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Abstract

Yield penalty and yield stability of aerobic rice have to be considered before promoting this water-saving technology in the tropics. The
objectives of this study were (1) to compare crop performance between aerobic and flooded rice continuously over several seasons, and (2) to
identify yield attributes responsible for the yield gap between aerobic and flooded rice. Field experiments were conducted at the International
Rice Research Institute farm in dry and wet seasons. Grain yield and its components were compared between aerobic and flooded rice
continuously for eight seasons from 2001 to 2004 using the best available aerobic rice varieties in the tropics. The yield difference between
aerobic and flooded rice ranged from 8 to 69% depending on the number of seasons that aerobic rice has been continuously grown, dry and wet
seasons, and varieties. When the first-season aerobic rice was compared with flooded rice, the yield difference was 8-21%. The yield
difference between aerobic and flooded rice was attributed more to difference in biomass production than to harvest index. Among the yield
components, sink size (spikelets per m?) contributed more to the yield gap between aerobic and flooded rice than grain filling percentage and
1000-grain weight. Yield decline was observed when aerobic rice was continuously grown and the decline was greater in the dry season than in
the wet season. The yield decline of aerobic rice was attributed more to changes in biomass production than in harvest index. Our data suggest
that new aerobic rice varieties with minimum yield gap compared with flooded rice and crop management strategies that can reverse the yield
decline of continuous aerobic rice have to be developed before aerobic rice technology can be adopted in large areas in the tropics.
© 2005 Elsevier B.V. All rights reserved.
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Rice production consumes about 30% of all freshwater
used worldwide. Flood-irrigated rice uses two to three times
more water than other cereal crops such as wheat and maize.
In Asia, flood-irrigated rice consumes more than 45% of
total freshwater used (Barker et al., 1999). However, scarcity
of freshwater resource has threatened the production of the
flood-irrigated rice crop (IWMI, 2000). By 2025, 15 out of
75 million hectare of Asia’s flood-irrigated rice crop will
experience water shortage (Tuong and Bouman, 2003).

Several technologies have been developed to reduce water
loss and increase the water productivity of the rice crop. They
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are saturated soil culture (Borell et al., 1997), alternate wetting
and drying (Li, 2001; Tabbal et al., 2002), ground cover
systems (Lin et al., 2002) and system of rice intensification
(Stoop et al., 2002). However, the fields are still kept flooded
for some periods in most of these systems, so water losses
remain high. Aerobic rice is high yielding rice grown under
non-flooded conditions in non-puddled and unsaturated
(aerobic) soil. It is responsive to high inputs, can be rainfed
or irrigated, and tolerates (occasional) flooding (Bouman and
Tuong, 2001). In this paper, aerobic rice refers to rice crop
grown in non-flooded and non-puddled lowland soil with
supplemental irrigation. Aerobic rice promises substantial
water savings by minimizing seepage and percolation and
greatly reducing evaporation (Bouman et al, 2002).
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Experimentally growing high-yielding lowland rice varieties
under aerobic conditions has shown great potential to save
water, but with severe yield penalty. In the early 1970s, De
Datta et al. (1973) tested the lowland variety IR20 in aerobic
soil under furrow irrigation at IRRI. Water saving was 55%
compared with flooded conditions, but the yield fell from
about 8 t ha™' under flooded conditions to 3.4 t ha~' under
aerobic conditions. There was limited information on the
difference in crop performance between aerobic and flooded
conditions when varieties that are adapted to aerobic
conditions were used. Furthermore, physiological basis of
yield gap between aerobic and flooded rice has not been
studied extensively. Such information is vital for identifying
the physiological and morphological traits to support the
selection and breeding of high-yielding aerobic rice varieties.

In Brazil, it was reported that high yields could be
sustained when aerobic rice is grown once in four crops, but
not under continuous monocropping (Guimaraes and Stone,
2000). Rapid yield decline under continuous upland rice
cropping has been documented in the Philippines (Ventura
and Watanabe, 1978). Yield decline under monocropping of
aerobic rice has also been reported by George et al. (2002).
The causes of yield decline in the continuous aerobic rice
system remain unclear. The buildup of soil-borne pathogens
such as nematodes is a likely candidate (Ventura et al.,
1981). Understanding the causes of yield decline and
physiological processes responsible for the yield gap
between aerobic and flood-irrigated rice will be useful for
developing crop and resource management strategies to
improve the grain yield and yield stability of aerobic rice.
Because of the instability of grain yield in aerobic rice over
seasons, the comparison between aerobic and flooded rice in
crop performance has to be conducted in a long-term
experiment.

In 2001, we established a long-term field experiment to
compare the agronomic performance of aerobic and flooded
rice using several varieties in both dry and wet seasons. The
experiment has been going on for eight seasons. Our
objectives were: (1) to compare crop performance between
aerobic and flooded rice continuously over several seasons,
and (2) to identify yield attributes responsible for yield gap
between aerobic and flooded rice.

1. Materials and methods

The field experiment was conducted at the International
Rice Research Institute (IRRI) farm at Los Bafios, Laguna,
Philippines (14°11'N, 121°15’E, 21 m asl) in both dry season
(DS, January—May) and wet season (WS, June—October)
from 2001 to 2004. The soil in the experiment site was
Aquandic Epiaquoll with its chemical and physical proper-
ties listed in Table 1.

Three water management treatments were arranged in a
randomized complete block design with four replicates. Plot
size was 86 m”. In the first six seasons (2001-2003), the three

Table 1
Initial soil characteristics of the field experiment conducted at the Inter-
national Rice Research Institute (IRRI) farm in the Philippines

Parameter Mean S.D.
pH 6.4 0.1
Organic C (%) 1.5 0.1
Total N (%) 0.15 0.01
Available P-Olsen (mg kg™ ") 9.0 4.2
Available K (meq 100 g™ ") 0.97 0.14
Active Fe (%) 2.1 0.2
Active Mn (%) 0.14 0.01
Available Zn (mgkg™") 1.6 0.4
Available Cu (mg kg™") 0.18 0.03
Available B (mgkg™") 6.0 0.2
Exch. K (meq 100 g™ ") 1.1 0.2
Exch. Na (meq 100 g~ 1.4 0.1
Exch. Ca (meq 100 g~") 21.7 0.6
Exch. Mg (meq 100 g ') 13.6 0.3
Exch. Al (meq 100 g~ ") Nil

EC (dSm™) 0.62 0.12
CEC (meq 100 g™ ") 374 13
Clay (%) 59.0 2.1
Silt (%) 30.8 1.4
Sand (%) 10.2 1.1

Soil samples were taken 2 days before transplanting in the dry season of
2001.

water treatments were aerobic rice in both DS and WS (T1),
flooded rice in both DS and WS (T2), and aerobic in DS and
flooded rice in WS (T3). Because one-season flooding in WS
did not significantly change the performance of aerobic rice in
DS, data of T3 from the first six seasons were not included in
the comparison between aerobic and flooded rice. In 2004 DS,
the flooded plots in previous six seasons (T2) were converted
to aerobic plots while flooded plots only in WS (T3) became
flooded. This change allowed a direct comparison between
rice grown under aerobic conditions in the soil where flooded
rice has been grown continuously in previous seasons (T2,
first-season aerobic rice) and in the soil where aerobic rice has
been grown continuously in previous six seasons (T1,
seventh-season aerobic rice). In 2004 WS, T1 became
eighth-season aerobic rice, T2 became second-season aerobic
rice, and T3 remained as flooded rice.

Flooded plots were puddled and kept continuously
flooded from transplanting until 2 weeks before harvest.
Water depth was initially 2 cm and gradually increased to 5—
10 cm at full crop development. The aerobic plots were dry-
ploughed and harrowed but not puddled during land
preparation. One day before transplanting, aerobic plots
were soaked with irrigation water to facilitate transplanting.
Transplanting was used for aerobic rice to keep seedling
density constant across seasons. Afterward, aerobic plots
were flash irrigated with about 5 cm water each time only
when the soil moisture tension at 15 cm depth reached
—30 kPa. Around flowering, the threshold for irrigation was
reduced to —10 kPa to prevent spikelet sterility (O’Toole
and Garrity, 1984). Irrigation outlets were fitted with 6-in.
PVC pipes that served as delivery channel of water for each
flooded and aerobic plot. The drainage system to prevent
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seepage of water from the flooded into the aerobic plots and
the device to measure the amount of irrigation water were
described by Bouman et al. (2005). Total water input
(irrigation water for land preparation and for crop growth
plus rainfall) was 1240-1880 mm in flooded plots and 790—
1430 mm in aerobic plots. On average, aerobic plots used
190 mm less water in land preparation, and had 250-
300 mm less seepage and percolation, 80 mm less evapora-
tion, and 25 mm less transpiration than flooded plots (for
details, see Bouman et al., 2005). Groundwater depth and
soil moisture tension at 10-15 and 35-40 cm were also
provided by Bouman et al. (2005).

An improved upland variety, Apo (formerly designated as
IR55423-01) was used throughout the experiment because
of its good performance under aerobic conditions (George
et al., 2002; Lafitte et al., 2002). In 2004 DS, water
treatments of flooded (T3) and first-season aerobic rice (T2)
were divided into sub-plots to accommodate both Apo and
PSBRc80, a lowland variety that is adapted to both flooded
and aerobic conditions.

Twenty-one-day-old seedlings from wet bed nurseries
were transplanted at the rate of three seedlings per hill at a
spacing of 25 x 10 cm for both aerobic and flooded rice
plots. In DS, phosphorus (60 kg P ha™" as single superpho-
sphate), potassium (40kgKha™' as KCI), and zinc
(5kgZnha™' as zinc sulfate heptahydrate) were applied
and incorporated in all plots 1 day before transplanting.
Fertilizer N in the form of urea was applied in three equal
splits {50 kg ha~" as basal (1 day before transplanting), at
25, and 45 days after transplanting (DAT)}. In WS, P and K
input was half of that in DS while Zn was equal in both
seasons. Fertilizer N was applied in three splits (20 kg ha™"'
as basal, 20 kg ha~' at 20 DAT, and 30 kg ha~" at 40 DAT).
Cultural management practices for achieving maximum
grain yield were followed. Optimum pests and weed
management practices using agro-chemicals and manual
weeding were applied to achieve high yields.

Twenty hill plant samples (0.50 m?) were taken at key
growth stages for growth analysis. Plants were separated
into leaf blade, stem and panicles when present. Dry matter
was determined after oven-drying at 70 °C to constant

Table 2
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weight. At maturity, 20 hills were sampled diagonally from
a 5-m” harvest area to determine aboveground total
biomass, harvest index, and yield components. Panicle
number of each hill was counted to determine the panicle
number per m”. Plants were separated into straw and
panicles. Straw dry weight was determined after oven-
drying at 70 °C to constant weight. Panicles were hand-
threshed and filled spikelets were separated from unfilled
spikelets by submerging them in tap water. Three sub-
samples each of 30-g filled spikelets and 2-g unfilled
spikelets were taken to count the number of spikelets. Dry
weights of rachis and filled and unfilled spikelets were
determined after oven-drying at 70 °C to constant weight.
Aboveground total biomass was the total dry matter of
straw, rachis, and filled and unfilled spikelets. Spikelets per
panicle, grain-filling percentage (100 x filled spikelet
number/total spikelet number), and harvest index
(100 x filled spikelet weight/aboveground total biomass)
were calculated. Grain yield was determined from a 5-m>
sampling area within each plot and adjusted to a moisture
content of 0.14 g H,O g~ ' fresh weight. In 2004 DS, tissue
N concentration was determined by micro-Kjeldahl diges-
tion, distillation, and titration (Bremner and Mulvaney,
1982) to calculate aboveground total N uptake. Data were
analyzed following analysis of variance (SAS, 1982) and
means of water treatments were compared based on the least
significant difference (LSD) Test at the 0.05 probability
level. The difference between aerobic and flooded rice was
calculated as 100 x (flooded rice — aerobic rice)/mean of
flooded and aerobic rice.

2. Results

On the average, solar radiation was 21% greater in DS
than in WS (Table 2). Both maximum and minimum
temperatures were slightly higher in WS than in DS. Rainfall
in WS was seven times more than in DS. Within DS or WS,
variation in radiation across years was greater than that in
temperatures. Variation in radiation, maximum and mini-
mum temperatures across years was smaller in WS than in

Average daily solar radiation, maximum temperature, minimum temperature, and accumulated total rainfall from transplanting to harvest for Apo grown under
continuous aerobic conditions in dry seasons (DS) and wet seasons (WS) of 2001-2004 at IRRI farm

Season Year Radiation Maximum Minimum Total rainfall
MIm~2d™h temperature (°C) temperature (°C) (mm)
Dry 2001 18.5 30.5 24.0 265
2002 20.4 30.3 23.1 58
2003 22.1 314 23.6 92
2004 20.4 31.2 23.7 91
Mean 20.4 30.9 23.6 127
Wet 2001 16.8 31.3 24.5 777
2002 17.2 31.2 24.5 1142
2003 17.6 31.5 24.6 761
2004 15.9 314 24.2 854
Mean 16.9 314 24.5 884
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Fig. 1. Grain yield of Apo grown under aerobic and flooded conditions and
the yield difference between aerobic and flooded rice in dry seasons (A) and
wet seasons (B) of 2001-2004 at IRRI farm.

DS. In DS, low radiation and high minimum temperature
were observed in 2001. Radiation was highest in 2003
among the four DS while it was lowest in 2004 among the
four WS.

Aerobic rice produced significantly lower grain yields
than flooded rice throughout the experiment (Fig. 1). There
was no clear trend in grain yield in aerobic rice over the eight
seasons. However, the yield gap between aerobic and
flooded rice widened as the number of cropping seasons
increased in both DS and WS. In DS, the difference in grain
yield between aerobic and flooded rice was 15% in 2001 and

increased to 69% in 2004. In WS, the difference increased
from 23% in 2001 to 50% in 2004. The difference in grain
yield between aerobic and flooded rice was consistently
greater in DS than in WS in 2002-2004. These results
indicate that significant yield decline of continuous aerobic
rice appeared in the second year (2002) and became more
severe as the number of cropping seasons increased.

Flooded rice produced more aboveground total biomass
than aerobic rice (Table 3), but the difference started to be
statistically significant in the third season (2002 DS). The
difference between aerobic and flooded rice in aboveground
total biomass gradually widened as the number of cropping
seasons increased. This was also supported by the difference
in seasonal patterns of biomass accumulation between
aerobic and flooded rice across all eight seasons (Fig. 2).
There was no significant difference between aerobic and
flooded rice in biomass production in the early vegetative
stage up to midtillering in the first five seasons. The
significant difference in biomass production occurred at
midtillering starting in the sixth season. In general, the
difference in biomass accumulation between aerobic and
flooded rice was greater and occurred earlier in DS than in
WS.

Flooded rice had higher harvest index than aerobic rice,
but the difference was not statistically different in 2001 WS
and 2004 WS (Table 3). Unlike biomass production, there
was no increasing trend in the differences in harvest index
between aerobic and flooded rice as the number of cropping
seasons increased. The difference between aerobic and
flooded rice in harvest index was consistently smaller than in
biomass production. Therefore, the yield gap between
aerobic and flooded rice was attributed more to the
difference in biomass production than in harvest index.

Flooded rice produced significantly more panicles than
aerobic rice except in 2001 WS and 2002 DS (Table 4).
Spikelet number per panicle was greater in flooded rice than
in aerobic rice except in 2001 DS. Flooded rice consistently
produced more spikelets per m* than aerobic rice, but the
difference was not statistically significant in 2001 WS.
Aerobic rice had lower grain filling percentage than flooded
rice in all eight seasons. The differences in the first four

Table 3
Aboveground total biomass and harvest index of Apo grown under aerobic and flooded conditions in dry seasons (DS) and wet seasons (WS) of 2001-2004 at
IRRI farm
Treatment 2001 DS 2001 WS 2002 DS 2002 WS 2003 DS 2003 WS 2004 DS 2004 WS
Aboveground total biomass (g m~2)
Aerobic 1091 a* 1162 a 1215 b 879 b 957 b 1040 b 862 b 809 b
Flooded 1202 a 1262 a 1536 a 1196 a 1534 a 1405 a 1604 a 1189 a
Difference (%) 10 8 23 31 46 30 60 38
Harvest index (%)
Aerobic 38.4 Db 41.1 a 41.0b 395b 42.1b 39.8 b 454 b 44.1 a
Flooded 41.7 a 425 a 45.1 a 44.4 a 47.1 a 42,6 a 47.1 a 46.2 a
Difference (%) 8 3 10 12 11 7 4 5

? Within a column for each parameter, means followed by different letter are significantly different at 0.05 probability level according to least significant

difference (LSD) test.
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Fig. 2. Aboveground total biomass of Apo grown under aerobic and flooded conditions in dry seasons (DS) and wet seasons (WS) of 2001-2004 at IRRI farm.
Vertical bars represent standard error of mean and sometimes are smaller than the symbols.

seasons were not statistically significant and the difference
was smaller than in the last four seasons. Aerobic rice also
had lower 1000-grain weight than flooded rice except in
2003 WS. Flooded rice showed more consistent 1000-grain

weight across seasons than aerobic rice. There was no
increasing trend in the differences in any yield component
between aerobic and flooded rice as the number of cropping
seasons increased. Yield gap between aerobic and flooded
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Table 4
Yield components of Apo grown under aerobic and flooded conditions in dry seasons (DS) and wet seasons (WS) of 2001-2004 at IRRI farm
Treatment 2001 DS 2001 WS 2002 DS 2002 WS 2003 DS 2003 WS 2004 DS 2004 WS
Panicles m >

Aerobic 196 b* 208 a 296 a 188 b 307 b 235b 270 b 204 b

Flooded 240 a 208 a 300 a 230 a 356 a 260 a 347 a 226 a

Difference (%) 20 0 1 20 15 10 25 10
Spikelets paniclef1

Aerobic 120 a 130 b 108 b 129 b 97 b 119 b 100 b 120 a

Flooded 112 a 140 a 131 a 143 a 123 a 150 a 114 a 127 a

Difference (%) -7 7 19 10 24 23 13 6
Spikelets m~2 (x 1000)

Aerobic 234b 26.8 a 316 b 243D 299 b 28.0b 269 b 245b

Flooded 26.7 a 289 a 393 a 32.7a 43.6 a 38.8 a 393 a 28.6 a

Difference (%) 13 8 22 29 37 32 37 15
Grain filling (%)

Aerobic 80.9 a 77.8 a 777 a 66.4 a 72.5b 66.5b 79.0 b 70.8 b

Flooded 84.0 a 80.0 a 82.1a 72.8 a 804 a 70.6 a 874 a 85.1a

Difference (%) 4 3 6 9 10 6 10 18
1000-grain weight (g)

Aerobic 22.0b 22.8b 203 b 2150 185D 223 a 185D 20.6 b

Flooded 223 a 232 a 215a 224 a 20.7 a 21.8b 220 a 22.6 a

Difference (%) 1 2 6 4 11 -2 17 9

# Within a column for each parameter, means followed by different letter are significantly different at 0.05 probability level according to least significant

difference (LSD) test.

rice was attributed greatly to the difference in sink formation
and moderately to the difference in grain filling percentage
and 1000-grain weight.

The first-season aerobic rice produced 68% higher grain
yield than the seventh-season aerobic rice in 2004 DS, which
confirmed the yield decline of continuous aerobic rice
(Table 5). The yield difference was associated with total
biomass production. Panicle number, spikelet number per
panicle, and 1000-grain weight contributed to the yield
difference. There was no significant difference in harvest
index and grain filling percentage between the first- and
seventh-season aerobic rice. Flooded rice produced 106%
higher grain yield than the seventh-season aerobic rice in
2004 DS. All yield attributes were significantly different
between flooded rice and the seventh-season aerobic rice,

Table 5

especially biomass production, panicle number, and 1000-
grain weight. When compared with the first-season aerobic
rice, flooded rice yielded 23% higher than aerobic rice
mainly due to higher biomass production, more panicles,
better grain filling, and greater 1000-grain weight. Flooded
rice had smaller difference from the first-season aerobic rice
in seasonal biomass accumulation and crop N uptake than
from the seventh-season aerobic rice (Fig. 3). When a variety
(PSBRc80) that was adapted to both flooded and aerobic
conditions was used in 2004 DS, the difference in grain yield
between flooded and the first-season aerobic rice was 8%
and statistically insignificant (Table 6). The differences in
yield attributes between flooded and the first-season aerobic
rice were also statistically insignificant except for 1000-
grain weight in PSBRc80.

Grain yield and yield components of Apo grown under aerobic conditions in the soil where flooded rice has been grown continuously in previous seasons (first-
season aerobic rice) or in the soil where aerobic rice has been grown continuously in previous six seasons (seventh-season aerobic rice) in comparison with

flooded rice in the dry season of 2004 at IRRI farm

Parameters First-season Seventh-season Flooded rice (F) Difference (%)
aerobic rice (Ajg) aerobic rice (A7) A V5. Agg, Ay vs. F Aqy, vs. F

Grain yield (t ha™") 6.32 b* 377 c 7.78 a 51 21 69
Total biomass (g m2) 1343 b 862 ¢ 1604 a 44 18 60
Harvest index (%) 453 b 454 b 47.1 a 0 4 4
Panicles m > 313 b 270 ¢ 347 a 15 10 25
Spikelets panicle ™ 117 a 100 b 114 a 16 -3 13
Spikelets m~2 (x 1000) 36.5a 269 b 393 a 30 7 37
Grain filling (%) 809 b 79.0 b 874 a 2 8 10
1000-Grain weight (g) 20.6 b 18.5¢ 220 a 11 7 17

# Within a row, means followed by different letter are significantly different at 0.05 probability level according to least significant difference (LSD) test.
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Fig. 3. Aboveground total biomass and N uptake of Apo grown under
aerobic conditions in the soil where flooded rice has been grown con-
tinuously in previous seasons (first-season aerobic rice) or in the soil where
aerobic rice has been grown continuously in previous six seasons (seventh-
season aerobic rice) in comparison with flooded rice in the dry season of
2004 at IRRI farm.

3. Discussion

The yield difference between aerobic and flooded rice
ranged from 8 to 69% depending on the number of seasons
that aerobic rice has been continuously grown, dry and wet
seasons, and varieties. When the first-season aerobic rice
was compared with flooded rice, the yield difference was

Table 6

Grain yield and yield components of PSBRc80 grown under aerobic
conditions in the soil where flooded rice has been grown continuously in
previous seasons (first-season aerobic rice) and under flooded conditions in
the dry season of 2004 at IRRI farm

Parameters First-season Flooded Difference
aerobic rice rice (%)

Grain yield (t ha™") 7.22 a* 7.84 a 8

Total biomass (g m2) 1339 a 1497 a 11

Harvest index (%) 46.7 a 475a 2

Panicles m ™2 424 a 465 a 9

Spikelets panicle 92 a 89 a -3

Spikelets m~2 (x1000) 38.7 a 41.1 a 6

Grain filling (%) 78.6 a 80.0 a 2

1000-Grain weight (g) 20.6 b 21.6 a 5

? Within a row, means followed by different letter are significantly
different at 0.05 probability level according to least significant difference
(LSD) test.

15-21% for Apo. One would argue that Apo is an upland
variety and may not yield well under flooded lowland
conditions. Therefore, the difference between aerobic and
flooded rice was small for Apo. In 2004 DS, we included a
variety, PSBRc80, that is adapted to lowland conditions. The
difference in yield between the first-season aerobic rice and
flooded rice for PSBRc80 was only 8% and statistically
insignificant. The yield gap between aerobic and flooded rice
widened as the number of cropping seasons increased. The
maximum yield gap occurred in the seventh season (2004
DS) when the difference between the seventh-season aerobic
rice and flooded rice reached 69% in Apo. In general, the
difference in yield between aerobic and flooded rice was
greater in DS than in WS, which was associated with
difference in the soil water status of aerobic rice between DS
and WS (Bouman et al., 2005). The soil was wetter in WS
because of more frequent rains than in DS (Table 2).

The yield difference between aerobic and flooded rice
was attributed more to biomass production than to harvest
index. Among yield components, sink size (spikelets per m?)
contributed more to the yield gap between aerobic and
flooded rice than grain filling percentage and 1000-grain
weight. In general, flooded rice produced more panicles with
more spikelets per panicle than aerobic rice. Like grain
yield, the difference in yield attributes between the first-
season aerobic rice and flooded rice was small.

Rapid yield decline was reported under continuous upland
rice cropping (Ventura and Watanabe, 1978) and under
monocropping of aerobic rice (George et al., 2002) in the
Philippines. Yield declined by 30-60% in the second season
under continuous upland rice cropping for variety IR2061-
464-2-4 (Ventura and Watanabe, 1978). Grain yield decreased
by up to 73% in the third season compared to the second
season under monocropping of aerobic rice for variety
UPLRIi-5 (George et al., 2002). In this study, the yield decline
of continuous aerobic rice was determined in three ways. The
first way was to compare the absolute yield across seasons. In
DS, the yield decline occurred in the third year and it
decreased by 25% from 2002 to 2003. In WS, there was no
clear trend in yield over the 4 years. The second way was to
compare the relative yield of aerobic rice to flooded rice across
seasons. The relative grain yield was used in order to
minimize the effect of seasonal variation in solar radiation and
air temperatures. For example, 2002 DS and 2003 DS had
greater solar radiation and lower nighttime temperature than
2001 DS (Table 2). Therefore, flooded rice produced about
2 t ha™ ! more grain in 2002 DS and 2003 DS than in 2001 DS.
As the number of cropping seasons increased, the relative
yield of aerobic rice to flooded rice decreased (i.e. yield
difference between aerobic and flooded rice increased).
Assuming that flooded rice has stable yield and only climate
has effect on its yield, increasing yield gap between aerobic
and flooded rice implied a yield decline of continuous aerobic
rice. The difference in grain yield between aerobic and
flooded rice increased from 15% in 2001 to 69% in 2004 in DS
and from 23 to 50% over the same period in WS, suggesting
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that the yield of continuous aerobic rice declined by 44% in
DS and 24% in WS from 2001 to 2004. The third way was to
directly compare the yields in the same growing season
between rice grown under aerobic conditions in the soil where
flooded rice has been grown continuously in previous seasons
(first-season aerobic rice) and in the soil where aerobic rice
has been grown continuously in previous six seasons (seventh-
season aerobic rice). The yield difference between first- and
seventh-season aerobic rice was 2.55 t ha™' for Apo in 2004
DS, indicating that the yield declined by 40% from yield level
of 6.32tha"' in the first season after seven seasons of
continuous monocropping of aerobic rice. Soil test did not
explain the difference in grain yield between first- and
seventh-season aerobic rice (data not shown). Compared with
previous studies (Ventura and Watanabe, 1978; George et al.,
2002), the magnitude of yield loss under continuous aerobic
rice was smaller in this study. This was probably due to the
differences in soil and varieties used. The causes of yield
decline in continuous aerobic rice remain unknown. It could
be related to the build-up of nematodes and soil pathogens
under aerobic conditions (Ventura et al., 1981; Lafitte et al.,
2002). Changes in soil mineral nutrients (Lin et al., in press)
and growth inhibition by toxic substances from root residues
(Nishio and Kusano, 1975) could also cause the yield decline.

Total water use and water productivity of aerobic rice was
27-51% lower and 32-88% higher than that of flooded rice,
respectively (Bouman et al., 2005). However, the large yield
gap between aerobic and flooded rice and the yield loss of
continuous aerobic rice could outweigh the benefits of its
water savings. Our results have demonstrated that the yield
gap can be narrowed by developing varieties that are more
adapted to aerobic conditions such as PSBRc80. Crop
management strategies could be developed to reverse the yield
decline of continuous aerobic rice only after the causes of
yield decline are identified. New aerobic rice varieties with
minimum yield gap compared with flooded rice and crop
management strategies that can reverse the yield decline of
continuous aerobic rice have to be developed before aerobic
rice technology can be adopted in large areas in the tropics.
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