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A B S T R A C T

Flooded rice production is crucial to global food security, but there are associated environmental concerns. In
particular, it is a significant source of methane (CH4) and nitrous oxide (N2O) emissions and a large consumer of
water resources, while arsenic levels in the grain are a serious health concern. There is also a tendency to use
more organic fertilisers to close nutrient cycles, posing a threat of even higher GHG emissions and grain arsenic
levels. It has been shown that alternate wetting and drying (AWD) water management reduces both water use
and GHG emissions, but success at maintaining yields varies. This study tested the effect of early AWD (e-AWD)
versus continuous flooding (CF) water management practices on grain yields, GHG emissions and grain arsenic
levels in a split-plot field experiment with organic fertilisers under organic management. The treatments in-
cluded: i) farmyard manure, ii) compost, and iii) biogas digestate, alone or in combination with mineral ferti-
liser. The e-AWD water regime showed no difference in yield for the organic treatments. Yields significantly
increased by 5–16 % in the combination treatments. Root biomass and length increased in the e-AWD treatments
up to 72 and 41 %, respectively. The e-AWD water regime reduced seasonal CH4 emissions by 71–85 % for
organic treatments and by 51–76 % for combination treatments; this was linked to a 15–47 % reduction in
dissolved organic carbon (DOC), thereby reducing methanogenesis. N2O emissions increased by 23–305 % but
accounted for< 20 % of global warming potential (GWP). Area and yield-scaled GWPs were reduced by 67–83
%. The e–AWD regime altered soil redox potentials, resulting in a reduction in grain arsenic and lead con-
centrations of up to 66 % and 73 % respectively. Grain cadmium levels were also reduced up to 33 % in organic
treatments. Structural equation modelling showed that DOC, redox, ammonium and root biomass were the key
traits that regulated emissions and maintained yield. Despite the fact that the experiment was conducted in the
dry-season when soil moisture conditions can be relatively well-controlled, our findings should be confirmed in
multi-year studies in farmers’ fields. These results suggest that in flooded rice systems receiving organic
amendments or organic management, the e-AWD water regime can achieve multiple environmental and food
safety objectives without compromising yield.

1. Introduction

A major challenge facing global agriculture in the 21st century is the
provision of sufficient, healthy food for the world’s growing population,
while concurrently reducing its environmental footprint with the
challenges of water scarcity, extensive degradation of soil and climate
change (Foley et al., 2011). Rice (Oryza sativa L) is the staple food of
more than half the population of the world (IRRI, 2013) and is grown

on over 163 million ha of cropland (FAOSTAT, 2014). It is also the main
irrigated crop worldwide, covering 29 % of the planet’s total irrigated
crop area and almost 50 % of the irrigated cereal area (FAO, 2018).
Estimates suggest that rice production is responsible for the consump-
tion of more than 45 % of all freshwater resources in Asia, and ap-
proximately 30 % of the world’s irrigation water (Bouman and Tuong,
2001; Bouman, 2007). Furthermore, an analysis of crop yield trends
combined with models shows that global rice productivity will need to
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increase by 8–10 million Mg per year in the next ten years to meet
global demand (Seck et al., 2012). This has highlighted the need for
sustainable intensification (Godfray et al., 2011), i.e. achieving higher
yields while reducing damage to the environment, protecting natural
resources and ensuring global food security. Increasing production also
implies a greater demand for water. Nevertheless, freshwater resources
worldwide face the strain imposed by a rapidly increasing population
and associated demands for water for urban and industrial use
(Bouman, 2007).

One specific concern is that the increased demand for rice will
contribute to human-induced climate change because rice fields are a
significant source of global CH4 emissions (Smith et al., 2007). Ap-
proximately 30 % and 11 % of global agricultural CH4 and N2O emis-
sions respectively originate from rice cultivations (US-EPA, 2006; IPCC,
2007). Saturated soil conditions and elevated CH4 emissions have re-
sulted in the global warming potential (GWP) of GHG emissions from
rice on a per ha basis already being four times higher than for maize
and wheat (Linquist et al., 2012). Moreover, as a result of warmer
temperatures and higher atmospheric CO2 concentrations, CH4 emis-
sions from rice fields in future may increase by up to 58 % (Van
Groenigen et al., 2013). The CH4 load in the atmosphere is therefore
projected to increase from about 300Mt yr−1 in 1980 to 750Mt yr−1 in
2100 if no action to mitigate the situation is taken (Van Groenigen
et al., 2013).

A highly promising option to decrease water use and reduce GHG
emissions without jeopardising rice production is alternative water
management such as alternate wetting and drying (AWD). This ap-
proach allows fields to dry for a certain number of days and only ap-
plying irrigation water when plants show signs of water shortage or
when a certain threshold of soil water potential is reached (Tuong et al.,
2005; Bouman, 2007). This strategy has been shown to decrease irri-
gation water use and reduce GHG emissions while maintaining or im-
proving yields (Richards and Sander, 2014). Although AWD sub-
stantially reduces CH4 emissions (Qin et al., 2010; Pandey et al., 2014;
Linquist et al., 2015; Xu et al., 2015), it can lead to higher N2O emis-
sions, resulting in a trade-off (Yang et al., 2012; Ahn et al., 2014).
Furthermore, the reported effect of AWD on grain yield is very variable.
Some studies have shown that AWD can bring about yield reductions of
up to 70 % compared to the flooded control (Bouman and Toung, 2001;
Linquist et al., 2015; Xu et al., 2015), while many others have shown no
change in yield at all (Belder et al., 2004; Dong et al., 2012; Yao et al.,
2012; Pandey et al., 2014) or even an increase (Liu et al., 2013a,b). The
variable yield response to AWD is not unexpected given the extensive
range of water management regimes classified as AWD. These AWD
practices can broadly be classified into two categories: i) mild AWD and
ii) severe AWD (Carrijo et al., 2017). The mild AWD practice uses field
water level (FWL) ≤ 15 cm or soil water potential (SWP) ≥−20 kPa as
AWD thresholds, and can reduce water use by 7–25 % and CH4 emis-
sions by up to 48 % with no effect on grain yield. Although severe AWD
(SWP<−20 kPa) can reduce water usage by up to by 33 % and me-
thane emissions by up to 90 %, it has often resulted in a yield penalty,
which is a serious concern for farmers and for the sustainability of the
production systems. This has highlighted how crucial the extent and
timing of AWD are for grain yields (Boonjung and Fukai, 1996). The
challenge therefore lies in modifying mild AWD or having an optimal
combination of both practices, which can strongly mitigate greenhouse
gas emissions in the same way as severe AWD while simultaneously
increasing grain yield. Although the severity of AWD has previously
been investigated, its timing has not been extensively studied and could
provide a potential solution to this aspect. A recent laboratory study
involving the timing and duration of drainage by Islam et al. (2018)
showed that long early-season drainage (LED) can result in a remark-
able emission reduction by stabilising the dissolved organic carbon
(DOC) early in the season. The present study’s proposed early AWD (e-
AWD) water regime combines this knowledge of LED with the mild
AWD practice. This is also related to the “safe AWD” practice promoted

by the International Rice Research Institute (IRRI), which uses a FWL of
15 cm as the threshold for rewetting so as to avoid a penalty in yield
(Bouman, 2007). This e-AWD has the potential to be the optimum
setting for AWD practice because its LED component may stabilise re-
active C (from organic fertilisers and soil) early in the season, leading to
less substrate for methanogens and increasing redox potential (Eh), all
of which will suppress methanogenic activity and favour methano-
trophs instead so that CH4 is oxidised, while a safe AWD threshold will
ensure it reduces water use without negatively affecting yield. From the
perspectives of farmers, saving water without reducing grain yield is
the ultimate focus for the adoption of such a practice, while a reduction
in GHG emissions is considered a welcome side benefit. Incorporating
early-season drainage with one mid-season drainage episode can also
reduce CH4 emissions, but the water saving of such practice is minimal.
Tariq et al. (2017) tested early+mid-season drainage in Vietnam, but
the early drainage started at 15 DAT, which may not be early enough
for systems in which large amount of organic fertilisers are applied, e.g.
organic production, because a considerable amount of methane can be
emitted during this period. Moreover, a simple process of this kind with
two episodes of drainage has a limited effect on yield, but a practice
such as AWD with multiple drainage episodes throughout the season
that saves more water may have adverse effects on grain yield. There-
fore, incorporating early-drainage with proven safe-AWD practice could
be the way forward in that it reduces significant water use and methane
emissions simultaneously without affecting grain yield. This is an area
that merits further exploration.

In addition to water management, fertilisation also plays a key role
in both yield and GHG emissions (especially N2O) (Mueller et al.,
2013). Greater (over)use of mineral fertilisers has resulted in the
widespread degradation of natural resources and disturbance of global
nutrient cycles (Robertson and Vitousek, 2009; Schlesinger, 2009;
Hoekstra and Mekonnen, 2012). Combined with increasing costs of
mineral fertilisers, there is increasing interest in the application of or-
ganic fertilisers such as manures, composts and digestates to agri-
cultural soil. Application of these organic fertilisers has several ad-
vantages such as reducing costs, contributing to climate change
mitigation through C sequestration (Diacono and Montemurro, 2010),
stimulating soil life, improving soil structure and fertility, and si-
multaneously helping to tackle waste management issues (Tirado et al.,
2010). There is greater interest in rice production in accordance with
organic farming principles, and already a growing market in Asia,
Europe and the USA for rice produced under organic standards and
certification schemes, i.e. without synthetic mineral fertilisers. Owing
to its higher unit price and perceived health benefits, certified organic
production is projected to increase rapidly, which means an increasing
amount of rice will be produced in future using organic fertilisers.

However, there are a number of drawbacks to using organic ferti-
lisers, which include potential contamination with heavy metals as well
as higher GHG emissions (Petersen et al., 2003; Snyder et al., 2009).
Heavy metals or metalloids in manure are a concern in organically
fertilised rice systems owing to metals being added to animal feed in
intensive animal productions (Paradelo et al., 2011a,b; Wang et al.,
2013). The main heavy metals in rice systems are arsenic (As), cad-
mium (Cd) and lead (Pb), and health risks associated with ingestion of
As-contaminated rice are of considerable concern in countries in which
rice is a daily staple food (Mandal and Suzuki, 2002; Zhu et al., 2008).
Due to anaerobic reduced conditions typically associated with flooded
rice cultivation, As is reduced from As (V) to more mobile As (III)
(Takahashi et al., 2004), leading to higher soil solution As concentra-
tions. This increases its phyto-availability and uptake by rice since the
dominant species taken up by rice roots is As (III) (Chen et al., 2005; Ma
et al., 2008; Zhao et al., 2010). Previous studies in the USA with mi-
neral fertilisers have demonstrated reduced grain As accumulation with
AWD (Linquist et al., 2015), but its effectiveness in organically pro-
duced rice with the various forms of manure applied is still unclear. So
far, the common practice in rice systems has been to apply mineral N
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fertilisers with occasional application of rice straw as an organic
amendment, which has also been the focus of previous AWD studies.
However, the application of full doses of various forms of organic fer-
tilisers under organic management is relatively new and the impact of
AWD in such systems is less clear, which indicates the need for a more
comprehensive and systematic study.

The present study was the first to test an e-AWD system combining
“LED” and “safe AWD” to maximise the potential of AWD practice for
reduction of greenhouse gas emissions, water use and grain As accu-
mulation while maintaining crop yield. The benefits associated with
AWD management in rice systems have been investigated separately in
various studies, however the objective of the present study was to
evaluate the multiple benefits of e-AWD in a single comprehensive in-
vestigation to facilitate better understanding of the processes and in-
teractions involved. It was hypothesised that an e-AWD water man-
agement regime can maintain grain yield with the application of similar
N rates of various organic fertilisers alone or in combination, while
decreasing total As levels in the grain and GWPs from rice production.

2. Materials and methods

2.1. Site characteristics and experimental setup

A field experiment was set up at the Experimental Station of the
International Rice Research Institute in Los Baños in the Philippines
(14°09′42.3″N 121°15′48.0″E). It is located at an elevation 21m above
mean sea level, has average yearly rainfall of 2115mm (2000–2016)
and an average annual mean air temperature of 27.4 ± 0.36 °C. The
study was conducted during the 2016 dry season (DS). The soil has been
classified as Aquandic Epiaquoll (Soil Survey Staff, 1994) with a 62 % a
clay content. The soil properties include pH=6.54, total C (g
kg−1)= 21.6, total N (g kg−1)= 1.9, Olsen P (mg kg−1)= 18, ex-
changeable K (c mol kg−1)= 1.9 and CEC (c mol kg−1)= 39. The
study site was historically cropped with paddy rice. The land was left as
fallow and no artificial chemicals were applied in the three years
leading up to the experiment. The experiment comprises a split-plot
design with three replications. The main plots had two water treat-
ments, while subplots consisted of nine fertiliser treatments. The
treatments are given in Table 1.

An inbred rice variety (NSIC Rc18) was used with 20× 20 cm
spacing in plots of 4×4m. At the start of the rice growing season, land
was initially prepared with dry cultivation using a plough, followed by
land soaking, ploughing, harrowing and levelling using a two-wheel
tractor with wooden planks, which incorporated the respective organic
fertiliser amounts in all the management treatments. On 30 January
2016, fourteen-day-old rice seedlings were transplanted manually with
a spacing of 20 cm x 20 cm and were manually harvested at 102 days

after transplanting (DAT). Cultural and mechanical practices of in-
tegrated pest management (IPM) were followed in the experimental
plots. These included the ploughing the field in summer, healthy seed
selection, timely planting, the raising of a healthy nursery, the removal
of weeds from the field, regular field monitoring and pest-infested plant
parts removal and destruction, the clipping of rice seedling tips and the
collection of pest egg masses and larvae. To control snails, in the early
morning and afternoon when snails are most active, they were hand-
picked, and egg masses were crushed. Bamboo stakes were placed in
each plot to provide sites for egg laying that allowed easy collection of
snail eggs for destruction. A wire screen was also placed on the main
irrigation water inlet and outlet to prevent snail entry. In order to stop
rats and other pests from entering the experimental plots, the whole
experimental site was fenced with a tough plastic sheet positioned up to
1m belowground and 50 cm aboveground. No insecticides, pesticides
or herbicides were applied in any of the treatments at any point in the
experiment. Plots were separated by a 1-m deep plastic barrier to pre-
vent contamination and lateral movement of nutrients. Organic ferti-
lisers were applied five days before transplanting, with the practice
closely following organic farming principles. In combination treatment
plots, organic fertilisers were similarly applied five days before trans-
planting. Mineral N fertilisers were applied following common practice
in three split applications of 30 %, 35 % and 35 % at 10, 32 and 46 DAT
respectively. The soil was kept saturated with 2−3 cm water in the
early vegetative stage from 0 to 3 DAT to allow the seedlings to recover
from the transplanting shock. Subsequently, in the conventional (CF)
water regime, a 5-cm water depth was maintained in the field until 10
days before harvest (92 DAT). In order to monitor the depth of the
water table in the field and schedule irrigation in e-AWD plots, a
number of perforated PVC pipes (10 cm diameter, 30 cm long, 5mm
slot size at a spacing of 5*5 cm) were installed 10 cm above the soil
surface and 20 cm below the soil surface. In the e-AWD water regime,
the first drainage was implemented as early as 4 DAT for seven days
(LED) (much earlier than 20 DAT which is common in safe AWD
practices); afterwards irrigation was scheduled when the soil water
level reached a depth of 15 cm and the wetting and drying cycles
continued throughout the season (drainage usually stops at the flow-
ering stage in the safe AWD practice). In both water regimes, the plots
were drained ten days before harvest to allow the grains to fully ripen
and for the fields to dry for easy harvesting.

2.2. Gas sampling, analysis and calculation

The collection of gas samples was carried out on 29 occasions be-
tween -7 and 116 DAT, which included the land preparation, growth
and fallow periods. Samples were always taken in the daytime between
8.00 am and 11.30 am. After each N application, gas measurements
were taken daily for five consecutive days. Every single chamber was
anchored by a stainless-steel metal base (40 cm length x 22 cm x width
12 cm height) which was inserted into the soil at about 10 cm depth.
The chamber contained two rice hills. The gas flux chambers were made
of Plexiglas with measurement of 40 cm length x 22 cm width, were
used at variable heights (11, 42, and 81 cm) to adapt the height of the
growing plants inside the chamber (Sander et al., 2014). Each chamber
comprises of a vent to allow pressure equilibration, two fans, a ther-
mometer, and a gas sampling port. Gas samples were collected by a 60-
mL syringe fitted with a stopcock at 0, 10, 20 and 30min after the
chamber was closed. The gas samples were then immediately injected
into an evacuated 30-mL vial, and the concentrations of CH4 and N2O
analysed using a gas chromatograph (SRI GC-8610C) equipped with
separate detectors for CH4 and N2O. N2O was determined by electron
capture detector (ECD) operated at 350 °C and CH4 was determined by
flame ionisation detector (FID) operated at 300 °C. The CH4 and N2O
fluxes were calculated in accordance with Smith and Conen (2004) and
Vu et al. (2015). To calculate GWP in CO2 equivalents based on a 100-
year time horizon, seasonal CH4 emissions were multiplied by a factor

Table 1
List of fertiliser treatments.

No. Fertiliser management Composition Total N/ha

Organic fertiliser only
1 FYM 100 % farmyard manure 160 kg N
2 Compost 100 % compost 160 kg N
3 Digestate 100 % biogas digestate 160 kg N

Organic+mineral fertiliser
4 FYM+Urea 50 % farmyard manure + 50 % urea 160 kg N
5 Compost+Urea 50 % compost + 50 % urea 160 kg N
6 Digestate+Urea 50 % biogas digestate + 50 % urea 160 kg N
7 Compost+AS 50 % compost + 50 % ammonium

sulfate
160 kg N

Control treatments
8 Urea 100 % urea 160 kg N
9 Unfertilised control No fertiliser 0 kg N
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of 34 and seasonal N2O emissions by a factor of 298 (Hou et al., 2012;
IPCC, 2013; Wang et al., 2015). The yield-scaled GHG emissions were
calculated by dividing CO2-equivalents emissions by rice yield ac-
cording to Van Groenigen et al. (2010).

2.3. Soil and plant analyses

Soil samples were collected 11 times during the rice-growing season
and analysed for ammonium, nitrate and DOC. Samples of soil were
collected from all three replicates of the 18 treatments, with five sub-
samples taken from the top 20 cm at one at the middle and four corners
of each field plot. These sub-samples were then bulked into a composite
sample representing the true field replicate (Gómez-Muñoz et al.,
2017). Collected soil samples were stored at −20 °C until further ana-
lysis. Soil NH4

+ and NO3
_ concentrations were analysed after extraction

with a 1M KCl solution by flow injection analysis (FIAstar 5000 flow
injection analyser (Foss Analytical, Hillerød, Denmark)) according to
Gómez-Muñoz et al. (2017). DOC was measured after soil extraction
with ultra-pure water (UPW), as described by Straathof et al. (2014),
and analysed on a Shimadzu TOC-VCPN (Kyoto, Japan) for DOC. Mi-
crobial biomass carbon was determined by using the chloroform fu-
migation extraction method modified for flooded rice soils (Vance et al.,
1987; Inubushi et al., 1991). Soil pH was analysed in H2O suspensions
(1:5 w/v). CEC (Cation exchange capacity) of soil was measured with
0.1M BaCl2 solution with ICP-AES (Thermo iCAP 6500 DV; Thermo
Fisher Scientific). Total Nitrogen of soil samples was determined by first
digesting the organic compounds with potassium persulfate at pH=4
followed by UV-digestion by means of sodium borate using a segmented
flow analyzer (SFA). Total organic carbon was measured using 0.01M
CaCl2 extracts using SFA (NEN-EN 1484, 1997; Houba et al., 2000).

To measure root biomass, samples were collected at harvest (102
DAT) using a Monolith sampler (20× 20 cm, 45 cm depth, as described
by Henry et al. (2011)). Roots were washed based on the “Goetingen
method” as described by Böhm (1979) and root samples were collected
in a coin envelope, oven-dried and weighed. To determine root length,
roots were arranged and floated on shallow water in a glass tray
(30× 30 cm), scanned and analysed by WinRHIZO Root Analyzer
System (Regent Instruments Inc., Quebec, Canada). Each plot contained
platinum electrodes that were permanently installed and placed in pairs
at 0.1m depth for redox measurement. Soil redox potential was mea-
sured 23 times during the rice-growing season (always between 9.00
am and 11.00 am), compared to an Ag/AgCl reference electrode at a
soil temperature of 30 ± 2 °C. Subsequently, the readings were con-
verted to the standard hydrogen electrode reference at 25 °C by addi-
tion of 197mV (PCRA, 2007). The plants attained physiological ma-
turity at 102 DAT with more than 80 % ripe grains and the
aboveground plant biomass and grains were then harvested, oven-dried
and weighed. Grain samples were prepared and heavy metals were
analysed by ICP-MS (Agilent 7900, USA) according to the standard
protocol (D’Ilio et al., 2002; Spanu et al., 2012; Linquist et al., 2015;
Pan et al., 2016). Briefly, a decontaminated agate-ball mill was used to
ground the rice grains. The ground rice flour thus obtained was sub-
sequently digested by acid-assisted microwave (MW) irradiation using a
commercially available oven (MLS-1200 Mega, FKV, Bergamo, Italy).
The rice grain sample of 0.5 g was placed in a PTFE vessel and a mixture
added of 5ml 65 % HNO3 Suprapur (Merck, Darmstadt, Germany), 1 ml
30 % H2O2 Suprapur (Merck) and 1ml high purity deionised water
(EASY pure UV, Barnsteady Thermolyne, Dubuque, IA, USA) (18 MO).
After being closed, the vessel underwent the relevant digestion cycle:
1 min 40 s at 250W, 2min at 0W, 6min at 250W, and then 8min at
400W. The vessel temperature at the end of the digestion cycle was
typically no higher than 120 °C. Then the vessel was kept under the ice
for about 2 h for cooling. After opening the vessel, the content was
diluted with up to 20 cm3 of water and then a 0.45 μm polypropylene
filter was used to filter the solution. Single-element calibrants were
prepared from 1000mg ly1 stock solutions of As, Cd, Co, Cr, Cu, Fe, Mn,

Pb, V and Zn in 2 % HNO3 (Spex Industry, Edison, NJ, USA) by dilution
with high-purity deionised water. Horwitz’s theory (Horwitz, 1982) was
used to successfully verify the acceptability of the precision values. To
evaluate the trueness, repeated analyses on three CRM rice flours at
different total As concentrations, ranging between 290 ± 30 μg kg−1

(NIST SRM 1568a) and 49 ± 4 μg kg−1 (IRMM 804) was utilized. The
obtained recovery values ranged between 96 % and 97 %.

2.4. Carbon payment

For the carbon payment, the June 2016 price of mitigation of US$
12.75Mg–1 of CO2 equivalent (eq) from the European Carbon Futures
Market on the European Energy Exchange (EEX) was used. To calculate
the profit for each alternate irrigation regime, the simplified version
from Nalley et al. (2015) was adopted (Table 3). The profit for irriga-
tion regime j including C payment used can be written as:

π j = (PYj) −Cj + (PCO2 XCO2j) (1)

where P is the average price for a kilogram of rice in 2016, Yj is the
yield under irrigation regime j, Cj is the other costs of production (seed,
fertiliser, labour etc.) for each irrigation regime j, which were assumed
to be fixed because the same variety was used. It was therefore dropped
from the relative comparison. This meant that profits in absolute terms
estimated in Eq. [1] were unbiased. PCO2 is the price of Mg–1 of CO2

and XCO2j is the amount of total CO2 eq GHG (CH4 and N2O) reduction
from irrigation regime j compared with traditional flooding. Compared
to the carbon payment from the reduction of methane, the payment for
diesel use reduction for irrigation is relatively small, and are not ap-
plicable in areas under gravity-driven irrigation systems. These were
therefore not considered in this calculation.

2.5. Statistical analysis

In this study Statistical Analysis System (SAS) software version 9.4
(SAS Institute Inc., USA) was used for statistical analysis. The nor-
mality, independence and homogeneity of variance of the dataset were
examined and all the data met the assumptions without transformation.
PROC MIXED in SAS software was used for analysis of variance with the
general linear model (GLM) procedure on the growing season’s cumu-
lative CH4 emissions, N2O emissions, yield, and grain As, Pb and Cd. A
two-way ANOVA was used with two water management regimes (CF
and e-AWD) and fertiliser treatments were included as fixed effects and
the block and block-by-treatment interaction was included as random
effects to test their impact on CH4, N2O emissions, GWP and yield-
scaled GWP. Tukey’s HSD test was utilized to determine the significant
difference at the 95 % level (P < 0.05).

Structural equation modelling (SEM) was performed using the
LAVAAN R package (Rosseel, 2012) to identify the direct and indirect
controls of plant and soil variables on CH4 and N2O emissions and
thereby improve overall mechanistic understanding. A priori models
were created on the basis of the hypotheses of variables affecting CH4

and N2O emissions. Prior to SEM analyses, the units of the predictor and
dependent parameters were adjusted to obtain comparable parameter
variances. Model modification indices were applied to remove non-
significant relationships following a stepwise procedure (Abalos et al.,
2016). The effect of these removals was tested using the Akaike in-
formation criterion (AIC) and model fit was tested using a likelihood
ratio test (De Vries and Bardgett, 2016). The model fit was assessed
using the X2 goodness of fit statistic (P-values> 0.05 indicates a sta-
tistically significant model fit), the root mean square error of approx-
imation value (RMSEA), the comparative fit index (CFI), the standar-
dised root mean square residual (SRMR), the Bayesian information
criterion (BIC) and the Akaike information criterion (AIC) (Grace, 2006;
Kline, 2011).
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3. Results

3.1. Rice yield and grain heavy metal content

In all the treatments in which organic fertilisers were applied (either
with or without artificial fertiliser), e-AWD produced higher yields
compared to CF (Table 2), although this increase was only significant
(p < 0.05) for the Compost, Digestate+Urea and Compost+AS
treatments. For the e-AWD treatments receiving organic fertiliser, the
highest yields were found for two combination treatments (Com-
post+Urea and Compost+AS) at 7.5Mg −1, while the lowest yields
were for the FYM treatment (5.8 Mg ha−1).

Total grain arsenic concentrations ranged from 180 to 460 μg kg−1

in the various organic fertiliser treatments (Table 2a) and from 200 to
240 μg kg−1 in the combination treatments (Table 2b) under conven-
tional CF. Overall, arsenic levels were reduced by 57 % (p < 0.05) by
the e-AWD water regime in organic fertiliser treatments, while in
combination treatments the reduction of arsenic levels was lower,
averaging just 37 %. A similar trend was observed for lead; on average
the e-AWD water regime resulted in a reduction in grain lead con-
centrations in organic and combination treatments of 72 % and 56 %
(p < 0.05) respectively. The e-AWD water regime reduced grain cad-
mium levels by 33 % in both compost and digestate treatment. How-
ever, no significant differences in Cd concentrations in rice grain were
found between the fertiliser and water treatments in combination
treatments.

3.2. GHG fluxes

Fig. 1 shows the temporal dynamics of the CH4 fluxes for all treat-
ments and Table 3 gives the cumulative emissions. Seasonal CH4

emissions from the FYM, Compost and Digestate treatments were re-
duced in the e-AWD water regime by 69, 76 and 85 % respectively.
Overall, e-AWD reduced CH4 emissions by 77 % (p < 0.01). In the
treatments with organic fertilisers only, both the FYM and Digestate
treatments showed a higher initial CH4 flux after transplanting com-
pared to the Compost treatment (Fig. 1). FYM had the highest peak of
the three organic fertiliser treatments at 51mgm−2 h−2, which was
reached three weeks after transplanting. In the e-AWD water regime,
emissions from FYM and digestate were considerably reduced. Of the
three organic fertiliser treatments, compost showed the lowest CH4

emissions and peaks in both water treatments. Methane emissions from
combined mineral and organic fertiliser treatments were lower than
treatments receiving only organic fertiliser in both water regimes. This
was due in particular to a much lower first peak than the conventional
CF and no second peak. Methane emissions from the FYM+Urea,
Comp+Urea, Compost+AS, Digestate+Urea treatments were re-
duced by 74, 72, 51 and 71 % respectively in the e-AWD water regime.

The largest proportion of N2O emissions was limited to peaks re-
lated to fertiliser application and soil drainage events as part of the e-
AWD water management regime (Fig. 2). During the rice-growing
period two to four N2O emission peaks were found, depending on the
fertiliser treatments. Cumulative N2O emissions were significantly af-
fected by both the fertiliser and water regimes (Table 3). In comparison
with the overall low emissions under CF, e-AWD water treatments re-
sulted in a 23–305 % increase for treatments receiving organic fertiliser

Table 2
Rice grain yields and grain total arsenic, lead and cadmium concentrations of polished white rice in e-AWD vs. the CF water regime in a) organic systems b)
combination systems.

(a)

Water
treatment

Organic
fertiliser
treatment

Rice
grain
yields*
(Mg
ha−1)

Rice grain concentration* (μg kg−1)

Arsenic (As) Lead (Pb) Cadmium (Cd)

CF regime FYM 5.5c 460a 110a 40a

Compost 5.9bc 320b 90b 30a

Digestate 6.3a 450a 60c 30a

Unfertilised
control

3.3d 180c 30d 20b

e-AWD
regime

FYM 5.8bc 160d 30d 30a

Compost 6.5a 180c 20d 20b

Digestate 6.6a 190c 20d 20b

Unfertilised
control

2.8e 150d 20d 20b

(b)

Water treatment Combination fertiliser treatment Rice grain yields* (Mg ha−1) Rice grain concentration* (μg kg−1)

Arsenic (As) Lead (Pb) Cadmium (Cd)

CF regime FYM+Urea 5.7cd 240a 70a 30a

Compost+Urea 7.1ab 200b 50b 20a

Digestate+Urea 6.1cd 230a 40b 30a

Compost+AS 6.9bc 200b 45b 20a

Urea (control) 6.9bc 180c 30c 20a

e-AWD regime FYM+Urea 6.4bc 150c 30c 30a

Compost+Urea 7.5a 130d 20c 30a

Digestate+Urea 7.1ab 140d 20c 30a

Compost+AS 7.5a 130d 20c 25a

Urea (control) 6.7bc 130d 20c 30a

* Within the column, the values with different letters are significantly different at the p < 0.05 level.
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Fig. 1. Dynamic temporal patterns of the methane flux of e-AWD vs. the CF water regime as affected by organic fertilisers only or by organic and mineral fertiliser
combinations. The approximate time the soil was flooded or saturated in the e-AWD water regime is represented by the shaded bars. Error bars indicate 1 S.E.M.
(n=3).
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Fig. 2. Nitrous oxide flux of e-AWD vs. the CF water regime as affected by organic fertilisers only or organic and mineral fertiliser combinations. Error bars are
omitted for improved clarity. The shaded bars represent the approximate time the soil was flooded or saturated in the e-AWD water regime.
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only, and a 33–292 % increase for the treatments receiving combined
organic and mineral fertiliser applications (Table 3). The seasonal total
N2O emissions ranged from 0.45 to 1.85 kg N2O ha−1 across organic
and combination fertiliser treatments.

3.3. Soil and root parameters

Patterns of DOC differed clearly between the CF and e-AWD water
regimes, most notably by a sharp decrease (21–47 %) after early-season
drainage in the e-AWD regime (Fig. 3).

Fig. 3. Dissolved organic carbon (DOC), extractable mineral N (NH4
+ and NO3

−) and redox potential as affected by the e-AWD water regime and fertiliser treat-
ments.
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CF also resulted in a much higher soil NH4
+ content during the

vegetative and ripening stage of rice growth (Fig. 3; S1), whereas higher
soil NH4+ was observed during the vegetative and reproductive stage in
the e-AWD water regime, where NH4

+ availability was 33–45 % higher
from different organic treatments and 37–48 % higher from the or-
ganic+mineral fertiliser combination treatments relative to the con-
trol CF. NO3

− availability increased through the aerobic cycles im-
plemented as part of the e-AWD water regime by 10–27 % for organic
treatments and by 5–24 % from the combination fertiliser treatments.

The redox potential (Eh) under CF ranged between -68 and
−329mV for treatments receiving organic fertilisers and from -61 to
−255mV for mineral and organic combination fertiliser treatments
respectively (Fig. 3). Under the e-AWD water regime, these ranges were
-38 to −287mV and +117 to −318mV respectively. Generally, the
drainage episodes in e-AWD water regime increased the soil redox
potential whereas re-flooding decreased the redox potential of soil. The
CH4 emission peaks were associated with periods of very low redox
potential. On the other hand, higher N2O emissions were associated
with high soil redox potential.

Relative to CF, e-AWD resulted in lower microbial biomass carbon
(MBC) for the FYM and Digestate treatments and a 46 % increase for the
Compost treatment (Fig. 4). In treatments receiving combined fertiliser
applications, e-AWD increased MBC by 58–312 %. Generally, root
biomass and root length increased due to e-AWD in all treatments.
Relative to the CF water regime, root biomass and root length increased
in organic rice treatments by 9–72 % and 28–41 %, while in

combination rice treatments under e-AWD water management it in-
creased by 10–41 % and 20–33 %, respectively.

3.4. Structural equation model (SEM)

Fig. 5 shows the outcome of the structural equation model (SEM).
This conceptual model fitted well with the measured data in this study
(χ2=0.766-0.854, p= 0.48-0.80, CFI= 1, RMSEA=0.86-0.87,
AIC= 766–992). Modification indices (mi) values were low, indicating
that this model could not be improved more by adding further re-
lationships. For CH4 emission, the SEM revealed that dissolved organic
carbon (DOC), root biomass, redox and MBC regulate the CH4 emis-
sions. Root biomass was found to play a central role by directly and/or
indirectly influencing all the factors involved, and had a strong positive
influence on grain yield and DOC. DOC had the strongest significant
relationship with the CH4 emissions of all the parameters. However, the
relationship between yield and CH4 emissions was not significant. The
effect of soil redox potential was also highly significant, but its con-
tribution was low compared to the other three factors. For N2O emis-
sion, soil NH4

+, NO3
− and redox potential played a central role. The

NH4
+ had the strongest significant relationship with the N2O emissions

of all the parameters. Root biomass was found to significantly affect the
NH4

+ and DOC but unlike the CH4 emission, the relationship between
DOC and N2O emissions was not significant, but it did improve the fit of
the model.

Fig. 4. Root biomass (a), root length (b) and microbial biomass carbon (c) as affected by e-AWD water regime and fertiliser treatments. FYM= farmyard manure,
CP= compost, DS= digestate, UR=Urea, AS=Ammonium sulphate.
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3.5. Area-scaled and yield-scaled GWP, carbon payment

Although the relative increase in N2O emissions was considerable,
area-scaled emissions expressed as GWP were dominated by CH4

emissions, with their contribution ranging from 80 to 98 % in treat-
ments receiving organic fertiliser. Relative to CF, GWP decreased sig-
nificantly (p < 0.01) in e-AWD by 69, 70 and 83 % in the FYM,
Compost and Digestate treatments respectively (Table 3). This reduc-
tion was less in treatments receiving combinations of fertilisers, where
it ranged from 29 to 63 %.

The FYM treatment under the CF water regime showed the highest
yield-scaled GWP (1.6 kg CO2 equiv. kg−1 rice grain), and was significantly
(p < 0.01) higher than the other fertiliser treatments in both water regime
(Table 3). Introducing the e-AWD water regime reduced yield-scaled GWP
from treatments receiving organic fertiliser alone by 70–84%, and by 23–65
% for treatments receiving combined fertiliser applications. These results
indicate that under the e-AWD water regime, the organically fertilised rice
treatments were the largest benefactor of C payment, however overall the
most economically attractive options were the combination treatments of
compost and digestate with either urea or AS (Table 3).

Fig. 5. Structural equation model (SEM) to explain: a) CH4 emission mediated by soil parameters and plant traits in rice ecosystems, and b) N2O emission mediated
by soil parameters and plant traits in rice ecosystems. The weight of the arrows indicates the strength of the causal relationship. Dashed arrows represent non-
significant relationships and continuous arrows represent significant relationships (*p < .05; **p < .01; ***p < .001). Numbers next to the arrows represent the
(positive or negative) path coefficients. R2 values denote the amount of variance explained by the model for the response variables. The fit of model a was good
(χ2= 0.854, p= 0.484; comparative fit index= 1.000; root mean square error of approximation<0.05, p=0.862, Akaike information criterion= 766.8). The fit
of model b was good (χ2= 0.784, p= 0.835; comparative fit index=1.000; root mean square error of approximation<0.05, p= 0.876, Akaike information
criterion=996.2).

Table 3
Cumulative emissions of CH4 and N2O over the rice-growing season, total CO2 equivalent area-scaled and yield-scaled GWPs over the 100-year time horizon and
carbon (C) payment as affected by fertilisers and water management.

Water treatment Fertiliser treatment CH4 emission N2O emission GWPs Yield-scaled GWPs Proposed C payment † Final price of rice (including C payment)‡

kg CO2 eq. ha−1Kg CH4 ha−1 Kg N2O ha−1 kg CO2 kg−1 rice US$ ha−1 US$ ha−1

CF regime FYM 256.1a 0.64g 8900a 1.61a – 2008d

Compost 122.5c 0.22k 4233c 0.71c – 2154c

Digestate 217.6b 0.42ij 7528b 1.20b – 2300c

FYM+Urea 115.6c 0.47hi 4073c 0.71c – 2081d

Compost+Urea 66.4ef 0.53gh 2417ef 0.34fgh – 2592b

Digestate+Urea 86.7d 0.42ij 3074cd 0.50de – 2227c

Compost+AS 31.7gh 0.38j 1193gh 0.16ij – 2519b

Urea 74.3ed 1.19c 2887cde 0.41def – 2518b

Control 37.6gh −0.17l 1230fgh 0.37efg – 1205e

e-AWD regime FYM 75.2ed 0.79f 2796de 0.49de 77 2194c

Compost 29.2ghi 0.90e 1263gh 0.19fghi 38 2410b

Digestate 33.6gf 0.58g 1319fg 0.20ij 80 2489b

FYM+Urea 27.5hi 1.84a 1488gh 0.23hij 33 2369b

Compost+Urea 18.8hi 1.02d 946h 0.13j 18 2756a

Digestate+Urea 25.5hi 0.91de 1142gh 0.17ij 24 2615a

Compost+AS 15.6i 1.05de 848h 0.12j 3 2740a

Urea 32.5ghi 1.61b 1586gh 0.24hij 16 2461b

Control 16.7i 0.45hij 706h 0.25fghi 7 1029f

Water ** ** ** ** **
Fertiliser ** ** ** ** *
Water x Fertiliser ** * ** ** NS

Within the column, the values with different letters are significantly different at the p < 0.05 level. The results from two-way ANOVA indicate relationships as NS
(not significant) or significant at * P < 0.05 or ** P < 0.01.
FAO, 2016. FAO rice price update http://www.fao.org/economic/est/publications/rice-publications/the-fao-rice-price-update/en/.

† March 2018 European Climate exchange CO2 eq price of US$ 12.75Mg−1.
‡ Yearly average price of rice in 2016 in Asia US$ 365Mg−1 by FAO Rice Market Monitor.
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4. Discussion

4.1. Factors affecting grain yield

The e-AWD water regime increased rice yield by 4–16 % overall
compared to the corresponding treatments in the conventional CF water
regime (Table 2). This yield gain (which was significant for two in-
dividual fertiliser application treatments) ties well with earlier studies
(Ramasamy et al., 1997; Wang et al., 2000; Qin et al., 2010; Feng et al.,
2013; Liu et al., 2013a,b), but contrasted with others that have reported
yield reductions due to conventional AWD (Bouman and Tuong, 2001;
Towprayoon et al., 2005; Linguist et al., 2015). Rice sensitivity to non-
saturated soil conditions is a major concern (Bouman and Tuong,
2001), therefore it is not surprising that the yield response to AWD
varies greatly in light of the large array of water management systems
regarded as AWD. Both timing and severity are crucial to grain yields
(Boonjung and Fukai, 1996; LaHaue et al., 2016). The present e-AWD
regime included a “safe AWD threshold” for rewetting (a water level of
15 cm below the soil surface;> 10 kPa), which is promoted by the IRRI
to prevent a yield loss (Bouman, 2007). Numerous field observations
have supported this threshold and have also found no negative effect of
AWD on yield (Dong et al., 2012; Yao et al., 2012; Pandey et al., 2014).
Although mitigation of CH4 emissions might be increased with in-
creasing the severity of drainage (Wassmann et al., 2000), it can have a
negative effect on grain yield (Lu et al., 2000).

Furthermore, other parameters might also influence the increase in
grain yield. The wetting and drying cycles in e-AWD reinforce the air
exchange between the soil and the atmosphere, thus supplying suffi-
cient oxygen to the root system and accelerating soil organic matter
mineralisation, which should result in more actively available nutrients
for rice growth. The large root dry matter with high root activity found
in this study (Fig. 4) implies that there is a strong water and nutrient
absorption capacity, which tends to favour high grain production.
Practice like AWD reported to have better resistance to lodging
(bending over) of stems, attributable to better anchoring of well-de-
veloped roots. A moderate drainage regime has been shown to enhance
root growth, facilitate the remobilisation of plant reserve C to the
grains, accelerate grain filling and improve grain yield (Yu et al., 2010).
Moreover, this study’s SEM model also illustrated a positive relation-
ship between root biomass and grain yield, which may explain the in-
creased yield in e-AWD plots. Furthermore, a meta-analysis by Linquist
et al. (2012) found that AWD resulted in greater yield benefits in soils
with SOC > 1 %, as high SOC is associated with lower bulk density,
higher aggregate stability, high porosity and improved structure, all of
which increase water-holding capacity and plant-available water
(Murphy, 2014). Finally, Kader et al. (2013) found that SOC is also
positively correlated with N mineralisation in aerobic rice soil, but not
in anaerobic rice soil, which suggests that N availability could increase
under AWD systems conducted in high SOC soils. This is further cor-
roborated by the present findings (Fig. 4), which indicate higher
availability of NH4

+ in e-AWD throughout the season.

4.2. Methane emissions

Methane emission is the outcome of the opposing processes of me-
thanogenesis and methanotrophy (Le Mer and Roger, 2001), The results
of the present study showed that in flooded rice systems the former is
greater than the latter, generating positive CH4 emissions during the
rice growing period. In general, low methane effluxes were found at the
beginning of the growing season, possibly due to H2 competition be-
tween methanogenic, sulfate-reducing and denitrifier bacteria due to
NO3

−and SO4
− availability (Le Mer and Roger, 2001). There was a

gradual increase in methane emission as the plants aged and there were
two peaks of CH4 efflux (Fig. 1), one at the vegetative stage around 21
DAT and another at the reproductive stage, from continuously flooded
plots with different organic and combination fertilisers. The initial peak

of CH4 efflux at the vegetative stage was probably due to the decom-
position of the applied organic matter and the native easily miner-
alisable organic matter in the soil, a decrease in Eh due to the devel-
opment of anaerobic soil conditions, and rapid growth of the rice plants
that facilitated the plant-mediated transport of CH4. The second peak
during the reproductive period of the rice plants from continuously
flooded plots was likely to be associated with the large supply of litter
and root exudates and highly reduced conditions in the rice rhizo-
sphere. This addition of carbon sources on top of the slowly mineralised
organic fertilisers under the CF water regime probably increase the
substrate availability for methanogens, which subsequently increase
CH4 production and ultimately emission to the atmosphere (Kimura
et al., 2004; Gaihre et al., 2011). However, in the e-AWD treatment the
initial peak of CH4 was substantially lower, while the second peak was
absent. During drying, soil changes from saturated to unsaturated
conditions causing physical release of trapped CH4 which often believe
to be reason for this second spike/peak (Linquist et al., 2015). In the
present study, CH4 emissions were found to be significantly higher from
the FYM, Digestate and Compost treatments under the conventional CF
practice, which is directly in line with previous findings (Adhya et al.,
2000; Zou et al., 2005; Naser et al., 2007; Ma et al., 2009).

The degree of CH4 emission and reduction facilitated by e-AWD
varied between the different fertiliser treatments. FYM had the highest
and Compost the lowest seasonal CH4 emissions in both water regimes.
The FYM and biogas digestate used in this study showed high CH4

emissions, probably due to large amounts of readily available C accel-
erating the reduction process and also supplying methane-producing
substrates to methanogens (Wang et al., 2000; Pathak et al., 2003; Ma
et al., 2009; Khosa et al., 2010). However, the composting process
possibly stabilised the labile C from manure compost, thus reducing the
potential for emissions. It has been shown that composting FYM can
result a 75 % reduction in CH4 emissions compared to uncomposted
FYM (Chen et al., 2011). The present study was in accordance with that
study because it indicated that conversion of FYM to compost reduced
CH4 emissions by 51 % in CF and by 61 % in the e-AWD water regime.

Overall, the e-AWD water regime reduced seasonal CH4 emissions
from the FYM, Compost and Digestate treatments by 69, 76 and 85 %
respectively. These large reductions are consistent with previous find-
ings (Tyagi et al., 2010; Itoh et al., 2011; Yang et al., 2012; Ly et al.,
2013; Ma et al., 2013; Liu et al., 2014; Pandey et al., 2014; Linquist
et al., 2015; Xu et al., 2015). Earlier studies of AWD, however, have
mainly focused on the artificial fertiliser or partial organic matter
supplement. The present study is the first comprehensive study in
which various forms of commonly used organic fertilisers alone and in
combination with synthetic mineral fertilisers have been tested side by
side.

Linquist et al. (2011) reported in a meta-analysis that on average
drainage reduces CH4 emissions by 49.5 %. The IPCC Tier 1 system
considers that a single drainage reduces CH4 emissions by 40 % and
multiple drainage e.g. AWD practice reduces by 48 % (Yan et al., 2005;
Lasco et al., 2006), well below the results of the present e-AWD regime.
The highest emission reduction due to e-AWD was found in the biogas
digestate treatment, which also showed a significantly lower DOC
content. DOC may be the key source of carbon for CH4 production,
resulting in a strong positive correlation between the CH4 emissions and
seasonal pattern of DOC concentrations, especially in the root zone (Lu
et al., 2000). The present findings suggest that the presence of a more
readily mineralisable, residue-derived DOC pool under continuous
flooding was most likely linked to greater availability of substrate for
methane production, particularly at the start of the rice growing season
(Watanabe et al., 1999; Katoh et al., 2005). Thus, long early-season
drainage (LED) (Islam et al., 2018) practised in the e-AWD water re-
gime results in a remarkable emission reduction by stabilising DOC
early in the season. The present SEM model also indicated that de-
creasing DOC by increasing soil redox potential through water man-
agement could lead to low CH4 emissions.
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Compared to organic fertiliser-only treatments, the combined mi-
neral and organic fertiliser treatments were found to offer the most
promising results in terms of decreased methane emissions.
Compost+ ammonium sulfate in particular showed the lowest CH4

emissions in both the CF and the e-AWD water regimes. The use of
fertilisers or amendments containing sulfate has been proposed as a
way to mitigate CH4 emissions (Linquist et al., 2012) and the present
findings were in good agreement with this proposal. The way in which
sulfate and other electron acceptors suppress methanogenesis can be
explained by three possible mechanisms. Firstly, the electron acceptors
other than CO2, especially sulfate, may lead to bacterial competition
that is unfavourable to methanogens while reducing concentrations of
substrate to an amount that is too small for methanogenesis. Secondly,
the presence of electron acceptors could increase the soil redox po-
tential which is too high thus not favourable for methanogenesis.
Thirdly, they could also be toxic for methanogens and thus decrease
CH4 production (Wassmann et al., 2000; Le Mer and Roger, 2001;
Linquist et al., 2012).

The greater reduction in CH4 emissions in the e-AWD treatments
during the rice growing season in the present study can therefore be
attributed to the stabilisation of labile C early in the season, which
lowers the height of the first peak, followed by negligible CH4 emissions
later in the season, including the absence of end-of-season CH4 spikes
commonly found in the CF water regime.

4.3. Nitrous oxide emissions

The temporal N2O emission patterns and intensities found in this
study were consistent with previous studies that show N2O emissions to
be very minor compared to CH4 emissions in flooded rice systems
(Akiyama et al., 2005; Zou et al., 2007; Liu et al., 2010; Qin et al.,
2010). All the organic fertilisers resulted in increased N2O emissions
compared to the unfertilised control. Similar to CH4 emissions, FYM
and compost had the highest and lowest emissions, respectively, in the
CF regime, reflecting similar trends in DOC content and suggesting that
differences were due to different amounts of energy sources for deni-
trifiers (Murphy et al., 2003; Ju et al., 2011). However, N2O emissions
from organic fertilisers were lower than the synthetic N fertiliser (Urea)
control, which is line with previous studies (Ball et al., 2004; Meijide
et al., 2007; Ding et al., 2013). In contrast, a number of earlier studies
have also reported that manure application increases N2O emissions in
farmed soils compared to chemical N fertilisers (Baggs et al., 2000;
Rochette et al., 2004; Zhou et al., 2014).

Due to the introduction of aerobic cycles, alternate wetting and
drying practices often lead to increased N2O emissions (Akiyama et al.,
2005; Zou et al., 2007), as also observed with the e-AWD water regime
in the present study (Fig. 2). Previous studies have also reported higher
N2O emissions due to drainage events and from intermittent irrigations
compared to the conventional CF practice (Yan et al., 2000; Nishimura
et al., 2004; Towprayoon et al., 2005; Zou et al., 2005, 2009; Jiao et al.,
2006; Jiang et al., 2019). The SEM model shown the positive re-
lationship of redox potential, NH4

+ and NO3
− with the increase in N2O

emissions. The aerobic soil condition created by the e-AWD practice
increases soil redox potential which makes the conditions favourable
for N2O production. Thus, the introduction of aerobic periods could
allow for nitrification of fertiliser NH4

+ to NO3
− and thus greater po-

tential for denitrification losses in the subsequent flooding phase
(Buresh et al., 2008). Indeed, the e-AWD introduced very large fluc-
tuations in NH4

+ and NO3
− concentrations (Fig. 3), indicating sig-

nificant intermittent ammonification and nitrification activity. In gen-
eral, the organic fertilisers led to somewhat higher seasonal N2O
emissions in the e-AWD water treatment compared with the conven-
tional CF (Table 3), with the highest emission being observed from the
compost treatment. The effect of synthetic N fertiliser (Urea) on N2O
emission was most profound in both the CF and e-AWD water regimes.
Directly in line with the previous findings, significant N2O peaks were

observed in all the mineral and combination treatments immediately
after synthetic N fertiliser application (Pathak et al., 2002; Zou et al.,
2005; Pandey et al., 2014). After topdressing of mineral N, nitrification
may have enhanced in aerobic zone due to readily available N substrate
from fertilisation and subsequent denitrification in anaerobic zones of
the rhizosphere, leading to accelerated emissions of N2O (Pandey et al.,
2014). Application of urea and ammonium sulfate may affect N2O
emissions differently due to the difference in their nitrification rates
and reverse effects on soil pH (Burger and Venterea, 2011). However,
we found similar N2O emissions from the combination of compost with
urea or ammonium sulfate, which is consistent with what has been
found in previous studies (Bouwman et al., 2002). Nevertheless, re-
lative to the total annual emissions, the contribution of N2O emissions
was< 20 %. Therefore, the overall mitigation of global warming po-
tential was not eliminated by the increase in N2O emissions in this study
(LaHue et al., 2016).

4.4. Global warming potentials (GWP), yield-scaled GWPs and carbon
payment

In this study, CH4 emissions represented 90–98 % of the area-scaled
GWP across various fertiliser regimes under continuous flooding, and
moderate increases in N2O emissions under e-AWD did not result in
elimination of its overall mitigation of global warming potential
(Tsuruta et al., 1998; Kurosawa et al., 2007; LaHue et al., 2016). This
result ties well with previous studies which reported a relatively small
role of N2O emissions for conventionally flooded systems (Linquist
et al., 2012; Pittelkow et al., 2014b). The reduction of methane emis-
sions by 69–85 % in the e-AWD water regime, therefore, resulted in a
massive decrease in area-scaled GWP of 69–83 % for treatments re-
ceiving organic fertilisers only and by 63 % in combined organic and
mineral fertiliser applications. This reduction in GWP was relatively
high compared to previous studies, possibly reflecting the very effective
early stabilisation of DOC through early drainage in the e-AWD water
regime that was applied here.

In addition to water management practices such as the e-AWD re-
gime, GWP also depends on the quality of the organic fertilisers. For
example, pre-treated manures, such as compost and digestate, have the
potential to be a more optimal organic fertiliser option because they
have very low GWP compared to raw manures, i.e. FYM. When com-
paring CO2-eq. GWP from 80 kg of FYM with an equal amount of mi-
neral fertiliser, e.g. urea, FYM had 74 % higher CO2 eq. GWP in the CF
water regime, indicating its unsuitability under a conventional system.
However, under the e-AWD water regime the CO2 eq. GWP of FYM was
found to fall from 74 % higher than the equal amount of urea to 20 %
lower, indicating the strong effect of water regime in FYM. However,
pre-treated organic fertilisers such as compost were shown to have only
7 % higher CO2 eq. GWP compared to the same amount of urea in the
CF water regime, which was 83 % lower than urea under the e-AWD
water regime. Furthermore, by increasing root growth and N avail-
ability from the fertilisers applied throughout the rice-growing season,
especially in the critical reproductive stage, the e-AWD water regime
successfully facilitated the observed yield increase in contrast to many
previous AWD studies.

For conventionally flooded treatments, the organic fertilisers in-
creased CH4 emissions but did not affect rice yield in comparison to
combined synthetic and organic fertilisers, leading to yield-scaled GWP
that was higher than previously reported. The e-AWD water regime
significantly decreased yield-scaled GWPs owing to the reduced CH4

emissions and increased yield, especially in treatments with combina-
tions of organic and synthetic fertilisers.

It is reported that the adoption of GHG mitigation strategies is low
so far, which highlights the significance of providing incentives to
achieve greater adoption of such practice. To make mitigation strate-
gies such as e-AWD more attractive in all scenarios, consideration could
be given to compensating farmers for emission reductions compared to
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traditional baseline production as in CF. This can be done either as a
carbon (C) credit payment based on the CO2-quota market (where
available, e.g. March 2018 European Climate exchange CO2 eq. price of
US$ 12.75Mg-1) or as a tax on farmers who implement traditional
flooding that ultimately has the same economic outcome. The e-AWD
practice appears to be an economically viable option even without
further economic incentives as no significant difference in yield was
found between the conventional and e-AWD practice. On top of the
equivalent yield, e-AWD have added benefit due to its water-saving (29
%) potential. It is noteworthy that in a C payment scheme at current
CO2 and rice prices, the savings in CO2-eq. would add no more than 3
% extra revenue (max $ 78 out of $ 2518 rice value), while the yield
increase from e-AWD for the organic fertilisers only or with synthetic
fertilisers would result in extra revenue of 5–16 % ($ 110–365 out of $
2518). However, if C credit payments were considered, the present e-
AWD water regime would be the most economically attractive option
by increasing profits with both the organically fertilised and combina-
tion fertiliser treatments (Table 3). To implement the e-AWD practice,
farmers will mainly require an AWD field water tube for water level
monitoring which can be easily made with locally available materials
like bamboo or plastic pipes. As e-AWD is a low tech easily adaptable
practice with low economic investment, its adoption could be sustain-
able for farmers in the long term.

4.5. Heavy metals in rice grain (arsenic, lead and cadmium)

The arsenic content of rice and associated potential health concerns
have recently been highlighted, especially in south-east Asian countries
where rice is a daily staple food (Williams et al., 2007; Zhu et al., 2008;
Banerjee et al., 2013; Linquist et al., 2015). In present study, grain As
concentrations for the treatments receiving organic fertilisers under
continuous flooding averaged about 410 μg kg −1 (Table 2), which is
higher than the average for that variety reported in recent studies in
California (Linquist et al., 2015; LaHau et al., 2016), but lower than
studies from Bangladesh and China (Williams et al., 2007; Norton et al.,
2012). However, these studies were from systems receiving inorganic
fertiliser. No studies receiving organic fertiliser were found in the lit-
erature. The WHO and FAO of the United Nations have set a voluntary
recommended As limit for polished (milled) rice at 200 μg kg −1 (Codex
Alimentarius Commission, 2014). Therefore, it is essential to have
agronomic strategies in rice production systems receiving organic fer-
tiliser that can reduce uptake of As in rice grain. The e-AWD water
regime resulted in a 57 % reduction in As concentration on average,
from 410 μg kg -1 to 177 μg kg −1, i.e. below the recommended limit.
This reduction is in line with previous studies, for example,
Somenahally et al. (2011) found a 41 % reduction on average in total
grain As from paddy rice grown in Texas on fields that were flooded
intermittently, while a reduction of 40 % on average was reported in
rice fields in California (Linquist et al., 2015). However, this is the first
study to confirm such a high As reduction potential from the e-AWD
water treatment in organically fertilised rice systems.

It was hypothesised that this effect on As is related to redox
chemistry. The continuously flooded plots have more sulfate, Fe(III)-
and As(V)-reducing bacteria than the non-flooded treatments such as
the e-AWD water regimes (Das et al., 2016). The role of these bacteria
in the completely flooded system is to enhance the As(III) concentration
in soil pore water (Das et al., 2013), which is the dominant species
taken up by rice roots (Chen et.al, 2005). Reduced conditions combined
with a relatively high dissolved organic carbon content in the rhizo-
sphere soil of flooded paddies, owing to the addition of organic
manure/residue, are likely to favour the growth and activity of these
reducing bacteria, As release to the soil solution, and subsequent As(III)
uptake by the plant (Norton et al., 2013; Jia et al., 2001). Aerobic
periods introduced by e-AWD would favour the oxidation of As(III),
leading to formation of As(V), which is less toxic and less bioavailable

and has a much higher affinity for Fe-(hydr)oxides than As(III)
(Takahashi et al., 2004; LaHue et al., 2016).

The bioavailability and mobility of Cadmium depend on soil organic
matter content and pH. The soil pH can decrease and release metals due
to oxidation of reduced soil components following soil drainage or re-
drying episodes (Fulda et al., 2013). However, the application of or-
ganic matter like in organic production systems can retard the oxidation
and buffer the pH change (Yuan et al., 2016). In this regard, Yuan et al.
(2019) reported that application of organic matter is the most effective
option for immobilising dissolved soil cadmium in anaerobic soil con-
ditions like found in rice production. Such application of organic matter
provides electron donors to iron-reducing bacteria which can restrict Cd
remobilization following soil drainage (Yuan et al., 2019). In this study,
we found that the e-AWD water regime reduced grain Cd concentration
in compost and digestate treatment which is consistent with previous
studies by Honma et al. who also found intermittent irrigation si-
multaneously reduce As and Cd uptake in rice grain. It has been re-
ported that the moderate alternate drying enhances the diversity index
of the rhizosphere bacterial community structure which may reduce the
uptake of heavy metals like Cd in rice grain whereas severe alternate
drying and wetting showed the opposite effect (Peralta et al., 2014;
Zhang et al., 2019). Thus, the application of organic matter and mod-
erate drying threshold of e-AWD might have played a major role in the
lower accumulation of Cd in grain. Under moderate drying conditions
in e-AWD, cadmium ions (Cd2+) may precipitate as cadmium sulfate.
This may result in a reduction of the soil solution concentration of
cadmium (Barrett and McBride, 2007) and in the lower Cd concentra-
tion in rice grain in the present study. However, we found no significant
difference in Cd concentration between the two water regimes for
combination treatments. On the other hand, a significant difference was
found in Pb concentration between the two water regimes in both or-
ganic and combination treatments. On average, the e-AWD water re-
gime resulted in a 72 % and 56 % reduction in grain lead concentrations
in the organic and combination treatments, respectively. The common
safety threshold of Pb and Cd is set at 200 μg kg−1 for rice grain
(SCOOP, 2004; Chinese Food Standards Agency, 2005; FAO/WHO,
2011). Although the total grain Pb and Cd concentrations in the present
study were always below the safety threshold limit, e-AWD might po-
tentially help to reduce the Pb content in areas that have problems with
this metal, as previous studies have shown that uptake of these metals
in rice grain in the polluted areas can dangerously exceed the re-
commended safety limit, rising to as much as 1.00mg kg−1 (Liu et al.,
2003; Cheng et al., 2006; Fangmin et al., 2006; Yang et al., 2006; Fu
et al., 2008; Williams et al., 2009, 2012; Liu et al., 2013a,b).

5. Management implications and future directions

This study found that the environmental impacts of rice cultivation
can be minimised by e-AWD water regime without compromising op-
timal agronomic performance. The AWD irrigation regime has been
shown in numerous previous studies to have the potential to reduce
both water use and GHG emissions, but this has frequently been at the
loss of rice grain yield. The present proposed e-AWD irrigation system
appears to offer the optimum balance with respect to both yield and
GHG emissions, with the potential of reducing heavy metal con-
centrations compared to continuous flooding. A key pathway through
which e-AWD decreases CH4 emissions is early-season stabilisation of
DOC during early drainage, removing substrate for subsequent metha-
nogenesis.

These findings further suggest that rice production under conven-
tional flooding with the application of mainly organic fertilisers (as is
done in certified organic farming for example) may not be an en-
vironmentally sustainable option, adding high GHG emissions to the
perils of considerable water use and a possibly increased uptake of
heavy metals. Therefore, it is suggested that rice producers comply with
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organic certification schemes, always try to implement e-AWD-like
water regimes, and use pre-treated manure such as compost and di-
gestate as fertilisers instead of raw manure such as farmyard manure.
However, in many regions larger-scale certified organic rice production
is limited by the availability of sufficient quantities of organic manure,
lower yields and increased labour requirements. In the absence of suf-
ficient quantities of organic fertiliser, combination treatments of or-
ganic and synthetic fertilisers (as for example the 50:50 combination
used in the present study) could be a good option, also ensuring an
NPKS application that is more in balance with crop demand.
Ammonium sulfate combined with compost in particular showed very
encouraging results. However, it is recognised that these combinations
would not be an option for certified organic production. Finally, it
should be emphasised that implementing any form of alternate wetting
and drying practice in the wet season in the tropical region may be very
challenging (Adhya et al., 2014). This implies that the use of composted
manure is preferable to farmyard manure or digestate during the wet
season. This experiment was conducted in the dry season when soil
moisture condition can be effectively controlled. The e-AWD practice
which has shown multiple environmental and agronomic benefit is a
good proof of concept, however, it has to be tested over multiple years
as well as under farmers field conditions. We assume that in actual
farmers field, the mitigation of GHG emissions and reduction of grain
heavy metals could be little lower as some farmers may face important
technical and practical constraints to implementing such improvements
such as not being able to manage their water reliably, lower soil fertility
and carbon stock of their field, uneven land with pockets with excessive
wetting or drying, continuous heavy rainfall in wet season etc. There-
fore, future research should focus on adapting e-AWD to field scales.
This study demonstrates that adoption e-AWD practice in organic pro-
duction systems has the promise to achieve numerous environmental as
well as agronomic goals and thus should be considered as a feasible
option for simultaneous reduction of GHG, water use and rice grain
heavy metal uptake (e.g. As, Pb, Cd) without affecting yield, achieving
environmental safety benchmarks in addition to existing health safety
benefits.
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