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Abstract – A field experiment was conducted to determine the effect of water management techniques for maintaining rice production and
reducing methane emission in a Crowley silt loam paddy soil receiving high rice straw additions. A 2 × 5 factorial experiment was arranged in
a split-plot design with two water management practices; alternately flooded and drained and continuously flooded, and five rates of rice straw
incorporation as subplot treatments (0, 3, 6, 12 and 24 t ha–1), with four replications. Rice yield was significantly greater in the alternately
flooded and drained treatment as compared with the continuously flooded treatment. High rice straw application (12 and 24 t ha–1) reduced rice
yield in both water management treatments. Methane emission increased with increase in the rice straw application rate. However, emissions
were lower in the alternately flooded and drained treatment plots. The results demonstrate that draining a field for a short period of time during
the growing season can enhance rice growth and rice yield while reducing methane emission.

paddy rice / water management / plant residue / methane emission / rice production

1. INTRODUCTION

According to world rice statistics (IRRI, 2002), the global
rice harvested area was 147 million hectares in 2002, with a
total rough rice production of 576 million tons. These numbers
were approximately 3% less as compared with 2001. Globally
irrigated rice is grown on about 50% of the total harvested rice
area, contributing about 70% of total rice production. 

Flooded rice fields are significant sources of atmospheric
methane emission, which contribute to global warming (Neue,
1993; Neue et al., 1994). Methane is reported to account for
20 percent of global warming (Sass, 2003). Cultural practices
such as added organic matter amendment (green manure) and
plant residue from the previous rice crop effect methane emis-
sions from rice (Schutz et al., 1989; Sass et al., 1991a, b;
Wassmann, 1993). Organic matter dynamics, soil properties
and rice cultural practices including water management are
important factors governing the amount of methane emitted
from flooded rice systems (Fig. 1) (Neue et al., 1990; Sass et al.,
1992, 1994; Yagi et al., 1996; Wassmann et al., 2000; Neue,
1997).

Rice in the United States is grown under either water- or dry-
seeded cultural systems in Louisiana, Arkansas, Texas, Mis-
sissippi, Missouri and Florida (Linscombe et al., 1999; Miller
and Street, 1999). California rice is cultured almost exclusively
by water seeding. In Louisiana, water seeding is predominant
but dry seeding also contributes significantly to total produc-

tion, especially in the northeastern region of the state (Street
and Bollich, 2003).

Three basic water management practices are used in both
rice seeding systems in the US: (1) delayed flooding, (2) pin-
point flooding, and (3) continuous flooding (Street and Bollich,
2003). When a delayed flood is used, fields are drained after
water seeding (usually 3 to 4 weeks) before the permanent flood
is applied. This system is normally used where red rice is not
a problem (Linscombe et al., 1999). Pinpoint flood is the most
common practice used in the water seeding system. After seed-
ing with presprouted seed, the field is drained briefly. This
allows time for the radicle root to penetrate the soil and anchor
the seedling. Under normal conditions, a three- to five-day
drainage period is sufficient. The field is then permanently
flooded until the rice is near maturity (Fig. 1). Since the field
is maintained in a flooded (or saturated) condition, the oxygen
necessary for red rice germination is lacking (Linscombe et al.,
1999). Continuous flooding is used on a limited basis in
Louisiana. This system is similar to the pinpoint system, except
that after seeding, the field is never drained. Of the three water
management systems, continuous flooding is normally best for
red rice suppression, but stand establishment can be affected.
Continuous flooding also provides excellent weed control,
especially when coupled with herbicides (Hill et al., 1992).

Water management can also be used to mitigate CH4 emis-
sion from rice fields. Aeration of the soil by stopping irrigation
or draining temporarily would enhance CH4 oxidation and
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decrease CH4 production, resulting in lower methane emissions
to the atmosphere (Wassmann et al., 2000; Lu et al., 2000). The
use of a combination of mitigation technologies could reduce
CH4 emission from rice fields without dramatically changing
cultural practices or reducing rice yield. 

Ponnamperuma (1984) reported rice straw incorporation
generally resulted in higher rice grain yield than straw removal
or burning, especially if rice straw incorporation continued for
a number of growing seasons. The benefit is greater in warmer
climates, where toxic compounds released by decomposition
of incorporated straw had time to decompose before planting
(Cho and Ponnamperuma, 1971). However, Gao et al. (2004)
showed high rates of rice straw incorporation adversely
affected rice growth and grain yield.

Rice plants can enhance CH4 production and flux by pro-
viding organic substrates for methanogenic bacteria through
the production of root litter and root exudates (Holzapfel-
Pschorn et al., 1986; Sass et al., 1990). Sass et al. (1990) and
Whiting et al. (1991) reported a linear relationship between
plant biomass and CH4 emissions. Wang et al. (1992) also
found a positive correlation between CH4 emission rate and
straw application rate in Crowley soil up to a rate of 20 g kg–1

(44 t ha–1). However, Kludze and DeLaune (1995) concluded
that the CH4 emission rate did not always show a positive cor-
relation to the straw application rate. 

The emission of methane from the rice field is also affected
by other soil physical and chemical properties. Soil properties

include nitrogen content, cation exchange capacity, amount
and form of Fe and Mn in the soil solution, soil redox potential,
soil pH and soil texture (Wang et al., 1992; Lindau et al., 1993).
The objective of this field experiment was to evaluate water
management techniques for both maintaining rice yield and
reducing methane emission in Crowley soil receiving high
organic matter in the form of rice straw.

2. MATERIALS AND METHODS

The experiment was conducted at the Rice Research Station,
Crowley, Louisiana. The soil was classified as a Crowley silt
loam (Typic Albaqualf) containing 7.0 g total C kg–1 and 0.80 g
total N kg–1 soil. Soil pH was 6.2 (1.1 soil/water) and cation
exchange capacity was 9.4 cmol kg–1 soil. The silt loam con-
tained 710 g silt kg–1 and 120 g clay kg–1 soil (Tab. I). A 2 ×
5 factorial experiment was arranged in a split-plot design with
two water management practices as main plot treatments (alter-
nately flooded and drained and continuously flooded) and five
rates of rice straw incorporation as subplot treatments (0, 3, 6,
12 and 24 t ha–1), with four replications. Plots size was 2.1 ×
6 m. 

Nitrogen, P and K were applied to the soil at a rate of 100–
75–75 kg ha–1, respectively, as pre-plant incorporation and the
second nitrogen application (85 kg ha–1) was applied six weeks
after planting. Rice straw was incorporated to a soil depth of
15 cm at assigned rates using a rotary tiller. Four platinum elec-
trodes were placed in all plots at a depth of 10 cm. A pH elec-
trode was placed in one replication of each water management
main plot. Soil redox potential and pH data were recorded
hourly in established plots via data loggers until harvest. 

Rice straw was incorporated on April 2, 2003, plots were
planted (wet-seeded) at a seed rate of 150 kg ha–1 with rice
(variety Cocodrie) on April 16, pinpoint drain occurred on
April 20 and permanent flood was established on April 25. The
alternately flooded and drained treatment plots were drained on
May 19 and reflooded on May 29 with the second nitrogen
application. Continuously flooded and alternately flooded and
drained treatment plots were permanently drained on July 25
and July 29, respectively, prior to harvest on August 4, 2003.

2.1. Plant growth measurement

A plot area of 0.5 square meters was marked for observation
of plant growth, plant sampling and grain yield measurement.

Figure 1. Rice experimental plots at Louisiana rice experimental
station.

Table I. Procedures used for soil analysis.

Soil Properties Procedures References

Organic matter 1M K2Cr2O7 + Conc. H2SO4, Colorimeter Nelson and Sommers, 1982
pH 1:1 (soil weight: DIW volume) McLean, 1982
Available P 0.03M NH4F and 0.1M HCl, ICP Bray and Kurtz, 1945
Extractable K, Ca, Mg, Na 1M NH4OAc pH 7.0, ICP Thomas, 1982
Sulfur 0.5M NH4OAc and 0.25M HOAc, ICP Tabatabai, 1982
Iron, Manganese, Zinc 0.005M DTPA, pH 7.3, ICP Lindsay and Norvell, 1978
Particle Size Pipette method Soil Survey Laboratory Methods Manual, 1996
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Plant height and stem number were recorded at 17, 33, 50, 64
and 110 days after planting. Plant samples were clipped and
collected at maturity from a 0.5-square-meter section of the
plot. The samples were measured for height, and weighed after
drying at 65–70 °C in an oven for 72 hours. Stem dry weight
and grain yield were recorded. Plant stems and grain were ran-
domly sub-sampled and ground for nutrient analysis. 

2.2. Soil sampling and analysis

Soil samples were collected at harvest from all treatment
plots using a five-cm diameter plastic tube. The tube was placed
on the soil surface and inserted to a depth of 15 cm. Collected
soil samples were air-dried and analyzed for pH, organic car-
bon, S, P, K, Ca, Mg, Na and Fe using the methods outlined in
Table I.

2.3. Methane flux measurement

Methane emissions were measured using diffusion cham-
bers (Lindau et al., 1991) placed within the treatment plots.
Chambers consisted of permanently installed base units
(30 cm × 30 cm × 30 cm) and clean removable tops (30 cm ×
30 cm × 30 cm) to prevent leaf damage; the base units were
stacked as the rice grew. A 15-mL gas sample was withdrawn
from the chamber using a 20-mL gas-tight syringe at 0 and
15 minute after placement of the diffusion chamber on the base
unit. Sampling times were determined from a preliminary study
to determine the linear rate of methane build-up in the chamber
headspace, assuming no interference by ebullition of methane.
Gas samples were collected at 2, 9, 17, 33, 40, 50, 64, 79 and
99 days after planting or 18 April 03, 25 April 03, 3 May 03,
19 May 03, 26 May 03, 5 June 03, 19 June 03, 4 July 03 and
24 July 03, respectively. Collected samples were injected into
10-mL glass vacutainers. Prior to collection, the vacutainers
were evacuated using a high-vacuum preparation line to
remove residual gases (Lindau et al., 1991). Once evacuated,
the tubes were sealed with silicone rubber and subsequently
resealed after injecting of the sample. Floodwater heights and
air temperatures inside the chambers were recorded for calcu-
lation of headspace volume and methane emission rate.

Gas samples were analyzed for methane using a Shimadzu
GC14-A flame ionization gas chromatograph. A gas-tight
syringe was used to inject a 1.0-mL gas sample into a stainless
steel column (0.003 × 2.4 m) packed with Haye Sep O polymer
(100/200 mesh). Column temperature was 40 ° C and injection
and detection set at 100 and 200 ° C, respectively. Integration
and analysis were accomplished with the use of a Shimadzu
R-14AC Chromatopac. Raw data were recorded and used to
calculate the flux of CH4 per unit area. A closed chamber equa-
tion (Rolston, 1986) was used to estimate methane fluxes from
each treatment.

2.4. Statistical analysis

Data were analyzed by IRRISTAT software (IRRI, 1992).
If any results from ANOVA showed significance, then mean
comparisons were obtained with Duncan’s Multiple Range
Test.

3. RESULTS AND DISCUSSION

3.1. Soil pH and Eh

In the alternately flooded and drained treatment, soil pH
ranged between 4.9 and 6.6 during the first week (20 April to
22 April 03) after planting (Fig. 2). During the draining period
(19–29 May 03), soil pH increased from 6.0 to 8.0. After
reflooding, soil pH decreased with less fluctuation, ranging
between 5.3 and 5.7. Average soil pH of the alternately flooded
and drained treatments was higher at the higher rate of straw
addition. With the continuously flooded treatment, soil pH dur-
ing the first week (5.2–6.3) fluctuated less compared with the
alternately flooded and drained treatment (Fig. 3). The maxi-
mum pH value was measured in treatments that received straw
at a rate of 12 t ha–1. The pH fluctuated widely between mid-
season and harvest. 

Soil redox potential in the alternately flooded drained treat-
ment was inversely correlated with rice straw application rate
(Fig. 4). The treatment with a higher rate of straw addition had
a lower Eh value than treatments with lower levels of added rice
straw. During the drainage period, soil Eh increased signifi-
cantly in all organic matter application levels. In the continu-
ously flooded treatment, soil redox was also inversely related
to application of rice straw. Soil Eh again decreased after
reflooding (averaged over the entire growing season, soil Eh

Figure 2. Effect of rice straw and water management practices on soil
pH in the alternately flooded and drained treatment. 0 (control), 3, 6,
12 and 24 = rice straw incorporation rates (t ha–1).

Figure 3. Effect of rice straw and water management practices on soil
pH in the continuously flooded treatment. 0 (control), 3, 6, 12 and
24 = rice straw incorporation rates (t ha–1).
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was in the range of +100 to +400 mV during the draining
period). In addition, the measured Eh value could be separated
into two distinct ranges for the first half of the season. The first
range comprises values above 0 mV. The second range of Eh
values was below 0 mV and associated with application rates
of 12 and 24 t ha–1 (Fig. 5). Average Eh values in the contin-
uously flooded treatment decreased with time followed by
some increases at the end of the season. This was attributed to
water leaking from the main plot. 

3.2. Soil properties

Average soil pH (7.12) of the alternately flooded and drained
treatment (control – 0 t ha–1) was slightly higher compared with
the continuously flooded treatment (6.70). Soil pHs for higher
straw applications (6, 12 and 24 t ha–1) in the alternately flooded
and drained treatment were significantly more acidic than con-
trol treatments, but there were no statistical differences in the
continuously flooded treatment (Tab. II). Measured soil
organic matter level was related to the straw application rate.
The highest contents of soil organic matter were in the treat-
ment receiving 24 t ha–1 of rice straw. The lowest soil organic
matter level was in the treatment which received no added rice
straw (control plots). Water management treatment had no
effect on soil organic matter content. The amount of extractable
sulfur in soil of the continuously flooded treatment was related
to both amounts of rice straw addition (P < 0.01) and water
management (P < 0.05) treatments. In the continuously flooded
treatment, extractable sulfur decreased with an increasing rate
of rice straw application. However, the differences in extract-
able sulfur in the alternately flooded and drained treatment
were not significant. 

Available phosphorus levels were not significantly different
for any level of rice straw application, but levels were signifi-
cantly greater in the continuously flooded treatment compared
with the alternately flooded and drained treatment. Extractable
soil potassium content for the higher straw application rate was
significantly greater than in lower straw applications (P < 0.05).
Soil potassium content was also significantly greater in the con-
tinuously flooded treatment than in the alternately flooded and
drained treatment (Tab. II).

3.3. Nutrient content in rice tissue

Plant stem content of nitrogen at harvest was slightly greater
with higher rice straw application rates compared with the
lower rice straw application rates for both water management
treatments, but the difference was not significant (Tab. III). The
stem content of nitrogen in the alternately flooded and drained
treatment (0.64%) was significantly greater (P < 0.01) than the
continuously flooded treatment (0.56%). Water management
treatments had no influence on the amount of stem content of

 

Figure 4. Effect of rice straw and water management practices on soil
redox potential in the alternately flooded and drained treatment. 0
(control), 3, 6, 12 and 24 = rice straw incorporation rates (t ha–1).

Figure 5. Effect of rice straw and water management practices on soil
redox potential in the continuously flooded treatment. 0 (control), 3,
6, 12 and 24 = rice straw incorporation rates (t ha–1).

Table II. Effect of rice straw and water management treatments on selected soil properties. AFD = alternately flooded and drained treatment,
CF = continuously flooded treatment.

Rice straw Soil pH (1:1) Soil O.M. (%) Extractable S (ppm) Available P (ppm) Exchangeable K (ppm)

(t/ha) AFD CF AFD CF AFD CF AFD CF AFD CF

0 7.12a 6.70ab 1.18c 1.21d 19.5a 17.7bc 48.5a 58.3a 50b 65d

3 6.83ab 6.87ab 1.33bc 1.28cd 18.7a 19.7a 40.5a 54.3a 51b 81c

6 6.75b 6.71ab 1.35b 1.37bc 19.0a 19.2a 46.0a 55.3a 62b 94c

12 6.50b 6.67ab 1.38b 1.51b 18.3a 18.7ab 41.3a 55.0a 64b 118b

24 6.48b 6.48b 1.73a 1.72a 19.1a 16.6c 50.8a 60.3a 153a 151a

Water mean 6.74 6.69 1.39 1.42 18.9 18.4 45.4 56.6 76 102

CV/F-test Water 4.7ns 17.7ns 4.9* 11.6** 5.2**

CV/F-test Rice straw 3.5** 7.7** 5.2** 15.8ns 12.1**

Average of four replications. In each column, means followed by a common letter are not significantly different at the 5% level;
ns = not significant, * = significant at 5% level, ** = significant at 1% level.
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phosphorus or potassium. Significant differences in rice stem
potassium content were observed among rice straw application
rates.

Total stem content of sulfur was not significantly different
among straw application rates and between water management
treatments. Total stem content of calcium at the higher straw
application rate (24 t ha–1) was significantly (P < 0.01) lower
compared with the lower rates of straw application for the con-
tinuously flooded water treatment. The average stem content
of calcium over straw application rates in the alternately
flooded and drained treatment (0.32%) was significantly
greater (P < 0.01) than that observed in the continuously
flooded treatment (0.29%).

The average grain content of nitrogen was approximately
1.05% in the alternately flooded and drained treatment, and was
significantly higher compared with 1.00% in the continuously
flooded treatment (Tab. IV). Grain content of nitrogen for both
water treatments was not significantly affected by straw appli-
cation rates. Neither straw application nor water management
treatments influenced grain content of phosphorus, potassium
or calcium. Total grain content of sulfur in the alternately
flooded and drained treatment (0.075%) was significantly
greater (P < 0.01) than the continuously flooded treatment

(0.071%), but no significance differences were calculated
among straw application rates.

3.4. Nutrient uptake in the rice plant

Nutrient uptake was calculated using plant dry weight and
plant tissue concentration. Total stem nitrogen uptake was not
different among rates of straw application for both water man-
agement treatments (Tab. V). The stem nitrogen uptake in the
alternately flooded and drained treatment (39.9 kg ha–1) was
significantly greater (P < 0.01) compared with the continuously
flooded treatment (26.8 kg ha–1), but the difference was not sig-
nificant with an increasing rate of straw addition. Uptake of
both phosphorous and potassium was greater (P < 0.01) for the
alternately flooded and drained treatment than for the contin-
uously flooded treatment, and in most cases greater with an
increasing rate of straw addition. 

Grain nitrogen uptake was significantly greater at higher
straw application rates (12 and 24 t ha–1) compared with the
lower rates (0, 3 and 6 t ha–1) for the continuously flooded treat-
ment (Tab. VI). The alternately flooded and drained treatment
(148.9 kg ha–1) resulted in more grain nitrogen uptake than in
the continuously flooded treatment (100.5 kg ha–1). Average
grain P uptake in the alternately flooded and drained treatment

Table III. Effect of rice straw and water management treatments on nutrient content (%) in rice stems. AFD = alternately flooded and drained
treatment, CF = continuously flooded treatment.

Rice straw Total N (%) Total P (%) Total K (%) Total S (%) Total Ca (%)

(t/ha) AFD CF AFD CF AFD CF AFD CF AFD CF

0 0.59a 0.53a 0.09a 0.06c 1.17a 1.10c 0.06a 0.06a 0.35a 0.35a

3 0.61a 0.52a 0.08a 0.07bc 1.34bc 1.63ab 0.06a 0.06a 0.33a 0.29a

6 0.71a 0.53a 0.10a 0.09b 1.38abc 1.55b 0.07a 0.05a 0.34a 0.29a

12 0.61a 0.58a 0.10a 0.09b 1.64ab 1.51b 0.06a 0.06a 0.27b 0.30a

24 0.69a 0.62a 0.12a 0.12a 1.70a 1.92a 0.06a 0.06a 0.31ab 0.23b

Water mean 0.64 0.56 0.10 0.09 1.45 1.54 0.06 0.06 0.32 0.29

CV/F-test Water 19.5** 15.2ns 11.4ns 13.9ns 12.1**

CV/F-test Rice straw 13.7ns 19.9** 14.0** 10.7ns 12.7**

Average of four replications. In each column, means followed by a common letter are not significantly different at the 5% level;
ns = not significant, * = significant at 5% level, ** = significant at 1% level.

Table IV. Effect of rice straw and water management treatments on nutrient content (%) in rice grain.

Rice straw Total N (%) Total P (%) Total K (%) Total S (%) Total Ca (%)

(t/ha) AFD CF AFD CF AFD CF AFD CF AFD CF

0 1.05a 0.93a 0.3a 0.28a 0.34a 0.31a 0.080a 0.068a 0.05a 0.05a

3 1.05a 0.96a 0.32a 0.27a 0.34a 0.29a 0.078a 0.070a 0.05a 0.04a

6 1.04a 1.01a 0.32a 0.31a 0.37a 0.32a 0.073a 0.070a 0.05a 0.05a

12 1.05a 1.02a 0.33a 0.32a 0.36a 0.32a 0.070a 0.070a 0.05a 0.05a

24 1.04a 1.07a 0.30a 0.32a 0.36a 0.35a 0.073a 0.078a 0.05a 0.05a

Water mean 1.05 1.00 0.31 0.30 0.35 0.32 0.075 0.071 0.05 0.05a

CV/F-test Water 6.8* 19.4ns 23.9ns 7.4** 1.4ns

CV/F-test Rice straw 4.1ns 18.0ns 19.5ns 6.0ns 25.5ns

Average of four replications. In each column, means followed by a common letter are not significantly different at the 5% level;
ns = not significant, * = significant at 5% level, ** = significant at 1% level.
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was slightly greater than in the continuously flooded treatment
but was not statistically different. Rice straw application rate
had no significant effect on grain P uptake for either water man-
agement treatment. Trends in grain K, Ca and S uptake were
similar to grain P uptake. Grain S uptake in the continuously
flooded treatment increased with an increasing rate of straw
application but was not statistically different among treatments.

3.5. Methane emission

Methane was first detected during the second week (3 May
03 or 17 days after planting) in both the alternately flooded and
drained (38.6 kg ha–1 d–1) treatment (Fig. 6) and the continu-
ously flooded (34.9 kg ha–1 d–1) treatment (Fig. 7). Methane
emissions continued to rise and peak methane emission from
the alternately flooded and drained treatment (85.6 kg ha–1 d–1)
occurred four weeks after planting (19 May 03), and from the
continuously flooded treatment (225.1 kg ha–1 d–1) it occurred
six weeks after planting (26 May 03). After that period, meth-
ane emission decreased with time, and for rice straw application
of 12 and 24 t ha–1 a slight increase was again observed after
the plots were drained just prior to harvest time. The lowest rate
of methane emission was detected from the control treatment
(no rice straw added) throughout the growing season. Methane

emission increased at high rates of rice straw addition for both
water management treatments. 

Methane emission at the highest rate of straw application
(24 t ha–1) was remarkably greater compared with the other
treatments. After draining (during 19–29 May 03), methane

Table V. Effect of rice straw and water management treatments on nutrient uptake (kg ha–1) in rice stems at maturity. AFD = alternately flooded
and drained treatment, CF = continuously flooded treatment.

Rice straw Total N (kg ha–1) Total P (kg ha–1) Total K (kg ha–1) Total S (kg ha–1) Total Ca (kg ha–1)

(t/ha) AFD CF AFD CF AFD CF AFD CF AFD CF

0 38.3a 26.2a 5.6ab 2.9c 75.7c 54.6b 4.2a 2.8a 22.8a 17.0a

3 34.5a 22.0a 4.6b 2.8c 77.4c 69.4ab 3.5a 2.4a 19.2a 12.0a

6 43.8a 24.7a 6.0ab 4.1bc 84.3bc 72.8ab 4.2a 2.5a 20.8a 13.6a

12 38.1a 31.1a 6.3ab 5.0ab 103.3ab 81.6a 3.6a 3.2a 17.1a 16.3a

24 44.6a 29.9a 7.0a 6.0a 109.2a 92.9a 4.0a 2.9a 20.4a 11.2a

Water mean 39.9 26.8 5.9 4.2 90.0 74.3 3.9 2.8 20.1 14.0

CV/F-test Water 31.9** 32.1** 16.1** 23.5** 21.9**

CV/F-test Rice straw 17.9ns 23.2** 18.1** 15.2ns 18.3ns

Average of four replications. In each column, means followed by a common letter are not significantly different at the 5% level;
ns = not significant, * = significant at 5% level, ** = significant at 1% level.

Table VI. Effect of rice straw and water management treatments on nutrient uptake in rice grain (kg ha–1).

Rice straw Total N (kg ha–1) Total P (kg ha–1) Total K (kg ha–1) Total S (kg ha–1) Total Ca (kg ha–1)

(t/ha) AFD CF AFD CF AFD CF AFD CF AFD CF

0 150.1a 89.4b 41.8a 39.6a 46.9a 42.6a 10.8a 9.4a 7.0a 6.6a

3 145.6a 76.9b 43.7a 37.1a 46.5a 39.7a 10.8a 9.6a 6.4a 5.9a

6 148.7a 92.2b 44.4a 43.2a 51.5a 44.9a 10.0a 9.4a 6.2a 6.6a

12 148.6a 114.7a 44.9a 43.9a 49.1a 44.6a 9.8a 10.0a 6.5a 7.0a

24 151.3a 129.4a 41.5a 43.7a 49.6a 48.1a 10.4a 10.6a 7.1a 6.6a

Water mean 148.9 100.5 43.3 41.5 48.7 44.0 10.4 9.8 6.6 6.5

CV/F-test Water 17.4** 18.9ns 24.1ns 10.5ns 20.2ns

CV/F-test Rice straw 9.1** 18.0ns 19.2ns 6.2ns 22.6ns

Average of four replications. In each column, means followed by a common letter are not significantly different at the 5% level;
ns = not significant, * = significant at 5% level, ** = significant at 1% level.

 

Figure 6. Effect of rice straw on methane emission from alternately
flooded and drained treatment plots. 0 (control), 3, 6, 12 and 24 t ha–1

= rice straw incorporation rates.
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emission decreased considerably in all rice straw application
treatments. Lu et al. (2000), Wang et al. (1992) and Wassmann
et al. (2000) also reported that temporary midseason aeration
in Asian rice soil reduced methane emission significantly. After
reflooding, plots receiving the highest rate of straw application
(24 t ha–1) again produced the highest methane emission
throughout the remainder of the growing season. Rice straw
incorporation during the land preparation stage increased meth-
ane emission during the early growth stage until 30 days after
transplanting (Wassmann et al., 2000).

Methane emission over the entire growing season in treat-
ments with the higher rice straw additions (12 and 24 t ha–1)
were significantly greater compared with the lower straw appli-
cation rates (Fig. 8). Neue et al. (1990) reported a similar
increase in methane emission associated with an increase in soil
organic matter. At low rates of straw application (0, 3 and
6 t ha–1), total methane emission was less than 1 000 kg ha–1

over the growing season. Methane emission from the continu-
ously flooded treatment was notably greater than that from the
alternately flooded and drained treatment plots. Methane flux was
reduced after midseason drainage due to aeration (Wassmann
et al., 2000). The greatest emission rates were measured with
the highest rice straw application rates (12 and 24 t ha–1). Meth-

ane emission from the alternately flooded and drained treat-
ments with rice straw applications of 0, 3 and 6 t ha–1 was
slightly lower than the same rice straw additions for the con-
tinuously flooded treatments. Rice straw application increased
methane emission because of methane produced from volatile
fatty acids that were generated from rice straw decomposition
(Wassmann et al., 2000).

3.6. Plant growth

Plant growth as influenced by the rice straw incorporation
rate was observed at the early rice growth stage (1–3 weeks).
Following drainage, plants in the alternately flooded and
drained treatments were greener in color and more growth was
observed than in the continuously flooded treatments. Number
of plant tillers per unit area in each plot can be an important
parameter in determining whether the plant was under stress
from any adverse effect from rice straw addition. Plant tiller
numbers observed for 5 different growth stages (17, 33, 50, 64
and 110 days after planting) showed no difference among the
plots at each observing stage. Plant tiller numbers ranged
between 316 and 440 tiller m–2 in the alternately flooded and
drained treatment, and 281 to 411 tiller m–2 in the continuously
flooded treatment, but the numbers were not correlated with the
rates of rice straw addition. Tiller numbers in the alternately
flooded and drained treatment were considerably greater than
in the continuously flooded treatment. The enhanced growth of
the rice plants in the alternately flooded and drained treatment
was attributed to better root growth, which increased nutrient
uptake and provided more oxygen to the root zone (Kirk and
Solivas, 1997).

Plant height was also used for evaluating the impact of rice
straw on rice growth. Plant heights at the three low rates of straw
application (0, 3 and 6 t ha–1) after the draining period (19–
29 May 03) in the alternately flooded and drained treatments
were remarkably greater than the continuously flooded treat-
ment (Fig. 9). At the high rates of rice straw application (12 and
24 t ha–1), plant height in both water management treatments
was not different (Fig. 10). Average plant heights in the alter-
nately flooded and drained and the continuously flooded treat-
ments were similar (16 and 16 cm) for the first sampling
(17 days after planting), and the second sampling (33 days after

Figure 7. Effect of rice straw on methane emission from continuously
flooded treatment plots. 0 (control), 3, 6, 12 and 24 t ha–1 = rice straw
incorporation rates.

 

Figure 8. Effect of rice straw on methane emission per season of
main crop (data were calculated by integrating the area under the line
charts). AFD = alternately flooded and drained treatment, CF =
continuously flooded treatment.

Figure 9. Effect of rice straw on plant height (cm) in the alternately
flooded and drained treatment (AFD); 0 and 24 = rice straw
incorporation rates (t ha–1).
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planting) was 27 and 26 cm. However, following drainage,
plant height in the alternately flooded and drained treatment
was significantly greater (P < 0.05) compared with the contin-
uously flooded treatment. The average height at harvest in the
continuously flooded treatment was 65 cm and it was 79 cm in
the alternately flooded and drained treatment (with rice straw
application of 0–24 t ha–1). 

3.7. Plant dry matter and grain yield

Dry matter weight with the higher rice straw application
rates was significantly greater (P < 0.05) compared with the
lower rice straw application rates in the continuously flooded
treatment (Fig. 11). There were no significant differences of dry
weight in the alternately flooded and drained treatment. The
control treatment in the continuously flooded plots had similar
dry matter yield to the treatment yield with rice straw applica-
tions at 3 and 6 t ha–1. This occurrence might have been due to
the rice straw having an adverse effect on the growth of the rice
in the continuously flooded treatment compared with the alter-
nately flooded and drained treatment. Rice straw application
rate did not show any relationship to plant dry matter in the
alternately flooded and drained treatment, but there was a sig-
nificant difference (P < 0.05) in plant dry matter for the con-

tinuously flooded treatment. Dry matter weight in the alter-
nately flooded and drained treatment was significantly greater
than the continuously flooded treatment (P < 0.01).

Grain weight collected from 0.5-m2 subplots showed signif-
icant differences among both rice straw applications and water
management treatments (Fig. 12). In the continuously flooded
treatment, the trend was similar to plant dry matter weight,
except grain weight decreased in the 24 t ha–1 rice straw treat-
ment. In the alternately flooded and drained treatment, grain
weight did not show any significant difference at increasing
rates of straw application. The alternately flooded and drained
treatment had significantly increased grain weight compared
with the continuously flooded treatment.

Whole plot (12.6 m2) grain yield from the continuously
flooded treatment increased at high rates of rice straw applica-
tion (12 to 24 t ha–1) (Fig. 13). Grain yield in the alternately
flooded and drained did not significantly increase at high rates
of rice straw. The alternately flooded and drained treatment
resulted in greater grain yield compared with the continuously
flooded treatment at all levels of straw application. These find-
ings are in agreement with Wassmann et al. (2000) who
reported that alternate flooding/drying at midseason could
increase rice production as compared with continuous flooding.

 

Figure 10. Effect of rice straw on plant height (cm) in the
continuously flooded treatment (CF); 0 and 24 = rice straw
incorporation rates (t ha–1).

 

Figure 11. Effect of rice straw and water management practices on
dry matter weight; AFD = alternately flooded and drained treatment,
CF = continuously flooded treatment. Statistical tests: AFD = ns;
CF = *.

 

 

 

Figure 12. Effect of rice straw and water management practices on
grain weight; AFD = alternately flooded and drained treatment, CF =
continuously flooded treatment. Statistical tests: AFD = ns; CF = *.

Figure 13. Effect of rice straw and water management practices on
grain yield (harvest from whole plot); AFD = alternately flooded and
drained treatment, CF = continuously flooded treatment. Statistical
tests: AFD = ns; CF = *.
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4. CONCLUSION

Methane emission (a greenhouse gas associated with global
warming) increased in this study with amount of straw addition
under both water management practices. The results of this
study clearly demonstrate that draining Louisiana rice fields for
a short period of time during the growing season can both
enhance rice growth and yield, and reduce methane emission
to the atmosphere. This research is in agreement with other
studies (Wassmann et al., 2000; Lu et al., 2000) which reported
that methane emission from paddy rice fields in China, India,
Indonesia, Thailand and the Philippines could be reduced by
up to 60% by drainage during the growing season with no sig-
nificant impact on rice yield. Temporary soil alteration, how-
ever, could result in greater N2O emission. (Bronson et al.,
1997a, b). Further studies of the water management strategies
in Louisiana rice fields will need to quantify the impact of water
management strategies on N2O emission (another significant
greenhouse gas).
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