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Abstract. Model and field studies generally posit that 1 Introduction
when the application rates of nitrogen fertilizer exceed crop
needs, nitrous oxide (D) emissions will increase nonlin- Methane (CH) and nitrous oxide (AO) are considered the
early, though linear responses are also extensively reportephost potent greenhouse gases after carbon dioxide)(CO
by field studies. We conducted year-round measurements ofheir global warming potential indices relative to the refer-
crop yield, NO and methane (CH fluxes for treatments ence gas C@are 25 and 298, respectively, on a 100-year
of six fertilizer nitrogen levels (0, 135, 270, 430, 650 and time horizon. NO also patrticipates in the destruction of
850kgNhalyr~1 in the form of urea) in a typical irri-  stratospheric ozone ¢ (Forster et al., 2007). Fertilized up-
gated wheat-maize rotation field in northern China. Lin- land agricultural soils are the most important anthropogenic
ear models characterized the responses of cumulat@® N N,O sources and are significant ¢bkinks (Bouwman et al.,
emissions to fertilizer rates well; therefore, the calculated2002; Dutaur and Verchot, 2007). The production ofON
N2O emission factors of 0.1#0.02%, 0.73:0.05% and and the consumption of CHin soils are mainly biologi-
0.49+ 0.02 % for the wheat season, maize season and annughl processes, and the activity of these microbes is strongly
scale, respectively, were appropriate for the different fertil- affected by natural conditions and agricultural management
izer rates. The cumulative GHuptake by the soil tended (Snyder et al., 2009).
to be enhanced at higher fertilizer rates360kgNha') Agricultural management, such as the addition of nitro-
in the maize season whereas no effect was observed fajen fertilizer, can significantly affect the fluxes of GEnd
the wheat season. When the annual fertilizer rates in-NZO between the atmosphere and agricu|tura| soils (BOUW-
creased from 270 to 430, from 270 to 650, and fromman et al., 2002; Bodelier and Laanbroek, 2004; Aronson
270 to 850kgNhalyr~?, the crop yields increased only and Helliker, 2010). It has been generally accepted that
3~15% (0.5~ 2.1thatyr 1), but cumulative MO emis-  the application of nitrogen fertilizer, especially at high rates
sions increased 35115% (0.9~3.0kgNha'yr™). We  (>100kgNhalyr-1), may inhibit CH, uptake by upland
recommend 270kg N ha yr—'as the locally optimum fer-  agricultural soils (Aronson and Helliker, 2010). However,
tilizer rate. Considering the nitrogen inputs by fertilization the application of nitrogen fertilizer has also been reported
(270kgNhatyr=1), irrigation (4.3£0.2kgNha'yr™') {0 produce no effects and enhanced effects on Gptake
and deposition (wet deposition: 3at5L.5kgNhatyr™t),  (Bodelier and Laanbroek, 2004). The factors, such as crop
the slightly positive soil nitrogen balance could maintain the type, agricultural management, precipitation, quantity, type,
current crop yield¢13.8 tha ' yr—!) and reduce the present timing and history of fertilization, need to be accounted for
high N;O emissions %3.51kgNhalyr—1) of the local  the diverse effects.
farmers’ practice (fertilizer rate 430 kg N hatyr—). The addition of nitrogen fertilizer increases® emis-
sions from cultivated soils. The relationship betweerON
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emissions and fertilizer rates is complex. The response€ Materials and methods
curves of NO emissions as a function of the fertilizer rate are
not common. Only a few studies that have utilized fertilized 2.1 Experimental site
treatments with more than two nitrogen levels could obtain
functional relationships between,® emissions and fertil- The experimental site (38551 N, 11004259 E) is situ-
izer rates (Grant et al., 2006; Mosier et al., 2006; Halvorsonated within the Dong Cun Farm in the Yongji county, Shanxi
et al., 2008; Ma et al., 2010; Hoben et al., 2011). Whenprovince, northern China. The annual mean air tempera-
fertilizer rates are in excess of the amount required to optiture and total precipitation were 1£C and 559 mm dur-
mize crop growth, NO emissions are stimulated (McSwiney ing the period from 2000 to 2010 (National Climatic Data
and Robertson, 2005; Zebarth et al., 2008). Some studies resenter, ftp://ftp.ncdc.noaa.gov/pub/data/g3odThe soil of
ported the NO emissions exponentially increased with fer- the experimental field is a Mottlic Hapli-Ustic Argosols
tilizer rates (Grant et al., 2006; Ma et al., 2010; Hoben et al.,(Gong et al., 2007), which was analogue to the Luvisols
2011), but because of the complexity of agricultural man-(IUSS Working Group WRB, 2006; Krasilnikov et al., 2009).
agement and natural conditions, the functional relationshipsSoil properties for the uppermost 10cm were clay con-
may not be nonlinear. Hoben et al. (2011) obtained both lin-tent 31.8+ 0.9 %, silt content 38.2 0.6 %, sand content
ear and nonlinear relationships for different years and site9.3+ 1.4 %, organic carbon content 113.6 g kg1, total
with on-farm maize crops in the US Midwest. Using a 5- nitrogen content 1.12 0.05gkg* and pH 8.7. The soil has
yr field measurement, Mosier et al. (2006) and Halvorson et bulk density of 1.1 0.04 g cnm2 (mean valuet standard
al. (2008) reported that theJ emissions linearly increased error, 0~6cm). The history of the management of the
with fertilizer rates in several irrigated cropping systems in experimental field is provided in Liu et al. (2011).
Colorado (US). Eighteen experimental plots (66 m each) with three
Wheat and maize together accounted for 50.9 % of the toreplicates of six fertilizer nitrogen levels (0, 135, 270, 430,
tal sowing area and 52.6 % of the yield of grain crops in 650 and 850kgNhalyr—1, hereafter referred to as NO,
China (China Statistical Yearbook 201Bftp://www.stats.  N135, N270, N430, N650 and N850) were established by
gov.cn/english/statisticaldaja/ The center of wheat and a completely randomized design on 16 October 2009. The
maize productions geographically locates in northern Chingplots were cultivated with winter wheaTrfticum aestivum
(Tong et al., 2003), where the one-year winter wheat-summetL.) at 20~ 23-cm row spacing on 19 October 2009, and
maize rotation has been extensively adopted. The highly prowith summer maizeZea maysl..) at 60-cm row spacing
ductive double-cropping system relies on the inputs of irri- and 20~ 22-cm plant spacing on 16 June 2010. The wheat
gation water (90~ 690 mmyr, Wang et al., 2008) and syn- and maize were harvested on 15 June and 15 October 2010,
thetic fertilizers (550~ 600 kg N halyr~1, Ju et al., 2009). respectively. The residue was cut into pieces of B) cm
With a rapid increase in the fertilizer rate, the use efficien-after harvest and was mechanically ploughed into the soil
cies of synthetic fertilizers evaluated as yield per unit syn-(0~ 20cm) just before seeding. A motor-pumped well be-
thetic fertilizer sharply decrease (Tong et al., 2003; Ju et al.side the experimental field was used to pump underground
2009). The overuse of synthetic nitrogen fertilizers createswvater (depth: 136- 140 m) to a manually movable sprinkler
many environmental problems, such as nitrate leaching, wairrigation system and irrigate the crops. Herbicide (atrazine)
ter pollution, soil salination, soil acidification and additional was applied once each wheat and maize growing season.
N2O emissions (Zhen et al., 2006; Ju et al., 2009). Until Pesticides (the mixture of emamectin benzoate and chlor-
now, the responses of2® emissions, Chluptake and crop  pyrifos) were applied only once during the maize growing
yield to increased fertilizer rates in the wheat-maize rotationseason. Nitrogen fertilizer in the form of urea was applied
fields have remained unclear. Studying the responses@©f N three times per year at the sowing time (tillage for 20 cm
emissions, Chl uptake and crop yield to fertilizer rates may after surface broadcast) and turning-green stage of wheat
help to explain the applicability of a set emission factors (soil covering for 0~5 cm after band application) and at
for N2O to different fertilizer rates and may help to deter- the 18- to 19-leaf stage of maize (soil covering for 8 cm
mine the optimum fertilizer rate for reducing® emissions, after band application) (Table 1). In addition, the calcium
enhancing the Clduptake and simultaneously maintaining superphosphate (60.0 kg PHayr—1) and potassium sulfate
crop yield. We therefore created treatments with six nitro- (30.0 kg K halyr—1) were applied at the wheat sowing time
gen levels in a typical irrigated wheat-maize rotation field in for all treatments.
northern China. The aims of the study were to (a) charac-
terize the responses of crop yieldo® and CH fluxes to 2.2 Measurement of NO and CHy4 fluxes
fertilizer rates; (b) quantify the emission factors offor
different fertilizer rates; and (c) determine the relationshipsCH; and NO fluxes were manually measured either daily
between NO/CH;, fluxes and crop yield and recommend the for seven days after the nitrogen fertilizer applications or two
optimum fertilizer rate for the wheat-maize rotation fields. to three times per week during the remaining measuring pe-
riod from 19 October 2009, to 15 October 2010, using vented
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Table 1. Fertilizer rate, crop yield, aboveground biomass (AB), nitrogen contents of grain (GN) and aboveground plant (APN), soil tempera-
ture (ST, 5 cm), soil water-filled pore space (WFPS, ®cm), soil inorganic nitrogen (IN, € 10 cm) and dissolved organic carbon contents
(DOC, 0~ 10cm) for the treatments of six fertilizer nitrogen levels.

Fertilizer rate Crop yield AB GN APN ST WFPS IN DOC
Treatment kg N hal thal that kg N ha® kg N ha'1 °C % mg N kg~ SDW mg C kgt SDW
n=3% n=3"% n=3"% n=3"% n=3% n=>5% n=4%* n=4&%*
WS MS WS MS WS MS WS MS WS NS WS NS WS MS WS NS
NO A+0P+0° 6.3% 4P 1508 1372 1331 58.4° 180.8" 117.8* 7.3% 234 304 489" 104 52 2.7 47.8
(01) (0.7) (01 (0.7) (27) (85) (33) (105)  (0.9) (0.6) (0.9) (1.6) (15)  (0.7) (38) (5.0
N135 20 +4P+75° 6.6 598 1548 1478 140.9B 74908 10178 15138 gB 238D 298 4918 225 246 33.7B 66.1°
(03) (0.9 (06) (18) (76) (11.7) (84) (17.1)  (0.8) (0.6) (0.8) (1.6) (27) (6.1) (4.4) (10.1)
N270 46+80P+156¢ 7B 6.8°8 1558 16.0C 151 F 0188 20088 180.9C 7.6° 23.F 305 487 26.° 40.F 36.4'8 70.7
(03) (0.8 (03) (16) (6.9) (11.0) (7.6) (129) (0.9) (0.6) (0.8) (1.6) (36) (8.4) (41) (10.1)
N430 6¢+12+25¢ 7.8  7.0°B 16.8 18.0°C 164.F 9548 21878 208.C 83 23.0°C 308 49.8C 4P 72.P 39.88 8178
(04) (10) (09 (16) (9.9) (159) (10.9) (17.4) (0.8) (0.6) (0.8) (1.7 (54) (18.0) (47 (212
N650 106+200°+35¢¢ 8.8  7.6'B 178 19.1€ 181.8 110.0"8 2378 223X 85 224 304\ 49.° 58.F 91L& 37.8 948
07) (11) (1.3) (12 (16.3) (22.9) (17.2) (26.4)  (0.8) (0.6) 0.8) (1.7) (65) (21.9) (3.0) (32.5)
N850 156+ 250 +45¢  7.58 8.48 16.5'8 21.1C 177.8 1203  236.7B 260.F 7.4C 239 30.1°B 49.6° 63.§ 110.F7 34.8 938
(05) (0.8 (11 (@15 (16.2) (11.7)  (17.1) (145) (0.9) (0.5) (0.8) (1.6) (6.8) (26.9) (33) (285)

Small letters a- ¢ indicate the fertilization method and tinfétillage for 20 cm after surface broadcast at the wheat sowing tirsejl covering for 8-5 cm after band application

at the turning-green stage of whe@goil covering for O~ 5 cm after band application at the 18- to 19-leaf stage of maize. WS: the wheat growing season from 19 October 2009, to

15 June 2010. MS: the maize growing season from June 16 to October 15, 2010. n: spatial replicate number. Values in parentheses indicate standard errors. Different superscript
of capital letters indicate the significant differences between the treatments. * and ** indicate the significant differences at thelev@tsarfid p < 0.05, respectively.
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Fig. 1. Temporal courses @) air and soil temperaturefy) daily precipitation, irrigation and groundwater tak{€), inorganic nitrogen (N)
inputs by irrigation and wet deposition, a(d) soil water-filled pore space (WFPS) at the experimental field.
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static chamber-gas chromatograph measuring system as d2:3 Auxiliary measurements

scribed in Yao et al. (2009). Prior to seeding, two types of

base collar (lengtlx width =50x 50 and 50< 30cm) made In addition to flux measurements, we also measured crop
of stainless steel were inserted 20 cm into the soil in theyield, carbon and nitrogen contents of crop straw and grain,
center of each plot. These collars were temporally removediir temperature, air pressure, precipitation, groundwater ta-
for tillage and seeding operations and remained in positiorble, soil temperature, soil moisture, soil ammonium (NH
during the remaining investigation period. We designed thenitrate (NGQ;) and dissolved organic carbon (DOC) con-
chamber of type | with a top, middle and bottom part (eachtents. At harvest, three replicates (0.36 ach for wheat
with lengthx width x height =50x 50 x 50 cm) to adaptthe  and 2 nt each for maize) for each nitrogen level were har-
chamber height to the varying crop height. The final heightvested to measure the crop yield and aboveground biomass
of the type | chamber could reach 150cm. If the maizepy oven drying at 60C for two days. The carbon and ni-
height surpassed 150 cm, we adopted the type Il chamtrogen contents of harvested crop straw and grain were mea-
ber (lengthx width x height =50x 30 x 20 cm), separated it sured by the potassium dichromate-volumetric method and
vertically into two parts and drilled a hole (diameter: 11 cm) the semi-micro Kjeldahl method, respectively. Chamber air
in the center of chamber top. The local planting densityand soil temperatures (5cm) were simultaneously recorded
of maize varied between 6.5 and 7.5 plants®nfequal to  using digital thermometers (JM624, accuragyd.1°C, Jin-
0.13~0.16n? per plant). The cross sectional area of type ming Instrument Co., Ltd., Tianjin, China) while taking air

Il chamber was 0.15 f and therefore it could cover the soil samples. Topsoil moisture (06 cm) was measured daily
surface area representatively. The type Il chamber allowed;sing the oven drying method when the topsoil was frozen
the cornstalk to pass through the chamber top and to onlyn January 2010 or with a portable moisture probe (ML2x,
cover the maize root. The gap between the type Il chamberhetaKit, Delta-T Devices, Cambridge, UK) during the re-
and the cornstalk was manually patched by sealing a presemaining period. The volumetric water content was con-
vative film (thickness: 1.2 um, material: polyvinylidene chlo- verted into water-filled pore space (WFPS) using the de-
ride, oxygen permeability: 2.9c¢tm=2h~tatm!) when  termined bulk density of 1.17 gcm and a theoretical par-
the chamber was closed. The preservative film was wrappeeélcle density of 2.65gcm3. Precipitation, air and soil

3 layers to reduce the leaking of gases through it. Rubbetemperature (5, 15 and 25cm) for the experimental field
seals ensured the gas-tightness for the joints of the differenjyere recorded hourly by the nearby meteorological station
chamber parts. Immediately before closing the chamber, am¢Shanghai Changwang Meteorological Technology Co., Ltd.,
bient air was taken as the sample of deployment time zeroshanghai, China). Rain was manually collected using a rain
Deployment times were kept to 2040 min. Five gas sam- gauge. The groundwater table was measured weekly from
ples in total were taken and stored in the plastic syringesfour replicated polyvinyl chloride tubes (length: 3 m; diam-
The CH, and NO concentrations of gas samples were ana-eter: 6 cm) that were vertically buried in the soil. The DOC
lyzed within 10 hours after sampling by a gas chromatographand inorganic nitrogen (NH + NO3) contents of the top-
(GC, Agilent 5890, Agilent Technologies Inc., USA), which soil (0~ 10cm) were measured from four randomly col-
was equipped with an electron capture detector (ECD) and gcted soil samples for each nitrogen level, either once per
flame ionization detector (FID). The ECD, FID and column 1~ 2 days for two weeks after the fertilizations or once every
of the GC were heated to 330, 200 and’B5 respectively.  seven to fifteen days during the remaining measuring period.
The carrier gas of GC wasaN99.999 % purity). To avoid  The soil was sieved (3-mm mesh), and 12.0 g of soil was then
interference of C@ of the gas samples with the ECD-cell extracted with 100 ml of de-ionized water for the DOC anal-
during N;O detection, the make-up gas contained a high conysis or 2 M KCl-solution for the inorganic nitrogen analysis
centration of CQ (approximately 10 % C®in N2, Zheng et (shaking for 1 h). The extracts for the DOC analysis were
al. 2008). The Cjand NoO concentrations were hourly cal- centrifuged and filtrated with polyethersulfone membrane fil-
ibrated by three reference gas injections (2.10 ppm @l ters. The extracts, irrigation water samples and rain samples
1.02 ppm NO in N2, Air Products and Chemicals, Inc., Bei- were frozen at-18°C and were later analyzed with an au-
jing, China). The flux calculation was based on the nonlineartomated DOC, NE'J and NG; analyzer (Sah™ Continuous

fitting approach, as described by Liu et al. (2010). SamplingFlow Analyzer, Skalar Analytical B.V., The Netherlands).
at 08:00~ 10:00 a.m. local time, resulted in the lowest devia-

tion (5.3~ 8.6 %) for the estimation of cumulative emissions 2.4 Statistical analysis

and was optimal for intermittent manual flux measurements

in the field (Liu et al., 2010). Therefore, the flux measure- The software packages SPSS Statistics Client 19.0 (SPSS

ments at all replicate plots were simultaneously implementedChina, Beijing, China) and Origin 8.0 (OriginLab Ltd.,

between 08:00 and 10:00 a.m. Guangzhou, China) were used for the statistical data analy-
sis. A general linear model for repeated measures was ap-
plied to analyze the significance of the differences in the
N>O and CH, fluxes, soil temperature, moisture, DOC, [§IH
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Fig. 2. Average contents of soil inorganic nitrogen (N) and dis-

solved organic carbon (DOC) against the fertilizer rates. SDW: soilig. 3. Crop yield, nitrogen contents in crop straw and grain against

dry weight. Error bars represent standard error of the seasonal oie fertilizer rates. Error bars represent standard error of the treat-
annual averages. ment averages.

and Nq contents between treatments. Nonparametric testyas 407.7mm (Fig. 1b). The groundwater table varied be-
of two independent samples (Mann-Whitnéjtest) was  tyeen—0.43 and—1.14m with a mean 0f-0.97+0.02m
used to analyze the S|gn|f|cance. of the dlfferences in the(Fig. 1b). The total inorganic nitrogen inputs by wet deposi-
mean crop yield, aboveground biomass, nitrogen contentgyn and irrigation were 30.% 1.5 and 4.3 0.2 kg N ha'?

of grain and aboveground plant between treatmentsi- A yy-1  regpectively (Fig. 1c). The seasonal pattern of soil
test and anF-test were performed to determine the signifi- (9« g cm) moisture was significantly regulated by precipi-
cance of regression coefficients and regression equations, ¢stion and irrigation (Fig. 1d). The soil WFPS of the ex-
spectively. When the probability value oftest andF-test  perimental field ranged from 17.9% to 82.6 %, with an an-
for the significance of regression coefficients and equations, ;a1 mean of 39.4 0.8 %. The differences in seasonal mean
<0.05, the regression equations were selected to describe thg;i| temperature and WFPS for the treatments of six nitro-
relationships between crop yield, nitrogen contents of CroPgen levels were less than 22 and 0.9 %, respectively (Ta-

straw and grain, soil inorganic nitrogen content, soil DOC e 1), \We did not observe determinate effects of an increased
content, cumulative PO emissions, cumulative GHiptake  fertjlizer rate on the soil temperature and moisture.

and fertilizer rates. The soil (0~ 10cm) inorganic nitrogen contents varied
between 0.2 and 42.1 mg Nk of soil dry weight (SDW)

3 Results for NO. The relatively high soil inorganic nitrogen contents
(>25mgNkg ! SDW) were primarily observed within the
3.1 Environment, soil inorganic nitrogen and DOC 18 days after the wheat sowing on 19 October 2009. During

the remaining measuring period, the soil inorganic nitrogen
The annual mean air and soil (5cm) temperatures at the exeontents for NO were constantly low:(6 mg N kgt SDW).
perimental field were 138 0.6 and 13.4-0.5°C (£s.e.),  The nitrogen fertilizer application significantly increased the
respectively (Fig. 1a). The annual total precipitation wassoil inorganic nitrogen contentp(< 0.05, Table 1), and
666.2 mm, which was 19 % higher than the annual mean durthe maximum values were obtained within the 5 days af-
ing the most recent 10yr. The total amount of irrigation ter the fertilization on 13 July 2010, which were 150.1,

www.biogeosciences.net/9/839/2012/ Biogeosciences, 9, 8392012
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N650 and N850 were 8£80.9, 23.5+3.2, 33.4+:4.5, _ _ _ _ o

56.1+ 9.1, 74.14+11.0 and 86.% 13.4mg N kgl SDW, re- Elg. 5. Relationship be_tween cumqlatlvezﬂ e_m|§S|ons, cumula-

spectively, and thus linearly increased with the fertilizer rate!V CHa uptake, combined Cfequivalent emissions of 30 and

0.01. Fig. 2 d Table 3 CHg4 and fertilizer rates (calculated as 298 and 25&quivelents

(r <0 i ig. 2a and Table 3). . for N»O and CH, on a 100-yr time horizon). Error bars represent
The soil (0~ 10cm) DOC contents varle_d betvv_een 1_2.8 standard error of the treatment averages.

and 83.9mgCkg! SDW for NO. The relatively high soil

DOC contents $50 mg C kgt SDW) for NO were concen- N _

trated between June and August. The minimum DOC confrom 4.940.7 to 8.4+ 0.8tha~ for maize (Table 1). The

tents were similar (26 24mgCkg! SDW) whereas the Maximum crop yields were obtained at the fertilizer rate of

maximum values (16536 mgCkg? SDW) sharply in-  300kgNha* for wheat and 450kg N ha for maize (Ta-

creased with the fertilizer rate for N135, N270, N430 and Ple 1 and Fig. 3a). The relationships of crop yield and fer-

N650. The soil DOC contents for N850 ranged from 14.gtilizer rate could be characterized by exponentially fitting

to 494.2mg Ckg! SDW. The annual mean soil DOC con- Curves { < 0.01, Fig. 3a and Table 3). The increased fer-

tents were 42.% 3.7, 53.9+7.2, 58.4+ 7.4, 66.5+-14.1, tilizer rate also significantly increased the nitrogen contents

73.0+£20.9 and 72.% 19.0mg Ckg! SDW for NO, N135,  ©f harvested crop straw and grain, especially for the maize

N270, N430, N650 and N850, respectively, and thus expo-Straw (p < 0.05, Fig. 3b and Table 3).

nentially increased with the fertilizer ratp & 0.05, Fig. 2b
and Table 3). 3.3 NO and CHgy fluxes

3.2 Cropyield The NO fluxes for NO varied between 1.1

and 68.4ugNm?h—!,  with an annual mean of
The crop yields for NO, N135, N270, N430, N650 and 19.9+1.7ugNnt? h=1, The relatively high fluxes
N850 ranged from 6.3:0.1t0 8.2+ 0.7 tha® forwheatand (>40ugNnr2h~1) for NO were observed after the

Biogeosciences, 9, 83850, 2012 www.biogeosciences.net/9/839/2012/



C. Liu et al.: Responses of MO and CH,4 fluxes to fertilizer nitrogen addition rates 845
Table 2. Minimum, maximum, averaged and cumulative £&hd N>O fluxes for the treatments of six fertilizer nitrogen levels.
Wheat season Maize season Annual
Gas  Treatment Min Max Ave Cum Min Max Ave Cum Ave Cum
pgCorNnr2h-t kg Cor N ha'l pgCorNnr2ht kg Cor N hal pgCofNm2h1 kgCorNhatl
NO —482 49 -16.9(1.4) 1.00 (0.05) —98.5 36 -18.4(3.3) 0.49 (0.04) -175(1.6)  —1.49(0.02)
N135  —654 —4.6 —17.7(L5) 1.02 (0.07) —75.4 9.0 -—21.1(29) 0.5%8(0.03) -19.2(1.5)  —1.59(0.04)
N270 -983 0.1 -189(2.3) 1.1% (0.03) -96.3 75 -18.7(35)  0.44B (0.06) -18.8(2.0)  —1.56 (0.04)
CHs  Na30  —564 251 —16.6(16) 0.99 (0.04) —112.2 70 —228(41)  0.58C(0.05) -19.2(2.0)  —1.51(0.09)
N650 —69.9 0.4 —15.7(1.8) 0.9% (0.09) —1325 —9.0 -—286(4.4) 0.79 (0.004) —212(22) —1.69(0.10)
N850 —743 56 —16.7(2.0) 1.08 (0.01) —158.4 —3.1 —254(4.3) 0.78 (0.06) —205(22) —1.79(0.07)
NO 1.1 591  10.4(L5) 0.48(0.11) 98 684  326(24) 1.61(0.15) 19.9 (1.7) 1.50 (0.26)
N135 21 268 9.2(0.8) 0.48(0.07) 6.8 4242 821(17.1) 1.810.14) 40.3(8.1) 2.09 (0.20)
N270 1.9 445 13.4(14) 058 (0.11) 9.2 640.6 104.5(23.1) 28@0.27) 52.3(10.9) 2.59 (0.33)
N20  Na30 1.8 662 17.7(1.8) 0.%90.10) 48 7183 153.7(33.2) 2§20.16) 75.8 (15.7) 3.51 (0.26)
N650 1.7 652  20.0(2.3) 0.81(0.25) 124  954.3 228.4 (45.4) 4210.57) 109.0 (22.0) 5.12 (0.78)
N850 31 1100 25.6(3.2) 1.8g0.11) 138 1017.8 235.3(46.2) 4R90.58) 115.1 (22.4) 5.57 (0.68)

Different superscripts of capital letters indicate the significant differences at the lgvel 805 between the treatments. Values in parentheses indicate standard error of the seasonal
and annual averages.

Table 3. Fitting equations for Figs. 2, 3, 5, 6, 7 and 8.

2 2

Figure Fitting equation r P Figure Fitting equation  r P
Fig. 2a WS: f(x)=11.09+0.15x 0.97 <0.01 Fig.2b WS: f(x)=exp(3.47 +0.002x—0.000004x2) 0.81 <0.05
MS: f(x)=5.22+0.25x 0.997 <0.01 MS: f(x)=98.85-51.190.995 0.97 <0.01
AS: f(x)=8.08+0.10 x 099 <0.01 AS: f(x)=76.41-34.210.997 0.98 <0.01
Fig. 3a  Wheat: f(x)=8.03-1.740.996° 0.90 <0.01 Fig. 3b  Wheat straw: f(x)=5.49+0.002x 0.79 <0.05
Maize: f(x)=9.16-4.240.997 096 <0.01 Wheat grain: f(x)=21.15+0.005x 0.74 <0.05
Wheat + Maize: f(x)=16.51-5.360.996" 0.95 <0.01 Maize straw: f(x)=8.03+0.009x 0.80 <0.05
Maize grain: f(x)=1251+0.004x 0.90 <0.01
Fig.5a WS: f(x)=0.41+0.0017x 094 <0.01 Fig.5b MS: f(x)=-0.49-0.0006x 0.77 <0.05
MS: f(x)=1.01+0.0073x 0.97 <0.01 AS: f(x)=—1.50-0.0003x 0.82 <0.05
AS: f(x)=1.44+0.0049x 099 <0.01
Fig.5c  WS: f(x)=159.93+0.79x 094 <0.01 Fig. 6a WS: f(x)=0.25+0.0x 0.92 <0.01
MS: f(x)=457.80+3.39x 097 <0.01 MS: f(x)=0.87+0.03x 0.95 <0.01
AS: f(x)=619.19+2.28x 099 <0.01 AS: f(x)=1.00+0.05x 0.97 <0.01
Fig.6b MS: f(x)=0.20-1.03 098 <0.01 Fig.7 WS: f(x)=exp4.29+0.55x) 0.69 <0.05
AS: f(x)=0.21-1.04° 094 <0.01 MS: f(x)=0.12.156° 0.93 <0.01
AS: f(x)=exp(2.50+0.24x) 0.83 <0.05
Fig.8a WS: f(x)=0.07-1.00% 0.90 <0.01 Fig. 80 AS f(x)=—0.14+0.0001 - x—0.00000009x2 0.95 <0.01
MS: f(x)=0.22.1.00% 093 <0.01
AS: f(x)=0.14-1.00F 096 <0.01

r: correlation coefficientp: probability value; WS: wheat season; MS: maize season; AS: annual scale.

irrigation and precipitation between April and September.was in the range from-0.4 to —0.8 m. The period (from
The maximal NO fluxes were obtained within the 9days 27 July to 4 August 2010) with maximal GHuptakes
after the fertilization on 13 July 2010, which were 424.2, (—75.4~ —158.4 ug C m? h—1) coincided with a period of
640.6, 718.3, 954.3 and 1017.8 pg Nfnh~1 for N135, elevated soil temperatures (274&9.0°C), optimum soil
N270, N430, N650 and N850, respectively. The extremelymoisture (WFPS: 30.3 46.6%) and groundwater table
high emissions ¥200 ugNnt? h~1) lasted for 6, 8, 12, (—0.8~—1.0m).
14 and 14 days and accounted for 21 %, 27 %, 39 %, 40 %
and 38 % of the annual emissions for N135, N270, N430, The nitrogen fertilizer applications significantly en-
N650 and N850, respectively. With an increase in thehanced the DO emissions, especially the fertilization on
fertilizer rate from 0 to 850 kg N hid yr—1, the annual mean 13 July 2010 (Fig. 4a). The annual cumulative
N2O emissions from the wheat-maize rotation field sharplyemissions for NO, N135, N270, N430, N650 and N850
increased from 19.941.7 to 115.H22.4ugNnm? h™1 were 1.50+0.26, 2.09:0.20, 2.59-0.33, 3.51-0.26,
(Table 2). 5.1240.78 and 5.5&0.68kgNha?l yr—!, respectively
(Table 2). The relationship between the cumulativgON
The CH; fluxes fluctuated between—158.4 and emissions and the fertilizer rate could be well described by
25.1ugCm? h™1 (Table 2). The weak CH emis- linear models for the wheat season, maize season and an-
sions were rarely observed when the groundwater tablewual scale p < 0.01, Fig. 5a and Table 3). The slopes of
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linearly fitting curves (equal to the /D emission factors)
were 0.0017 0.0002 (0.14-0.02%), 0.0073 0.0005
(0.73+ 0.05 %) and 0.0042 0.0002 (0.49t 0.02 %) for the

wheat season, maize season and annual scale, respective DA

(Table 3).

The annual cumulative CHuptakes for NO, N135,
N270, N430, N650 and N850 were-1.494+0.02,
—1.5940.04, —1.564+0.04, —1.51 + 0.09, —1.69+0.10
and —1.794+0.07 kg Chal, respectively (Table 2). The
extremely high fertilizer rates (350450 kg N hal) in the
maize season tended to increase the cumulativg @ithke
as compared with the low fertilizer rates{®50 kg N ha'l).
The increased fertilizer rate (0400kgNvhal) had no
detectable effects on the cumulative Qliptake in the wheat
season (Figs. 4b, 5b and Table 3).

The combined C@equivelent emissions of 2O
and CH, on a 100-yr time horizon were estimated
to be 650.9-122.3, 925.0:95.3, 1161.8:-156.1,
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1593.04+ 122.7, 2341.4 365.4 and 2549.32 318.0kg CQ
ha 1 yr—1, respectively, for NO, N135, N270, N430, N650
and N850. The increase of fertilizer rate also linearly
enhanced the combined G@quivelent emissions of 4D
and CH, (p < 0.01, Fig. 5¢c and Table 3).
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3.4 Correlations between soil inorganic nitrogen out of the root zone due to the irrigation and concentrated
content, soil DOC content, crop yield and rainfall in summer (Zhao et al., 2006; Ju et al., 2009). It's
cumulative fluxes very likely that the denitrification process was also limited by

the low availability of soil organic carbon (11430.6 g kg 1)
The increased soil inorganic nitrogen and DOC contents in4in our wheat-maize rotation field. Many studies have proved
duced by the increased fertilizer rate linearly and exponenthat under the native carbon condition of agricultural soils
tially enhanced the cumulative,® emissions in the maize in northern China, the contribution of denitrification te@®
season, respectively (< 0.01, Figs. 6a, b and Table 3). The emission was very limited (Wan et al., 2009; Ju et al., 2009;
effects of the increased soil inorganic nitrogen and DOC con2011; Cui et al., 2012). Therefore, the loss rates gON
tents on the cumulative 2D emissions in the wheat season emission to fertilizer nitrogen were relatively low and the in-
were either less intensive or less detectable as compared wittrease of fertilizer rate did not exponentially stimulate the
the maize season (Figs. 6a, b and Table 3). N2O emission caused by the limited contribution of denitri-
The exponential stimulation of XD emissions in the fication for most upland agricultural soils with low availabil-
wheat and maize seasons followed the increase of crop yiel@y of soil organic carbon in northern China. However, due
induced by the increased fertilizer rate (Fig. 7 and Table 3).to the NO; accumulation in the soil arose by the lack of de-
The ratios of cumulative pO emissions to maize and wheat composable carbon and the extensive application of irriga-
yields were exponentially correlated with the fertilizer rate tion following fertilization, the NQ leaching may be pri-
(Fig. 8a and Table 3). Increased fertilizer rates significantlymarily stimulated when high fertilizer nitrogen was applied.
stimulated the nitrogen loss by>,® emission per unit of Aronson and Helliker (2010) performed a meta-analysis
crop yield in the wheat-maize rotation field. The ratio of on the published CHfluxes in the nitrogen amended and
cumulative CH uptake to crop yield was initially increased control plots. The results indicated that low fertilizer rates
and then decreased with increased fertilizer rates for the ant<100kg N ha? yr~1) could stimulate Clj uptake in the
nual scale. In generally, low fertilizer rates135 kg N ha't soil and that high fertilizer rates might inhibit the uptake.
yr~1) resulted in relatively high cumulative GHiptake per ~ The methane monooxygenase can convert ammonia to ni-
unit of crop yield in the wheat-maize rotation field (Fig. 8b trite, and high concentrations of ammonia will therefore re-
and Table 3). duce the ability of CH uptake by methanotrophic bacteria.
The mechanism is believed to be responsible for the inhibi-
tion of CH,; uptake in the soil exposed to high concentrations
4 Discussion of available nitrogen. However, in our study, increased fer-
tilizer rates (O~ 400 kg N ha'l) had no detectable effects on
4.1 Responses of cumulative §O emissions and CH the cumulative Cl uptake by the soil in the wheat season.
uptake to fertilizer rates High fertilizer rates £ 350 kg N hal) tended to enhance the
cumulative CH uptake by the soil in the maize season. The
Both the linear and nonlinear responses of cumulatiy® N increased Chiconsumption by ammonia oxidizers, changes
emissions to fertilizer rates have been observed in field meain the community composition of methanotrophic bacteria,
surements (McSwiney and Robertson, 2005; Mosier et al.general improvement of nutrient availability and enhanced
2006; Halvorson et al., 2008; Zebarth et al., 2008; Ma et al.,CH, diffusivity through plants may have been responsible for
2010; Hoben et al., 2011). In our study, the responses othe enhanced effects (Bodelier and Laanbroek, 2004). The
N20O emissions to fertilizer rates could be well described byenhanced effects of high fertilizer rates on Ltptake by
linear models for the wheat season, maize season and annudke soil were mainly observed within 1 to 4 days after the ir-
scale. The MO emissions were only a minor loss pathway rigation and continuous precipitation in the growing season
of the applied fertilizer nitrogen in the wheat-maize rotation for maize. An explanation for the delayed effect is that the
field (0.494 0.02 % of applied nitrogen in the annual scale). upland soils may become partially anoxic after high precip-
Ju et al. (2009) also reported very low averaged loss rategation and irrigation events and may start producingsCH
of N2O emission to fertilizer nitrogen (0.12 and 0.23% in We did observe weak CHemissions £25.1 g C nr2h™1)
the wheat and maize seasons) in the wheat-maize rotatioafter the continuous precipitation and irrigation events in
fields on the North China Plain. They explained the IoyON  the wheat-maize rotation field. The methanotrophic bacteria
loss rates by the low available carbon sources (organic matean benefit from the increased ¢kEoncentration, and their
ter: 1.0~ 1.5%) and soil WFPS for denitrification in most population will increase when sufficient nitrogen is present
semi-humid upland soils of the North China Plain. The low (Bodelier and Laanbroek, 2004). After the soil dries, the
availability of soil organic carbon (12:413.9gkg™?) hin- methanotrophic bacteria may retain a high potential for at-
dered the transformation of NOto N>O by denitrification ~ mospheric CH consumption. Furthermore, after the irriga-
and therefore caused the lj@ccumulation in the soil when tion and continuous precipitation the soil moisture for the
high fertilizer nitrogen was applied (Wan et al., 2009; Ju ettreatments with high fertilizer rates decreased faster due to
al., 2009, 2011). Finally, the accumulated N@as leached the possibly higher evapotranspiration caused by the higher
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aboveground biomass as compared with the low fertilizer rateoverused, improve nitrogen use efficiency, and finally main-
treatments. It means that the gHdptake could rapidly re- tain soil nitrogen balance between inputs and outputs. In
cover for the treatments with high fertilizer rate. Therefore, our wheat-maize rotation field, the estimated nitrogen in-
we observed delayed effects and enhanced effects of highuts by irrigation (about 4kgNhadyr—1) and deposi-
fertilizer rates on atmospheric GHiptake after the irriga- tion (about 89kgNhalyr—1, Ju et al., 2009; wet depo-
tion and continuous precipitation in the maize season in thesition: 30~ 43kgNha?! yr~1, this study and Liu et al.,

wheat-maize rotation field. 2011) were approximately 9811kgNhalyr—1. Apply-
ing the ratios of nitrogen losses reported by Ju et al. (2009),
4.2 Direct NoO emission factors the processes of ammonia volatilization (approximately

60kgNhalyr—! calculated as 19.4 and 24.7 % of applied
Most of the global and national estimates gfNemissions  nitrogen in the wheat and maize seasons), nitrate leach-
from agricultural soils are based on the IPCC methodol-ing (approximately 21 kg N ha yr—1 calculated as 2.7 and
ogy of emission factors. However, the reported magnitudel2.1 % of applied nitrogen in the wheat and maize seasons)
of direct ;O emission factor (EF n,0) for synthetic fer-  and denitrification (approximately 5kgNhhyr—1 calcu-
tilizers is highly uncertain, and its variability may be at- lated as 0.1 and 3.3% of applied nitrogen in the wheat
tributed to the diversity of climate, soil, and field manage- and maize seasons) lost approximately 86 kg Nthar 1.
ment and well as the period and frequency of flux measureThe calculation of soil nitrogen balance between inputs
ment (Bouwman et al., 2002). Furthermore, fertilizer rates(fertilization, irrigation and deposition) and outputs (grain,
have increased rapidly in the last #20yr, especially in  ammonia volatilization, nitrate leaching, gaseous nitrogen
developing countries, which has significantly influenced theemissions by microbial denitrification) showed that only
magnitude of EE_n,o0. Therefore, more site-specific emis- N270 could achieve a slightly positive soil nitrogen balance
sion factors at an annual scale for different fertilizer rates arg(gain 33+ 16 kg N ha® yr—1; fertilizer input: 270 kg N hat
necessary for estimating global and nationaONemissions  yr—1; grain output: 243 13kgNha® yr—1 see Table 1).
from agricultural soils. The slightly positive soil nitrogen balance means that the

In this study, we year-roundly measured thegNfluxes for  current crop yield (7.6:0.3 and 6.8-0.8tha ! for wheat

the treatments of different fertilizer rates in a typical irrigated and maize) might be sustainable and the negative environ-
wheat-maize rotation field in northern China. The range ofmental effects could be minimized for N270. The treatments
applied fertilizer rates (6 850 kg N hat yr—1) covered the  with higher fertilizer rates could obtain a small increase in
spatial and temporal variability of fertilizer rate in the re- the crop yield, but sharply stimulated the,® emission.
gion. Because the relationship between the cumulatp@ N We can see if the fertilizer rate increased from 270 to 430,
emissions and fertilizer rates could be described well by lin-650 and 850 kg N gt yr—2, the crop yield only increased
ear models, the calculateco® emission factors were con- 3.3%, 14.5% and 15.4% (0.5, 2.0 and 2.1tha1)
stant for different nitrogen application rates (0£0.02%  whereas the cumulative J® emissions increased 35.4 %,
for the wheat season, 0.230.05 % for the maize season and 97.5% and 114.9% (0.9, 2.5 and 3.0kg N'har—1). Ac-
0.49+ 0.02 % for the annual scale). The estimate¢ 5Eo cordingly, we recommend 270kgNhayr—! as the opti-
of 0.494+0.02% in the rotation year of 2009-2010 was mized fertilizer rate for the local wheat-maize rotation fields
slightly lower than the EF_n,o0 0f 0.67+0.23% inthe rota- to keep the current crop yield~(13.8 kg hal yr=1), to
tion year of 2008—2009 for the same experimental field (Liu maintain the soil nitrogen balance (ga#83+ 16 kg N ha't
etal., 2011). The direct §O emission factors for the wheat- yr~1) and to reduce the D emissions to the atmosphere
maize rotation field in both rotation years were much lower (~2.59+0.33 kg N ha® yr=1). Then the fertilizer rates for
than the global default EE n,0 of croplands (1.25:1.0%,  local farmers’ use (438 470kgNha? yr=1, Liu et al,
IPCC, 1997; averaged 1.0 % for the croplands applied with2011) can be reduced by 37943 %.
mineral N-fertilizers, Bouwman et al., 2002; 1.0 %, IPCC,
2006). Ju et al. (2009) also reported a relatively low averaged Some studies have been conducted to investigate the ef-
EFr_n,0 0f 0.12 and 0.23 % in the wheat and maize seasongects of fertilizer nitrogen levels or optimized nutrient man-
in the wheat-maize rotation fields on the North China Plain.agement on crop yield, nitrogen use efficiency, ;N@ccu-
The results may suggest that the low available carbon sourcesulation in deep soil and NDleaching in wheat-maize ro-
and low WFPS for denitrification in most semi-humid upland tation fields in northern China (Liu et al., 2003; Zhao et al.,
soils in northern China are the reasons for the low &kEo 2006; He et al., 2009; Ju et al., 2009; Wang et al., 2010).
(Ju etal., 2009, 2011). The findings suggest that the fertilizer rates of farmers’ prac-

tice (430 to 670kg N hal yr—1) can be decreased by 30 to
4.3 Recommended rate of nitrogen fertilizer application 60 % to reduce the nitrogen losses to the environment and

to maintain the current crop yield (5:87.7 tha'! for wheat
The optimized nutrient management should reduce ni-and 7.1~8.9tha® for maize). The reported optimum fer-
trogen fertilizer input where fertilizer nitrogen has been tilizer rates for the wheat-maize rotation fields in northern
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China vary between 120 and 180 kg Nfidor wheat and be- cropping system on a silt loam calcareous soil in the North China
tween 120 and 189 kg N ha for maize. Our recommended Plain, Soil Biol. Biochem., 48, 10-19, 2012.

fertilizer rates for wheat and maize are within these ranges. Dutaur, L. and Verchot, L. V.. A global inventory of the
soil CHy sink, Global Biogeochem. Cy., 21, GB4013,

doi:10.1029/2006GB002732007.
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