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a  b  s  t  r  a  c  t

Fertilizer  nitrogen  (N) has  been  shown  to  impact  both  N2O  and  CH4 emissions  from  flooded  rice  sys-
tems,  yet  there  is  limited  research  on the  effects  of N rate  when  assessing  global  warming  potential
(GWP  =  N2O  +  CH4) per  unit  area  and  per  unit  grain  yield  (yield-scaled)  on a seasonal  and  annual  basis.
A  two-year  on-farm  experiment  was  conducted  from  2010–2012  to test  the hypothesis  that  optimal
N  rates  result  in  maximum  agronomic  productivity  and minimal  yield-scaled  GWP  in water-seeded  rice
systems experiencing  continuously  flooded  conditions  during  the growing  season  and  fallow  period.  Five
fertilizer  N  rates  (0, 80,  140,  200  and  260 kg N ha−1 yr−1) were  applied  as aqua  ammonia  and  annual  N2O
and  CH4 emissions  were  quantified  using  the vented,  closed  chamber  method.  Results  indicate  that  low
N2O  emissions  occurred  regardless  of N rate when  a permanent  flood  was maintained,  but  that  large  N2O
fluxes  occurred  during discrete  field  drainage  periods  prior  to  harvest,  particularly  at  high  N  rates.  Hence,
cumulative  N2O  emissions  increased  with  N rate  in  a nonlinear  manner  during  the  growing  season.  Over
the  entire  cropping  cycle,  the  highest  CH4 fluxes  occurred  during  the  middle  of  the  growing  season  and
following  field  drainage  periods  prior  to harvest  and at  the  conclusion  of  the  fallow  period.  Mean  seasonal
and annual  CH4 emissions  tended  to  increase  with  N addition  compared  to the  control,  but  significant  dif-
ferences  were  not  observed  between  N rates.  While  CH4 and N2O emissions  were  generally  not  affected  by
N  rate  during  the fallow  period,  the  fallow  period  contributed  significantly  to annual  emissions  (e.g.  56%
of annual  N2O  emissions  across  N rates).  Across  years,  CH4 represented  94%  of  total  GWP  and  as  a  result,

−1
mean  annual  GWP  increased  with  N rate up  to  140 kg N ha . Maximum  yields  occurred  between  140  and
200  kg N  ha−1,  thus  by  employing  the  yield-scaled  metric  to begin  to integrate  climate  change  and  global
food  demand  concerns,  mean  annual  yield-scaled  GWP  significantly  decreased  by  49%  at  these  N  rates.
These  findings  suggest  that  optimal  yields  can be achieved  with  simultaneous  reductions  in yield-scaled
GWP  through  efficient  fertilizer  N  management  in  water-seeded  rice  systems  experiencing  continuously
flooded  conditions  during  the  growing  season  and  fallow  period.
. Introduction

Amid global efforts to increase food production to meet growing
emand, it is clear that new strategies are needed to achieve dual
oals of ensuring food security while protecting natural resources

nd the environment through reduced greenhouse gas (GHG) emis-
ions (Burney et al., 2010; Tilman et al., 2011). Agricultural nitrous
xide (N2O) and methane (CH4) emissions have gained consider-
ble attention recently as they are estimated to have 298 and 25

∗ Corresponding author. Tel.: +1 530 752 3457; fax: +1 530 752 4361.
E-mail address: cpittelkow@ucdavis.edu (C.M. Pittelkow).
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times the radiative forcing potential of CO2, respectively, over a
hundred year time horizon (Houghton et al., 2001). It is projected
that N2O and CH4 emissions may  increase by as much as 35–60%
and 60%, respectively, by 2030 (Smith et al., 2007). Flooded rice
soils represent an important source of global CH4 emissions (Le
Mer  and Roger, 2001; Yan et al., 2009). Moreover, it is increasingly
recognized that rice-based cropping systems can emit substantial
amounts of N2O (Zou et al., 2009), with fluxes occurring during
transition periods between crops (Zhao et al., 2011), the rice season
itself (Wang et al., 2011), or under crop rotations such as wheat (Liu

et al., 2010). Accordingly, an improved understanding of CH4 and
N2O emissions from rice systems is required to identify mitigation
opportunities and develop appropriate climate change strategies
for the future.

dx.doi.org/10.1016/j.agee.2013.05.011
http://www.sciencedirect.com/science/journal/01678809
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Fig. 1. (a) CH4 and (b) N2O emissions with corresponding floodwater depth, and
(c) soil temperature (5 cm depth) and precipitation over two annual rice cropping
cycles. Note the break in the y-axis of panel (a). Dates of rice seeding, tillering, panicle
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Fertilizer N management is a critical component for reduc-
ng environmental impacts associated with GHG emissions in rice
ystems (Linquist et al., 2012b; Shang et al., 2011). Ammonium
ased fertilizer N addition can influence CH4 emissions (Cai et al.,
007), with recent field studies suggesting that high N rates can
ecrease net CH4 emissions from rice systems by roughly 30–50%
Xie et al., 2010; Yao et al., 2012). It has been proposed that
igh soil NH4-N concentrations may  stimulate methanotrophic
ctivity and CH4 oxidation in rice soils, thereby reducing over-
ll CH4 emissions (Banger et al., 2012; Bodelier and Laanbroek,
004). However, experimental results are inconsistent, with others
eporting that fertilizer N addition may  increase CH4 emissions due
o increased rice biomass which can facilitate gas transport through
ice plants (Singh et al., 1999), as well as enhance carbon substrate
vailability for methanogens (Lu et al., 2000; Schimel, 2000). In
irect-seeded rice systems, Lindau et al. (1991) found that urea

 addition increased CH4 emissions approximately 40–75% com-
ared to control plots. Recent meta-analyses on this topic indicate
hat the response of CH4 emissions may  be N rate dependent, where

 addition tends to stimulate CH4 emissions at low N rates but can
otentially mitigate emissions at high N rates (Banger et al., 2012;
inquist et al., 2012b). Overall, the effects of fertilizer N rate on CH4
missions from water-seeded rice remain unclear.

Fertilizer N also strongly impacts N2O emissions in rice systems
Cai et al., 1997; Kreye et al., 2007). While there is large body of work
n factors regulating CH4 emissions (Conrad, 2002; Wassmann and
ulakh, 2000; Yan et al., 2005), there is relatively limited informa-

ion on management practices and soil variables controlling N2O
missions from rice (Akiyama et al., 2005; Zou et al., 2007). High

 rates generally lead to greater cumulative N2O emissions, yet
esults vary by location with fluxes being highly variable and peak
missions often being driven by management events including fer-
ilizer N application, soil submergence, and field drainage cycles
Becker et al., 2007; Kreye et al., 2007; Zhao et al., 2011). More-
ver, field measurements are typically confined to the rice growing
eason, yet up to half of annual GHG emissions can occur during
allow periods (Fitzgerald et al., 2000; Liang et al., 2007). Hence,
pproaches to quantify annual rather than seasonal emissions are
eeded. Furthermore, although it is known that mitigation efforts
imed at CH4 emissions tend to increase N2O emissions and vice
ersa (Cai et al., 1997; Ma  et al., 2007; Zou et al., 2005), many stud-
es have failed to account for the combined effects of management
ractices on both gases (Linquist et al., 2012a). Given that the radia-
ive forcing potential of N2O is approximately 12 times greater
han CH4, strategies to simultaneously reduce both gases should
e considered (Johnson-Beebout et al., 2009).

Recognizing the importance of fertilizer N in sustaining crop
ields, new metrics have been proposed to begin to integrate envi-
onmental concerns with increasing global food demand when
valuating GHG emissions from agriculture. For instance, in addi-
ion to the standard practice of reporting GHG emissions per unit
rea or per unit N applied (e.g. fertilizer-induced N2O emissions),
ne option is to assess GHG emissions per unit yield, either termed

yield-scaled emissions’ (Van Groenigen et al., 2010) or ‘greenhouse
as intensity’ (Mosier et al., 2006). These metrics are related to the
oncept of agricultural intensification, where efforts are focused on
ncreasing productivity per unit area instead of expanding agricul-
ure to new farmland. Despite the potential for increased emissions
t the individual farm scale, agricultural intensification efforts to
ate have reduced global GHG emissions from agriculture (Burney
t al., 2010). Moreover, in a recent meta-analysis on GHG emissions
rom the world’s major cereal crops, Linquist et al. (2012a) deter-
ined that the lowest yield-scaled emissions from rice were very
lose to maximum yield.

There is limited data linking seasonal and annual GHG emissions
ith yield for water-seeded rice systems in California, particularly
initiation, flowering, and harvest for each growing season are indicated by S, T, PI, F,
and  H, respectively. Error bars represent the standard error of three replicates. For
clarity only the low (N0), middle (N140), and high (N260) N rates are displayed.

for N2O emissions for which no published estimates are available. In
the present study, we  assessed the relationship between CH4, N2O,
and rice yield in response to incremental increases in N rate to test
the hypothesis that yield-scaled GWP  will be minimized at N rates
that produce optimal yields. In a two-year on-farm experiment, the
specific objectives were to (i) quantify seasonal and annual CH4 and
N2O emissions, (ii) determine optimal yields in response to N rate,
and (iii) evaluate total GWP  on an area and yield-scaled basis.

2. Materials and methods

2.1. Site description and experimental design

A two-year experiment was  conducted from 2010 to 2012 in
a commercial water-seeded rice field approximately 50 ha in size
near Arbuckle, CA (39◦0′48′′ N, 121◦55′43′′ W).  Soils at this site are
classified as the Clear Lake Clay series (Fine, smectitic, thermic Xeric
Endoaquerts). Selected soil characteristics for the 0–15 cm depth
include: 6.2 pH, 50.4 cmolc kg−1 CEC, 1.75% organic C, 0.14% total N,
0.45 dS m−1 EC, 7.1 mg  kg−1 Olson P, 217 mg  kg−1 extractable K, 9%
sand, 35% silt, and 57% clay. Annual precipitation during the exper-
iment followed typical patterns for a Mediterranean climate with
an average of 368 mm of rainfall occurring primarily outside the
growing season (Fig. 1c) and average air temperatures of 20.6 and
10.0 ◦C during the growing season and fallow periods, respectively.

The field trial was  arranged as a randomized complete block
design with three replications. Crop management events are listed

in Table 1. Spring tillage consisted of several passes with a chisel-
plow and disk, followed by final seedbed preparation with a
triplane and roller. Five fertilizer N treatments (0, 80, 140, 200,
and 260 kg N ha−1) were applied to plots of 6 by 9.14 m in size the
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Table  1
The annual sequence of crop management events for the water-seeded rice field observed in this study. A continuous flood was maintained during the growing season, straw
was  incorporated following harvest, and the field was  flooded during the fallow period. CH4 and N2O measurements covered two  complete annual (growing season plus
fallow  period) rice production cycles.

Management practice 2010–2011 2011–2012

Spring tillage initiated April 27, 2010 April 14, 2011
N  fertilizer application May  6, 2010 April 29, 2011
Field  flooded for planting May  7, 2010 May  1, 2011
Seeding May  9, 2010 May  2, 2011
Field  drained prior to harvest September 12, 2010 September 12, 2011
Harvest October 4, 2010 October 12, 2011
Straw incorporation October 14, 2010 October 25, 2011
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Field flooded for fallow period November 5, 2010 

Field  drained in spring February 9, 2011 

ay prior to the permanent flood. Per conventional practice, N was
pplied as aqua ammonia injected 7–10 cm below the soil surface.
he full N rate was applied as a single dose following recommended
ractices for this region (Linquist et al., 2009). Due to reduced soil
onditions following flooding, aqua ammonia applied at the start of
he growing season is protected from losses which results in higher
ields and greater N recovery than when a portion of N is applied
o the soil surface (Linquist et al., 2009). As typical fertilizer N
ates are close to 168 kg N ha−1 in California rice systems (Williams,
010), N treatments were selected to include deficit and surplus N
ates. Although 260 kg N ha−1 is well above common N rates for
his region, this treatment was included to examine the response
f N2O emissions to N rates beyond that required to achieve maxi-
um  yield. To ensure that other nutrients were not limiting, 46 kg K

nd 24 kg P ha−1 were applied to the soil surface as potassium sul-
ate and triple super phosphate, respectively, on the same day as
ertilizer N application. To avoid the residual effects of fertilizer N
ver time (Reddy and Patrick, 1978), the experiment was moved to

 new location within the same field in the second cropping cycle.
After fertilization and flooding, pre-germinated rice seeds (vari-

ty M-206) were aerially sown at a rate of 224 kg ha−1. Fertilizer N
pplication dates were May  6, 2010 and April 29, 2011 and planting
ates were May  9, 2010 and May  2, 2011. Plots were briefly drained
or several days during the seedling stage to promote root devel-
pment (Fig. 1b). Water management during the growing season
ollowed typical water-seeded irrigation practices for the region,
here a permanent flood of 5–20 cm was maintained until the field
as drained approximately one month prior to harvest. Weeds and
ests were controlled as needed following recommended practices
or the region (Fischer and Hill, 2004). After harvest, straw residue
as chopped into 10–15 cm lengths and incorporated into the top

5 cm to simulate tillage. The field was then flooded from approx-
mately early November to the middle of February each fallow
eriod (Table 1). Flooding during the fallow season is a common
ractice in the region, primarily due to legislation limiting rice
traw burning (Fitzgerald et al., 2000; Linquist et al., 2006). Rice
elds are often flooded following straw incorporation to aid straw
ecomposition, as well as provide waterfowl habitat for migratory
ird populations during the fallow period (Hill et al., 2006; Linquist
t al., 2006).

.2. CH4 and N2O measurements

Gas sampling was conducted using the vented, closed cham-
er method with precautions taken at each stage of the chamber
esign/deployment, gas sampling, and gas analysis process to

mprove the reliability and accuracy of data (Parkin and Venterea,

010; Rochette and Eriksen-Hamel, 2008). Chambers consisted of

 base inserted into the soil, a chamber extension to accommo-
ate rice plants, and an air-tight chamber lid. Chambers were 30 cm

n diameter and constructed from opaque PVC. Each spring, prior
November 9, 2011
February 12, 2012

to planting and N application, gas fluxes between tillage events
were measured using one chamber per block inserted to a depth of
7.5 cm.  Bases were inserted immediately after tillage and allowed
to equilibrate for a minimum of 24 h before sampling. During each
growing season and fallow period, chamber bases were inserted to
a depth of 15 cm immediately following N application and straw
incorporation, respectively, and remained in place throughout the
full measurement period. One base per plot was  used in 2010–2011
and two bases per plot in 2011–2012 (sampling alternated between
bases in the second year). Wooden boardwalks were installed in
the rice field prior to all flooded periods to prevent soil disturbance
while sampling. During each gas sampling event, chambers were
closed for 60 min  with three (0, 30, 60 min) or four gas samples
(0, 21, 42, and 63) being obtained at regular intervals during the
first and second annual cropping cycle, respectively. Chamber lids
were covered with a reflective insulation and equipped with (i)
vent tubes that varied in size according to Hutchinson and Mosier
(1981), (ii) battery operated fans to ensure sufficient mixing of
headspace air, (iii) thermocouple wires to measure air tempera-
tures, and (iv) gas sampling ports. Headspace gas samples were
obtained with air-tight 30 mL  propylene syringes and were imme-
diately pressurized into pre-evacuated 12 mL  glass Exetainer® vials
(Labco Ltd., Buckinghamshire, UK). A layer of silicone was applied to
septa during vial preparation to create a double barrier and prevent
contamination with ambient air.

Gas fluxes were measured during all phases of the annual crop-
ping cycle which included preseason tillage and land preparation,
crop establishment through harvest, and the winter fallow period
until tillage the following spring. During event-related transition
periods (i.e. following N application and the permanent flood as
well as the drain prior to harvest and the spring drain following the
flooded fallow period), intensive measurements were conducted
every 1–3 days to capture the temporal variability of N2O and
CH4 fluxes. During flooded periods characterized by more stable
soil conditions, the frequency of flux measurements was  gener-
ally every 7 days which has been determined to be an accurate
approach for estimating seasonal CH4 emissions from rice systems
(Minamikawa et al., 2012). This corresponded to a total of 79 and
66 sampling events for the first and second annual cropping cycles,
respectively. Gas sampling occurred midday (11:00–15:00 h) when
soil temperatures were expected to represent average daily values
(Bossio et al., 1999).

Concentrations of CH4 and N2O were analyzed using a GC-
2014 gas chromatograph (Shimadzu Scientific, Inst, Columbia, MD)
with a 63Ni electron capture detector (ECD) for N2O and flame
ionization detector (FID) for CH4. The GC detection limits were
0.3 pg s−1 for N2O and 2.2 pg s−1 for CH4. Gas samples were ana-

lyzed within two weeks of collection. Chamber gas concentrations
were converted to mass per volume units (g N2O or CH4 L−1) using
the Ideal Gas Law and measured chamber air temperatures and
volumes. Fluxes of N2O and CH4 were calculated using linear
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egression of gas concentration versus chamber closure time and
he enclosed soil surface area (6.8 × 10−6 ha). Fluxes were set to
ero if the change in gas concentration during chamber enclosure
ell below the minimum flux detection limit determined for the
C, and flux values were rejected (i.e. treated as missing data) if

hey passed the flux detection test but had a r2 < 0.90. In a few
ircumstances during the spring drain of 2012, where large CH4
uxes occurred within relatively small chamber volumes and the
ossibility of headspace saturation was observed, regression was
erformed on the linear portion only using the first three data
oints.

.3. Soil and plant measurements

Field floodwater levels were monitored hourly during the
xperiment with two water depth sensors (Global Water Instru-
entation, Inc., Riverside, CA) positioned between blocks which
ere averaged and reported as daily averages. Soil temperature
as measured hourly using two Hobo temperature probes and
ata loggers (Onset Applications, Bourne, MA)  installed at 5 cm and
eported as daily averages. Precipitation data was averaged from
alifornia Irrigation Management Information System weather sta-
ions in Colusa and Nicolaus located 26 and 36 km,  respectively,
rom the study site (California Department of Water Resources,
acramento, CA).

To determine soil inorganic N contents and dissolved organic
 (DOC) concentrations during the growing season, soil samples
ere obtained from plots without fertilizer N addition (N0) and
lots receiving 140 kg N ha−1 (N140). Due to limited resources, only
hese treatments were evaluated (with N0 representing indigenous
oil N dynamics and N140 representing a typical aqua ammonia
ate for this region), thereby providing insights into the effects
f N addition under recommended N management practices for
his region on soil processes contributing to N2O and CH4 emis-
ions. It is acknowledged that the data are incomplete due to
imited resources and therefore a complete analysis of these soil
ariables across N rates is not possible. Nonetheless, as there is
elatively little information in the literature quantifying soil N
nd DOC transformations with respect to N2O and CH4 emissions
rom rice, presentation of these results likely holds value and may
otentially inform future research activities. At 1–2 week inter-
als, four soil cores 3.5 cm in diameter and 15 cm in depth were
omposited for each plot. Immediately after sampling, soils were
xtracted in duplicate with 0.5 M K2SO4 (soil:solution ratio of 1:10)
nd analyzed for NO3-N (Doane and Horwath, 2003) and NH4-N
Verdouw et al., 1978; Forster, 1995). Soil bulk density measure-

ents (0–15 cm depth) were made prior to the growing season and
uring flooded periods. Soil DOC concentrations of K2SO4 extracts
ere determined on a Shimadzu TOC-VCSH analyzer (Shimadzu
orp., Kyoto, Japan) (first cropping cycle), or a UV persulfate TOC
nalyzer (Phoenix 8000, Tekmar Dohrmann, Cincinnati, Ohio) (sec-
nd cropping cycle).

Dissolved CH4 in the soil solution was measured in N0, N140, and
260 plots using Rhizon soil samplers (Rhizosphere Research Prod-
cts, The Netherlands) following Lu et al. (2000) and Alberto et al.
2000). Rhizon samplers (10-cm long porous microfiltration mem-
ranes 2.8 mm in diameter) were inserted diagonally into the soil
etween rice plants to a depth of 5–10 cm at the booting stage.
uring sampling, the dead volume was discarded and approxi-
ately 5 mL  of soil solution was collected for analysis. Samples
ere shaken for 1 min  and headspace gas was collected and ana-

yzed on a GC as described in Section 2.2. Calculation of dissolved

H4 concentrations followed equations provided by Alberto et al.
2000).

At physiological maturity, aboveground rice biomass was har-
ested (1 m2), dried to a constant weight at 65 ◦C, and separated
s and Environment 177 (2013) 10– 20 13

into grain and straw fractions to determine grain yields. Harvest
occurred on October 4 and October 12 for the first and second crop-
ping cycle, respectively. All grain yield results represent rough rice
yields adjusted to 14% grain moisture content.

2.4. Data analysis

Analysis of variance was performed on cumulative CH4, N2O,
GWP, grain yield, and yield-scaled GWP  results using PROC MIXED
in SAS® version 9.1 (SAS Institute Inc., 2004). For each model, N
rate was designated as a fixed effect and block, year (where appro-
priate), and associated interactions were designated as random
effects. Analysis of variance was performed across years unless sig-
nificant year by treatment interactions were detected. If results
violated ANOVA assumptions (homogeneity of variance and nor-
mality) they were transformed accordingly using log10 or power
functions. Significant differences between N rates were deter-
mined using LS MEANS pairwise comparisons (P < 0.05). A repeated
measures ANOVA was performed on soil DOC and dissolved CH4
concentrations.

Estimates of cumulative CH4 and N2O emissions for each plot
were based on linear interpolation, with the sum of cumula-
tive growing season and fallow period emissions representing
one annual cropping cycle. The growing season amounted to 174
and 183 days and the fallow season to 190 and 190 days in the
first and second annual cropping cycles, respectively. The grow-
ing season covered the period from the start of spring tillage
through harvest each year (i.e., spring tillage events, fertilizer N
application, flooding, rice seeding, fall drainage prior to harvest,
and harvest). The fallow period covered the period from harvest
to the start of tillage the following spring (i.e. straw incorpora-
tion, winter flooding, spring drainage, and field dry down prior to
tillage). Hereafter, ‘seasonal’ strictly refers to cumulative emissions
for the growing season and ‘annual’ refers to cumulative emis-
sions for the growing season plus the following fallow period. The
term ‘mean’ is used to indicate the average of two annual crop-
ping cycles within a single N rate (not the average value across
N rates). Total GWP  was  calculated as CO2 equivalents (CO2 eq)
over a 100-year time horizon using a radiative forcing potential
of 298 for N2O and 25 for CH4 relative to CO2 (Houghton et al.,
2001).

3. Results

3.1. Seasonal and annual patterns of CH4 and N2O emissions

Each growing season (roughly May–October) was characterized by cool soil tem-
peratures and several precipitation events during early crop establishment, but high
solar radiation and limited precipitation thereafter until harvest (Fig. 1c). The major-
ity  of precipitation occurred during fallow periods (roughly November–April), when
air  and soil temperatures were much lower. In both years, CH4 emissions began
to  occur within 3–4 weeks after seeding and increased rapidly through the tiller-
ing  growth stage of rice (Fig. 1a). Emissions were highest from maximum tillering
through panicle initiation, after which emissions declined until field drainage. A
large peak in CH4 emissions lasting 2–3 days was observed immediately after flood-
water had drained in September 2010 and 2011. Although fields were flooded during
the winter fallow period, CH4 emissions remained relatively low during this time
with the majority of fallow season emissions occurring after fields were drained in
the spring, either through a period of moderate emissions (spring 2011) or a single
peak (February 2012). On an annual basis and averaged across N rates, the growing
season accounted for 78 and 76% of annual CH4 emissions in the first and second
cropping cycle, respectively (Table 2). Although the annual pattern of CH4 emis-
sions was relatively similar in both years, cumulative CH4 emissions in the second
cropping cycle were approximately twice those of the first cropping cycle.

The annual pattern of N2O emissions was similar in both years, with low emis-
sions (averaging 0.05 g N2O-N ha−1 day−1 across all N rates) occurring when the field

was  flooded during the growing season and fallow period (Fig. 1b). However, dis-
tinct peaks in N2O emissions were observed for 7–12 days following field drainage
events, particularly in the fall as soil drying occurred prior to harvest. During the
transition between the winter fallow period and planting each year, N2O emissions
were observed following the spring drain in 2012 but not in 2011. In contrast, as
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Table  2
Cumulative CH4 and N2O emissions for each growing season, fallow period, and annual cropping cycle. Within each column and year, values followed by no letter or the
same  letter are not significantly different at p < 0.05.

Growing season Fallow period Annual

Year N rate
(kg ha−1)

CH4

(kg CH4-C ha−1)
N2O
(g N2O-N ha−1)

CH4

(kg CH4-C ha−1)
N2O
(g N2O-N ha−1)

CH4

(kg CH4-C ha−1)
N2O
(g N2O-N ha−1)

2010–2011 0 49 29 d 5 c 209 54 b 238 d
80  88 65 c 10 bc 283 98 ab 349 cd

140  80 223 b 34 a 300 113 a 523 bc
200  82 374 b 26 ab 246 108 a 620 b
260  69 1040 a 41 a 261 110 a 1301 a

2011–2012 0  113 b 77 d 63 201 176 277 b
80  144 a 75 d 35 254 179 329 b

140  156 a 173 c 44 233 200 407 b
200  160 a 418 b 36 329 196 747 a
260  139 ab 643 a 50 210 189 853 a

Mean 0  81 b 53 d 34 b 205 115 b 258 d
80  116 a 70 d 22 ab 269 139 ab 339 d
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for N80 and N140, but no further yield gains were achieved at N200 or N260 compared
to  N140. Maximum yields occurred between N140 and N200, while yields plateaued
or  decreased at N260. Mean seasonal and annual yield-scaled GWP  decreased as N
rate increased (Table 4). Mean annual yield-scaled GWP  estimates for N140, N200, and
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he soil dried and soil temperatures increased leading up to tillage, elevated N2O
missions occurred in 2011 but not 2012 (Fig. 1b).

.2. N rate, CH4 and N2O emissions, and soil variables

The lowest cumulative CH4 emissions occurred in N0 during both growing sea-
ons and the fallow period in the first cropping cycle (Table 2). Mean seasonal
missions for N80, N140, and N200 were on average 46% greater than N0, while N260

as  not significantly different from N0. Average daily emissions for N0, N140, and
260 during the first and second growing seasons were 309, 414, and 333 g CH4-

 ha−1 d−1 and 618, 790, and 700 g CH4-C ha−1 d−1, respectively. During the fallow
eriod, CH4 increased with N rate during the first but not the second cropping cycle.
verage daily emissions for N0, N140, and N260 during the first and second fallow
eriods were 29, 130, and 194 g CH4-C ha−1 d−1 and 1617, 958, and 1274 g CH4-

 ha−1 d−1, respectively. Mean annual CH4 emissions were lowest at N0 and highest
t  N140 and N200.

There was  a nonlinear response of cumulative N2O emissions to N rate in both
rowing seasons, but N2O emissions were similar across N rates during the fallow
eriod (Table 2). Average daily emissions for N0, N140, and N260 during the first
nd second growing seasons were 0.15, 1.36, and 8.35 g N2O-N ha−1 d−1 and 0.53,
.37, and 6.47 g N2O-N ha−1 d−1, respectively. At low N rates (N0, N80), seasonal N2O
missions accounted for an average of 15 and 25% of annual emissions during the
rst  and second cropping cycle, respectively, while at higher N rates (N140, N200,
260), seasonal emissions accounted for an average of 61 and 58% of annual emissions
uring the first and second cropping cycle, respectively (Table 2). On an annual basis,
ean N2O emissions for N0, N80, and N140 were similar, whereas N200 and N260 were

66 and 318% greater than N0, respectively. Fertilizer-induced N2O emission factors
ncreased with N rate in both seasons, ranging from 0% (N80 in 2011) to 0.39% (N260

n 2010) (Fig. 2). As N2O emissions were similar across N rates during fallow periods,
here were no differences between seasonal and annual fertilizer-induced emission
actors.

Soil DOC concentrations steadily increased during the growing season under
ooded conditions each year, but decreased to pre-season values when fields were
rained prior to harvest (Fig. 3a and b). Soil DOC tended to be higher for N140 than
0 for much of the growing season in 2010, but when analyzed over the entire
rowing season there were no significant differences between treatments in 2010
r  2011. Soil NH4-N contents were greater in N140 than N0 following N application
n  both years as would be expected, but NH4-N concentrations of the N140 treat-

ent decreased rapidly during rice tillering in June and values remained low in
oth treatments for the remainder of the growing season (Fig. 3c and d). Soil NO3-

 was  present prior to fertilizer addition and flooding for seeding both years, but
ecreased rapidly following flooding and remained very low throughout the flooded
eriod (Fig. 3e and f). Nitrate contents were not affected by N rate.

Dissolved CH4 concentrations were higher with fertilizer N addition (N140, N260)
ompared to N0 during grain filling in 2011 (Fig. 4a). Across N rates, dissolved
H4 values decreased rapidly after water had drained from the field starting on

eptember 12. In contrast, CH4 emissions steadily declined during grain filling in
ugust and early September, with higher fluxes occurring in N140 compared to N0

nd N260 prior to the drain (Fig. 4b). However, when floodwater levels dropped to
ero on September 12 and dissolved CH4 concentrations decreased, a corresponding
pike in methane flux was observed that was similar in magnitude across N rates.
9 ab 267 156 a 465 cd
1 ab 288 152 a 684 bc
46 a 235 150 ab 1077 a

3.3. GWP, yield, and yield-scaled GWP

Mean GWP  during the growing season generally increased with N addition but
was inconsistent during fallow periods (Table 3). The contribution of CH4 to total
GWP  was always much greater than N2O, averaging 96% across N rates during the
growing season and 90% during the fallow period. Annually, there was a significant
effect of N rate on mean GWP, with an average increase of 37% for N140,  N200, and
N260 as compared to N0 (Table 3). In both years, there was  a strong response of rice
yield to N rate (Table 4). Mean yield increases of 4.3 and 7.4 Mg  ha−1 were observed
Fig. 2. Fertilizer N-induced N2O emission factors calculated for (a) seasonal and (b)
annual emissions. Error bars represent the standard error of three replicates. The
direct N2O emission factor adopted by the IPCC for rice systems is indicated with a
dashed line at 0.3% (IPCC, 2006).
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he  standard error of three replicates. Dates of fertilizer N application and soil subm

260 were significantly lower than N0, with an average reduction of 49% occurring
t  N140 and N200 (Fig. 5).

. Discussion

.1. Seasonal and annual patterns of CH4 and N2O emissions
Few studies have quantified GHG emissions from rice systems
n an annual as opposed to seasonal basis, yet our findings indicate
hat it is important to monitor emissions year-round where possi-
le. For instance, the contribution of each fallow period to annual
, and (e, f) NO3-N contents during each rice growing season. Error bars represent
ce are indicated by black arrows and gray shaded areas, respectively.

CH4 emissions ranged from 10 to 38% across N rates. Therefore,
reports based on seasonal emissions may  underestimate annual
totals when fields are flooded during the fallow period. In a previous
study in this region, approximately 55% of annual CH4 emissions
occurred during the fallow period (Fitzgerald et al., 2000). Our
range is more similar to that reported by Xu and Hosen (2010)
for various rates of straw incorporation (5–35%), and the value of

40% determined by McMillan et al. (2007). When considering N2O
emissions, it is noteworthy that the fallow period was  often an
equally important source of N2O as the growing season, with it rep-
resenting 20–88% of annual N2O emissions. Previous studies have
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Table  3
Estimated global warming potential (GWP) based on CO2 equivalents of CH4 and N2O emissions during each growing season, fallow period, and annual cropping cycle. Within
each  column and year, values followed by no letter or the same letter are not significantly different at p < 0.05.

GWP  (kg CO2 eq ha−1)

Year N rate (kg ha−1) Growing season Fallow period Annual

2010–2011 0 1655 274 c 1929 b
80  2985 462 bc 3447 a

140  2760 1259 a 4020 a
200  2926 981 ab 3907 a
260  2788 1505 a 4293 a

2011–2012 0  3804 b 2196 6001
80  4845 a 1286 6131

140  5289 a 1565 6854
200  5537 a 1346 6883
260  4942 a 1778 6720

Mean 0  2729 b 1235 3965 b
80  3915 a 874 4789 ab
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140  4025 a
200  4231 a
260  3865 a

easured N2O emissions during the fallow period or under crop
otations such as wheat and have also reported that more than 50%
f annual N2O emissions typically occur outside the rice growing
eason (Liang et al., 2007; Xiong et al., 2002; Yao et al., 2010; Zhao
t al., 2011). Perhaps most importantly, in addition to potentially
nderestimating the GWP  of rice systems, our results illustrate

hat differences between treatments within a growing season do
ot always translate to differences on an annual basis (Table 2).
hese results emphasize that a full accounting of GHG emissions is
eeded, particularly for rice growing areas such as California where
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1412 5437 a
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climate change policies are beginning to support the development
of carbon offset markets in which rice growers can be compensated
to adopt GHG mitigation practices (Climate Action Reserve, 2011).

Seasonal CH4 emissions ranged from 69 to 160 kg CH4-C ha−1

with N addition, which is in agreement with previous work con-
ducted in California water-seeded rice systems (Bossio et al., 1999;
Fitzgerald et al., 2000; McMillan et al., 2007). However, annual
emissions during the second cropping cycle were approximately
twice that of the first (Table 2). Large interannual CH4 variations at
the same site are common, even when crop management and cli-
mate are reasonably similar year to year (Corton et al., 2000; Itoh
et al., 2011; Sass et al., 2002). Annual differences in our study may  be
attributed to water management practices during the fallow period
(Cai et al., 2003), as the field was  not flooded the winter prior to
the first growing season but was flooded during subsequent fallow
periods. Flooding during the fallow period can enhance emissions
during the following rice growing season, primarily due to soils
remaining in a reduced condition which promotes early and rapid
methanogenesis (Yan et al., 2005; Xu and Hosen, 2010). Conse-
quently, annual CH4 emissions can be 1.8–2.3 times greater (Zhang
et al., 2011). Overall, interannual variations in N2O emissions were
small relative to CH4, except for N260 where emissions during the

fall drainage period were greater in 2010 than 2011 (Fig. 1b). This
might be attributed to differences in soil moisture or available N,
as soil temperatures during this period of each year were similar
(Fig. 1c).
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Fig. 5. Two-year mean annual global warming potential (GWP) of CH4 and N2O
emissions and annual yield-scaled GWP  in response to N rate. Maximum yields were
obtained between 140 and 200 kg N ha−1. Mean separation groupings for annual
GWP  and yield-scaled GWP  values are indicated in Tables 3 and 4, respectively.



C.M. Pittelkow et al. / Agriculture, Ecosystems and Environment 177 (2013) 10– 20 17

Table 4
Rice grain yield and yield-scaled global warming potential (GWP) calculated on a seasonal and annual basis. Within each column and year, values followed by no letter or
the  same letter are not significantly different at p < 0.05.

Year N rate
(kg ha−1)

Yield
(Mg  ha−1)

Seasonal yield-scaled
GWP  (kg CO2 eq Mg−1)

Annual yield-scaled
GWP  (kg CO2 eq Mg−1)

2010–2011 0 4.3 c 368 433
80  8.5 b 362 416

140  12.0 a 230 336
200  13.1 a 222 298
260  13.1 a 214 326

2011–2012 0  4.7 c 812 a 1289 b
80  9.1 b 533 b 672 a

140  11.7 a 458 bc 590 a
200  13.1 a 423 c 522 a
260  12.0 a 418 c 564 a

Mean 0  4.5 c 590 a 861 a
80  8.8 b 447 ab 544 ab

140  11.9 a 344 ab 463 b
200  13.1 a 323 bc 410 b
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Considering that maximum CH4 and N2O fluxes occurred dur-
ng event-related peaks, our findings highlight the need to better
haracterize the short-term temporal variability of GHG emissions
n rice systems, particularly during discrete field drainage periods
s has been found by others (Denier van der Gon et al., 1996;
iang et al., 2007). For example, individual fall and spring drainage
vents amounted to up to 40–60% and 16–24% of annual N2O and
H4 emissions, respectively, in N200 and N260. Similarly, Zhao et al.
2011) reported that 24–42% of annual N2O emissions from a rice-
heat rotation can occur during the period of field flooding before

ice transplanting. Thus, capturing event-related emissions during
ransition periods will help ensure that accurate data are available
o support scaling-up efforts and the development of regional and
ational GHG inventories.

.2. CH4 emissions and N rate

Our results for CH4 emissions along an N gradient suggest
hat seasonal CH4 emissions increase in response to N addition in
ontinuously flooded water-seeded rice systems. Mean seasonal
missions for N80, N140, and N200 averaged 46% greater than N0,
lthough N260 was not significantly greater than N0 (Table 2). Find-
ngs from two meta-analyses on this topic have shown that lower N
ates tend to increase CH4 emissions, yet high (or excessive) N rates
an potentially inhibit CH4 emissions (Banger et al., 2012; Linquist
t al., 2012b). Despite a range of N rates considered in this study,
e observed no significant differences in cumulative CH4 emissions

etween N rates of 80–260 kg N ha−1 during the growing season or
allow period.

Considering that increased rice biomass following N fertiliza-
ion can enhance soil C availability and thereby CH4 production
Cai et al., 2007), it was surprising that soil extractable DOC con-
entrations did not differ between N140 and N0 each growing
eason (Fig. 3a,b). This was despite a more than a doubling in rice
iomass and cumulative differences in mean seasonal CH4 emis-
ions (Table 2). However, Lu et al. (2000) reported that soil DOC
oncentrations in the root zone were 3–6 times higher than the
on-root zone, indicating that our measurements of bulk soil may
ot have been sensitive enough to detect differences in available C
ools that can be rapidly converted to CH4. During grain filing in
he second growing season, dissolved soil CH4 concentrations were

igher in both N260 and N140 compared to N0, yet corresponding
H4 fluxes for N260 were on average 28% lower than N140 (Fig. 4a,b).
lthough not quantified in this study, it is possible that soil NH4-N
oncentrations may  have been greater in N260 compared to N140,
316 bc 445 b

which has been shown to stimulate methanotrophic activity and
CH4 oxidation (Bodelier and Laanbroek, 2004; Noll et al., 2008).
Of interest is that mean cumulative CH4 emissions appeared to
be more affected by fertilizer N addition during the growing sea-
son than the fallow period, even though at higher N rates straw
inputs after harvest were much greater and C to N ratios were much
smaller than lower N rates (C to N ratios ranged from 44 in N260 to
79 in N80). While emissions increased with N rate during the first
fallow period, the bulk of emissions in the second fallow period
occurred as a single peak following field drainage which was similar
in magnitude across N rates (Fig. 1a).

4.3. N2O emissions and N rate

One strategy to limit agricultural N2O emissions is to synchro-
nize fertilizer N rate with crop N demand, reducing available soil N
for microbial N2O production (Ma  et al., 2010; Snyder et al., 2009).
Consistent with this theory, a nonlinear response of N2O emissions
to N rate has been observed, with low N2O fluxes occurring at
N rates which are below or match crop N uptake and high N2O
fluxes occurring at fertilizer N rates that exceed crop N demand
(Hoben et al., 2011; Kim et al., 2013; McSwiney and Robertson,
2005). Our results demonstrate a clear nonlinear response of N2O
emissions to N rate during the rice growing season (Table 2). While
mean seasonal N2O emissions increased from N80 to N140, this also
corresponded to significant yield increases. Importantly, the great-
est increases in N2O emissions were observed at fertilizer N rates
beyond that required to meet maximum yield (i.e. above N140).
These results are in agreement with previous findings and indicate
that maximum crop productivity can be achieved with reductions
in N2O emissions when excessive N rates are avoided (Snyder et al.,
2009; Van Groenigen et al., 2010).

While CH4 emissions have been investigated in California rice
systems (Bossio et al., 1999; Fitzgerald et al., 2000; Lauren et al.,
1994; McMillan et al., 2007), no published data is available for N2O
emissions. In our study, 312 g N ha−1 was emitted during the rice
growing season on average, which is slightly lower than what has
been reported earlier for seasonal N2O emissions from continu-
ously flooded rice, i.e., 341 g ha−1 (Akiyama et al., 2005). Cumulative
emissions are generally low for continuously flooded fields because
of anaerobic soil conditions, where nitrification is limited to the

rhizosphere and denitrification processes typically reduce N2O to
N2 (Philippot et al., 2009). Of interest is that N2O emissions did
not occur as long as the soil was fully saturated or there was
floodwater present, even when the field was drained immediately
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ollowing seeding and fertilizer N application in early May  of each
ear (Fig. 1b). This is in contrast to previous work where consider-
ble N2O emissions occurred through the floodwater (Zhao et al.,
011).

Although N2O fluxes were shown to increase with N rate when
eaks occurred at the end of the growing season, N2O emissions for

 rates < 200 kg N ha−1 were likely limited by low soil N availability
esulting from rapid fertilizer N uptake and high fertilizer N recov-
ry that is typical in California rice fields (Linquist et al., 2009). For
nstance, soil NH4-N and NO3-N contents for N140 remained low
uring drainage prior to harvest despite this being the period of
ighest N2O fluxes each season (Fig. 3c-f). In addition, because the
eld was flooded for approximately eight months of each year (Xing
t al., 2002), annual emissions tended to either be similar (Liang
t al., 2007; Xing et al., 2009) or much lower than previous reports
Akiyama et al., 2005; Yao et al., 2010). Interestingly, while N rate
ad a strong effect on N2O emission during the growing season,
here was no carryover effect of N rate observed during the fallow
eriod. As discussed above, while fallow period N2O emissions can
epresent a large proportion of annual emissions, these results sug-
est that it may  not be as critical to account for the effects of N rate
uring the fallow period in water-seeded rice systems experienc-

ng continuously flooded conditions during the growing season and
allow period.

.4. GWP, yield, and yield-scaled GWP

When CH4 and N2O emissions were expressed as CO2 equiv-
lents, the major contributor to GWP  both during the growing
eason and fallow period was clearly CH4 which represented 94%
f total GWP  across years (Tables 2 and 3). Accordingly, efforts to
educe GWP  should focus primarily on CH4 instead of N2O in water-
eeded rice systems experiencing continuously flooded conditions
uring the growing season and fallow period. This conclusion is
upported by numerous studies on rice production systems dif-
ering in fertilizer and water management practices, even though
H4 mitigation practices can contribute to large increases in N2O
missions (Yu et al., 2004; Zou et al., 2005). In our study mean sea-
onal GWP  averaged 3753 kg CO2 eq ha−1 across N rates, which is
imilar to the average of 3757 kg CO2 eq ha−1 determined for rice
n a meta-analysis by Linquist et al. (2012a). Consistent with find-
ngs of Shang et al. (2011), we observed that mean seasonal and
nnual GWP  increased with N addition compared to the control
Table 3; Fig. 5), with optimal N rates of N140 and N200 increasing
nnual GWP  by 37% on average. These results suggest that manage-
ent practices other than N addition should be considered when

ursuing GWP  mitigation options for water-seeded rice on an area
asis.

California rice yields are among the highest in the world and
he yield response to fertilizer N can be substantial (Linquist et al.,
009). In our experiment, yields ranged from 4.3 to 13.1 Mg  ha−1,
hich translated to roughly a 40% reduction in mean seasonal

ield-scaled GWP  across N rates (404 kg CO2 eq Mg−1 instead of
57 kg CO2 eq Mg−1). The yield-scaled metric is increasingly used
o provide a measure of agronomic efficiency that begins to address
oth climate change and future food supply concerns (Grassini and
assman, 2012). To our knowledge, these are the first records of
WP  and yield-scaled GWP  for water-seeded rice systems. Con-
istent with our hypothesis, these results suggest that optimal N
ates can produce maximum yields while reducing annual yield-
caled GWP  by 46–52% (Fig. 5). In line with this work, it has been

hown using large on-farm datasets that high grain and net energy
ields can be achieved with minimal yield-scaled GWP  through
mproved management of inputs, such as fertilizer N, in intensive
ereal production systems (Grassini and Cassman, 2012).
s and Environment 177 (2013) 10– 20

5. Conclusions

We  quantified the relationship between CH4, N2O, and grain
yield in response to incremental increases in aqua ammonia N rate
in water-seeded rice systems experiencing continuously flooded
conditions during the growing season and fallow period. We
observed a nonlinear response of seasonal N2O emissions to N rate
and also an increase in mean seasonal CH4 emissions with fertilizer
N addition compared to the control (except at 260 kg N ha−1). While
mean annual GWP  increased with N rate up to 140 kg N ha−1, a dif-
ferent picture emerged when crop productivity was also considered
using the yield-scaled metric. Consistent with our hypothesis, max-
imum yields were achieved between 140 and 200 kg N ha−1, while
mean seasonal and annual yield-scaled GWP  decreased by 43–49%
at these N rates. Our results suggest that sampling year-round and
specifically capturing CH4 and N2O fluxes during field drainage
periods are critical, as these events contributed substantially to
total annual emissions. Since CH4 was  the major contributor to
GWP, future work is needed to assess CH4 mitigation practices that
do not compromise yields of water-seeded rice. This might include
maintaining non-flooded conditions during the fallow period or
reducing C inputs. These results are among the first to report GWP
and yield-scaled GWP  for rice systems on a seasonal and annual
basis and underscore the importance of efficient N management
practices to simultaneously achieve high yields with reduced envi-
ronmental impacts per unit yield.
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