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Summary. Azolla spp. and Sesbania spp. can be used as
green manure crops for wetland rice. A long-term experi-
ment was started in 1985 to determine the effects of or-
ganic and urea fertilizers on wetland rice yields and soil
fertility. Results of 10 rice croppings are reported. Azolla
sp. was grown for 1 month and then incorporated before
transplanting the rice and 3 —4 weeks after transplanting
the rice. Sesbania rostrata was grown for 7—9 weeks and
incorporated only before transplanting the rice. Sesbania
sp. grew more poorly before dry season rice than before
wet season rice. Aeschynomene afraspera, which was used
in one dry season rice trial, produced a larger biomass
than the Sesbania sp. The quantity of N produced by the
Azolla sp. ranged from 70 to 110kg N ha~!. The
Sesbania sp. produced 55—90 kg N ha~' in 46—62 days.
Rice grain yield increases in response to the green manure
were 1.8~3.9t ha~!, similar to or higher than that ob-
tained in response to the application of 60 kg N ha ™! as
urea. Grain production per unit weight of absorbed N
was lower in the green manure treatments than in the urea
treatment. Without N fertilizer, N uptake by rice de-
creased as the number of rice crops increased. For similar
N recoveries, Seshania sp. required a lower N concentra-
tion than the Azolla sp. did. Continuous application of
the green manure increased the organic N content in soil
on a dry weight basis, but not on a area basis, because the
application of green manure decreased soil bulk density.
Residual effects in the grain yield and N uptake of rice
after nine rice crops were found with a continuous appli-
cation of green manure but not urea.
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Organic matter management and biological N, fixation
are the major components of a sustainable rice agro-eco-
system. With the increasing costs of inorganic fertilizers
and the growing concern in long-term soil fertility and
environmental protection, interest in N,-fixing green ma-
nure has recently increased.

The application of green manure adds N, adds (or re-
cycles) other nutrient elements, increases the organic mat-
ter content of the soil, and affects the soil physical and
biological properties. The application may also increase
the long-term fertility of rice soils. Green manure has an
advantage over other organic manures in that it can be
grown directly in the field and can be incorporated during
land preparation or regular weeding operations. Al-
though this type of manure has long been known as a
source of plant nutrients, very little is known about the
effect of a continuous application of green manure in
flooded rice soils. It is therefore necessary to study long-
term effects of green manure on the wetland rice-soil sys-
tem.

In the tropics, green manure can be grown between
two rice crops, but available irrigation or rainwater limits
the duration of its growth to about 30—60 days. Fast-
growing and N-accumulating plants are therefore needed.
Among several types of aquatic leguminous green ma-
nure studied, S. aculeata (Ladha et al. 1988), S. rostrata
(Ventura et al. 1987, Becker et al. 1990a, b; Ladha et al.
1989), and Aeschynomene afraspera (Becker 1990; Becker
et al. 1990a) were found to be promising, because they
fixed large amounts of N, and grew quickly under both
dryland and flooded soil conditions. Azolla spp., a small
aquatic fern, which lives in association with N,-fixing
cyanobacteria, has also proved to be a valuable green
manure for wetland irrigated rice because it has a high
N,-fixing ability and rapid growth and can be grown be-
fore and during the rice crop (Lumpkin and Plucknett
1982; Watanabe 1987; Ventura et al. 1987; Watanabe et al.
1989; Ventura et al. 1992).

Our first report (Ventura et al. 1987) focused on the
suitability of Azolla spp. and Sesbania spp. as biofer-
tilizer for wetland rice. The aim of the present study was
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to examine the long-term effects of 4. microphylla and S.
rostrata on the yield of irrigated wetland rice and on soil
fertility compared with urea fertilizer and a no-N input
control.

Materials and methods

A long-term field experiment was started in March 1985 in 7-x7-m
plots at an International Rice Research Institute (IRRI) field. The aim
was to demonstrate the feasibility of replacing industrially produced N
sources with farm-grown fertilizers. The soil (Andaqueptic Haplo-
quoll), a silty clay, had a pH of 6.3, total N of 1.4 g kg1, and a cation
exchange capacity of 335 mBq kg ~! air-dried soil. The treatments were
as follows:

1. Urea fertilizer was applied at 50 kg N ha~! (first, second, and
third rice crops) or 60 kg N ha~! (fourth and succeeding rice crops) in
a split application (30kg N basal, before the last harrowing, and
20—-30kg N as topdressing at about panicle initiation stage).

2. Azolla sp. was inoculated at 0.3 kg fresh weight m~2 after the
first plowing and harrowing of plots (30 days before transplanting the
rice). When the plot was fully covered with Azolla sp., it was drained
for a day, and then the fern was incorporated manually or by rotary
weeder. About 60—70% of the total Azo/la sp. biomass was incorporat-
ed. The remaining 30—40% was allowed to grow for 12— 18 days or un-
til saturation coverage was reached. A day before transplanting,
85—90% of the Azolia sp. biomass was submerged, coinciding with the
final harrowing and leveling. The remaining 10— 15% Azolla sp. was al-
lowed to grow or, if there was insufficient fern, Azolla sp. at 0.3 kg fresh
weight m ~2 was inoculated 14~ 16 days after transplanting and then in-
corporated during the first weeding operation at about 30 days after
transplanting.

A. microphylla 4018 (from Paraguay) was used alone up to the sev-
enth crop. A mixture of 4. microphyila 4018 and hybrid strain 4028
(from IRRI, A. microphylla 4018 x A, filiculoides 1001, Do Van Cat et
al. 1989) in equal proportions was used as the inoculum for the eighth
and ninth rice crops. A water solution of triple superphosphate was ap-
plied by sprinkler at 0.87—2.17 kg water-soluble P ha~! every week
during the Azolla sp. growth. Azolla spp. insect pests were controlled
by spraying triazophos at the manufacturer’s recommended rate.

3. S. rostrata (West Africa, Dreyfus and Dommergues 1981) seeds
were scarified, using concentrated H,SO, for 20 min, then rinsed five
times with water, and dried in the shade. The seeds were broadcast at
a seed rate of 30—40 kg ha ™! after plowing and draining the plots. No
irrigation water was allowed in the plots for 10— 14 days. Then floodwa-
ter was introduced, and the field was kept submerged throughout the
Sesbania sp. growth, until its incorporation into the flooded soil 1 day
before transplanting the rice. For the eighth rice crop, Aeschynomene
afraspera (accession no. 14054, from Senegal) was grown in place of S.
rostrata, using the same management.

No bacterial inoculation was made because the soil used in this
study contained an adequate population of rhizobial strains for both
Sesbania sp. and Aeschynomene sp. and good spontaneous nodulations
were observed in roots up to 14 days old and in stems at later stages of
growth.

4. In a control treatment, no N fertilizer was applied. With the tenth
rice crop, no fertilizer was applied in any treatment, in order to deter-
mine the residual effects on rice growth of the urea and the green ma-
nure treatments.

Treatments 1, 2 and 3 had four replicates and treatment 4 had three
replicates. Plots were assigned to four blocks. The experimental plots
were irrigated carefully to avoid contamination among plots. Irrigation
water was allowed to flow continuously in the canals to the drainage
outlet for about 15 min to clean the irrigation water of algae and weeds
before allowing it to enter the plots. The plots were drained 2 weeks be-
fore the rice harvest.

The Azolla sp. biomass was estimated before incorporation by col-
lecting samples in 25-x25-cm frames from 10 locations in every plot.
The Sesbania sp. biomass was determined from two 1-m? subsamples
in every plot before incorporation. Dried and ground (passing through

40-mesh screen) samples were analyzed for N by the micro-Kjeldahl
technique (Yoshida et al. 1972).

The sampling area for rice yield determination was 8 m~2, taken
from two opposite sites (five rows with 20 plants per row) in the plot,
starting from the fifth plant row. The plants were cut 3 cm from the
ground, gathered together, and threshed. Then the base of the straw was
washed in running water to remove adhering soil particles. The plants
remaining in the plot were cut in the same way and taken out of the
field. The entire bulk of grain or straw from each plot was mixed, and
then three composite samples were taken for analysis by the mi-
cro-Kjeldahl method (Yoshida et al. 1972).

Just before sowing the green manure for the first rice crop, soil bulk
density was determined at a depth of 0—20cm with the use of a
20-x20-x20-cm (width X length x depth) box, inserted into the desired
depth of the puddled soil (three sites in every plot). Sampling sites were
randomly selected across the experimental site. The entire volume of soil
was weighed and then soil samples were taken from the mixed soil. Dry
weight and total N as wet soil were determined (macro-Kjeldahl,
Bremner and Shaw 1958). After the seventh rice crop was harvested, soil
samples were taken from the 0—20 cm and 20— 50 cm layers. Bulk densi-
ty and N content were determined from the wet soil. A portion of the
soil sample was air-dried, ground, and passed through a 2-mm sieve.
Organic C (chromic acid method of Walkley and Black as described by
Jackson 1958), pH (1:1 soil: water ratio) and other soil chemical ana-
lyses were made.

The decomposition of Aeschynomene afraspera (62 days old) in
wetland rice soil was studied during the eight rice crop and that of S.
rostrata (50 days old) during the ninth rice crop. The newly harvested
green manure plants were separated into leaves and stem-root stubble.
The stem-root stubble was cut into 2- to 3-cm pieces. Ten grams of the
stem or leaves were put into a nylon net bag (5x 10 ¢m, 0.7-mm mesh).
Just after the rice was transplanted, a number of these bags were buried
at a depth of 10 cm, each in the middle of four plant hills. At periodic
intervals, 10 bags of either leaves or stems were taken out and the bags
were rinsed by gently soaking them five times in distilled water. The dry
weight and ash content were measured. The organic matter content was
determined (ignition at low temperature by Mitchell, as described by
Jackson 1958).

Results and discussion

The rice cropping seasons, rice varieties, and growth du-
ration of legumes and Azolla sp. are shown in Table 1.

Green manure production

The Azolla sp. biomass production was lower for the first
rice crop than for the others (Table 1), because the phos-
phate fertilizer applied had a low level of water-soluble P
(less than 1% of available P). The application of water-
soluble triple superphosphate significantly improved the
percentage N content and biomass of the succeeding rice
crops. About 65—80% of the Azolla sp. N was produced
within 30 days before rice transplanting, and 20—-35%
within 15-20 days after rice transplanting, with the
Azolla sp. grown together with the rice plants (data not
shown). Inoculating the eighth and ninth rice crops with
an equal proportion of A. microphylla 4018 and hybrid
4028, instead of A. microphylla 4018 alone, increased
both the Azolla sp. percentage N content (4.2—5.2) and
N production.

Table 1 shows the amount of aquatic legume pro-
duced, the percentage N content, and the amount of ac-
cumulated N. The Sesbania sp. growth period was 50— 58
days for the wet season rice crop and 53 —60 days for the
dry season rice crop. The leaves comprised about 25% of
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Table 1. Amount of green manure incorporated, N added, fertilizer N recovery, and fertilizer N efficiency of urea, Azolla sp. Sesbania sp. in nine

rice crops, International Rice Research Institute field, 1985 — 1989

Crop Cropping period/ Fertilizer material Green manure added N Amount of N Apparent N Fertilizer N use
no. variety (%) incorporated recovery efficiency efficiency
t dry Days of (kgha™h (%) (kg grain-kg~! (kg grain-kg™!
weight ha='  growth N added) N absorbed)
1 May — Aug 1985 Urea 46.30 50 30 22 60
(IR54) Azolla sp. 1.5 57 1.87 28 32 7 22
W Sesbania sp. 3.2 46 231 74 63 19 30
2 Oct 1985—Feb 1986  Urea 46.30 50 60 24 40
(IR54) Azolia sp. 2.6 58 3.7 96 77 22 28
D Sesbania sp. 2.7 60 237 64 75 S 25 20
3 Jun — Sept 1986 Urea 46.30 50 46 20 43
(IR34) Azolla sp. 3.0 56 290 87 54 17 32
w Sesbania sp. 4.0 53 1.98 79 61 18 29
4 Dec 1986 — Apr 1987 Urea 46.30 60 S3 30 56
(IR54) Azolla sp. 2.8 50 343 9% 61 34 56
D Sesbania sp. 3.2 61 1.72 55 67 31 46
5 Jul—Oct 1987 Urea 46.30 60 48 18 38
(IR54) Azolla sp. 2.2 53 318 70 67 24 37
w Sesbania sp. 5.0 53 1.80 90 40 14 36
6 Jan-— Apr 1988 Urea 46.30 60 51 43 74
(TR66) Azolla sp. 2.8 51 3.14 88 69 38 55
D Sesbania sp. 3.6 57 1.81 65 68 34 - 50
7 Jul—Oct 1988 Urea 46.30 60 59 22 36
(IR68) Azolla sp. 31 53 312 97 71 17 25
w Sesbania sp. 6.0 67 1.37. 82 56 13 23
8 Feb — May 1989 Urea 46.30 60 48 33 69
(IR66) Azolla sp. 2.6 57 423 110 82 35 43
D Aeschynomene sp. 3.4 62 2.50 85 45 25 58
9 Jul —Nov 1989 Urea 46.30 60 60 18 31
(AR72) Azolla sp. 2.1 60 5.19 109 85 11 12
w Sesbania sp. 2.7 50 2.26 61 82 23 28
Average Urea 46.30 57 51 26 50
Azolla sp. 2.5 3.42 87 66 23 34
Sesbania sp. 2.7 2.06 73 62 22 34

D, Dry season; W, wet season. Seshania sp. N includes recycled soil

the total green manure dry weight and the stems 75%.
Sixty percent of the total N content was in the leaves. Ex-
cept for the ninth rice crop (1989 wet season), N produc-
tion was higher during April-June than during October-
January. Sesbania sp. has photoperiod-sensitive (short
day) flowering characteristics. When the plant flowered,
growth was retarded, but other climatic factors may be re-
lated to the poor growth in the October-January period.
Aeschynomene qfraspera, an aquatic legume less sensitive
to the photoperiod, was grown from December 1988 to
February 1989 (short day season) and had a higher N
concentration and production than the Sesbania sp. With
the seventh rice crop, Sesbania sp. growth was stunted
and therefore the duration of growth was extended to 67
days. Because of this longer growth period, the biomass
and amount of N added was increased, but the N content
decreased to 1.4%.

Green manure decomposition

The decomposition of different Azolla spp. has been re-
ported earlier (Ito and Watanabe 1985; Watanabe et al.
1991; Ventura et al. 1992). The decomposition of .
rostrata and Aeschynomene afraspera in flooded soils is

N as well as fixed N,

shown in Fig. 1. The organic matter content in the nylon
bags decreased rapidly during the first 10 days of decom-
position, and then gradually decreased. By 10 days after
the incubation, more than 50% of the leaves of both
Sesbania sp. (initial N 5.0%) and Aeschynomene sp. (ini-
tial N 4.7%) were already decomposed. Decomposition
of the stems and root stubble of both plants (initial N:
Sesbania sp. 2.6%; Aeschynomene sp. 1.4%) occurred
more slowly, reaching about 30—46% after 10 days.
Thereafter, decomposition slowed down. The half-life of
organic material decay, after the initial rapid decay for 10
days, was 35 days in Sesbania sp. leaves and 22 days in
Aeschynomene sp. leaves. The decomposition of stems
and root stubble was also slower than that of leaves, with
a half-life of 110 days for the Sesbania sp. and 94 days
for the Aeschynomene sp. The stem bark decomposed
first, so that after 2 or 3 weeks, only the woody portion
remained. This hard part of the stem then decomposed
very slowly and persisted in the soil, even after 1 year
from the time of incorporation.

Decomposition and mineralization studies conducted
earlier (Ventura et al. 1987; Nagarajah et al. 1989) showed
that N is released rapidly from green manure during the
first 2—3 weeks after incorporation, and then slows
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Fig. 1. Decomposition of Aeschynomene afraspera and Sesbania

rostrata in wetland rice, International Rice Research Institute field,
1989 dry season (Aeschynomene sp.) and wet season (Sesbania sp.)
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Fig. 2. Effect of Azolla sp., legumes, and urea on the yield of wetland
rice, International Rice Research Institute field, 1985—1989. SE (four
replicates) of a treatment mean was 0.27 for crop 1 (Z), 0.15 (2), 0.28
(3), 0.19 (4), 0.21 (5), 1.0 (6), 0.27 (7), 0.24 (8), 0.12 (9). WS, Wet sea-
son; DS, dry season

down. N mineralization rates and N uptake by rice plants
are related to N and lignin contents (Watanabe et al.
1991), which are in turn directly determined by the health
and age of the green manure. It is important, therefore,
to know the best time to incorporate green manure. For
Azolla sp. the best time is when the ferns are healthy and
have just covered the plot with no overlapping fronds
(Watanabe et al. 1991; Ventura et al. 1992), For Sesbania
sp., it is about 45—55 days after emergence when
55—-90 kg N has accumulated (Table 1). In the present
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Fig. 3. Effect of Azolla sp., legumes, and urea on the N uptake of wet-
land rice, International Rice Research Institute field, 1985—1989. SE
(four replicates) of a treatment man was 6.9 for crop 1 (/), 2.9 (2), 5.8
(3), 3.6 (4), 2.8 (5), 4.8 (6), 5.8 (7), 4.8 (8), 1.5 (9). WS, Wet season;
DS, dry season

study, incorporation of more mature plants (with matur-
ing pods) resulted in a low N content (< 1.8%) which, in
turn, affected decomposition and fertilizer efficiency.

Rice grain yield and N uptake

Figure 2 shows that grain vield and grain vield response
to fertilizer N were higher during the dry season than dur-
ing the wet season. Despite the large amount of Azolla sp.
N that was added, the rice plants were able to withstand
lodging. Grain yields from the fourth crop went up to
7.9—8.5tha ~! during the dry season, and yield increas-
es over control ranged from 3.3 to 3.9t ha™'. During the
same cropping periods, the rice grain yield increased by
1.8—2.5tha~! with the application of urea or aquatic
legumes. In the wet season, there was no differnce among
Azolla sp., Sesbania sp., and urea treatments, and the
grain yield increase over the control was up to 1.7 tha~!.
The larger yields in the organic matter treatments were
primarily due to the higher levels of N application with
the organic fertilizers. The grain production per unit
amount of N added or N absorbed did not differ with N
source.

The rice N uptake (Fig. 3) increased with the applica-
tion of Azolla sp., aquatic legumes and urea. In the first
rice crop, the uptake of N in Azolla sp. plots was lower
than that in plots treated with urea or the aquatic legume,
because a substantially lower amount of 4zo/la sp. N was
added (Table 1). The N uptake in plots with the legume
green manure was higher than that in the urea treatment
(50 kg N ha™?) for the first three crops, and was similar
to that in the 60kgNha~! urea treatment from the
fourth crop.
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Fig. 4. Linear relationship between N and grain yield increase. Dry sea-
son (DS): y=-008+0.032x(R?>=0.63); wet season (WS):
¥ =0.4+0.012x(R? = 0.44)

In all fertilizer treatments, the grain yield increase was
proportional to the level of N applied (Fig. 4). The grain
production response to the application of N was higher
in the dry season (32 kg grain per kg N) than in the wet
season (12 kg per kg N).

Figure 3 shows that the plant N uptake in no-N plots
decreased with the number of rice crops. This may be an
indication of decreasing soil fertility. The N uptake in the
Azolla sp. plots increased from the fifth cropping because
of the increase in added N, but those in the urea and le-
gume treatments did not show an increasing tendency.

Except in the Azolla sp. plot, N uptake (grain+ straw)
by rice was higher during the wet season than during the
dry season (Table 2). With the exception of the Azolla sp.
plot, the N in grain did not differ between the wet and dry
season, but there was more N in straw during the wet sea-
son in all treatments. The ratio of N in grain and straw
was lower during the wet season, and was always lowest
in the Azolla sp. plot. Clearly, the amount of N absorbed
by the plant reflected the amount of N added to the soil
and its rate of availability for plant use. As indicated by
the decomposition study on aquatic legumes and by
Azolla sp. mineralization reports (Ventura et al. 1987;
Watanabe et al. 1989; Watanabe et al. 1991; Ventura et al.
1992), green manure N is mineralized gradually even at
later stages of rice growth. The incorporation of Azolla
sp., especially more than 4 weeks after rice transplanting,
would give a very low grain: straw N ratio.

The apparent N recovery in grain and straw of Azolla
sp. N was greater than that of urea, except in the first rice
crop (Table 1). The apparent recovery of legume N was
greater than or similar to that of urea. The value of this
apparent N recovery was sometimes relatively too high
because the basis for the estimate was the difference in N
uptake between a given N treatment and the control plots.
The soil N-supplying capacities of the control and N-
treated plots, however, changed over time, as shown in
Fig. 3, so that there is no fully reliable control treatment
for calculating the N uptake by difference in a long-term
fertilizer experiment.

There was a direct relationship between the green ma-
nure N content and the amount of N recovered by rice
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Table 2. Grain and straw N averages in dry and wet seasons as affected
by application of urea or green manure, International Rice Research
Institute field, 1985 — 1989

Treatment N uptake (kg ha™ 1)
Dry season (four crops) Wet season (five crops)
Grain Straw Grain Straw
Control 45+ 5.9 15+2.2 50+ 7.8 23+ 4.2
Urea 72+11.8 23+1.7 67+ 6.2 40+12.8
Azolla sp. 96+ 3.7 35+7.6 75+£111 51+13.2
Aquatic legume 75+ 9.8 26+3.9 T1x 6.2 45+ 8.1

Average = SE (among crops)

(Fig. 5); the correlation coefficients were 0.70 for Ses-
bania sp. and 0.89 for Azolla sp. The Sesbania sp. clearly
needed a lower N content than the Azolla sp. for the same
N recovery. The average N recovery in urea-treated plots
was 51%. For this level of recovery, Azolla sp. needed a
2.6% content of N and Sesbarnia sp., 1.5%. This may be
partly explained by the lignin content of green manure,
which is about 10% in 42- to 56-day-old Sesbania sp.
(Becker 1990) and 18—30% in Azolla sp. (Watanabe et al.
1991).

The N efficiency (kg grain increase kg N applied), as
defined by Van Keulen and Van Heemst (1982), did not
differ with N source (Table 1). Although the recovery of
organic N was generally greater than that of chemical fer-
tilizer N, the N efficiency was similar to that of urea (ex-
cept in the case of poor Azolla sp. growth for the first rice
crop) (Table 1). The N use efficiency [(grain yield in treat-
ment plot-grain yield in control)/(N uptake in treatment
plot-N uptake in control)] was higher in the urea treat-
ment than in the two organic manure treatments, and it
was often lower in the Sesbania sp. plots than in the

% N recovery by rice

100 1
80 [~
60 [~
40
QO Azolla ¥ =1275 + 15.70x
r =089
20 - V¥ Sesbania: Y = 22.02 + 21.53x
r=070
V Aeschynomene
0 1 1 1 i i

0 1.0 2.0 3.0 4.0 50
% N content of GM
Fig. 5. Relationship between percentage N content of Azolla sp. and of

Sesbania sp. and percentage N recovery in rice, International Rice Re-
search Institute long-term experiment, 1985 —1990. GM, Green manure
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Table 3. Soil chemical analysis after the seventh rice crop, International Rice Research Institute field, November 1988

Soil analysis Treatment SE
Soil depth Control Urea Azolla sp. Sesbania sp.
(cm)
Bulk density (g cm™%) 0-20 0.57 0.53 0.50 0.47 0.014
20-50 0.75 0.72 0.69 0.69 NS
N content (%) 0-20 0.147 0.149 0.171 0.174 0.004
20-50 0.118 0.121 0.133 0.132 NS
N content (kg ha™ by 0-20 1680 1571 1699 1625 NS
20-50 2472 2519 2725 2642 NS
pH 0-50 6.2 6.3 6.3 6.2 NS
EC (dSm~ 1) 0-50 0.81 0.86 0.98 0.86 NS
Organic C (%) 0-50 1.17 1.20 1.33 1.30 NS
Organic C (tha™!) 0-50 37.8 37.6 40.2 38.1 NS
Available P (Olsen, pgg™ b 0-50 17 15 25 14 1.7
Exchangeable cations (mEq 100 g~ ! airchied soil)
Na 0-50 1.9 1.8 1.8 2.1 0.08
K 0-50 0.82 0.74 0.74 0.78 NS
Mg 0-50 17.2 17.4 17.8 18.1 NS
Ca 0-50 28.1 26.7 26.0 27.3 NS
Available B (ug g"i) 0-50 4.5 4.5 5.1 5.1 0.15

SE, Standard error of a treatment mean; NS, no significant difference among treatments; EC, electrical conductivity

Azolla sp. plots (Table 1). Values were generally higher in
the dry season than in the wet season. The N obtained
from organic N was less efficient for rice grain produc-
tion. A part of Azolla sp. N became available to rice at
a later stage, but had no effect on grain production. This
may be a reason why the use of Azolla sp. N in grain pro-
duction was lower than that of urea. We observed that the
rice in the Azolla sp. plots remained green even at har-
vest-time. Probably, N obtained from Azolla sp. grown
and incorporated after transplanting was not effectively
used for grain production.

A comparison of the urea and Sesbania sp. treatments
poses some problems, because the Sesbania sp. was added
only once, before the rice was transplanted, in large
amounts, while the urea was applied in a split dose, half
before transplanting and the other half at panicle initia-
tion. Thus, urea N was made more efficient for grain pro-
duction.

Soil chemical analysis

The bulk density of soil samples at 0—20 cm taken from
seven different plots just before sowing the green manure
for the first rice crop (March 1985) was
0.548+0.027gcm >, and their N content was
0.137% +0.008%, and the level of soil N was
1531+91 kgha™!. Standard deviations indicated that
the field was fairly uniform in bulk density and soil N
content.

Analysis of the 20-cm upper soil layer was repeated
after harvest of the seventh rice crop, and soil samples
were also taken from the 20—350 cm layer. A comparison
of the soil analyses before the first crop and of control
plots after the seventh crop showed no measurable change
in the N content of the upper 20-cm layer (Table 3). This
measured N includes both labile and large non-labile soil
N pools. The cumulative amount of N taken up in the
grain and straw of seven rice crops in the control plots

Table 4. Residual effect of green manure and urea on grain yield and
N uptake by the tenth rice crop, International Rice Research Institute
field, 1990 dry season

Treatment Grain Straw Total N uptake
(tha™?h (tha™h (kgha™1)

Control 2.9 2.0 35.8

Urea 2.9 2.0 36.3

Azolla sp. 3.4 2.6 47.1

Sesbania sp. 3.4 2.2 46.8

SE 0.32 0.13 1.5

SE, Standard error of a treatment mean

was 497 kgha™! (71 kgN per crop). Of this amount,
60% was estimated to come from the upper 20-cm layer
(Ventura and Watanabe 1984), and therefore about
300 kg N ha™! for seven crops or 43 kg Nha~! per crop
was taken up from this soil layer. A rough estimate
showed a positive balance or 449 kg N ha~! in 7 years or
128 kg N ha™! per year. This is close to the estimated N
balance reported for 1724 irrigated rice crops (App et
al. 1984).

N uptake in the control plots decreased from
82 kg ha~! in the first crop to 69 kg ha~! in the seventh
crop (Fig. 3) and 36 kgha~! (Table 4) in the tenth crop.
Although no decrease in total soil N was observed at
0—20 cm, the results suggest that the labile or available
soil-N pool was depleted without the addition of fertilizer
N or N from outside sources. A depletion in labile N,
which occupies only 2% of total soil N per crop, would
not be measurable in the analysis of total soil N.

Table 3 shows that the N concentration (Ng~! dry
soil) in the upper 20-cm soil layer was significantly higher
in Azolla sp. and Sesbania sp. plots than in the control
and urea plots. Soil bulk density, however, decreased sig-



nificantly. Consequently, the amount of N per unit area
was not significantly increased by the addition of organic
matter during seven rice crops. Table 3 shows that the N
content in the soil below the 20 cm of puddled soil did
not significantly differ with fertilizer treatment.

The present results show that measuring the soil N
content may not be sufficient to determine changes in soil
fertility. The quantity per unit area is needed to monitor
changes. Soil bulk density is not constant, and careful
and periodic measurement in experimental plots to deter-
mine the effects of organic matter on soil properties is
needed.

Green manure is considered to have long-term posi-
tive effects on soil fertility. These effects can be calculated
from the amount of N added every cropping period. A to-
tal of 550kg Nha~! was added in Azolla sp. in seven
rice crops (Table 1). Of this amount, 384 kg was absorbed
by the rice grain and straw. Unfortunately, the rate of N
loss was not determined in this study, but it can be esti-
mated from related >N study (Ventura et al. 1990, un-
published data) in concrete plots containing a 30-cm
depth of soil. The Azolla sp. N content was 3.1% —3.7%,
and at a rate of 45kgNha~! basal, N losses of
5% —12%, average 8.3%, were obtained. With this value,
a loss of 45.7kgNha~! was estimated, and therefore
120kg Nha™! (or 17.2kg N ha™' per crop) should have
remained in the soil. Total N (kgha™!) in the whole
puddled soil layer of the Azolla sp. and control plots did
not differ statistically after seven rice crops (Table 3), be-
cause the estimated N accumulation from Azolla sp. was
still too small to be detected by soil analysis.

The addition of green manure did not affect soil pH,
electrical conductivity, organic C content (as a percentage
or in kg ha™!), or the exchangeable cations (Table 3). As
for N, it may take more years before a significant effect
on the organic matter content of the soil can be detected.
The available soil P content was higher in the Azolla sp.
plots because water-soluble P was added to promote
growth of the Azolla sp. This experimental field, however,
is known to contain high levels of available P and rice
plants do not respond to P fertilizer. The B content in-
creased with the addition of organic matter, probably be-
cause B is absorbed by legumes and by Azolla sp.

Residual effects

No fertilizer was applied to the tenth rice crop. The grain
yield and total N uptake decreased in all treatments, in-
cluding the control (Table 4). The grain yield was reduced
by about 1t and N uptake by 12 kg in the control com-
pared with those in the two previous crops.

Grain yields from the Azolla sp. and Sesbania sp.
plots were 0.5 t ha™! higher than in the control and urea
plots (Table 4). N uptake from the green manure plots was
11 kgha™! higher than that in the urea and control
plots, indicating that the green manure had positive resid-
ual effects. This amount accounted for 18 (Sesbania sp.
plots) or 10% (Azolla sp. plots) of N added in the previ-
ous crop. Grain yield and N uptake were the same in the
urea and control plots, indicating that there was no resid-
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ual effect from the urea fertilizer application after nine
consecutive rice crops.

N uptake decreased in the non-N treatments during
the residual experiment (tenth cropping) compared with
the N uptake during previous croppings, where N fertiliz-
ers were applied in adjacent plots. Varied environmental
factors that affect plant performance must be considered.
In a long-term fertilizer experiment, there is also a need
to look at the possibility of N contamination from adja-
cent treated plots by seepage through old dikes and
bunds, or from irrigation water. This would put in ques-
tion the N balance of 128 kg N ha™! per crop estimated
earlier for the present experiment. Floodwater N moni-
toring in the different plots and irrigation canals is there-
fore required. Many long-term soil fertility trials are
made on relatively small plots, surrounded by fertilized
plots, and N balances in no-N plots obtained by long-
term fertility plots (Koyama and App 1979; Watanabe
and Roger 1984) may therefore be overestimated. The de-
cline in N uptake in the no-N plots did not reflect a mea-
surable change of total N in the soil.

The present results suggest that it may take many
years before soil organic matter and N are significantly
increased by green manuring. The need for long-term tri-
als to monitor soil fertility changes in flooded rice soils
was suggested by Suzuki et al. (1990). They reported the
effects of a continuous application of inorganic or organ-
ic fertilizers on rice soil fertility and rice yields in the tem-
perate region by using a 60-year, long-term field experi-
ment at the National Agricultural Research Center Farm
in Konosu, Saitama Prefecture, Japan. The yields in the
organic fertilizer plot, in which 60% of the N was derived
from rice straw compost, were clearly lower than those in
the inorganic fertilizer plot for the first 10 years. After-
wards, the yields in the organic fertilizer plot reached the
levels in the inorganic fertilizer plot, eventually becoming
higher after 30 years. Total C, total N, and the amount
of N mineralized annually in the organic fertilizer plot
gradually increased over the 60 years.

The importance of the more labile fractions of soil or-
ganic N was emphasized by Glendining and Powlson
(1990) in analyzing the N balance in long-term fertility
plots at Rothamsted Experiment Station. Because a large
fraction of soil N is inert, another measure such as micro-
bial biomass N would be useful for monitoring changes
in available N (Inubushi and Watanabe 1986).
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