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a  b  s  t  r  a  c  t

Fertilizer  N  is usually  required  to achieve  optimal  yields  but when  applied  in excess  there  is  increased
risk  of  pollution,  including  higher  greenhouse  gas  (GHG)  emissions.  Thus,  optimal  N management  must
consider  both  yields  and  environmental  effects.  Yield-scaled  GWP  (Global  Warming  Potential),  which  is
the GWP  (in CO2 equivalents)  per Mg  of grain  yield,  is a  useful  metric  for evaluating  management  options
where  the  goal  is  to  achieve  both  high  yields  with  minimal  environmental  burden.  A  6-year  field  study
was  conducted  to test  the  hypothesis  that  the lowest  yield-scaled  GHG  emissions  for  rice  occur  when  N
is applied  at  optimal  N rates  for maximum  yields,  independent  of  the  source  of  N applied.  We  tested  this
hypothesis  for  organic  (manure)  and inorganic  (urea)  N sources.  The  N  rates  and  sources  in  each  growing
season were:  0, 90,  180 and  270 kg N ha−1 applied  as  either  urea  alone  or pig manure  combined  with urea
(where  N was  added  as  manure  and  supplied  60%  of the total  N  rate).  The  N rates  to achieve  maximum
yields  (90  to  180  kg  N ha−1 depending  on  year)  were  similar  for both  N  sources.  Seasonal  CH4 and  N2O
emissions  varied  significantly  between  years  but the  magnitude  of  emissions  was  determined  largely
by  N  source.  Across  N rates,  application  of  manure  increased  GWP  by  almost  60%  relative  to the urea

treatments  due  to higher  CH4 and  N2O emissions.  When  urea  was  used  as  the sole  N  source,  yield-scaled
GWP  (87  kg  CO2  eq. Mg−1 grain)  was  lowest  at optimal  N  rates  for  maximum  yields.  In  contrast,  when
manure  was  used,  yield-scaled  GWP  was  higher  than  for urea  and  increased  with  increasing  manure-N
rates  (from  104  to 171 kg  CO2 eq. Mg−1 grain).  The  lowest  yield-scaled  GWP  for  manure  was  when no
manure  was  applied  – despite  the low  yields.  Thus,  when  manure  is used  as  an N source  in flooded  rice
systems,  over  application  should  be avoided.

© 2013  Elsevier  B.V.  All  rights  reserved.
. Introduction

Flooded rice (Oryza sativa L.) systems emit both CH4 and N2O,
owever they are the largest agricultural source of CH4 emis-
ions and account for 5–19% of the annual global CH4 emissions
IPCC, 2007). Despite N2O being a greenhouse gas (GHG) that is
2 times more potent than CH4 (IPCC, 2001), results from a recent
eta-analysis (Linquist et al., 2012b) reported that CH4 emissions

ccounted for almost 90% of total global warming potential (GWP)
rom rice systems and concluded that efforts to reduce GWP  of rice
ystems should focus on CH4.
China grows rice on approximately 30 million ha per year and
s the world’s leading producer (FAO, 2012). It is estimated that
.7–8.0 Tg CH4 and 138–154 Gg N2O are emitted from Chinese rice

∗ Corresponding author. Tel.: +86 57188981721.
E-mail address: liang410@zju.edu.cn (X.Q. Liang).

378-4290/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fcr.2013.03.002
fields (Yan et al., 2003; Zheng et al., 2004), with a GWP  between 219
and 229 Tg CO2 eq. In recent years rapid urbanization in China has
increased pressure to intensify agricultural production in places
such as the Taihu Lake region; and as a result, rice growers are
applying more N (Ju et al., 2009). As the recovery of applied fertilizer
N is usually less than 20% (Wang et al., 2003) it can contribute to
the high GWP  from the rice systems (Huang and Tang, 2010), along
with other environmental and economic concerns. Therefore, it is
necessary to establish management practices that optimize N use
to achieve high yields with minimal environmental cost – the basis
of sustainable intensification (Godfray et al., 2011).

Whether in this region or globally, rice production must increase
to meet food demand. Mueller et al. (2012) reported that closing the
rice grain yield gap to 100% of attainable yields would require a 47%

increase in global rice production. Increasing rice production will
inevitably increase CH4 and N2O along with its associated GWP,
however attempts must be made to increase production with the
lowest GWP. Linking grain yield with GWP  provides a metric to

dx.doi.org/10.1016/j.fcr.2013.03.002
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.fcr.2013.03.002&domain=pdf
mailto:liang410@zju.edu.cn
dx.doi.org/10.1016/j.fcr.2013.03.002
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uantify economic viability (yields) with environmental concerns.
his metric has been termed GHG intensity (Mosier et al., 2006)
r yield-scaled GHG emissions (van Groenigen et al., 2010) and is
eflected in the GWP  in CO2 equivalents per unit of grain yield.
lthough soil CO2 fluxes also represent a source of GHG emissions,
n a global scale they are largely offset by high rates of net pri-
ary productivity and atmospheric CO2 fixation by crop plants, and

re estimated to contribute less than 1% to the GWP  of agriculture
Smith et al., 2007). Therefore, CO2 as a contributor to GWP  was not
ncluded in our analysis. van Groenigen et al. (2010) reported that
ield-scaled GHG emissions were lowest where N was  applied at
ptimal rates and excessive N rates led to high yield-scaled emis-
ions.

Yield-scaled emissions are affected by both N input and source
Shang et al., 2011). In many regions of the world farmers have

 choice between organic and inorganic sources of N. Urea and
ig manure are the two main N sources applied to rice systems

n this region of China. The effect of N source on rice productivity
s conflicting with some claiming manure to be more effective than
rea at improving yields and N use efficiency (Pan et al., 2009; Bi
t al., 2009; Duan et al., 2011) while others urea (de Ponti et al.,
012).

Other studies have reported that manure N sources increase
WP  particularly because of higher CH4 emissions in flooded rice
ystems (Yang et al., 2010; Shang et al., 2011); and based on a meta-
nalysis, Linquist et al. (2012a) reported that manure applied at
imilar N rates as urea resulted in 26% higher CH4 emissions but no
ignificant difference in N2O emissions. In addition, some studies
ave also evaluated the effect of varying rates of mineral fertilizer N
n CH4, N2O and GWP  (i.e. Yao et al., 2012). However, no study has
etermined how N source (mineral vs. organic) affects yield-scaled
WP. Such studies require an evaluation across a range of N rates
nd sources to adequately identify optimal N rates for each source
nd determining GHG emissions from these N treatments. There-
ore, we initiated a 6-year field study to test the hypothesis that the
owest yield-scaled GWP  for rice is when N is applied at optimal N
ates for maximum yields, independent of the source of N applied.
ur objective was to determine yield-scaled GWP  when different

ates of inorganic (urea) or organic (pig manure) N are applied. It
s anticipated that the outcome of this research will provide a basis
o develop efficient management strategies that address the need
or high yields while also addressing environmental concerns.

. Materials and methods

.1. Site description

The field experimental site was located in the Taihu Lake region,
iaxing City, Zhejiang Province, China (120◦40′E, 30◦50′N). The
limate is a subtropical monsoon climate with mean annual tem-
erature and precipitation of 15.7 ◦C and 1200 mm,  respectively.
rior to the experiment the field had been continuously cropped
ith rice for more than 700 years (Cao, 2008). The soil was clas-

ified as a gleyed paddy soil (clay loam, mixed, mesic Mollic
ndoaquepts) derived from the riverine-lucustrine sediments. The
nitial soil properties of the plow layer (0–15 cm) were: pH, 6.9;
rganic C, 18.2 g kg−1; total N, 2.65 g kg−1; total P, 1.51 g kg−1; CEC,
.12 cmol kg−1; sand content,12.1%; clay content, 51.7%; and bulk
ensity, 1.33 g cm−3.

.2. Fertilization treatments and management
The experiment was established in 2005 with treatments
rranged in a randomized complete block design with three replica-
ions. The cropping system was a rice-rape (Brassica napus) system
search 146 (2013) 66–74 67

with rice being grown in the wet  season and rape in the dry
season. Only results related to rice are reported here. Each plot
was 4 m × 5 m.  Throughout the six-year experiment, the N treat-
ments remained the same for each plot. To reduce edge effects,
non-experimental guard plots planted with rice were established
around the entire experiment. In each rice season the following
were identical: the variety (cv. JIA 9321), transplanting 25 day old
seedlings on July 1, drainage (October 3), and harvest (October 30).

There were seven N treatments: a control (no N) and three
rates of N (90, 180, and 270 kg N ha−1) applied either as urea (90U,
180U and 270U) or a combination of manure and urea (90 M,  180 M
and 270 M).  For urea treatments the N was applied in three doses
(basal fertilizer/1st topdressing/2nd topdressing) at a ratio of 3:1:1.
For manure treatments, pig manure (C: 8.5%; N: 0.56%; P: 0.43%;
K: 0.40%) was  applied as the basal N fertilizer and the remaining
40% of the N rate was  applied as urea in two  equal topdress-
ing doses-similar to the urea treatments. Thus, manure provided
60% of 90, 180 and 270 kg N ha−1, or 54, 108, and 162 kg N ha−1,
respectively. To ensure that P and K were not limiting, the control
and all urea treatments received 40 kg P2O5 ha−1 (superphos-
phate) and 150 kg K2O ha−1 (KCl) and the 90 M treatment received
73 kg K2O ha−1. These fertilizers were broadcast onto soil surface
by hand and incorporated with the 0–5 cm soil layer by puddling
at the same time as the basal N fertilizer was applied. The urea
topdress application was  broadcast onto the flooded field 2 and 4
weeks after transplanting (WAT) each year to all treatments except
the control. The irrigation water level was maintained at 5–8 cm
from transplanting until the drainage which occurred between 13
and 14 WAT. Other field practices, such as field preparation, tillage,
puddling, and weed control, were carried out manually according
to the local farming practices.

2.3. Sampling and analysis

Flux measurements of N2O and CH4 were performed simulta-
neously using static Plexiglas chambers and gas chromatography
(GC) techniques. The Plexiglas chamber, covered on the outside
with bubble foil insulation, was  modified from Ni and Zhu (2004)
with dimensions of 0.6 m × 0.6 m and a height of 0.6 or 1.2 m
depending on plant height. A small fan was fixed to the interior
top surface to mix  the chamber air before sampling. During each
rice growing season, gas samples were taken from 08:00 to 10:00 h
weekly. For each sampling event gas samples were taken at 0, 15,
30, 45 min  from the middle space of each chamber and transferred
into 15 mL  vacuum vials and analyzed for CH4 and N2O using a GC
(Shimadzu, GC-14B series). In addition the temperature inside the
chamber was measured for the flux calculation. The gas flux rates
were determined from the linear increase in gas concentrations
within the chamber over time. The GWP  of N2O and CH4 emissions
was calculated in units of CO2 equivalents (CO2 eq.) over a 100-yr
time horizon. A radiative forcing potential relative to CO2 of 298
was used for N2O and 25 for CH4 (IPCC, 2001).

At harvest, the aboveground biomass and grain yields were
determined from a 1 m2 area within each plot. After oven drying to
a constant weight at 60 ◦C the biomass was  weighed to determine
yields. The biomass was  then ground and analyzed for N content
using an Elemental Analyzer (Vario Max, Germany). N recovery
efficiency (NRE) was  calculated as:

NRE = [N uptake(N treatment) − N uptake (control)]/N applied.
2.4. Data analysis

The seasonal CH4 and N2O emission totals from all the treat-
ments and rice growing seasons were computed directly from the
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Fig. 1. Temporal dynamics of CH4 emitted from rice fields which received
−1
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easured fluxes and were estimated by linear interpolation for
ays when no measurements were made.

Data were analyzed using EXCEL and SPSS 16 for Windows.
rithmetic means for three replicates were calculated for all param-
ters. Statistical analysis was accomplished by standard analysis
f variance (ANOVA) and mean values compared by least signifi-
ant difference (LSD) at the 0.01 level of probability. Interactions
etween N rate, sources, and year were analyzed by General Lin-
ar Model in the SPSS. Yield-scaled N2O, CH4, and GWP  (N2O + CH4)
mong N treatments and sources were analyzed using PROC MIXED
ith least significant difference test at P-value < 0.01 (SAS, 2003).

. Results and discussion

.1. Climate conditions

Seasonal precipitation and temperature were collected from a
earby weather station for the entire experimental period. Year
o year variation in precipitation and temperature during the rice
rowing season (July to October), was relatively small (Table 1).
verage precipitation was 688 mm with the driest and wettest year
etween 2009 and 2010, respectively. Mean seasonal temperature
veraged 26.4 ◦C with 2005 being the coolest year and 2008 the
armest.

.2. Rice yield and N uptake in response to N rate and source

Across years and treatments yields averaged 6430 kg ha−1

Table 2). In general, average yields were similar between years,
owever 2009 yields were the lowest, averaging 6% lower than
he experimental average. The reason for lower yields in 2009
emains unclear and the climate data (Table 1) do not provide
ny reliable explanation. In the control treatment where no N was
pplied, yields averaged 5178 kg ha−1. Control yields were initially
igh in 2005 (6104 kg ha−1) and tended to decline with time to

 low of 4167 in 2009. A similar pattern was also observed for
 uptake in the control treatment where initially N uptake was
igh (103 kg N ha−1) but then declined in each year to a low of
8 kg N ha−1 in 2010 (Table 2).

There was a yield response to both N sources but no interaction
etween N rate and year or N source (Table 3). In 2005 through
007 the optimal N rate was 90 kg N ha−1 for both N sources while
rom 2008 to 2010 it was 180 kg N ha−1. This increase in N require-

ent over time is most likely due to a diminishing native N supply
ver time as observed in the control treatment (Table 2). At rates
bove 180 kg N ha−1 yields remained similar or declined for both N
ources. Our results concurred well with the findings of Lin et al.
2007) and Pan et al. (2003), who reported that maximum yields
ould be achieved with N rates of 150 to 227 kg N ha−1 for inten-
ively managed paddy fields.

At similar N rates, crop N uptake was higher in the urea than
n the manure treatments by 6% on average (Table 2). Nitrogen
ecovery efficiency (NRE) was also higher in the urea treatment
averaged 47%) than in the manure treatment (averaged 41%) (data
ot shown), similar to findings of others (Brahmanand et al., 2009;
olden et al., 2006; Wild et al., 2011). However, the NRE reported
ere for manure is higher than reported for poultry litter which
ange from 14 to 35% (Bijay-Singh et al., 1997; Takahashi et al.,
004; Golden et al., 2006). The high NRE for manure observed in
ur study is most likely because the manure treatment included
rea in the topdress application.
.3. Temporal dynamics of CH4 and N2O emission fluxes

In general, seasonal CH4 emissions were low in this study
Table 4). Seasonal CH4 emissions, averaged across years and N
180 kg N ha of urea and pig manure N fertilizers. BF: basal fertilizer; TD1: the first
topdressing; TD2: the second topdressing. Error bars are the standard deviation of
the  three replicates.

rates, were 19.8, 21.6 and 33.6 CH4 kg ha−1 for the control, urea
and manure treatments, respectively. Higher CH4 emissions from
manure are to the result of increased the carbon inputs. On aver-
age the use of manure increased CH4 emissions by 56% relative to
urea which is higher than the 26% (95% CI: 12–47%) reported from
a meta-analysis by Linquist et al. (2012a).

CH4 emissions followed very similar patterns in all six years
of the experiment (Fig. 1). In the first two weeks of the season
CH4 emission rates were near zero for all treatments regardless
of fertilizer rate and source (Fig. 2). After two weeks, CH4 emis-
sions were first observed in the manure treatments while in the
urea treatments CH4 emissions were not observed until week three.
The highest CH4 emissions were observed between the fourth and
eighth WAT  during tillering and booting stages. During this period
CH4 emissions from the manure treatments were higher than the
urea treatments. The mean fluxes during this period for urea (180U)
and manure (180 M)  were 318 and 583 g CH4 ha−1 d−1, respectively
(data not shown). In the urea treatments, CH4 emissions stayed rel-
atively similar from 8 to 13 WAT  after which the field was drained.
During this same period, CH4 emissions from the manure treat-
ments declined to levels similar in magnitude to emissions from
urea treatments. The mean fluxes from 8 to 13 WAT  for urea (180U)
and manure (180 M)  were 230 and 294 g CH4 ha−1 d−1, respectively

(date not shown). Following drainage at the end of the season a
spike in CH4 emissions was  observed followed by a period of no CH4
emissions. Such spikes in CH4 emissions following the drain period
have been observed in other studies (Yagi et al., 1996; Wassmann
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Table  1
Monthly precipitation and temperature during the rice growing seasons from 2005 to 2010.

2005 2006 2007 2008 2009 2010 Average

Precipitation (mm)
July 186 250 179 150 172 212 191
August 202 104 184 200 261 200 192
September 120 255 213 182 145 191 184
October 167 59 116 166 54 160 120
July–October 675 667 692 698 632 763 688

Temperature (◦C)
July 29.8 29.6 30.2 30.5 29.0 29.3 29.7
August 28.4 30.4 30.0 28.8 28.5 31.3 29.6
September 26.9 23.8 25.2 26.4 25.6 26.5 25.7
October 19.0 22.2 20.3 21.0 21.5 19.1 20.5
July–October 26.0 26.5 26.4 26.7 26.2 26.5 26.4

Table 2
Grain yields and N uptake as a function of N source and rate during six growing seasons.

N treatments 2005 2006 2007 2008 2009 2010 Average

Grain yield (kg ha−1)
Controla 6104bb 5942c 5730c 4740d 4167c 4384d 5178d
90U  6517a 6647ab 6513ab 6781bc 6136b 6352bc 6491bc
180U  6627a 6915a 6736a 7140a 6611a 6896a 6821a
270U  6393ab 6770ab 6361b 6907abc 6534a 6818a 6631abc
90  M 6497a 6567b 6449ab 6683c 6074b 6241c 6419c
180  M 6630a 6890ab 6734a 7112a 6554a 6810a 6788ab
270  M 6524a 6815ab 6582ab 7042b 6458a 6675ab 6683abc

N  uptake by plant (kg N ha−1)
Control 103f 92g 84g 72g 63f 58g 79f
90U  135e 135e 126e 126e 105e 101e 121e
180U  170c 178c 168c 178c 151c 143c 165c
270U  203a 218a 212a 224a 189a 183a 205a
90  M 133e 128f 121f 119f 101e 95f 116e
180  M 159d 167d 158d 165d 140d 134d 154d
270  M 190b 199b 195b 209b 179b 172b 191b

a Control: 0 N addition; 90U–270U: urea N treatments (90–270 kg N ha−1, 60% urea + 20% urea + 20% urea); 90M–270 M:  pig manure treatments (90–270 kg N ha−1, 60%
manure + 20% urea + 20% urea).

b Values in columns followed by the same letter are not significantly different at the 0.01 level using LSD test.

Table 3
Analysis of variance of rice grain yield, N uptake, GHG emissions and GWP  in a 6-yr N rate and source experiment.

Source Rice grain yield N uptake by rice Yield-scaled GWPa

df Mean square F P < F Mean square F P < F Mean square F P < F

Intercept 1 4534 91,000 0.00 2,210,954 243,200 0.00 1,538,805 16,680 0.00
Year  5 1.38 27.60 0.00 3765 414 0.00 19,210 208 0.00
Nrate  2 1.11 22.35 0.00 56,220 6184 0.00 4038 43.78 0.00
Nsource 1 0.01 0.18 0.67 2706 298 0.00 79,638 863 0.00
Year  * Nrate 10 0.07 1.42 0.19 155 17.00 0.00 55.93 0.61 0.80
Year  * Nsource 5 0.02 0.35 0.88 12.97 1.43 0.22 99.23 1.08 0.38
Nrate  * Nsource 2 0.04 0.73 0.49 191 21.01 0.00 6906 74.87 0.00
Year  * Nrate * Nsource 10 0.01 0.14 1.00 6.54 0.72 0.70 68.37 0.74 0.68
Error  84 0.05 9.09 92.25

Seasonal CH4 flux Seasonal N2O flux Seasonal GWP

df Mean square F P < F Mean square F P < F Mean square F P < F

Intercept 1 79,547 15,310 0.00 6,905,532 2098.00 0.00 61,370,000 18,620 0.00
Year  5 1278 246 0.00 12,920 3.93 0.00 849,961 258 0.00
Nrate  2 143 27.62 0.00 379,922 115.44 0.00 232,180 70.42 0.00
Nsource 1 5028 968 0.00 121,780 37.00 0.00 3,522,317 1068 0.00
Year  * Nrate 10 4.55 0.88 0.56 1663 0.51 0.88 3428 1.04 0.42
Year  * Nsource 5 4.51 0.87 0.51 5320 1.62 0.17 4113 1.25 0.29
Nrate  * Nsource 2 548 105 0.00 535 0.16 0.85 348,907 106 0.00
Year  * Nrate * Nsource 10 7.43 1.43 0.18 1441 0.44 0.92 3841 1.17 0.33
Error  84 5.19 3291 3297

a Yield-scaled GWP  is the seasonal GWP  in CO2 equivalents per unit of grain yield.
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Table 4
Seasonal CH4 and N2O fluxes and calculated GWP  in rice fields fertilized with urea and manure.

N treatments 2005 2006 2007 2008 2009 2010 Average

CH4 (kg ha−1)
Controla 12.3cb 25.6e 22.1c 32.1b 14.6e 12.3c 19.8
90U  15.0c 33.2c 24.4bc 35.7b 19.6d 15.0c 23.8
180U  11.8c 28.1d 20.9c 31.7b 21.0d 11.8c 20.9
270U  11.7c 29.3d 19.3c 29.5b 19.2d 11.7c 20.1
90  M 21.9b 36.9b 27.9b 38.3b 26.9b 21.9b 29.0
180  M 26.5b 44.4a 35.7a 49.9a 34.0a 26.5a 36.2
270  M 32.8a 46.5a 39.3a 53.7a 38.6a 32.8a 40.6

N2O (g ha−1)
Control 94c 146b 137c 177c 99d 95c 82
90U  143c 176b 154c 173c 164cd 139c 158
180U  183bc 266ab 240bc 323ab 238c 190bc 240
270U  332ab 333ab 367a 442a 327ab 332ab 356
90  M 236bc 187b 207bc 263bc 204c 225c 220
180  M 303ab 296ab 321ab 353ab 249bc 298b 303
270  M 454a 410a 426a 440a 398a 462a 432

GWP  (kg CO2 eq. ha−1)
Control 335d 683e 594c 855b 393e 336d 533
90U  417d 882d 656bc 944b 540d 416d 643
180U  349d 782d 593c 890b 597d 351d 594
270U  393d 833cd 591c 868b 578d 393d 609
90  M 617c 979b 760b 1035b 733c 614c 790
180  M 753b 1197a 988a 1353a 923b 752b 994
270  M 955a 1286a 1110a 1475a 1083a 958a 1145

a Control: 0 N addition; 90U–270U: urea N treatments (90–270 kg N ha−1, 60% urea + 20% urea + 20% urea); 90M–270M: pig manure treatments (90–270 kg N ha−1, 60%
manure + 20% urea + 20% urea).

b Values in columns followed by the same letter are not significantly different at the 0.

Fig. 2. CH4 emissions as affected by nitrogen rate from rice fields which received
urea or pig manure N fertilizer. Data is presented for 2005 only. BF: basal fertilizer;
TD1: the first topdressing; TD2: the second topdressing. Error bars are the standard
deviation of the three replicates.
01 level using LSD test.

et al., 1996) and it is thought to be the release of entrapped CH4 gas
as soil dries (van der Gon et al., 1996). These spikes highlight the
importance of sampling following drainage events to fully account
for all seasonal CH4 emissions.

Nitrous oxide emissions were also followed a similar pattern in
each of the six years of the study (Fig. 3). The highest N2O emis-
sion rates were observed at the very beginning of the season and
emissions gradually declined to zero by 5 WAT. The N2O emis-
sions during this early portion of the growing season were likely
the result of basal and all topdress N fertilizer applications. Oth-
ers have also reported that when N fertilizer is broadcasted on a
flooded rice field it leads to small but significant N2O emissions
(Chen et al., 1997; Ghosh et al., 2003; Pathak et al., 2002). In con-
trast, when all of the N fertilizer is applied as a basal application,
N2O emissions are typically low after the field has been flooded
(Qin et al., 2010; Wang et al., 2011). Topdressed fertilizers are often
recommended to improve N use efficiency (Linquist et al., 2003),
however, in cases where topdressed fertilizers do not improve N
use efficiency, applying all of the N as a basal application may  result
in lower N2O fluxes.

From 5 to 13 WAT, no N2O emissions were observed (Fig. 3)
and similar results have also been found reported by others (Qin
et al., 2010; Zou et al., 2007). Low N2O emissions when fields
are maintained in a flooded condition are due to limited nitrifi-
cation activity. Furthermore, a large proportion of N2O produced
from denitrification is likely reduced to N2 caused due to low soil
redox potentials (Firestone and Davidson, 1989; Zou et al., 2007).
At the end of the growing season, shortly after draining the field
for harvest, a large spike in N2O emissions was  observed. This
spike in emissions may  be due to the shift from anaerobic to aer-
obic conditions which enhance mineralization of available C and
N, thereby favoring N2O emissions (Zou et al., 2007). Similar N2O
emission patterns from continuously flooded fields have also been

reported (Qin et al., 2010; Wang et al., 2011). Again, as with CH4,
a full accounting of all N2O emissions requires sampling through-
out the drain periods at frequent enough intervals to capture the
fluxes.
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Fig. 3. Temporal dynamics of N2O emitted from rice fields which received
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Fig. 4. N2O emissions as affected by N rate from rice fields which received urea or
pig  manure N fertilizer. Data is presented for 2005 only. BF: basal fertilizer; TD1: the
80 kg N ha of urea or pig manure N fertilizers. BF: basal fertilizer; TD1: the first
opdressing; TD2: the second topdressing. Error bars are the standard deviation of
he three replicates.

Considering both GHG, there was roughly a two-fold difference
n GWP  between the years when the highest values were found
2006 and 2008) and the years when the lowest values were found
2005 and 2010) (Table 4). While these differences can partly be
xplained by differences in average seasonal temperatures (2006
nd 2008 were the warmest and 2005 was the coolest) it cannot
xplain all the variations in GWP  as 2010 had similar average sea-
onal temperatures to 2006 (Table 1). The high GWP  in 2006 and
008 is the result of high CH4 and N2O emissions and vice versa
or the two low GWP  years. Such differences in emissions between
easons with similar management practices is not an uncommon
henomenon and remains often difficult to explain (Wassmann
t al., 2000).

.4. N source and rate effects on CH4, N2O fluxes and GWP

There was a significant N rate by N source interaction for sea-
onal CH4 emissions (Table 3). When manure was  the primary N
ource, CH4 emissions increased with increasing N rate (Table 4,
ig. 2) due to higher C inputs with increasing N rate. In contrast,
hen urea was the N source, CH4 emissions increased for the

0U N rate and then decreased with the highest N rate (270U)
aving similar CH4 emissions to the 0N control (Table 4). Such

 response to urea-N fertilizer is consistent with the findings of

 meta-analysis by Linquist et al. (2012a) where CH4 emissions
here highest in the lower to moderate N rates but declined at

he higher N rates. They hypothesized that this was  due to the
ombined effects of N fertilization on CH4 production, oxidation
first topdressing; TD2: the second topdressing. Error bars are the standard deviation
of  the three replicates.

and transport. Nitrogen, at low to optimal N rates increases plant
growth and these plants provide more C substrate for methanogen-
esis as roots and root exudates serve as a major carbon source for
CH4 production (Lu et al., 2000). As most CH4 is emitted through
the plant, higher tiller numbers (due to an increase in N rate) pro-
vide a larger pathway for CH4 to be transported to the atmosphere.
In contrast, at high N rates there is more NH4

+ in the soil solu-
tion which can stimulate CH4 oxidation (Bodelier and Laanbroek,
2004) and lead to a reduction in the amount of CH4 emitted. Others
have also reported that across a range of N inputs CH4 emissions
declined with increasing fertilizer N rates (Sass et al., 2002; Yao
et al., 2012).

Seasonal N2O emissions varied significantly between years
with the annual magnitude of emissions determined by N rate
and source (Table 3). With both fertilizer sources, N2O emissions
increased with increasing N rate (Table 4). On  average and across
years, N2O emissions increased from 125 g N2O ha−1 in the control
to 356 g N2O ha−1 in the 270U urea treatment and 432 g N2O ha−1 in
the 270 M manure treatment. On average, the use of manure as an
N source increased seasonal N2O emissions by 29% compared to the
urea treatments (Table 4). Higher emissions from the manure treat-
ments were observed both at the beginning of the growing season
and in the post-drain spike at the end of the season (Figs. 3 and 4).
This finding is in agreement with Shang et al. (2011) who observed
the highest N2O emissions when combined inorganic/organic fer-
tilizers were applied. In contrast, when organic and inorganic N
sources were compared in a meta-analysis no difference in N2O
emissions between these sources was found (Linquist et al., 2012a).

The relationship between N2O and N rate was not linear but
increased with increasing N rate for both N sources. The average N-
fertilizer induced emission factor for urea and manure was 0.10%

and 0.13%, respectively, which is lower than the average value of
0.22% reported for continuously flooded rice systems (Akiyama
et al., 2005).
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Fig. 5. Relationship between yield-scaled N2O, CH4 and GWP  and N application rates
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When the GWP  of the two gases is considered the overall pat-
ern is similar to CH4 because CH4 emissions represented 85–92%
f GWP; similar to what has been reported in other flooded rice
ystems (Linquist et al., 2012b). Across N rates, the combined
pplication of manure increased GWP  by almost 60% relative to
he urea treatments. The highest GWP  (averaged 1145 kg CO2 eq.

a−1) was observed with the highest rate of manure N which
ad the highest CH4 (40.6 kg ha−1) and N2O emissions (432 g ha−1)
Table 4).

The GWP  values reported here do not reflect the effects of
anure relative to urea on net soil C sequestration or soil res-

iration. As others have reported that manure increases soil C
ontent (Chakraborty et al., 2011; Tirol-Padre et al., 2007) and soil
espiration (Chakraborty et al., 2011), a full assessment of GWP
ould need to be carried out which was outside the scope of this

tudy.

.5. Yield-scaled GWP

Our objectives were to identify N management practices for rice
hat result in the lowest yield-scaled GWP  in order to addresses
oth food security and environmental concerns. There was  no

nteraction between year and N rate or year and source for either
2O, CH4, GWP  or yield-scaled GWP  (Table 3) so averaged results
cross years are discussed. When only N2O is considered, the
ield-scaled N2O response for urea was similar to what has been
bserved for other upland crops (van Groenigen et al., 2010;
enterea et al., 2011). The lowest yield-scaled values were at
0 kg N ha−1 which was close to the optimal N rate in this study
optimal N rates were between 90 and 180 kg N ha−1; Fig. 5). At

 rates above 90 kg N ha−1 there was a non-linear increase in
2O emissions. With the use of manure instead of urea, yield-

caled N2O emissions increased with increasing manure inputs
nd were higher than urea at the same N rate. Considering only
ield-scaled CH4, we observed a decline with increasing urea-N
ates with the lowest level (76 kg CO2 eq. Mg−1 grain) being at 180
nd 270 kg N ha−1 (Fig. 5). In contrast, when manure was  used as
he primary N source yield-scaled emissions increased from 97 to
51 kg CO2 eq. Mg−1 grain, despite an increase in yields across these

 rates.
When both N2O and CH4 are considered, the effect was gener-

lly similar to what was observed for CH4 only, because CH4 was
he main GHG emitted from this system (Table 4). When urea was
sed as the sole N source the yield-scaled GWP  decreased with

ncreasing N rate and was the lowest (87 kg CO2 eq. Mg−1 grain)
t 180 kg N ha−1 (Fig. 5). With the manure, despite increasing yield
ith higher manure rates, yield-scaled GWP  increased due to the

arge increase in CH4 emissions (and N2O) from manure applica-
ions.

These results indicate that urea-N led to the lowest yield-scaled
WP. In this case, it was lowest at N rates required to achieve
aximum yields. However, in flooded rice systems the lowest

ield-scaled GWP  does not necessarily occur at optimal N rates (Yao
t al., 2012; Linquist et al., 2012a) in contrast to upland crops, where
2O rather than CH4 is the major GHG (van Groenigen et al., 2010).
he primary reason for this difference between flooded and upland
rops in GHG is that in flooded systems excess NH4

+ can promote
he oxidation of CH4 (Bodelier and Laanbroek, 2004). Although an
veruse of urea does not have a large effect on yield-scaled GHG
missions, overuse should be avoided as it can lead to other forms
f pollutions such as nitrate leaching (Goulding, 2000). The use
f manure significantly increased both area (GWP ha−1) (Table 4)

nd yield-scaled GWP. At 180 kg N ha−1, yield scaled GWP  in the
anure treatment was 146 kg CO2 eq. Mg−1 grain and 68% higher

han when only urea was used. As stated earlier the GWP  here
nly accounts for N2O and CH4 and does not account for changes
and  source in rice fields receiving urea and manure. Values above each bar with the
same letter are not significantly different at the 0.01 level using LSD test.

in soil C or respiration that would likely occur with the use of
manure (Chakraborty et al., 2011; Tirol-Padre et al., 2007). How-
ever, based on these findings, when manure is used, yield-scaled
GWP  increased and therefore over application of manure needs to
be avoided.

4. Conclusions

This is the first study that we are aware of that has evalu-
ated organic and inorganic N sources, across a range of inputs
to adequately access optimal N rates, on yield-scaled GWP. We
hypothesized that the lowest yield-scaled GWP  would occur at
optimal N rates required for maximum yields, independent of N
source applied. This hypothesis was partially confirmed when urea

was used as an N source but not for manure. Based on these find-
ings, manure inputs should not be applied in excess of that required
for optimal yields as this increases GHG emissions rapidly. Further-
more, urea N resulted in lower yield-scaled GWP  across all N rates.
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lthough manure resulted in higher GWP, the effect of manure on
et soil C sequestration and respiration was not taken into account,
n important area for further research.
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