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. The effects of three irrigation levels (traditional normal amount of irrigation [NA100%], 70%, and

: 30% of the normal amount [NA70% and NA30%]) and two rice varieties (Oryza sativa L. Huayoul4
and Hanyou8) on CH, and N,0 emissions were investigated over two years under contrasting climate
conditions (a ‘warm and dry’ season in 2013 and a normal season in 2014). Hanyou8 was developed as

. adrought-resistant variety. The mean seasonal air temperature in 2013 was 2.3 °C higher than in 2014,

. while the amount of precipitation from transplanting to the grain-filling stage in 2013 was only 36%

. ofthatin 2014. CH, emission rose by 93-161%, but rice grain yield fell by 7-13% in 2013, compared to

2014 under the NA100% conditions. Surface standing water depths (SSWD) were higher in Hanyou8

: than in Huayoul4 due to the lower water demand by Hanyou8. A reduction in the amount of irrigation

. water applied can effectively reduce the CH, emissions regardless of the rice variety and climate

. condition. However, less irrigation during the ‘warm and dry’ season greatly decreased Huayoul4 grain

. yield, but had little impact on Hanyou8. In contrast, N,O emission depended more on fertilization and
SSWD than onrice variety.

. Modern changes in global climate, including greater atmospheric concentrations of greenhouse gases (CO,, CH,,

: N0, etc.), temperature shifts, higher frequency of extreme events, such as drought or heavy rainfall, and heat

© waves, are directly or indirectly associated with the combustion of fossil fuels, land use change and other human
activities that have occurred since the Industrial Revolution!. Such changes have greatly affected terrestrial eco-
systems. For example, extreme events could lead to negative and even disastrous effects on plants?.

Rice (Oryza sativa L.) is the most widely consumed staple food crop in the world, and is particularly important
in Asia. The food safety and national security of some countries depends on its production. Rice cultivation is
also a significant source of greenhouse gas emissions, primarily methane (CH,) and nitrous oxide (N,0). Annual
CH, emissions from rice fields have been estimated to account for about 5-19% of global CH, emissions, and
agricultural N,O emissions increased by nearly 17% between 1990 and 2005, and now account for 60% of global
anthropogenic N,O emissions®. The flooded environment, created during rice cultivation, provides anaerobic
conditions that favor CH, production by methanogens. The resulting CH, can be oxidized by methanotrophs
under aerobic conditions (e.g., in the rhizosphere and at the soil-water interface) and is finally emitted to the

: atmosphere through soil- or water-atmosphere interfaces and by the rice plant aerenchyma*. Nitrogen fertiliza-

: tion and water management (e.g. alternating wetting and drying) facilitates N,O emission via the processes of

: nitrification and/or denitrification in rice paddies?, hence, when applied appropriately, fertilizer and management
interventions can play important roles in effectively controlling CH, and N,O emissions during rice cultivation®>.
However, rice varieties differ significantly in terms of total CH, and N,O emissions'*'3. Selecting a rice variety
that results in low CH, and N,0O emissions may therefore be a promising way to mitigate greenhouse gas emis-
sions from rice paddies.

Drought is a serious limiting factor on crop production and the most damaging stressor in modern agricul-
ture!*1>, Rice consumes 70-90% of the total amount of irrigation water used in agriculture!®'’, and as roughly
a half of the world’s 158 million ha of rice land is paddy rice'®, the production of this crop is very susceptible to
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Mean seasonal air | Mean 1soil S 1 total Precipitation from June | Amountof | Water input from June
Rice season Treatments | temperature (°C) | temperature (°C) | precipitation (mm) | to September (mm) | irrigation (mm) | to September (mm)
NA100% 26.7 27.8 492.1 271.8 611.7 883.5
2013 (‘warm and dry’) NA70% 26.7 27.7 492.1 271.8 428.3 700.1
NA30% 26.7 28.0 492.1 271.8 185.0 456.8
NA100% 244 24.7 762.7 762.7 116.7 879.4
2014 (normal) NA70% 24.4 24.7 762.7 762.7 81.7 844.4
NA30% 244 24.8 762.7 762.7 35.0 797.7

Table 1. Mean seasonal air and soil temperatures, total precipitation, and amount of irrigation water in
the 2013 and 2014 rice growing seasons. NA100% = normal amount of irrigation, NA70% = 70% of normal
irrigation, NA30% = 30% of normal irrigation.

water stress'®. A series of agricultural practices, such as the use of saturated soil cultures and alternate wetting
and drying, are recommended to reduce water input from irrigation and to enhance water use efficiency in rice
cultivation. These practices could greatly reduce the water input required. However, they also lower rice grain
yields to a certain extent'®. Breeding new varieties of rice with drought tolerance may be an effective way of sus-
tainably addressing the water scarcity issue?. These new varieties are called Water-saving and Drought-resistance
Rice (WDR), and are characterized by having a similar yield potential and grain quality as wild type varieties, but
require less water (50% less water use). In water-limited environments, they show higher drought resistance and
minimize yield loss*®. However, to our knowledge, little is known about the CH, and N,O emissions from rice
paddies by WDR under different climate conditions.

The annual mean surface air temperature for China over the past 97 years has experienced a warming of
0.79°C, with a warming rate of 0.08 °C/10a, which is slightly larger than the global or northern hemispheric
average as given by IPCC Third Assessment Report®'. In addition, in the experimental region, the mean air tem-
perature during the rice growing season in the 1990 s was 0.2 °C higher than that in the 1960-80s. However, the
mean seasonal air temperature between 2001 and 2008 increased by 1.1 °C relative to that in the 1960-80s%2.
Climate models project that the increase in global surface air temperatures may exceed 1.5 °C by the end of the
21% century relative to the average between 1850 and 1900%. Higher temperatures are known to influence water,
ion, and organic solute movement across plant membranes, which interferes with photosynthesis and respiration.
Excessive temperatures can reduce plant leaf photosynthesis and decrease the allocation of dry matter to the
shoots and roots?*. Therefore, high temperatures may have caused rice grain yield reductions in many rice grow-
ing areas®?’. Generally, weather patterns can be highly variable. For example, there may be little precipitation
in one rice growing season and more in another. To satisfy the rice plant water demand, large amounts of water
are used to irrigate rice fields in a low precipitation season, but less may be needed in a high precipitation season.
Although some studies have demonstrated that CH, and N,O emissions differed among rice growing seasons,
little explanation has been provided for the variation®’. Investigating the mechanisms underlying the differences
in CH, and N,O emissions under different climate conditions (air temperature and precipitation) is important
when accurately assessing the total greenhouse gas emission caused by rice cultivation under global warming
scenarios. Some process-based models (e.g. the Denitrification and Decomposition (DNDC) model) have been
used to estimate the effects of changes in air temperature and precipitation on CH, and N,O emissions from ara-
ble soils?®?°. However, these results are not strongly supported by field experimental data. The field experiments
examining the effects of climate change on CH, and N,O emissions provide important information that may help
improve long-term predictions with those models®.

In a previous study, we found that CH, emissions fell significantly when less irrigation water was applied to
rice paddies over two growing seasons’!. In this study, the effects of two rice varieties (a WDR versus a common
rice variety) and irrigation management technique on CH, and N,O emissions from rice paddies were investi-
gated over two growing seasons under contrasting climate conditions (a ‘warm and dry’ season and a normal sea-
son). In addition, the impacts of climate condition and irrigation management on rice grain yield and equivalent
CO, (CO,-eq) emission were also evaluated.

Results and Discussion

Irrigation management and SSWD dynamics under contrasting climate conditions. The total
precipitation was 492.1 and 762.7 mm over the whole rice cultivation periods of 2013 and 2014, respectively
(Table 1). In the ‘warm and dry’ rice season of 2013, only 271.8 mm (~55.2% of the total) of precipitation occurred
from June to September, which is the period of active rice plant growth and development. In contrast, total pre-
cipitation in the normal rice season of 2014 occurred between June and September. Additionally, the total amount
of evaporation was 591.6 and 481.6 mm in 2013 and 2014, respectively. Therefore, to satisfy the plant demand for
water during growth and development, irrigation was applied up to 12 times in 2013 to keep the water table in
the plots similar to traditional irrigation management (Fig. 1a). However, irrigation was applied only three times
in 2014 (Fig. 1b). The total amount of irrigation in the NA100% plot was 611.7 mm in 2013 compared to only
116.7 mm in 2014 (Table 1). Consequently, the effective water inputs (precipitation + irrigation) from June to
September for the NA100% plots were similar for the ‘warm and dry’ season (883.5 mm) and the normal season
(879.4mm). In contrast, the total water inputs in the NA70% and NA30% plots from June to September in 2013
were only 83% and 57% of those in 2014 (Table 1).
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Figure 1. Seasonal changes in daily mean air temperature, daily precipitation, and soil temperature at 5cm
depth in the 2013 (a) and 2014 (b) rice growing seasons. Soil temperature values were obtained by averaging the
values from all treatments during gas sampling events.

Similar trends in SSWD were observed for all treatments in both seasons when the rice plants were small
before MD (Fig. 2). The maximum SSWD reached similar values (approximately 6-7 cm). However, there were
considerable differences in SSWD after MD between the rice varieties in 2013 (Fig. 2a,b). Under the same water
inputs (precipitation + irrigation), the SSWDs of Hanyou8 in the NA100% and NA70% plots were significantly
higher than those of Huayoul4. Hanyou8 was developed as a drought-resistant variety and requires less water
to maintain growth and development?. The average evapotranspiration rate for Hanyou8 was 5.4mm day !, a
significantly lower rate than for Huayou1l4 (6.2 mm day '), which probably resulted in higher SSWDs in the
NA100% and NA70% plots when the WDR (Hanyou8) variety was grown compared to the common rice variety.
However, the SSWD in the NA30% plots for both varieties was almost zero after MD in 2013 due to the reduced
water input (Fig. 2a,b). In contrast, Hanyou8 mean SSWD was not significantly different to Huayou14 after MD in
2014. Furthermore, the SSWDs in the NA30% plots were similar to NA70% for both varieties in 2014 (Fig. 2¢,d).
Irrigation management appeared to have a lower effect on SSWD at the different irrigation levels due to higher
precipitation in 2014.

CH, emissions under contrasting climate conditions. The CH, flux from all plots increased from the
beginning, and peaked for the first time at 25-30 days after transplanting, then rapidly decreased to zero due to
MD. Thereafter, CH, fluxes from the NA100% and NA70% plots increased, peaked for a second time at 80-100
days after transplanting, and decreased afterwards until the end of the seasons. However, CH, fluxes from the
NA30% plot were very low after MD (Fig. 3). Consequently, the NA100% plots had the largest CH, emissions
for both rice varieties (Table 2). The average total CH, emissions from the NA100% plots was 122kg CH, ha™!
(the range was from 47.8 to 252 kg CH, ha™! in this study), which was within the range of 5.4-275kg CH, ha™!
range recorded in numerous other studies where paddies were subject to traditional water management regimes
(i.e. NA100% condition) and a N fertilizer application rate of 200-250 kg N ha~"!, which is typical for the Yangtze
River delta zone”*32-3>,

A significant difference in total CH, emissions was observed among irrigation levels (P < 0.01, Table 2). The
NA70% and NA30% plots respectively reduced total CH, emissions by 31-53% and 32-77% in both seasons
compared to the NA100% plots. Similarly, Hou et al. reported that controlled irrigation (NA30%) mitigated CH,
emissions by 82% relative to traditional irrigation (NA100%)**. Wang et al. found that intermittent irrigation
(corresponding to NA70%) and constant moisture (corresponding to NA30%) reduced CH, emissions by 25%
and 58%, respectively, compared to the continuous flooding condition (NA100%)*. Reductions in irrigation
water to the rice paddies led to a lower SSWD and even no standing water above the surface. This increased
oxygen penetration into the soil and led to soil organic C being oxidized to CO, instead of CH,, which ultimately
suppressed CH, emissions. In this study, reducing the amount of irrigation was found to mitigate CH, emissions
not only under normal climate condition but also in the ‘warm and dry’ season.

There was a significant difference in CH, emissions between Huayoul4 and Hanyou8 (P < 0.05, Table 2). The
CH, emissions from Huayoul4 were always lower than from Hanyous, especially in the NA100% and NA70%
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Figure 2. Seasonal variation in surface standing water depth (SSWD) in the 2013 (a) Huayou1l4; (b) Hanyou8
and 2014 (c¢) Huayoul4; (d) Hanyou8 rice growing seasons. Abbreviations: NA100% = normal amount of
irrigation, NA70 = 70% of normal irrigation, NA30 = 30% of normal irrigation. Gray belts represent the mid-
season drainage periods. Error bars represent standard errors of the means.
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Figure 3. Seasonal variation in CH, fluxes in the 2013 (a) Huayoul4; (b) Hanyou8 and 2014 (c) Huayoul4;

(d) Hanyou8 rice growing seasons. Abbreviations: NA100% = normal amount of irrigation, NA70% = 70%

of normal irrigation, NA30% = 30% of normal irrigation, BF = base fertilizer, TF = tillering fertilizer,

HF =heading fertilizer. Gray belts represent the periods of mid-season drainage. Arrows denote the fertilization
date, and error bars represent standard errors of the means.
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CH, emission (kg CH, ha~") | N,O emission (kg N,O ha—?)

Treatments 2013 2014 2013 2014
H14-NA100% 92.3+18.8 47.8+14.7 0.6+0.2 1.8+0.4
H14-NA70% 63.4419.9 30.6%6.0 1.5+0.5 22408
H14-NA30% 44.9+3.2 32.6+4.9 0.8+0.4 2.7+0.6
H8-NA100% 252.24108.2 | 96.5+31.4 0.2+0.3 2.0£0.8
H8-NA70% 117.8+17.8 | 47.9+16.7 0.4+0.3 2.6+0.2
H8-NA30% 587+13.3 29.7+6.2 0.5+1.0 8.9+6.4
Analysis of variance

IM ok ns

RV * ns

Year ok *

IM x RV ns ns

IM x Year ns ns

RV x Year ns ns

IM x RV x Year ns ns

Table 2. Seasonal total CH, and N,O emissions in the 2013 and 2014 rice growing seasons. Numbers in
the table represent means & standard errors. H8 = Hanyou8, H14 = Huayou14, NA100% = normal amount
of irrigation, NA70% = 70% of normal irrigation, NA30% = 30% of normal irrigation, IM = Irrigation
management, RV = Rice Variety. * P <0.05, ** P <0.01, ns = not significance at 0.05 level.

plots. That may be related to the relatively lower SSWD in the Huayoul4 plots compared to the Hanyous8 plots,
which used less water to maintain growth and development and led to higher SSWDs (Fig. 2). The higher SSWD
in the Hanyou8 plots could decrease soil Eh by 54 mV (averaged across the values for the NA100% and NA70%
plots), and this facilitated CH, production. Additionally, it has been well documented that the difference in CH,
emissions among rice varieties is correlated with the total amount of root exudate-C (e.g. sugars and organic
acids)*”*. Similarly, in this study, some organic C materials, such as soluble sugar and proline, were observed
higher in Hanyou8 than in Huayoul4 (unpublished data), which may enhance CH, production by changing the
quantity and quality of the root exudates®. However, when the amount of irrigation water was reduced, CH,
emission was mitigated more in the Hanyous8 plots (average reduction of 52% and 73% by NA70% and NA30%,
respectively, compared to NA100%) than that in the Huayoul4 plots (average reduction of 34% and 42% by
NA70% and NA30%,respectively, compared to NA100%) (Table 2).

CH, emissions were significantly higher in the ‘warm and dry’ season of 2013 than in the normal season of
2014 (P < 0.01, Table 2). It is difficult to control climate conditions in field experiments, so there is little data avail-
able from field experiments but model simulations have been used to compare CH, and N,O under contrasting
climate conditions. By employing the DNDC biogeochemical model to simulate greenhouse gas emissions in
Chinese rice growing fields between 1971 and 2010, Tian et al. found that CH, emission was enhanced during
the second 20 years (1991-2010) compared to the first 20 years (1971-1990) due to a 0.5°C increase in air tem-
perature®. In this study, the CH, emissions from the NA100% plots by Huayoul4 and Hanyou8 increased by
93% and 161% in the ‘warm and dry’ season of 2013, respectively, compared to the normal season of 2014. Our
results partially confirmed the reliability of the model and they improved the accuracy and efficiency of the model
when attempting to predict the effects of climate conditions on CH, emissions in the future. There were several
possible reasons for the relatively higher CH, emissions in the ‘warm and dry’ season. Firstly, although there was
less precipitation in 2013, large amounts of irrigation water were added to the plots to meet rice growth demand
and made the SSWD values higher than or similar to those in 2014. Secondly, the higher air/soil temperature
could potentially enhance CH, production and emission***!. Under higher air/soil temperature conditions, more
root exudates are released into the soil and the potential availability of C for methanogens is enhanced***2. For
example, Tokida et al. found that soil warming enhanced rice root decay and provided more substrates for CH,
production®. Higher air temperatures also enhanced paddy soil organic C mineralization** and potentially pro-
vided available C for methanogens. Moreover, the higher soil temperature around the rice roots may accelerate
the CH, transport process through rice plants**. Dijkstra et al. reviewed more than 100 rice paddy field studies
that had investigated the response of CH, and N,O emissions to elevated air/soil temperatures and reported that
elevated temperature enhanced CH, emissions in 73 studies, but depressed emissions in 41 studies®. These studies
generally elevated the air/soil temperatures by using OTC (Open Top Chamber) or heating cables buried in the
soil, or used infrared heaters installed above the canopy. However, they did not take the variations in precipitation
into consideration. It is well known that the relative humidity of the atmosphere can have a negative relationship
with the transpiration rate at certain temperatures. The lower relative humidity, caused by reduced precipitation
and higher air temperatures in 2013, may have increased rice plant transpiration and allowed more CH,-rich
water from underground to migrate aboveground, which would eventually increase the release of CH, through
micropores in the leaf sheaths.

N,O emissions under contrasting climate conditions.  Asshown in Fig. 4, clear N,O fluxes peaks were
detected mainly in the NA30% or NA70% plots for both varieties. However, at all the irrigation levels, no signifi-
cant differences in N,O emissions were observed between Hanyou8 and Huayoul4 in either season. Most of the
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Figure 4. Seasonal variation in N,O fluxes in the 2013 (a) Huayoul4; (b) Hanyou8 and 2014 (c) Huayoul4;
(d) Hanyou8 rice growing seasons. Abbreviations: NA100% = normal amount of irrigation, NA70 =70% of
normal irrigation, NA30 = 30% of normal irrigation, BF =base fertilizer, TF = tillering fertilizer, HF = heading
fertilizer. Gray belts represent the periods of mid-season drainage. Arrows denote the fertilization date and
error bars represent standard errors of the means.

N,O flux peaks were detected after fertilization, regardless of the rice variety. The influence of fertilization on N,O
emissions was relatively transitory and vigorous (Fig. 4). The average total N,O emission was 1.2kg N,O ha~!and
ranged from 0.2 to 2.0kg N,O ha™" in the NA100% plots, which was consistent with the values (0.4-5.3kg N,O
ha™"') recorded in many previous studies from the same region on paddies subjected to similar water management
regimes and N fertilizer application rates®32-3>46,

The NA70% and NA30% plots increased total N,O emissions by 22-146% and 26-338%, respectively, com-
pared to the NA100% plots. However, no significant differences in total N,0 emissions were detected amongst
the irrigation treatments (Table 2). Hou et al. also found that N,O emissions under controlled irrigation (NA30%)
increased by 135% relative to traditional irrigation (NA100%)*. Reductions in irrigation water to the rice pad-
dies frequently subject the soil to alternating wet/dry conditions, which stimulates N,O producers activity and
increases N,O emissions?. The increased N,O emissions in the NA70% and NA30% plots after fertilization, rel-
ative to the NA100% plot, are probably due to the abundant, newly-added N° and the suitable soil moisture
conditions®. Finally, there was no significant difference in total N,O emissions between Huayou14 and Hanyou8
(Table 2).

There were larger and more N,O flux peaks in the normal season of 2014 than in the ‘warm and dry’ season
of 2013. Similarly, Tian et al. also suggested that an increase in precipitation could enhance N,O emissions after
the DNDC model simulation®. Alternative wet and dry soil conditions caused by frequent precipitation would
enhance N,O production through nitrification and denitrification in 2014*”. However, in this study, the SSWD
when fertilizer was applied may play an important role in controlling N,O emissions. The averaged SSWD over
all treatments was higher after fertilization in the ‘warm and dry’ season of 2013 (5.3 cm and 1.9 cm after base and
heading fertilization, respectively) than in the normal season of 2014 (2.6 cm and 1.0 cm after base and heading
fertilization, respectively) (Fig. 2). In a freshwater marsh, Yang et al. also found that a lower water table position
(—11 to 0 cm) enhanced N,O emissions relative to higher water tables (+2 to +14 cm)*. Similarly, in a northern
boreal fen located in north-western Finland, Lohila et al. reported that the highest N,O fluxes occurred when the
SSWD was about 4 cm, whereas atmospheric N,0O was consumed when the SSWD was 15 cm*. When the SSWD
is lower, less N,O dissolves into the surface standing water and more N,O is probably quickly released into the
atmosphere. In contrast, higher SSWD could restrict the availability of oxygen and therefore favor the formation
of molecular nitrogen (N,) instead of N,O. Hence, in this study, N,O emission might be more related to fertiliza-
tion and SSWD rather than rice variety and high air temperature.

Rice grain yield and equivalent CO, emissions (CO,-eq) under contrasting climate conditions.
In the NA100% plots, the average rice yield was 9.3 t ha™! with a range of 8.7-10.1 t ha™! (Table 3), which was
higher than that recorded in other studies (4.8-9.3 tha™!) conducted in the same region”®*>->%, The potentially
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Rice grain yield (t ha=!) CO,-eq emission (kg CO,-eq t~!)
Treatments 2013 2014 2013 2014
H14-NA100% 8.8+0.1 10.1£0.2 283.1+£48.2 169.7£25.2
H14-NA70% 83+0.2 10.04+0.2 246.4+73.9 142.2+39.2
H14-NA30% 7.9£0.0 9.8+0.1 170.2£9.0 165.8£25.8
H8-NA100% 8.7£0.1 9.4+0.1 735.7+324.8 322.8+69.3
H8-NA70% 8.6+£0.3 9.3+0.1 352.9+30.7 211.5+£45.8
H8-NA30% 82+04 9.3+0.1 194.1£58.1 371.9+£201.7
Analysis of variance
IM o ns
RV kS *
Year o ns
IM x RV ns ns
IM X Year ns ns
RV X Year o ns
IM x RV x Year ns ns

Table 3. Rice grain yield and CO,-eq emissions in the 2013 and 2014 rice growing seasons. Numbers in
the table represent means + standard errors. H8 = Hanyou8, H14 = Huayou14, NA100% = normal amount
of irrigation, NA70% = 70% of normal irrigation, NA30% = 30% of normal irrigation, IM = Irrigation
management, RV = Rice Variety. *P < 0.05, ¥*P < 0.01, ***P < 0.001, ns = not significance at 0.05 level.

negative effect of less precipitation on rice grain yield may be offset by irrigation in the ‘warm and dry’ sea-
son. However, rice grain yield significantly decreased with the reduction in the amount of irrigation (P < 0.01,
Table 3). In the ‘warm and dry’ season, the Huayou14 yield loss was 10% in the NA30% plots compared to the
NA100% plots, which was greater than the yield loss recorded for Hanyou8 (6%). This indicates that Hanyou8 is
more drought-resistant with regards to rice grain yield, which agrees with the results reported by Luo®.

Recently, Kim et al. used the CERES-Rice 4.0 crop simulation model to investigate the effects of climate change
on rice grain yield in the temperate climate regions under the East Asian monsoon system and suggested that the
air temperature increases could lead to a significant decrease in rice grain yield by 22.1-35.0%°. In this study,
rice grain yield was significantly lower in the ‘warm and dry’ season (2013) than in the normal season (2014)
(P<0.001, Table 3). The yield decreased by 13-19% for Huayoul4 and 7-12% for Hanyou8 in 2013 compared to
the yield in 2014 and this was probably due to higher air temperature and reduced precipitation. In another case
study conducted in the same region, Liu et al. reported that although the average rice grain yield increased by
46% from the 1980s to 2000 s due to the soil improvement, rice variety updating and agricultural management
advances, the climate conditions (e.g. higher air temperature, less precipitation) had a negative effect on rice
grain yield®'. Generally, air temperature enrichment in rice growing seasons could shorten rice development
stages and reduce grain yield>?->*. Elevated air temperature can result in rice grain yield loss, mainly through
reduced photosynthesis caused by chloroplast damage, spikelet sterility caused by decreased pollen production,
and increased energy consumption caused by higher respiration demand®. Moreover, there was a significant
interaction between rice variety and year (P < 0.001, Table 3).

The average CO,-eq emissions in the NA100% plots was 378kg CO,-eq t~! with a range of 170 to 736 kg
CO,-eq t! (Table 3), which was within the 33-557 kg CO,-eq t ! range reported in previous studies conducted
in the same region®*?-%*. In most treatments, the detected CO,-eq emissions were higher in the ‘warm and dry’
season than in the normal season. However, the difference between the two seasons was not significant (Table 3).
Higher CH, emissions and lower rice grain yields from the treatments led to greater CO,-eq emissions in the
‘warm and dry’ season relative to the normal season. Interestingly, there was a significant difference in CO,-eq
emissions between Huayoul4 and Hanyou8 (P < 0.05, Table 3). This suggests that the CO,-eq emissions vary
considerably with rice growing season or rice variety. Furthermore, CO,-eq emissions from the NA70% and
NA30% plots of both rice varieties (excluding H8-NA30% in the 2014 normal season) were potentially depressed
when compared to the NA100% plot (Table 3). The decreases in CH, emissions from the NA70% and NA30%
plots were the main cause of the effective depression in CO,-eq emissions, especially during the ‘warm and dry’
season. However, in the normal season, due to the higher N,O emissions, reductions in the amount of irrigation
had little effect on CO,-eq emissions.

In conclusion, CH, and N,O emissions strongly differed according to rice variety and irrigation management
between the two rice growing seasons under contrasting climate conditions. The amount of irrigation water was
significantly higher in the ‘warm and dry’ season than that in the normal season. Although the same amount of
irrigation water was applied to the two rice varieties, the SSWDs in the plots planted with Hanyou8 were higher
than Huayoul4, due to lower water demand from Hanyou8. The CH, emissions by Huayoul4 and Hanyou8
increased 93% and 161% in the ‘warm and dry’ season (2013), respectively, compared with that in normal season
(2014). Moreover, the CH, emissions from Hanyou8 were higher than from Huayou14 in both seasons. Reducing
the amount of irrigation water can effectively reduce the CH, emissions, regardless of the rice variety and climate
conditions. However, less irrigation during the ‘warm and dry’ season greatly decreased the Huayou14 grain yield,
but had little impact on Hanyous8 yield. In contrast, compared to the effect of rice variety, N,O emission depended

SCIENTIFIC REPORTS | 6:28255 | DOI: 10.1038/srep28255 7



www.nature.com/scientificreports/

more on fertilization and surface standing water depth when the fertilizer was applied. Under the global warming
scenarios, feasible reductions in the amount of irrigation water applied and the suitable selection of rice varieties
would be a promising way to mitigate greenhouse gas emissions as well as maintain rice grain yield.

Materials and Methods

Study site and experimental design. The study was conducted in an experimental field at the Shanghai
Engineering Research Center of Low-carbon Agriculture, which is a part of the Zhuanghang Experimental
Station (30°53'N, 121°23’E), and is located in the Yangtze River delta zone in east China. A rice-wheat cropping
rotation system is the typical practice in this area. The paddy field soil was plowed to a depth of ~15cm, and its
chemical and physical properties were as follows: soil organic C (SOC) 13.7 g-kg ™!, total N 1.4 g-kg~*, bulk density
l.4g-cm™3, and pH (H,0) 7.6.

Each experimental plot was 60 m* and an impermeable membrane was buried vertically in the soil around
each plot at 1.1 m depth to prevent lateral seepage between the experimental plots. Then a concrete wall (30 cm
width x 60 cm height) was built around the experimental plots. It was half buried into the soil over the impermea-
ble membrane. A centrifugal pump (SW100-160, 100 m*h~!, Shanghai Sanxing Supply and Drainage Equipment
Co., Ltd., Shanghai, China) and polyethylene pipes were used to transport river water to each plot for irrigation. A
meteorological station was established nearby in 2012, which provided data about the air/soil temperature, dry/
wet precipitation, evaporation, solar radiation, wind speed/direction etc.

Two rice varieties (Oryza sativa L. Huayoul4 and Hanyou8) and three types of irrigation management were
employed in this study. Each treatment was replicated three times, resulting in a total of 18 plots in this experi-
ment (i.e., 2 rice varieties x 3 irrigation levels x 3 replicates). Huayoul4 is a high-yielding hybrid that is often cul-
tivated by local farmers and Hanyou8 was recently developed by the Shanghai Agrobiological Gene Center for its
water-saving and drought-resistant traits. The three types of irrigation management applied were normal amount
of traditional irrigation management (NA100%), 70% of normal (NA70%), and 30% of normal (NA30%). The
performance of NA100% was consistent with conventional irrigation practice for meeting rice growth demand.
The other two types were applied proportionately during every irrigation event when little or no surface-standing
water was observed in the NA100% plot for Huayoul4. The irrigation was mainly carried out between 30 and 100
days after transplanting.

Climate conditions and agricultural practices. Seasonal changes in daily mean air temperature, daily
precipitation, and soil temperature at 5cm depth in the 2013 and 2014 rice growing seasons are shown in Fig. 1.
The mean seasonal air temperature was 26.7 °C and ranged from 14.8 to 33.5°C during the 2013 rice growing
season (Table 1 and Fig. 1a), whereas it was 24.4°C (ranging from 14.7 to 30.2°C) in 2014 (Table 1 and Fig. 1b).
The mean seasonal air temperature (24.4 °C) in 2014 was similar to the normal value (24.7 °C) reported by Su et al.
in this region®. The mean seasonal air temperature in 2013 was 2.3 °C higher than that in 2014. Seasonal varia-
tions in soil temperature were similar to the daily mean air temperature (Fig. 1). Total precipitation in the 2013
and 2014 seasons was 492.1 and 762.7 mm, respectively (Table 1). In this region, annual precipitation is about
1200 mm, and about 60% of precipitation occurs between May and September®®. In the 2013 season, precipitation
between June and September (i.e., a duration from transplanting to the grain-filling stage) was only 271.8 mm,
and this season was considered as a ‘warm and dry’ season. In contrast, in 2014, the total precipitation between
June and September was similar to the average for the area, and this season was regarded as normal season.

Rice plants were transplanted at a density of 20 hills per m? on June 14/16 and harvested on October 21/22
in 2013 and 2014, respectively. The N fertilizer application rate was 225kg-ha™!, which was applied at a ratio of
5:3:2 (w/w/w) as base, tillering and heading applications, respectively. The base fertilizer was applied in the form
of a compound fertilizer at 1-2 days before transplanting. The tillering and heading fertilizers were applied in
the form of urea at about 1 week and 7 weeks after transplanting, respectively. Phosphorous (P,05) fertilizer was
applied as a base, compound fertilizer at a rate of 112.5kg-ha™!, and 44% potassium (K,O) fertilizer was applied
as a base, compound fertilizer at a rate of 255 kg-ha~!. The remaining of potassium (K,O) fertilizer was applied as
a heading fertilizer in the form of commercial potassium chloride (KCI).

There were 12 and three irrigation events in the 2013 and 2014 seasons, respectively. Mid-season drainage
(MD) is a conventional agricultural practice during the rice growing season. The MD began on July 19/21 and
finished on July 29/August 4 in 2013 and 2014, respectively.

Measurements. The samples used to determine CH, and N,O concentrations were taken using a static trans-
parent chamber consisting of a plexiglass base frame (50 cm length x 40 cm width x 20 cm height) and a plexiglass
lid (50 cm X 40 cm x 50 cm) equipped with a battery-driven 12V fan at the center of its inner top. Other plexi-
glass frames were used to extend the lid height, by 20, 40, or 60 cm depending on the height of rice plants. The
base frames were inserted approximately 15cm into the soil, and four hills of rice plants were transplanted. One
base frame was placed in each plot. Four gas samples were collected from each chamber at 6-min intervals using
an auto gas sampler attached to four aluminum foil gas bags (1L, Dalian Delin Gas Packing Co., Ltd., Dalian,
China) at each sampling time. The auto gas sampler was composed of a 12V rechargeable battery (NP7-12,
YUASA Battery (Guangdong) Co., Ltd, Guangzhou, China), a gas pump (FAY4002, 2L min~!, Chengdu Qihai
E&M Manufacturing Co., Ltd., Chengdu, China), a box containing a circuit board (Nanjing Weina Electronic
Co., Ltd., Nanjing, China), and a series of compact direct-operated 2-port solenoid valves (VDW23-6 G-1, SMC
Pneumatics Ltd., Tokyo, Japan).

The gas samples from all the plots were collected between 08:00 and 10:00 and immediately taken to the
laboratory. The concentrations of CH, and N,O were determined by a gas chromatograph (7820 A, Agilent
Technologies, Inc., Santa Clara, CA, USA) equipped with a flame ionization detector and an electron capture
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detector, respectively. The sampling frequency was once a week. However, whenever there was a fertilizer applica-
tion, an MD, or irrigation after MD, a higher sampling frequency (once every 2 days) was used and daily sampling
lasted for one week. CH, and N,O flux were calculated by examining the linear increases of CH, and N,O con-
centrations in the headspace of the chambers over time. The seasonal total CH, and N,O emissions from all plots
were calculated directly from the fluxes.

The surface-standing water depth (SSWD) was measured directly using a ruler after each gas-sampling event.
Soil Eh (Oxidation-Reduction Potential) was detected at 5 cm soil depth with a pH/NO/Eh meter (PRN-41,
DKK-TOA Co., Tokyo, Japan). Soil temperature was monitored at 5cm soil depth using a moisture meter (HH2,
Delta-T Devices Ltd, Cambridge, UK) during each gas-sampling event around the base frames. At the end of each
rice growing season, the plants in each plot were manually harvested. The dry weight of the rice grains was deter-
mined using an oven at 75 °C. Finally, the rice grain yield of each plot was calculated on a rice grain dry weight
basis using the equation:

RY = DW/ (1-14.5%)

where RY is the rice grain yield (t-ha™!), DW is the dry weight of rice grains (t-ha™!), and 14.5% was used as the
standard moisture content for storage of the rice varieties used in this study.

The equivalent CO, (CO,-eq) emission for total CH, and N,O emissions (greenhouse gas intensity) was cal-
culated on a rice grain yield basis using the equation:

Teo, o = (TCH4 X 25 + Ty o X 298) /RY

where Tco,.q is the total amount of equivalent CO, emission (kg CO,-eq-t™"), Tcy, is the total amount of CH,
emission (kg-ha™!), Ty, is the total amount of N,0O emission (kg-ha!), 25 and 298 are the multiples of GWP
(global warming potential) for CH, and N,O versus CO, over 100 years®, and RY is the rice grain yield (tha™?).

Statistical analysis. The impacts of the three parameters (irrigation management, rice variety, and year) on
CH, and N,O emissions from rice paddies were examined. Their effects were analyzed using the general linear
model for analysis of variance along with the least significant difference test. The significance level for both tests
was 5%. SPSS 20.0 statistical software (IBM Co., New York, USA) was used to conduct the analysis. The figures
were prepared using Sigmaplot 12.5 software (Systat Software Inc., San Jose, CA, USA).

References

1. Le Treut, H. et al. Historical overview of climate change. In: Climate Change 2007: The physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (eds. Solomon, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M. & Miller, H. L.) 93-127 (Cambridge University Press, Cambridge and
New York, 2007).

2. De Boeck, H. J., Dreesen, F. E., Janssens, I. A. & Nijs, I. Whole-system responses of experimental plant communities to climate
extremes imposed in different seasons. New Phytol. 189, 806-817 (2011).

3. Forster, P. et al. Changes in atmospheric constituents and in radiative forcing. In: Climate Change 2007: The physical Science Basis.
Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (eds. Solomon, S.,
Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M. & Miller, H. L.) 129-234. (Cambridge University Press,
Cambridge and New York, 2007)

4. Hou, A. et al. Methane and nitrous oxide emissions from a rice field in relation to soil redox and microbiological process. Soil Sci.
Soc. Am. ]. 60, 2180-2186 (2000).

5. Cai, Z. et al. Methane and nitrous oxide emissions from rice paddy fields as affected by nitrogen fertilizers and water management.
Plant Soil, 196, 7-14 (1997).

6. Zou, J. et al. A 3-year field measurement of methane and nitrous oxide emissions from rice paddies in China: Effects of water regime,
crop residue, and fertilizer application. Global Biogeochem. Cy. 19, GB2021 (2005).

7. Dong, H. et al. Effect of ammonium-based, non-sulfate fertilizers on CH, emissions from a paddy field with a typical Chinese water
management regime. Atmos. Environ. 45,1095-1101 (2011).

8. Li, X. et al. Effect of timing and duration of midseason aeration on CH, and N,0O emissions from irrigated lowland rice paddies in
China. Nutr. Cycl. Agroecosyst. 91, 293-305 (2011).

9. Yao, Z. et al. A 3-year record of N,O and CH, emissions from a sandy loam paddy during rice seasons as affected by different
nitrogen application rates. Agr. Ecosyst. Environ. 152, 1-9 (2012).

10. Liou, R., Huang, S. & Lin, C. Methane emission from fields with differences in nitrogen fertilizers and rice varieties in Taiwan paddy
soils. Chemosphere 50, 237-246 (2003).

11. Kerdchoechuen, O. Methane emission in four rice varieties as related to sugars and organic acids of roots and root exudates and
biomass yield. Agr. Ecosyst. Environ. 108, 155-163 (2005).

12. Gogoi, B. & Baruah, K. K. Nitrous oxide emissions from fields with different wheat and rice varieties. Pedosphere 22, 112-121 (2012).

13. Riya, S. et al. CH, and N,O emissions from different varieties of forage rice (Oryza satival L.) treating liquid cattle waste. Sci. Total
Environ. 419, 178-186 (2012).

14. Passioura, J. B. The drought environment: physical, biological and agricultural perspectives. J. Exp. Bot. 58, 113-117 (2007).

15. Majeed, A. et al. Physiology and productivity of rice crop influenced by drought stress induced at different developmental stages. Afr.
J. Biotech. 10, 5121-5136 (2011).

16. Bhuiyan, S. L. Water management in relation to crop production: case study on rice. Outlook Agr. 21, 293-299 (1992).

17. Zhang, Q. Strategies for developing green super rice. P. Natl Acad. Sci. USA. 104, 16404-16409 (2007).

18. Bouman, B. A. M., Lampayan, R. M. & Tuong, T. P. Water management in irrigated rice: coping with water scarcity. International Rice
Research Institute, Los Bafios, Philippines, 54p (2007).

19. Tao, H. et al. Growth and yield formation for rice (Oryza sativa L.) in the water-saving ground cover rice production system
(GCRPS). Field Crops Res. 95, 1-12 (2006).

20. Luo, L. Breeding for water-saving and drought-resistance rice (WDR) in China. J. Exp. Bot. 61, 3509-3517 (2010).

21. Tang, G. & Ren, G. Reanalysis of surface air temperature change of the last 100 years over China. Clim. Environ. Res. 10(4), 791-798
(2005). (in Chinese with English abstract).

SCIENTIFIC REPORTS | 6:28255 | DOI: 10.1038/srep28255 9



www.nature.com/scientificreports/

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Gu, P. & Jin, Q. Influence of climate warming on single-crop late rice yield in Fengxian District of Shanghai. Acta Agr. Shanghai
25(3), 115-119 (2009). (in Chinese with English abstract).

IPCC (Intergovernmental Panel on Climate Change). Summary for policymakers. In: Climate Change 2013: The Physical Science
Basis. Contribution of working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (eds. Stocker,
T. E, Qin, D,, Plattner, G.-K., Tignor, M., Allen, S. K, Boschung, J., Nauels, A., Xia, Y., Bex, V. & Midgley, P. M.) 3-29 (Cambridge
University Press, Cambridge and New York, 2013).

Krishnan, P., Ramakrishnan, B., Reddy, K. R. & Reddy, V. R. High-temperature effects on rice growth, yield, and grain quality. Adv.
Agron. 111, 87-206 (2011).

Wassmann, R. et al. Climate change affecting rice production: The physiological and agronomic basis for possible adaptation
strategies. Adv. Agron. 101, 59-122 (2009).

Nagarajan, S. et al. Local climate affects growth, yield and grain quality of aromatic and non-aromatic rice in northwestern India.
Agr. Ecosyst. Environ. 138, 274-281 (2010).

Welch, J. R. et al. Rice yields in tropical/subtropical Asia exhibit large but opposing sensitivities to minimum and maximum
temperatures. P. Natl Acad. Sci. USA. 107, 14562-14567 (2010).

Syp, A. et al. Modelling impact of climate change and management practices on greenhouse gas emissions from arable soils. Pol.
J. Environ. Stud. 20, 1593-1602 (2011).

Tian, Z. et al. Chinass rice field greenhouse gas emission under climate change based on DNDC model simulation. Chin. J. Appl. Ecol.
26, 793-799 (2015). (in Chinese with English abstract).

Dijkstra, E A. et al. Effects of elevated carbon dioxide and increased temperature on methane and nitrous oxide fluxes: evidence
from field experiments. Front. Ecol. Environ. 10, 520-527 (2012).

Sun, H. et al. CH, emission in response to Water-saving and Drought-resistance Rice (WDR) and common rice varieties under
different irrigation managements. Water Air Soil Poll. 227, 47 (2016).

Liu, S. et al. Methane and nitrous oxide emissions from direct-seeded and seedling-transplanted rice paddies in southeast China.
Plant Soil 374, 285-297 (2014).

Hou, H. et al. Seasonal variations of CH, and N,O emissions in response to water management of paddy fields located in Southeast
China. Chemosphere 89, 884-892 (2012).

Zhang, X. et al. Comparison of greenhouse gas emissions from rice paddy fields under different nitrogen fertilization loads in
Chongming Island, Eastern China. Sci. Total Environ. 472, 381-388 (2014).

Zou, J. et al. Sewage irrigation increased methane and nitrous oxide emissions from rice paddies in southeast China. Agr. Ecosyst.
Environ. 129, 516-522 (2009).

Wang, B. et al. Methane emissions from ricefields as affected by organic amendment, water regime, crop establishment, and rice
cultivar. Environ. Mon. Ass. 57,213-228 (1999).

Aulakh, M. S., Wassmann, R., Bueno, C. & Rennenberg, H. Impact of root exudates of different cultivars and plant development
stages of rice (Oryza sativa L.) on methane production in a paddy soil. Plant Soil 230, 77-86 (2001).

Kerdchoechuen, O. Methane emission in four rice varieties as related to sugars and organic acids of roots and root exudates and
biomass yield. Agr. Ecosyst. Environ. 108, 155-163 (2005).

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

Allen, L. H. Jr. et al. Methane emissions of rice increased by elevated carbon dioxide and temperature. J. Environ. Q. 32, 1978-1991
(2003).

Tokida, T. et al. Effects of free-air CO, enrichment (FACE) and soil warming on CH, emission from rice paddy field: impact
assessment and stoichiometric evaluation. Biogeosciences 7, 2639-2653 (2010).

Denier van der Gon, H. A. C. et al. Optimizing grain yields reduces CH, emissions from rice paddy fields. P. Natl Acad. Sci. USA. 99,
12021-12024 (2002).

Tokida et al. Methane and soil CO, production from current-season photosynthates in a rice paddy exposed to elevated CO,
concentration and soil temperature. Global Change Biol. 17, 3327-3337 (2011).

Ren et al. Effects of temperature on organic carbon mineralization in paddy soils with different clay content. Chin. J. Appl. Ecol. 18,
2245-2250 (2007). (in Chinese with English abstract).

Hosono, T. & Nouchi, I. The dependence of methane transport in rice plants on the root zone temperature. Plant Soil 191, 233-240
(1997).

Liu, S., Qin, Y., Zou, J. & Liu, Q. Effects of water regime during rice-growing season on annual direct N,O emission in a paddy rice-
winter wheat rotation system in southeast China. Sci. Total Environ. 408, 906-913 (2010).

Chen, W. et al. Effects of increasing precipitation and nitrogen deposition on CH, and N,O fluxes and ecosystem respiration in a
degraded steppe in Inner Mongolia, China. Geoderma 192, 335-340 (2013).

Yang, J. et al. Effect of water table level on CO,, CH, and N,O emissions in a freshwater marsh of Northeast China. Soil Biol. Biochem.
61, 52-60 (2013).

Lohila et al. Responses of N,O fluxes to temperature, water table and N deposition in a northern boreal fen. Eur. J. Soil Sci. 61,
651-661 (2010).

Kim, H. Y., Ko, J., Kang, S. & Tenhunen, ]. Impacts of climate change on paddy rice yield in a temperate climate. Global Change Biol.
19, 548-562 (2013).

Liu, L. et al. Impacts of climate changes, soil nutrients, variety types and management practices on rice yield in East China: A case
study in the Taihu region. Field Crops Res. 149, 40-48 (2013).

Sheehy, J. E., Mitchell, P. L. & Ferrer, A. B. Decline in rice grain yields with temperature: models and correlations can give different
estimates. Field Crops Res. 98, 151-156 (2006).

Liu, L., Wang, E., Zhu, Y. & Tang, L. Contrasting effects of warming and autonomous breeding on single-rice productivity in China.
Agr. Ecosyst. Environ. 149, 20-29 (2012).

Jalota, S. K., Kaur, H., Kaur, S. & Vashisht, B. B. Impact of climate change scenarios on yield, water and nitrogen-balance and -use
efficiency of rice-wheat cropping system. Agr. Water Manag. 116, 29-38 (2013).

Su, R. et al. Analysis on the single-crop late rice yield in Fengxian District as influenced by meteorological factors in 2013. Acta Agr.
Shanghai 31(3), 105-107 (2015). (in Chinese with English abstract).

Sun, H. et al. Effects of rice cultivars on CH, and N,O emissions from rice fields. ] Agro-Environ. Sci. 34, 1595-1602 (2015). (in
Chinese with English abstract).

Acknowledgements

This study was financed by National Natural Science Foundation of China (No. 41375157), National Key
Technology Support Program of the Ministry of Science and Technology of China (No. 2013BAD11B02) and the
Shanghai Municipal Agriculture Commission (Hu Nong Ke Tui Zi (2013) No. 1-1). The language in this paper has
been re-edited and polished by International Science Editing.

SCIENTIFICREPORTS | 6:28255 | DOI: 10.1038/srep28255 10



www.nature.com/scientificreports/

Author Contributions

X.S., G.Z. and S.Z. conceived and participated the experimental design. H.S., Z.F. and G.C. carried out the
experiments. H.S. and S.Z. wrote the main manuscript text and H.S. prepared all the figures and tables. All
authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Sun, H. et al. A two-year field measurement of methane and nitrous oxide fluxes from
rice paddies under contrasting climate conditions. Sci. Rep. 6, 28255; doi: 10.1038/srep28255 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:28255 | DOI: 10.1038/srep28255 11


http://creativecommons.org/licenses/by/4.0/

	A two-year field measurement of methane and nitrous oxide fluxes from rice paddies under contrasting climate conditions

	Results and Discussion

	Irrigation management and SSWD dynamics under contrasting climate conditions. 
	CH4 emissions under contrasting climate conditions. 
	N2O emissions under contrasting climate conditions. 
	Rice grain yield and equivalent CO2 emissions (CO2-eq) under contrasting climate conditions. 

	Materials and Methods

	Study site and experimental design. 
	Climate conditions and agricultural practices. 
	Measurements. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Seasonal changes in daily mean air temperature, daily precipitation, and soil temperature at 5 cm depth in the 2013 (a) and 2014 (b) rice growing seasons.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Seasonal variation in surface standing water depth (SSWD) in the 2013 (a) Huayou14 (b) Hanyou8 and 2014 (c) Huayou14 (d) Hanyou8 rice growing seasons.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Seasonal variation in CH4 fluxes in the 2013 (a) Huayou14 (b) Hanyou8 and 2014 (c) Huayou14 (d) Hanyou8 rice growing seasons.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Seasonal variation in N2O fluxes in the 2013 (a) Huayou14 (b) Hanyou8 and 2014 (c) Huayou14 (d) Hanyou8 rice growing seasons.
	﻿Table 1﻿﻿. ﻿  Mean seasonal air and soil temperatures, total precipitation, and amount of irrigation water in the 2013 and 2014 rice growing seasons.
	﻿Table 2﻿﻿. ﻿  Seasonal total CH4 and N2O emissions in the 2013 and 2014 rice growing seasons.
	﻿Table 3﻿﻿. ﻿ Rice grain yield and CO2-eq emissions in the 2013 and 2014 rice growing seasons.



 
    
       
          application/pdf
          
             
                A two-year field measurement of methane and nitrous oxide fluxes from rice paddies under contrasting climate conditions
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28255
            
         
          
             
                Huifeng Sun
                Sheng Zhou
                Zishi Fu
                Guifa Chen
                Guoyan Zou
                Xiangfu Song
            
         
          doi:10.1038/srep28255
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28255
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28255
            
         
      
       
          
          
          
             
                doi:10.1038/srep28255
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28255
            
         
          
          
      
       
       
          True
      
   




