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Abstract Greenhouse gas (CH4 and N,O) emissions
from rice paddy fields amended by differently treated
manure and crop residue inputs [fresh manure (FM),
composted manure (CM), liquid biogas digestate from
manure (D), D mixed with biochar (D + B) or D
mixed with rice straw and composted before applica-
tion (CD + RS)], were compared in a field experi-
ment, also including two mineral nitrogen fertiliser
controls (N1, N2). The trial was performed on a
degraded soil in Bac Giang Province in northern
Vietnam with a three-crop per year rotation (summer
rice-maize—spring rice). CH4 and N,O fluxes from the
two rice crops were measured using static chambers.
Fluxes of N,O were below or close to the detection
limit at nearly all sampling times in both seasons and
therefore considered negligible. However, the CH,

Q.D. Vu

Ministry of Agriculture and Rural Development, Institute
for Agricultural Environment, Vietham Academy of
Agriculture Science, South Tu Liem, Hanoi, Vietnam
e-mail: vuduongquynh2006@yahoo.com

Q. D. Vu - A. de Neergaard - P. Ly - L. S. Jensen (D<)
Department of Plant and Environmental Sciences, Faculty
of Science, University of Copenhagen, Thorvaldsensve;j
40, Frederiksberg C, 1871 Copenhagen, Denmark
e-mail: Isj@plen.ku.dk

T. D. Tran - Q. Q. Hoang - T. M. Tran

Ministry of Agriculture and Rural Development, Soils and
Fertilizers Research Institute, Vietnam Academy of
Agriculture Science, Dong Ngac, Tu Liem, Hanoi,
Vietnam

Published online: 14 October 2015

emissions were significant and their temporal pattern
differed markedly between the rice seasons. In the
summer rice season, the D + B 4+ N1 and D + N1
treatments had significantly lower cumulative CHy
emissions (156 and 162 kg CHy ha™! crop_l) than
CM + N1, CD + RS + N1 and FM + N1 treat-
ments (217, 283 and 288 kg CH, ha™' crop™',
respectively). In the spring rice season, CH4 emissions
were generally much lower, and the D + B 4+ N1 and
D -+ N1 treatments emitted significantly less CH, (44
and 72 kg CH, ha™' crop™") in comparison with
treatments amended with FM + N1, CD + RS + N1
and CM + N1 (89, 124 and 137 kg CH, ha™" crop™,
respectively). Treatments amended withD 4+ B + N1
or D + NI therefore had the lowest emissions of
methane per unit of rice grain yield.

Keywords Methane - Rice paddies - Biogas
digestate - Manure - Compost - Straw - Biochar

Introduction

Greenhouse gas (GHG) emissions contribute to cli-
mate change, which is recognised as one of the most
imminent global problems. Countries such as Vietnam
will be seriously affected by climate change, but at the
same time Vietnam also contributes significantly to
the problem with total GHG emissions of 246.8 Tg
carbon dioxide (CO,) equivalents in 2010.
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Agricultural production activities emitted 88.3 Tg
CO, equivalents, accounting for 33 % of total national
GHG emissions in which rice cultivation is considered
to be the greatest agricultural source, with emissions
of 44.6 Tg CO, equivalents, accounting for 50.5 % of
total agricultural GHG emissions (MONRE 2014).

There are many factors regulating GHG emissions
from rice cultivation, such as the management of
chemical fertilisers, animal manure and crop residue
inputs; as well as water regime (Mosier et al. 2004;
Wassmann et al. 2000). However, in order to reduce
agricultural GHG emissions considerably, interven-
tions on all the different components are needed.
Improved animal manure and crop residue manage-
ment may have significant potential to reduce GHG
emissions (Yang et al. 2015; Zou et al. 2005).

Manure management on livestock farms with a
biogas system in Vietnam often results in environ-
mental pollution due to discharge of a large proportion
of the digestate (60 %) into watercourses in the
vicinity of the farm instead of using it to fertilise in
crop production (Vu et al. 2012).

Liquid digestate, a by-product of biogas production
from manure, not only contains valuable nutrients for
crops, but also mainly recalcitrant organic carbon from
the manure (Sommer et al. 2004). Applying liquid
digestate for crop production can therefore potentially
reduce the cost of nutrient inputs, without marked
increase in GHG emissions due to the low concentra-
tion of readily degradable organic carbon.

Crop residue (mainly rice straw) management may
also contribute to air pollution when the rice straw is
burned directly on the field after harvesting (Pathak
and Wassmann 2007). This is commonly done, either
because it is not feasible to incorporate it into the soil
without negative biological effects on the next crop, or
because alternative uses are not attractive, are too
labour-intensive or are practically infeasible (Haider
2013). However, burning organic residues results in
the immediate emission of large amounts of smoke
particles, CO, and other greenhouse gases which
contribute to particle pollution and global climate
warming, but also to depleting soil organic matter
levels due to the decrease in organic carbon inputs into
the soil.

Biochar produced by pyrolysis of biomass
residues contains a significant proportion of the
feedstock carbon, which has become very recalci-
trant to biological decay, thus potentially playing a
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considerable role in sequestrating carbon (Lehmann
2007; Lehmann et al. 2011; Knoblauch et al. 2011;
Jones et al. 2012). Biochar can improve the soil
water holding capacity in sandy soil, increase soil
pH (Laird et al. 2010; Peng et al. 2011) and increase
soil cation exchange capacity (CEC) (Yamato et al.
2006; Van Zwieten et al. 2010; Peng et al. 2011). It
can also potentially reduce nutrient leaching (Leh-
mann et al. 2003; Major et al. 2009) and lower N,O
and CH, emissions by improving soil aggregation
(Van Zwieten et al. 2009), while increasing rice
productivity (Zhang et al. 2012). The production and
application of biochar derived from rice straw on
field soils could therefore potentially be a promising
alternative for organic matter management in farm-
ing systems, which could combine the positive long-
term effects on soil quality and GHG reduction by
carbon sequestration in soils.

However, most Vietnamese farmers are hesitant to
apply biogas digestate and biochar from rice straw for
field crops. For digestate this is due to logistics
(workload, volume of digestate, distance to fields,
labour availability). Thu et al. (2012) reported that
there are two reasons for directly discharging digestate
into a recipient (a) a low nutrient value of the digestate,
and (b) the long distance for transporting the digestate
to fields. For biochar from rice straw, the reason is a
shortage of available labour and a lack of simple
technologies for biochar production. There is also a
lack of knowledge about fertiliser value and appro-
priate use of either digestate or biochar.

The current study was therefore conducted to
investigate the impact of various manure and straw
management products on grain yield, soil fertility and
greenhouse gas emissions from rice paddy field
management systems typical of small-scale livestock
farms in northern Vietnam.

The overall objective of the study was to investigate
the rice yield and GHG impacts from a selection of
fertilisers and soil amendments in paddy rice. Specif-
ically the aim was to quantify:

1. The effect of various organic substrates with
varying C and N content and degradability on
methane and nitrous oxide emissions.

2. The fertilising value of the amendments, and

yield-scaled emissions in order to evaluate the
effectiveness in terms of nutrient uptake and
emissions per harvested yield.
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The hypotheses were that (a) after fermentation of
manure in a biogas digester, the digestate organic
fraction is more recalcitrant and contributes less to
GHG emissions than fresh manure or compost,
(b) biochar derived from straw contributes less to
GHG emissions than composted straw, and finally
(c) the addition of biochar can increase grain yield.

Materials and methods
Experimental site and set-up

The field experiment was performed at the Midland
Centre of Soils and Fertilizers Research (21°20'N,
106°01E) of the Soils and Fertilizers Research Insti-
tute in Luong Phong commune, Hiep Hoa district, Bac
Giang province in Northern Vietnam, 75 km north-
east of Hanoi. The climate in this region is subtropical
with a mean annual temperature of 23.5 °C and mean
annual rainfall of 1620 mm, of which more than 80 %
occurs between May and October.

The soil profile of the research area was classified as a
Plinthic Acrisol (WRB 2014). The basic topsoil
(0-25 cm) properties were 2 % clay (<2 pm), 70 % silt
(2-20 pm), 20 % fine sand (20-200 pm)and 8 % coarse
sand (>200 pm), pH (1 M KCl) 5.3, Organic Carbon
7.5 gkg ' total N 1.3 g kg~ ', total P 1.1 g kg™ ', total
K 0.8 g kg~' and CEC 6.0 cmol kg™'. This is a low
fertility, degraded soil, commonly found in many
agricultural floodplain areas of Vietnam.

The field experiment was conducted with a three-
crop per year rotation of summer rice, maize and
spring rice. No further results from the maize crop are
presented in this study, because paddy rice is the main
focus. The experimental layout was a randomized
complete block design with seven treatments and four
replications of each treatment, resulting in 28 sub-
plots 30 m* (5 x 6 m) in size, separated by soil
embankments.

Crop establishment and water regime

The inbred rice variety (Khang dan 18) was used in
both the summer (2011) and spring (2012) rice
seasons. Rice seedlings were grown in a nursery bed
for 25 days (spring rice) and 15 days (summer rice)
and then transplanted at a spacing of 0.1 x 0.2 m with
3—4 seedlings per hill (~ 500,000 hills ha™").

The study rice field was flooded (50-100 mm water
depth) 5 days before the transplanting day. On the
transplanting day, floodwater was drained out of the
field and maintained at 5-10 mm above the soil
surface for basal application of organic substrates and
transplanting. The water level was then increased over
time to 20-40 mm above soil surface for the first
10 days after transplanting (DAT), 50 mm for 11-18
DAT, 60-80 mm for 19-27 DAT, 0 mm for 28-32
DAT (mid-season drainage) and 60—80 mm above soil
surface from 33 DAT until 1 week before the
harvesting day in the summer rice season. Similarly,
for the spring rice season, the water regime was
10-30 mm above soil surface for the first 16 DAT,
40 mm for 17-24 DAT and 50-70 mm from 25 DAT
until 10 days before the harvesting day. For both rice
seasons, floodwater was drained from the field and
maintained at 5-10 mm above the soil surface for just
1 day before the two periods of fertilizer top dressing.
The field was immediately flooded again after fertil-
ising. Following farmers practice; mid-season drai-
nage was only implemented in the summer rice, as
farmers are reluctant to drain the soil during spring,
where water shortage often increases the risk of not
being able to re-flood the fields.

Fertilisation

The inorganic fertilisers used were urea (46 % N),
single superphosphate (7.2 % P) and potassium chlo-
ride (50 % K). All treatments were amended with the
same amount of potassium chloride and single super-
phosphate at the rates of 26 kg P ha~' and 67 kg
K ha~! for rice and 39 kg P ha~' and 75 kg K ha™"
for maize; apart from these, the treatments received
the different fertiliser N and organic inputs according
to the details given in Table 1.

The trial included five differently treated animal
manures, namely solid fresh manure (FM), composted
solid manure (CM), liquid digestate alone (D), liquid
digestate mixed with biochar at the time of application
(D + B), and liquid digestate absorbed in rice straw
and composted for 2 months (CD + RS); these were
chosen based on current farmer manure practice (FM,
CM) and our objective to determine fertiliser value
and emissions from alternative digestate management
practices (D, CD + RS, D + B). The mixing of
digestate with biochar or composting with rice straw
was tested as farmers are more familiar with these
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Table 1 Characteristics of the different organic materials investigated

Materials (treatment DM  pHppo EC Total C Total N Total P Total K
abbreviations) (%) @Sm™) (gkgT'DM) (gkg 'DM) (gkg ' DM) (gkg ' DM)
Fresh manure (FM) 21.0 6.7 2.8 457 41 38 8
Composted manure (CM) 215 7.2 3.0 437 24 50 10

Liquid digestate (D) 09 83 2.7 203 0.7 0.5* 0.24*
Biochar (B) 70.0 10 18.8 500 12 10 20

Liquid digestate + rice straw 150 838 1.6 405 15 6 10

compost (CD + RS)

CD + RS, rice straw was mixed with liquid digestate and then composted for 2 months before each crop season; CM, pig manure
was composted for 2 months before each crop season. Liquid digestate 4+ biochar (D + B) was mixed right before application

 Concentrations of total N, total P and total K are given in g L™" of liquid digestate

types of solid manures. The manures, were applied
before transplanting (basal application), except for the
liquid digestate (D) treatment, which was divided into
two doses: the first fertiliser top dressing (50 %) and
the second fertiliser top dressing (50 %). The charac-
teristics and application rates of C, N, P and K with the
different organic materials and mineral fertilisers can
be seen in Table 2. Input data for the winter maize
have been included for completeness.

The fresh pig manure (FM) was applied at a rate of
8 tha~' (containing 68 kg total N), a commonly
recommend rate for solid manures in Vietnamese rice
paddy. The composted manure was produced from
8 t fresh weight ha~' of pig manure starting 2 months
before each of the crop seasons. After composting, the
mass was reduced to 6.3 t ha™! (with 37 kg total N)
to be applied on summer rice and winter maize, and
6.7 t ha~' (39 kg total N) to be applied in the spring
rice season, so substantially less N than the FM
(43-46 % of the manure was lost during composting).
The rate of digestate (D) application (100 m’ ha™!)
was chosen in order to supply approximately the same
amount of total N as in FM (65 kg N ha™'). For the
two treatments with digestate mixed with either rice
straw (RS) or biochar (B), the amount of digestate was
reduced 50 %, to allow for N from the char or straw.
Biochar (11t hafl) from rice straw was mixed at a
rate sufficient to absorb the amount of digestate
(50 m® ha™") shortly before field application; in total
this provided 104-112 kg N ha~'. The rice straw
(10 t ha™ ') was similarly mixed at a rate sufficient to
absorb the digestate (50 m® ha™') and then composted
for 2 months before each of the crop seasons. After
composting, the RS + D mass was reduced to 25 t for
summer rice and winter maize, and 25.3 t fresh weight
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ha™' in the spring rice season, providing
53-60 kg N ha™'. The high rate of mineral fertiliser
nitrogen (N2) was chosen according to local agro-
nomic recommended rates for the respective crops; the
low rate (N1) was then chosen to provide a basal
dressing for all treatment, with the total of N1 4 ma-
nure N providing similar amounts as N2 (with the
above modifications to assure real comparability). For
further details, see Table 2. Mineral fertilisers were
applied three times during crop growth for rice: a basal
dressing (100 % P, 30 % N and 30 % K) was applied
before transplanting, and the remaining N and K were
given as a first fertiliser top dressing (40 % N and
30 % K) and second fertiliser top dressing (30 % N
and 40 % K).

Gas sampling, analysis and calculation

GHG (CH4 and N,O) emissions were measured in the
two rice cropping seasons. For logistical reasons, only
three of the four field replicates for each treatments
were measured, while harvest data were obtained from
all four replicates (see below).

The fluxes of GHGs were determined using the
static flux chamber technique and gas chromato-
graphic analyses of gas samples, following the
recommendations of Rochette and Eriksen-Hamel
(2008). Each gas sampling chamber consisted of a
permanently installed base unit (open bottom) and a
removable top. The base was a stainless steel unit
(0.45 m long x 0.40 m wide x 0.4 m high), with a
water-filled groove (0.05 m in depth) at the top, which
was inserted 0.1 m into the soil at each of 21 plots for
3 days before the transplanting day to avoid lateral
diffusion of gases. The removable top (0.45 m
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long x 0.40 m wide x 0.9 m high) covered six hills
of rice, and the plant density inside the chamber was
the same as that outside the chamber (0.2 m x 0.1 m).
Water was used to seal the plexiglass top to the base
unit during gas collection. A rubber septum, ther-
mometer and two mini-fans (12 V) were installed at
the top of each chamber (Ma et al. 2009), and a
pressure control (plastic tube: 7.6 m length and
1.5 mm diameter) was also installed to maintain an
equilibrium gas pressure between the inside and
outside of the chamber and to minimise the mixing
of the internal chamber gases with the exterior
atmosphere (Lindau et al. 1991).

Wooden boardwalks were set up at the beginning of
the rice season to avoid soil disturbance during the
sampling process. Sampling frequency ranged from
daily (in connection to fertiliser additions) to ~ 10-day
intervals, and took place between 8.00 a.m. and
11.30 a.m. After placing the top chamber on the base,
gas samples were taken at 20-min intervals at 0, 20, 40
and 60 min using 60 ml syringes. Collected gas
samples were immediately transferred into pre-evac-
uvated vacuum glass containers. Gas samples were
shipped to the lab in Denmark and analysed within
3 weeks of sampling. Control vials were shipped from
Denmark to Vietnam and back to check for consis-
tency, and showed <5 % variation on gas concentra-
tions following shipping.

The concentration of CH4 and N,O was analysed by
gas chromatography (Bruker 450-GC 2011) equipped
with a separate electron capture detector (ECD) and
flame ionisation detector (FID). CH, was determined
with the FID at a temperature of 300 °C and N,O was
determined by an ECD at a temperature of 350 °C.
The oven temperature was set at 50 °C. Helium
(99.99 %) and Argon with 5 % CH, were used as
carrier gases for CH4 and N,O, respectively at a flow
rate of 60 ml min~"'. Certified reference CH4 and N,O
gases were used for calibration and quality control
during every batch of gas analyses.

The gas fluxes were calculated using the following
equation given by (Smith and Conen 2004):

AC v M P 273
F=(—]+« (—) x| — ) *({=—|*|—

At A v Py T
where AC is the change in concentration of the gas of

interest at time interval At, v and A are the chamber
volume and soil surface area respectively, M is the
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molecular weight of the gas of interest, V is the volume
occupied by 1 mol of the gas at standard temperature
and pressure, P is the barometric pressure, P is the
standard pressure, and T is the average temperature
inside the chamber during the deployment time (K).
Global warming potential (GWP) over a one
hundred-year period was estimated by multiplying
the cumulative emissions by a factor of 34 for CHy4 to
convert them into CO, equivalents (IPCC 2013).

Grain yield, crop biomass production and mineral
fertiliser equivalent

Grain yield (dry weight) was calculated based on a
harvest of 4 m? areas in the middle of each of plot
(four replicates, 28 plots in total). The grain was
threshed from the harvested rice plant and weighed for
fresh weight. Then 200 g of fresh grain was taken and
dried at 80 °C for 24 h (or until no further weight
change) to determine the dry matter content. Grain
yield is given in grain dry matter (kg ha™").

For calculation of the above-ground crop residue,
ten hillings for each plot were randomly selected and
manually cut at soil surface level and weighed fresh.
Then crop biomass from three hillings was air dried
and then oven dried at 80 °C for 24 h to determine dry
matter and calculate the total aboveground biomass.
Dried biomass samples were used for determination of
N content by method mentioned below.

The mineral fertiliser equivalent (MFE) value of the
organic manure was calculated for the summer and
spring rice seasons from the N-uptake efficiency in the
above-ground crop biomass at harvest, according to
the principles described in Tran et al. (2012) and
Jensen (2013). The unit of MFE is % or kg mineral
fertiliser equivalent per 100 kg total-N applied in

manure or organic material ha™'.

Soil and manure sampling and analysis

Soil samples were taken before the first cropping
season as well as after 1 year of the experiment (three
crops) in all four replicated plots for each of the
treatments. Soil samples were taken to a 0-0.25 m
depth by soil corer (0.3 m in length and 0.07 m in
diameter), with each sample being a composite of ten
cores across the plots. Soil samples were analysed for
PHkcr, EC, CEC, OC, ash, total N, and extractable K.
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Dry matter was determined by drying at 105 °C for
24 h until unchanged weight and ash by combustion at
600 °C for 5 h. The soil pHkcr and PHypo was
measured by pH meter (Hanna Hi 8424, Italy). EC was
measured by a multi-range EC portable meter (Hanna
Hi 9033). OC was determined by the Walkley—Black
method (Walkley and Black 1934). Total N was
measured using the Kjeldahl method (automatic Kjel-
dahl digestion, Velp DKL, and the semi-automatic
steam distilling unit, UDK132, Velp Scientifica, Italy).
Total P and K were determined after digestion with
concentrated sulphuric acid (H,SO,4) and nitric acid
(HNO3) (1:1; v:v). Plant-available K was extracted
with dilute HCI (0.2 N). The P concentration was
measured by the Vanadomolybdophosphoric acid
method (Jasko 7800 spectrophotometer—Japan) and
the K concentration by flame photometry (Corning
410—UK). Total C concentration in composted mate-
rials was calculated as 58 % of ash-free dry matter
(Schulte and Hopkins 1996).

Statistical analysis

Statistical analyses of the data were performed by SAS
9.1 (SAS Institute, 1988). The effect of different

60

Y
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< s v FM+N1
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g 20 3 \ \ ———e—— Airtemp
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)
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organic materials on CH4 emissions, CO, equivalent
per grain yield, grain yield and soil properties were
examined by one-way ANOVA (proc glm). Where the
treatment effect was significant, the differences in
means were compared using the Duncan (al-
pha = 0-05) post hoc test for multiple comparisons.
The correlation between carbon input (C input) and
CH, emission was examined by linear regression and
calculation of R? values.

Results
Methane flux in the summer rice season

For the summer paddy rice season, the peak emissions
were observed 9 days after transplanting (DAT) with
the highest CH4 emission rate found in the FM + N1
treatment at 52.5 mg m 2h! (Fig. 1). The CHy4
emissions in the N2 treatment reached the first peak
at 3 DAT with 22.4 mg m~> h™'. Treatment amended
with CD + RS + N1 showed the highest CH, emis-
sion at 16 DAT with 34.6 mg m 2 h™'. The other
treatments had similar CH, emission rates and reached
their first peak at 9 DAT at around 12-20 mg m > h™".

r 60

r20

Air temperature (°C)

Days after transplanting

Fig. 1 Variation of CH, flux (left y-axis) in the summer rice
season as affected by different organic inputs and average air
temperature during the sampling time (right y-axis). N1 = nitro-
gen fertiliser (40 kg N ha™'), N2 = nitrogen fertiliser
(105 kg N ha_l),FM + N1 = freshmanure, CM + N1 = com-
posted manure, D + N1 = digestate, D + B 4+ N1 = digestate

and biochar mix, CD 4 RS + N1 = digestate and rice straw
compost, 1BD = basal dressing, 1TDl = top dressing 1,
1TD2 = top dressing 2, Hd = heading, F = flowering,
Hv = harvesting. The water irrigation regime is indicated at the
bottom with flooding (shaded area), saturated soil (stripped area),
drying (unshaded area)
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Fig. 2 Variation of CH, flux (/eft y-axis) in the spring rice season
as affected by different organic inputs and average air temperature
during sampling time (right y-axis). N1 = nitrogen fertiliser
(45 kg N ha™!), N2 = nitrogen fertiliser (120 kg N ha™h),
FM + NI = fresh manure, CM + N1 = composted manure,
D + N1 = digestate, D + B + NI = digestate and biochar

The 5 days of drainage at the end of the tillering
stage (from 28 to 32 DAT) was associated with a
significant reduction of CH, emissions in all treat-
ments at 30 DAT, where CH, emissions were not
significantly different from zero.

After re-irrigation at day 33, CH4 emissions in all
treatments generally increased and reached a second
peak at 52 DAT (end of the heading stage). The CH,
emissions in all treatments then declined slightly and
remained more or less constant from day 60 to
harvesting time.

Methane flux in the spring rice season

For the spring paddy rice season, the CH,4 emissions
were very low in all treatments (around 0.5 mg m >
h™', see Fig. 2) during the first 25 days, probably due
to low temperatures at the start of the spring season
(around 13-15 °C, mean temperature during sampling
time, 8—11.30 a.m.).

Temperatures then rose from 15 to 20 °C during
the next 10 days (25-35 DAT), associated with
increasing CH, emissions in treatments amended
with CM + N1 and CD + RS + NI1. Temperatures
continuously increased and reached 25 °C at 42
DAT and then remained at 25 °C until 62 DAT, a
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mix, CD + RS + N1 = digestate and rice straw compost,
1BD = basal dressing, 1TD1 = top dressing 1, TTD2 = top
dressing 2, Hd = heading, F = flowering, Hv = harvesting. The
water irrigation regime is indicated at the bottom with flooding
(shaded area), saturated soil (stripped area) drying (unshaded
area)

period where CH,4 emissions continued to increase in
all treatments.

In general, CH4 emissions gradually increased and
reached the first peak at 70 DAT (end of the heading
stage) for all treatments when the temperature was
around 30 °C. The highest emissions at 70 DAT were
observed in the CM + N1 treatment at 24.9 mg m™>
h™'. Although the temperature was around 32.5 °C
from 70 DAT to harvesting time, CH, emissions
decreased sharply from 70 to 89 DAT (around
I mgm2>h™") and then remained constant until
100 DAT, and slightly increased at the last sampling
110 DAT (3 days before harvesting).

Total cumulative methane flux

In general, total accumulated CH4 emissions were
between 2 and 2.5 times higher during the summer rice
season than during the spring rice season (Fig. 3)
Besides generally lower emissions during the spring
season, there were also marked differences in the
temporal pattern of emissions between the two
seasons, with no emission peaks in the initial period
after transplanting in the spring rice season.

There was a significant difference in CH4 emissions
between the N1 treatment and N2 treatment during the
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Fig. 3 Total accumulated CH, emissions during the summer
and spring rice seasons as affected by different organic inputs.
Error bars indicate 1 SE. Small letters indicate significance of
treatments in summer rice (p < 0.05), capital letters indicate
significance of treatments in spring rice (p < 0.05). N1 = ni-
trogen fertiliser (summer 40 and spring 45 kg N ha™"),

summer rice season, while CH, emissions were not
significantly different between these two mineral
fertiliser treatments in the spring rice season, although
the nitrogen amount applied in the N2 treatment was
2.3 times (in summer) and three times (in spring)
higher than the rate applied in the N1 treatment.

During the summer rice season, the treatment
amended with FM + N1 significantly increased CHy
emissions in comparison with the treatment amended
with CM + N1, at 288 kg and 217 kg ha™' season™ ',
respectively, while the opposite was the case during the
spring rice season where CM 4 NI significantly
increased CH4 emissions in comparison with FM +
N1, at 137 kg and 89 kg ha™' season™', respectively.

However, treatments amended with D + B + N1
consistently had lower CH, emissions during the
summer rice season by 28, 45 and 46 % in comparison
with  treatments amended with CM + NI,
CD + RS + N1 or FM + N1, respectively, and dur-
ing the spring rice season by 68, 65 and 51 % in
comparison with treatments amended with CM + N1,
CD + RS + NI and FM + N1, respectively.

For both rice seasons, the lowest CH, emissions
were found in the D + N1 and D 4+ B + N1 treat-
ments and were more or less in the same range as the
N1 treatment.

CM+N1

D+N1 D+B+N1 D+RS+N1

Treatments

N2 = nitrogen  fertiliser ~(summer 105 and spring
120 kg N ha’l), FM + N1 = fresh manure, CM + NI =
composted manure, D + N1 = digestate, D + B + N1 = di-
gestate and biochar mix, CD + RS + N1 = digestate and rice
straw compost

Effect of C-input on methane emissions

Figure 4 shows that the D + B + N1 treatments,
which were amended with a much higher C input than
the other treatments (approximately 3900 kg C ha™'
crop™ !, with the majority deriving from the biochar)
resulted in the significantly lowest CH4 emissions for
either of the rice seasons.

As can be seen from Fig. 4, this deviates com-
pletely from the relationship between C input and CH,
emissions for the other treatments, where there was a
significant positive regression in summer rice
(R* = 0.55, p < 0.05), and during the spring rice
season (R* = 0.56, p < 0.05), when omitting the
D + B + N1 treatment, due its different nature as
described above.

Nitrous oxide flux

In the present study, the N,O concentrations measured
over the 60-min chamber deployment period fluctu-
ated around the atmospheric concentration (300 ppb),
in the range of 150-450 ppb. The calculated N,O
fluxes from the slope of linear regression model
indicated daily N,O emissions varied from 0.22 to
—0.16 mg m>h™" in the summer rice season and
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Fig. 4 Comparison of carbon inputs from: fresh manure
(FM + N1), composted manure (CM + N1), digestate
(D + N1), digestate with biochar (D + B 4+ N1) and com-
posted digestate with rice straw (CD 4+ RS + N1) amended
into the soil and the corresponding cumulative CH, emissions

from 0.45 to —0.25 mg m > h™" in the spring rice
season. However, the measured changes in N,O
concentrations did not always increase or decrease
consistently over the chamber deployment period
used, hence the N,O emissions were considered to be
at the detection limit of this current set-up. Credible
detection limits in our field setup was around
02mgm >h~', which corresponds to a 10 %
increase in N>O above ambient concentration at each
sampling interval. Thus in most cases the observed
fluxes were not above the detection limit of the
chamber and sampling setup, and therefore we con-
clude that N,O emissions were negligible in our study.

Grain yield, aboveground crop residue biomass
and amendment fertiliser value

The grain yield (dry weight) was the lowest in the N1
treatment in comparison with the other treatments for
both the summer and spring rice seasons (Fig. 5),
while the highest crop yield was found in the
D + B + NI treatment for both rice crops. The N2
grain yield was significantly higher than for N1 in both
rice seasons, but in the same range as the grain yield
for all the manure treatments. Generally, the grain
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during the summer and spring rice seasons. N1 = nitrogen
fertiliser (summer 40 and spring 45 kg N ha™') and N2 = ni-
trogen fertiliser (summer 105 and spring 120 kg N ha™"). Note
that the regressions are without the D 4+ B 4 N1 treatment, due
to its different nature, see text

yield varied little across the FM + N1, CM + N1,
D + N1,D + B + N1 orCD + RS + N1 treatments
for summer rice, but yield differences were greater in
spring rice.

In general, the crop N uptake efficiency of mineral
fertiliser N was fairly poor in the summer rice season
(24 % of applied mineral fertiliser N), but somewhat
higher in the spring rice season (40 % of applied
mineral fertiliser N). For the different manures, the N
uptake efficiencies were of the same magnitude and
hence the mineral fertiliser equivalent (MFE) value
was near or above 100 % in the summer rice, at 127,
80, 133 and 134 % in the D + N1, D + B + N1,
CD + RS + N1 and FM + NI treatments respec-
tively. In the spring rice season, MFE values were a
little lower, with 66, 77, 92 and 123 % for the
D+ NI, D+B+ NI, CD+RS+NI and
FM + NI treatments respectively.

Yield-scaled global warming potential

Rice yields in the spring rice season were consistently
higher than that in the summer rice season (Fig. 5).
However, total CH, emissions were significantly
lower in the spring rice season (Fig. 3). This resulted
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Fig. 5 Grain yield (dry weight) in summer rice and spring rice
as affected by different fertiliser N and organic inputs. Error
bars indicate 1 SE (n = 3). Different letters indicate signifi-
cance (p < 0.05) of treatments in summer rice (small letters)
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Fig. 6 The yield-scaled global warming potential (GWP, ratio
of methane emissions in CO,-equivalents per rice grain yield
produced) for both growing seasons. Error bars indicate 1 SE
(n = 3). Different letters indicate significance (p < 0.05) of
treatments in summer rice (small letters) and spring rice (capital
letters). N1 = nitrogen fertiliser (summer 40 and spring

in a much lower yield-scaled global warming potential
(GWP in CO,-equivalent per unit of rice grain yield
produced) in the spring rice season in general (Fig. 6).
In both summer and spring rice seasons, D + B + N1

- . ot et
CM+N1 D+N1 D+B+N1 CD+RS+N1

Treatments

45 kg N ha™'), N2 = nitrogen fertiliser (summer 105 and
spring 120 kg N ha™'), FM 4 NI = fresh manure, CM +
N1 = composted manure, D + N1 = digestate, D + B +
N1 = digestate and biochar mix, CD + RS + N1 = digestate
and rice straw compost

had the lowest yield-scaled GWP, whereas
CD + RS + NI and either FM + N1 (summer rice)
or CM + N1 (spring rice) had the highest yield-scaled
GWP. There was no significant difference in yield-scaled
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GWP between the N1 treatment and N2 treatment for
either the summer and spring rice seasons.

Effect of different organic input on soil properties

There were no significant differences in pHgcr, OC,
total N, available K and CEC among treatments after
1 year of the field trial with the three crops rice—
maize-rice (Table 3). However, the treatment
amended with D + B + N1 and CM + N1 appeared
to increase total C moderately from the initial value in
comparison with treatments amended mineral fer-
tiliser, although the differences were not significant in
short term period of time (1 year). The EC was the
only parameter affected significantly by the treat-
ments, with N1 resulting in the lowest (0.17 dS m )
and D + B 4+ N1 the highest EC (0.30 dS m_l),
probably due to the relatively high K content of the
rice straw biochar applied in a relatively high dose
(11 t ha™! crop_l).

Discussion

Temporal pattern of CH, flux and the effect
of temperature

In the present study, CH; emissions during the
summer rice season reached a first peak within the
initial two weeks in treatments amended with fresh

manure, compost, digestate and composted rice straw
(Fig. 1). This is much earlier than several other
reports. For example Ly et al. (2013) and Wang
etal. (1999) found the first CH4 peak emissions around
15-20 DAT, while Ghosh et al. (2003) reported the
first peak at around 29-44 DAT. This early peak in our
study is probably caused by the combination of readily
degradable C sources in the fresh manure, composted
manure and rice straw amended in the soil, the very
high temperature and the flooded soil conditions. The
second CH4 emission peak was observed at about 52
DAT (heading stage), in line with previous findings
(Schutz et al. 1989; Neue et al. 1997; Ly et al. 2013). It
has been proposed that these second peaks are
governed by the decay of crop organic matter, such
as dead roots and root exudates (Schutz et al. 1989;
Neue et al. 1996; Childthaisong and Watanabe 1997).

The variation in daily average air temperature over
the summer rice season was small, at around 2.3 °C.
However, the diurnal variation of air temperature
within a sampling day was relatively large. For
instance, temperature normally rose from 35 (at
8 am.) to 40 °C (at 12 p.m.), which potentially
resulted in variations in CH; flux among three
replicates of the same treatment when these were
measured over increasing morning temperatures (cor-
relation coefficient ranging from 0.76 to 0.99,
p < 0.05). Similar diurnal variations of CH, fluxes
have been observed in Italian rice fields (Sass et al.
1991), with minimum fluxes occurring early in the

Table 3 Soil properties before and after 1 year of field cropping (summer rice—-maize—spring rice)

pHkaa EC @Sm™') SOC (gkg™") Total N (zkg™")  Extract. K (mg 100 g=")  CEC (cmol kg™")

Before field trial 5.3 0.19 cd 7.5 1.3 2.7 6.0
After field trial

N1 52 0.17d 7.8 1.2 42 5.4
N2 52 0.25 abc 7.6 1.1 2.7 6.4
FM + N1 52 0.22 cd 7.2 1.0 47 7.8
CM + N1 53 0.29 ab 75 1.4 5.5 6.1
D + N1 5.2 0.23 cd 7.6 1.1 19 5.0
D+ B + NI 53 0.30 a 8.2 12 2.7 6.2
CD 4+ RS+ N1 51 0.24 be 8.0 1.0 2.1 6.9
p value 0.69 0.01 0.48 0.42 0.32 0.85

EC, electrical conductivity; SOC, soil organic carbon; CEC, cation exchange capacity; N1 and N2, low and high nitrogen fertiliser
rate; FM, fresh manure; CM, composted manure; D, digestate; D + B, digestate and biochar mixed at application time; CD + RS,
digestate and rice straw mixed and composted for 2 months before application

Different letters indicate significance (p < 0.05) of EC among treatments
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morning and maximum fluxes in the afternoon, closely
correlated with the variation in temperature of the
surface soil layer. Adhya et al. (1994) found the
highest CH, emissions at midday (12 p.m.), which is
in agreement with (Yang and Chang 1999; Wang et al.
1997). Chanton et al. (1997) suggested that diurnal
variations in the CH, emission rate are also linked to
the transpiration rate caused by rising temperatures.
Covering the full diurnal cycle is challenging when the
manual static chamber method is applied; the cost of
both labour and sample analysis is prohibitive, and
typically requires automated chamber systems and on-
site GC analyses. However, as was also dicussed by Ly
et al. (2013) the sampling strategy we applied with the
three replications taken at different times across the
sampling interval (e.g. 8-9 a.m., 9.15-10.15 a.m. and
10.30-11.30 a.m.) represents the daily average GHG
emissions result more effectively than sampling all
three replicates at the same time, and offers a more
correct comparison of treatments, although it intro-
duces greater replicate variation. Average temperature
of the sampling time (8—11.30 a.m.) was usually found
to be very closed to the diurnal average, similar to
findings by Zou et al. (2005) and Pandey et al. (2014).

In the spring rice season mean air temperatures
during sampling were much lower (13-15 °C) during
the first 25 days, and this is assumed to be the main
reason for low CH, emissions in all the treatments
during this period. When the temperature rose to 30 °C
over the next 45 days, the decay of organic carbon in
the soil accelerated, resulting in increasing CHy
emissions in all treatments.

A sharp decline in CH, emissions following the
heading and flowering stage was observed in both the
summer and spring rice seasons. Schutz et al. (1989)
demonstrated that 60-90 % of CH, emitted from rice
fields to the atmosphere occurs through the aerenchyma.
Aulakh et al. (2002) investigated 22 rice varieties from
Asian countries, and showed that in all inbred cultivars (as
the one grown in our study) there was increased root or
aboveground biomass during plant growth until flower-
ing, correspondingly increasing the methane transport
capacity, whereas a further increase or change in plant
biomass towards maturity did not affect the methane
transport capacity due to the low density of aerenchyma
found during the maturity stage. Furthermore Aulakh
et al. (2000) found that root exudation rates were lowest at
the seedling stage, increasing until flowering, but decreas-
ing towards maturity. We can only speculate whether

these mechanisms, alone or in concert, can explain the
decline in CH, flux at flowering in our trials.

The effect of temperature on CH, emissions was
clearly reflected when total accumulated CH, emissions
were compared in the same treatment between summer
and spring rice seasons (Fig. 3). Overall average CH,
emission for all treatments was 216 kg ha™' crop™' in
summer and 88 kg ha~' crop™' in spring, with corre-
sponding average temperatures of 38 and 25 °C, respec-
tively. It is likely that the high temperatures in the
summer season increased the decomposition of organic
matter, resulting in increased CH, emissions. Moreover
higher transpiration caused by high temperatures also
potentially contributed to a stimulation of CH4 emissions
(Chanton et al. 1997).

Effect of mineral fertiliser and organic
amendments on CH, flux

The lowest CH, emissions were generally found in
NI, D+ NI and D + B + N1 compared to the
highest found in the FM 4 NI, CM + N1 and
CD + RS + N1 treatments. This is attributed to the
addition of materials richer in easily degradable
organic matter in these latter treatments, which
provided readily degradable C sources for CHy
production. The D 4+ B + N1 treatment also pro-
duced one of the highest rice yields and thus also the
lowest yield-scaled GWP in comparison with
FM + N1, CM + N1 and D + RS—NI1 treatments,
as will be discussed later.

The N2 treatment significantly increased CHy
emissions in comparison with the N1 treatment, but
only in the warmer summer rice season (Fig. 3). The
N2 treatment also had higher yield and aboveground
plant biomass and therefore likely also root biomass
and exudation. Kirk et al. (1999) reported that organic
acids in root exudates supply energy for soil microbial
communities, including methanogens and this could
therefore stimulate CH,; emissions. Lindau et al.
(1991) also reported that urea fertiliser applied to rice
increased CH, fluxes over the entire growing season.
However, another explanation could be that the
hydrolysis of the applied urea to ammonium, which
in flooded rice soils has also been reported to inhibit
CH, oxidation (Conrad and Rothfuss 1991; Wass-
mann et al. 1993), and thus may increase CHy
emissions from urea or ammonium-fertilised rice
fields (Dubey 2003). In the contrast, Weller et al.
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(2015) reported decreasing CH,4 emissions with
increasing fertilizer N input.

The application of large amounts of organic carbon in
the CD 4 RS + NI treatment, with approximately
1500 kg C ha™" crop™ !, showed a similar rate of CH,
emissions in comparison with the FM + N1 treatment
(in both rice seasons) and CM + N1 treatment (in
spring rice) amended with only approximately 720 and
600 kg C ha~! crop™!, respectively. This could indi-
cate that composted digestate with rice straw contains a
more slowly digestible organic fraction compared to the
fresh and composted solid manure. In contrast, the
D + NI treatment only supplied around 150 kg C
ha™' crop! and had significantly lower CH, emissions
in comparison with the CD + RS + N1,FM + N1 and
CM + NI treatments. However use of digestate alone
will also contribute less to C-sequestration due to this
low carbon input.

The present study showed that the D + B + N1
treatment amended with approximately
3200 kg C ha™' crop™' had significantly lower CH,
emissions in comparison with the CD + RS + NI,
FM + N1and CM + N1 treatments (Fig. 4) amended
with approximately 1500, 720 and 600 kg C ha™'
crop~ ! respectively (Table 2). Biochar produced by
the pyrolysis process (from rice straw at 450 °C in the
present study) is known to contain a predominantly
aromatic structure that is very resistant to microbial
decomposition, and thus will be slowly decomposed
after amending into the soil (Ippolito et al. 2012). This
could result in a reduction in CH4 emissions as well as
contribute to long-term C-sequestration as also docu-
mented by various field studies (Rondon et al. 2005;
Karhu et al. 2011; Liu et al. 2011; Ly et al. 2015). Xie
et al. (2013) reported that an application of
12 Mg ha~' of wheat straw biochar significantly
mitigate CH4 emissions during rice production com-
pared with the conventional straw amendment.

N,O flux

In the present study, the detection of low N,O fluxes
proved difficult, mainly because the chamber design
and deployment period were optimised for the mea-
surement of CH, fluxes, with base and top chamber
volume (165 1) and deployment time (60 min), suffi-
cient for CH, detection, but apparently not for N,O
detection. In order to improve measurements in future,
a smaller top chamber should be used for air sampling
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from transplanting to the end of the tillering stage for
detecting a low N,O emission at the vegetative stage.
Extending the deployment time could be difficult as it
will increase the temperature in the chamber during
the summer rice season, affecting the rice plant and
especially pollen during the flowering stage. Moreover
the vapour will condense in the wall of the top
chamber and the condensate will make the pollen stick
to the wall of the top chamber whenever the top
chamber is removed from the base chamber after air
sampling is completed.

However, low or negligible N,O fluxes were also
found by Ly et al. (2013) with either farmyard manure
or mineral fertiliser treatments from acidic and sandy
paddy fields in Cambodia. A similar finding was
demonstrated by (Abao et al. 2000) who observed low
N>,O emissions after mineral fertiliser application.
Bronson et al. (1997) reported that N,O emissions
were rarely detected during the rice season except
right after fertilisation. Yao et al. (2012) demonstrated
that N,O emissions were negligible in three continu-
ous years under flooded conditions. It should be noted
that the two rice crops in the present study were grown
under continuously flooded conditions, except for a
short mid-season drainage period (5 days) in the
summer rice (Fig. 1); this effectively prohibits the
partially aerobic conditions conducive to the nitrifica-
tion—denitrification processes typically leading to a
N,O emissions. Furthermore the ferilisation events
were also under flooded conditions.

Grain yield and yield-scaled GWP

The CD + RS + N1 treatment amended a large input
of degradable C and significantly increased CHy
emissions, but did not result in the highest rice grain
yield. This gave a high yield-scaled GWP in compar-
ison with the yield-scaled GWP in the FM + N1
treatment during the spring rice season and in the
CM + N1 treatment during the summer rice season
(Fig. 6). The combined application of composted
digestate and rice straw is therefore not an optimum
alternative solution to animal manure application with
respect to rice yield and global warming aspects.
However, the digestate only (D + N1) treatment,
had a significantly lower yield-scaled GWP compared
to the CD + RS + N1 in both season, and also lower
than FM + N1 treatment in the summer rice season
and the CM + N1 treatment in the spring rice season
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(Fig. 6), even if this treatment did not result in the
highest yield in either season (Fig. 5).

The D + B + NI treatment had the highest C input
and produced one of the highest rice yields, but had
one of the lowest CH, emissions, resulting in the
lowest yield-scaled GWP in comparison with
FM + N1 and CM + N1 treatments (Fig. 6). Zhang
et al. (2010) reported that the application of 10 t ha™'
of biochar showed the same yield-scaled GWP as in
our D 4+ B + N1 treatment.

Moreover the D + B + NI treatment not only
contributed to C-sequestration by having a high
carbon input (Table 2), but also avoided CO, emis-
sions from otherwise burning rice residue on the rice
field after harvesting (current farming practice). Dong
et al. (2013) demonstrated that the application of rice
straw biochar (at 22.5 t ha™ ") significantly decreased
yield-scaled GWP compared with the direct return of
rice straw (at 6 t ha™!). Therefore the combined
application of digestate and biochar could be a
potential solution for animal manure and crop residue
management in respect of rice yield and aspects of
global warming. However, soil quality and C seques-
tration impacts would have to be studied in further
long-term field experiments and barriers to adaptation
by small-scale farmers would have to be investigated
in future studies.

Effect of digestate and biochar on soil properties

Biochar application to soil is normally assumed to
contribute considerably to sequestrating of carbon
(Lehmann et al. 2011). If it is assumed that the biochar
C applied in this trial was mixed in with the top 25 cm
cultivated soil layer and that 100 % was preserved in
the soil (no decay), then the soil C content would have
increased by 3.6 g C kg™ ' over the first year. This was
not observed, the increase (though insignificant; SOC
p = 0.48, Table 3) was less than 1 g C kg™' soil
(7.5-8.2 g kg~ "). Zhang et al. (2010) reported that
applying 10 t biochar ha™' derived from wheat straw
for paddy rice did not change pH, SOC, bulk density
and total N, while applying 40 t ha~' significantly
increased SOC, bulk density and total N compared
with treatment without biochar after one summer rice
season. Dong et al. (2013) demonstrated that the
application of 22.5tha~' of rice straw biochar
enhanced available K and P and improved soil
properties compared with the direct return of

6 t ha' of rice straw. In the biochar treatment in this
experiment (D 4+ B + N1), 33 t biochar ha™" year™'
were applied over the three crops, which is equal to
11.6 t C ha™' year™'. It should be noted that applying
this amount of biochar continuously is not feasible in
practice; only about a tenth of this (rice—maize-rice
produce around 10t crop residues ha~' year™ ',
which with a biochar production yield of 30 %
produce 3 t ha~! biochar) is realistic on average.

Conclusion

Overall, the application of the various organic mate-
rials produced grain yields similar to or exceeding
those achieved with high mineral fertiliser inputs. The
highest crop yield was found in the D + B 4+ N1
treatment for summer rice and spring rice crops, but
grain yield varied little across the other organic
treatments. The mineral fertiliser equivalent (MFE)
values were 127 and 80 % (in summer rice), and 66
and 77 % (in spring rice) for the D 4+ N1 and
D + B + NI treatments respectively. This indicates
that the fertiliser value of digestate alone or in a
mixture with biochar can be quite high and should be
considered as a valuable crop nutrient source.

In the summer rice season, treatments amended
with D + B had significantly lower CH,4 emissions
(156 kg CH, ha™" crop™') in comparison with treat-
ments amended with CM, CD + RS and FM, emitting
217, 283 and 288 kg CH, ha™' crop™' respectively.
Similarly, in the spring rice season, treatments
amended with D + B had significantly lower CHy
emissions (44 kg CH, ha™' crop™') in comparison
with treatments amended with FM, CD + RS and
CM, emitting 89, 124 and 137 kg CH, ha™" crop™"
respectively. N,O fluxes across the treatments were
very low or negligible for both the summer and spring
rice seasons. Treatments amended with D + B + N1
or D + N1 therefore had the lowest emissions of GWP
(CO, equivalents) per unit of rice grain yield.

However, the application of D 4+ N1 contributed
little to C-sequestration due to the low carbon content
in the digestate. On the other hand, the combined
application of digestate and rice straw biochar
(D 4+ B + N1) reduced CH,4 emissions and increased
grain yield. It therefore appears to be a potential
solution for animal manure and crop-residue manage-
ment on Vietnamese smallholder livestock farms,
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although barriers to adaptation of this practice were
beyond the scope of this paper. Further long-term field
experiments are needed to test C sequestration and soil
quality impacts of the application of rice straw derived
biochar.

Acknowledgments This study was supported by the Council
for Development Research (RUF)—Danish Ministry of Foreign
Affair via the SUSANE Il-research project (Optimizing
environmentally friendly biogas production from livestock
manure for the reduction of green house gas emissions: A
research capacity building project—Vietnam, file no.
09-076SDU)). The study was also partially funded by
Climate, Food and Farming Research Network (CLIFF) of
University of Copenhagen, Denmark, under the CGIAR
Research Program on Climate Change, Agriculture and Food
Security (CCAFS). We thank Mrs Tran Thi Thu Trang, Mrs Cao
Thi Hai and Mrs Nguyen Thi Ha in the Midland Centre of Soils
and Fertilizers Research (Hiep Hoa, Bac Giang) for in-kind
support to the field work.

References

Abao EB, Bronson KF, Wassmann R, Singh U (2000) Simul-
taneous records of methane and nitrous oxide emission in
rice-based cropping system under rainfed condition. Nutr
Cycl Agroecosyst 58:131-139

Adhya TK, Rath AK, Gupta PK, Rao VR, Das SN, Parida KM,
Parashar DC, Sethunathan N (1994) Methane emission
from flooded rice fields under irrigated condition. Biol
Fertil Soils 18:245-248

Aulakh MS, Bodenbender J, Wassmann R, Rennenberg H
(2000) Methane transport capacity of rice plants. II. Vari-
ations among different rice cultivars and relationship with
morphological characteristics. Nutr Cycl Agroecosyst
58:367-375

Aulakh MS, Wassmann R, Rennenberg H (2002) Methane
transport capacity of twenty-two rice cultivars from five
major rice growing countries. Agric Ecosyst Environ
91:59-71

Bronson KF, Neue HU, Singh U, Abao EB (1997) Automated
chamber measurement of methane and nitrous oxide flux in
a flooded rice soil: 1. Residue, nitrogen and water man-
agement. Soil Sci Soc Am J 61:981-987

Chanton JP, Whiting GJ, Blair NE, Lindau CW, Bollich PK
(1997) Methane emission from rice: stable isotopes, diur-
nal variations, and CO, exchange. Glob Biogeochem Cycl
11:15-27

Childthaisong A, Watanabe I (1997) Methane formation and
emission from flooded rice soil incorporated with 13-C
labelled rice straw. Soil Biol Biochem 29:1173-1181

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

Dong D, Yang M, Wang C, Wang H, Li Y, Luo J, Wu W (2013)
Responses of methane emissions and rice yield to appli-
cations of biochar and straw in a paddy field. J Soil Sedi-
ments 13:1450-1460

@ Springer

Dubey SK (2003) Spatio-kinetic variation of methane oxidizing
bacteria in paddy soil at mid-tillering: effect of N-fertiliz-
ers. Nutr Cycl Agroecosyst 65:53-59

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

Haider MZ (2013) Determinants of rice residue burning in the
field. J Environ Manag 128:15-21

IPCC (2013) Climate change 2013: the physical science basis.
In: Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK,
Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds)
Contribution of working group I to the fifth assessment
report of the intergovernmental panel on climate change.
Cambridge University Press, Cambridge, p 714

Ippolito JA, Laird DA, Busscher WJ (2012) Environmental
benefits of biochar. J Environ Qual 41:967-972

Jensen LS (2013) Animal manure fertiliser value, crop utilisation
and soil quality impacts. In: Sommer SG, Christensen ML,
Schmidt T, Jensen LS (eds) Animal manure recycling
treatment and management. Wiley, London, pp 295-328

Jones DL, Rousk J, Edwards-Jones G, Deluca TH, Murphy DV
(2012) Biochar-mediated changes in soil quality and plant
growth in a three year field trial. Soil Biol Biochem
45:113-124

Karhu K, Mattila T, Bergstro I (2011) Biochar addition to
agricultural soil increased CH4 uptake and water holding
capacity—results from a short-term pilot field study. Agric
Ecosyst Environ 140(1-2):309-313

Kirk GJD, Santos EE, Santos MB (1999) Phosphate solubi-
lization by organic anion excretion from rice growing in
aerobic soil: rates of excretion and decomposition, effects
on rhizosphere and pH and effects on phosphate solubility
and uptake. New Phytol 142:185-200

Knoblauch C, Maarifat AA, Pfeiffer EM, Haefele SM (2011)
Degradability of black carbon and its impact on trace gas
fluxes and carbon turnover in paddy soils. Soil Biol Bio-
chem 43:1768-1778

Laird D, Fleming P, Wang BQ, Horton R, Karlen D (2010)
Biochar impact on nutrient leaching from a Midwestern
agricultural soil. Geoderma 158:436—442

Lehmann J (2007) Bio-energy in the black. Front Ecol Environ
5:381-387

Lehmann J, Da Silva JP, Steiner C, Nehls T, Zech W, Gllaser B
(2003) Nutrient availability and leaching in an archaeo-
logical Anthrosol and a Ferralsol of the Central Amazon
basin: fertilizer, manure and charcoal amendments. Plant
Soil 249:343-357

Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC,
Croeley D (2011) Biochar effects on soil biota—a review.
Soil Biol Biochem 43:1812-1836

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

LiuY, Yang M, Wu Y (2011) Reducing CH, and CO, emissions
from waterlogged paddy soil with biochar. J Soil Sedi-
ments 11:930-939

Ly P, Jensen LS, Bruun TB, De Neergaard A (2013) Methane
(CHy) and nitrous oxide (N,O) emissions from the system
of rice intensification (SRI) under a rain-fed lowland rice
ecosystem in Cambodia. Nutr Cycl Agroecosyst 97:13-27




Nutr Cycl Agroecosyst

Ly P, Duong QV, Jensen LS, Pandey A, de Neergaard A (2015)
Effects of rice straw, biochar and mineral fertiliser on
methane (CHy4) and nitrous oxide (N,O) emissions from
rice (Oryza sativa) grown in a rain-fed lowland rice soil of
Cambodia: a pot experiment. Paddy Water Environ
13:465-475. doi:10.1007/s10333-014-0464-9

MalJ, Ma E, Xu H, Kazuyuki Y, Zucong C (2009) Wheat straw
management affects CH, and N,O emissions from rice
fields. Soil Biol Biochem 41:1022-1028

Major J, Steiner C, Downie A, Lehmann J (2009) Biochar
effects on nutrient leaching. In: Lehmann J, Joseph S (eds)
Biochar for environmental management: science and
technology. Earthscan, London, p 271

MONRE (2014) The initial biennial updated report of Vietnam
to the United Nation, Framework Convention on Climate
Change, Vietnam Publishing House of Nature Resource,
Environment and Cartography. http://unfccc.int/resource/
docs/natc/vnmbur1.pdf

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

Neue HU, Wassmann R, Lantin RS et al (1996) Factors affecting
methane emission from rice field. Atmos Environ
30(10—11):1751-1754

Neue HU, Wassmann R, Kludze HK, Bujun W, Lantin RS
(1997) Factors and processes controlling methane emis-
sions from rice fields. Nutr Cycl Agroecosyst 49:111-117

Pandey A, Mai VT, Vu DQ, Bui TPL, Mai TLA, Jensen LS and
de Neergaard A (2014) Organic matter and water man-
agement strategies to reduce methane and nitrous oxide
emissions from rice fields in Vietnam. Agric Ecosyst
Environ 196:137-146

Pathak H, Wassmann R (2007) Introducing greenhouse gas
mitigation as a development objective in rice-based agri-
culture: I. Generation of technical coefficients. Agric Syst
94:807-825

Peng X, Ye LL, Wang CH, Zhou H, Sun B (2011) Temperature-
and duration-dependent rice straw-derived biochar: char-
acteristics and its effects on soil properties of an Ultisol in
southern China. Soil Till Res 112:159-166

Rochette P, Eriksen-Hamel NS (2008) Chamber measurements
of soil nitrous oxide flux: are absolute values reliable. Soil
Sci Soc Am J 72:331-342

Rondon M, Ramirez JA, Lehmann J (2005) Charcoal additions
reduce net emissions of greenhouse gases to the atmo-
sphere. In: Proc third USDA Symposium on Greenhouse
Gases and Carbon Sequestration, Baltimore, USA, March
21-24, 2005, p 208

Sass RL, Fisher FM, Harcombe PA, Turner FT (1991) Methane
emission from rice fields as influenced by solar radiation,
temperature and straw incorporation. Glob Biogeochem
Cycl 5:335-350

Schulte EE, Hopkins BG (1996) Estimation of organic matter by
weight loss-on-ignition. In: Magdoff FR, Tabatabai MA,
Hanlon EA (eds) Soil organic matter: analysis and inter-
pretation. SSSA Special Publication 46. SSSA, Madison,
pp 21-31

Schutz H, Holzapfel-Pschorrn A, Conrad R, Rennenberg H,
Seiler W (1989) A 3-year continuous record on the influ-
ence of daytime, season, and fertilizer treatment on

methane emission rates from an Italian rice paddy. J Geo-
phys Res 94:16405-16416

Smith KA, Conen F (2004) Measurement of trace gas, I: gas
analysis, chamber methods and related procedures. In:
Smith KA, Cresser MS (eds) Soil and environmental
analysis. Modern instrumental technical, 3rd edn. Marcel
Dekker, New York

Sommer SG, Petersen SO, Mgller HB (2004) Algorithm for
calculating methane and nitrous oxide emission from
manure management. Nutr Cycl Agroecosyst 69:143-154

Thu CTT, Cuong PH, Hang LT, Chao NV, Anh LX, Trach NX,
Sommer SG (2012) Manure management practices on biogas
and non-biogas pig farms in developing countries using live-
stock farms in Vietnam as an example. J Clean Prod 27:64-71

Tran TM, Bui HH, Luxhgi J, Jensen LS (2012) Application rate
and composting method affect the immediate and residual
manure fertilizer value in a maize-rice-rice—maize crop-
ping sequence on a degraded soil in northern Vietnam. Soil
Sci Plant Nutr 58:206-223

Van Zwieten L, Singh B, Joseph S, Kimber S, Cowie A, Chan Y
(2009) Biochar and emissions of non-CO, greenhouse
gases from soil. In: Lehmann J, Joseph S (eds) Biochar for
environmental management: science and technology.
Earthscan, London, p 227

Van Zwieten L, Kimber S, Morris S, Chan KY, Downie A, Rust
J, Joseph S, Cowie A (2010) Effects of biochar from slow
pyrolysis of papermill waste on agronomic performance
and soil fertility. Plant Soil 327:235-246

Vu DQ, Tran MT, Vu TKV, Nguyen DP, Cuong VC, Jensen LS
(2012) Effect of biogas technology on nutrient flows for
small- and medium-scale pig farms in Vietnam. Nutr Cycl
Agroecosyst 94:1-13

Walkley A, Black IA (1934) An examination of the Degtjareff
method for determining organic carbon in soils: effect of
variations in digestion conditions and of inorganic soil
constituents. Soil Sci 63:251-263

Wang B, Neue HU, Samonte HP (1997) The effect of controlled
soil temperature on diel CH4 emission variation. Chemo-
sphere 35:2083-2092

Wang B, Xu Y, Wang Z, Li Z, Guo Y, Shao K, Chen Z (1999)
Methane emissions from rice fields as affected by organic
amendment, water regime, crop establishment, and rice
cultivar. Environ Monit Assess 57:213-228

Wassmann R, Schutz H, Papen H, Rennenberg H, Seiler W, Dai
AG, Shen RX, Shangguan XJ, Wang MX (1993) Quan-
tification of methane emissions from Chinese rice fields
(Zhejiang Province) as influenced by fertilizer treatment.
Biogeochem 11:83-101

Wassmann R, Lantin RS, Neue HU, Buendia L'V, Corton TM,
Lu Y (2000) Characterization of methane emissions from
rice fields in Asia. III. Mitigation options and future
research needs. Nutr Cycl Agroecosyst 58:23-36

Weller S, David Kraus D, Ray P, Ayag K, Wassmann Alberto
MCR, Butterbach-Bahl K, Kiese R (2015) Methane and
nitrous oxide emissions from rice and maize production in
diversified rice cropping systems. Nutr Cycl Agroecosyst
101:37-53. doi:10.1007/s10705-014-9658-1

World Reference Base for Soil Resources (2014) International
soil classification system for naming soils and creating
legends for soil maps. World soil resources reports no 106.
FAO, Rome

@ Springer


http://dx.doi.org/10.1007/s10333-014-0464-9
http://unfccc.int/resource/docs/natc/vnmbur1.pdf
http://unfccc.int/resource/docs/natc/vnmbur1.pdf
http://dx.doi.org/10.1007/s10705-014-9658-1

Nutr Cycl Agroecosyst

Xie Z, Xu 'Y, Liu G, Liu Q, Zhu J, Tu C, James E, Amonette JE,
Cadisch G, Jean WH, Yong JWH, Hu S (2013) Impact of
biochar application on nitrogen nutrition of rice, green-
house—gas emissions and soil organic carbon dynamics in
two paddy soils of China. Plant Soil 370:527-540

Yamato M, Okimori Y, Wibowo IF, Anshori S, Ogawa M
(20006) Eftects of the application of charred bark of Acacia
mangium on the yield of maize, cowpea and peanut, and
soil chemical properties in South Sumatra, Indonesia. Soil
Sci Plant Nutr 52:489-495

Yang SS, Chang HL (1999) Diurnal variation of methane
emission from paddy fields at different growth stages of
rice cultivation in Taiwan. Agric Ecosyst Environ
76:75-84

Yang B, Xiong Z, Wang J, Xu X, Huang Q, Shen Q (2015)
Mitigating net global warming potential and greenhouse
gas intensities by substituting chemical nitrogen fertilizers
with organic fertilization strategies in rice—wheat annual
rotation systems in China: a 3-year field experiment. Ecol
Eng 81:289-297

@ Springer

Yao ZS, Zheng XH, Dong HB, Wang R, Mei BL, Zhu JG (2012)
A 3-year record of N,O and CH,4 emissions from a sandy
loam paddy during rice seasons as affected by different
nitrogen application rates. Agric Ecosyst Environ 152:1-9

Zhang A, Cui L, Pan G, Li L, Hussain Q, Zhang X, Zheng J,
Crowley D (2010) Effect of biochar amendment on yield
and methane and nitrous oxide emissions from a rice paddy
from Tai Lake plain, China. Agric Ecosyst Environ
139:469-475

Zhang A, Bian R, Pan G (2012) Effects of biochar amendment
on soil quality, crop yield and greenhouse gas emission in a
Chinese rice paddy: a field study of 2 consecutive rice
growing cycles. Field Crops Res 127:153-160

Zou J, Huang Y, Jiang J, Zheng X, Sass RL (2005) A 3-year field
measurement of methane and nitrous oxide emissions from
rice paddies in China: effects of water regime, crop residue,
and fertilizer application. Glob Biogeochem Cycles
19:GB2021



	Manure, biogas digestate and crop residue management affects methane gas emissions from rice paddy fields on Vietnamese smallholder livestock farms
	Abstract
	Introduction
	Materials and methods
	Experimental site and set-up
	Crop establishment and water regime
	Fertilisation
	Gas sampling, analysis and calculation
	Grain yield, crop biomass production and mineral fertiliser equivalent
	Soil and manure sampling and analysis
	Statistical analysis

	Results
	Methane flux in the summer rice season
	Methane flux in the spring rice season
	Total cumulative methane flux
	Effect of C-input on methane emissions
	Nitrous oxide flux
	Grain yield, aboveground crop residue biomass and amendment fertiliser value
	Yield-scaled global warming potential
	Effect of different organic input on soil properties

	Discussion
	Temporal pattern of CH4 flux and the effect of temperature
	Effect of mineral fertiliser and organic amendments on CH4 flux
	N2O flux
	Grain yield and yield-scaled GWP
	Effect of digestate and biochar on soil properties

	Conclusion
	Acknowledgments
	References




