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Abstract

Agriculture is faced with the challenge of providing healthy food for a growing population at minimal environmental
cost. Rice (Oryza sativa), the staple crop for the largest number of people on earth, is grown under flooded soil condi-
tions and uses more water and has higher greenhouse gas (GHG) emissions than most crops. The objective of this
study was to test the hypothesis that alternate wetting and drying (AWD - flooding the soil and then allowing to dry
down before being reflooded) water management practices will maintain grain yields and concurrently reduce water
use, greenhouse gas emissions and arsenic (As) levels in rice. Various treatments ranging in frequency and duration
of AWD practices were evaluated at three locations over 2 years. Relative to the flooded control treatment and
depending on the AWD treatment, yields were reduced by <1-13%; water-use efficiency was improved by 18-63%,
global warming potential (GWP of CH; and N,O emissions) reduced by 45-90%, and grain As concentrations
reduced by up to 64%. In general, as the severity of AWD increased by allowing the soil to dry out more between
flood events, yields declined while the other benefits increased. The reduction in GWP was mostly attributed to a
reduction in CH, emissions as changes in N,O emissions were minimal among treatments. When AWD was prac-
ticed early in the growing season followed by flooding for remainder of season, similar yields as the flooded control
were obtained but reduced water use (18%), GWP (45%) and yield-scaled GWP (45%); although grain As concentra-
tions were similar or higher. This highlights that multiple environmental benefits can be realized without sacrificing
yield but there may be trade-offs to consider. Importantly, adoption of these practices will require that they are
economically attractive and can be adapted to field scales.
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environmental costs such as nonpoint source pollution

and increased greenhouse gas (GHG) emissions
(Matson et al., 1997; Vitousek et al., 1997; Tilman, 1999).

Introduction

Agriculture faces the tremendous challenge in the

coming decades of providing healthy food for a grow-
ing population while minimizing environmental
consequences. Some estimate that crop production will
need to double (2.4% annual increase) by the year 2050
to meet global demand (Ray ef al., 2013); however, an
analysis of crop yield trends show that these needs will
not be met at the current rate of increase (Grassini et al.,
2013; Ray et al., 2013). Agricultural intensification,
whereby higher yields per unit of land area are real-
ized, is considered necessary to achieve this goal
(Burney et al.,, 2010; Godfray et al., 2011; Godfray &
Garnett, 2014); however, intensification can have
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This has lead the push for sustainable intensification
(Godfray et al., 2011) whereby higher yields are
achieved without (or with reduced) damage to the envi-
ronment — meeting the dual goals of protecting natural
resources while ensuring global food security.
Increased production also implies increased demand
for water. Irrigation is by far the largest component of
anthropogenic demand for fresh water (Haddeland
et al., 2014). Drought, along with high water use, is
depleting water reserves in many parts of the world
and water scarcity problems will only increase due to
climate change (Schewe et al., 2014).

Rice is the staple crop for the largest number of
people on earth (Maclean et al., 2002). Because rice is
usually grown under flooded conditions it uses more
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water than most crops and has higher global warming
potential (GWP) of GHG emissions — particularly due
to high CH, emissions (Linquist et al., 2012). Yield-
scaled GWP (GWPy) is a metric that assesses the GWP
per unit of yield (van Groenigen et al., 2010). It is useful
for accessing a system’s ability to address the dual
goals of sustainable intensification: protecting natural
resources while ensuring global food security (e.g.,
Pittelkow et al., 2014 in rice systems). Accounting for
both CH; and NyO, rice systems also have higher
GWPy than other cereals (Linquist ef al., 2012) indicat-
ing they emit more GHG emissions per unit of yield.
Furthermore, there have been recent health concerns
related to grain arsenic (As) concentrations (Mandal &
Suzuki, 2002; Banerjee et al., 2013). Under the flooded,
anaerobic soil conditions As is reduced from As (V) to
As (III) (Takahashi et al., 2004) which increases its phy-
toavailability and uptake by rice (Ma et al., 2008; Zhao
et al., 2010). In certain parts of the world, grain As con-
centrations are high and have been shown to have
adverse health effects (Mandal & Suzuki, 2002)

These concerns related to rice can be addressed by
changing water management from continuously
flooded anaerobic systems to those in which aerobic
cycles are introduced periodically during the growing
season. This is often referred to as alternate wetting
and drying (AWD), and involves flooding fields
followed by allowing them drying down to the desired
moisture content through evapotranspiration and per-
colation before reflooding. Altering soil chemistry and
flooding practices through the introduction of aerobic
periods during the growing season can lead to reduced
water use (Belder et al., 2004; De Vries et al., 2010; Yao
et al., 2012; Liu et al., 2013), reduced GWP of GHG
fluxes (Yan et al., 2005; Feng et al., 2013) and reduced
As concentrations in rice grain (Takahashi et al., 2004;
Xu et al., 2008; Talukder et al., 2012). Key to addressing
food security needs, some have reported that yields can
be maintained in these AWD systems (Belder ef al.,
2004; De Vries et al., 2010; Yao et al., 2012).

Various studies have investigated benefits associated
with AWD management in rice systems separately;
however, our objective was to evaluate these multiple
benefits of AWD in a single study. It is important that
AWD is effective in high yielding environments; how-
ever, AWD has not been evaluated in the US where
average yields are higher than in most other regions of
the world (e.g., 2012 US rice yields averaged 8.35
Mg ha™! compared to 4.49 Mg ha™! for Asia; FAO
http:/ /faostat3.fao.org/faostat-gateway/go/to/down
load/Q/QC/E) and cultural practices are different
(e.g., direct-seeded as opposed to transplanted as is
common in Asia). To accomplish this objective three
field studies were conducted to test the hypothesis that

AWD water management practices will maintain rice
yields while reducing water use, GWP and grain As
levels.

Materials and methods

Site description

In 2012 and 2013 experiments were carried out at the Univer-
sity of Arkansas Rice Research and Extension Center near
Stuttgart (N 34727 latitude; W 09124/ longitude). The experi-
ments were conducted in separate fields with different crop
rotations: rice-rice (RR) and rice-soybean (RS). Experiments in
RS rotations were evaluated in 2012 and 2013 and a RR rota-
tion (in rice cultivation since 2011) in 2013. The experiments
were conducted on adjacent fields, comprised of the same
treatments and managed similarly. In all experiments the resi-
dues from the preceding rice or soybean crop were disked into
the soil. During the winter, fields were not intentionally
flooded and no effort was made to retain rainfall within the
field. The soil on all fields was a Dewitt silt loam (fine, smec-
titic, thermic, Typic Albaqualfs; USDA, 2006) with a total C
content of 0.67%, total N content of 0.075%, a pH of 5.6 (1:2
soil/water), and a total As content of 4.2 mg kg .

Crop management

At all sites the rice crop was established by drill-seeding rice
(hybrid CLXL745) on April 10 and 23 in 2012 and 2013, respec-
tively. Following tillage and planting, no irrigation water was
applied as rainfall was sufficient for crop establishment. After
1 month the fields were flooded and treatments were
imposed. All P and K fertilizer (29 and 84 kg P and K ha !,
respectively) was applied before the last tillage operation,
while the N fertilizer (144 kg urea-N ha™') was applied just
prior to the initial flood. At the end of the season, when rice
reached physiological maturity, no additional water was
applied and remaining water in the plots was drained. Drain
dates were August 12 (2012) and August 25 (2013 RS) and Sep-
tember 2 (RR). Plot sizes were 244 m” and a 91.5 m? area from
middle of each experimental plot was harvested at maturity
with a small plot combine to determine grain yield and obtain
grain samples for analysis.

Treatments and experimental design

Four water management treatments were laid out in a
randomized complete block design, replicated three times.
Treatments were: (i) Flood (continuously flooded control), (ii)
AWD/40F (flood), (iii) AWD/60, and (iv) AWD/40, where
AWD represents alternate wetting and drying followed by the
percent of saturated volumetric water when fields were
re-flooded. For the AWD/40F treatment water was managed
the same as the AWD/40 management until the plants
reached the reproductive growth stage; after which a flood
was maintained until the field was drained for harvest. Plots
were separated by packed levees to prevent water movement
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between plots. For the AWD water treatments, the plots were
irrigated to a flood depth of 10 cm and the water was allowed
to subside via evapotranspiration and percolation until soil
moisture reached the critical moisture level for that treatment
(60 and 40% of saturated volumetric water — measured at
5 cm depth) when the plots were reflooded. In the Flood treat-
ment, water was maintained at 10-cm. Across sites and years
in the AWD/40F, AWD/60 and AWD/40 treatments there
were 2-3, 4-5, and 34 flooding events, respectively (Fig. 1). In
2013, the first flood was maintained for 7-10 days in all AWD
treatments to ensure maximum fertilizer N uptake before
draining and reflooding.

Water input/output measurements

To determine water use, the inlets of two replications in the
RS experiment (in both years) and a single replication in the

2012 Rice-Soybean 2013 Rice-Soy!

RR experiment were equipped with McCrometer flow meters.
The irrigation was managed in a manner that the only drain-
age occurred at the end of season in preparation for harvest.
At this time the water height in each plot was measured before
drainage to estimate the amount of water drained from the
plot. This drainage water was not deducted from the total
amount of water applied. Seasonal rainfall was determined
from planting until the final drain from a weather station
located on site.

Soil moisture determination

Soil moisture measurements were carried out using a
Dynamax TH300 soil moisture probe which measured the soil
volumetric water content to a depth of 5 cm. At saturation,
soil volumetric water content was 0.40 m> m 2. The targeted
soil moisture reflood period for the AWD/60 treatment was

bean 2013 Rice-Rice
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Fig. 1 Greenhouse gas fluxes and mean daily temperature for the three experimental sites in 2012 and 2013 as affected by AWD treat-
ment. The 60 and 40 in the treatment legend indicate the percent of saturated volumetric water when the field was reflooded (40%
being the driest). The shaded bars represent the approximate time the soil was flooded or saturated. The left hand side of each shaded
bar is the known data of flooding; however, the right hand side is an estimate of when soils dropped below saturation. Refer to Fig. 2
for the relationship between soil moisture and GHG emissions. The arrow indicates the planting date for each experiment. In the 2013
Rice—Rice experiment gas measurements were not taken until permanent flood (approximately 1 month after planting).
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60% of this value (0.24 m®> m™°) and 40% for the AWD/40
treatment (0.16 m®> m ). When the average value of the treat-
ment replications reached the target value, all plots of that
treatment were flooded. In addition to the Dynamax TH300
soil moisture probe, a Campbell Scientific CS655 water content
reflectometer was also used in the 2013 RR experiment in three
of the treatments (Flooded, AWD/40 and AWD/60) which
measured volumetric soil water content to a depth of 12 cm
every hour.

Greenhouse gas flux measurements

Fluxes of CHy and N,O were measured using static vented
flux chamber technique (Hutchinson & Livingston, 1993). The
chamber included a permanent base that was inserted into the
soil (with plants growing inside); extensions of varying length
to accommodate the growing plants; and a lid which was
equipped with vent tube, fan and thermocouple wire. The
base was made of PVC pipe (29.5 cm in diameter) and
inserted to a depth of 15 cm which left about 10 cm above the
soil line. Holes drilled in the base above and below the soil
line allowed for relatively free root and water movement.
During sampling, holes above the water line were plugged
with rubber stoppers when the water level was below the
holes to ensure chambers were air-tight. Chambers were posi-
tioned at least 1 m inside the plots and sampling locations
were connected using board walks to prevent soil disturbance
when sampling.

Gas flux measurements were conducted at daily to weekly
intervals during the entire growing season (in the 2013 RR
experiment sampling began at time of permanent flood
instead of planting) between 09:00 and 10:30 hrs. Gas samples
(25 ml) were taken from the chamber at four equal time
(21 min) intervals using pre-evacuated 12.5 ml glass vials
(Labco Ltd., Buckinghamsire, UK). The vials had a rubber
septa double sealed with 100% silicon for leak-free storage
and transportation before gas analysis. The vials were sent to
the University of California in Davis for analysis. To ensure
quality assurance, standard concentrations of 1.0 ppm N,O
and 4.99 ppm CHy in the same type of vial were included in
triplicate with each shipment of field gas samples. We never
found significant differences (P = 0.05) between the mixed
standards and the actual concentrations of the standard used;
indicating that the transport and storage of samples did not
alter the concentrations of headspace gas.

Samples were all analyzed within 2 weeks of sampling for
CH, and N,O on a gas chromatograph (Shimadzu Scientific,
Inst, Columbia, MD, USA). Results of GC analyses were
accepted when standard gas calibrations produced linear
relationships between voltage output and gas concentration
with an 7* > 0.996. Quality assurances of gas concentrations
were monitored by inserting standard gas samples every 10
samples, and were within 95% of known concentration.

Concentrations were converted to mass per volume units
(g N,O or CH,y L") using the Ideal Gas Law and chamber air
temperatures and volumes. Fluxes of N,O and CH, were
calculated using linear regression of gas concentration versus
chamber closure time and the enclosed soil surface. Individual

flux values were set to zero if the change in concentration over
time fell below the GC detection limit, and flux values were
rejected (i.e., treated as missing data) if they passed the rejec-
tion test but had a 7* < 0.90.

Cumulative seasonal gas emissions were determined by
successive linear interpolation of gas emissions on the sam-
pling days assuming that emissions followed a linear trend on
days when gases were not measured. Gas emissions from
flooded control treatment plots prior to the application of dif-
ferent water management were used to calculate cumulative
seasonal GHG emissions for all treatment as the treatments
were managed identically up to that time point. The GWP of
N,O and CH, was calculated in mass of CO, equivalents (kg
CO, eq ha™') over a 100-yr time horizon. A radiative forcing
potential relative to CO, of 298 was used for N,O and 25 for
CH, (Ramaswamy ef al., 2001). GWPy was expressed as GWP
per unit mass of rice grain (kg CO, eq Mg grain~') was
obtained from the ratio of GWP (kg CO, eq ha™') and grain
yield (Mg ha™h).

Arsenic analysis

Whole grain samples were collected from the harvest plots
and dried to 12% moisture. Grain samples were milled for
30 sec using a McGill No. 2 rice miller to achieve white
(polished) grain samples. To analyze for total As, grain sam-
ples were ground to a fine powder; 2 g DW was weighed into
a 100 mL tall form Pyrex beaker; 10 mL of a solution contain-
ing 75g MgO 1! and 105 g Mg(NO3),6H,O 1! (AOAC,
1965) was added and heated with stirring to dryness; samples
were ashed at 450° for at least 16 h; ash was treated with 2 ml
water, then 2 ml of concentrated HNO; was added and beak-
ers heated to near dryness with stirring. Ash was then
dissolved in 3 M HCI with cover glass to support reflux for
2 h, then filtered thru pre-wetted Whatman #40 paper, rinsed
and diluted to volume. Solution As was then measured by
Inductively coupled Plasma-Atomic Emission Spectrometry
using a hydride generation flow injection method. A 4 ml
aliquot of sample was transferred to a test tube and was
pre-reduced with KI and ascorbic acid in HCI and allowed to
stand for 20 min before analysis. Quality assurance was
assessed by random duplicate analysis of samples, analysis of
NIST (National Institute of Standards and Technology) rice
standard reference material 1568B, recovery of spikes to sam-
ples before analysis, and analysis of blanks and spiked
digested blanks and samples. Using this methodology, the
mean total As we measured in the NIST standard was
267 + 5.4 pg As kg ! dry standard which is within one stan-
dard deviation of the certified standard (285 + 14 pg As kg ™'
dry weight). The Limit of Quantitation for this methodology is
10 pg kg dry weight of rice and none of the samples were
below this value.

Data analysis

All data were tested for normal distribution using the
Shapiro-Wilk approach and data that did not pass the test
were log transformed (P = 0.01-0.5). Differences in GHG
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emissions among treatments were determined using SAS
programs for randomized complete block design at P-value
< 0.05 (SAS, 2010). Gas emissions, GWP, yield and total As
due to main effects like water management, year, rotation,
rotation x water management, year X rotation x water man-
agement and block x water management as random effect
were analyzed using PROC MIXED. Differences in gas emis-
sions and yield data due to water treatments and year by
rotation were analyzed using PROC MIXED with Tukey for
multiple treatment mean comparisons at P-value < 0.05 (SAS,
2010).

Results

Yields

Across years, rice yields in the continuously flooded
control treatment averaged 10.26 Mg ha™' and were
13% higher in the RS rotation compared to the RR sys-
tem (Table 1). In the AWD/40-F treatment yields were
similar to the control. In the AWD/60 treatment yields
were similar to the control at two sites but lower in the
2013 RS field (averaged yield decline of 5%). Increasing
water stress further (AWD/40) resulted in an average
yield decline of 13%.

GHG emissions, GWP, and yield-scaled GWP

Fluxes of CHy and N,O were highly dependent on
water management and soil moisture conditions
(Figs 1,2). In all treatments CH,4 emissions were detect-
able after approximately 2 weeks of soil flooding. In
the flooded control, CH,; emissions continued to
increase and peaked 1.5-2 months after flooding (up to
2000-3000 g CH4-C ha™! dayfl). Thereafter, fluxes
tended to decline until the final drain when there was a
short but substantial spike in CH, emissions before
decreasing to zero emissions. In the AWD/40F, CH,4
fluxes increased once the soil was reflooded to values
similar to the flooded treatment in 2012 but less than in

Table 1 Rice (CLXL 745) grain yields in each year and
cropping system. The anova for the mean was based on data
across years and rotations as there was no significant interac-
tion

Rice grain yields* (Mg ha )

Water treatment  2012-RS  2013-RS  2013-RR  Mean
Flood 9.78 a 11.15a 9.84 a 10.26 a
AWD/40-Flood 9.27a 11.15a 10.33 a 10.17 ab
AWD/60 9.22 a 10.37 b 9.61 a 9.73b
AWD/40 9.03 a 9.58 ¢ 831b 8.97 ¢

*Rice grain yields within each column followed by same letter
are not significantly different at P < 0.05.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 407-417

2013. The AWD/40F also had a large post drain spike
in CH, emissions similar to the control. The AWD/40
and AWD/60 treatments emitted some CHy — espe-
cially when soils remained saturated for a longer per-
iod of time; however, emissions never exceeded 1000 g
CH4-C ha ' day ' and decreased to zero when the soil
was allowed to dry. These treatments also did not have
a post drain spike in CH,4 emissions as was observed in
the other treatments.

Nitrous oxide emissions were observed at low levels
during the first month before the field was flooded. In
the flooded control treatment, N,O levels were not
detectable during the growing season (Figs 1,2). In all
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Fig. 2 CH,4 and NO fluxes in relation to soil water content and
AWD management for the 2013 rice-rice experiment. The 60
and 40 in the treatment legend indicate the percent of saturated
volumetric water when the field was reflooded (40% being the
driest). In this experiment, measurement of GHG emissions
began at the onset of flooding (June 6). Note different scale of
the right Y axis.
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other treatments N>O emissions were detected during
periods when the soil was drained; however, peak
emissions were less than 100 g N,O-N ha™' day .

Cumulative seasonal CH4 and N,O gas fluxes varied
across the growing seasons and fields but in all treat-
ments were higher in the 2013 RR rotation compared to
the RS rotation. In the flooded control, CH; and N,O
emissions averaged 105 kg CH,-C ha™' and 0.031 kg
N,O-N ha~! (Table 2). Methane emissions were
reduced by 48, 93 and 93% in the AWD/40F, AWD/60
and AWD/40 treatments, respectively. In contrast,
implementation of AWD increased N,O emissions by
0.143, 0.245, and 0.474 kg N,O-N ha}, respectively.
While the relative increase in N,O emissions was large,
the GWP was dominated by CH, emissions and GWP
decreased relative to the control by 45, 90, and 86% in
the AWD/40F, AWD/60 and AWD/40 treatments,
respectively. In the 2013 RR experiment GHG measure-
ments only began with the onset of the first flooding
event and thus emissions from planting to the first
flood are not included in the cumulative emission
value. During this period there were no CH,4 emissions
as the field was not flooded and N,O emissions were
likely low. For example, at the two sites (2012 and 2013
RS) where gas measurements were taken during this
period, cumulative N,O emissions were only 0.007 and
0.076 kg N,O-N ha ', respectively.

Yield-scaled GWP, a measure of the amount of GHG
emitted per unit of yield, was highest in the flooded
control treatment, averaging 347 kg CO, eq Mg
across years and sites. Introducing AWD practices
reduced GWPy by 45, 89, and 84% in the AWD/40F,
AWD/60 and AWD/40 treatments, respectively.

Water use and water-use efficiency

Irrigation water use in the control treatment averaged
7939 m> ha™! (Table 3). Water reductions relative to
the control treatment of 18, 31 and 44% were observed
in the AWD/40F, AWD/60 and AWD/40 treatments,
respectively; and irrigation water-use efficiency which
was 1.30 kg rice m~? in the control, increased by 22, 43
and 63%, respectively. The amount of rainfall received
from planting until draining for harvest was 182,
212, and 219 mm in 2012, 2013 RS and 2013 RR,
respectively. Thus, rainfall contributed on average
2043 m® ha™! to total water use and in the flooded
treatment an average total of 9982 m> ha™' was used.

Rice grain arsenic

Total grain As levels ranged from 114 to 433 pg kg*1
across years and treatments (Table 4). Arsenic levels
were highest in the Flood and AWDA40/F treatments

Table 2 Seasonal GHG emissions and GWP under different water management and crop rotations

CH,* N,Ot GWP*
Water management kg CH,-C ha™' kg N,O-N ha™! kg COeq ha™! kg CO, eq Mg ™"
2012 Rice-soybean (RS)
Flood 710a 0.031 2385 a 249 a
AWD/40-flood 372b 0.104 1292 b 145b
AWD/60 28c¢ 0.229 201c 23 ¢
AWD/40 17 ¢ 0.137 120 ¢ l4c
2013 Rice-soybean (RS)
Flood 100 a 0.07b 3371a 303 a
AWD/40-flood 56.7 b 0.39a 2076 b 187 ab
AWD/60 6.04 c 040a 389 ¢ 38 ¢
AWD/40 7.80 c 1.05a 751 ¢ 78 be
2013 Rice-ricef (RR)
Flood 144 a —0.008 b 4804 a 489 a
AWD/40-flood 714D 0.028 b 2397 b 239b
AWD/60 118¢ 0.198 ab 486 ¢ 51c
AWD/40 13.7 ¢ 0.329 a 611c 73 ¢

*CH,4 emissions and GWP followed by same letter are not significantly different at P < 0.05.

+N,O emissions followed by same letter are not significantly different at P < 0.10 (were not significant at 0.05).

{In the 2013 rice-rice experiment measurement of GHG emissions began at the onset of permanent flooding (about 1 month after
planting).This likely resulted in slightly lower cumulative N>O emissions.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 407-417
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Table 3 Irrigation water use (m> ha!) and irrigation water-use efficiency (WUE = kg rice m ). In the rice-soybean (RS) rotation
water meters were put in two replications and the standard deviation of the water use is in “()’. In the rice-rice (RR) a water meter
was only placed in one replication. These calculations do not include rainfall which was 182, 212, and 219 mm in 2012, 2013 RS and

2013 RR, respectively

2012-RS 2013-RS 2013-RR Mean
Water treatment Use WUE Use WUE Use WUE Use WUE
Flood 7617 (718) 1.28 7617 (1077) 1.46 8582 1.15 7939 1.30
AWD/40 — Flood 6602 (359) 1.40 6475 (538) 1.72 6459 1.60 6512 1.58
AWD/60 6475 (180) 1.42 5840 (0) 1.78 4040 2.38 5452 1.86
AWD/40 5078 (359) 1.78 5205 (180) 1.84 3030 2.74 4438 2.12

Table 4 Rice grain total arsenic concentrations of polished
white rice. There was not a significant difference between the
rice-soybean (RS) rotation in 2012 and 2013 so means are pro-
vided. The rice-rice (RR) rotation had significantly higher
(P < 0.05) As concentrations and are provided separately

Rice grain arsenic
concentration* (ug kg™

Water treatment 2012/13-RS 2013-RR
Flood 343 a 370 b
AWD/40 — Flood 334 a 433 a
AWD/60 165b 199 ¢
AWD/40 114 b 149 ¢

*Rice grain arsenic within each column followed by same
letter are not significantly different at P < 0.05.

followed by AWD/60 and AWD/40. On average, total
grain As concentrations were 56% less in the AWD/60
and AWD/40 than in the Flood treatment. The As
levels were on average 20% higher (P < 0.05) in the RR
rotation than the RS rotation.

Discussion

While other studies have evaluated AWD, this is the
first study where multiple benefits (yields, GHG emis-
sions, water use, and grain As) have been accessed in a
single study. It is also the first study in the US where
rice yields are typically higher than most regions of the
world. Our results demonstrate that there are trade-offs
to consider between the AWD strategies tested and the
desired sustainable intensification goals we evaluated
for rice systems. No single AWD strategy was able to
maintain yields, while reducing water use, GHG emis-
sions and grain As concentrations. Yields of over 10
Mg ha ' were attained in the control and AWD40/F
treatments which are typical of well managed rice fields
in this region (Walker et al., 2008). Similarly, the 14%
increase in rice yields when rice is grown in rotation
with soybean is commonly observed (Olk et al., 2009).
While the AWD40/F maintained yields and lowered
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water use and GHG emissions; As grain concentrations
remained unchanged or increased. Using AWD/60 and
AWD/40 strategies, reductions in water use, GHG
emissions, and grain As concentrations were all
realized, but this was accompanied by a 5 and 13%
reduction in grain yields, respectively. These points are
further elaborated on below.

GHG and GWP

The average GWP of GHG emissions from rice systems
are about three fold higher than for other cereal crops
(Linquist et al., 2012). The high GWP is due primarily
to high CH,4 emissions under flooded soils which create
an anaerobic environment favorable for methanogene-
sis (Yan et al., 2005). Therefore, to reduce GWP in rice
systems, efforts need to concentrate on CH4 emissions.
The reduction in CH; emissions of 48% in the
AWD/40F and 93% in both the AWD/60 and AWD/40
treatments are larger than has typically been observed.
The IPCC Tier 1 methodology assumes a 40% reduction
for a single drain (similar to AWD/40F) and a 48%
reduction for multiple drainages (Yan et al., 2005; Lasco
et al., 2006). The cause for the greater reduction in CH,
emissions in our study is not clear but it may be that
the soils in our study dried out to a greater degree
between flood events than other studies; however, this
is hard to verify because many studies do not report
soil moisture. Another reason for lower CH, emissions
is that in the AWD/60 and AWD/40 treatments, daily
CH, fluxes never reached the levels observed for the
continuously flooded treatment (Figs 1,2). Finally, in
continuously flooded systems there is often a spike in
CH, emissions at the end of the season as was observed
in the Flood and AWD/40F treatments in this study
(Fig. 1). This spike, which can contribute up to 18% of
total seasonal emissions (Denier van der Gon et al.,
1996; Wassmann ef al., 2000; Adviento-Borbe et al.,
2013; Pittelkow et al., 2013), is thought to be the physi-
cal release of entrapped CH, when the soil changes
from saturated to unsaturated conditions during drying
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(Wassmann et al., 2002). In the AWD/60 and AWD/40
treatments, this spike was not observed, possibly as
there was not a sufficiently long period of time when
the soil was flooded prior to the drain for methanogen-
esis to occur.

Flooded rice systems generally emit less N,O than
dryland crops because flooding results in most N being
lost as N, rather than N,O (Firestone & Davidson,
1989). Due to the introduction of aerobic cycles, AWD
practices often lead to increased N,O emissions
(Akiyama et al., 2005; Zou et al., 2007) as was observed
in this study (Figs 1,2). Nitrous oxide emissions were
measurable when the soils were drying out between
flood events and were close to zero when soils were
flooded. In nonrice soils, others have reported that N,O
emissions are highest when the soil water-filled pore
space is >60% (Del Pradao et al., 2006). While we did
not measure the water-filled pore space in this study, it
is likely that as the soil dried between flooding events
the soil water-filled pore space was in this range for at
least part of the drying period. Also in our study, N,O
emissions tended to be highest during drain events
early in the season as opposed to later in the season —
possibly due to more residual fertilizer N in the soil
early in the season than later in the season (Linquist
et al., 2006). Despite this, seasonal N,O emissions
remained low in all treatments; i.e., less than 1.05 kg
N,O-N ha! and in most cases below 04 kg
N,O-N ha~! (Table 2). These values are also lower than
the average seasonal N,O emissions that Linquist et al.
(2012) reported for wheat and maize (1.44 and 3.01 kg
N,O-N ha ', respectively). Due to the ability to achieve
both low CH4 and N,O emissions from rice systems
through careful water and N management the GWP
can be lower in rice than for dryland crops. Overall, the
GWP (CHy4 and N,O) of the AWD/60 and AWD/40
treatments averaged 426 kg CO, eq ha ' season ',
which is significantly lower than the average that Lin-
quist et al. (2012) reported for wheat (662 kg CO,
eq ha ' season ') and maize (1399 kg CO, eq ha ' sea-
son '). These results were in part made possible by
applying all the N fertilizer just before flooding (about
1 month after planting) and maintaining the initial
flood for a longer period (only in 2013) to ensure
adequate time for plant uptake and low soil mineral
soil N before the second flooding (Linquist et al., 2006).
This reduced the possibility for nitrification and denitri-
fication as both processes can result in N,O losses
(Bateman & Baggs, 2005). While this initial prolonged
flood period resulted in CH, fluxes in 2013, these fluxes
were never as high as in the continuously flooded
treatment (Fig. 1).

Yield-scaled GWP (GWPy), the GWP per unit of
grain yield, was reduced by almost half in the

AWD/40F treatment (Table 2). This result is especially
encouraging as it was not associated with a yield reduc-
tion (Table 1) but had significant water savings
(Table 3); and highlights the potential for sustainable
intensification with appropriate management. The
GWPy in the other treatments which experienced more
severe AWD (more frequent drying events) was
reduced even further (85-89%); however, this was
accompanied by yield reductions. There clearly is no
benefit of the most severe AWD treatment (AWD/40)
compared to AWD/60 as CH, emissions were similar,
but AWD/60 had higher yields and lower N,O emis-
sions than the AWD/40 resulting in the lowest GWPy
being in the AWD/60 treatment. The yield decline
between the Flood and AWD/60 is small (5%) but
significant. Further research needs to test to see if soils
can be reflooded sooner (at higher moisture content) so
yields do not decline but large reductions in GWP and
water use are still achieved.

Water-use efficiency

Water availability is a global concern (Haddeland et al.,
2014; Schewe et al., 2014) and in the US it is an issue in
all regions where rice is grown (California, Gulf Coast
and Mississippi Valley). In Arkansas much of the water
is pumped from the Sparta aquifer which is receding,
requiring irrigation from increasing depths and result-
ing in producers having to install on-farm reservoirs to
capture and store winter rainfall to supplement irriga-
tion water use (Reba et al.,, 2013). Therefore, water
savings are particularly attractive for rice producers in
this region. In the continuously flooded treatment
7939 m® ha ™! of irrigation water was used which is typ-
ical (7600-9000 m> ha™!) for this region (Smith et al.,
2006). In the AWD/40F similar yields were achieved
with an overall reduction in water use of 18%, and such
reductions due to AWD have been reported elsewhere
(Belder et al., 2004; De Vries et al., 2010; Yao et al., 2012;
Liu et al., 2013). Water savings, however, can be highly
variable depending on water table depth and the plow
pan which affects percolation rates (De Vries et al.,
2010). In fact, in some cases AWD can lead to increased
water use because the drying can lead to soil shrinkage
and cracking resulting in increased water use due to
preferential flow of water to the subsoil (Bouman & Tu-
ong, 2001).

Water-use efficiency increased with increasing sever-
ity of AWD from 1.30 (control) to 2.12 kg rice m~>
(Table 3) despite declining yields (Table 1). From an
economic stand point, assuming an average well depth
of 22.6 meters (average depth of the alluvial aquifer),
that a diesel pump requires 0.012 1 of diesel to raise
1 m™ of water (Slaton, 2001), diesel costs of $0.83 per
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liter, the water use and yield losses associated with
AWD (Tables 1,3) and a rice price of $0.337 kg*1 (Mar
2014 futures price) there is a net loss of $16.51, $154.68,
and $401.27 ha~' compared to conventional flooding
for AWD/40F, AWD/60 and AWD/40, respectively. At
these input and output prices, the maximum yield loss
associated with AWD that would make producers
indifferent between AWD and conventional flooding
would be less than 1% for all AWD treatments. While
we recognize that the yield loss reported for the
AWD/40F was small and not significant in this study
(Table 1), this analysis suggests that cost savings from
reduced pumping will not drive adoption of AWD and
other incentives may be necessary. Furthermore, given
the risk of yield loss, research and extension efforts are
needed so that risk can be minimized. This economic
analysis assumes that water is available; however, some
forecast increasing water shortages due to climate
change (Schewe et al., 2014) and under those condi-
tions, systems that require less water should be more
attractive in adapting to climate change.

Sensitivity to moisture stress

This study demonstrates the sensitivity of rice yield
to small changes in soil moisture which further
increases risk and can limit adoption. Similarly, Bou-
man & Tuong (2001) in a review found that that
even when rice soils were allowed to dry to the
point where there was no longer any flood water on
the soil surface but the soil remained saturated, the
overall yield reduction averaged 6%. In this study,
the average yield difference between the AWD/60
and AWD/40 was 0.73 Mg ha ' — a significant yield
reduction of about 8%. In practical terms, the time
required for a soil to dry from 60 to 40% of satu-
rated volumetric water is a few days depending on
climate and crop factors; therefore a short delay in
irrigation can have serious impacts on yield. How-
ever, recent findings have reported that high yields
can be maintained, or even increased, with AWD
water management (Belder ef al, 2004; De Vries
et al., 2010; Yao et al., 2012; Liu et al., 2013). It is not
clear from all of these studies how dry the soil
became between each flooding event without sacrific-
ing yield; however, in our study, it appear that 60%
of saturated volumetric water was close to the criti-
cal value as yields declined by only 5% on average.
Certainly, further research needs to be directed
toward identifying critical soil moisture levels that
rice can withstand without yield loss. Importantly,
improved response to increased water stress may be
related to varietal choice, as in this study and in
most cases just mentioned (Belder et al., 2004; Yao
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et al., 2012; Liu et al., 2013) hybrid rice varieties were
used.

Arsenic

Arsenic in rice grain has recently been mentioned as a
human health concern especially for populations where
rice makes up a relatively high percentage of the diet
(Williams et al., 2007; Banerjee et al., 2013). In anaerobic
soils, the reductive mobilization of As increases the
phytoavailability and uptake of As in rice (Meharg &
Zhao, 2012). Rice, grown aerobically or with introduced
aerobic cycles such as with AWD can have lower As
uptake. For example, Somenahally et al. (2011) reported
a 41% reduction in total grain As from rice grown on
intermittently flooded fields. In this study, grain As
concentrations in the continuously flooded systems
averaged about 350 ug kg ' (Table 4), which is similar
to the variety average reported in the Mississippi
Valley and lower than in Bangladesh, China and Texas
(Williams et al., 2007, Norton et al., 2012). The 20%
increase in grain As concentration in the RR rotation
may be due to a couple of reasons. First, in the RR
rotation there is a greater amount of residues being
incorporated compared to the RS rotation (soybeans
produce less residue than rice). Addition of organic
residues increases microbial activity, As release to the
soil solution, and subsequent As uptake by the plant
(Norton et al., 2013; Jia et al., 2014). Second, the rice resi-
dues in the RR rotation likely contain higher As concen-
trations than the soybean residues that are incorporated
in the RS rotation (Xu et al., 2008).

Introduction of aerobic cycles during the growing
season in both the AWD/60 and AWD/40 treatments
reduced As levels by 56% on average and, in all cases,
were less than 200 pg kg~ '. This study also suggests
that the timing and or number of aerobic periods
remain important. Grain As levels in the AWD/40F (a
single drain period early in the season) were not lower
and in the RR rotation were actually higher by 17%, for
reasons not immediately clear. It appears that As accu-
mulated later in the growing season is translocated to
the grain and that the introduction of aerobic cycles
during this period can reduce grain As concentrations.
However, a number of different As species are accumu-
lated by the crop and these species exhibit differences
in mobility within the plant (Meharg & Zhao, 2012).

Considerations and challenges

In this study, only CH4 and N,O fluxes are considered
— not CO,. Soil CO, fluxes are a source of GHG emis-
sions; however, on a global scale they are estimated to
contribute less than 1% to the GWP of agriculture
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(Smith et al., 2007). The net balance between C respira-
tion and fixation in a cropping system is reflected by
changes in soil organic C over time (West & Post, 2002;
Stewart et al., 2007) which is difficult to detect in short-
term experiments due to the relatively small change
and high degree of spatial variability of soil organic C
(Post et al., 2001; Conant ef al., 2011). Continuous
flooded rice monoculture promotes soil C sequestration
(Witt ef al., 2000; Pan et al., 2010; Wu, 2011), therefore,
conversion from such a system to AWD may result in a
loss of soil C. In the southern US where rice is often
rotated with soybean a change to AWD may not alter
soil organic C as soil C stocks are already degraded in
these systems (Scott & Wood, 1989); however, in other
parts of the world where rice is routinely mono-
cropped, loss of soil C needs to be considered.

While this study and others show that rice yields can
be maintained with AWD/40F, AWD practices have
not been widely adopted in the US or globally. There
are a number of potential reasons for this — both eco-
nomical (briefly discussed above) and physical. First, in
many parts of the world rice is grown in the wet season
in low-lying areas where it is not possible to drain
fields and fields do not dry out because of rainfall. In
other areas rice is grown in flooded but rainfed
conditions and farmers are not likely to drain fields
intentionally due to risk of drought. Finally, in many
irrigated rice systems surface water is used and fields
and farmers within the irrigation scheme may be
hydrological connected making it difficult, if not impos-
sible, for a famer to manage a field independently. It is
critical to be able to manage water independently and
have enough water to rapidly flood a field when
needed due to the sensitivity of rice to even mild water
stress (Bouman & Tuong, 2001). For example, the
critical time to irrigate the AWD/40 was only a few
days later than the AWD/60 treatment; however, due
to the size of many rice fields in the US and how fields
are irrigated, it can take five to 10 days to reflood a
field. Therefore, depending on how the irrigation is
managed, critical soil moisture contents in the soils in
parts of the field may decrease considerably below the
targeted level resulting in yield declines.

Finally, this study demonstrates the potential to
achieve multiple environmental goals through AWD.
However, there are trade-offs to consider in that some
AWD strategies lower yields while others maintain or
even increase grain As levels. Plant breeding to develop
varieties that can achieve some or all of these goals is an
avenue to consider. It has already been demonstrated
that there are varietal differences in terms of CH, emis-
sions (Lindau et al., 1995; Wassmann et al., 2002) and
grain As concentrations (Hu ef al., 2013). While efforts
may continue in this area, this study suggest that with

limited resources efforts should focus on breeding vari-
eties that are less sensitive to yield reductions under
nonsaturated soil conditions. By achieving this outcome
of no yield reduction, the other benefits can be realized
through field management practices. For example, by
breeding for rice that can withstand water conditions
similar to AWD/60 without a yield loss as our study
shows, the other goals of reducing GWP (90%), water
use (31%) and grain As (49%) can be achieved.
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