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Abstract

Agricultural greenhouse gas (GHG) emissions contribute approximately 12% to total global anthropogenic GHG
emissions. Cereals (rice, wheat, and maize) are the largest source of human calories, and it is estimated that world
cereal production must increase by 1.3% annually to 2025 to meet growing demand. Sustainable intensification of cer-
eal production systems will require maintaining high yields while reducing environmental costs. We conducted a
meta-analysis (57 published studies consisting of 62 study sites and 328 observations) to test the hypothesis that the
global warming potential (GWP) of CH, and N,O emissions from rice, wheat, and maize, when expressed per ton of
grain (yield-scaled GWP), is similar, and that the lowest value for each cereal is achieved at near optimal yields.
Results show that the GWP of CH, and N,O emissions from rice (3757 kg CO, eq ha ' season ') was higher than
wheat (662 kg CO, eq ha ' season ') and maize (1399 kg CO, eq ha ' season ). The yield-scaled GWP of rice was
about four times higher (657 kg CO, eq Mg~ ') than wheat (166 kg CO, eq Mg~ ") and maize (185 kg CO, eq Mg ).
Across cereals, the lowest yield-scaled GWP values were achieved at 92% of maximal yield and were about twice as
high for rice (279 kg CO, eq Mgfl) than wheat (102 kg CO; eq Mgfl) or maize (140 kg CO, eq Mgfl), suggesting
greater mitigation opportunities for rice systems. In rice, wheat and maize, 0.68%, 1.21%, and 1.06% of N applied was
emitted as N,O, respectively. In rice systems, there was no correlation between CH, emissions and N rate. In addition,
when evaluating issues related to food security and environmental sustainability, other factors including cultural sig-
nificance, the provisioning of ecosystem services, and human health and well-being must also be considered.
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can be expanded to new areas that are currently not

Introduction used for food production. Land for such expansion is

Global cropland area is roughly 1.5 billion ha (Thenka-
bail ef al., 2010) and the major cereals (rice, wheat, and
maize) are produced on approximately 546 million ha
(Table 1), representing 36% of this area. These crops
provide close to 60% of all human calories, either
directly as human food or indirectly as livestock feed
(Cassman et al., 2003). The Green Revolution and the
corresponding intensification of rice (Oryza sativa),
wheat (Triticum aestivum), and maize (Zea mays) sys-
tems has largely been responsible for averting a short
fall in food supply during previous decades (Cassman,
1999; Tilman, 1999; Burney et al., 2010). With an
expanding world population, the demand for these
crops will continue to increase at about 1.3% annually
to 2025 (Cassman et al.,, 2003). Broadly, two options
exist for increasing cereal production. First, agriculture
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available especially in Africa and South America (Dein-
inger & Byerlee, 2011). Second, intensification of exist-
ing agricultural land can occur by achieving higher
yield per unit of land area (Burney ef al., 2010; Godfray
et al., 2011), as was achieved in many countries during
the Green Revolution. However, because both these
options can have negative environmental outcomes, the
potential remains for agriculture to further degrade
ecosystems in the future. Expansion into new areas can
particularly have adverse effects on habitat and biodi-
versity, whereas agricultural intensification can lead to
non-point source pollution and increased greenhouse
gas (GHG) emissions (Matson et al., 1997; Vitousek
et al., 1997; Tilman, 1999). Proponents of the latter
approach (e.g. Godfray et al., 2011) suggest that sustain-
able intensification, by which higher yields are
achieved with no or reduced damage to the environ-
ment, will be necessary to meet dual goals of protecting
natural resources while ensuring global food security.
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Table 1 Area in production and average yields of the world’s major cereal crops for 2009 (http://www .faostat.fao.org). The
"study average yields" are the average yields for each crop in our meta-analysis

Total production Harvested area Average yields Study average
Crop Mg) (ha) (Mg ha™") yields (Mg ha™")
Rice (paddy) 678 688 289 161 420 743 4.2 6.05
Wheat 681 915 838 225 437 694 3.0 4.78
Maize 817 110 509 159 531 007 5.1 8.01

It is estimated that agriculture accounts for 10-12% of
total global anthropogenic emissions of GHG, which
amounts to 60% and 50% of global N>O and CH, emis-
sions, respectively (Smith ef al., 2007). N,O is a more
potent GHG than CH, with a radiative forcing potential
that is approximately 12 times larger (IPCC, 2001).
Wheat, maize, and other upland crops are primarily a
source of N,O emissions, with these emissions largely
driven by the amount of fertilizer N applied (Cole et al.,
1997; van Groenigen et al., 2010). Aerobic upland soils
contribute little to CH, emissions and may even be a
sink for CH, in some cases (e.g. Adviento-Borbe et al.,
2007). Rice systems are fundamentally different, as rice
is typically grown in flooded soils. CHy is the dominant
GHG produced and emitted in these systems, with
emissions being largely controlled by water and residue
management practices (Yagi et al., 1997, Wassmann
et al., 2000). However, rice systems also emit N,O, and
it has been shown that the intensity of emissions is
related to N fertilizer rate (Zou et al., 2007). In rice sys-
tems, there is often an inverse relationship between
CH,4 and N,O emissions (Hou et al., 2000). For example,
N,O emissions tend to increase when management
practices are implemented to reduce CH, emissions,
through the use of mid-season drains (Cai et al., 1997;
Zou et al., 2007). Rice systems are also unique from
other systems in that the majority of CH,, as well as
some N,O, are emitted through the plant rather than
the soil (Yu et al., 1997).

van Groenigen ef al. (2010) postulated that in a world
with increasing food demand and limited land area for
expansion of agriculture, N,O emissions [or global
warming potential (GWP)] should be assessed as a
function of crop yield (i.e. N;O produced per unit of
grain yield — termed yield-scaled GWP), rather than as
a function of area, as is often reported. Ideally, strate-
gies should be identified that allow for the lowest
yield-scaled GWP. As GHG emissions are largely dri-
ven by fertilizer additions (which tend to increase
yield), promoting management practices with low
GWP per unit of land area can lead to lower yields.
Recently, field study (Ma et al., 2010a; Hoben et al.,
2011) and meta-analysis results (van Groenigen et al.,
2010) have shown that yield-scaled N,O emissions were
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lowest in intensive crop production systems, where
crops were grown close to their yield potential with
high N use efficiency. These studies reported that a sig-
nificant increase in yield-scaled emissions only
occurred at high or excessive N rates.

Not only is fertilizer N a major driver of N,O emis-
sions, it is often the limiting nutrient for crop produc-
tion and therefore is a major driver of crop yields.
Although higher yields can often be obtained with
greater fertilizer N inputs, the question is whether the
yield increase is large enough to offset the correspond-
ing increase in N,O emissions and result in an overall
lower yield-scaled GWP. In rice systems, the relation-
ship between fertilizer rate and GWP is potentially
more complex, as CH, emissions are not as closely
linked to N fertilizer inputs as N,O emissions.
Although rice systems have been identified as a sub-
stantial source of CH, emissions, the radiative forcing
potential of CHy is only 8% of N,O. Therefore, we
tested the hypotheses that (i) yield-scaled GWP esti-
mates are similar for rice, wheat, and maize and (ii) for
each cereal the lowest yield-scaled GWP value is
achieved at near optimal yield conditions.

Materials and methods

Data

An exhaustive literature survey of peer-reviewed publica-
tions was carried out using ISI-Web of Science and Google
Scholar (Google Inc., Mountain View, CA, USA) for articles
published before January 2011. The literature survey focused
on GHG emissions from rice, wheat, and maize systems.
Studies had to meet specific criteria to be included in the
dataset. First, GHG fluxes must have been measured under
field conditions for an entire season. A season included the
period from planting to harvest. Several exceptions were
made when the portion of the season not included in the
study was assumed to contribute only a small percentage to
overall seasonal emissions (Majumdar et al., 2002; Parkin &
Kaspar, 2006; Datta et al., 2009). All wheat studies were con-
ducted on winter wheat except one (Malhi & Lemke, 2007).
In temperate climates, winter wheat is planted in the fall and
harvested in the summer, covering almost a full year of GHG
emissions.
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Second, studies on wheat and maize had to report N,O
emissions and studies on rice N,O and CH,; emissions.
Although wheat and maize are potential sources or sinks of
CHy,, only a few studies (three for wheat and five for maize)
measured CH, emissions (Table 2), all of them determining
that the contribution of CH, to the GWP was minor in these
systems (e.g. Halvorson et al., 2010). Although soil CO, fluxes
also represent a source of GHG emissions, on a global scale,
they are largely offset by high rates of net primary productiv-
ity and atmospheric CO, fixation by crop plants, and are
therefore estimated to contribute <1% to the GWP of agricul-
ture (Smith et al., 2007). Therefore, CO, as a contributor to
GWP was not included in our analysis. Third, only studies
that reported crop yields were included. In some cases, grain
yield data were obtained from other publications or via per-
sonal communication (Table 2).

The GWP of N,O and CH,; emissions was calculated in
units of CO, equivalents (CO, eq) over a 100-year time hori-
zon. A radiative forcing potential relative to CO, of 298 was
used for N,O and 25 for CH, (IPCC, 2001). We calculated the
combined GWP for N,O and CH, emissions for each indivi-
dual rice study prior to meta-analysis. To calculate this value
for wheat and maize, we added the average GWP for N,O
emissions across studies to the average GWP of CH, fluxes.

For each study treatment, the amount of N added as inor-
ganic fertilizer, manure, or green manure was determined. We
did not include the amount of N in the previous crop residues
as the majority of studies did not report on how it was man-
aged. Also, we did not include N in crop residues applied
during the study, as it was not an external input. We divided
the studies into four categories based on N fertilization rates
(0—<50, 50—<125, 125-200, and >200 kg N ha! yr’l) to exam-
ine the relationship between N addition and GWP.

The final data set consisted of 16 (17 sites, 116 observations),
19 (20 sites, 122 observations), and 22 (25 sites, 88 observa-
tions) studies for rice, maize, and wheat, respectively
(Table 2). All of the rice studies were from Asia. For maize,
the majority of studies were from the North America (12), four
were from Asia, and three from Europe. For wheat, 12 studies
were from Asia, six from Europe, and four from North Amer-
ica. There were no studies from Africa, South and Central
America, the Middle East, or Australia.

Data analysis

For every study, the net seasonal GHG flux for each individual
treatment combination was included as a separate data point
(observation) in our meta-analysis. To avoid bias toward
multi-year studies, observations were averaged over years
when experiments were repeated over time.

We performed meta-analyses using a non-parametric
weighting function and generated confidence intervals (CIs)
on flux measurements using bootstrapping. Studies were
weighted by replication and sampling frequency. When multi-
ple observations were extracted from the same experimental
site within the same study (i.e. when GHG fluxes were mea-
sured for multiple treatment combinations), we adjusted the
weights by the total number of observations from that site:

wi =n X f)o, (1)

where w; is the weight for observations from the i site and n
is the number of field replicates (i.e., plots per treatment com-
bination). The variable ‘f is a measure of sampling frequency,
and is equal to the number of flux measurements per month.
To prevent studies with high temporal sampling frequency
from being assigned extreme weights, all studies that mea-
sured GHG fluxes more than once a week were assigned the
maximum value of f = 5. Finally, ‘0’ is the total number of flux
observations from the ith site. By favoring field experiments
that were well replicated and frequently sampled, our weight-
ing approach assigned more weight to more precise flux esti-
mates. Furthermore, our approach ensured that all flux
measurements could be included in our analyses without any
study dominating the data set. Mean GHG fluxes were esti-
mated as:

U = Z(Ui X wl)/E(wl) (2)

with U; as the observation of N,O or CHy flux from the ith site,
and w; as before. Mean yields and yield-scaled GWP were cal-
culated using the same approach. We used METAWIN 2.1 to gen-
erate these mean flux sizes and 95% bootstrapped Cls (4999
iterations) (Rosenberg et al., 2000). Mean fluxes for categories
of studies (i.e. the three types of cereal crop, and the categories
based on N fertilization rate within each crop type) were con-
sidered significantly different if their 95% CIs did not overlap.

To assess the potential for reducing yield-scaled GWP, we
identified the treatment with the lowest yield-scaled GWP for
each site, and repeated all meta-analyses on the reduced data
sets.

We tested whether net seasonal GHG fluxes were correlated
with N rate using a simple unweighted regression analysis in
SPSS v. 19 (SPSS Inc., Chicago, IL, USA).

We assessed the effect of drainage treatments on yield and
GHG fluxes from rice systems by selecting only the subset of
experiments that included side-by-side comparisons between
continuously flooded and drained fields and repeating all
meta-analyses on the reduced data set (1 = 7). We used the
natural log (InR) of the response ratio as our effect size
(Hedges et al., 1999):

InR = In(D/F) 3)

where D is the mean value of yield or GHG fluxes in the
drained treatment and F is the mean value in the flooded
treatment. To ease interpretation, the results for the analyses
on InR were back-transformed and reported as percentage
change under drained conditions relative to flooded condi-
tions ([R—1]*¥100). Treatment effects were considered signifi-
cant if the 95% CI did not overlap with zero.

Results

Yields for each crop across sites averaged 6.1, 4.8, and
8.0 Mg ha™!, for rice, wheat, and maize, respectively.
These values were higher than the reported global aver-
ages for these crops, but showed the same overall trend
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with maize yields being the highest and wheat the low-
est (Table 1). Yields ranged between 22 and
10.2 Mg ha~! for rice, 1.1 and 10.8 Mg ha~' for wheat,
and 1.0 and 17.5 Mg ha ' for maize (Table 2). The
average N rate applied was 172, 115, and 152 kg
N ha~! for rice, wheat, and maize, respectively (data
not shown). The relatively high average N rate for rice
is in part due to 10 of the 17 study sites being from
China. Fertilizer N rates in China are known to be
excessive (Ju et al., 2009) and in our database, China
was the only country that had N rates in excess of
200 kg N ha ! in rice systems (Table 2).

GHG fluxes, GWP and yield-scaled GWP for each crop

The average GWP of CH, and N,O emissions was high-
est for rice systems (3757 kg CO, eq ha ' season '),
which was 5.7 times higher than for wheat (662 kg
CO, eq ha ! season ') and 2.7 times higher than for
maize (1399 kg CO, eq ha ' season ') (Fig. 1). The
GWP coefficient of variation across all observations for
each crop was high, ranging from 0.98 to 1.13, with val-
ues across crops being similar. The range in GWP
across all observations for each crop was 75-22 237 kg
CO, eq ha ! season™' for rice, 32-4349 kg CO, eq
ha ' season ' for wheat, and 59-5389 kg CO, eq ha'
season” ' for maize (Table 2).

The GWP of CH,; and N,O emissions from rice sys-
tems was largely determined by CH,4 emissions (100 kg
CH4—C ha ! season™!) that accounted for 89% of the
GWP. Three rice studies (Ma et al., 2007, 2009; Shang
et al., 2011), all from China, reported extremely high
CH, emissions in excess of 20 000 kg CO, eq ha™' sea-
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Fig. 1 Results of a meta-analysis on net seasonal soil fluxes of
CH4 and N,O from three cereal crops. For N,O fluxes, the
results for rice, wheat and maize were based on 116, 122, and 88
observations, respectively. For CH, fluxes, the results were
based on 116, 33, and 8 observations. Observations were
weighted by sampling frequency and replication. All error bars
represent 95% confidence intervals.

son~!, whereas none of the other studies reported val-
ues in excess of 10000 kg CO, eq ha! season™!
(Table 2). In the few studies that reported CH,4 emis-
sions in wheat and maize, CH, emissions represented
<2% of GWP, and on average these systems were a
minor sink for CHy (—0.3 kg CH,—C ha~! season}).
All cropping systems were net emitters of N,O, with
rice emitting the least (0.88 kg N,O-N ha' season ™)
followed by wheat (1.44 kg N,O-N ha ' season ') and
maize (3.01 kg N,O-N ha ' season ).

The yield-scaled GWP was significantly higher for
rice (657 kg CO; eq Mgfl) than for wheat and maize
(Fig. 2). Despite higher GWP of emissions in maize, the
yield-scaled GWP was similar for both wheat (166 kg
CO, eq Mg ") and maize (185 kg CO, eq Mg ") due to
lower wheat yields (Table 1).

Methane, nitrous oxide and GWP in relation to N input

There was no effect of N rate on CH, emissions in rice
(Fig. 3b); however, there was a significant correlation
between N input and N,O emissions for all crops
(Fig 3a,c,d), although rice N,O emissions where
roughly 60% of that for wheat and maize. On average,
0.68%, 1.21%, and 1.06% of N applied was emitted as
NO in rice, wheat, and maize, respectively. Yields for
all crops increased with increasing N rate, although to
a lesser extent in rice systems (Table 3). The yield-
scaled GWP was not affected by N rate in rice systems;
however, in maize and wheat systems, it tended to be
similar for low and medium N rates, but increased at
the highest N rates (although this trend was not always
significant).
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Fig. 2 Results of a meta-analysis on yield-scaled GWP for three
cereal crops. The results for rice, wheat, and maize were based
on 116, 122, and 88 observations, respectively. CH, flux data
were available for only a few of the studies on wheat and maize.
As CHy fluxes were negligible for these two crops, they were
not included in GWP calculations. Observations were weighted
by sampling frequency and replication. All error bars represent
95% confidence intervals.
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Discussion

Meta-analysis results compared to previous estimates

To our knowledge, no published estimates of global
N,O emissions exist for individual crops, including the
major cereals rice, wheat, and maize. However, a num-
ber of studies have attempted to estimate global CH,
emissions from rice systems. Recently, Yan et al. (2009)
reported that previous estimates have ranged from
25.6 Tg CH, yr ' (Yan et al., 2009) to 120 Tg CH, yr '
(Holzapfel-Pschorn & Seiler, 1986), with the IPCC using
an estimate of 60 Tg CH, yr—' (IPCC, 1995). For com-
parison, we used the mean CH, emission value from
our analysis of 134 kg CH, ha ' season ' (100 kg
CH,4C ha ' season ') and multiplied by the total har-
vested rice area in (Table 1) to estimate global CH,4
emissions of 21.6 Tg CHy yrfl, or roughly one-third of
current IPCC estimates. Our value was similar to that
of Yan et al. (2009), where they estimated that in most
Asian rice growing countries, the percent area with one
or more drainage events ranged from 57% to 80%. This
estimate is roughly in line with our analysis in which
76% of the observations used some form of mid-season
drain and/or intermittent irrigation.

For wheat and maize systems, our results indicate
that 1.21% and 1.06%, respectively, of applied N is
emitted as N,O (Fig. 3c,d); slightly higher than the
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suggested 1% used by the IPCC (IPCC, 2006). In
flooded rice systems, N,O emissions resulting from
applied N are expected to be lower than for upland
crops, and we found that 0.68% of applied N was
emitted as N,O. Based on a review, Akiyama ef al.
(2005) reported N,O fertilizer emission factors of
0.22% for continuously flooded rice systems and
0.37% for intermittently flooded rice systems. The
IPCC guidelines estimate that on average 0.3% of N
fertilizer applied to rice paddies is emitted as N,O
(IPCC, 2006). The higher values reported from our
analysis may be due to the large number of studies
from China, where fertilizer N rates for rice systems
are generally high (Ju ef al., 2009). Such rates were
evident in the studies used for this analysis (Table 2).
One reason for lower N,O emissions in rice systems
compared with maize and wheat systems is because
rice soils are often submerged, so a large portion of
the N,O that is produced is further reduced to N,
(Firestone & Davidson, 1989; Hou et al., 2000; Aulakh
et al., 2001a). Most N,O emissions from rice systems
occur during drainage events when NH," is converted
to NO; ™, which then becomes susceptible to denitrifi-
cation (Yao et al., 2010). Indeed, in our analysis, the
average N,O emissions from continuously flooded
rice systems was only 0.19 kg N,O-N ha~! season™!
(data not shown) compared with the overall rice aver-
age that was 0.88 kg N,O-N ha ' season' (Fig. 1).
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Yield-scaled GWP: crops and N input

Focusing on reducing GWP on an area basis, as is
commonly done, can be counterproductive, because it
can lead to low yielding management practices. In
contrast, yield-scaled GWP is an integrated metric
that addresses the dual goals of environmental pro-
tection and food security. Yield-scaled GWP was sig-
nificantly higher for rice than either wheat or maize,
which were comparable. Therefore, these results lead
us to reject our first hypothesis (that yield-scaled
GWP for the major cereals are similar). To our
knowledge, no reviews have been conducted that
compare crops in this manner. However, Pathak et al.
(2010) recently evaluated the C footprint of Indian
food items and reported that yield-scaled GWP of
rice was approximately 10 times that of wheat,
whereas in our meta-analysis yield-scaled GWP of
rice was about four times higher than wheat (Fig. 2).
Two of the studies in our analysis (Bhatia ef al., 2005;
Malla et al., 2005) were from Indian rice-wheat sys-
tems, where GHG emissions were measured in both
rice and wheat crops. They found that, on average,
the yield-scaled GWP of rice was three times higher
than wheat (210kg CO; eq Mgf1 and 73 kg
CO, eq Mg, respectively, data not shown), suggest-
ing the GWP estimates in Pathak etal. (2010)
are unexpectedly high and not supported by our
findings.

Our data show a trend that yield-scaled GWP for
maize and wheat remain relatively constant at low to
moderate N rates, but increases when N fertilizer rates
are high (Table 3). Other studies have also reported
that N rates in excess of crop N demand can lead to
large N,O losses (McSwiney & Robertson, 2005; Ma
et al., 2010a) and higher yield-scaled GWP (van Groeni-
gen et al., 2010). In agreement, Hoben et al. (2011)
recently suggested that maize farmers should be
encouraged to apply N at a rate sufficient for maximum
economic returns, and that applying N at higher rates
to achieve maximum agronomic returns leads to only
marginal yield increases, but much higher N,O emis-
sions.

In rice, the GWP of emissions is primarily driven by
CH, and not N,O. Previous work has shown that
increasing the N rate through the use of urea has the
potential to both increase (Lindau et al., 1991; Corton
et al., 2000) and decrease (Zou et al., 2005; Xie et al.,
2010) CH, emissions. Our study shows no correlation
between N rate and CH, emissions (Fig. 3b) and higher
N,O emissions at excessive N rates (Table 3), leading to
a recommendation of achieving maximum economic
returns to reduce yield-scaled GWP, similar to wheat
and maize.
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Table 5 Summary of the results of the meta-analysis on the
effect of drainage on GWP for net seasonal GHG fluxes, yield
and yield-scaled GWP (GWP/yield) for rice, using the
response metric InR (see Methods). The analysis is based on
seven side-by-side comparisons between drained and
undrained treatments

Average effect (%) 95% CI
GWP —-33.6 —42.9 to —23.7
Yield 0.95 —4.69 to 7.63
GWP/yield —34.3 —45.6 to —23.4
N,O 445 121 to 1502
CH,4 —49.5 —58.8 to —26.3

Opportunities to reduce GWP and yield-scaled GWP

It is not within the scope of this analysis to identify man-
agement practices that result in the lowest yield-scaled
GWP for these crops; however, our data set provides
insight on the potential to reduce yield-scaled GWP. In
rice systems, the average lowest yield-scaled GWP was
279 kg CO; eq Mgfl, whereas in wheat and maize,
these values were 102 and 140 kg CO, eq Mg ™!, respec-
tively (Table 4). Thus, under this ‘best case’ scenario,
the yield-scaled GWP for rice is about twice as high as
for wheat or maize, which is an improvement on the
overall average where the yield-scaled GWP was about
3.75 times higher for rice than wheat or maize (Fig. 2).

The yield penalty (i.e. the yield reduction relative to
the highest yield for any given site) to achieve the low-
est yield-scaled GWP was 6%, 9% and 10% for rice,
wheat, and maize, respectively (Table 4). Such results
are encouraging when we recognize the need for high
yields to achieve food security (Tilman et al., 2002; Lo-
bell et al., 2009; Burney et al., 2010). These data support
that of others (Robertson & Vitousek, 2009; Hoben et al.,
2011) who have found that substantial N,O emissions
can be avoided by improved N management strategies
that better match crop N demand and economic returns,
as opposed to applying N for maximum agronomic
yields (at N rates which tend to be higher than to
achieve maximum economic returns). Such strate-
gies provide a potential win-win for growers and the
environment.

In rice systems, draining a field at some point during
the growing season is commonly recommended as a
means of reducing CH, emissions (e.g., Yagi et al., 1997;
Wassmann et al., 2000). However, draining can also
increase N,O emissions (Hou et al., 2000) which may
outweigh benefits to reduction of overall GWP, as N,O
is a much more potent GHG. However, most studies
report that the GWP (accounting for both CH, and
N,O) in drained rice fields is lower than in continu-
ously flooded fields (e.g. Zou et al., 2005). Our analysis

of studies that included side-by-side comparisons of
continuously flooded and drained fields showed that
drainage decreased both GWP and yield-scaled GWP
by about 34%, but yields were not significantly affected
(Table 5). As expected, N,O emissions were higher and
CH,4 emissions lower in drained fields. Similarly, Wass-
mann et al. (2000) reported that draining rice fields
could mitigate CH, emissions by 7-80% depending on
timing, frequency, and duration of drainage.

Limitations of our analysis

Our analysis did not include studies where crops were
evaluated side-by-side in the same season (such com-
parisons are not feasible as these crops have different
climatic requirements for optimal production); there-
fore, direct comparisons among crops were not possi-
ble. However, our analysis included a number of
studies where one crop followed another in a rotation,
meaning the crops were grown on the same soil. An
example of this is the rice-wheat rotation (Bhatia et al.,
2005; Malla et al., 2005). In these two studies, the GWP
of CH, and N,O emissions for rice systems was three
times higher than wheat, roughly similar to our meta-
analytic approach, where it was four times that of
wheat.

Most of the studies in our data set were conducted at
experimental sites under the management of research-
ers. Thus, the management and environment may not
always be representative of actual production fields.
Also, in several of these studies, treatments were evalu-
ated that are not being widely used by farmers. Exam-
ples of this include the use of enhanced-efficiency N
fertilizer (ENF) (Table 2), plastic mulches (Kreye et al.,
2007), and alley cropping (Guo et al., 2009). As most of
these treatments were aimed at reducing GWP, it is
possible that our overall estimates may be biased
toward low GHG fluxes.

Values for annual, rather than seasonal, GHG emis-
sions are needed for these cropping systems as fallow
periods can be a large contributor to net GHG fluxes.
Moreover, treatment effects like rate of N fertilizer
input and its impact on residue yield and C : N ratios
can last beyond the growing season. Kaiser et al. (1998)
reported for a cereal study in Europe that approxi-
mately 50% of annual emissions occurred during the
winter months (October to February) due to freezing
and thawing events during this period. Unfortunately,
a meta-analysis of annual GHG emissions was not pos-
sible for two reasons. First, the large majority of studies
only provided GHG emission data for the growing sea-
son. Second, in many parts of the world, especially in
the tropics, multiple crops are grown annually on the
same piece of land. For example, rice-wheat systems
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(where rice is grown during the summer and wheat in
the winter) are common in both India and China and
occupy 24 million ha of land (http://www.rwc.cgiar.
org), or about 15% of the total area under rice produc-
tion. Thus, annual comparisons of GHG emissions from
different crops are not always possible, as different
crops are grown within the same year.

The important agricultural GHGs are N,O, CH,,
and CO,; however, for our analysis, most of the wheat
and maize studies did not include measurements of
CH,4 and CO,. On a global scale, soil CO, fluxes are
largely offset by high rates of net primary productiv-
ity and atmospheric CO, fixation by crop plants, and
thus contribute <1% to the GWP of agriculture (Smith
et al., 2007). It is generally agreed that the net balance
between C respiration and fixation in a cropping sys-
tem is reflected by changes in soil organic carbon over
time (West & Post, 2002; Stewart et al., 2007). How-
ever, within a typical study period of 1-2 years (as is
the case with most GHG studies), differences in soil
organic carbon are difficult to detect as the magnitude
of change is small and there is a large degree of spa-
tial variability (Post et al., 2001; Conant et al., 2011).
Long-term studies, however, have shown that soil C
sequestration or loss can significantly influence net
GWP (Robertson et al., 2000; Six et al., 2004) and thus
cannot be neglected. In relation to our objectives,
reports out of China have found that rice systems
have a higher potential for C sequestration than crops
grown under aerobic conditions (Pan et al., 2010; Wu,
2011).

To be included in our dataset, wheat and maize
studies did not have to report CH, emissions. Only a
few studies measured CH,4 emissions and they were
minor compared with N,O emissions. Methane is
produced in agricultural soils exclusively by a group
of bacteria known as methanogens, via the anaerobic
process of methanogenesis that occurs at redox
potentials less than —150 mV (Masscheleyn et al.,
1993; Mosier et al., 2004). Methanogenesis is a strictly
anoxic process and therefore upland cropping sys-
tems are not a direct sources of CH,; under normal
conditions (Bronson & Mosier, 1993; Robertson &
Grace, 2004), although some studies have reported
CH, emissions from upland cropping systems having
values as high as 0.6 kg CH,—C ha! season™! (Abao
et al., 2000; Mosier et al., 2006; Halvorson et al., 2010).
In contrast, other studies found that the net flux of
CH, in upland soils can be negative, if it is largely a
function of CH, oxidation, where CH, is oxidized
to CO, by methanotrophic bacteria under oxic condi-
tions. (Robertson et al., 2000; Hiitsch, 2001; Robertson
& Grace, 2004; Ellert & Janzen, 2008). Although
the maximum CH,; oxidation rate in wheat and
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maize systems was determined to be 2.19 kg CHy-
C ha~! season™! for maize (Adviento-Borbe et al.,
2007), overall, the effect of CH, oxidation was minor
and represented <2% of GWP.

Finally, the intent of this analysis was not to identify
the most sustainable crop with respect to land use
decisions and climate change, but rather to compare
the GWP of CH4 and N,O emissions of major cereals
based on field GHG measurements and broadly deter-
mine if the lowest yield-scaled GWP for each crop
was achieved at near optimal yields. Our results sup-
port the conclusion that lower yield-scaled GWP val-
ues can be achieved at near optimal yields.
Addressing the issue of environmental sustainability
for each crop is important and new approaches and
tools are being developed to more comprehensively
assess the impacts of agricultural management deci-
sions using multiple indicators (Steffan-Dewenter
et al., 2007; DeFries & Rosenzweig, 2010); however,
this was not the objective of this study. Emissions of
GHG from soil are only one of many factors that need
to be considered when determining the net C footprint
of agricultural systems and evaluating potential miti-
gation practices to be implemented (Smith et al., 2007).
Certainly, one other consideration is the C sequestra-
tion potential of each system, as discussed above.
Another important consideration is the percentage of
these cereals that are consumed directly by humans.
Rice is the staple crop for the largest number of peo-
ple on earth, and human consumption accounts for
85% of total production of rice. In contrast, 72% of
wheat and only 19% of maize is directly consumed by
humans (Maclean et al., 2002). A larger proportion of
these crops are used for other purposes such as live-
stock feed and biofuels, which in turn have associated
GHG emissions and energy requirements that would
need to be factored into a complete life cycle analysis
to more fully understand and account for environmen-
tal impacts among cereal crops (Hill et al., 2006, Gar-
nett, 2009). Other considerations that would need to
be addressed, but are much more difficult to quantify,
are the ecosystem services these crops provide and
the roles of these crops in various cultures (Steffan-
Dewenter et al., 2007; Sachs et al., 2010). For example,
in California, 230 wildlife species and an estimated
10-12 million water birds use rice fields annually
(Sterling & Buttner, 2009). It is increasingly recognized
that integrated metrics involving ecosystem services,
GWP estimates, and other important aspects of agri-
culture (e.g. human health, food security, economic
prosperity, and sociocultural well-being) need to be
developed to begin to monitor and compare the
impacts of agricultural practices on a global scale
(Sachs et al., 2010).
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Need for comparable GHG emission estimates

When conducting this meta-analysis, it was apparent
that most studies only discussed results for GHG emis-
sions relative to other treatments in their study rather
than to other comparable studies. One possible reason
for this is that, to our knowledge, there are no estab-
lished or well-accepted values for comparison of GWP
results between studies. In this meta-analysis, we made
an attempt to provide average values for GWP, calcu-
lated per ha and per ton of grain produced (yield-
scaled). A second problem is that many different units
are used to express GWP that makes straightforward
comparisons with other studies difficult. When compil-
ing this data set, a combination of the following units
was used: CHy (or CH4—C), N,O (or N,O-N) pg, mg,
kg, h™' day !, season ', and year . To allow for better
comparisons to be made between values in the future,
we propose for field studies that GHG be reported as
kg CH,~C (or N,O-N) ha !season™' (or year !,
depending on study) and that yield-scaled GWP be
reported as kg CO, eq Mg ™.

Interestingly, the primary limitation to compiling a
larger data set for this analysis was the absence of yield
data in studies where GHG were measured. As there
are concerns about global food security and how miti-
gation strategies may affect yield, it will become
increasingly important to link the intensity of GHG
emissions with the primary function of these systems
(i.e. producing food). Therefore, when GHG studies are
conducted in cropping systems, yield data should be
routinely provided to facilitate further and more in-
depth analysis on the relationship between mitigation
practices, GHG emissions, and yield.

Conclusions

We conducted a comprehensive meta-analysis of GHG
emissions in major cereal cropping systems and related
GWP with grain yield. Our results show that the GWP
of CH4 and N,O emissions from rice was significantly
higher than for wheat or maize when expressed on an
area basis. Likewise, yield-scaled GWP remained about
3.75 times higher for rice compared with wheat and
maize. The higher GWP of emissions from rice were lar-
gely driven by CH, emissions, which were unaffected
by fertilizer N input. However, of the three cereals eval-
uated, rice systems showed the greatest potential for
reduction in yield-scaled GWP. The lowest yield-scaled
GWP values for each crop were achieved at near optimal
yields, highlighting the potential for sustainable intensi-
fication of these cereals that will be necessary to meet
the increased demand brought on by increasing popula-
tion. There was also evidence that relatively small

increases in yield, in particular, for wheat and maize
through increased N fertilization, led to disproportion-
ally higher yield-scaled GWP. This finding indicates that
better N management practices would allow for a reduc-
tion in yield-scaled GWP without significant yield pen-
alties. Our analysis showed that mitigation practices to
reduce yield-scaled GWP for rice should be mainly
focused on the reduction of CH, emissions, even though
these mitigation practices will probabaly lead to higher
N,O emissions. Importantly, we were not able to evalu-
ate the C sequestration potential of these systems in our
analysis and some studies have shown that rice systems
have a greater potential to sequester C than upland
cropping systems. Finally, GWP is only one of many fac-
tors that need to be considered when evaluating the sus-
tainability of different cereal crops. For example, more
rice is directly consumed by humans than either wheat
or maize, where additional GHG emissions and energy
costs may be associated with subsequent conversion of
these crops into feed or fuel. In the context of climate
change and agriculture, there is growing consensus that
other factors including cultural significance, the provi-
sioning of ecosystem services, food security, and human
health and well-being must also be considered.

Acknowledgement

This work was generally supported by Mars Inc., and the Cali-
fornia Rice Research Board. K.J. van Groenigen is supported by
a grant from the Irish Research Council for Science, Engineering
and Technology, co-funded by Marie Curie Actions under FP7.
We would also like to thank the Department of Plant Sciences,
UC Davis for supporting C. Pittelkow with a Graduate Student
Research Assistantship Award.

References

Abao EB, Bronson KF, Wassmann R, Singh U (2000) Simultaneous records of methane
and nitrous oxide emissions in rice-based cropping systems under rainfed condi-
tions. Nutrient Cycling in Agroecosystems, 58, 131-139.

Adviento-Borbe MAA, Haddix ML, Binder DL, Walters DT, Dobermann A (2007) Soil
greenhouse gas fluxes and global warming potential in four high-yielding maize
systems. Global Change Biology, 13, 1972-1988.

Adviento-Borbe MAA, Kaye JP, Bruns MA, Mcdaniel MD, Mccoy M, Harkcom S
(2010) Soil greenhouse gas and ammonia emissions in long-term maize-based
cropping systems. Soil Science Society of America Journal, 74, 1623-1634.

Akiyama H, Yagi K, Yan X (2005) Direct N,O emissions from rice paddy fields: sum-
mary of available data. Global Biogeochemical Cycles, 19, GB1005.

Almaraz JJ, Mabood F, Zhou X, Madramootoo C, Rochette P, Ma BL, Smith DL (2009)
Carbon dioxide and nitrous oxide fluxes in corn grown under two tillage systems
in Southwestern Quebec. Soil Science Society of America Journal, 73, 113-119.

Aulakh MS, Khera TS, Doran JW, Bronson KF (2001a) Denitrification, N,O and CO,
fluxes in rice-wheat cropping system as affected by crop residues, fertilizer N and
legume green manure. Biology and Fertility of Soils, 34, 375-389.

Aulakh MS, Khera TS, Doran JW, Bronson KF (2001b) Managing crop residue with
green manure, urea, and tillage in a rice-wheat rotation. Soil Science Society of Amer-
ica Journal, 65, 820-827.

Bhatia A, Pathak H, Jain N, Singh PK, Singh AK (2005) Global warming potential of
manure amended soils under rice-wheat system in the Indo-Gangetic plains.
Atmospheric Environment, 39, 6976-6984.

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 194-209



ASSESSMENT OF GREENHOUSE GAS EMISSIONS 207

Bhatia A, Sasmal S, Jain N, Pathak H, Kumar R, Singh A (2010) Mitigating nitrous
oxide emission from soil under conventional and no-tillage in wheat using nitrifi-
cation inhibitors. Agriculture, Ecosystems & Environment, 136, 247-253.

Bronson KF, Mosier AR (1993) Nitrous oxide emissions and methane consumption in
wheat and corn-cropped systems. In: Agricultural Ecosystem Effects on Trace Gases
and Global Climate Change, American Society of Agronomy Special Publication No. 55
(eds Harper LA, Mosier AR, Duxbury JM, Rolston DE), pp. 133-144. American
Society of Agronomy, Madison, WI.

Bronson KF, Neue HU, Singh U, Abao EB (1997) Automated chamber measurements
of methane and nitrous oxide flux in a flooded rice soil: I. Residue, nitrogen, and
water management. Soil Science Society of America Journal, 61, 981-987.

Burney JA, Davis SJ, Lobell DB (2010) Greenhouse gas mitigation by agricultural
intensification. Proceedings of the National Academy of Sciences of the United States of
America, 107, 12052-12057.

Butterbach-Bahl K, Papen H, Rennenberg H (1997) Impact of gas transport through
rice cultivars on methane emission from rice paddy fields. Plant, Cell & Environ-
ment, 20, 1175-1183.

Cai Z, Xing G, Yan X, Xu H, Tsuruta H, Yagi K, Minami K (1997) Methane and nitrous
oxide emissions from rice paddy fields as affected by nitrogen fertilisers and water
management. Plant and Soil, 196, 7-14.

Cassman KG (1999) Ecological intensification of cereal production systems: yield
potential, soil quality, and precision agriculture. Proceedings of the National Acadenty
of Sciences of the United States of America, 96, 5952-5959.

Cassman KG, Dobermann A, Walters DT, Yang H (2003) Meeting cereal demand
while protecting natural resources and improving environmental quality. Annual
Review of Environment and Resources, 28, 315-358.

Chen S, Huang Y, Zou J (2008) Relationship between nitrous oxide emission and win-
ter wheat production. Biology and Fertility of Soils, 44, 985-989.

Chirinda N, Carter MS, Albert KR, Ambus P, Olesen JE, Porter JR, Petersen SO
(2010a) Emissions of nitrous oxide from arable organic and conventional cropping
systems on two soil types. Agriculture, Ecosystems & Environment, 136, 199-208.

Chirinda N, Olesen JE, Porter JR, Schjenning P (2010b) Soil properties, crop pro-
duction and greenhouse gas emissions from organic and inorganic fertilizer-
based arable cropping systems. Agriculture, Ecosystems & Environment, 139,
584-594.

Cole CV, Duxbury ], Freney ] et al. (1997) Global estimates of potential mitigation of
greenhouse gas emissions by agriculture. Nutrient Cycling in Agroecosystems, 49,
221-228.

Conant RT, Ogle SM, Paul EA, Paustian K (2011) Measuring and monitoring soil
organic carbon stocks in agricultural lands for climate mitigation. Frontiers in Ecol-
ogy and the Environment, 9, 169-173.

Conrad R, Rothfuss F (1991) Methane oxidation in the soil surface layer of a flooded
rice field and the effect of ammonium. Biology and Fertility of Soils, 12, 28-32.

Corton TM, Bajita JB, Grospe FS et al. (2000) Methane emission from irrigated and
intensively managed rice fields in Central Luzon (Philippines). Nutrient Cycling in
Agroecosystems, 58, 37-53.

Datta A, Nayak DR, Sinhababu DP, Adhya TK (2009) Methane and nitrous oxide
emissions from an integrated rainfed rice-fish farming system of Eastern India.
Agriculture, Ecosystems & Environment, 129, 228-237.

DeFries R, Rosenzweig C (2010) Toward a whole-landscape approach for sustainable
land use in the tropics. Proceedings of the National Academy of Sciences of the United
States of America, 107, 19627-19632.

Deininger K, Byerlee D (2011). Rising Global Interest in Farmland: Can it Yield Sustain-
able and Equitable Benefits? Agriculture and Rural Development series, The World
Bank, Washington, DC.

Ellert BH, Janzen HH (2008) Nitrous oxide, carbon dioxide and methane emissions
from irrigated cropping systems as influenced by legumes, manure and fertilizer.
Canadian Journal of Soil Science, 88, 207-217.

Firestone MK, Davidson EA (1989) Microbial basis of NO and N,O production and
consumption in soils. In: Exchange of Trace Gases Between Terrestrial Ecosystems and
the Atmosphere (eds Andreae MO, Schimel DS), pp. 7-21. John Wiley & Sons, New
York.

Garnett T (2009) Livestock-related greenhouse gas emissions: impacts and options for
policy makers. Environmental Science & Policy, 12, 491-503.

Ghosh S, Majumdar D, Jain MC (2003) Methane and nitrous oxide emissions from an
irrigated rice of North India. Chemosphere, 51, 181-195.

Godfray HCJ, Pretty J, Thomas SM, Warham EJ, Beddington JR (2011) Linking policy
on climate and food. Science, 331, 1013-1014.

Grandy AS, Loecke TD, Parr S, Robertson GP (2006) Long-term trends in nitrous
oxide emissions, soil nitrogen, and crop yields of till and no-till cropping systems.
Journal of Environmental Quality, 35, 1487-1495.

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 194-209

van Groenigen JW, Velthof GL, Oenema O, van Groenigen KJ, van Kessel C (2010)
Towards an agronomic assessment of N,O emissions: a case study for arable
crops. European Journal of Soil Science, 61, 903-913.

Guo ZL, Cai CF, Li ZX, Wang TW, Zheng MJ (2009) Crop residue effect on crop per-
formance, soil N,O and CO, emissions in alley cropping systems in subtropical
China. Agroforestry Systems, 76, 67-80.

Halvorson AD, Del Grosso SJ, Alluvione F (2010) Nitrogen source effects on nitrous
oxide emissions from irrigated no-till corn. Journal of Environmental Quality, 39,
1554-1562.

Hedges LV, Gurevitch J, Curtis PS (1999) The meta-analysis of response ratios in
experimental ecology. Ecology, 80, 1150-1156.

Hill J, Nelson E, Tilman D, Polasky S, Tiffany D (2006) Environmental, economic, and
energetic costs and benefits of biodiesel and ethanol biofuels. Proceedings of the
National Academy of Sciences of the United States of America, 103, 11206-11210.

Hoben JP, Gehl RJ, Millar N, Grace PR, Robertson GP (2011) Nonlinear nitrous oxide
(N;O) response to nitrogen fertilizer in on-farm corn crops of the US Midwest. Glo-
bal Change Biology, 17, 1140-1152.

Holzapfel-Pschorn A, Seiler W (1986) Methane emission during a cultivation period
from an Italian rice paddy. Journal of Geophysical Research, 91, 11803-11814.

Holzapfel-Pschorn A, Conrad R, Seiler W (1986) Effects of vegetation on the emission
of methane from submerged paddy soil. Plant and Soil, 92, 223-233.

Hou AX, Chen GX, Wang ZP, Van Cleemput O, Patrick WH (2000) Methane and
nitrous oxide emissions from a rice field in relation to soil redox and microbiologi-
cal processes. Soil Science Society of America Journal, 64, 2180-2186.

Hiitsch BW (2001) Methane oxidation in non-flooded soils as affected by crop produc-
tion — invited paper. European Journal of Agronomy, 14, 237-260.

IPCC (1995) Other trace gases and atmospheric chemistry. In: Climate Change 1994:
Radiative Forcing of Climate Change and an Evaluation of the IPCC 1S92 Emission Sce-
narios, (eds Houghton JT, Meira Filho LG, Bruce J, Lee H, Callander BA, Harris N,
Maskell K), pp. 73-127. Cambridge University Press, Cambridge, UK and New
York, NY, USA.

IPCC (2001) Radiative forcing of climate change. In: Climate Change 2001: The Scientific
Basis. Contribution of Working Group I to the Third Assessment Report of the Intergov-
ernmental Panel on Climate Change, (eds Houghton JT, Ding Y, Griggs DJ, Noguer
M, van der Linden PJ, Dai X, Maskell K, Johnson CA), 881 pp. Cambridge Univer-
sity Press, Cambridge, UK and New York, NY, USA.

IPCC (2006) Agriculture, forestry and other land use. In: 2006 IPCC Guidelines for
National Greenhouse Gas Inventories, Prepared by the National Greenhouse Gas Invento-
ries Programme, (eds Eggleston HS, Buendia L, Miwa K, Ngara T, Tanabe K), 66 pp.
Institute for Global Environmental Strategies, Hayama, Japan.

Jayasundara S, Wagner-Riddle C, Parkin G, Von Bertoldi P, Warland J, Kay B,
Voroney P (2007) Minimizing nitrogen losses from a corn-soybean-winter wheat
rotation with best management practices. Nutrient Cycling in Agroecosystems, 79,
141-159.

Ju XT, Xing GX, Chen XP et al. (2009) Reducing environmental risk by improving N
management in intensive Chinese agricultural systems. Proceedings of the National
Academy of Sciences of the United States of America, 106, 3041-3046.

Kaiser EA, Kohrs K, Kucke M, Schnug E, Heinemeyer O, Munch JC (1998) Nitrous
oxide release from arable soil: importance of N-fertilization, crops and temporal
variation. Soil Biology & Biochemistry, 30, 1553-1563.

Kessavalou A, Mosier AR, Doran JW, Drijber RA, Lyon DJ, Heinemeyer O (1998)
Fluxes of carbon dioxide, nitrous oxide, and methane in grass sod and winter
wheat-fallow tillage management. Journal of Environmental Quality, 27, 1094-1104.

Khalil MI, Rosenani AB, Van Cleemput O, Fauziah CI, Shamshuddin J (2002) Nitrous
oxide emissions from an ultisol of the humid tropics under maize-groundnut rota-
tion. Journal of Environmental Quality, 31, 1071-1078.

Kreye C, Dittert K, Zheng X, Zhang X, Lin S, Tao H, Sattelmacher B (2007) Fluxes of
methane and nitrous oxide in water-saving rice production in north China. Nutri-
ent Cycling in Agroecosystems, 77, 293-304.

Li X, Zhang X, Xu H, Cai Z, Yagi K (2009) Methane and nitrous oxide emissions from
rice paddy soil as influenced by timing of application of hydroquinone and dic-
yandiamide. Nutrient Cycling in Agroecosystems, 85, 31-40.

Lindau CW, Bollich PK, Delaune RD, Patrick WH, Law V] (1991) Effect of urea fertil-
izer and environmental factors on CH, emissions from a Louisiana, USA rice field.
Plant and Soil, 136, 195-203.

Liu C, Wang K, Meng S et al. (2011) Effects of irrigation, fertilization and crop straw
management on nitrous oxide and nitric oxide emissions from a wheat-maize rota-
tion field in northern China. Agriculture, Ecosystems & Environment, 140, 226-233.

Lobell DB, Cassman KG, Field CB (2009) Crop yield gaps: their importance,
magnitudes, and causes. Annual Review of Environment and Resources, 34, 179-204.



208 B. LINQUIST et al.

Ma J, Li XL, Xu H, Han Y, Cai ZC, Yagi K (2007) Effects of nitrogen fertiliser and
wheat straw application on CH, and N,O emissions from a paddy rice field. Aus-
tralian Journal of Soil Research, 45, 359-367.

Ma ], Ma E, Xu H, Yagi K, Cai Z (2009) Wheat straw management affects CH, and
N,O emissions from rice fields. Soil Biology & Biochemistry, 41, 1022-1028.

Ma BL, Wu TY, Tremblay N et al. (2010a) Nitrous oxide fluxes from corn fields: on-
farm assessment of the amount and timing of nitrogen fertilizer. Global Change
Biology, 16, 156-170.

Ma E, Zhang G, Ma ], Xu H, Cai Z, Yagi K (2010b) Effects of rice straw returning
methods on N,O emission during wheat-growing season. Nutrient Cycling in Agro-
ecosystems, 88, 463-469.

Maclean JL, Dawe DC, Hardy B, Hettel GP (eds) (2002) Rice Almanac. Source Book for
the Most Important Economic Activity on Earth (3rd edn). CABI Publishing, Walling-
ford, UK.

Majumdar D, Pathak H, Kumar S, Jain MC (2002) Nitrous oxide emission from
a sandy loam inceptisol under irrigated wheat in India as influenced by
different nitrification inhibitors. Agriculture, Ecosystems & Environment, 91, 283-293.

Malhi SS, Lemke R (2007) Tillage, crop residue and N fertilizer effects on crop yield,
nutrient uptake, soil quality and nitrous oxide gas emissions in a second 4-yr rota-
tion cycle. Soil & Tillage Research, 96, 269-283.

Malla G, Bhatia A, Pathak H, Prasad S, Jain N, Singh J (2005) Mitigating nitrous oxide
and methane emissions from soil in rice-wheat system of the Indo-Gangetic plain
with nitrification and urease inhibitors. Chemosphere, 58, 141-147.

Masscheleyn PH, Delaune RD, Patrick WH Jr (1993) Methane and nitrous oxide emis-
sions from laboratory measurements of rice soil suspension: effect of soil oxida-
tion-reduction status. Chemosphere, 26, 251-260.

Matson PA, Parton W], Power AG, Swift MJ (1997) Agricultural intensification and
ecosystem properties. Science, 277, 504-509.

McSwiney CP, Robertson GP (2005) Nonlinear response of N,O flux to incremental
fertilizer addition in a continuous maize (Zea mays L.) cropping system. Global
Change Biology, 11, 1712-1719.

Mosier A, Wassmann R, Verchot L, King J, Palm C (2004) Methane and nitrogen oxide
fluxes in tropical agricultural soils: sources, sinks and mechanisms. Environment,
Development and Sustainability, 6, 11-49.

Mosier AR, Halvorson AD, Reule CA, Liu X]J (2006) Net global warming potential
and greenhouse gas intensity in irrigated cropping systems in Northeastern Colo-
rado. Journal of Environmental Quality, 35, 1584-1598.

Pan G, Xu X, Smith P, Pan W, Lal R (2010) An increase in topsoil SOC stock of China’s
croplands between 1985 and 2006 revealed by soil monitoring. Agriculture, Ecosys-
tems & Environment, 136, 133-138.

Parkin TB, Hatfield JL (2010) Influence of nitrapyrin on N,O losses from soil receiving
fall-applied anhydrous ammonia. Agriculture, Ecosystems & Environment, 136, 81-86.

Parkin TB, Kaspar TC (2006) Nitrous oxide emissions from corn-soybean systems in
the Midwest. Journal of Environmental Quality, 35, 1496-1506.

Pathak H, Bhatia A, Prasad S, Singh S, Kumar S, Jain MC, Kumar U (2002) Emission
of nitrous oxide from rice-wheat systems of Indo-Gangetic plains of India. Environ-
mental Monitoring and Assessment, 77, 163-178.

Pathak H, Singh R, Bhatia A, Jain N (2006) Recycling of rice straw to improve wheat
yield and soil fertility and reduce atmospheric pollution. Paddy and Water Environ-
ment, 4, 111-117.

Pathak H, Jain N, Bhatia A, Patel ], Aggarwal PK (2010) Carbon footprints of Indian
food items. Agriculture, Ecosystems & Environment, 139, 66-73.

Phillips RL, Tanaka DL, Archer DW, Hanson JD (2009) Fertilizer application timing
influences greenhouse gas fluxes over a growing season. Journal of Environmental
Quality, 38, 1569-1579.

Post WM, Izaurralde RC, Mann LK, Bliss N (2001) Monitoring and verifying changes
of organic carbon in soil. Climatic Change, 51, 73-99.

Qian JH, Doran JW, Weier KL, Mosier AR, Peterson TA, Power JF (1997) Soil denitrifi-
cation and nitrous oxide losses under corn irrigated with high-nitrate groundwa-
ter. Journal of Environmental Quality, 26, 348-360.

Qin Y, Liu S, Guo Y, Liu Q, Zou J (2010) Methane and nitrous oxide emissions from
organic and conventional rice cropping systems in Southeast China. Biology and
Fertility of Soils, 46, 825-834.

Robertson GP, Grace PR (2004) Greenhouse gas fluxes in tropical and temperate agri-
culture: the need for a full-cost accounting of global warming potentials. Environ-
ment, Development and Sustainability, 6, 51-63.

Robertson GP, Vitousek PM (2009) Nitrogen in agriculture: balancing the cost of an
essential resource. Annual Review of Environment and Resources, 34, 97-125.

Robertson GP, Paul EA, Harwood RR (2000) Greenhouse gases in intensive agricul-
ture: contributions of individual gases to the radiative forcing of the atmosphere.
Science, 289, 1922-1925.

Rosenberg MS, Adams DC, Gurevitch J (2000) METAWIN, Statistical Software for
Meta-Analysis, Version 2. Sinauer, Sunderland, MA.

Ruser R, Flessa H, Schilling R, Beese F, Munch JC (2001) Effect of crop-specific field
management and N fertilization on N>O emissions from a fine-loamy soil. Nutrient
Cycling in Agroecosystems, 59, 177-191.

Sachs J, Remans R, Smukler S ef al. (2010) Monitoring the world’s agriculture. Nature,
466, 558-560.

Sass RL, Fisher FM, Harcombe PA, Turner FT (1990) Methane production and emis-
sion in a Texas rice field. Global Biogeochemical Cycles, 4, 47-68.

Sehy U, Ruser R, Munch JC (2003) Nitrous oxide fluxes from maize fields: relation-
ship to yield, site-specific fertilization, and soil conditions. Agriculture, Ecosystems
& Environment, 99, 97-111.

Shang Q, Yang X, Gao C et al. (2011) Net annual global warming potential and
greenhouse gas intensity in Chinese double rice-cropping systems: a 3-year field mea-
surement in long-term fertilizer experiments. Global Change Biology, 17,2196-2210.

Six J, Ogle SM, Breidt FJ, Conant RT, Mosier AR, Paustian K (2004) The potential to
mitigate global warming with no-tillage management is only realized when prac-
tised in the long term. Global Change Biology, 10, 155-160.

Smith P, Martino D, Cai Z et al. (2007) Agriculture. In: Climate Change 2007: Mitigation.
Contribution of Working Group III to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (eds Metz B, Davidson OR, Bosch PR, Dave R,
Meyer LA), pp. 497-540. Cambridge University Press, Cambridge, UK and New
York, NY, USA.

Steffan-Dewenter I, Kessler M, Barkmann J et al. (2007) Tradeoffs between income,
biodiversity, and ecosystem functioning during tropical rainforest conversion and
agroforestry intensification. Proceedings of the National Academy of Sciences of the
United States of America, 104, 4973-4978.

Sterling J, Buttner P (2009) Wildlife known to use California ricelands. California Rice
Commission. ICF Jones & Stokes, Sacramento, CA.

Stewart CE, Paustian K, Conant RT, Plante AF, Six J (2007) Soil carbon saturation:
concept, evidence and evaluation. Biogeochemistry, 86, 19-31.

Thenkabail PS, Hanjra MA, Dheeravath V, Gumma M (2010) A holistic view of global
croplands and their water use for ensuring global food security in the 21st century
through advanced remote sensing and non-remote sensing approaches. Remote
Sensing, 2, 211-261.

Tilman D (1999) Global environmental impacts of agricultural expansion: the need
for sustainable and efficient practices. Proceedings of the National Academy of Sciences
of the United States of America, 96, 5995-6000.

Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S (2002) Agricultural sustain-
ability and intensive production practices. Nature, 418, 671-677.

Towprayoon S, Smakgahn K, Poonkaew S (2005) Mitigation of methane and nitrous
oxide emissions from drained irrigated rice fields. Chemosphere, 59, 1547-1556.

Venterea RT, Dolan MS, Ochsner TE (2010) Urea decreases nitrous oxide emissions
compared with anhydrous ammonia in a Minnesota corn cropping system. Soil
Science Society of America Journal, 74, 407-418.

Vitousek PM, Mooney HA, Lubchenco J, Melillo JM (1997) Human domination of
earth’s ecosystems. Science, 277, 494—499.

Wagner-Riddle C, Furon A, Mclaughlin NL ef al. (2007) Intensive measurement of
nitrous oxide emissions from a corn-soybean-wheat rotation under two contrast-
ing management systems over 5 years. Global Change Biology, 13, 1722-1736.

Wassmann R, Lantin RS, Neue HU, Buendia LV, Corton TM, Lu Y (2000) Character-
ization of methane emissions from rice fields in Asia. III. Mitigation options and
future research needs. Nutrient Cycling in Agroecosystems, 58, 23-36.

Webb ], Ellis S, Harrison R, Thorman R (2004) Measurement of N fluxes and soil N in
two arable soils in the UK. Plant and Soil, 260, 253-270.

Wei XR, Hao MD, Xue XH, Shi P, Horton R, Wang A, Zang YF (2010) Nitrous oxide
emission from highland winter wheat field after long-term fertilization. Biogeo-
sciences, 7, 3301-3310.

Weiske A, Benckiser G, Herbert T, Ottow JCG (2001) Influence of the nitrification
inhibitor 3,4-dimethylpyrazole phosphate (DMPP) in comparison to dicyandia-
mide (DCD) on nitrous oxide emissions, carbon dioxide fluxes and methane oxida-
tion during 3 years of repeated application in field experiments. Biology and
Fertility of Soils, 34, 109-117.

West TO, Post WM (2002) Soil organic carbon sequestration rates by tillage and crop
rotation: a global data analysis. Soil Science Society of America Journal, 66, 1930—
1946.

Wu J (2011) Carbon accumulation in paddy ecosystems in subtropical China: evi-
dence from landscape studies. European Journal of Soil Science, 62, 29-34.

Xie B, Zheng X, Zhou Z et al. (2010) Effects of nitrogen fertilizer on CH; emission
from rice fields: multi-site field observations. Plant and Soil, 326, 393-401.

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 194-209



ASSESSMENT OF GREENHOUSE GAS EMISSIONS 209

Yagi K, Tsuruta H, Minami K (1997) Possible options for mitigating methane emission
from rice cultivation. Nutrient Cycling in Agroecosystems, 49, 213-220.

Yan X, Hosen Y, Yagi K (2001) Nitrous oxide and nitric oxide emissions from maize
field plots as affected by N fertilizer type and application method. Biology and Fer-
tility of Soils, 34, 297-303.

Yan X, Akiyama H, Yagi K, Akimoto H (2009) Global estimations of the inventory
and mitigation potential of methane emissions from rice cultivation conducted
using the 2006 Intergovernmental Panel on Climate Change Guidelines. Global Bio-
geochemical Cycles, 23, GB2002.

Yao Z, Zhou Z, Zheng X et al. (2010) Effects of organic matter incorporation on
nitrous oxide emissions from rice-wheat rotation ecosystems in China. Plant and
Soil, 327, 315-330.

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 194-209

Yu KW, Wang ZP, Chen GX (1997) Nitrous oxide and methane transport through rice
plants. Biology and Fertility of Soils, 24, 341-343.

Zhang A, Cui L, Pan G et al. (2010) Effect of biochar amendment on yield and meth-
ane and nitrous oxide emissions from a rice paddy from Tai Lake plain, China.
Agriculture, Ecosystems & Environment, 139, 469-475.

Zou ], Huang Y, Jiang ], Zheng X, Sass RL (2005) A 3-year field measurement of meth-
ane and nitrous oxide emissions from rice paddies in China: Effects of water
regime, crop residue, and fertilizer application. Global Biogeochemical Cycles, 19,
GB2021.

Zou ], Huang Y, Zheng X, Wang Y (2007) Quantifying direct N,O emissions in paddy
fields during rice growing season in mainland China: dependence on water
regime. Atmospheric Environment, 41, 8030-8042.



