008). All the above low direct PO emission factors may be and simulation of the BO emission factor using an ordinary
attributed to drought and low carbon soil conditions, and notleast square (OLS) linear regression model. The flooding-
correspondingly decided by the N fertilizer rate, but rather tomidseason drainage-reflooding management accounted for
specific observations and cannot be compared with statisticalbout 80—90 % of the total rice growing area (Xing and Yan,
emission factors on a national scaleemissions show lit-  1999; Zou et al., 2009). We therefore used 0.41% as the
tle difference below an application rate of 100 kg Nhand ~ emission factor for paddy fields to minimize the uncertain-
rise rapidly with higher rates (Bouwman et al., 2002) andties associated with estimation.

there are larger pD emission factors when applications are

in excess of uptake capacity (Grant et al., 2006). The highe#.2 Direct NO emissions from Chinese croplands

emission factors in this study compared with IPCC guide- , . ] o
lines (2006) may reflect the overuse of N fertilizer that is The literature describes many methods from simple empiri-

characteristic of most Chinese croplands on a national scalé?@ formulae to complicated biogeochemical models for esti-
China is a very large country and the soil, climate and mating NbO emissions from Chinese croplands (Xing, 1998;

management practices (cropping systems, application rate§in9 and Yan, 1999; Xing and Zhu, 2000; Yan et al., 2003;

of N fertilizer and manures etc.) have high spatial and tempo - €t al., 2003; Zheng et al., 2004; Zou et al., 2009, 2010).

ral variation. Itis preferable to use different emission factors COMParing these estimates with the present study (Table 8),
for different regions to derive more reliable results. How- ©Ur direct NO-N emission results from paddy fields were
ever, at present we do not have enough observation sites arfd9ner than those of Zou et al. (2009) who only considered
databases to do this. For example, owO\emission data synthetic N fertilizer-induced direct JD-N emissions (16.5
have originated mainly from the east of the country, with 21d 20.0Gg in 1980 and 2000, respectively) due to consid-

fewer observation sites in the vast central and western reration of more N sources. The direct®FN emissions

gions (Fig. 1). As the observations increase, we would ex-Fom paddy fields in our study were 32.3Gg and 36.2Gg in

pect the uncertainties associated with diregONestimation ~ 1980 and 2000, respectively, with a mean value of 34.5 Gg-

to decrease. Another important aspect of our paper is thd in the 1990s that was very close to the 32.3 GOAN per
review of all the estimates of /O emissions using differ- Year estimated by Zou et al. (2009). Yan et al. (2003) es-
ent approaches in Chinese croplands in comparison with oufmated 40.7 GgN in 1995 and took into consideration the
results to illustrate the differences and uncertainties amonc%'lf'xed by legume crops in their study. Xing (1998) and

these estimates. We also give our readers a general overvief'€ng etal. (2004) calculated very similar values of 88 Gg N
of N,O emissions from Chinese croplands. in 1995 and 90.8 Gg N in the 1990s using different methods,

The rice production area represents about 20% of thetnd both.of these were significantly higher t.han the present
world total and 23 % of the arable land area in China (Frol-Study. Xing (1998) calculated directo® emissions from
king et al., 2002). It is therefore necessary to separatd®@ddy fields by multiplying the average® fluxes with their
paddy fields from uplands to estimate the diregONemis- corresponding areas in different regions, and included back-

sions from Chinese croplands. The emission factor of paddygound RO emissions and O emissions induced by dif-
fields is 0.3 % by the IPCC guidelines (2006) which is lower f_erent N sources. Zheng et al. (2004) took into account the N

than in this study (0.41%) because the IPCC method doe&X€d by legumes that was excluded in the new IPCC (2006)
not consider the different water regimes and major con-guidelines and deposition of atmospheric N derived from an-

tribution from aerobic paddy soils. Water-saving technol- thropogenic activities that belongs to the category of indirect

ogy has increased rapidly in Chinese rice production be-£Missions.

cause of scarce water resources and the development of Diréct N2O-N emissions of uplands in the present study
cultivation techniques (Zou et al., 2009). Since the 1980s2r€ Similar to the results of Zou et al. (2010) in 1980 and
about 80% of the paddy fields have included midseasor?000- Although considering different sources of diregON

drainage and the rate of® emissions from this type of €MISSIONS, th_e result pf _184.2 Gg N in the 1990s fror_n Zheng
paddy field is very different from annually flooded paddy et al. (2004) is very _S|m|Iar to the average of 193.5 in 19_90,
fields because the emissions have been stimulated by wetting?24 and 1995 in this study because almost all of the direct
and drying cycles in midseason drainage (Zou et al., 2009 20 emissions from synthetic N fertilizer, straw and manure,

2010). Earlier estimates therefore incorporated larger error&ccounted for 99.1-99.7% of total direci® emissions in
because they did not consider this change in the manage?ur Study. The result of Xing (1998) in 1995 was very close

ment of paddy fields (Yan et al., 2003). The emission factorsl© Yan et al. (2003) at about 310 Gg N and somewhat higher

from continuously flooded paddy fields (0.60.006%), thanthe 211 GgN inthe present study.
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Table 8. Comparison of national total#0 emission estimates from Chinese croplands from different studies §0gNyr—1).

Year Method NO-N sources considered Emission factors PaddyUplands Total Reference
fields emissions
1980 Localized EFds FSN+FAW+FCR+FbS Paddy fields 0.41%,  32.3 68.0 100.2 This study
upland 1.05%
1985  Localized EFds FSN+FAW+FCR+FOS Paddy fields 0.41 %, 31.1 106.9 137.9 This study
upland 1.05 %
1990 Localized EFds FSN+FAW+FCR+FOS Paddy fields 0.41 %, 32.6 164.0 193.1 This study
upland 1.05 %
1994  Localized EFds FSN+FAW+FCR+FOS Paddy fields 0.41 %, 31.0 205.2 236.2 This study
upland 1.05 %
1995 Localized EFds FSN+FAW+FCR+FOS Paddy fields 0.41 %, 36.5 211.4 247.8 This study
upland 1.05 %
2000  Localized EFds FSN+FAW+FCR+FOS Paddy fields 0.41 %, 36.2 238.1 274.3 This study
upland 1.05%
2005 Localized EFds FSN+FAW+FCR+FOS Paddy fields 0.41 %, 35.9 265.5 301.4 This study
upland 1.05 %
2007  Localized EFds FSN+FAW+FCR+FOS Paddy fields 0.41 %, 35.7 277.6 313.2 This study
upland 1.05 %
1990 DNDC model FSN+FAW+FCR+FDN+BNE No 286.8 978.2 1265 Li et al. (2003)
1990 DNDC model FSN+FAW+FCR+FDN+BNE 0.8;/0 olr 3.3 kgDt 310 Li etal. (2001)
Nha *yr~
1990  Strictly empirical IPCC FSN+FAW+FBN+ FOS+BNE 1.25% and 360 Li et al. (2001)
methodolog¥ 5-10kg NO-N ha 1
for histosols
1995  The average emission All sources from cropland Average O fluxes in  88.0 310 398 Xing (1998)
fluxes x their correspond- different area
ing areas
1980  Revised IPCC (1996) FSN+FAW+FBN+FCR+FOS 1.25% 159 Xing and Yan (1999)
guidelines
1985  Revised IPCC (1996) FSN+FAW+FBN+FCR+FOS 1.25% 253 Xing and Yan (1999)
guidelines
1990 Revised IPCC (1996) FSN+FAW+FBN+FCR+FOS 1.25% 266 Xing and Yan (1999)
guidelines
1995 Revised IPCC (1996) FSN+FAW+FBN+FCR+FOS 1.25% 336 Xing and Yan (1999)
guidelines
1995 IPCC (1997) guidelines FSN+FAW+FBN+FCR upland 1.25 %, 40.7 308.5 349.2 Yan et al. (2003)
paddy fields 0.25 %
1990s The re-quantified site-scaleFSN+FAW+FBN+FCR+FDN The re-quantified 90.8 184.2 275 Zheng et al. (2004)
EFds x Nr3 input in indi- site-scale EFds
vidual cropland
1990s The average of the FSN+FAW+FBN+FCR+FDN The mean of the 390 Zheng et al. (2004)
re-quantified site-scale re-quantified site-scale
EFdsx national Nr input EFds
1990s  Empirical equatiofis FSN+FAW+FBN+FCR+FDN No 340 Zheng et al. (2004)
1990s The IPCC (1997) default FSN+FAW+FBN+FCR+FDN 1.25% 360 Zheng et al. (2004)
EFd x national Nr input
1994 Revised IPCC (1996) FSN+FAW+FBN+FCR Site-scale EFds 301.4 China National
guidelines and IAP-N +FSSCON Coordination Com-
modeP mittee on Climate
Change (2004)
1980  Empirical modefs FSN Upland 1.8& %, 16.5 62.0 78.5 Zou et al. (2010)
paddy fields F 0.02 %,
F-D-F 0.42 %,
F-D-F-M 0.73 %
1985  Empirical models FSN Upland 1.86%; 124.2 Zou et al. (2010)
paddy fields F 0.02 %,
F-D-F 0.42 %,
F-D-F-M 0.73%
1980s Empirical models FSN Upland 1.88%; 115.7 Zou et al. (2010)
paddy fields F 0.02 %,
F-D-F 0.42 %,
F-D-F-M 0.73%
1990  Empirical models FSN Upland 1.86%; 177.2 Zou et al. (2010)
paddy fields F 0.02 %,
F-D-F 0.42 %,

F-D-F-M 0.73%

Biogeosciences, 8, 3013624 2011
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Table 8. Continued.

Year Method NO-N sources considered  Emission factors PaddyUplands Total Reference
fields emissions

1990s OLS modél FSN+FAW+FCR paddy fields F 0.02%, 32.3 Zou et al. (2009)
F-D-F 0.43%

1990s Empirical models FSN Upland 1.88%; 210.5 Zou et al. (2010)
paddy fields F 0.02 %,
F-D-F 0.42 %,
F-D-F-M 0.73 %

1995  Empirical models FSN Upland 1.86%; 217.7 Zou et al. (2010)
paddy fields F 0.02 %,
F-D-F 0.42 %,
F-D-F-M 0.73%

2000  Empirical models FSN Upland 1.86%; 20.0 230 250 Zou et al. (2010)
paddy fields F 0.02 %,
F-D-F 0.42 %,
F-D-F-M 0.73 %

1 FSNis the N from synthetic N fertilizer consumption. FAW is the animal waste or organic matter N used as fertilizer. FCR is the N in crop residue returned to soil. FOS is the N
from organic soil. FDN is deposited atmospheric N derived from anthropogenic activities. BNBigiNissions from the soils which no nitrogen fertilizer application. FBN is the
N fixed by N-fixing crop. FSSCON is the N from sewage sludge and compounds of organic N. FTN is the N impacted by warmer temperature$ tzsmeen2naximum and
minimum in each day'’s, the result of totah® emission would increased by 10 % if a DNDC set of simulations with a warmingofi2t al., 2001).

2 Applied IPCC (1997) methodology for calculating direci® emissions from croplands + backgroungemissions (croplands areal.0 kg NbO-N ha 1 yr*l)

3 Nris the data of reactive nitrogen input from IAP-N model.

4 Relationship between direct emissions and gross domestic product (GDP) on the basis of population or arable land area in 1990s in China (Zheng et al., 2004).

5 |AP-N model for calculating anthropogenic Nr input into individual croplands, detailed information was introduced in Zheng et al. (2002).

6 The synthetic fertilizer-induced O emissions (FIE-MO) from fertilized upland soils in China=0.01860.0027) P -N, P and N represent for precipitation (m) and nitrogen
application rate (kg N halyr—1). The FIE-NO emissions from continuous flooding (F) paddy fields = 0.0@0200006) N, flooding-midseason drainage-reflooding (F-D-F) =
0.0042¢0.0012) N, and flooding-midseason-drainage-reflooding-moist intermittent irrigation but without water logging (F-D-F-M) =-8M0003R)N, respectively (Zou et al.,
2010).

7 OL% model is an ordinary least square linear regression model (Zou et al., 2009).

Total No,O emissions from Chinese croplands were aboutabout 28 % higher than our estimates due to the indire€& N
340 Gg NO-Nin 1995 as calculated by Xing and Yan (1999) emissions caused by atmospheric N deposition to croplands
and Yan et al. (2003), both of these intermediate betweerbeing incorporated and the N fixed by legumes also being in-
the 310 GgNO-N of Li et al. (2001) and 398 GgMD-N cluded. The DNDC model gave an estimate of 1265 GGN
of Xing and Yan (1999). All of these are higher than the N in 1990 by calculating the sum of J® emissions from
247.8 Gg NO-N found in the present study, and this might croplands in each province. This is much higher than any
be explained by the inclusion by Xing (1998) and Li et estimates from experimental work, and the province with the
al. (2001) of background D emissions. Furthermore, Xing largest NO-N emissions was Heilongjiang (374 GgN). The
and Yan (1999) and Yan et al. (2003) took into considerationDNDC model is sensitive to soil organic matter and this re-
the N fixed by legume crops. If we exclude the diregfON  sult in overestimated PO emissions from farmland in north-
emission results (12.5-23.1 GgN) from biological fixation east China (Li et al., 2003). When all the evidence is consid-
during 1980-2000 as calculated by Xing and Yan (1999),ered, the IPCC (2006) guidelines combined with localized
this is also much higher than in our study due to the failureemission factors as employed in the present study may give
of Xing and Yan (1999) to distinguish between dire¢tON  a more useful basis for estimates than complicated biogeo-
emissions from paddy fields and uplands by simply using thechemical models for estimating direcb® emissions on a
IPCC (1996) default value of 1.25 % as emissions factor, thusational scale.
giving a substantial overestimate of direct®l emissions
from paddy fields. Zou et al. (2010) used different emission4.3 The contribution of synthetic N fertilizers to direct
factors in different croplands but they only estimated direct N20 emissions from paddy fields and uplands
N2O emissions induced by synthetic N fertilizers, giving an o ] . )
underestimate of direct 20 emissions from Chinese crop- The contribution of synthetic N fertilizers to direct,®@
lands, but their results are close to those in the present studgMissions from paddy fields declined from 76.8 % in 1980
and can be explained by most of the diregtONN emissions {0 71.5% in 2007. This is because the rate of synthetic N
being dominated by synthetic N fertilizers. ;8-N emis- fertilizer application from statistical data in the “Compilation
sions reported by the Chinese National Coordination Com_Materials of The National Agricultural Production Costs and

relative to 1980. However, the N inputs from manures and
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crop straw increased by 43 and 33 % during the correspond5 Conclusions

ing period. The increase in total direcb®@ emissions re-

sulted mainly from N inputs from manures and straw. So theBetween 1980 and 2007, direce® emissions from Chi-
role of synthetic N fertilizers in direct )0 emissions from  nese croplands increased at the rate of 7.6 % per year. These
paddy fields declined. In contrast, the rate of synthetic Nemissions totaled an estimated 313GgN in 2007. The
fertilizer application in uplands increased by 530 % in 2007 historical changes in direct 2D emissions from Chinese
relative to 1980. However, the increases in N inputs from ma-croplands were determined by emissions from upland ar-
nures and straw were 43 and 165 %. The increase in total dieas because these accounted for about 82.8% of total di-
rect NbO emissions was dominated by synthetic N fertilizers. rect ;O emissions overall. The contributions of different
Thus the contribution of synthetic N fertilizers to direct® N sources to direct pD emissions were synthetic N fertil-
emissions from uplands increased significantly from 1980 toizers> manures- straw and these were stable at 79.4, 14.3,

2007. and 5.9% in 2007. The provinces with larger total emissions
were mainly in north China and in the Sichuan Basin in 2007,
4.4  Further research and the highest and lowest direct® emissions provinces

o ~were Henan (35.4 Gg N) and Tibet (0.65 Gg N), respectively.
China is a very large country and the systems employed inthe highest direct BO emissions per unit area of arable land
upland cultivation systems are very diverse. The applicawere mainly on the North China Plain and the southeast coast
tion rate of N fertilizers and manures has high spatial andyith a mean value of 2.52 kg N h&, and 18 provinces gave

temporal variation (Ti et al., 2011). In addition, Chinese higher values, with Beijing reaching the highest value of all

vegetable production systems have expanded rapidly in reat 5.14 kg N hat.

cent years and the area has reached 2.5 million hectares (Li,

2005). Although the fraction of the total land area devoted Supplementary material related to this

to this production is small, the systems receive very highgarticle is available online at:

rates of N fertilizers together with poultry and other ma- http://www.biogeosciences.net/8/3011/2011/

nures and frequent irrigation. N fertilization rates exceedpg-8-3011-2011-supplement.pdf

2800 kg N halyr~1 in Huimin, Shandong province (Ju et

al., 2006), and the irrigation rates reach 1000 mm in each

vegetable season in Shouguang, Shandong province (Li ¢icknowledgementsThis work was funded by the “973" Project

al., 2001). Excessive N fertilization and uncontrolled water (2009CB118606), the Special Fund for the Agricultural Profession

management may lead to high® emissions from vegetable (201103039), the Foundation of the Chinese Ministry of Educat.ion

cropping systems. Unfortunately we found only limited pub- for Ph.D. work_ (2010_0008110004_1), t_he Graduate Innovation

lished data for these systems. So our calculation does ndrogram Of.Ch'na Agricultural Un'vers'ty.(KYCX 09067), .and
I_‘iwe Innovation Group Grant of the National Natural Science

include vegetable production systems because of insufficie oundation of China (30821003).

available data and the likely increase in uncertainties of esti-
mation in this study. Edited by: A. R. Mosier
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