
Biol Fertil Soils (1996) 22:359-366 �9 Springer-Verlag 1996 

H. A. C. Den ier  van  der  G o n  �9 H.-U.  Neue  

Oxidation of methane in the rhizosphere of rice plants 

Received: 8 February 1995 

Abstract  Oxidation of CH4 in the rhizosphere of rice 
plants was quantified using (1) methyl fluoride, a specific 
inhibitor of CH4 oxidation, and (2) measuring changes in 
plant-mediated CH4 emission after incubation under air, 
N2, or 40% O2. No significant rhizospheric CH4 oxidation 
was observed from rice plants in the ripening stage. CH4 
emission from rice plants 1 week before panicle initiation 
increased by 40% if CH4 oxidation in the rhizosphere was 
blocked. The growth stage of the rice plant is an important 
factor determining the rhizospheric CH4 oxidation. Fluc- 
tuation of rhizospheric CH4 oxidation during the growing 
season may help to explain the observed seasonal CH4 
emission patterns in field studies. Measurements from four 
rice varieties showed that one variety, Pokkali, had higher 
rhizospheric CH4 oxidation. This was probably because 
Pokkali was in an earlier growth stage than the other three 
varieties. Both in the early and in the late growth stages, 
incubation under N2 caused a much stronger CH4 flux 
than inhibition of CH4 oxidation alone. Apparently, N 2 in- 
cubation not only blocked CH4 oxidation but also stimu- 
lated methanogenesis in the rhizosphere. Incubation under 
a higher O2 atmosphere (40% O2) than ambient air de- 
creased the CH4 flux, suggesting that increasing the oxida- 
tion of the rice rhizosphere may help in reducing CH4 
fluxes from rice agriculture. The O2 pressure in the rhizo- 
sphere is an important factor that reduces the plant- 
mediated CH4 flux. However, inhibition of methanogen- 
esis in the rhizosphere may contribute more to CH4 flux 
reduction than rhizospheric CH4 oxidation. 
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Introduction 

CH4 is an important greenhouse gas and a key factor in 
tropospheric and stratospheric chemistry (Wang et al. 
1976; IPCC 1992). Wetland rice fields are an important 
source of CH4, accounting for approximately 20% of the 
global anthropogenic methane emission (IPCC 1992). CH4 
is produced by strictly anaerobic bacteria that are common 
in anoxic soils such as wetland rice fields (Cicerone and 
Oremland 1988). CH 4 emission from a rice field is the net 
effect of CH4 production (methanogenesis) and CH 4 oxi- 
dation (methanotrophy). Methanotrophs are obligate aero- 
bes because the enzyme monooxygenase, responsible for 
the oxidation of CH 4 to CH3OH, requires molecular 02 
(Bedard and Knowles 1989; King 1992; Knowles 1993). 
Therefore, methanotrophs occur and are active close to 
oxic-anoxic interfaces where the concentration gradients of 
CH4 and 0 2 overlap. 

In rice fields oxic-anoxic interfaces are found at the 
floodwater-soil interface and in the rice rhizosphere. The 
rice plant relies on aerobic respiration for growth and 
transports atmospheric O2 to its roots to survive in the 
anaerobic environment (Armstrong 1978). Oxidation of the 
rice rhizosphere is caused partly by enzymatic oxidation 
but mostly by radial O2 loss through the root wall (Ando 
et al. 1983). Hereby a very thin oxidized layer forms 
around the rice roots, creating a habitat for aerobic micro- 
organisms, like methanotrophs, in an otherwise anoxic soil 
environment. Methanotrophy can be an important sink for 
CH4 produced in anaerobic soils (King 1992). Unfortu- 
nately, investigations of methanotrophy in ecosystems 
have been hampered by the lack of a specific inhibitor that 
inhibits CH4 oxidation only and has no inhibitory effect 
on other processes such as methanogenesis (Bedard and 
Knowles 1989). Therefore, CH4 oxidation was often esti- 
mated as CH4 production minus CH4 emission (Schtitz et 
al. 1989; Sass et al. 1990; Conrad and Rothfuss 1991; De- 
nier van der Gon and Neue 1995b). 

A large number of CH4-oxidizing bacteria is present in 
the rhizosphere, indicating a high potential for CH 4 oxida- 
tion (de Bont et al. 1978). But C2H 2 (an inhibitor of CH4 



360 

oxidat ion)  did not  increase p lant -media ted  emiss ion  of  
CH4, suggest ing little or no  CH4 oxidat ion in  the rhizo- 
sphere (de Bon t  et al. 1978). However,  C2H2 inhibi ts  not  
on ly  oxidat ion (de Bont  and Mulder  1976), bu t  also the 
product ion  of  CH4, at least at higher  concentra t ions  (Or- 
emland  and Taylor 1975; Sprott et al. 1982). Recently,  Or- 
emland  and Culber tson (1992a,b)  reported that CH3F and 
dimethyl  ether are specific inhibi tors  of  methanotrophs,  
a l though d imethyl  ether was a less effective inhibi tor  than 
CH3F. The  use of  CH3F as a specific inhibi tor  allows a di- 
rect quant i f icat ion of  methanot rophy in  ecological  systems 
and  the ambigui t ies  in  indirect  assessments  of  methane  
oxidat ion can be avoided. Us ing  CH3F, Oremland  and Cul-  
ber tson (1992a) showed that methanot rophs  at the soil- 
water interface can consume  more  than 90% of  the  poten-  
tially available CH4. This  c o n f m n e d  estimates for CH~ 
oxidation,  obta ined by  indirect  assessments,  at the soil- 
water  interface of  wet lands (King 1990; King  et al. 1990) 
and rice fields (Conrad and Rothfuss 1991; Denier  van  der 
G o n  and Neue  1995b). 

Pre l iminary  exper iments  with rice plants,  us ing  CH3F, 
showed that be tween  10 and 47% of  the potential  CH4 
flux was oxidized in the rhizosphere (Epp and Chan ton  
1993). Increas ing CH4 oxidat ion in the rhizosphere could  
be a potent ial  mit igat ion opt ion that may  reduce the CH4 
source strength of  paddy  fields wi thout  affecting rice 
yields. The  object ive of  the present  work  was to invest i-  
gate the s ignif icance of  CH4-oxidiz ing activity in the rice 
rhizosphere by  us ing  CH3 F as a specific inhibi tor  of  CH4 
oxidation.  To invest igate  whether  the CHa-oxidiz ing  activ- 
ity in  the rhizosphere is l imited by  O2 availabili ty,  CH4 
emiss ion  was measured  f rom plants  incuba ted  under  vari- 
able O2 concentrat ions.  

Materials and methods 

Maahas clay soil from the lntemational Rice Research Institute (IRRI) 
research farm (Block C) in the Philippines was air-dried and sieved. 
Plastic 5-liter pots were filled with 2.5 kg air-dried, ground soil 
mixed thoroughly with 0.27 g urea, equivalent to 100 kg N ha -1. The 
pots were flooded and puddled by hand. The next day, two 2-week- 
old seedlings, rice variety IR 72 unless otherwise stated, were trans- 
planted into each pot. IR 72 was also used in several studies that 
monitored CH4 emission from rice fields (Denier van der Gon and 
Neue 1994; Wassmann et al. 1994; Denier van der Gon and Neue 
1995a,b). The pots were placed in the greenhouse and a floodwater 
layer of about 5 cm was maintained. 

CH4 emission rates from the planted plots were measured with 
closed chambers as described by Denier van der Gon and van Bree- 
men (1993). Before a CH4 flUX measurement, the stems of the rice 
plants were cut 5 cm above the floodwater. Earlier experiments re- 
vealed no significant differences in the CH4 emitted by cut and intact 
plants, both a high and low levels of emission (Denier van der Gon 
and van Breemen 1993). The CH4 flux into a headspace with normal 
air was measured. Next, the pots were separated into different 
batches, each batch with a different headspace composition. The head- 
space compositions studied comprised air, air with 1.5% CH3 F, air 
with 3% CH3F, 100% N2, and air with 40% 02. Throughout each ex- 
periment, the batch with air in the headspace served as the control 
treatment. At the end of each experiment the tiller number, root 
length, dry weight of panicles, aboveground biomass, and below- 
ground biomass were measured for each pot. 

CH4 flux measurements 

After an incubation, five headspace samples were collected with 5-  
10 min intervals. The gas samples were injected immediately into a 
2-ml sample loop connected to a gas chromatograph equipped with a 
flame ionization detector, N2 as carrier gas,and a column oven tem- 
perature of 45~ The CH4 flux was calculated by a linear regression 
from the increase in the CI-I4 concentration in the headspace over 
time. The r 2 of the linear regressions is typically >0.95. Each flux 
measurement was repeated at least once. Modification of the system 
used in this study, compared to the set-up described by Denier van 
der Gon and van Breemen (1993), was that the floodwater layer was 
not separated from the headspace. The plant-mediated CH4 flUX was 
differentiated from the flux through the floodwater layer by additional 
measurements with a 140-ml glass beaker placed upside down over 
the stems of the rice-plant hill with the rim of the beaker submerged 
in the floodwater. Thus emission via the stems of the rice plant into 
the headspace was blocked and only CH 4 emission via the floodwater 
was measured. 

Methyl fluoride treatments 

Epp and Chanton (1993) reported that for measurements on rhizo- 
spheric CH4 oxidation, one 16 to 18-h incubation period with a 1.5% 
CH3F chamber headspace concentration was sufficient to inhibit CH4 
oxidation, without significantly affecting methanogenesis. In the pre; 
sent work we adopted their methodology. After measuring the CH4 
flux under air, the headspace of the closed chambers was spiked with 
80 or 160 ml pure (99+%) CH3F (Scott Specialty Gases) to obtain 
about 1.5 or 3% (vol/vol) CH3F in the headspace, respectively. After 
incubation the CH3F concentration in the headspace was measured to 
check whether it remained constant. CH3F was measured on the same 
gas chromatograph with a flame ionization detector as CH4. Stan- 
dards of CH3F in air were made by injecting pure CH3F into glass 
bottles with a known volume to obtain 0, 1, and 5% (vo//vol) CH3E 
After 15 h of incubation, the average CH3F concentration in the head- 
space above the planted pots was 1.4% (_+0.1) and 2.9% (_+0.2) CH3F 
for the 1.5 or 3% CH3F treatment, respectively. This indicates that the 
closed chambers were gastight and that the CH3F concentration re- 
mained high enough for inhibition of methanotrophy throughout the 
incubation period. After an incubation of 16 h the closed chambers 
were removed and the pots were allowed to equilibrate for 1-3 h. 
Next, the CH4 flux was measured as described above. We did not ob- 
serve a significant difference in CH4 flux after incubation with 1.5 or 
3% CH3F (data not shown), in line with Oremland and Culbertson 
(1992b) and Epp and Chanton (1993). Therefore, all other experi- 
ments with CH3F treatments reported in this paper were performed 
with 1.5% (vol/vol) CH3E 

N 2 and 40% 0 2 treatments 

The headspace of the closed chambers was flushed for about 1.5 h 
with either Na or 40% 02 (balance 60% N2) at a high rate. Earlier ex- 
periments had shown that flusing for 1.5 h is sufficient to change the 
headspace composition for >99% (Denier van der Gon and van Bree- 
men 1993). The atmosphere inside the cover was kept at a small 
over-pressure throughout the incubation period, causing a slow con- 
tinuous escape of bubbles from the water seal separating inner and 
outer atmosphere, to ensure a fixed headspace composition. After 
15 h the flushing rate was increased for 1 h to remove any accumu- 
lated CH4. Next, the flushing was stopped and the CI-I4 flux was mea- 
sured as described above. One hour later the headspace was flushed 
again with 100% N2 or 40% 02 to remove trapped CI-I4 and refresh 
the headspace gas composition, and a second CH4 flUX was mea- 
sured. 

A number of experiments were performed using the techniques 
described above. 



Experiment 1:CH4 oxidation in the rice rhizosphere at ripening stage 

Seventeen pots prepared as described above were planted with IR 72. 
Because a limited number of closed chambers was available the se- 
venteen pots were divided into a group of eleven pots and a group of 
six pots. The plants from the eleven pots were cut 65 days after trans- 
planting (ripening stage). The CH4 fluxes from each pot were mea- 
sured, 0, 18, 24, and 24 h after cutting, under an air headspace. Next, 
three of the pots were incubated under N2, four pots under 40% 02, 
and four pots under air. The CH4 fluxes were measured after 19 and 
26 h of incubation. In between, after 23 h of incubation, CH4 emis- 
sion via the floodwater only was measured. The plants of the remain- 
ing six pots were cut 5 days later and CH4 fluxes were measured 0, 
4, and 6 h after cutting the plants. Next, half the pots were incubated 
under air, the other half under 1.5% CH3E C H  4 fluxes were mea- 
sured after incubation as described above. 

Experiment 2: Measurements in the field 

CH4 emissions from rice fields have a distinct diurnal pattern (Schfitz 
et al. 1989; Denier van der Gon and Neue 1994, 1995a) which com- 
plicates any interpretation of the impact of headspace incubations on 
CH4 emissions. To reduce the influence of diumal variation in CH4 
emission, fluxes measured at a particular time of day are compared 
only with fluxes measured at exactly the same time the next day. Six 
hills of IR 72 were cut at harvest stage, about 100 days after trans- 
planting. A closed chamber as used to measure the CH4 flux from 
planted pots (Denier van der Gon and van Breemen 1993) was placed 
over each hill. CH 4 fluxes were measured at 11.30 and 15.00 h. Next, 
three hills were incubated under air with 1.5% CH3 F, while the re- 
maining three were incubated under air. The incubation was stopped 
after 16 h and the chambers were removed. After 3 h of equilibration, 
the CH4 fluxes were measured at 11.30 and 15.00 h. 

Experiment 3: Varietal differences 

Three pots each, prepared as described above, were planted with rice 
variety IR 72, IR 65597, Pokkali, or Dular. The stems of the rice 
plants were cut 65 days after transplanting. The CH4 flux from the 
pots was measured 0, 3, and 5 h after cutting. Next, the pots were in- 
cubated under air with 1.5% CH3F, and the CH4 fluxes were mea- 
sured the next day (see above). After two flux measurements, the pots 
were incubated under N2 (as described under N2 treatments) for 20 h 
and the CH4 flux was measured twice. 
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Results 

Plant-mediated CH4 emission 

CH4 transport  direct ly through the f loodwate r  layer, ei ther 
d i f fus ive  or  by ebull i t ion,  contr ibuted less than 10% to the 
total C H  4 flux, i r respect ive  o f  the incubat ion  gas or  age o f  
the r ice plants (data not  shown).  So, p lant -media ted  trans- 
port  consis tent ly contr ibuted ove r  90% (average 95%) to 

the total CH4 emiss ion  f rom the pots. Therefore ,  changes  
in CH4 emiss ion  upon incubat ion  with different  gases  can 
be  attributed to changes  in the p lant -media ted  CH4 emis-  
sion. Keep ing  a control  set o f  plants under  air headspace  
th roughout  the exper iment  p roved  a useful  approach which  
facil i tated interpretation. 

Experiment 1: C H  4 oxidation in the rhizosphere of IR 72 
in ripening stage 

Al though  all pots were  prepared in the same manner ,  the 
CH4 emiss ions  f rom the pots differed by a factor  o f  3 - 4  

(Table 1). No  correlat ion be tween  the number  o f  tillers or  
plant  b iomass  and the rate o f  CH4 emiss ion  was found.  
The  variat ion shows h o w  var iable  C H  4 emiss ion  m a y  be, 
even  under  apparently s imilar  condit ions.  With this large 
var ia t ion in CH4 f luxes it was not  poss ible  to compare  the 
mean  C H  4 emiss ions  per  t reatment  and attribute different  
f lux rates to different  treatments.  However ,  the CH4 emis-  
sion level  per  pot  var ied  little wi th  t ime, as can be  seen 
f rom the standard devia t ion  in Table 1. For  compar ison ,  
CH4 f luxes o f  each pot  are scaled by setting the first mea-  
sured CH4 flux under  air for each pot  at 100%. CH4 emis-  
sions o f  seven  pots f rom Table 1 are plot ted re la t ive  to the 
first measu remen t  under  air for  each pot  on the r ight  ha l f  
o f  Fig. 1. Af te r  incubat ion  under  N2 for 19 h, the CH4 
emiss ion  was strongly st imulated,  to about  210% o f  the 

first f lux measu remen t  (Fig. 1 A). The  re la t ive  effect o f  N2 
was the same despite the large differences in absolute  
emiss ion  levels,  indicat ing that the scal ing procedure  is 
useful.  The  CH4 emiss ion  f rom the control  pots under  air 

Experiment 4 :CH4 oxidation in the rice rhizosphere before panicle 
initiation 

Table 1 Experiment 1:CH4 flux into air from planted pots measured 
0, 18, 25, and 47 h after cutting and some plant parameters. CH4 flux 
is expressed as means (SD), and biomass as dry weight 

Pot CH 4 flux 
About 30 days after transplanting (1-2 weeks before panicle initia- (gg CH 4 
tion) 12 rice plants (IR 72) were collected in the field by using a 5-1i- pot -1 h -t ) 
ter pot with a cut-out bottom and a sharpened edge as a corer. The 
soil core with the rice plant was immediately transferred to a pot and 1 72.2 (6.1) 29 
placed in the greenhouse. After 1 week the plants were cut, and the 2 169.7 (19.5) 28 
CH4 fluxes were measured 0 and 4 h after cutting under an air atmos- 3 151.0 (9.4) 27 
phere. In between, 2 h after cutting, CH4 emitted through the flood- 4 234.2 (27.2) 25 
water only was measured by excluding plant-mediated CH4 emission. 5 199.9 (47.8) 27 
Next, four pots each were incubated under 40% 02, 1.5% CH3 F, and 6 78.8 (3.6) 27 
air for 16-18 h. After equilibration for 2 h, two CH4 fluxes (each 7 209.5 (51.6) 28 
based on five headspace samples over time) were measured. Next, the 8 310.3 (34.3) 26 
pots that had been incubated under CH3F were incubated for 20 h un- 9 252.5 (27.3) 30 
der 100% N2 while the remaining eight pots were incubated under 10 82.6 (5.2) 29 
air, and two CH4 fluxes (each based on five headspace samples over 11 148.6 (22.0) 26 
time) were measured after the incubation. 

Tillers Aboveground Belowground Root length 
biomass (g) biomass (g) (cm) 

90.5 20.3 42.0 
88.1 23.7 51.5 
88.6 17.5 42.3 
85.4 14.4 34.1 
90.7 16.2 46.5 
90.4 16.0 35.4 
85.5 21.1 33.1 
88.5 11.6 37.3 
89.6 19.3 44.2 

101.2 19.2 44.4 
95.5 14.5 38.6 
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Fig. 1A,B Experiment 1:CH4 flux from pots with rice plants (ri- 
pening stage) in the first 3 days after cutting the stems, expressed as 
a percentage of the initial CH4 flux under air. Pot numbers refer to 
those given in Table 1. Pots t -3  were under air and N2 (A) and pots 
8-11 under air as the control (B) 

increased over time to about 125% (Fig. 1B). The flux in- 
crease after N2 incubation had to be corrected for this 
"baseline drift" to give the impact of N2 incubation only. 
Figure 2 shows the impact of incubation under various 
gases scaled to the CH4 flux measurement under air and 
corrected for a drift in the CH4 flux over time as derived 

from the control measurement under air. The standard de- 
viation for each treatment, represented by the error bars, 
indicates the uniformity of the relative fluxes of different 
pots with the same headspace composition. Adding 1.5% 
CH3F did not alter the CH4 flux. Incubation under N2 or 
40% O2 resulted in a CH4 flux of about 190 or 80% of 
the CH4 flux under air, respectively. 

Experiment 2: Measurements in the field 

For comparison, the CH 4 fluxes were scaled in the same 
way as in Fig. 2. The CH4 emission from rice plants at 
harvest stage in the field did not significantly increase 
upon incubation under 1.5% CH3F (Fig. 3). This suggests 
little or no CH4 oxidation in the rhizosphere, confirming 
the result of the pot experiment (experiment 1). 

Experiment 3: Varietal differences 

CH4 emission 65 days after transplanting was much higher 
from IR 72 and IR 65597 than from Pokkali or Dular 
(Table 2). Other differences included the high tiller num- 
ber of 1R 72, the high biomass of Pokkali, and the long 
roots of Dular plants. Furthermore, Pokkali had not yet 
flowered whereas the other three varieties had already pa- 
nicles. The results cannot be scaled as in Figs. 2 and 3, 
because the number of closed chambers available did not 
allow control measurements under air headspace. The CH 4 
flux from Pokkali increased by 37% under 1.5% CH3F, 
whereas fluxes from the other varieties did not change sig- 
nificantly (Table 3). The results for IR 72 under 1.5% 
CH3F were in line with the observations in the previous 
experiments, where a control measurement under air was 
available. Therefore, we assume that the 37% flux increase 
from Pokkali plants is representative for the amount of 
CH4 consumed by CH4 oxidation in the rhizosphere of 
Pokkali. Under N2, the flux from Pokkali increased by 

Fig. 2 Experiment 1:CH4 flux 
from pots with rice plants (ri- 
pening stage) under air, N2, 40% 
02, or 1.5% CH3F (MF) relative 
to the previous CH4 flux under 
air, corrected for changes in 
emissions from the control mea- 
surements. Error bars indicate 
standard deviation 

200% 
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Table 2 Experiment 3: Average CH 4 emission, tiller number, panicle 
weight, biomass, and root length per pot of pots planted with two 
seedlings each, about 70 days after transplanting. Values are ex- 
pressed as means (SD), n=3. Panicle weight and biomass represent 
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dry weights. Aboveground biomass includes panicle weight. No pani- 
cles had developed for the Pokkali variety and those for the two IR 
varieties were not fully developed 

Rice variety CH 4 emission Tiller (no.) Panicle weight 
(txg pot -~ h -1) (g pot -~) 

Aboveground biomass 
(g pot-') 

Belowground biomass Root length 
(g pot -1) (cm) 

IR 72 483 (45) 33 (2) 17 (2) 
IR 65597 375 (35) 19 (2) 8 (0.2) 
Pol~&ali 84 (45) 19 (1) - 
Dular 44 (17) 20 (3) 21 (2) 

89 (2) 19 (2) 37 (1) 
61 (2) 20 (4) 36 (1) 

107 (9) 31 (I) 37 (3) 
97 (4) 19 (3) 46 (1) 

2 0 0 %  

150% 

100% 

5 0 %  

0 %  
11:30 15:00 

first measurement second measurement 

Fig. 3 Experiment 2: CH 4 flux from plants in the field under air or 
1.5% CH3F (MF) relative to the previous CH4 flux under air, cor- 
rected for changes in emissions from the control measurements under 
air. Error bars indicate standard deviation (n=3) 
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Fig. 4 Experiment 4: Ctt 4 flux from pots with rice plants about 1 
week before panicle initiation, under air, 40% Oz, or 1.5% CHsF 
(MF) (day 1) and under air or N2 (day 2) relative to the previous 
CH4 flux under air, corrected for changes in emissions from the con- 
trol measurements under air. Error bars indicate standard deviation 
(n=4) 

Table 3 Experiment 3: Mean relative change (SD) in CH4 flux for 
four rice varieties upon incubation under 1.5% CH3F or N2 compared 
to previous measurements under air 

Variety Relative change in CH 4 flux CH 4 flux relative to IR 72 
(%) (%) 

1.5% CH3F N2 1.5% CH3F N2 

IR 72 -1 (1) +9 (3) 100 i00 
IR 65597 -2 (2) +9 (3) 99 100 
Pokkali +37 (5) +50 (8) 134 t34 
Dular +4 (1) +11 (7) 101 99 

increase observed in the previous experiment.  However,  
since control flux measurements under air were not avail- 
able we cannot exclude the possibi l i ty that other factors in- 
fluenced the CH4 emission as well. 

Experiment  4 : C H 4  oxidation in the rice rhizosphere be- 
fore panicle initiation 

The variation in CH4 emission levels of  IR 72 about 1 
week before panicle initiation was similar to that of  plants 
in the ripening stage. Again,  CH 4 emission from various 
pots differed by a factor of  about 4, but the emission level 
of  each individual  pot varied little with time (data not 
shown). The observed CH 4 fluxes from the planted pots 
after different incubations were scaled in the same way as 
those shown in Figs. 2 and 3. CH 4 emission from rice 
plants under 1.5% CH3F increased to 140% of  the CH4 
flux under air (Fig. 4, left). Next, the plants previously 
treated with 1.5% CHsF were incubated under  N2. The 
CH 4 flux increased from 140 to about 190% of  the flux 
under air (Fig. 4, right). So, on top of  the 40% flux in- 
crease due to blocking of  CH 4 oxidation, the CH4 flux in- 
creased by another 50% due to stimulation of  methanogen- 
esis. The f lux-reduct ion under 40% 02 (Fig. 4, 100%--* 
77%) was similar to that observed for plants in the ripen- 
ing stage (Fig. 2). On the second day, when the plants pre- 
viously incubated under 40% 02 were incubated again un- 
der air, the CH 4 flux fully recovered to about 100%. 

50% and the flux from IR 72, IR 65597, and Dular in- 
creased by about 10%. This 10% flux increase after incu- 
bation under Na was small compared to the twofold flux 
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Discussion 

Emission of CH 4 is not influenced by cutting the stems 
above the floodwater because plant-mediated gas transport 
between soil and atmosphere is independent of the tran- 
spiration rate or stomatal opening (Lee et al. 1981; Seller 
et al. 1984) and takes place mostly via micropores in the 
leaf sheaths (Nouchi et al. 1990). Cutting the plants has 
several advantages: (1) The covers can be smaller, making 
the experimental set-up simpler and the CH4 detection lim- 
it lower because of volume reduction; (2) photosynthesis 
is strongly reduced or stopped, and does not influence the 
gas composition of the headspace; and (3) the total dis- 
tance from the atmosphere via the leaves, stems, and roots 
to the rhizosphere is reduced, creating a quicker response 
to headspace composition changes. A more detailed dis- 
cussion on measurements with cut plants compared to in- 
tact plants has been presented previously (Denier van der 
Gon and van Breemen 1993). CH4 transport from the soil 
to the atmosphere through rice plants is driven by diffu- 
sion (Denier van der Gon and van Breemen 1993). The 
headspace compositions used in our experiments do not al- 
ter the rate of CH4 diffusion. Therefore, changes in plant- 
mediated CH4 emission rates can only be invoked by 
changes in the concentration gradient between rhizosphere 
and atmosphere. If the CH4 concentration in the rhizo- 
sphere increases because CH4 oxidation is inhibited or 
methanogenesis is stimulated, the CH 4 flux from rhizos- 
phere to atmosphere will increase. 

The doubling of the CH4 flux under N2 (Fig. 2; experi- 
ment 1) cannot be attributed to decreased or blocked 
methanotrophy because the 1.5% CH3F incubation indi- 
cated that no significant CH4 oxidation occurred. So, the 
increased CH4 flux from plants in the ripening phase un- 
der N2 must be due to increased methanogenesis. Indeed, 
Kimura et al. (1991) showed that CH4 was produced from 
substances released by rice roots. This suggests that 
methanogenesis close to the oxic-anoxic rhizosphere inter- 
face is an important component of total plant-mediated 
CH4 emission and that if CH4 production is measured by 
incubating rhizosphere soil samples under N2 this could 
lead to an overestimate because the inhibition of methano- 
genesis in the oxidized parts of the rhizosphere is no long- 
er present. 

Rhizospheric CH4 oxidation in rice plants appears to be 
less effective than in some other wetland plants such as S. 
lancifolia and P. cordata (Epp and Chanton 1993). In 
IR 72 rhizospheric CH4 oxidation was of minor impor- 
tance at the end of the growing season (experiments 1 and 
2). This is in line with de Bont et al. (1978) who found 
that C2H2 had no effect on the rate of CH4 emission from 
rice plants in the ripening stage. Epp and Chanton (1993) 
reported that the CH 4 oxidation in the rhizosphere of 3- 
month-old rice plants was 14-52% of the potential CH4 
flux, or (recalculated) 116-208% of the original flux under 
air. Although Epp and Chanton's (1993) results are not 
fully comparable with our results and those by de Bont et 
al. (1978) because they did not have a control set of plants 
under air their results indicate that at the end of the grow- 

ing season rhizospheric CH4 oxidation is not always negli- 
gible. Blocking rhizospheric CH4 oxidation increased the 
plant-mediated CH4 flux by 40% in IR 72 just before pa- 
nicle initiation (experiment 4) and in Pokkali before flow- 
ering (experiment 3). Rhizospheric CH4 oxidation appar- 
ently varies with the growth stage of the rice plant. This 
may be related to the observation that oxidizing activity of 
rice roots varies with the growth stage (Armstrong 1969). 
Growth stage dependence of rhizospheric CH4 oxidation 
may halp explain why at filleting and especially at ripen- 
ing larger fractions of the produced CH4 were emitted 
from rice fields than a panicle initiation (Denier van der 
Gon and Neue 1995a). Clearly, the relationship between 
the growth stage of rice and the CH4 oxidation in its rhi- 
zosphere should be the subject of further study. 

Schtitz et al. (1989), using CH4 production minus CH4 
emission to estimate CH4 oxidation, reported that at the 
end of the growing season only 6% of the total produced 
CH4 was emitted and over 90% of the total produced CH4 
was oxidized (implying that the CH4 flux should increase 

17-fold after incubation with CH3F). Similar high oxida- 
tion rates were reported in other studies that assessed CH4 
oxidation indirectly. (Holzapfel-Pschom et al. 1986; Fren- 
zel et al. 1992). Rhizospheric CH4 oxidation quantified 
with the "CH 4 production minus CH4 emission" approach 
may be overestimated because in-situ methanogenesis is 
probably overestimated by the anaerobic incubation of soil 
samples in the laboratory. This can be illustrated by re- 
evaluating the results of Holzapfel-Pschorn et al. (1986). 
These authors measured the CH4 flux from a microcosm 
with rice plants incubated under air, air with 5% C2H2, 
and N2. The CH4 flux under 5% C2H2 and N2 was 136 
and 342% of the flux under air, respectively. The flux in- 
crease upon N2 incubation compared reasonably well with 
their indirect assessment of CH4 oxidation (CH4 produc- 
tion minus CH4 emission) in the field but the 5% C2H2 in- 
cubation indicated a much lower CH4 oxidation rate. The 
large difference between N2 and 5% C2H2 incubation was 
not discussed by Holzapfel-Pschorn et al. (1986). How- 
ever, the much larger flux increase under N2 than under 
1.5% CH3F in our experiments shows that most of the in- 
crease under an N2 atmosphere is due to increased metha- 
nogenesis, not to blocked CH~ oxidation. The CH4 flux in- 
crease observed after incubation with 5% C2H2 by Holzap- 
fel-Pschom et al. (1986) is similar to the CH4 flUX in- 
creases under 1.5% CH3F observed in our experiments 
and by Epp and Chanton (1993). This suggests that in the 
experiments of Holzapfel-Pschorn et al. (1986) the CH4 
flux increase under 5% C2H2 was a better estimate of rhi- 
zosphetic CH4 oxidation than the incubation under N2. 
The high CH4 oxidation efficiency reported for intact soil 
columns from rice fields (Conrad and Rothfuss 1991; De- 
nier van der Gon and Neue 1995b) are representative for 
the soil-water interface but not for the rhizosphere soil. 

The four varieties screened in experiment 3 represent 
different plant types. IR 72 is representative of the suc- 
cessful, high-tillering, high-yielding varieties. IR 65597, 
the so-called new plant type, is a more recent development 
in plant breeding, with fewer tillers but more filled pani- 



cles. Pokkali  is a tall, salt-tolerant, long-duration variety 
from India, and both Dular and Pokkali  are traditional 
varieties. Dular  and Pokkali  emitted very little CH4 com- 
pared to both IR varieties. However,  a thorough compari-  
son of  the amount  of  CH4 emitted by different varieties 
was not possible because (1) the measurements did not 
cover the full growing season and (2) during the experi- 
ment the varieties were in different growth stages. Re- 
markably, first results with the same varieties in a field ex- 
periment, where CH4 emission was continuously moni-  
tored, indicate exactly the opposite trend, with higher 
emissions from Dular and Pokkali  (H.-U. Neue, unpub- 
lished data, 1995). Possibly the larger root biomass of  
Pokkali  and the deeper rooting of  Dular (Table 4) result in 
higher CH 4 fluxes under field conditions because the roots 
are not confined to the l imited amount of  soil in a pot. 
However,  no good explanation is available at present and 
more research on variety-specific CH4 emission is re- 
quired. 

To compare the varieties, the measurements were 
scaled with the response of  IR 72 upon different incuba- 
tions as 100% (Table 3). IR 72, IR 65597, or Dular re- 
sponded in the same way to changing headspace composi-  
tions. Pokkali  behaved differently, with a 34% increasing 
CH4 flux under 1.5% CH3F or N2. Clearly, CH 4 oxidation 
was a more important CH4 sink in the rhizosphere of  Pok- 
kali  plants than in the rhizosphere of  IR 72, IR 65597, and 
Dular  plants. When  the impact  of  blocking CH4 oxidation 
with CH3F was subtracted from the flux increase for Pok- 
kali under N> the relative CH4 flux increase for Pokkali  
was equal to that of  IR 72, IR 65597, and Dular. So, the 
stimulation of  methanogenesis  by  N2 was equal for all 
four varieties. Although the higher CH4 oxidation in the 
rhizosphere of  Pokkal i  may be a varietal trait, it is more 
l ikely related to the growth stage. Al l  varieties were 
planted on the same day, but at the time of  the experi- 
ments Pokkali  was behind in physiological  development  
and had not f lowered (Table 4). CH4 oxidation efficiency 
in young IR 72 plants (experiment 4, Fig. 4) was similar 
to that in the Pokkali  plants. 

The CH4 flux decrease after incubation under 40% O2 
indicates that increased oxidation of  the rhizosphere may 
be a promising mitigation option. The recovery of  the CH4 
flux to its original value when the plants were incubated 
under air again shows that the CH4 flux decrease under 
40% 02 is reversible. The relatively fast recovery suggests 
that changes in microbial  activity rather than death and/or 
new growth of  microbes causes the changes in CH4 emis- 
sion. Since the variabil i ty in root-oxidizing power  among 
rice cultivars is high (Armstrong 1969; Ando et al. 1983) 
it may be possible  to breed high-yielding varieties with 
high root-oxidizing power. The most important  mechanism 
behind CH4 emission reduction due to a more highly oxi- 
dized rhizosphere could well be increased inhibition of  
methanogenesis  in the rhizosphere instead of  increased 
CH4 oxidation in the rhizosphere. 
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