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ABSTRACT

The evaluation of Azolla species as a nitrogen source for rice
crops at a particular location is complex. Prevailing climate/ which
affects nitrogen fixation/ must be known so that the opportunity to
enhance the rice yield is maximized. Selecting the species adapted to a
specific agricultural environment iIs necessary before implementing other
efforts in the management of azolla. Five species were evaluated as
being relatively tolerant to intense light and high temperature.
Nitrogen fixation capability and other physiological characteristics of
these species were evaluated iIn a series of experiments.

Nitrogenase activity and growth of A. filiculoides/ A. caroliniana/
A. microphylla/ A. pinnata and A. mexicana In response to light were
studied under greenhouse conditions. Nitrogenase activity increased
with increasing light and with the iIncrease iIn total biomass of the
azolla mat. A maximum biomass accumulation of + 2/500 g m~2 "33
obtained at either high or low initial inoculum. Nitrogenase activity
increased with increasing frond area index.

When azolla is intercropped with rice/ light available to azolla
depends on the population density of the rice plants. In the field
experiment/ different population densities of rice were obtained when
rice seedlings were transplanted at different spacings. The relative
growth rate (RGR)/ fresh weight and nitrogen accumulation were highest
when azolla was intercropped with rice at a spacing of 20 cm x 20 cm
than those either at a spacing of 25 cm x 25 cm or at a spacing of 20 cm

X 15 am. pinnata accumulated significantly more fresh weight and



nitrogen than A. caroliniana. However/ the increase in rice yield due
to either A. pinnata or A. caroliniana fertilization was not
significantly different. In the present study/ average increases in
grain yield over control plots were 27.8 and 38 % respectively/ for
plots fertilized with azolla only and plots fertilized with azolla plus
25 kg N ha“™ of urea. The benefit of azolla to the rice crop was
equivalent to 25 kg N ha””™ nitrogen fertilizer. The physiological
efficiency for azolla-treated plots with the addition nitrogen
fertilizer was higher than for either azolla only or nitrogen fertilizer
only.

Rice yield components are usually influenced by the population
density of the rice plants. Nutrient/ light and space available to the
individual tiller at a dense rice population might limit the development
of yield components. In this experiment/ the development of yield
component was great at the spacing of 20 cm x 20 aw therefore rice
yield was the highest at the spacing treatment.

A. filiculoides/ A. pinnata and A. mexicana respondedsimilarly to
temperature and light treatments. However/ A. pinnata had a relatively
higher CER over time than did filiculoldes or A. mexicana. A.
filiculoides was consistently superior to the other two species in dry
matter accumulation. Having a vertically growing fronds/ A.
filiculoides was able to grow when space was limited andgrowth inthe
other two species was retarded due to mutual shading.

The carbon dioxide exchange rate per unit weight ((BRYY) and per
unit frond area (CER™) was positively correlated with coefficients of

correlation ranging from 0.65 to 0.98. The (BR™ and the CER™ were



positively correlated with coefficients of correlation ranging from 0.65
to 0.98. The (BR™ and the CER™ were positively related to both dry
matter content and relative growth rate at & 10/ 25 and 30 DAI. The
photosynthetic rates of A. mexicana/ A filiculoides and A. pinnata was
optimum at 25°C. The CER increased with increasing light intensity and
decreased as temperatures increased beyond 25°C.

Significant interaction effects between photosynthetic photon flux
density (PPFD)/ thermoperiods and species were not consistently obser®/ed
either on the relative growth rate (RGR) or on the carbon dioxide
assimilation rate per unit fresh weight (CERY). For the RGR and the
R of azolla/ the interactions were only significant/ respectively/ at
5 and 15 days after inoculation (DAl). However/ for a successful
performance of azolla/ as indicated by high biomass production and high
nitrogen accumulation/ an integral effect of all environmental factors

on the growth and nitrogen fixation has to be taiken into account.
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CHAPTER 1
INIRODOCNCN
The dramatic increase in the human population has placed tremendous

pressure on increasing food production. Rice is the main foodstuff for
about half of the world"s population and over 90% of the rice is
cultivated in south-east Asia. Colombo et al. (1977) state that by 1994
Asian countries must double rice production from 1974 levels if massive
imports of this food are to be avoided. They assumed a 3.4% increase In
demand for rice and a 1994 requirement of 321 million tons of paddy rice
to feed a projected population of 1.72 billion. Meeting this demand for
rice will depend on the availability of nitrogen fertilizer. A
realistic assessment of the the nitrogen (N) fertilizer required to meet
rice production targets and of the adequacy of N supplies to meet those
targets is important in planning strategies to improve the world food
situation (Stangel, 1979). Optimum yield cannot be achieved unless a
nitrogen source is applied and approximately 1.7 kg N is required to
produce 100 kg of brown rice. The N required to supply the required
quantity of rice is unlikely to be realized by using chemical
fertilizers because of their cost and general unavailability.

The use of inorganic N fertilizer has been iIncreasing in the
world, particularly since the 1950s. Over the past 30 years, the
nitrogen required for rice production has been met increasingly through
the use of chemical sources of nitrogen. The production of rice has
increased considerably In recent years because improved varieties has

become available and better fertilization practices have been adopted.



Nevertheless, the production and use of inorganic N fertilizer involves
costly investments in terms of energy and transport; it is also
potentially an environmental pollutant. Consequently attention has been
directed toward the possible use of green manuring crops capable of
biologically fixing N for agriculture. The use of agricultural systems
that include nitrogen fixing organisms appears to be an economically
sound cultural practice. Among the green manure crops being used with
rice are blue-green algae (Singh, 1979) and azolla (\VJatanabe et al.,
1977; Talley and Rains, 1980). The nitrogen fixing symbiotic
association between the water fermn Azolla, and the blue green algae
Anabaena holds the potential for providing significant amounts of
nitrogen to paddy soils. This association has been utilized for
centuries to increase rice production in the Far East, particularly in
China and Vietnam (Watanabe, 1980). Many reports cite the benefits of
azolla applications in rice culture (Dao and Tran, 1979; FAO, 1978;
Lumpkin and Plucknett, 1980; Singh P.K., 1979, Talley and Rains, 1980,
Watanabe, 1980). The suitability of azolla for use as a green manure
for wetland agriculture in both tropical and temperate regions Iis
decumented by Lumpkin and Pludcnett (1982) and by Silver and Schroder
(1984).

Azolla is a genus of free floating heterosporous aquatic
pteridophytes, widely distributed in tropical and temperate fresh water
environments. At present the genus is considered to include six species
in two subgenera (IRRI, 1982; Lumpkin, 1983; Peters, 1984). The

subgenus Euazolla includes A. filiculoides Lamarck, A. caroljniana



Willdenow, A mexicana Presl and A. mycrophylla Kaulfuss, while the
subgenus Rhizosperma includes A. pinnata R. Brown and A. nilotica De
Caisne. These species respond differently to environmental variations
(Watanabe et al., 1977; Lumpkin, 1983, Lumpkin and Bartholomew, 1986).
Therefore, selecting Azolla species adapted to the range of
environmental conditions in which rice is grown would iIncrease its
effectiveness as a green manure. Constraints to the wider use of Azolla
species iIn areas where rice is grown include low productivity during
warm weather and periods of low light intensity during the wet season.
In south-east Asia, specifically in Indonesia, temperature is still high
early in the wet season and gradually decreases during the rest of the
season. Low solar radiation intensities occur during the wet season due
to increased cloud cover and more rainy days (Oldeman, 1980;
Hardjawinata, 1980). An important requirement for Azolla iIn this
respect is tolerance to changing light iIntensities and better
adaptability to temperature changes during the transition period.

In order to evaluate the potential of azolla as a green manure
for rice and to provide further insight into the effects of irradiance
and temperature on azolla growth and nitrogen accumulation, a series
of experiments were implemented with the following objectives:

@) to determine the effects of shade and inoculum rate on
nitrogenase activity, nitrogen accumulation and growth of five azolla
species In greenhouse experiments;

(2) to determine the effect of different rice planting densities on

azolla growth and on total nitrogen accumulation in two Azolla species;



(A to evaluate the effectiveness of the two azolla selected as
green manure for a wet-season rice iIn South Kalimantan, Indonesia:

(4 to study the effects of photosynthetic photon flux density,
growth temperature, species and their interaction on the carbon dioxide

exchange rate of azolla iIn a semi-closed gas exchange system.



CHAPTER 11
LITERATURE REVIEW

2.1 Morphology of Azolla-Anabaena symbiotic system

As with any agricultural crop, the effective use of azolla requires
an understanding of the morphological and physiological characteristics
and growth habits. Awayg the Azolla species, A. microphylla,
filiculoides and A. nilotica grow upright and form thicker frond mats
than the prostrate-growing species such as A. caroliniana, A. mexicana
and A. pinnata. The differences in growth habits should considered when
azolla is used as a green manure. Fronds from the thick mats of A.
microphylla had a lower level of dry matter, chlorophyll and nitrogen
content than those from thin mats. The growth rate of A. microphylla,
with a thick mat, was slower than that from thin mats when used as
initial biomass. These differences in growth habit created different
responses to environmental factors such as light and temperature
(Daniel, 1985).

The Azolla sporophytes consist of prostrate, multibranched
floating stems which bear deeply bilobed leaves and adventitious roots.
The sporophytes have a dorsi-ventral organization. Each stem apex
curves upward, away from the water surface and has a small colony of
undifferentiated Anabaena filaments associated with it. As the leaves
develop, a cavity forms within the dorsal lobe and this cavity becomes
colonized by Anabaena azollae, the nitrogen fixing blue green algae.
Anabaena filaments associated with the plant apex lack heterocyst cells

and nitrogenase activity. Heterocyst cells are the site of nitrogen



fixation. As the leaf cavity closes/ the endophyte begins to
differentiate heterocyst cells (Calvert and Peters/ 1981; Hill, 1975).
As the frequency of heterocyst cells increases, it is paralleled by
Increased nitrogenase activity. In mature cavities the frequency of
heterocyst cells 1is about 30%. Variation in heterocyst cell frequency
among Azolla species has not been reported.

As leaves mature and cavities differentiate iIn filiculoides,
cell division iIn the symbiont diminishes but cell enlargement and
differentiation into heterocysts increases (Hill, 1977). However,
Kaplan and Peters (1981) reported that the N content, nitrogense
activity and dry matter content decreased with iIncreasing age, while the
C/N ratio iIncreased. The factors responsible for diminished cell
division, greatly increased heterocysts, differentiation, and the
reduced ability to synthesize the ammonia from N2 during filament
development are not yet knom. No report was found on the effect of
environmental factors on heterocyst frequency in azolla, whereas
nitrogenase was found to be temperature- and light-dependent (Becking,
1979; Holst and Yopp, 1979).

2.2 Physiological aspects
2.2.1 Photosynthesis

Peters et al. (1979) showed that the Azolla-Anabaena association

exhibited the characteristics of a C3 (Calvin Cycle) plant. As is

typical for CM plants, the association exhibit photorespiration. Carbon
dioxide fixation is inhibited by oxygen; under 20% oxygen, carbon

dioxide fixation was about 50% of that under 2% oxygen.



The eukaryotic Azolla and prokaryotic Anabaena are both
photosynthetic organisms. Photosynthesis in azolla with and without the
symbiont was measured by Ray et al. (1979), whereas photosynthetic
measurement iIn Anabaena azollae isolated from the fern azolla was
measured by Chan et al. (1984). The photosynthetic rates obtained in
different experiments seem to vary widely. According to Ray et al.
(1979), the maximum photosynthetic rates in air were 90 to 100 jumoles
C02 (mg chlorophylD)"” hr'*r for A. caroliniana while azolla freed of the
endophyte had values of 75 to 80 umoles CO2 (g chlorophyll )~1 hr~l.
Peters (1975) obtained a peak value of 40ajmoles CO2 (mg chlorophyll)'™»

hr‘l, while Peters et al. (1981) reported values as high as 123 CO2(m
chlorophyl)-! hr*“!. Chan et al. (1984) estimated the rateof

photosynthesis of A. azollae by measuring the liberation of oxygen. The
rate of C2 liberation by cell suspensions of A. azollae was about 10
umoles (ng chlorophyll)-! hr-!. This finding agrees with the report of
Peters and Calvert (1983). They estimated their results with A. azollae
represented only 6 to 10% of the total photosynthetic capability of the
association.

Like all green plants, azolla requires light for photosynthesis and
the production of organic carbon skeletons for cell synthetic reactions.
Its reaction to light is the same as that of most higher plants, which
absorb most of their energy from the visible spectrum between 400 and
700 fm.  The photosynthetic rate of azolla generally increases up to an
optimum light level and then declines. Ray et al. (1969) obser—"ed light

saturation of photosynthesis iIn A. caroliniana at 400 jjmoles m“2 s"l.



but the CO2 fixation rate did not decline appreciably even at 2000
Jjmoles s, Daniel (1985) reported that the carbon dioxide exchange

rate per unit weight of azolla ((RYY) increased curvilinearly with

increasing photosynthetic photon flux density up to about 1500 jjmoles

He also found differences between species, with the rate for A.
caroliniana being greater than the rates for A. pinnata and A.
microphylla.

No reports were found about the effects of temperature on
photosynthesis of Azolla species. However, a decrease iIn temperature
below 20°C resulted in increased fluorescence of chlorophyll (Chan et
al., 1984). The increased fluorescence of chlorophyll could possibly be
due to reduced light utilization by photosynthesis.

Photosynthesis is the ultimate source of electrons and is a direct
source of ATP for nitrogenase activity in these association. Peters et
al. (1979) simultaneously measured carbon dioxide fixation and C2H2
reduction on the same sample. The results of these studies are
consistent with the hypothesis that the reductant required for nitrogen
fixation is supplied by the products of photosynthesis and th*t cyclic
photophosphorylation provides a significant fraction of the ATP
requirement for nitrogenase activity.

Since Azolla and its symbiont are photosynthetic organisms, their
pigmentation is complementary. The Azolla host contains chlorophyll a
and b as well as carotenoids whereas the Anabaena contains chlorophyll
a, phycobiliproteins and carotenoids. According to Ray et al. (1978),

the Anabaena iIn A. caroliniana accounts for about 15% of the



association®s chlorophyll and protein. Ray et al. (1979) reported that
photosynthesis by the isolated endophyte was maximal in the region of
phycobiliprotein absorption, but the action spectra for photosynthesis
in the Azolla-Anabaena association and endophyte-free Azolla were
similar to those of the other green plants. Chan et al. (1984) reported
that the fluorescence spectrum of chlorophyll a isolated from the
symbiont had two peaks iIn the region of 630 nm and 726 nm and that the
main absorption peak was at about 660 rm, corresponding to the

absorption spectra of phycocyanin.

2.2.2 Nitrogen fixation

The reduction of acetylene to ethylene by the nitrogen Fixing
legumes system was first reported by Dilworth (1966). The technique 1is
a sensitive assay for nitrogen fixing activity (Hardy et al., 1968; Koch
and BEvan, 1966; Masterson and Murphy, 1979; Roughley and Dart, 1969;
Stewart et al., 1967). The procedure also has been used to determine
the nitrogen fixation rate of the Azolla-Anabaena association (Peters
and Mayne, 1974). It has Issen found that the reduction of acetyleneby
nitrogenase requires the same amount of reductant, My™ and ATP, as does
the reduction of nitrogen to aiimonia or of H* to H2.

The acetylene reduction technique has been used to estimate the
nitrogenase activity of the Azolla-Anabaena association, the algal
symbiont, and algal-free frond. Peters and Mayne (1974) provided
evidence that the symbiotic algae are the locus of nitrogenase activity

and the site of acetylene reduction. The relationship between the alga



and the fern has been referred to as either a space parasitism or a
symbiotic association (Lex and Stewart, 1973). But later Peters and
Mayne (1974) reported evidence that the ferm, and probably the algae,
benefited from the association. It was concluded that it was a true
symbiosis. The fem, iIn the absence of the algae, does not reduce
acetylene and cannot grow on a N2~free medium. Therefore, inthe
combined state, the growth of the fronds on N2-free medium appears to be
dependent upon N2 fixed by the algae.

Anaerobic acetylene reduction by Azolla was dependent on light and
saturated at approximately 450 foot candles (Becking, 1976). Maximum
rates of acetylene reduction were 60 nmoles (mng chlorophyl)™ minute™.
However, rates of 25 to 30 nmoles (ng chlorophyl)"” minute™ were more
common. Acetylene reduction by the association in the dark was 30% of
the activity in the light (Becking, 1976; Peters and Mayne, 1974).
Reduction by the isolated symbiont was negligible iIn the dark under
anaerobic conditions. Reduction in the dark under aerobic conditions
was 40% of the light aerobic production until the endogenous substrates
were depleted. The depletion took place about 2 hours after the
isolated symbiont was placed in the dark (Peters, 1975).

In a field experiment, Holst and Yopp (1979) observed anincrease
in nitrogen fixation of about 30% In A. mexicana when light intensity
was increased from 12 klux to 25 klux. Brotonegoro and Abdulkadir
(1976) observed only a 15% reduction in the nitrogenase activity when A
pinnata was grown at 16% of full sunlight for 5 hours. By extending the

time of shading to 10 hours, however, a pronounced reduction in
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time of shading to 10 hours, however, a pronounced reduction in
nitrogenase activity occurred.

The i1deal temperature range for nitrogen fixation appears to be
between 20 to 30°C. Chapman et al. (1981) reported an iIncrease in
acetylene reduction rate with iIncreasing temperature up to 30°C iIn A.
pinnata. Similar results were obtained for A. pinnata by Becking (1979)
and for A. mexicana by Holst and Yopp (1979). In all studies,
nitrogenase activity almost ceased at 40°C.

The close relationship between photosynthesis and nitrogen fixation
in the association is well documented (Peters, 1976; Peters and Mayne,
1974; Peters et al., 1980; Tyagi et al., 1981). Nitrogen fixation by
the Azolla-Anabaena association is light-dependent because current
photosynthesis provides the energy and substrate required for fixation.
In the absence of light, nitrogenase activity continues until the ATP
and reductants generated during the light period are depleted (Peters et

al., 1981).

2.2.3 Effects of light and temperature on growth and nitrogen

accunulaticn by azolla

The assesment of the agronomic value of Azolla species should be
based on its ability to accumulate dry matter and nitrogen. Total dry
matter and nitrogen accumulation depend on photosynthesis and nitrogen
fixation. The physiological processes are affected to a great extent by

light and temperature (Daniel, 1985; Lumpkin, 1983; Peters et al..
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1980). Peters et al. (1980) determined the biomass iIncrease, carbon and
nitrogen content, percentage of dry matter and chlorophyll a:b ratio as
a function of temperature, photoperiod and light intensity. There were
no significant differences in the growth rate of A. caroliniana Wild, A.
filiculoides Lam., A. mexicana Presl., and pinnata grown under a 16

h, 26°C day at a light intensity of 200.,umoles m“" s*“~ and an 8 h, 19°C
dark period. Using the same photoperiod and light intensity but with
constant growth temperatures ranging from 15 to 40°C with 58C intervals,
the individual species inhibited maximum growth, nitrogenase activity
and nitrogen content at either 25 or 30°C. The tolerance of the
individual species to elevated temperature as measured by growth rate
was A. mexicana > A. pinnata > A. caroliniana > A. filiculoides. Using
the optimum growth temperature of 25°C, a 16 h light period and a photon
flux density of at least 400 jjmoles m“2 3-1, the Azolla species doubled
their biomass in 2 days or less and contained 4 to 5% N on a dry weight
basis (Peters et al, 1980). Peters and Lough (1977) measured a relative
growth rate (R&R) of 255 to 390 mg g/ day“” for the four species
mentioned above. Talley and Rains (1980) reported A. filiculoides had

maximum RGRs ranging from 245 to 277 mg g“~ day“” in regimes having
temperatures of 25/15°C to 35/25™0 and light levels of 500 to 1000
oanoles m“2 3-1.

Predictive models for azolla growth iIn response to climatic
variables were reported by Lumpkin and Bartholomew (1986). RGRs were
calculated from dry weight over 26 growth cycles of one week to one

month. The mean RGR values in azolla ranged from about O during winter
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to 275 mg g~ day””™ under optimum conditions. The data showed that iIn
the natural environment, temperature, daylength, solar radiation and
relative humidity could be used to estimate the RGR of azolla.

The growth rate increased in A. filiculoides with increasing
sunlight intensity up to 1000jLimoles m”” and then declined with
further increases (Ashton, 1974). However, Daniel (1985) reported that
RGRs in A. caroliniana, A. pinnata and A. microphylla grown iIn the
greenhouse continued to increase with increasing light intensity up to
maximum light level in the greenhouse with a midday photcsynthetic
photon flux density of 1,8000jmoles m“~ s~~~ Among the three species
investigated, A. microphylla accumulated more fresh weight than the
other two species when grown under 100% light. However, the dry matter
and nitrogen content of species was lower then those of A. caroliniana
and A. pinnata (Daniel, 1985).

Talley and Rains (1980) observed that the nitrogen content of A.
filiculoides increased with increasing temperature up to 30°C and then
decreased at 35°C. The dry matter contents at temperature of 5, 25 and
40°C were 16, 6, and 10% respectively. Peters et al. (1980) reported
that nitrogen contents of four selections of azolla increased up to 30°c
and A. Tiliculoides had the highest nitrogen content at 25~C. Beyond
30°c, the nitrogen content dropped in all species.

High temperature and light intensity during the summer season
induced the development of red pigment, presumably anthocyanins (Lumpkin
and PlucJcrett, 1982). Daylength ranged from 16 to 8 hours and did not

seem to influence pigment development, but anthocyanin synthesis was

13



increased by temperatures of 5 to 10°C (Pieterse et al., 1977). Peters
et al (1980) observed anthocyanin formation at 15°C in A. mexicana and
A. caroliniana; at 40°C, A. filiculoides was bleached. A. caroliniana
was bright red and A. mexicana was reddish bromm. A. pinnata remained
green at all temperatures.

A general conclusion based on the results discussed above is that
the development of red color in azolla species occurred iIn response to
stress. The color will disappear when conditions return to normal. No
information was found on the effect of phytochrcme on anthocyanin
synthesis in Azolla, although anthocyanin formation mediated by
phytochrome action has been reported for other crops (Koechler, 1972;
Lange et al., 1977; Siegelman and Hendriclcs, 1957; Smith and Harper,
1970). The function of the red pigment in azolla is not knomn. It is
probably a protective mechanism against damage caused by too much light,

as has been reported in other crops (Lange et al., 1971).

2.3 Light interception by the rice canopy

The interception of light by plant canopies has teen much studied
because canopy photosynthesis and hence crop yield, depend upon
efficient absorption of the incident light. The fraction of solar
radiation intercepted by a crop depends mainly on its leaf area index
(Donald, 1962). Utilization of solar energy by plants is conditioned by
the distribution of solar radiation over the leaf surfaces of the plant

community and by other environmental factors (Monteith, 1977; Warren



Wilson, 1981). Leaf orientation within the crop canopy also influences
the distribution solar radiation.

The growth rate of many crops, at least during vegetative
development, 1is approximately proportional to the amount of light
intercepted by the foliage (Gallagher and Biscoe, 1978). Moreover, the
final dry weight of a crop depends on the total amount of radiation
intercepted during the growing season (Fasheun and Dennett, 1982; Hipps
et al., 1982; Shibles and Weber, 1966). Final yield is also strongly
related to cumnulative radiation interception (Scott et al., 1973).

The amount of light available for azolla growth and development
depends on the development of rice canopy above the azolla. No studies
of the relationship between the amount of light transmitted through the
rice canopy, the leaf area index of rice, and biomass production of the
Azolla species were found but such data would be very useful in
understanding how best to manage azolla iIn the rice crop.

The photon flux density intercepted by a canopy normally is
measured as the difference between the photon Flux density recorded by a
horizontal light sensor placed above the canopy and the photon density
recorded by a similar sensor at ground level. If the mean photon flux
densities recorded above and below the canopy are lo (incident light)
and Ig (transmitted light) respectively, the iIntercepted photon Fflux
density is lo - Ig. The fraction transmitted and intercepted are given
respectively by Ig/Zlo and (lo-1g)/lo (Warren Wilson, 1981).

About 20% of the total solar radiation is reflected into the sky by

a well developed rice canopy (LAIS5) (Kishida, 1973). Of the reflection
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radiation, only about 10% is photosynthetically active radiation (PAR);
the rest is in the near far red region. In other words, about 3 to %
of PAR is lost by reflection at any canopy surface. At LAl equal to 5,
about 90% of PAR is absorbed by leaves and 5% is transmitted to the
ground.

Total photosynthetic efficiency (PE) in rice was defined as the
ratio of net gain in chemical energy to total incident solar radiation

(Murata et al., 1968). PE values ranged from 0.52 to 2.88% respectively
at LAl of 0.36 and 4.10. The PE value was small during the early growth

of rice, iIndicating that only a small portion of the PAR was absorbed by
the rice canopy. The rest was transmitted to the ground and this
portion could be used by an azolla intercrop.

The availability of light to azolla diminishes as the leaf area
index of rice increases (Daniel, 1985; Watanabe, 1980). As the LAI
increases, the light transmission ratio (LTR) decreases. The
relationship between LAl of rice and LTR was curvilinear with the trend
line following the equation of LTR=1.024-0.0345LA1+0.029LAi2(r2=0 .95,
n=15) (Takeda, 1961).

2.4 Nitrogen fertilizer response of rice

The response of rice to added nitrogen is largely influenced by

variety, soil fertility, environmental factors and management practices.

The amount of nitrogen in the above ground portion of a rice crop at
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maturity iIs a relative measurement of adequacy of supply during the

growing season and is usually highly correlated with yield.

Rice varieties may differ markedly in their response to added
nitrogen levels (Tanaka et al., 1964; IRRI, 1984). Grist (1959)
reported that japonica rice varieties are superior to the indicas in
terms of nitrogen response and grain yield. However, several workers
have observed that improved varieties, whether indica or japonica,
respond well to nitrogen (De Datta et al., 1966, IRRI, 1984; Srivata and
Singh, 1971).

The growth pattern of rice consists of three phases: vegetative,
reproductive and ripening. During these phases, the panicle number,
spikelet number, and grain weight, respectively are determined. Since
these constitute the yield components, the nutrition of the plant at the
various phases when these components are determined is of utmost
significance. Many studies have been done to determine the nitrogen
requirement of rice at different growth stages (IRRI, 1983; Koyana,
1972; Matsushima, 1965).

Although rice requires nitrogen throughout the growing season, De
Datta (1978) recognized two stages of growth of transplanted rice where
the efficiency of absorbed nitrogen was highest. One is during the
early stage of tiller formation and another is just before or at panicle
initiation. Indica as well as japonica varieties require relatively
more nitrogen at the maximum tillering stage and again at panicle

development. However, when rice plants are supplied with adequate
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nitrogen during vegetative growth, the plant requires little nitrogen
during reproductive development.

The yield components of rice include panicle number per unit area,
spikelet number per panicle, percent filled spikelets, and 1,000-grain
weight.  Among these, panicle number per unit area is largely
influenced by planting density and tiller number per hill. The number
of panicle producing tillers is determined during the vegetative growth,
a period from germination to panicle primordium initiation. During this
phase, approximately 50% of nitrogen absorption takes place. A strong
positive correlation has been obseirved between nitrogen absorption and
the number of panicles produced per hill (Prasad and De Datta, 1979;
Shiga et al., 1977).

Tillering of rice is strongly influenced by nitrogen supply and
adequate nitrogen is necessary during tillering to insure sufficient
numbers of panicle-bearing tillers (Murayama, 1979). Tillering is
always correlated with plant nitrogen content; a nitrogen content higher
than 2% in the culm promotes tillering and a content lower than 0 .8%
results in death of the tillers. Patrick et al. (1974) reported that a
nitrogen content in the leaf blade higher than 3.0% promotes tillering,
while a nitrogen content lower than 1.5% kills weak tillers.

The number of grains per panicle is highly correlated with the
nitrogen content of the plant during panicle development. A positive
linear relationship between these variables was found within the range
of 1.5 to 3.5% nitrogen (Koyama et al., 1973). Based on the results

cited previously, the proper timing of N applications has become an
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important agronomic practice. However, De Datta (1978) reported that
In addition to proper timing, the efficiency of N fertilizer use by rice
was also affected by soil type, cultivar, season, time of planting,
water management, weed control, insect and disease control, cropping
sequence, source of nitrogen added, and the availability of other plant

nutrients.

2.5 Nitrtagen uptake by rice

The quantity of N taken up by flooded rice ranges from 23 kg N ha-1
(Patriot et al., 1974) to 215 kg ha-1 (Sims and Place, 1968). The high
variability in N uptake iIs to be expected in light of the variability in
soil fertility, a management practice, varietal characteristics, and
environmental factors encountered in rice culture. Lower values for
nitrogen uptake are usually associated with unfertilized conditions,
although many paddy soils are capable of supplying 30 to 130 kg N ha-1
to the crop without the addition of fertilizer (Murayama, 1979). The
average quantity of soil nitrogen taken up by a lowland rice falls iIn
the range 50 to 70 kg N ha-1.

Rice has been found to respondtonitrogen fertilization on most
soils and rice breeders have tended todevelop varieties that express
this response with inceases iIn yield. Stangel (1979) reports that the N
requirement for rice ranges from 70t0230 kg N ha-1, with average
values for maximum yield in the 1000150 kg N ha-1 range. On the

average, the percent recovery of fertilizer nitrogen by rice is low
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compared with other cereals and is usually in the 30 to 50% range
(Prasad and de Datta, 1979), although wider ranges are reported.
Murayama (1979) reported range of fertilizer utilization values of 7.2
to 70h, with some of the variability attributable to differences iIn the
method of measurement. BEXren with optimal rates of fertilization, soil
nitrogen supplies 50 to 80% of the total nitrogen taken up by the crop
(Broadbent, 1979).

Measurements of soil nitrogen and fertilizer nitrogen use by rice
involve the application of nitrogen fertilizer at variable rates and the
quantification of nitrogen iIn the harvested plant tops. Several
techniques can be used to separate soil and fertilizer sources of
nitrogen. One technique is the difference method (Racho and De Datta,
1968: Watselaar and Farguhar, 1980). This involves the comparison of
nitrogen uptake at one or more levels of fertilization with an
unfertilized control. The uptake by the unfertilized control is taken
as the soil nitrogen component and the increase iIn nitrogen uptake due
to fertilization is taken as the fertilizer nitrogen component.
Measurements by this technique can be reported In absolute terms (kgN
ha-1) or as a percentage of the amount added. By assumingthat soil
nitrogen uptake is unaffected by the level of fertilization, an
"apparent fertilizer use efficiency’” can be calculated.

Racho and De Datta (1968) measured fertilizer N recoveries in
flooded rice using the difference method. They reported 17 to 5/% of
the applied N was recovered in the dry season and 9 to 33% during the

wet season. Shiga and Ventura (1976) also compared apparent rice
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fertilizer use efficiencies for wet and dry season rice and reported
values of 47 and 6%, respectively. The lower values for the wet
seasons probably were due to a high lost os the applied fertilizer
through the water drainage system. Another possible reason for the low
recovery value of fertilizer by wet season rice is that transpiration is
lower during the wet season than during the dry season.

Wetselaar and Farquhar (1980) reported an apparent recovery of
about 60% of the N applied to rice If uptake was measured at 68 days
after planting and the value was constant at variable rates of
fertilization. When measured at harvest, the recovery percentage
decreased with increasing amounts of added N. @ The difference in
effects was presumably that the percent increased in N applied was not
paralleled to the percent increased in N proportioned to the grains.

Mikkelsen and Finfrock (1957) and Murayama (1979) reported apparent
fertilizer recoveries were affected by method and time of N application.
Mikkelsen and Finfrock (1957) reported an apparent use efficiency of
108% for fertilizer placed below the soil surface for flooded rice.

Vlek et al. (1978) also reported the apparent recovery of N fertilizer
to vary with the source and the amount of N and the rice variety.

Fertilizer recoveries exceeding 100% is one shortcoming of the
difference method. It does not account for the effects of fertilizer
nitrogen applications on the use of soil nitrogen by the crop. Only the
use of isotopically labeled nitrogen fertilizers (1% enriched or
depleted) makes it possible to distinguish between fertilizer and soil

nitrogen in the plant. The technique involves the application of a
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known amount of tagged fertilizer of known enrichment or depletion to
the rice crop. The actual amount of fertilizer nitrogen taken up by the
plant can be measured by assaying the plants for total nitrogen and 15®
atom percent excess or depletion. Methods, assumptions, and
calculations based on this technique have been reviewed (Broadbent and
Carlton, 1980; Hauck and Bremner, 1976).

Direct comparisons between the tracer technique and the difference
method have shown that the latter normally overestimates the uptake of
fertilizer nitrogen by the plant (Broadbent, 1981; Broadbent and
Mikkelsen, 1968; Broadbent and Reyes, 1971; Patrick, et al., 1974).
Murayama (1979) reviewed a number of trials comparing the two techniques
and found the difference method to consistently give higher values for
fertilizer nitrogen recovery. Broadbent (1981) reports that, based on a
wide range of studies, the difference method overestimates nitrogen
uptake efficiency by an average of 41%. This is attributable to the
development of a more vigorous root system by the plant, leading to a
greater exploration and utilization of the soil profile.

The effectiveness of a fertilizer nitrogen treatment can be
assayed by measuring the ratio of grain yield to the quantity of
nitrogen applied (Novoa and Loomis, 1981). This is called agronomic
efficiency (AE) of the fertilizer and is perhaps best measured as the
increase iIn grain yield due to a given treatment. Factors affecting AE
generally parallel those affecting nitrogen uptake, yield, and
fertilizer uptake efficiency. The shortcoming of AE is that it includes

the grain yield due to soil nitrogen uptake and is undefined at a zero
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N applied. It would be nxre useful to use the yield increase due to a
given quantity of applied N as the numerator iIn the equation. This
approach is consistent with the work of Reddy and Patrick (1980) who
showed that the uptake of fertilizer nitrogen was better correlated
with yield increase ticin with absolute yield.

The physiological efficiency (PE), a measure of fertilizer
effectiveness, is defined as the ratio of grain yield to the total
nitrogen uptake by plants (Murayama, 1979). If the physiological
efficiency is defined as percent total nitrogen partitioned to the grain
then it is called nitrogen harvest index (NHI). Rice crops take up from
19 to 21 kg of nitrogen to produce a ten of brown rice and this value is

nearly constant. This implies a NHI of about 50 (IRRI, 1984).

2.6 Effects of planting population cn azolla and rice yield

In general, grain yield increases with plant population and with
added nitrogen up to some optimum population. Halloway (1960) and
Chandler (1963) stated that plant population is an important determinant
of rice yield.

Parao (1970) reported that the optimum spacing of rice varied with
variety, climate and management factors. He reported that optimum
spacing was 10 x 10 cm for low-tillering improved varieties and 20 x 20
on for high tillering improved varieties. In both varieties, the number
of panicles per hill declined with decreasing plant spacing whereas the

number of panicles per unit area increased. Rice produced more tillers

23



at high N than at low N, so the optimum spacing at low N was closer than
that at high N.

The leaf area index (LAI) at flowering is an important measure of
the crop®s capacity to increase grain weight during the ripening phase
of rice (Yoshida and Ahn, 1968). Several workers have shown that 75 to
80% of the carbohydrates iIn the grain are photosynthesized after
flowering (iMrata, 1969; Tanaka et al., 1964). The relationship of LAl
to plant population and N applied has been studied by many workers
(Fagade and de Datta, 1971; Rao et al., 1972, Tanaka et al., 1964).
They found that leaf area index at flowering was highly correlated with
the spikelet number per unit area, an important component of grain
yield.

Spacing influences light penetration through the canopy during the
early stages of rice growth. In dual cropping of azolla with rice,
azolla growth depends on light transmitted through the rice canopy.
Studies of the relationship between plant spacing of rice and azolla
growth in dual culture showed that wide row spacing was more effective
in producing azolla than square spacing of rice plants (IRRI, 1973).
Kulasooriya et al. (1982) reported that azolla grown with rice produced
grain yield increases of 13, 22, and 47% respectively, in broadcast
seeded, transplanted and avenue planted rice over control plots
receiving no nitrogen. To increase the growth of azolla in dual culture
with rice, Chinese scientists reccommended a rice planting pattern of
narrow rows alternating with wider rows (Liu, 1979). The space of the

wide rows was 53-63 am; that of the narrow was 13 cm and azolla was
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cultivated In the wide intervals. However, this rice planting pattern
has not been widely adopted. Additional work needs to be done to
evaluate the effect of different spacings on azolla biomass and rice

production.

2.7 Response of rice to green manure

The nitrogen requirements of rice can be partially met by the
incorporation of a green manure crop into the soil prior to planting
rice seedlings. Azolla green manure decomposed relatively faster than
other green manures (Lumpkin and Plucknett, 1982; Talley and Rains,
1980). Therefore azolla green manure can also be beneficial to rice as
a top dressing.

Upon incorporation into the soil, decomposition cird mineralization
of a portion of the nitrogen in the green manure supplements the
mineralization of soil nitrogen and increases the availability of
nitrogen to the rice crop. The magnitude of this increase In soil N and
iIts effectiveness in iIncreasing rice yield will be determined by factors
affecting mineralization rates, nitrogen losses, and rice growth.

Factors pertaining specifically to the response of rice to green

manures will be discussed in the following sections.

2.7.1 Nitrogen content and N accunulated by green manures for rice

Singh et al. (1980) reported a range of nitrogen content for four
Azolla species from 4.9 to 5.2%. The nitrogen content iIn azolla is

relatively higher then iIn other green manures. The N content in
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Sesbania oculeota ranged from 1.17 to 4% (Oh, 1979; Tiwari et al.,
1980). Williams and Finfrock (1962) found that a vetch (Vicia spp.)
green manure crop seeded into harvested rice fields in the fall and
incorporated in the spring contained 3.2 to 4.6% N at the time of
incorporation.

Intercropped azolla with rice In India was reported to accumulate
25 to 30 kg N ha at the time of incorporation (Singh, 1979), while
Talley and Rains (1980) reported a range of 33 to 93 kg N ha“l for
Azolla grown iIn California.

A winter grown vetch accumulated as much 109 kg N ha“l at the time
of incorporation (Willians and Finfrock, 1962). Tiwari et al. (1980)
reported rice yield response to a Sesbania oculeota green manure crop,

supplemented with 60 kg N ha“?, equivalent to 120 kg N ha“/.

2.7.2 Rice yield response to nitrogen in green manures.

When fields were fertilized with a green manure application (30 to
40 kg N ha-1) and equivalent amount of fertilizer nitrogen, yields in
response to the two sources were usually very similar (Ch, 1979; Patrick
and Rao, 1979; Talley and Rains, 1980; Singh, 1979). Singh (1979)
reported that 30 kg N ha“l as azolla incorporated at planting was as
effective iIn iIncreasing yield as an equivalent amount of aimioniacal
nitrogen applied preplant. Talley and Rains (1980) report equal yield
responses to 40 kg N hal as azolla or (N\HY)204 for rice, but found the

(\H4)2504 was 30% more effective than azolla in terms of yield at 93 kg
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N ha~l. Watanabe et al. (1977) also reported that azolla was not as
effective a? an equal amount of fertilizer N when large amounts of N
were applied. They reported azolla to be 40% as effective as fertilizer
nitrogen. When combinations of azolla and fertilizer were used, the
combinations were roughly equivalent to equal amount of fertilizer
nitrogen in yield response.

The result of a three-year field experiment in Sichuan, China (W
and Chen, 1985) showed that increasing yields and raising soil fertility
were best accomplished by the combined application of chemical
fertilizer and azolla. Combining azolla with chemical fertilizer
resulted in rice yields higher than those achieved with azolla or
chemical fertilizers used alone. Rice yields were increased up to 40%
with the addition of azolla. Increases of 112 and 216% over the
control, respectively, were obtained by incorporating one or two crops
of A. filiculoides (Talley et al., 1977). Two successive crops of
azolla incorporated into soil before rice transplanting supplied 50% of
the N necessary to produce 5 tons ha“l of rice (Trans and Dao, 1973).
Azolla intercropped with rice but not incorporated increased rice yields
by 6 to 39% relative to the control. With incorporation, yields were 9
to 41% higher than the control (Singh, 1979).

Rice yield increases vary from 23 to 151% inplots fertilized with
azolla depending on Azolla species and management practices (Lumpkin,
1983). Rice in plots fertilized with azolla had greater plant height,
shoot weight, leaf area index, tiller number, andgrain yield than the

control plots (Daniel, 1985). In Daniel®s experiment (1985), the
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control plots (Daniel, 1985).In Daniel®s experiment (1985), the
increase in rice yield due to azollaranged from 9 to 18%.

Willians et al. (1957) found 24 to 30 kg N ha~l as incorporated
vetch applied preplant to be more effective than equivalent rates of
broadcast (NH4)2S04 in increasing rice yields but the two sources were
equally effective if the fertilizer was placed 10 cn deep. Similar
results were obtained by Williams and Finfrock (1962) who found the

effectiveness of vetch and (\NH4)2S04 to be increased by deep placement

in the soil. Williams et al. (1968) reported rice yields increased with
increasing amounts of vetch to 90 kg N ha“~. Yields decreased at higher

levels of N.

2.7.3 Nitrogen availability from green manure

Green manure nitrogen must be mineralized prior to its becoming
available to plants. The availability of nitrogen to rice depends on
the rate of decomposition of the green manure and various mechanisms of
nitrogen loss.

Special advantages of azolla for rice are high multiplication and
fast decomposition rates (Watanabe, 1977). Azolla decomposes in 8 to 10
days in paddy soil and the rice crop is benefitted in 20 to 30 days
(Watanabe et al., 1977). Azolla nitrogen becomes available to the rice
crop mainly after iIts death and decay (Moore, 1969; Trans and Dao, 1973;
Talley et al., 1977), but Pains and Talley (1979) observed that growing

azolla also released of NHA™. The release of airmonia in soil was
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reported to be more rapid from fresh azolla than from dry azolla
(Watanabe et al., 1977) and 68 to 88% of the N is releasedwithin 3to7
weeks of incubation (Saha et al., 1982; Singh, 1981).

Watanabe et al. (1977) added azolla to soils iIn test tubes and
measured 2 N KCl-extractable ammonium as a function of time after
flooding. They found a gradual increase in ammonium levels throughout
the incubation period. By comparison with the control, Itwas concluded
that 62 to 75% of the nitrogen contained iIn the amendments had been
released within six weeks after flooding.

A pot trial showed that 50 to 53% of the azolla nitrogen was
recovered compared to 78 to 8% for (NH4)2S04 (Singh, et al., 1981).
They added the equivalent of 25 ppm N of a variety of green manures and
(\H4)2S04 to pots without plants and measured extractable ammonium as a
function of time after flooding. The antnoniun levels iIn the (\NH4)2S04
treatment were initially high but declined steadily with time until day
40, when they were similar to the control levels. The aitmoniun levels
in the green manure treatments increased gradually up to 40 days and
then began to decline. About 88% of the nitrogen iIn the green manures
had been mineralized by day 40 after incorporation. Similarly, Saha et
al. (1982) found anmonium levels to decrease steadily for an urea
treatment while they rose steadily for azolla and blue-green algae
treatments in a flooded pot trial without plants. At day 35 after
inoculation, 68% of the azolla green manure was in the available form,

while only 14% of the urea-N remained iIn the available form.
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2.7.4 Nitrogen uptake.

In a pot study with 15f] j a&eled azolla, about 50% of the nitrogen
applied was taken up by the rice plants if the green manure was
incorporated into the soil (IRRI, 1978). Uptake from the labeled source
was complete within 42 days after transplanting. The percent recovery
of N in the green manure was substantially reduced if azolla was floated
on the surface, but uptake from this source continued throughout the
season. Azolla can be used effectively iIn dual culture with rice to
supply nutrients after the formation of a mat, either by decomposition
of a mature mat or by incorporation into the soil (Singh, 1980).

Anmonium ions released by azolla growing with rice could have a
beneficial effect on rice growth. As reported by Rains and Talley
(1980), A. mexicana grown in a controlled environment chamber released
anmonium ions into the culture medium. The amount of aiimonia increased
with time and the magnitude of increase was closely related to light
intensity. Fiirther study of anmonium ion release by different Azolla
species and its effects on rice is needed. Knowledge of the effect of
environmental factors on the ammonium released is also insufficient.

Yoshida and Padre (1974) found uptake of fertilizer nitrogen to be
unaffected by the addition of green manure addition and Williams et al.
(1972) reported similar results for vetch. Evidence supports the view
that there was no significant iInteraction between chemical and green
mcinure sources iIn terms of uptake and yield by the rice crop. However,
Singh (1980) reported that more N was taken up by rice from azolla
incorporated with N fertilizer treatments compared to N uptake when

azolla was incorporated alone.
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CHAPTER 111

GROWTH AND NITROGEN FIXATION BY AZOLLA AS AFFECTED
BY LIGHT AND INITIAL BIOMASS

INTRODUCTION

The variability iIn growth response of azolla species to light and
temperature makes It possible to select species and varieties better
adapted to a given environment. The response of azolla to light has
been studied by several researchers (Ashton, 1974; Becking, 1975;
Daniel, 1985; Lin, 1979; Liu et al., 1979; Peters etal., 1980; Zheng et
al.,1982). Talley et al. (1977) reported that in afield experiment,
A. mexicana was more tolerant of intense light than A. Ffiliculoides.
However, in a controlled environment study, Peters et al. (1980)
observed no difference iIn response to light among Five species of
azolla, including the two mentioned above. Liu et al. (1979) reported
that in addition to light and temperature, mineral nutrient supply and
genetic make up of the Azolla strains influenced biomass accumulation
and nitrogen fixing capability. Therefore, physiological studies of
photosynthesis and nitrogen fixation would be desirable in a controlled
environment as well as under field conditions.

The acetylene reduction assay has been used to estimate nitrogenase
activity of the Azolla-Anabaena association by many researchers (Ashton,
1974; Becking, 1976; Brotonegoro and Abdulkadir, 1976, Peters and
Mayne,1974; Peters et al. 1975; Watanabe et al. 1977). Differences

among species in N fixation capability iIn response to light as indicated
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by nitrogenase activity were reported by Talley et al. (1977) and Liu
(1984). However, the variations in growth conditions prior to
measurement and differences iIn assay methods limit comparisons of data
for different Azolla species.

A dense biomass mat primarily composed of fronds is usually found
in a completely developed azolla canopy. The density at a given time
after inoculation depends in part on the initial biomass (Daniel, 1985).

Therefore, density can be regulated to maximize biomass and nitrogen

accumulation. The initial biomass is an important factor affecting
nitrogen accumulation since a canopy develops more rapidly at a high
inoculum level than at low one. Rapid canopy development means there

will be a greater leaf area resulting in high total canopy
photosynthesis. The relationship between biomass and nitrogenase

activity per unit of biomass iIs unknown.

The genus Azolla is compossed of seven known species which have

considerable physiological and morphological variations (Lumpkin, 1983).
In this study, the growth, nitrogenase activity and nitrogen fixation of

Azolla microphylla, A. pinnata, A. caroliniana, A. filiculoides and
mexicana at different light levels and inoculum levels were

investigated.

MATERIALS AND METBODS

Two experiments were conducted at the greenhouse facilities of the

Department of Agronomy and Soil Science, University of Hawaii. The
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treatments, the objectives and other particulars specific to the

experiment are discussed in the details of each one. In this section,
the information on plant material and the culture solution used pertains

to both greenhouse experiments.

Plant material

The presently known species of Azolla were collected from various
parts of the world iIn the spring of 1979 (Lumpkin, 1983) and maintained
in pots iIn the greenhouse. Five representative accessions of these
species, namely (@ A. microphylla, (2) A. caroliniana, (3) A. pinnata,
@ A. mexicana, and (B) A. fTiliculoides, were used in Experiment 1.
Three species, namely (O pinnata, (2) A. filiculoides, and ) A.

mexicana, were used In Experiment 2.

Culture solution

The chemical composition and nutrient concentration of the culture
solution are given in Table 3.1. One ml of stock solution was diluted
to 1.0 1 with tap water to prepare the nutrient solution in which the
azolla was grom. The culture solution had a pH of 6.2 and the
electrical conductivity ranged from 650 to 700 umhos. In the first
experiment, azolla was harvested 17 days after inoculation (DAl) so no
culture solution replacement was done. The culture solution for

Experiment 2 was replaced at 15 DAl to maintain sufficient nutrients for
sxistained growth until the final harvest.
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Ttible 3.1 Formula and concentration of N-free nutrient solution.

Formula Stock solution Nutrient concentration®
- 911 - - ppm -
Na H2PO4 50.3 P =10
CaCl2 2H20 35.2 Ca= 15
K2S04 66.9 K =30
MgS04. 7H20 135.75 Mg= 15
Fe Squestrene
©% Fe) 41_67 Fe= 2.5
COCI2 .6H20 0.04 Co= 0.01
Cu S04 .5H20 0.40 Cu= 0.10
H3BO3 0.56 B= 0.10
MNCI2.4H20 3.60 Mn= 1.00
Na2Mo04 -2H20 0.25 Mo= 0.10
ZnS04 ,7H20 2.20 Zn= 0.50

*Nutrient concentration in culture solution when one ml of stock
solution was diluted with 1 1 of water.
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EXPERIMENT 1: Influence of light intensity on growth and nitrogen

fixation of five azolla species.

EXPERIMENTAL DETAILS

Experiment 1 was conducted in a greenhouse. The experimental units
were 14 liter plastic containers (pails) with a surface area of 707 am.
The surface was divided into 5 equal parts with fiberglass sheets so
that one species of Azolla could be grown in each section. The Azolla
spp- were subplot treatments and three light levels (b, 65 and 100% of
full sun) were main plots. A total of 18 pails were arranged in a split
plot design with 6 replications. Daniel (1985) showed that the lag
phase of azolla growth can be by-passed by starting with an initial
biomass of over 200 g m2. Therefore, an inoculum level of 200 g m*2
was used iIn this study. That level of inoculum resulted In rapid
surface cover that minimized green algae growth. The experiment was
begun on May 2, 1984.

Data collected included fresh weight, dry weight, frond area and
nitrogenase activity (acetylene reduction rate). A 33 o area was
sampled using a ring at 10 and 17 days after inoculation (DAl). The
entire biomass within the sample was removed from the culture solution,
the excess moisture was blotted away and fresh weight was taken. The
rings were not removed fictn the water surface of each pails. They
floated on the water surface, so that they restricted the rest of azolla

from occupying spaces that were available due to sampling. One gram of
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fresh weight was saved for the acetylene reduction assay and frond area
determinations; the remainder was oven dried to obtain dry weight and
nitrogen content.

Frond area was determined using an LI-3100 automatic leaf area
meter as follows : (@) the fronds of the one-gram sub sample were
separated from roots and stems, (2) thefronds were then placed iIn
between two transparent plastic folders in such a way so that all fronds
were on the projected area, (@) the area of thefronds was obtained by
passing the transparent plastic folders through the areameter.

The relative growth rate (RGR), doubling time (DT), dry matter
content, and frond area index (FAl) were calculated.

The growth parameters were obtained as follows:

@ RCGR in mg g“l day””™ was calculated by the equation:

RGR = (InW2 - n WL yY/(2 - & ———————————- (€))
where W_ is initial dry weight, W2 is final dry weight, € - ti iIs the
duration of growth.

() DT in days was calculated by the equation:

DT = (In 2 )/ RGR ()

Equation 2 is the same as that used for computingthe generation
time of a unicellular microorganism (Schlegel, 1969):

DT = C(T - 7q) log 2}/(log - log Wo)where DT isthe doubling
time, (T - Tg) the duration of growth, W.q the weight of the plants at
the beginning of the experiment and Wp the weight of plants at the end
of the experiment. Since RGR = (log Wj - leg Wtq) /7 (T - Tq), the DT 1is

equal to (log 2 /7 RGR). Equation 2 is cotimonly usually used to estimate
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DT of Azolla species (Brotonegoro and Abdulkadir, 1976; Daniel, 1985;
Lumpkin and Plucknett, 1982, Watanabe et al., 1977).

(© Frond area index (FAl) is total estimated frond area per unit of
water surface area.

Nitrogenase activity of the Azolla-Anabaena association was
determined by the acetylene reduction assay of Hardy et al. (1968).
Nitrogen was determined by the method of Mitchell (1972). Details of
these analytical methods are presented in Appendix A. The temperature
and relative humidity prevailing during the experiment were recorded

with a hygrothermograph and are presented in Appendix B.

RESULTS AND DISCUSSICN

Bicoass accumulation

Fresh weight and dry weight accmnulation by azolla decreased with
decreasing light and increased with time (Table 3.2). Growth of A.
microphylla was quite rapid compared to the other species as indicated
by a significantly higher fresh weight than the other species at 10 and
17 days after inoculation (DAl) (Table 3.2). The high fresh weight
accumulation in A. microphylla was due to a vertical frond growth habit
of the species. Although the growth habit of A. Ffiliculoides is similar
to that of A. microphylla, the species accunulated less fresh weight
than those other species at both sampling dates. However, dry weight
accumulated by A. filiculoides at 10 DAl was not significantly different

from that by A. pinnata and A. mexicana. Estimated fresh weight
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T~rle 3.2 Effects of light and species on Azolla fresh
weight and dry weight at 10 and 17 days after inoculation.

Fresh Weight Dry Weight
10 days 17 days 10 days 17 days

Light level —— gm<2___

100%** 1214.8 a* 1729.7 a 59.77 a 85.90 a

65% 1079.9 a 1667.4 a 55.52 a 79.33 b

3% 805.2 b 12574 b 4240 Db 60.41 c

SE (10)*** 72.4 39.8 3.91 2.42
Species
A. pinnata 927.4 be 1606.5 b 48.46 be 69.47 b
A. microphylla 1207.4 a 2078.5a 62.85a 10222 a
A. caroliniana 1086.2 ab 1365.6 cd 56.15 ab 72.80 b
A. Filiculoides 870.0 ¢ 1219.0d 44.23 c 59.53 ¢
A. mexicana 1060.2 ab 1488.0 be 50.42 be 72.05 b

SE(60) 59.0 60.6 2.91 2.64

cv 24.3 16.6 23.5 14.9

*Means in the same column, under each factor, followed by
the same are not significantly different at the 5% level of
probability as determined by Duncan®s Multiple Range Test.
Values are the means of 6 replications.
**100% was the maximum greenhouse light level with a
midday maximum photosynthetic photon flux density of
~~N1800 jomoles m*“2 s
Standard error of the mean with error degrees of freedom iIn
parentheses.
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accumulation by the azolla selections used iIn this study ranged from
870.0 to 1207.4 g m”” at 10 DAl and from 1365.6 to 2078.5 g m"" at 17
DAl. The results were comparable to those of Daniel (1985) at the
inoculum level higher than 200 mg m“~. At inocullum level of 200 mg m“~,
fresh weight accumulated by azolla (Daniel, 1985) was lower than that
reported here. There was no significant interaction between light and
species on fresh weight accumulation.

No significant interaction between species and light treatments was
observed on the relative growth rates (RGRs) of azolla. The RGRs ranged
from 144.7 to 183.8 mg g”’~day*“~ at 10 DAl and from 102.4 to 137.1 mg g/
day“l at 17 DAl (Table 3.3). The RGRs was higher than reported by
Daniel (1985). However, he reported that RCR value was higher than 300
mg g“l day”l at azolla age less than 10 days after inoculation. While
at 7 to 14 DAI, the RGRs for A. caroliniana, A. microphylla, A. pinnata,
respectively, 99, 91 and 88 mg g-1 day~l. The RGR values of these
species ranged from 18 to 49 mg g“~ day**~ (Daniel, 1985). In this
experiment, a one ml of stock solution was diluted with 1000 ml of
water. In contrast, Daniel (1985) diluted 1 ml of stock culture
solution with 2000 ml of water. The less concentrated culture solution
could result In the lew RGR values of azolla iIn his experiment at the
late stages.

The RCRs increased with increasing light. The high RGRs at high
light levels were due to higher fresh weight production at high light.
There were significant differences between species, A. microphylla

having the highest RGR at 10 and 17 DAl. The RCRs decreased with time.
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Table 3.3 Effect of light and species on Azolla
relative growth rate (RGR) at 10 and 17 days after inoculation.

Relative growth rate

10 days 17 days
Light level - mg g-1  Gay-l-—e
100%** 169.47 a* 125.20 a
65% 168.34 a 119.63 a
35% 140.26 b 104.40 b
SE(10)*** 6.26 2.04
Species
A. pinnata 149.39 b 113.06 b
A. microphylla 183.78 a 137.06 a
A. caroliniana 159.50 b 115.78 b
A. filiculoides 144.67 b 102.44 c
A. mexicama 157.89 b 113.72 b
SE(60) 10.00 2.63
cv 15.19 9.57

*Means iIn the same column, under each factor, followed by
the same letter are not significantly different at the 5%
level of probability as determined by Duncan®s Multiple
Range Test. Values are the means of 6 replications.

**100% was the maximum greenhouse light level with a midday
maximum photos”~thetic photon flux density of

~MA1800 upmoles m~ s
Standard error of the mean with error degrees of
freedom in parentheses.

40



These results were similar to those usually reported in azolla, namely
the RGRs decreased with age and with the increase of azolla biomass due
to competition for light and space (Lumpkin and Plucicrnett, 1982).
Thinning could result In the resumption of vigorous growth of the
population If light is not limiting.

The RGRs increased with increasing light. Therefore doubling time
(@1 decreased with increasing light available to azolla (Table 3.4).
Doubling time increased with time (Table 3.4), indicating that the
growth of azolla slowed down with age. At 17 DAI, interplant
competition for light and space was more intense than at 10 DAI,
increasing doubling time of azolla. In this experiment, doubling times
@D ranged from about 4 to 7 days and microphylla had the shortest
doubling time (Table 3.4). Data were comparable to those reported by
others (Trans and Dao, 1973; Watanabe et al. 1977; Talley et al. 1977).
Under favorable conditions, azolla can double its biomass in 3 to 5 days
(Trans and Dao, 1973) but doubling times of 5 to 7 days are more common
(Watanabe et al. 1977, Talley et al. 1977). There was no significant
interaction between species and light levels on DI.

Due to rapid canopy development in A. microphylla, the species had
a significantly higher frond area index (FAl) than the other species
(Table 3.5). Similar to fresh weight data, the FAl increased with
increasing light and with time. This is not surprising, since the frond
makes up the greatest proportion of the plant biomass. No significant
interaction between species and light was observed on FAlI at 10 DAI, but

the iInteraction was significant at 17 DAl (Figure 3.1). At 65% light,



Table 3.4 Effect of light and species on Azolla
doubling time (DOT) at 10 and 17 days after inoculation.

Doubling Time

10 days 17 days
Light level - - - -——days
100%** 4.19* 562 b
65% 4.27 589 b
3% 4.99 6.71 a
SE(10)*** 0.34 0.12
Species
A. pinnata 4.42 ab 6.17 b
A. microphylla 3.87 b 5.16 c
A. caroliniana 4.56 ab 5.92 b
A. Tiliculoides 5.11 a 6.97 a
A. mexicana 4.53 ab 6.17 b
SE(60) 0.26 0.15
cv 24.7 10.4

*Means iIn the same column, under each factor, followed by
the same letter are not significantly different at the %
level of probability as determined by Duncan®s Multiple
Range Test. Values are the means of 6 replications.

**100% was the maximum greenhouse light level with a midday
maximum photosynthetic photon flux density

MAoF 1SOOujmoles m“2 s“I).
Standard error of the mean with error degrees of freedom in
parentheses.
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Table 3.5 Effects of light and species on Azolla frond
area index (FAl) at 10 days after inoculation.

Frond Area Index at 10 days
after inoculation

Light level

100%** 1.77 a
65% 1.71 a
35% 111 b
SE(10)*** 0.12

Species

A. pinnata 1.54 b

A. microphylla 2.09 a

A. caroliniana 1.39 be

A. Tiliculoides 1.17 c

A. mexicana 1.46 b

SE(60) 0.13

cv 26.16

*Means iIn the same column, under each factor, followed
by the same letter are not significantly different
at the 5% level of probability as determined by
Duncan®s Multiple Range Test. Values are the means

~Mof 6 replications.
100% was the maximum greenhouse light level with
a midday photosynthetic photon flux density of 1800
M Jmoles m“ 2 atn).
Standard error of the mean with error degrees of
freedom iIn parentheses.
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A. pinnata had a lower FAl than mexicana and at 100% light, the FAI
of A. pinnata was higher than that of A. mexicana. From the
interaction, it was concluded that A. pinnata was more tolerant to high
light than A. mexicana. At 356 light level, the FAl values of all
species were not significantly different to each other. The differences
were observed at the light levels higher than 35%. A. microphylla had
the highest FAI at 100% light. The higher FAl of A. microphylla was due
to higher RGR than other species (Table 3.3). Unlike at 35% light
level, the fronds of A. microphylla grown upright at 65 and 100% light.
Like the fronds of microphylla, A. filiculoides grom upright at 65
and 100%. However, A. filiculoides had the lowest FAl at all light
levels (Figure 3.1). The lowest FAl of filiculoides was due to the
lowest RCR of this species (Table 3.3). The fronds of other species,
besides A. microphylla and A. filiculoides, grown prostrate at all light
levels. The difference in growth habit can be attributed to the ability
of microphylla to maintain greater RGRs over a longer period of time.
There were no significant interactions between light and species on
dry matter content at t)oth 10 DAl and 17 DAl. Dry matter content
decreased with decreasing light and with time (Table 3.6). In A.
caroliniana, Kaplan and Peters (1981) reported a decrease in dry matter
with iIncreasing age. Significant differences on dry matter content
within species were observed in this experiment (Table 3.6). At 10 DAI,
A. mexicana had the lowest dry matter content but it was not significant
compared to that of A. caroliniana. At 17 DAI, A. carolinana had the

lowest dry matter content but that was not significantly different from
A. filiculoides.
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Table 3.6 The effects of light and species on Azolla
dry matter content at 10 and 17 days after inoculation.

Dry Matter Content

10 days 17 days

Light level % —

100%** 5.26 a* 5.02 a
65% 5.17 a 4.77 b
3% 4.96 b 4.83 b
SE(10)*** 0.12 0.09

Species

A. pinnata 5.21 a 5.08 a

A. microphylla 5.22 a 4.91 a

A. caroliniana 5.18 ab 4.57 b

A. filiculoides 5.17 a 4.88 ab

A. mexicana 4.87 b 4.93 a

SE(60) 0.11 0.11

cVv 8.84 9.86

*Means iIn the same column, under each factor, followed by

the same letter are not significantly different at the 9%

level of probability as determined by EXincan®™s

Multiple Range Test. Values are the means of 6 replications,
**100% was the maximum greenhouse light level with a midday

photosynthetic photon flux density of 1SOOoimoles m“2 3-1,
***Standard error of the mean with error degrees of freedom in

parentheses.
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Nitxcsgen accunulation

A number of factors come iInto play in attempts to relate rates of
physiological processes such as photosynthesis, respiration and nitrogen
fixation to growth rates, nitrogen content (%) and total N accumulation
in azolla. In addition to the inherent biological variability of plants
within a population, measurements of the physiological processes
normally are assays of short term responses, whereas growth rates and N
content represent their net result integrated over a longer time frame.
Therefore, determination of the N input from N2 fixation based on total
N generally provides a more realistic and agronomically acceptable value
than extrapolation from C2H2 reduction.

In this experiment, total N accumulation in Azolla species was
estimated from total dry matter and N content of azolla tissue hairvested
17 days after inoculation. It was observed that the fronds started to
die back by 17 DAI. Therefore, it was assumed that maximum total fresh
weight and nitrogen had accumulated at 17 DAl so plants were harvested
at that time. Azolla was grown in a nitrogen-free mediun, so that the
net gain of N in its biomass was assumed to be exclusively from N
fixation. Therefore, estimates of total N accumulation from N content,
determined by Kjeldahl digestion, measures the N2 fixed by azolla. In -
contrast, estimates of N fixation in the field can be misleading because
the net gain of nitrogen is a composite of N input from N2 fixation and

combined N sources in paddy water.
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There were significant iInteractions between species and light
levels on N content and on total N accumulated by azolla (Figures 3.2
and 3.3). Therefore discussion centers on the interaction effect. N
contents generally decreased with increasing light available to azolla
(Figiare 3.2). Energy supply and consequently nitrogen fixation can be
increased when azolla grown at high ligh level. However, the dry matter
accumulation presumably proceeds faster than nitrogen accumulation rate,
the fixed nitrogen would be translocated to a larger number of sinks
resulting in lower tissue nitrogen content.

A. microphylla and A. filiculoides had lower N contents than other
species (Figure 3.2). A low N content for A. microphylla also was
reported by Daniel (1985). Unlike for A. filiculoides, the lower N
content for A. mirophylla could be due to a high RGR of the species
(Table 3.3). As also reported by Daniel (1985), the lower nitrogen
content of A. microphylla presumably due to higher dry matter
accumulation. A. filiculoides had low RGR (Table 3.3). Therefore, the
lower N content of this species was due to low nitrogen fixation rate
(Table 3.7). A. pinnata had a lower N content at 35 and 65% light than
did A. mexicana and caroliniana. However, at 35% light, N contentof
A. pinnata was not significantly different to that of A. mexicana.

This result was similar to the result reported by Daniel (1985). A.
pinnata had a higher N content than other species when grown at 100%
light level. A. pinnata grown at 100% light had a dark green color of
fronds as it was grown under lower light level. Whereas other species

grown at 100% light had a lighter green color of fronds than those grown
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at lower light levels. Similarly, Daniel (1985) reported that N content
of A. pinnata increased with increasing light from 65 to 100%.

Among species, the range of nitrogen content (Figure 3.2) was wider
than that reported by Singh et al. (1981) who found a range In N
contents from 4.9 to 5.2 percent. Except for A. microphylla, the range
of nitrogen content (Figure 3.2) was comparable to those reported by
Daniel (1985). Daniel (1985) reported that mean values of N content of
A. microphylla were, respectively, 3.55, 3.55 and 3.75% at 7, 14 and 21
days after inoculation. The mean value of N content for A. microphylla
at 14 DAl (Daniel, 1985) was comparable to the mean value of N content
for the species reported here (Figure 3.2). The N content of azolla
green manure is higher than most of the green manures. Tiwari et al.
(1977) reported that Sesbania oculeota contained 1.7% N on a dry weight
basis. Williams and Finfrock (1962) reported that a vetch (Vicia spp.)
green manure crop contained 3.2 to 4.6 percent nitrogen on a dry weight
basis.

Although nitrogen content in azolla tissue grown at 35% light was
significantly higher than the N content of azolla grown at 65 and 100%,
total N accumulated by azolla grown at 35% light was significantly lower
than for those grown at higher light levels (Figure 3.3). Probably this
results because of the low biomass accumulated by azolla grown at a low
light level. It is concluded that in azolla both a high N content and
high biomass accumulation are required for maximum N accumulation.

microphylla had the highest N accumulation at 65 and 100% and A.
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both species had low N content, the differences iIn total N accumulation
stemmed from differences iIn total fresh weight. Total nitrogen
acojimulation per unit area by Azolla species (Figure 3.3) was comparable
to the data reported by Singh (1979) and Watanabe (1980) after azolla

had been growing for about three weeks.

Nitrogenase activity in Azolla species

In this experiment, measurements of the acetylene reduction rate
were employed to estimate the nitrogenase activity iIn Azolla species in
response to light. No attempt was made to estimate total nitrogen
accumulation.

Nitrogenase activities decreased with decreasing available light
(Table 3.7). This was expected since nitrogen fixation in azolla is a
light-dependent process, relying on the products of current
photosynthesis. Photosynthesis was presimiably low at a 35% light level
as indicated by the lowest RGR at the light level (Table 3.3). Although
decreased in light level from 100 to 65% did not significantly decrease
RGR values (Table 3.3), the nitrogenase activity of azolla decreased
with decreasing light. The nitrogenase activity was determined with a
short assay, therefore it was influenced by light levels. On the other
hand, RGR not only depended on the rate of photosynthesis but also was
depended on other factors such as the availability of space for azolla

o grow.
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Table 3.7 Effects of light and species cn Azolla
acetylene reduction rate per unit fresh weight at 10 and 17
days after inoculation.

Acetylene reduction rate

10 days 17 days

Light level nmoles C2H2 (g fwt.)”™ hr ©
100% 1027.2 a* 1406.0 a
65% 744.6 b 1092.9 b
35% 398.3 c 708.6 cC
SE(10 )*** 33.1 41.4
Species
A. pinnata 687.6 be 1062.1 a
A. microphylla 797.0 a 1160.1 a
A. caroliniana 661.3 c 1121.8 a
A. Tiliculoides 676 2 be 930.5 b
A. mexicana 775.4 ab 1071.3 a
SE(60) 35.9 40.2
cv 21.2 16.2

*Means iIn the same column, under each factor, followed
by the same letter are not significantly different at
the 5% level of probability as determined by Duncain®s
Multiple Range Test. Values are the means of 6

Mreplications.
100% was the maximum greenhouse light level with a
midday maximum photosynthetic photon flux density of
AMA1800wumoles m*2 g-l.

Standard error of the mean with error degrees of
fredom iIn parentheses.
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No significant interaction between species and light was observed
on the acetylene reduction rate. At 10 DAl, nitrogenase activity of A.
microphylla was not significantly different from that of A. mexicana;
both species had higher nitrogenase activity than other species.
Vertically growing fronds and high FAI at 10 DAl (Table 3.5), presumably
resulted in more light can be harvested for photosynthesis by A.
microphylla than by other species. Therefore, the species had higher
nitrogenase activity at 10 DAl. The reason for higher nitrogenase
activity of A. mexicana at 10 DAl was not known since the species,
similar to the rest of species, had a prostrate growing fronds.
At 17 DAI, A. Tfiliculoides had lower nitrogenase activity than did other
species and no significant differences iIn nitrogenase activity were
observed cinong other species. Probably the lower nitrogenase activity
of A. filiculoides was due iIn part to lover FAl value of the species at
17 DAl (Figure 3.1). The differences iIn FAl values of A. microphylla,
A. mexicana, pinnata and A. caroliniana at 17 DAl (Figure 3.1) did
not result iIn the significant differences iIn thelr nitrogenase activity.
Probably due to mutual shading at the species having a high FAl, such as
in microphylla, light available for photosynthesis was similar as
that at the species having relatively lover FAI. Therefore, there were

not significantly differences In the nitrogenase activity among the

species.

The range of values of the acetylene reduction rates for the five
Azolla selections was consistent with values previously reported by

others (Talley et al., 1977; Watanabe and Espinas, 1976).



Talley et al. (1977) reported the rates of acetylene reduction of 846
and 960 mrales (@ fwt.)*“™ hr~ In A. filiculoides and A. mexicana,
respectively. No acetylene reduction data were found for A. microphylla
which had rates comparable to the other species examined.

A highly predictable relationship exists between the total N fixed
and acetylene reduction rate in A. filiculoides grown in a control
environment (Talley and Rains, 1980). According to their experiment,
the following equation fits the relationship - Y = 0.0622 + 0.0239 X, R®
=083, n=21, where Y is total N fixed in mg N m“2 “rid X is total
acetylene reduction in nmol C2H2 g“~ hr”~.  In this experiment, total N
fixed In each Azolla species was related to nitrogenase activity
(Figures 3.4, 3.5. 3.6 and 3.7). The relationship between nitrogenase
activity and total N accumulation in A. filiculoides was not”

significcint.

EaCPERIMQW 2. The influence of growth light level and initial biomass

on nitrogenase activity, biomass and nitrogen accumulation in Azolla

species

EXPERIMENTAL DETAILS

In Experiment 1, it was found that nitrogenase activity in azolla
decreased with decreasing light intensity as determined by the acetylene
reduction assay. The acetylene reduction rate (ARA) in azolla also

increased as the fronds became older. However, In Experiment 1, ARA
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JL PINNAIlI - iT 17 DU

NITRQGENRSE TFICTIVITT MMOL/G/HR

Figure 3.4 N accumulaticn-nitrogenase activity relationship in A
pinnata at 17 days after inoculation. The regression was based on 18
cbser/ations (@ light levels x 5 replications). N accumulation () is
expressed as a function of nitrogenase activity (X).
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NITROGCNFISE FICTIVITT NMQL/G/HR

Figure 3.5 N accumulation-nitrogenase activity relationship in A.
microphylla at 17 days after inoculation. The regression was based cn

18 observations (@ light levels x 6 replications). N accumulation (Y)
iIs expressed as a function of nitrogenase activity (X).
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1. CIMUNIliia - iT 17 Dil

NITROGENASE ACTIVITY NMCL/G/HR

Figure 3.6 N accumulation-nitrogenase activity relationship in A.
caroliniana at 17 days after inoculation. The regression was based on
18 observations (3 light levels x 6 replications). N accumulation ()
iIs expressed as a function of nitrogenase activity X).
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A. USZICUU. - AT 17 DU

NITROGENASE ACTIVITT NMOL/G/HR

Figure 3.7 N acciaiiulaticn-nitrogenase activity relationship in A.
mexicana at 17 days after inoculation. The regression was based on 18
observations @ light levels x 6 replications). N accumulation () is
expressed as a function of nitrogenase activity (X).
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measurements were made only at 10 and 17 days so the data do not reflect
the development of nitrogenase activity during the culture period.
Therefore, this experiment was conduoted to evaluate the change iIn
nitrogenase activity during mat development in A. filiculoides, A.

pinnata and A. mexicana at greenhouse levels of 100%, 62% and 34% and

nitial inoculum levels of 250 and 500 g m“2. Light level of 100% was
the maximum greenhouse light level with a midday photosynthetic photon
flux density of 1SOOjjmoles m“2 s*“~.  Light levels lower than 100% were
obtained with neutral-density shade cloth. Light transmission through
the shade cloth was measured with a LI-COR LI-1776 solar monitor
equipped with a LI-COR LI-190SB quantum sensor.

This experiment was begun on June 1, 1985 and was mmn for 30 days
to evaluate the effects of treatment and age on frond area index
development, fresh weight accumulation and nitrogenase activity.

A split plot design with three replications was used with the pots
arranged iIn such a way that light and species were the mainplots and

nitial inoculum levels were the subplots. The Azolla species were

obtained fran a collection maintained locally. Thirteen-liter pails
were the mainplot. Each 13 liter pail had a surface area of 660 cm2.
The surface was divided In 2 equal parts with a fiberglass panel. One
half was i1noculated with the equivalent of 250 g m~2 of azolla and the
other part of the pail was inoculated with 500 g m~2.

Biomass fresh weight, frond area index (FAl) and nitrogenase
activity were determined at 5 day intervals, starting 5 days after

inoculation (DAI) and ending at 30 DAl. Fresh weight accumulation was
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estimated from a 33 cm sample of the azolla mat and data are reported
In g per square meter. The sample was removed from the culture
solution, the excess moisture blotted away and fresh weight was taken.
The fronds, except for two grams fresh weight for nitrogenase activity
and leaf area determinations, were returned to the culture solution and
rearranged to reform the azolla mat. One gram of the two-gram sub-
sample was used for frond area determination and the other one gram was
used to determine nitrogenase activity. The sample was returned to the
pail to minimized the effect of sampling on azolla growth. If iIncreased
space was available to azolla due to the sampling and an increase in
growth would result. The disadvantage of this method is that the dry
weight of the samples could not be evaluated at the time the fresh
weights were estimated. Therefore, the RCR of azolla was not calculated
in this experiment.

Nitrogen and dry matter content were determined at 30 DAI. The
methods of nitrogenase activity and nitrogen content are presented in
Appendix A. The method for determining leaf area and leaf area index

(FAD) was described iIn Experiment 1.

RBSQLTS AMD DISCCSSICXi

Biomass accumulation

The effects of light intensity and inoculum levels on fresh weight

accumulation by the Azolla species are presented in Table 3.8. The main
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effects of light and species cannot be evaluated separately since the
light X species treatments were considered as mainplots. However,
growth of the three species at each light level followed the same trends
evident iIn Experiment 1. Shading reduced biomass accumulation in all
three species. The suppression of growth by shade was more pronounced
at 34% light than at 62% light. This demonstrates that no species can
tolerate heavy shade.

At 100% light, A. pinnata had 16 to 30% more fresh weight than the
other two species from 10 to 25 DAl but, at 30 DAI, the species had
lower fresh weight than A. filiculoides (Table 3.8). The differences
t«tween species were small at 65% light and disappeared conpletely at
35% light lewvel.

Fresh weight accumulated more rapidly in the azolla mat with the
high inoculum level than at the low inoculum level. At the high
inoculum level, fresh weight accumulation leveled off at 20 DAI, whereas
at the low inoculum, it leveled off at 25 DAl (Table 3.8). Beyond 20
DAI, frond death occurred in the mature mats. The length of the culture
period required to reach the maximum biomass depended on the quantity of
inoculun. Culture practices, such as the application of phosphorus
fertilizer, which alter growth rates can also influence the time
required by azolla to reach the upper limit of biomass accumulation.
Periodic incorporation of the biomass into the soil has been recamiended

(Daniel, 1985) to maintain growth and assure maximum biomass production.
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Table 3.8 Effects of light, species and inoculum level on
fresh weight accumulation by Azolla.

Treatments Fresh weight at days after inoculation
5 10 15 20 25 30

Mainplots(9)

Light (100%)**

A. pinnata 631 a 2083 a 3303 a 3382 a 3136 a 2750 b
A. FTiliculoides 733 a 1198 b 2444 b 2687 b 2565 b 3028 a
A. mexicana 711 a 1141 b 2294 b 2623 b 2182 b 2081 b
Mean 692 1474 2680 2897 2628 2620
Light (62%)

A. pinnata 506 be 1098 b 1982 b 2264 b 2017 b 1891 b
A. Filiculoides 588 be 1271 b 2003 b 2286 b 2059 b 1453 b
A. mexicana 567 be 1526 b 1781 ¢ 1999 ¢ 1881 c 1439 b
Mean 584 1298 1922 2183 1986 1594
Light (34%)

A. pinnata 553 ¢ 1447 b 183 c 2155 ¢ 1947 c¢ 1350 c
A. filiculoides 540 ¢ 1423 b 1825 c 2057 ¢ 1842 c¢ 1286 c
A. mexicana 523 ¢ 1239 b 1733 ¢ 1967 ¢ 1781 c 1199 d
Mean 539 1370 1804 2060 1857 1278
SE (16)*** 21.0 180.-7 228.6 130.8 174.3 217.5
Subplots(2)

Inocullum levels

250 g m-2 39 b 843 b 1748 b 2282 b 2496 2012
500 g m“2 826 a 1881 a 2252 a 2489 a 2223 2141
SE(18) 0.9 1554 2218 142.7 138 167

*Means in the same column, under each factor, followed
by the same letter are not significantly different at the 5%
level of probability as determined by Duncan®s Multiple Range
Test. Values are the means of three replications.
**100% was the maximum greenhouse light level with a
midday maximum photosynthetic photon flux density of
~1800ojmoles m“2 s/,
Standard error of the mean with error degrees of freedom iIn
parentheses.



Frcnd Area Index

No significant interaction between mainplot (light X species) and
subplot (inoculum level) treatments was observed for FAI. The FAI
increased with increasing light (Table 3.9). At 100% light, A.
filiculoides had a significantly higher FAl than the other species.

With shade, the differences between species were very small. In all
species, except for A. filiculoides grown at 100% light, FAI levelled of
at 20 DAl. The differences iIn FAl among the species are probably due to
differences in frond growth characteristics. At 100% and 64% light, the
fronds of A. filiculoides grew vertically while frond growth by the
other two species was prostrate. The fronds of A. filiculoides grown
under 34% light resembled those of the other two species.

The effect of inoculum level on FAI was similar to i1ts effect on
fresh weight accxanulation. The FAI averaged over species and light
level reached a maximum at 25 DAl and 20 DAl at low and high initial
inoculum levels, respectively (Figure 3.8). Canopy developed more
rapidly at azolla with an inoculum of 500 g m~2 than that with an
inoculum of 250 g m2, as indicated by a higher slope of the regression
equation for the high than that for the low inoculum level (Figure 3.8).
Interplant competition for space was more pronounce at high than at low
inoculum level. Therefore, the FAI leveled off earlier at high than at
low inoculum levels. The FAls of azolla with an inoculum of 500 g m*“2
and with an inoculum level of 250 g m™ leveled off, respectively, at 20

DAl and at 25 DAl. Then, the rate of tissue death was probably greater
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Tbble 3.9 Effects of light and species on Azolla frond area iIndex

CFAD.

Treatments

Light (Q00%)**
A. pinnata
A. Filiculoides
A. mexicana
Mean

Light (62%)

A. pinnata
A. filiculc
A. mexicana
Mean

Light (34%)

A. pinnata
A. mexicana

Mean

SE (16)***

*Means in the same column,

1.23
1.79

1.62

C*
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2.97
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2.89
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2.89
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by the same letter are not significantly different at the S
level of probability as determined by Duncan®s Multiple Range

Test.

Values are the means of three replications.
**100% was the maximum greenhouse light level with a

midday maximum photosynthetic photon flux density of
~MN1800 jjmoles m™ ™ s
Standard error of the mean with error degrees of freedom iIn

parentheses.
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than the rate of growth, as indicated by the decline of the regression
line (Figure 3.8).

Nitrogenase activity

Shading reduced the nitrogenase activity in all Azolla species, a
result that was consistent with those of Experiment 1. At most sampling
dates, the nitrogenase activity In a given species of azolla grown under
62% light was greater than it was iIn that species grown under 34% light
(Table 3.10). The results reflect the significant effect of light on
nitrogenase activity. Nitrogenase activity would be expected to decline
with decreasing light because photosynthesis decrease at low light, thus
limiting the energy and substrate supplies available for nitrogenase
activity.

Nitrogenase activity increased with age to 20 DAl and then leveled
off (Table 3.10). The increase In nitrogenase activity in azolla tissue
with increasing age results from an increase in the total number of
heterocyst cell per unit weight (IRRI, 1983). According to Peters et
al. (1980), the total number of heterocyst cells increases rapidly when
cell division diminishs in a completely formed azolla canopy. Although
the total number heterocyst cells increases, the nitrogenase activity
eventiially declines with time, probably due, in part, to the death of
tissues due to competition. Other factors responsible for the

diminished ability to assimilate ammonia from N2 have not been

identified.
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TROND AESA INDEX
IT DIFFSSSNT INOCT7LUV IX7SLS

OPTS PFTER INBCUUPTiaN

Ficpre 3.8 Frond area index of azolla with a_low inoculum level (250 g
m*") and with a high inoculum level (500 g m“'% as a function of time.
Data were means of light levels, species and replications. Regression
line for the low and the high ingrulum levels respectively fit the
equation of Y=-1.69-H3.51X-0.0104X" (R"=0.91, n=6) and Y=-1.53+0.789X-
0.02x~ (R™=0.98, n=6). FAl (Y) Iis expressed as a fiinction of time (XV.
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Toble 3.10 Effects of light and species on Azolla nitrogenase
activity.

Treatments Nitrogenase activity at days after inoculation

5 10 15 20 25 30

nmol (g fresh weight)™1 h-i
Light (100%)**

A. pinnata 349 b* 603 ab 905 b 1618 b 1599 b 1463 b
A. filiculoides 357 a 625 a 953 a 1748 a 1756 a 1593 a
A. mexicana 353 ab 591 be 889 b 1582 ¢ 1551 c 1216 c
Mean 353 606 916 1649 1635 1424
Light (62%)

A. pinnata 350 b 576 be 852 cd 1033 e 1128 e 908 d
A. fTiliculoides 350 b 582 be 863 ¢ 1209 d 1319 d 878 d
A. mexicana 349 b 572 be 89d 979 £ 1009 f 722 e
Mean 350 577 851 1074 1152 836
Light (G4%)

A. pinnata 348 b 551 c 780 e 8143 907g 640 F
A. filiculoides 351 b 561 be 784 e 837 5 908 g 686 T
A. mexicana 350 b 583 be 787 e 841y 809g 637 F
Mean 349 565 784 866 875 654
SE (16)*** 1.46 2.5 5.9 3.56 13.9 25.8

*Means in the same column, under each factor, followed by
the same letter are not significantly different at the S
level of probability as determined by Duncan®s Multiple
Range Test. Values are the means of three replications.

**100% was the maximum greenhouse light level with a
midday maximum photosynthetic photon -flux density of
N800 jumoles m™ s-1 .
Standard error of the mean with error degrees of freedom iIn
parentheses.
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A. Tiliculoides had significantly greater nitrogenase activity
under 100% light than under lower light levels. At 100% light, that
species had higher nitrogenase activity than the other two species. The
differences in nitrogenase aotivity among species were small and
generally were not significant at the lower light levels. A.
filiculoides maintained a high level of nitrogenase activity up to 30
DAI. This was presumably due to the presence of the erect growth habit
which resulted In new fronds developing continuously during the culture
period.

There were no significant effects of initial inoculum levels on the
nitrogenase activity fran 5 to 20 DAl (Figure 3.9). However,
differences were found at 20, 25 and 30 DAL. A high inoculum level
accelerated growth of azolla so the maximum canopy developed earlier
than at the low inoculum level. At the high level, frond death started
earlier than it did at the low inoculum level and this death was assumed
to account for the earlier decline In nitrogenase activity at the high
inoculum level. Photosynthesis likely would decline due to increasing
amounts of dead fronds and mutual shading at the "‘over mature' stage.
Therefore nitrogenase activity would be expected to decline.

The relationship between FAl and acetylene reduction rate averaged
over light and species is presented in Figure 3.10. The slopes, b, of
these regression lines were not significantly different and the constant
paramenter , a, of the regression line for azolla with an inoculum level
of 250 g In2 were greater than that for azolla with an inoculum level of

500 g m“~.  The nitrogenase activity of azolla, with a low inocullum



NITROGSNASB ACITTOY
AT DIFPBKSNT INOCUU7U IS7KL3

OATS RFTEFlI INOCULFITiaN

Figtire 3.9 Nitrogenase activity of azolla with a low inoculum level
(250 g m* ) and with a high inoculum level (500 g m™) as a function of
time. Data were means of light levels, species and replications.

line for the low and the hich inoculum levels rescectively
fit the equation of Y=-231.6+113.35X-2"33x2 (r2=q.92, n=6) and
Y=-243.0+116.90X-2.49X~ (R™0.92, n=6). Nitrogenase activity () is
expressed as a function of time .
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NITBOGENASB ACnVITY-FAI RELATIONSHIP
AT DIFFERSNT INOCULDM LZVSLS

FRONO AREA INDEX

Figure 3.10 Relationship between nitrogenase activity and frcnd area
index of azolla. Data were means of light levels, species and

replications. Regression line for the low and the high inoculum levels
respectively fit the equation of Y=145.79+2C6.73X (r2=0.96, n=6) and

Y=53.56+ip.09X (R =0.68, n=6). Nitrogenase activity (¥) in nmol C2H2
(g fwt.)”L hr"2= is expressed as a function of FAlI (X).
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level, was higher than that of azolla, with a high inoculum level, at
the same FAl value (Figure 3.10). The rapid increase iIn FAl of azolla,
with a high inoculum level, with time (Figure 3.8) presumably was not
paralleled by an increase In number of heterocyst cells as it was at the
low inoculum level. At the low inoculum level, the time elapsed to
reach a certain of FAI was longer than that in high inoculum level.
Thus, the above differences could be explained in part by the fact that
other factors could influence the acetylene reduction rate, such as age

and the prevailing environmental factors, which were not controlled.

Dry weight, dry matter content and total nitrogen accumulation

There were no significant interaction between light, species and
inoculum levels on dry weight accumulation, dry matter content, N
concentration and N accimtulation. Consistent with the result of
Experiment 1, shade reduced total dry weight accumulation, especially
for A. filiculoides. Total dry weight in h. filiculoides gromn at 62
and 34% light was reduced to about 43% of that accijmulated at 100%
light. The dry weight of A. mexicana at 62% light was significanlty
lower than that at 100% light. In A. pinnata, total dry weight was
significantly reduced only at 34% light (Table 3.11).

The dry matter content of A. pinnata increased with decreasing
light, but the increase was not statistically significant. The
increases in the dry matter content of A. filiculoides and A. mexicana

were significant.
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Table 3.11 Dry weight accumulation, dry matter (DM) and
nitrogen (N) contents and total nitrogen accumulation by Azolla
species at 30 days after inoculation.

TreatTuents Dry Weight DM N Tobtal N
Mainplots (9) -gm2- -%- -%- -kg I&” -
Light (100)**
A. pinnata 96.72 b** 4.8 b 4.06 c 39.26
A. Tiliculoides 143.10 a 4. 74 c 4.33 be: 61.96 a
A. mexicana 92.12 b 462 c 501la 46.15 b
Mean 110.64 4.72 4._46 49_.12
Light (62%)
A. pinnata 92.88 b 4.9 b 4.06 c 37.71 c
A. FTiliculoides 61.52 c 4.22 ¢ 4.28 be 26.33 d
A. mexicana 70.50 c 4.8 b 5.09 a 35.88 c
Mean 74.96 4.69 4.47 33.30
Light (34%)
A. pinnata 65.81 c 490 b 4.05c 26.65 d
A. Tiliculoides 63.94 c 5.05a 4.75 a 30.37 c
A. mexicana 61.57 c 5.18 a 5.19 a 31.95 c
Mean 63.77 5.04 4.66 29.65
SE (16)*** 21.42 0.16 0.39 5.43
Subplots (@
Inoculum levels
250 g &2 81.11 4.86 4.58 37.15
500 g m"2 85.14 4.49 4.49 38.23
SE (18) 17.43 0.14 0.42 4.33

*Means iIn the same column, under each factor, followed
by the same letter are not significantly different at the 5%
level of probability as determined by Duncan®s Multiple Range
Test. Values are the means of three replications
**100% was the maximum greenhouse light level with a midday
maximum photosynthetic photon flux density of
AMAN1800 jumolles m™ N 3N,
Standard error of the mean with error degrees of freedom iIn
parentheses.
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The nitrogen content of A. mexicana was highest and that of A.

pinnata was lowest. Unlike the other species, nitrogen content in A.
filiculoides declined significantly with increasing light. The lower N
content In A. filiculoides grown at 100% light was compensated by a high
dry weight accumulation. Therefore, its total N accumulation was 25%
greater than that of A. mexicana and 35% greater than that of A. pinnata
at 100 % light (Table 3.11).

At 100% light, A. filiculoides had highest nitrogenase activity
(Table 3.10), but this species had lowest N content (Table 3.11).
Probably dry matter accianulation rate proceeds faster than the nitrogen
accumulation rate, the fixed nitrogen would be distributed to new
developing fronds resulting in lower tissue nitrogen content.

There were no significant effects of inoculum level on dry weight
accumulation, dry matter content, %N and total N accumulation at 30 DAI.
There were decreases iIn dry matter content and %N In azolla tissue under

high inoculum level but, they were not significant.

Ccnclusion

Nitrogen accumulation over time by azolla is a function of initial
inoculum level, RGR, culture period, tissue dry matter content and
nitrogen content.

A maximum biomass accumulation of approximately 2,500 g m-2 was
obtained at with either 500 or 250 g m“2 of inoculun. However, the

culture period needed to reach the maximum biomass was longer with a low
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inoculum level than with a high level. The data show that where the
time available for growing azolla is a limiting factor in azolla and
rice culture, growth period can be shortened by increasing the inoculum
level.

Light and species significantly influenced nitrogen content in Azolla
species. A. microphylla had highest N content in low light but its N
content rapidly decreased with increasing light. The total N
accumulation by A. microphylla was higher than A. pinnata, A. mexicana,
A. caroliniana and A. filiculoides. The Jiigh total N accumulation was
mainly due to high fresh weight accumulation by A. microphylla since the
species had lower dry matter and nitrogen content than the other
species.

Generally, the nitrogenase activity values decreased with increasing
light and with time. A highly predictable relationship between total N
accumulation and acetylene reduction was observed in A. microphylla, A.
caroliniana, A. pinnata and k, mexicana.

Nitrogenase activity increased with increased FAlI (Experiment 2) up
to 20 DAL. Then, the nitrogenase activity declined iIn a completely
formed azolla mat and the FAl also declined at the time due to the
presence of frond death. It is assumed that the mutual shading and
senescence In a mature mat of azolla reduces the relative proportion of
photosynthetically active azolla tissue. This would reduce the activity
of enzymes which are related to photosynthesis and nitrogen fixation per

unit weight of azolla.
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CHAPTER 1V
HTECTS of rice plant P<a>CLATION ON AZOLLA GROWTH, BIOMASS
PRODOCNON AND NITROGEN FIXATION BY INTERCROPPED AZOLLA

AND ON RICE YIELD

INTRODOCTICN

Variability in the growth response of Azolla species to light was
observed iIn the first greenhouse experiment reported on in Chapter 111.
Two of the five species used iIn the greenhouse experiment were further
evaluated for their growth response to environmental factors under field
conditions. The two species were A. pinnata and A. caroliniana. A.
pinnata is a species native to the site, while A. caroliniana is a
promissing species among several species which are introduced to the
site. Therefore, the two species were used in this study for further
comparison iIn their growth potential. The main objectives of the
experiment were (1) to determine the effects of rice plant population on
azolla growth and total nitrogen accumulation in A. pinnata and A.
caroliniana; and () to evaluate the effectiveness of the two azolla
selections as green manures for a wet season rice crop in South

Kalimantan, Indonesia.

MATERIALS AND METBDOS
The experiment was conducted at the Binuang Seed Station, South
Kalimantcin. The experiment was arranged in a split plot design with

three replications (Table 4.1). The mainplot treatments consisted of
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Table 4.1 Azolla and rice planting population treatments for the
Indonesian field experimenti.

MAINPLOT TREATMENTS

NI - Azolla pinnata var.imbricata + 25 kg N ha*
N2 - A. caroliniana + 25 kg N ha

N - A. pinnata only

NA - A. caroliniana only

Ns - control (0O kg N ha“?)

Ne ~ 25 kg N ha™n

N? - 50 kg N ha""l (Farmer dose)

NS - 90 kg N ha“~r (Recommendation dose)

SUBPLOT TREATMENTS

(Rice plant populations)

si - 16 hills m2 (25 X 25 an)
s2 - 25 hills m-2 (20 X 20 an)
s3 — 33 hills m*2 (20 X 15 an)

"There were 24 treatment combinations.
Fertilizer treatment was applied as urea.
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two azolla selections with and without 25 kg ha“* N applied prior to
transplanting, a 0 nitrogen control and three levels of fertilizer
nitrogen. Subplot treatments within each mainplot were rice planting
densities of 16, 25 and 33 hills m”2*

Plot preparation and fertilizer incorporation. Soil at the
experimental site was an alluvium with a pH of 5.7 and an organic matter
content of 2.3%. After the field thoroughly puddled and levelled,
levees were constructed to create 72 plots, each 4.00 x 3.00 m. The
soil in the individual plots was again puddled using a power weeder and
was relevelled. Urea (45 “N) was applied as preplant at 25 kg N ha“l
for the combined azolla plus fertilizer nitrogen treatment; in the other
treatments 25 kg N ha” of urea was applied preplant and the rest as a
topdressing. Phosphorus and potassium were also applied both prior to
and after transplanting. The total phosphorus and potassium fertilizers
applied was, respectively, 30 kg P205 and 20 kg K20* The timing of the
applications is presented iIn Table 4.2. The phosphorus fertilizer veis
applied in two installments to promote growth of the azolla.

Ttan™lanting and azolla inoculation. Three to four 2l1-day-old
seedlings (34 leaf stage) per hill were transplanted at the three
different populations as mentioned earlier. The rice Qryza sativa L.)
cultivar IR50, an indica line released by the International Rice
Research Institute (IRRI) in 1983 as a progeny of 1R2153-14-1-6-
2/1R28/1R2070-625-1, was used as the test crop. The growth duration of
this cultivar ranges from 110 to 115 days (Anonymous, 1984). This

variety has an errect type of leaf and produces more tillers than other
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Table 4.2 Timing and quantity of nitrogen, phosphorus and potassium
applied in the Azolla-rice experiment.

Fertilizer Applications (kg ha"")
Fertilizer Treatment

Code Days Preplant Days Postplant Total
-2 15 30
Nitrogen™ Ns 0 0 0 0
e 25 0 0 25
N7 25 25 0 50
NS 35 35 30 oo
Phosphorus2 - 15 15 0 30
Potassium™ : 10 10 0 20

1Applied as Urea containing 46% N.

2
Applied as triple-super phosphate containing 46% P20s*

Applied as muriate of potash containing 60% K20 .



new high yielding varieties developed at IRRI. Before transplanting,
the seedlings were dipped into a 0.5 % diazinon suspension to protect
them fran insect pests. One day after transplanting, irrigation water
was applied to a depth of about 5 cm and was maintained during the
entire growth period. Azolla was inoculated into the plots one day
after rice was transplanted (DAT) at 200 g m“2. The azolla was grown
for 10 days, after which the mat was incorporated into the soil. This
process was repeated three time. At each incorporation, about two
thirds of the biomass was incorporated into the soil and 500 g m*“2 was
retained on the surface to serve as inoculum for the next growth period.
The third time, the entire azolla mat was incorporated. Weeding was
done at the same time as the azolla iIncorporations.

The total number of hills in one 12 m plot, in the border and in

the harvested area is presented in Table 4.3.

T~le 4.3 Number of hills of rice per plot at different plant
spacings.

Plant spacing

Hills per plot

Total Border Harvest Final harvest
25 on X 25 cm 176 92 %1 36
20 cm X 20 cm 266 116 150 64
20 on X 15 on 361 136 225 88
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Measurements.

Data taken inclucded: (O rice tiller number at different growth
stages of rice, () biomass, dry matter production and nitrogen
accumulation by azolla under different rice planting densities, () dry
matter production of rice at different growth stages, (4) nitrogen
content in the rice plant tops at different growth stages, (5) inorganic
N content in the soil at different rice growth stages, (6) light
transmission ratio (LTR) in the rice canopy during rice development
until the canopy closed.

Details of the measurements are discussed in the following
sections.

a) Rice plant. After transplanting, each plot was randomly divided
into a preharvest sampling area and final harvest area. Plant samples
were harvested at 5 different times during the growing season, namely at
maximum tillering, complete tillering, panicle initiation, flowering and
at maturity. At each sampling time, one sample unit consisting of 4
adjacent hills per plot was taken at random from the preharvest sampling
area. Tillers were counted on each of the 4 hills of a sample unit and
then the average tillers per hill was calculated.

Plant tops were cut at the soil surface and the basal parts were
washed free of soil. All plant materials were dried at 70°C for 48
hours and then weighed. At maturity, the panicles were separated for
yield component analysis and then were threshed by hand. The grains
were cleaned, oven dried and weighed. The chaff was dried and weighed

with the rest of the straw. The plant materials and grain were analyzed
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separately for total N by the methods of Mitchell (1972). The final
harvest area of 2.25 per plot was harvested for grain and the yield
was reported as tons ha“" at 14 % moisture.

b) Azolla. Azolla fresh weight was sampled every 10 days after
inoculation (DAl), just prior to each incorporation into the soil. The
dry matter content and nitrogen content were determined. The data were
used to estimate the total quantity of nitrogen added to each plot and
to calculate the relative growth rate of azolla. The area of one sample
unit was 0.25 x 0.25 m. The nitrogen content of azolla was determined
using the method described by Mitchell (1972). The total fresh weight
accunulation of azolla was estimated by the equation:

WEWI+HW2+W3+0.2-(2 X 0.5)
where iIs the total amount of azolla incorporated in kg and W,
W2 and W3 ace the estimated fresh weight at the first, second eird third

incorporations, respectively, 0.2 is the azolla inoculum introduced at
the beginning of the experiment in kg m“2 and 0.5 is the amount iIn kg

retained in the plot as inoculun for the later growth cycles after the
first and the second incorporations. The total nitrogen contributed by
azolla was estimated by the equation:

W,,=Wt X DM X PN
where in the total nitrogen, iIs as defined above, DM is the dry
matter content per g fresh weight and PN is the percent nitrogen in
azolla tissue cn a dry weight basis. To estimate the relative growth
rate (RGR) of the Azolla species, the equation presented in the first

greenhouse experiment was used.



(9)) Soil nitrogen. Soil from each plot was sampled at the time of

planting and at the time the plant samples were taken using a core
sampling technique. At the first sampling, 5 soil core samples per plot
at a depth of 0-20 cm were collected systematically to obtain one
composite sample. For subsequent samplings, one core was taken around
the four adjacent hills used for plant sampling. At each sampling time,
72 soil sanples were taken. The samples were either analyzed
immediately for inorganic nitrogen or stored in the freezer until they
could be analyzed.

d r*f area index (LAl). The LAl of the rice crop was estimated at
maximum tillering, complete tillering, panicle initiation and flowering
stages. The procedure of Yoshida et al. (1976) cird Gomez and Gomez
(1976) was followed specifically at each sampling time. Four adjacent
hills per plot were randomly selected;five leaves per hill were
selected at random and the area of the leaves (LA)was estimated by the
equation:

LA=Lx Wx CF

where L was leaf length, W was leaf width, and CF was the correction
factor (0.75). After the area of 5 leaves per hillwas estimated, the
leaves as well as the remaining leaves iIn thehill were oven dried for
48 hours at 70°C. The formula of Gomez and Gomez (1976) was then used
to estimate the leaf area per hill and the LAl. Leaf area per hill is
equal to A(w+W)/w where A is leaf area of 5 leaves, w is dry weight of
5 leaves and W is dry weight of the remaining leaves in the hull. Then

LAl is calculated by:
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sum leaf area per hill of 4 adjacent hills (em
LAl =
area of land covered by 4 the four hills (@)

e) Light transmissicn ratio (LTR). A Toshiba Il luminator No. 5 was
used to determine global radiation at the top of rice canopyandwithin
it. Two pyranometer sensors attached to a bamboo stick were used at the
sane time. Cne sensor was placed approximately 30 cm above the canopy
and the other was placed at ground level. Both sensors were read at the
same time. The sensors remained horizontal by keeping the bamboo stick
vertical while the readings were taken. The light transmission ratio
(LTR) was calculated ty the following equation;

LTR ) = [Ii /7 lo] x 100
where lo = light intensity above canopy and li = Hlight iIntensity at the
ground surface.

Five measurements per plot were taken to obtain an average value.
Data were taken at two week intervals from transplanting until the rice
canopy closed.

Temperature and relative humidity were recorded with a
hygrothermograph. Monthly rainfall and solar radiation data were
obtained from the meteorological station at the research facility.

BExuring the course of the experiment total monthly rainfall at the
site was almost the same as the 10 year monthly rainfall average
reported by Oldeitan (1980) and by Hardjawinata (1980). From October
through March, the rainy season, the northeast winds cross the equator

and arrive iIn Indonesia as northwest monsoons causing heavy rainfall



along the equator. Binuang, a regional area of Banjarmasin, is located
in South Kalimantan. Due to high rainfall, the climate of the region is

classified as type B or C according to Oldeman (1980).

RESULTS AND DISCUSSION
Azolla gzx>~, fresh weight and nitrogen accimilation

Ambient temperature and rainfall were normal for the months during
which the experiment was conducted. The ambient temperature ranged from
20.5 to 34" during the course of the experiment (Table 4.4). Azolla
was initially propagated in early October 1984, when ailr temperatures
were high. Air temperature gradually dropped closer to the optimum for
azolla growth by mid-October. Azolla was inoculated into the plots on
November 10, 1984, one day after the rice was transplanted and the rice
field was flooded.

Fresh weight accumulation at 10 days after inoculation (DAI) and
total fresh weight accumulation in A. pinnata was significantly higher
than that in A. caroliniana (Table 4.5). At 20 and 30 DAl, fresh weight
accumulated by A. pinnata also was higher than that by A. caroliniana
but was not significant. However, the total fresh weight accumulated by

pinnata was significantly higher than that by A. caroliniana.

Data of each the measurement day (Table 4.5) were the fresh weight
accumulated by azolla from a 10 days growing period. At each 10 days
growing period, light available to azolla would have been decreased
since azolla growing under a developing rice canopy. Therefore, the

fresh weight accumulated by azolla decreasing with time. At a less well
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Tclale 4.4 Mean temperature, relative humidity (RH), rainfall (RF) and
number of days with rain per month.

Month/Date Temperature RH RF Days wid
1984-1985 Minimum Maximum rain
oc - - % mm
October 1-10 30.2 34.7 77.5 46.5 2
11-20 28.4 32.0 78.1 63.1 3
21-31 29.5 33.3 76.4 20.9 1
November 1-10 27.8 33.4 80.0 52.2 2
11-20 26.7 32.2 82.0 78.3 3
21-30 26.6 32.1 85.3 130.5 5
December 1-10 26.4 304 81.2 97.2 4
11-20 25.5 29.4 84.6 58.6 5
21-31 25.2 31.3 85.4 187.2 6
January 1-10 26.2 30.4 82.7 142.4 5
11-20 25.4 209 84.9 71.0 4
21-31 25.2 29.2 86.1 95.3 3
February 1-10 21.4 29.0 85.8 55.2 3
11-20 24.2 2819 84.3 51.1 2
21-28 22.7 29.1 85.4 130.4 6
March 1-10 20.5 29.2 86.0 90.0 4
11-20 246 24.6 87.8 70.9 3
21-31 23.1 28.9 84.2 69.1 3
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Table 4.5 Effects of treatment on fresh weight accumulation by azolla
at 10, 20, and 30 days after inoculation (DAIl).

Treatments Fresh weight accumulation at
days after inoculation
10 20 30 Total

Mainplots ——kg il - _ -
Azolla pinnata
+ 25 kg N ha“l 469.38 c* 398.09 b 286.88 b 1154.35 c
A. caroliniana
+ 25 kg N ha-1i 453.26 c 418.53 b 268.48 b 1140.27 c
A. pinnata only 619.34 a 518.21 a 372.03 a 1509.09 a
A. caroliniana only 568.79 b 464.98 a 328.00 a 1361.78 b
SE(6)** 26.52 21.42 15.04 16.00
Subplots
(Spacings)
(5 cm X 25 an) 468.69 c 422.51 a 316.42 a 122010 b
(20 cm X 20 an) 473.96 b 456.10 a 349.51 a 1283.00 a
(20 cm X 15 cn) 528.95 a 406.93 b 295.01 b 1250.90 b

SE(16) 29.05 24.17 19.05 18.19

*Means in the same column, under each factor, followed by the
same letter are not significantly different at the 5% level of

~probability as tested by Duncan®s Multiple Range Test.
Standard error of the mean with error degrees of freedom in
parentheses.
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developed rice canopy (10 DAI), the fresh weight accumulated by azolla
increased with increasing rice populations. Probably IR50 rice, grown
at a spacing of 20 cm x 15 an, provided adequate shade at the time so
that light available to azolla was optimum. At a more developed rice
canopy (20 and 30 DAl), fresh weight accumulated by azolla was the
highest at a rice spacing of 20 cm X 20 om.

The addition of nitrogen fertilizer depressed fresh weight
accumulation, RGRs and nitrogen accumulation of both Azolla species
significantly at the three measurement times relative to values for
unfertilized plots (Tables 4.5, 4.6, 4.7). Yatazawa et al. (1980) and
Ito and Watanabe (1983) reported that nitrogen fertilizer reduced the
nitrogenase activity in azolla. When Azolla is grown on a medium
containing combined nitrogen, Anabaena in the leaf cavities still fixes
atmospheric nitrogen and supplies i1t to the host plants (Ito and
Watanabe, 1983). However, added combined N reduced fresh weight
production to 34% and total N content to 43% of the control (Becking,
1976). The inhibition of nitrogen fixation by ammonium and nitrate was
also reported in blue green algae (Bone, 1971; Ohmori and Hattori,

1974) .

Combined nitrogen may reduce N-fixation of azolla by inhibiting de
novo synthesis of nitrogenase (Mahl and Wilson, 1968), or by decreasing
the supply of reductant or energy or both available to the nitrogenase
system (Ohmori and Hattori (1974), or by some unknown mechanism. In the
Azol la-Anabaena symbiotic system, the host plant can assimilate combined

nitrogen. The symbiont may not be exposed directly to N since the
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T~le 4.6 Effects of treatment on nitrogen accumulation by

azolla at 10, 20, and 30 days after inoculation (DAI).

Treafmpnts Nitrogen
at days after inoculation

10 20
Mainplots

Azolla pinnata + 25 )@ N ha”l  8.23c* 6.98b
A. caroliniana + 25 )@N ha*“r 7.31d 6.75b

A. pinnata only 10.34a 8.65a
A. caroliniana only 9.26b 7.57ab
SE(6)** 0.20 0.44
Subplots

(Spacings)

(5 cn X 25 an) 7.51c  6.77b
(20 cm X 20 an) 8.50b 8.7%
(2 cm X 15 an) 10.34a 6.69b
SE(16) 0.10 0.28

30

5.03bc
4.33c
6 .21a
5.34b

0.20

5.07b
5.73a
4.85b

.0.13

Total

20.24c
18.39c
25.20a
22.17b

0.67

19.55c

23.02a
21.88b

0.28

*Means in the same column, under each factor, followed by
the same letter are not significantly different at the 5%
level of probability as tested by Duncan®s Multiple

MRange Test.

Stcindard error of the mean with error degrees of freedom

in parentheses
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Table 4.7 Effects of treatments on relative growth rate of azolla at
10, 20 and 30 days after inoculation (DAIl).

Treatments Relative Growth Rate
at days after inoculation

10 20 30

mg g*h eyl — - - - -
Azolla pinnata
+ 25 kg N ha~1 98.04 c* 80.64 b 44 91 be
A. caroliniana
+ 25 kg N ha-i 88.49 d 77.34 b 31.44 c
A. pinnata only 122.18 a 101.60 a 64.81 a
A. caroliniana only 110.33 b 92.62 ab 51.26 b
SE(6 )** 3.12 5.81 4.77
cv 14.04 15.60 16.09

*Means in the same column, under each factor, followed by the
same letter are not significantly different at the 5% level of

~probability as tested by Duncan®s Multiple Range Test.
Standard error of the mean with error degrees of freedom in
parentheses
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Anabaena filament is located in the leaf cavity of azolla frond. Thus,
the assimilation of ammonium and nitrate by the host plant is one of the
factors governing symbiotic nitrogen fixation (Peters, 1984). The
decreased in the total N accumulated by azolla, at the plot fertilized
with a combined nitrogen, was likely due to a decrease iIn the relative
growth and dry matter accumulation. In forage legumes, decreased
nitrogenase activity was positively correlated with a decrease iIn growth
rate and nitrogen accumulation (Lindstroem, 1984).

Nitrogen accumulated by A. pinnata was higher than did by A.
caroliniana (Table 4.6). Similar to the fresh weight data, the nitrogen
accumulated by azolla at each 10 days growing period, decreased with
time. Probably the growth was reduced at the less available light due
to an increasing shade by a developing rice canopy, and also the
nitrogen fixation rate would have been declined. Therefore, the
nitrogen accumnulation at each 10 days growing period declined with time.

The nitrogen accumulated by azolla, iIn response to rice spacing
treatments, was similar to the manner of response reflected on the fresh
weight data. The total nitrogen accumulation was the highest when
azolla was grown under rice canopy with a spacing of 20 an x 20 cm
(Table 4.6).

A. pinnata without preplant nitrogen had a significantly greater
mean relative growth rate (RGR) throughout the season than did in A.
caroliniana at 10 and 30 days after inoculation (Table 4.7). The

relative growth rates of intercropped azolla gradually decreased with
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time. The decrease iIn RCRs with time is to be expected because the

azolla was growing under a developing rice canopy so available light
also decreased with time. These relationships will be discussed in a
later section.

The effects of rice spacings on the RGRs were significant. Except
for 10 DAlI, the RGRs were optimum at 20 cm x 20 cn (Figure 4.1).
Probably LAls at 20 and 30 DAl provided adequate shade so that light
transmitted by the rice canopy was sufficient for optimum azolla growth
rate. At the early growth of rice, azolla is usually exposed to a
nearly fully sunlight and this could limit the azolla growth. The
detrimental effects of light would be more pronounce if the air
temperature is high. The growth rate of intercropped azolla with rice
usually increased with a developing rice canopy to a certain value of
LAI. At 10 DAI, light transmitted by rice canopy, having a LAl value of
2.06, was presumably optimum for azolla growth (Table 4.8), at the rice
spacing of 20 cn x 15 cn. Therefore the RGRs of azolla at 10 DAl was
optimum at the rice spacing (Figure 4.1).

The RGRs for these species were comparable to values obtained by
Daniel (1985) for the same species, and the values for A. pinnata were
comparable to those of Watanabe et al. (1977) who reported the mean
relative growth rate of the species grown in a rainy season at IRRI.
However, these rates were relatively low in comparison with RGRs of
azolla grown elsewhere in Indonesia. Becking (1975) reported RGRs
ranging from 134 to 290 mg g~1 day~" for A. pinnata grown in Bogor. In

a dual culture azolla-rice experiment conducted in China, RGRs of azolla
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RELATTVE GROTTH RATE OF AZOLLA
AT DIFFERENT RICE POPULATIONS

DATS AFTER INQCULATiaN

Figtire 4.1 Effect of rice plant population and time on the relative
growth rates of azolla.
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declined with increasing shade of the rice crop (Lumpkin, 1983). He
reported RGR values of 120 to 160 mg g~1 day" when the rice was less
well developed. RCGRs ranged from 97 to 112 mg g~1 day*“~ under a more

fully developed canopy.-

Effect of the rice canopy on azolla growth.

Although the leaf growth of IR50, the test crop iIn this experiment,
IS erect, the canopy developed very rapidly due to a high rate of
tillering (Tables 4.8 and 4.9). CGCenerally, the LAl of rice increased
with increasing N applied (Table 4.8). The LAls of rice at the plots
fertilized with azolla, without nitrogen fertilizer, were not
significantly different from those of the control plots, at all
measurement days. Whereas the LAls of rice fertilized with azolla, with
N addition, were significantly higher than those of the control plots
and than those fertilized with azolla only. Probably N from the
fertilizer was directly available to the rice plants. On the other
hand, the nitrogen from azolla was available to rice at the later rice
growth period.

The LAl of rice increased with time. Since the LAl values vere
only estimated up to 58 DAT, the development of LAl at the later stages
of rice were not knom. However, the 58 DAT was the end of the
reproductive stage and the beginning of grain filling and maturation
stages. At the later stages, the total leaf area of rice usually

decline, due iIn part to the leaf death or the dead of tillers.
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Table 4.8 Effect of azolla and fertilizer-nitrogen
application on the leaf area index of rice.

Treatments Leaf aurea index
at days after transplanting

21 30 36 58
Mainplots
Azolla pinnata
+ 25 kg N h-- 203 b* 25 b 4.4 b 55 b
A. caroliniana
€25 kg N ha-i 202 b 247 b 4.11 ¢ 5.16 c
A. pinnata only 1.56 ¢ 197 c 3.27d 4.14d
A. caroliniana only 1.53 c 1.95 c 3.26d 4.09 d
Control (O kg N ha*Y)  1.60 c 201 ¢ 3.10d 4.00 d
25 kg N ha-1 1.84 b 2.32 b 4.09 c 511 c
50 kg N ha™ 2.03 b 256 b 446 b 5.73 b
100 kg N ha-1 2.40 a 3.00a 5.21 a 6.56 a
SE(14)** 0.06 0.09 0.09 0.12
Subplots
(Spacings)
(5 cn X 25 an) 1.73 c 219 c 3.76 ¢ 4.72 c
(20 cm X 20 an) 1.83 b 2.31 b 404b 508Db
(2 e X 15 an) 2.06 a 256 a 4.29 a 548 a
SE(32) 0.05 0.06 0.05 0.03
cv 7.86 7.85 3.45 2.03

*Means iIn the same column, under each factor, followed by
the same letter are not significantly different at the S
level of probability as determined by Duncan®s Multiple

~MRange Test.
Standard error of the mean with error degrees of freedom
in parentheses.
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Tble 4.9 Effect of azolla and nitrogen fertilizer application
on light transmission ratio within the rice canopy.-

Treatments Light Transmission Ratio
at days after transplanting

14 28 42 56 70 34

M - - 0 -owm _ o
Azolla pinnata
+ 25 kg N ha*“+ 81.0c* 439 be 24.0cd 14.5c 8.4 c 4.8 c
A. caroliniana
+ 25 kg N ha“#+ 80.7c 44.7be 23.3d 142c 89c 4.6d
A. pinnata only 83.3a 48.7a 25.7a 16.3 b 99b 590D
A. caroliniana only 83.3 a 49.7a 259a 15.7b 108 b 6.0 b
Control (O kg N ha’™) 83.4a 48.9a 25.2a 17.8a 134 a 8.1 a
25 lg- N ha-1 80.8c 45.8a 24,6 b 16.2b 108 b 55b
50 kg N ha“~ 75.4d 43.4be 24.0c 1l4.4c 8.4c 4.7 c
100 kg N ha-1 71.8e 41.4c 23.2d 13.7d 81 d 4.4d
SE(14)** 0.29 1.23 0.32 0.27 020 0.26
SE(32) 0.39 0.76 0.91 0.30 0.18 0.16
cv 2.4 8.2 17.7 9.6 9.1 145

*Means in a column, under each factor, followed by the same letter
are not significantly different at the 5% level of probability as
~“Mdetermined by Duncan®s Multiple Range Test.
Standard error of the mean with error degrees of freedom iIn
parentheses.
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Therefore LAls could have been declined to seme extent at the maturation
stage of the rice plants.

The effects of nitrogen application on LTRs is presented in Table
4.9. The LTRs decreased with increasing nitrogen applied. At 14, 28 and
42 DAT, the LTRs at the plots fertilized with azolla, without fertilizer
nitrogen applied, were not significantly different to the LTRs at the
control plots. Then, at the later measurement days (56, 70 and 84 DAT),
LTRs at the control plots were significantly higher than that at the
azolla treated plots. Thus, N from azolla might have been available to
the rice plant at the time and might reduce tiller mortality and
maintain a high LAl and a low LTRs as a result.

LTR decreased significantly with time (Figure 4.2), thus, LTR
development was negatively correlated with LAlI. The relationship was
described by the regression equation:

LTR = 175.79 - 69.33 LAl + 7.32 LAI2 (r2=q .79, n=24).

Light transmission through the canopy decreased in a curvilinear manner
as the canopy developed.

The LTRs determined at 14 and 28 DAT were linearly correlated with
RGRs.  The RGRs of azolla decreased with decreasing light available to
the azolla canopy. The relationship between RGRs and LTR was described
by the equation:

RGR = 29.85 + 0.888 LIR (r2=0.40*, n=18).

The correlation coefficient might have been higher if LTR and RCR

measured more frequently.
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The LTR iIn the rice canopy decreased with time and the nitrogen
accumulation by azolla decreased with decreasing LTR. Thus LTR and
total nitrogen accumulated in azolla were positivelycorrelated. The
relationship was described by the equation:

Y = 5.975 - 0.028 LTR + 0.00067 LTR™ (r2=0.41*/n=24)
where Y is total N accumulated in azolla for the ten-day period in kg
ha-1.

Azolla has only a limited time to grow when intercropped with rice
(light is adequate for only about one month). Lumpkin and Plucknett
(1982) and Lu et al. (1963) reported that the growth rate of
intercropped azolla declines in response to a developing rice canopy
some time during the first 20 to 30 DAT. Lu et al. (1963) observed a
sharp decline at 30 DAT, as light below the canopy was reduced to less
than 50% of full sunlight.

The LAl of rice at maximum tillering (21 DAT) and the dry weight
accumulation iIn azolla at 20 DAl were negatively related. The
accumulation of dry weight by azolla decreased linearly as LAl of rice
increased. The relationship described by the equation:

Y = 368.45 - 69.75 LAl (r2=0 .25, n=36)
where Y = azolla dry weight shows that 25% of the variance associated
with dry matter accumulation by the azolla was accounted by the
differences in the LAl of rice (Figure 4.3). The equation is only valid

within the range of LAl values of rice estimated at 21 DAT.
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DRY WEIGHT OF AZOLLA AT 20 DAI
AS A FUNCTION OP LAI OF MCB

LEAF AREA [INDEX

Figure 4.3 Relationship between dry weight accumulation in azolla and
leaf area index of rice. The regression was based on 36 observations (4
mainplots treated with azolla with 3 rice spacings and 3 replications).
Azolla dry weight (Y) were obtained at 20 days after inoculation and
rice leaf area index data (X) at 21 days after transplanting.
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The effect of azolla and fertilizer nitrogen on the grcwth of rice

The phenological events of IR50 were observed during the course of
the experiment (Table 4.10). Plant height was recorded throughout the
growing season (Table 4.11). There were no significant differences
between height of plants fertilized with azolla and those fertilized
with nitrogen fertilizer. At all sampling dates, plant height at
control was significantly lower than height for other treatments and
these differences were significant at the 5 percent probability level.
However, data indicate that fertilizer application had no influence on
the height of IR50 rice at all sampling dates. There were no
significant iInteractions between nitrogen and spacing on plant height.
Plant spacing did not influence plant height variability. Possibly,
this is due to the fact that IR50 is a highly developed dwarf rice
variety. The competition for light in the different plant populations
did not significantly increase plant height.

As already discussed, LAl iIncreased with time and with increase of
the quantity of nitrogen fertilizer application. At the flowering stage
(58 DAT), LAl was highly correlated with the quantity of nitrogen
applied (Figure 4.4). Rice plants fertilized with azolla plus 25 kg of
N, had approximately the same LAl values as plants fertilized with 50 kg
N of nitrogen fertilizer. On the other hand, rice plants fertilized
with azolla only had lower LAl values than the plants fertilized with 25
kg N of nitrogen fertilizer (Figure 4.4). The lower LAl values for the
azolla only treatments could have been due to the lag iIn nitrogen

availability from azolla. This agrees with the results of Daniel
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Table 4.10 Phenology of IR50, an Indica Cultivar®, at Binuc
Kalimantan, Indonesia.

Month/Date Days after Days after Crop stages
1984-1985 seeding planting
October 15 0 -25 Sowing
November 9 25 0 Transplanting
16 32 7 Early tillering
23 39 14 Rapid tillering
30 46 21 Maximum tillering
December 10 55 30 Canplete tillering
16 61 36 Panicle initiation
January 5 80 55 Heading stage
8 83 58 Flowering stage (ed™ &3
reproductive stage and
beginning of grain
filling and maturation
February 5 110 85 90% mature
10 115 90 Harvesting

(95-97% mature)

1IR50 was originally from the selection of 1R2153-14-1-6-2/1R28/1R2070-
625-1 and was released by the International Rice Research Institute
(IRRI), Los Banos, Philippine in 1983
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Table 4.11 Effect of azolla and fertilizer-nitrogen
application on plant height of rice cultivar IR50.

Treatments Plant height
at days after transplanting

21 30 36 58
Mainplots
Azolla pinnata
+ 25 kg N ha 41.96 a* 62.22 a 67.67 a 79.29 a
A. caroliniana
+ 25 kg N ha'l 41.16 a 62.22 a 68.56 a 80.19 a
A. pinnata only 42.66 a 61.44 a 68.67 a 80.96 a
A. caroliniana only 42.31 a 61.68 a 68.78 a 79.%4 a
Control (O kg N ha”) 36.02 b 59.22 b 61.78 b 77.93 b
25 kg N ha™ 42.12 a 73.44 a 79.44 a 81.29 a
50 kg N ha“n 42.99 a 63.78 a 71.00 a 83.28 a
100 kg N ha*“~ 43.43 a 64.33 a 72.67 a 83.02 a
SE(14)** 0.70 1.18 1.81 1.47
Subplots
Spacings
(@5 cm X 25 an) 41.67 b 72.67 68.25 80.16
(20 cm X 20 an) 40.97 ¢ 61.89 69.04 80.76
(2 cm X 15 an) 42.10 a 62.35 68.42 80.76
SE(32) 0.14 0.58 0.54 0.51
cv 1.69 4.55 3.89 3.13

*Means iIn the same colum, under each factor, followed by the
samne letter are not significantly different at the 5% level
~pf probability as determined by Duncan®s Multiple Range Test,
Standard error of the mean with error degrees of freedom in

parentheses.
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LEAF AREA INDEX AT FLOWERING STAGE
AS A FUNCTION OF NITROGEN APPLIED

NITROGEN APPLIED KG PER HA

Figure 4.4 Relationship between leaf area of rice at flowering and
nitrogen applied. The regression was based on 12 observations (4 levels

of nitrogen fertilizer and 3 spacings). The data for azolla were not
used in the regression analysis.
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(1985), who showed that the response of LAl to N was greater from
nitrogen fertilizer than from azolla only.

LAI at flowering is an important variable inrice. According 1o
some researchers (Murata, 1969: Yoshida and Ahn, 1968; Welbank et al.,
1969), 75 to 80% of the carbohydrates in the grain are photosynthesized
after flowering and LAl at flowering and total spikelets per unit area,
an important component of grain yield, are highly correlated. Therefore
agronomic practices which facilitate development of an optimum LAl
should be utilized.

Tillers per hill was significantly higher atthe higher levels of
fertilizer nitrogen applications and at the wider plant spacings.
Tiller per hill increased with time up to 36 DAT and decreased (Table
4.12). The decreased in tiller per hill at 58 DAT was due to tiller
mortality. There were no differences in tillers per hill due
attributable to the Azolla species treatment except at 53 DAT. Probably
N from azolla was available to the rice plants at the period between 36
DAT cird 58 DAT. Therefore the effect of Azolla species on tiller per
hill was observed at 58 DAT. There were no significant interactions
between nitrogenand spacing treatments ontillers per hill. GCenerally,
tillers per hill decreased with decreasing plant spacings.

Tiller per hill is the basic unit and tillers m“2 is derived frcm
tillers per hill x plants m-2. Therefore, both parameters are expected
to have the same responses to the nitrogen fertilizer applications.
Tillers m“2 increased significantly with increasing nitrogen application

(Table 4.13). An increase in tiller numbers of rice with iIncreasing
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T ble 4.12 Effect of azolla and fertilizer-nitrogen application
on tillers per hill of IR50 rice.

Treatments Tillers

at days after transplanting

21 30 36 58
Mainplots - - - tillers hill*l &- .
Azolla pinnata
+ 25 kg N ha“l 11.07 a 21.09b 2240 b 2240 b
A. caroliniana
+ 25 kg N ha-1 1112 a 21.03 b 23.73 b 22.74 b
A. pinnata only 8.64 b 19.62 b 2088 b 19.80 b
A, caroliniana only 8.96 b 1954 b 20.70 b 18.41 c
Control (O kg N ha™“?® 8.43 b 16.30 b 17.82 c 17.44 c
25 kg N ha-1 9.61 b 1898 b 21.32 b 20.36 b
50 kg N ha-1 11.18 a 21.96 b 23.88 b 2168 b
100 kg N ha-1 12.30 a 25.17 a 26.90 a 24.96 a
SE(14)** 0.38 7.51 17.8 16.05
Subplots
(Spacings)
(@5 cm X 25 an) 1086 a 23.65 a 26.07 a 24.83 a
(20 cm X 20 cn) 10.44 a 26.94 a 2061 b 19.81 b
(2 cm X 15 cm) 9.20 b 18.62 b 19.62 b 18.87 b
SE(32) 0.15 3.93 9.5 8.59
cv 7.66 9.7 18.6 17.8

*Means iIn the same column, under each factor, followed by the
samne letter are not significantly different at the 5% level

probability as determined by Duncan®s Multiple Range Test.
Standard error of the mean with error degrees of freedom iIn
parentheses.
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Table 4.13 Effects of azolla and fertilizer-nitrogen application
on tillers per square meter of IR50 rice.

Treatments Tillers
at days after traxisplanting
21 30 36 58
Mainplots ——— - tillers m2 - - —
Azolla pinnata
+ 25 kg N ha*“3 265 ab 501 be 515 be 483 c
A. caroliniana
+ 25 kg N he—L 269 ab 500 be 554 ab 532 b
A. pinnata only 210 c 475 cd 501 be 477 cd
A. caroliniana only 217 c 476 cd 496 be 471 c
Control (0 kg N ha’") 205 d 393 e 43 c 423 c
25 kg N ha-1 233 be 461 d 511 be 489 c
50 kg N ha“l 236 be 519 b 567 ab 556 b
100 kg N ha-1 298 a 571 a 605a 5% a
SE(14)** 15.2 8.9 23.5 40..3
Subplots
(Spacings).-
(5 cm X 25 an) 173 c 379 c 417 c 3%b
(20 cm X 20 cn) 261 b 475 b 507 b 423 Db
(20 cm X 15 an) 291 a 608 a 648 a 637 a
SE(32) 7.3 3.2 10.9 19,4
cv 17.04 3.94 226 11,9

*Means in the same column, under each factor, followed by
the same letter are not significantly different at the 5%

level of probability as determined by Duncan®s Multiple
MRange Test.

Standard error of the mean with error degrees of freedom
In parentheses.
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nitrogen is well recognized and reflects the capacity of the plant to
adjust its yield components to its environmental conditions. An
increasing supply of available nitrogen early in the season leads toa
greater production of tillers. There were no differences in tiller
numbers associated with Azolla species at any of the sampling dates.

There were no significant interactions between nitrogen andspacing
treatments on tillers number. Differences iIn tiller numbers due to
plant spacing treatments were observed (Table 4.13). The significantly
highest tiller numbers were observed at the rice spacing of 20 cm x 15
cm at any of the sampling dates. Probably this result was due to the
fact that the total plants m~2 the highest at the spacing treatment.
The interplant competition for light and space at the narrow spacing
might have been greater than that at the wider spacings.

Tiller production was positively correlated with nitrogen uptake by
the rice plants (Figure 4.5). This result was consistent with the
results reported by other (Fagade and de Datta, 1971; Prasad and de
Datta, 1979). Tiller production of rice has been shown to be greatly
influenced by nitrogen nutrition (Ishizuka, 1971).

The production of tillers per unit of nitrogen taken up increased
as the plant spacing decreased. As tiller number increased, grain yield
per tiller decreased (Figure 4.6). Grain yield per tiller could have
been decreased because of reduced N per tiller or due to less available

light per tiller.
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TILLER PRODUCTION AND NITROGEN UPTAKE
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Figure 4.5 Relationship between total tiller production and nitrogen
uptake by IR50 rice. The regression was based on 24 observations (8
mainplots of nitrogen treatments x 3 replications). Total tiller
production (Y) is expressed as a function of nitrogen uptake (X).
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Figure 4.6 Tiller prcducsd per g of nitrogen uptake and grain yields
per tiller at different rice populations. Vertical lines represent
standard deviations of the means.
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Effects of azolla and fertilizer on yield of rice and its ccnponents

The yield of rice, expressed on a 14% moisture basis (Table 4.14),
increased with iIncreasing amounts of nitrogen applied. The grain yields
reflect the same patterns shown in the available soil nitrogen and plant
nitrogen measurements made early in the season. Significantly higher
yields were produced with 50 and 100 kg N ha“l than with any other
treatments. Yield from plots fertilized with azolla only were
comparable to those from plots fertilized only with 25 kg N ha~l,
indicating little benefit was obtained from the incorporation of azolla.
Approximately 91% and 63% of the variation in yield was accounted for,
respectively, by the amount of N fertilizer applied and by the amount of
N from azolla either with or without 25 kg N ha“l (Figure 4.7). The
differences of the response curve become larger as the quantity of
nitrogen applied was iIncreased. Similar trends were also found for the
relationship between nitrogen application and straw yield (Figure 4.8).

In the present study, a significant increase in grain yield of 27.8
to 39% over the control, respectively, was obtained by incorporating
azolla only or azolla with a fertilizer supplement. The results were
comparable to those of others (Moore, 1969; Singh, 1979; Talley et al.,
1977). Rice yield increased 22 to 40% (Moore, 1969) and 23% (Talley et
al., 1977) over the control when A. filiculoides was grown in dual
culture with rice for about three weeks. Singh (1979) obtained a yield
increase of 6 to 29% when A. pinnata was grown with rice but not

incorporated and 19 to 41% when azolla was incorporated in soil. Daniel



Table 4.14 Effect of azolla and fertilizer-nitrogen application on
yield of rice and its component.

Treatments Yield Panicle Grains Tfilled 1000
m* 2 per grains  grain-
panicle weigh
Mainplots tons ha™® -%h- g

Azolla pinnata

+ 25 kg N ha“l 3.71 b* 377.9 be 116.7 69.0 d 20.04 ab
A. caroliniana

+ 25 kg N ha’l 3.88 b 363.8 be 114.2 69.4 d 20.14 ab
A. pinnata only 3.46 ¢ 354.5c 110.7 67.7 e 19.56 ab
A. caroliniana only 3.52 ¢ 362.8 be 113.6 67.6 e 18.6 cd
Control (O kg N ha“l) 2.73d 245.3d 108.1 66.6 f 17.93 d
25 kg N ha-1 3.55 ¢ 370.9 be 1112 70.7 ¢ 19.06 be
50 kg N ha“l 4.77 a 427.3 ab 1210 72.1 b 2068 a
100 kg N ha-1 5.09 a 460.8 a 113.4 73.5a 20.32 ab
SE(14)** 0.18 7.29 4.93 0.36 0.41
Subplots

(Spacings)

(@5 cmX 25 an) 3.90 b 290.2 ¢ 116.0 72.3 a 2002 a
(20 cm X 20 am) 4.21 a 374.4b 110.3 71.8 a 19.81 a
(20 cm X 15 am) 3.54 c 446.7a 114.3 662 b 18.79 b
SE(32) 0.11 7.41 2.05 021 0.26
cv 14.21 9.8 8.9 14.4 16.6

*Means iIn the same column, under each factor, followed by the
same letter are not significantly different at the 5% level of
«probability as determined by Duncan®s Multiple Range Test.
Standard error of the mean with error degrees of freedom in
parentheses.



NITROGEN-YIELD RELATIONSHIP
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Figure 4.7 Relationship between rice yield and fertilizer {q ), azolla
{* or azolla plus fertilizer (= ) nitrogen. The regression for
fertilizer nitrogen was based on 12 observations (4 mainplots and 3
replications), while the regression for azolla was based on 15
observations (4 mainplots x 3 replications plus 3 control plots). Rice
yield (Y) is expressed as a function of the quantity of nitrocen applied
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NITROGBN-STRA¥ YIELD RELATIONSHIP

N FERT. D ¥Y=3.627+0.061X-0.0004X2 ,

R2=0.82, n=12.
AZOLLA ; ¥y=3.66+0.044X-0.00067X2,
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100
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Figure 4.8 Relationship between straw yield and fertilizer (a ), azolla
(*) or azolla plus fertilizer (= ) nitrogen. The regression for
fertilizer nitrogen was based on 12 pairs of data (4 mainplots and 3
replications), while the regression for azolla was based cn 15
obserr/ations (4 mainplots x 3 replications plus 3 control plots). Straw
yield (Y) is expressed as a function of quantity of nitrogen apolied

1L



(1985) reported that azolla combined and azolla only, respectively, had
18 and 14% higher yield than that of control plot. The differences in
the yield increases were not significant.

Panicles per square meter which depends on the number of tillers,
increased significantly as the amount of nitrogen uptake increased
(Figure 4.9). This is consistent with the results reported by Prasad
and De Datta (1979). There was no significant iIncrease in panicle
number due the addition of azolla on number obtained with 25 kg N ha’i
(Table 4.14).

Supplementing azolla with 25 kg N ha~l had no significant effect on
the number of panicles per sguare meter and on grains per panicle.
However, significant increases in the percentage of filled grains and
1000 grain weight were obtained by the addition of 25 kg N ha“™ with
azolla. This iIndicates that nitrogen from azolla was available to the
rice at the grain filling stage. The number of grains per panicle in
rice is determined at panicle initiation and differentiation (De Datta
at al., 1974). Therefore, incorporating biomass from a dual culture
azolla would not be expected to increase the number of grains per
panicle.

There were no significant iInteractions between nitrogen and spacing
treatments on the percentage of filled grains and the 1000 grain weight
(Appendix C). There was a decrease In the percentage of filled grains
and the 1000 grain weight with iIncreasing panicle number per square
meter and with decreasing plant spacing (Table 4.14). The percentage of

filled grains and 1000 grain weight were significantly higher at wider
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PANICLES PER SQUARE METER
AS A FUNCTION OF N CPTAX3

NITROGEN UPTAKE KG PER HA

Figure 4.9 Relationship between total panicles per square meter and
nitrogen uptake by the rice plants. The regression was calculated from
24 observations (8 mainplots of nitrogen treatments and 3 spacings).

Panicles per sguare meter (YY) iIs expressed as a function of nitrogen
uptake (X).-
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spacings than at a 20 cm x 15 an spacing. They could have iIncreased
because of iIncreased available light per panicle or to more N available
per panicle than in a dense population.

The straw yield increased with increasing chemical fertilizer
nitrogen applied up to 50 kg N ha~l (Table 4.15). The straw yields of
plots fertilized with azolla, with or without chemical fertilizer
nitrogen addition, were not significant different from each other, but
they were significantly higher than the straw yield of control plot.
Similar to the straw yield data, grain;straw ratio (harvest index)
increased with increasing N applied up to 50 kg N ha~ The harvest
index was significantly lower at the plot fertilized with 100 kg N ha”l
(Table 4.15).

There were no significant interactions between nitrogen and spacing
treatments on the straw yield and the harvest index. The straw yield
was significantly higher at the 20 on x 20 cn than those of other
spacings. Although the number of hills per square meter was the highest
at the spacing of 20 an x 15 an, the straw yield was the lownest.
Probably the interplant competition for nutrient, space and light was
more intense at the narrowest spacing and this could result In the lower
straw yield of the rice plants. On the other hand, the number of hill
per square meter was the smallest at the 25 on x 25 on, therefore the
straw yield was smaller than that at the 20 cm x 20 an. The grain:straw
ratio was highest at 20 on x 20 on but the difference was not

significant to those of other spacing.
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mteble 4.15 Effects of azolla and fertilizer-nitrogen on straw and grain
to straw ratio of IR50 rice.

Treatments Straw Yield GraincStraw
ratio
Mainplots - ton ha~l -

Azolla pinnata

+ 25 kg N te-i 4.29c 0.87 b
A. caroliniana

+ 25 kg N hia-i 4.59 be 0.84 b
A. pinnata only 4.32 be 0.81 b
A. caroliniana only 4.35be 0.81 b
Control (O kg N ha“®) 3.62d 0.75 c
25 kg N ha-1 4.43b 0.80 b
50 kg N ha-1 5.6la 0.85 b
100 kg N 1-&l 5.51a 0.72 c
SE(14)** 0.04 0.20
Subpl(_)ts

(Spacings)

@ cocn X 25 an) 4.59b 0.82
(20 an X 20 am) 5.03a 0.85
(20 on X 15 an) 4.33b 0.83
SE(32) 0.ia 0.03

cv 10.7 6.0

*Means in the same column, under each factor, followed
by the same letter are not significantly different at the
5% level of probability as determined by Duncan®s
“Multiple Range Test.
Standard error of the mean with error degrees of
freedom iIn parentheses.



Except to the grains per panicle, yield appeared to be significantly
related to the rest of the yield components (Table 4.16). The small
values of the correlation coefficients between yield and yield
ccmpenents were presumably due to the presence of negative correlation
between yield components (Table 4.16). An increase in panicles m»"
resulted a significantly decrease in the percentage of filled grains.
The iIncrease In panicles m“Y as a result of the increase in rice
population per square meter, could result in less available light to the
individual plants. The less light available to the plants during the
grains Filling stage could result in the decrease iIn the percentage of
filled grains. A decrease in the 1000 grain weight due to an iIncrease

in the panicle m“2 not significant (Table 4.16).

Plant nitrogen content

The nitrogen concentration of the whole plant was measured
throughout the growing season and significant differences in plant N
between treatments were detected at each assay date (Table 4.17).

Plants were effective in taking up nitrogen early in the growing
season when It was most available in the soil and the differences
between treatments were greatest at the early sampling times. Plants
from the control treatment had significantly lower N concentration than
those in the other treatments. The N content for all treatments

declined with time (Table 4.17). The decrease iIn concentration
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Table 4.16 The correlation coefficients for the relationship between
rice yield and its yield components.

Correlation coefficients (NN
Panicle m"2 Grains Percentage 1000 grain-

per of filled weight
panicle grains

Yield 0.31* 0.18fis 0.45* 0.48*

(ton ha™™)

Panicle nr2 0.08rs _p_23* -0.0ens
Grains per

panicle : 0.03ns 0 .20ns

Percentage of
filled grains . 0 .16ns

iThe coefficient correlations were calculated frcm 72
observations (8 mainplots x 3 subplots x 3 replications),

*Significant at 5% level of probability.

~®Not significant.
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Table 4.17 Effects of azolla and fertilizer-nitrogen application on
the concentration of nitrogen iIn the rice plant. The data at 60, 80 and

105 days after planting include shoots and grain.

Treatments Plant nitrogen
at days after transplanting

30 45 60 80 105
Mainplots
Azolla pinnata
+ 25 kg N ha-i 3.11a* 2.18c 1.31c 0571 e 0516 f
A_caroliniana
+ 25 kg N 3.19a 2.23be 1.36b 0.583d 0.519 f
A. pinnata (only) 2.63b 171 d 1.07c 0.584 c 0.543 d
A. caroliniana(only) 246 b 178 d 1.18d 0.58 c¢c 0.564 b
Control (0 kg N hal) 1.66 c 1.39e 1.15d 0.563 ¥ 0.538 e
25 kg N ha-1 2.44b 1.76 d 1.18d 0.580 d 0.544 d
50 kg N ha~l 3.27a 228 b 1.28c 0.628 b 0.55 c
100 kg N ha-1 3.28a 2.69a 1.51a 0.759 a 0.630 a
SE(14)** 0.06 0.03 0.01 0.0013 0.0015
Subplots
(Spacings)
G an X 25 an) 2.70 1.96 1.17 0.603 0.549
(20 cm X20 on) 2.79 2.03 1.24 0.608 0.554
@Docm X 15 an) 2.78 2.02 1.36 0.609 0.551
SE(32) 0.03 0.06 0.32 0.001 0.007
cv 6.06 3.49 1.97 0.61 0.62

*Means iIn the same column, under each factor, followed by the same
letter are not significantly different at the 5 level of probability
Mas determined by Duncan®s Multiple Range Test.
Standard error of the mecin with error degrees of freedom iIn
parentheses.

121



with time was presumably due to the iIncreased amount of non-
photosynthetic tissue and due to a decrease iIn the availability of soil
nitrogen.

The N content increased slightly with increasing rice plant
populations, but the increase iIn the N content was not significant
(Table 4.18). There was no significant iInteraction between nitrogen
treatments and spacings.

Ccmpared to the control, plant nitrogen content increased in plots
receiving fertilizer nitrogen (Table 4.17) and total nitrogen uptake
increased with an increasing quantity of nitrogen fertilization (Table
4.18). Growth rates throughout the season were apparently controlled by
the early uptake of nitrogen. Tiller numbers per hill were greatest
when plots were fertilized with N (Table 4.13) and, therefore, rice
yield was significantly higher in combined treatment than in azolla only
treatment (Table 4.14). Thus, It was assumed that the larger supply of
nitrogen early in the season enhanced root growth and increased the
volume of soil that the plants were able to exploit forN.

Nitrogen concentrations of the rice plants exhibit thesametrends
as observed in the early measurement of available soil nitrogen, with
higher concentrations being found with higher quantities of nitrogen
applied.

The relationship between available soil nitrogen and plant nitrogen
at 30 DAT fits the equation of:

Y= 1.55+0.045 X (r=0.83, n= 72),

where y is total KCI extractable N (ppm) at 30 DAT and Xisplant N (%)
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at 30 DAT. The high correlation (r=0.83) found between the variables

indicates that soil nitrogen primarily determined plant uptake.
The total plant nitrogen and dry matter production in rice was

positively related and highly correlated within the range of nitrogen

applied (Figure 4.10).

Agronomic and physiological efficiencies of N utilization

Agronomic efficiency. The efficiency of a fertilizer nitrogen
treatment can be assayed by measuring the ratio of grain yield to the
quantity of nitrogen applied. The agronomic efficiency of nitrogen
utilization was developed by Novoa and Loomis (1981) for rice. The
agronomic efficiencies (AEl), grain yield in kg ha" unit of
nitrogen applied in kg ha”’l expressed as a percentage, tended to
decrease with the increasing amount of nitrogen supplied (Table 4.18).
The AEl for pinnata and A. caroliniana alone were significantly
higher than those for the higher levels of nitrogen fertilizer. This
appears contradictory at first glance since the agronomic efficiencies
should curvilinearly increase with iIncreasing nitrogen and gradually
decrease beyond an optimum level of fertilization (Wu and Chen, 1985).

The value of AEl for plots fertilized by azolla were higher than
those plots fertilized with either 50 or 100 kg N ha“l. Therefore the
values of AEl for azolla seemed to be over-estimated. AEl, however,

includes the grain yield attributable to soil nitrogen uptake and
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RICE DRY MATTER
AS A FUNCTION OF NITROGEN UPTAKE

TOTfIL NITROGEN UPTRKE KG PER HR

Figure 4.10 Relationship between dry matter accumulated and total
nitrogen uptake by rice. The regression was based on 72 observations G
mainplots, 3 subplots and 3 replications). Dry matter accumulated (Y)

in tons ha“”™ iIs expressed as a fiancticn of total nitrogen uptake (X) iIn
kg ha“/.



therefore tends to over estimate the efficiency of applied N. Under
this conditions, soil N is the primary source of N for the crop.

Reddy and Patrick (1980) reported that the uptake of fertilizer
nitrogen was closely correlated with yield iIncrease than with absolute
yield. Therefore AE2, yield increase (yield - control yield) iIn kg ha”»
per unit of nitrogen applied in kg N ha“l expressed as a percentage, was
calculated. The assumption for AE2 was that soil nitrogen uptake was
unaffected by the level of fertilization (Watselar and Farquhar, 1980).

Values for AE2 increased with an increasing quantity of nitrogen
uptake. However, a lower value of AE2 was obtained for the 100 kg N
ha”™ treatment, it was apparently due to reduced partitioning of
nitrogen into grain as indicated by the lower grain to straw ratio for

the treatment (Table 4.15,".

Physiological efficiency. The physiological efficiency, a measure
of fertilizer effectiveness, was developed by Murayama (1979) for rice.
Physiological efficiency (PEl) is the ratio kg grainrkg nitrogen taken
up by plants expressed as a percentage (Table 4.18). Combination

treatments such as azolla + 25 kg N ha~l had higher PElI values than the
rest of the treatments (Table 4.18).

The harvest index (grainrstraw ratio) curvilinearly increased with
increasing nitrogen applied (Table 4.16). Therefore, It might be
expected that increasing amounts of nitrogen uptake would increase PEI
up to some point after which it would tend to decline as nitrogen uptake

exceeded the ability of the plant to produce grain. However, fertilizer

125



Table 4.18 Nitrogen uptake by rice, physiological (FE) and agronomic
(AE) efficiensies of different quantities and sources of nitrogen
application*.

Treatments N- N-uptake  AEl AE2 PEI PE2
uptake increase
over
control
Mainplots —kg b~ 1 _ -

Azolla pinnata

+ 25 kg N b 37.3 c**6.84 85.7 c 2.6 99.4 a 143.3
A. caroliniana

+ 25 kg N ha“i 39.0c 8.51 85.9c 24.0 97.2 ab 124.6
A. pinnata only 37.7c 7.43 1376 b 29.0 91.2 be 98.0
A. caroliniana only 37.3 c 6.84 158.6 a 35.6 94.3 b 115.5
Control (O kg N ha*) 30.5d - - - 89.5 c -
25 kg N ha“i 41.3 ¢ 10.8 148.4ab 39.2 89.8c 90.6
50 kg N ha™ 52.7b 22.2 95.2 c 40.6 90.3 be 91.4
100 kg N ha-1 62.3 a 31-9 50.9d 23.6 81.6d 74.3
SE(14)*** 1.77 0.15 0.12
Subplots

(Spacings)

(@5 an X 25 an) 419 b - 118.2 a - 90.4 b -
(20 cm X 20 an) 46.5 a - 116.5 a - 92.0 a

(2 cm X 15 an) 39.7 b 9.7 b - 90.3 b

SE(32) 1.13 - 0.11 - 0.03 -
cv 12.75 - 15.64 - 5.36 -

*Total N uptake by plant calculated from straw and grain. Nitrogen
contents of rice plants at 105 DAT were used to estimate the total
N uptake (Table 4.17). AEl, AE2, PEl and PE2 are respectively
absolute yield per unit N applied, yield increase per unit N
applied, absolute yield per unit nitrogen uptake and yield
~ Increase per unit nitrogen uptake.
Means iIn the same column, under each factor, followed by the same
letter are not significantly different at the 5% level of

MArobability as determined by Duncan®s Multiple Range Test.
Standard error of the mean with error degrees of freedom in
parentheses.

126



effectiveness can be improved by management so PEl can possibly be
increased. In this experiment, the PEIl propped to 81.6 % at 100 kg N
ha~. Therefore for the same management practices as iIn this
experiment, fertilizer recommendation for IR50-rice variety during the
rainy season should not exceed 100 kg N ha’» the site. In this
area, the regional recommendation for the nitrogen fertilization is 100
kg N ha“r (Anonymous, 1984).

The PE2 value was calculated as the increase in grain yield over
that of the control per unit of nitrogen uptake. The PE2 values for the
combination treatments were higher than for azolla only as well as for
the rest of the treatments. The nitrogen taken up from the combination
treatments was more effectively utilized In producing grain, even
though total amounts of nitrogen taken up were comparable. This
confirms the earlier work of Pu and Zai (1985). They showed that azolla
incorporated into the soil promoted rice growth at the late stages
during grain filling, while preplant and top-dress applications of
fertilizer nitrogen primarily promoted rice tiller production. Bu and
Zai (1985) reported that the use of filiculoides, as a green manure,
supplemented with 67.5 kg N ha*/Y gave a better rice yield than a crops
fertilized by azolla only. The highest yield was achieved when a
successive crop of azolla was grown iIn the field and 45 kg N ha“" was
applied. Daniel (1985) reported that yield and its yield components of
rice, fertilized with azolla combined, had no significant different from
those fertilized with azolla only treatment. However, he reported that

rice fertilized with azolla combined had significantly higher plant
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height and straw yield. On the other hand, Talley and Rains (1980)
reported that yield of rice fertilized with azolla plus nitrogen
fertilizer was roughly equivalent to an equal quantity of nitrogen in

yield response.

Effects of treatments on soil nitrogen content

In flooded soil, inorganic nitrogen is present almost exclusively
as annonium (Ponnamperuma, 1972). Nitrate is stable iIn flooded soils
only in the surface aerobic layer. In this study, iInorganic nitrogen in
the soil was determined over the growing season as the 2N KCI-
extractable fraction. The extraction method is usually used to estimate
both soluble (NO3) and exchangable (NH4-N).

Highly significant differences were detected between treatments at
14 and 30 days after the rice was transplanted (DAT), at 40 DAT the
differences between the treatments decreased (Table 4.19). The soil
inorganic nitrogen at 60 DAT in plots fertilized with azolla either with
or without nitrogen fertilizer were not significantly different from
those plots fertilized with 100 kg N ha~l of urea but were significantly
higher than with the other treatments (Table 4.19). It is assumed that
mineralization of azolla was responsible for the increase in soil
inorganic N. This iIncrease in available N would be expected to promote
rice growth mainly during panicle development.

The rapid decline in available nitrogen from day 14 to day 40

corresponds to the period of rapid rice plant growth with an increasing
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Table 4.19 Effects of azolla and fertilizer-nitrogen application on
soil nitrate and ammonium nitrogen.

Treatments Nitrate and amnonium
at days after transplanting

14 30 40 60 80 105
Mainplots ————ppm - -
Azolla pinnata
+ 25 kg N ha-1i 499c 240d 86 b 15.2a 80 cd 3.2
A. caroliniana
+ 25 kg N ha*“? 51.9c 221 e 80b 154a 7.9d 34
A. pinnata only 216 d 185 Ff 86 b 144 a 6.0 e 3.2
A. caroliniana only 2. 7d 181 Ff 8.4b 13.6 a 55 F 3.0
Control (0 kg N ha*“") 23.7d 202 Ff 66 b 6.2 b 60e 3.1
25 kg N ha-1 51.6 c 25.4c 85b 84b 85c 34
50 kg N ha“l 58.4b 28.7b 81 b 82b 9.0b 35
100 kg N ha-1 77.7a 479 a 13.4a 13.9 a 13.7a 3.9
SE(14)** 0.33 0.41 0.92 0.94 0.14 0.4
Subplots
(Spacings)
(25 cn X 25 an) 53.1a 26.1a 122 a 11.4 8.3 a 3.2
(20 cm X 20 an)" 52.1 ab 25.2b 11.7b 114 79 b 3.1
(20 cm X 15 an) 51.4b 256b 11.7b 11.9 8.0 ab 3.3
0.36 0.23 0.14 0.16 0.09 0.25

*Means iIn the same column, under each factor, followed by the same
letter are not significantly different at the 5% level of probability
~Mas determined by Duncan®s Multiple Range Test.
Standard error of the mean with error degrees of freedom iIn
parentheses.
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requirement for nitrogen. During this time, plants compete with soil
nitrogen transformation processes for the available soil nitrogen. The
gradual decline throughout the rest of the season reflects both the
plants®™ iIncreasing nitrogen requirement and a decrease iIn the soluble
and exchangable nitrogen in the soil.

Nitrate (NO3) was undetectable during the growing season. Any
nitrate formed in the anaerobic zones of a flooded soil is highly
unstable and failure to detect it probably reflects the rapid
denitrification process. In flooded soil, nitrate is stable onlyat the
surface aerobic layer (Ponnamperuma, 1972).

At 30 DAT, the total nitrogen accumulated from incorporating azolla
into the soil three times with or without a urea supplement was
negatively correlated with available soil iInorganic nitrogen measured at
14 DAT (Figure 4.11). The nitrogen accumulation in azolla was low at a
high soil-inorganic nitrogen content. It was assumed that a high level
of i1norganic nitrogen in the soil increased the level of nitrogenin the
standing water which directly inhibited azolla growth (Table 4.7).
Reduced nitrogen fixation by azolla could have occurred but this could
not be confirmed since no nitrogenase activity was measured. Yatazawa
et al. (1980) also showed that nitrogen in the culture solution reduced
azolla growth. According to their data, the growth of A. pinnata was
reduced to 43% of O N treatment when it was cultured iIn a medium
containing 40 ppm nitrogen. Ito and Watanabe (1983) reported that

nitrogen fertilizer reduced the nitrogenase activity of azolla.
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N ACCUMULATED BY AZOLLA AT 30 DAI

ASAFmcnoy of soil moRCAmcy

30-
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SOIL INORGANIC NITROGEN  (PPV)

Figijre 4.11 Relationships between nitrogen accumulation by azolla at 30
days after inoculation and soil iInorganic nitrogen measured at 14 days
after transplanting of rice. Data were from plots fertilized with
azolla eirther with or without nitrogen fertilizer supplement (4
mainplots with 3 rice spacings in three replications). Nitrogen
accumulation (Y) is expressed as a function of inorganic N in*the soil
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Grain yield of rice was highly correlated with soil nitrogen
measured at 14 DAT (Figure 4.12). The data clearly show the strong

dependence of yield on the content of iInorganic nitrogen iIn the soil.

Conclusion

The growth of azolla in the fields in South Kalimantan, Indonesia,
indicates that this plant has a good chance to successfully colonize
rice fields under natural tropical conditions. A. pinnata accumulated
significantly more fresh weight and nitrogen than caroliniana when
intercropped with a wet season rice crop. Rice yield increased relative
to the control by 27.8% for azolla only treatments and by 38% when plots
were supplemented with 25 kg N ha“l of urea. The benefit of azolla to
the rice crop was equivalent to 25 kg N ha“/.

Supplementing azolla with nitrogen fertilizer was effective In
supplying nitrogen to rice early In the season to accelerate tillering.
The N from azolla became available to rice at the panicle development
and grain filling stages of growth. Therefore, there was a higher
physiological efficiency for combination treatments (azolla + nitrogen
fertilizer) than in either azolla only or nitrogen fertilizer only.

Nitrogen fertilizer significantly depressed azolla biomass
production. The reason for the decrease iIn the growth rate was not
clear. Rice yields from combined treatments were significantly higher
than those from either plots fertilized with azolla only or plots

fertilized with 25 kg N ha”“l of urea. It was concluded that In the
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SOIL INORGANIC NITROGEN (PPM)

Figure 4.12 Relationship between grain yield of rice and inorganic
nitrogen in the soil determined at 14 days after trasplanting. The
regression was based on 72 observations (8 mainplots, 3 subplots and 3

replications). Grain yield of rice (Y) is expressed as a function of
inorganic nitrogen in the soil &X).
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presence of combined N, the Azolla-Anabaena azollae association
assimilated the exogenous N sources and fixed atmospheric N2
siraultaneously.

The warm temperatures early in the season could have enhanced
decomposition of iIncorporated azolla, resulting in availability of
nitrogen by the time of panicle development. The potential yield of
rice that was established at heading was realized with available N from
azolla.

There was an inverse relationship between tillers produced per g of
nitrogen uptake and grain yields per tiller of different rice
populations and, consequently, rice yield response to applied nitrogen
was small. Nevertheless, nitrogen addition either from fertilizer or
azolla produced relatively higher yields than control.

Rice spacing is dan important agronomic practice in a rice culture.
When azolla is intercropped with rice, light available to azolla depends
on the population density of the rice plants. In this experiment, a
rice spacing of 20 cm x 20 cm was the best for transmitting light to
azolla, for an optimum growth. At this spacing, rice panicles m“2 was
higher than at rice spacing of 25 cn x 25 cm but lower than at 25 cm X
15 cn. However, percentage of filled grains and a 1000 grain-weight at
the spacing of 20 cn x 20 cm were higher than those at spacing of 25 cm
X 15 an. Therefore, rice yield was the highest at the rice spacing of
20 cm X 20 am.

In this experiment, harvest index, agronomic and physiological

efficiencies for plots fertilized with 100 kg N ha~ were lower than
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those for plots fertilized either with 25 or with 50 kg N ha“L.

However, an improved fertilizer management, such as an increased number

of applications and a deep placement of fertilizer, can usually increase
harvest index, agronomic and physiological efficiencies. Therefore, the
regional recommendation of 100 kg N ha“l (@Annonymous, 1984) has to be

accompanied with a recommendation of an improved fertilizer management.
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CHAPTER V
INFLUENCE OF PHCTOSYNTHETIC PHOTON FLUX DENSITY, OiONTH TEMPERATURE

AND TEEIR INTERACNON CN PHOTOSYNTHESIS OF AZOLLA

INTRODUCTION

Studies by Peters (1975) showed that the Azolla-Anabaena
association and the symbiont isolated from the leaf cavities could fix
CO2. The carbon assimilation rate was shown to be positively correlated
with increasing light at least up to 1,500 comoles m~ s*“~ (Daniel,

1985). Peters and Mayne (1979) demonstrated that in addition to CO2
fixation, photosynthesis also provides ATP and reducing power for
nitrogen fixation. Data given in Chapter 11l showed that nitrogenase
activity increased with increasing light. Therefore, factors
influencing the rate of carbon assimilation will also either directly or
indirectly influence nitrogenase activity.

Differences iIn nitrogenase activity among Azolla species in
response to temperature also have been reported (Liu, 1984).

Nitrogenase activity in caroliniana was higher than in A
filiculoides and A. pinnata under high temperature and high light. No
report was found on the effect of temperature on the carbon dioxide
exchange rate of azolla. It is hypothesized that the successful
performance of azolla in terms of biomass accumulation and nitrogen
fixation may arise from one or more attributes related to community

photosynthesis. It iIs possible that a high photosynthetic capacity at
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moderate light intensities and favorable temperatures will lead to

exceptionally rapid production of dry matter. Another possibility is
that the developmental and morphological characteristic of this free
floating fern results in the preferential allocation of assimilate to
the growth of new fronds. Because azolla normally grows in dilute
nutrient solution, allocation of dry matter to roots would be minimized.
However, when space is limited and growth is retarded due to mutual
shading, only Azolla species with an upright growth habit can continue
to accumulate dry matter.

When azolla is used as a source of nitrogen for rice, it can be
grown either as a monocrop prior to planting rice or as an intercrop
that is incorporated within the first month after planting the rice crop
(Lumpkin and Pluc3crett, 1982). In either of these cropping systems,
azolla may be exposed to sub- or supra-optimal temperature and light
regimes. A constraint to the wider use of azolla iIn tropical areas
where rice is grown is the low productivity during periods of waimm
weather. In the experiment discussed in Chapter IV, growth was assumed
to have been slowed because the temperature at the site of the
experiment was still high at the beginning of the season. Tolerance to
light and temperature stresses is necessary for the success of azolla
when grown as a green manure for the rice crop.

The objectives of the experiment reported here were to evaluate the
effects of growth temperatures on dry matter production by three species
of azolla and to evaluate the interactive effects of growth temperature
and light on the CO2 exchange rate (CER) of azolla. The relationship

between CER, relative growth rate and dry matter content are discussed.
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MATERIALS AND METBODS

Plant preparation. The culture solution used to grow the azolla
used In the study was the same as that described in Chapter 1. Inoculum
was obtained from the azolla collection maintained locally. The plants
were raised in one liter plastic pots in the greenhouse for 4 days to
obtain sufficient biomass for inoculum to use iIn the growth chamber
study.

Methods and other experimental details. The experiment was
conducted in the growth chamber facilities of the Sherman Laboratory,
Department of Agronomy and Soil Science, University of Hawaii. The
study was conducted from August 15, 1985 to September 17, 1985.

Four maiplots consisted of growth temperatures and Azolla species,
A. Tiliculoides, k. pinnata, and A. mexicana, grown as subplots within
the growth temperatures, were arranged iIn a split plot design with three
replications (Table 5.1). The three replications were nested within the
growth temperature treatments. Azolla growth data were analyzed with
the split plot design.

The photosynthetic rates of azolla were measured at three light
levels of 200, 800 and 1300vUmol m“2 s*“l and the light treatments were
as sub-subplots. Therefore, in order to evaluate the main effects and
interactions between growth temperature, species and light levels, the
CERs of azolla were analyzed with split-split plot designs (Table 5.2).
Data collected included fresh weight, dry weight, frond area and cartxsn
dioxide exchange rate. The relative growth rate, frond area index and

specific frond area were calculated. Measurements were done 6 times at
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Table 5.1 Temperature treatments and Azolla species for
the growth chamber experiment conducted at Sherman Laboratory”,

MAINPLOT TREATMENTS (4

Growth Chamber Temperature °C
Light2 Dark
1 20 15
2 25 20
3 30 25
4 35 30

SUBPLOT TREATMENTS (3)

Azolla species

1 Azolla filiculoides
2 A. pinnata
3 X, mexicana

IAzolla growth parameter data which were collected from
the growth chamber were analyzed with split plot designs.
Six measurement times have been done with 5-day-intervals.
Data set from each measurement time were analyzed with
split plot designs. Differences within measurement time
were not tested.

2photoperiod was 12 hours.
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Table 5.2 Treatment arrangement iIn a split-split plot design
for analyzing carbon dioxide exchange rate (CER) data™.

MAINPLOT TREATMENTS (4
Growth Chamber Temperature OC

light2 Dark

1 20 15
2 25 20
3 30 25
4 35 30
SUBPLOT TREATMENTS (3)
Azolla species
1 A. Tiliculoides
2 pinnata
3 A. mexicana
SUB-SUBPLOT TREA3Ma«TS (3)
Light levels ~,umoles mr2 s~1
1 1300
2 800
3 300

ICERs of azolla were determined 6 times at 5-day intervals.
Data from each measurement time were analyzed with split plot
designs. Mean defferences within measurement times were not tested,

~Photoperiod was 12 hours.
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5-day iIntervals. Differences within measurement times were not tested.
Therefore data from each of the measurement time was analyzec®
separately; the growth data were analyzed with split plot designs,
whereas CER data were analyzed with split-split plot designs. An
example of analysis of variance (ANOVA) is presented in Appendix D.

A relative humidity of 80% ~ 5% was maintained in the growth
chambers at all times during the experiment. The photosynthetic photon
flux density, as measured with a LI-COR instruments LI1-190s quantum
sensor and LI1-1776 solar monitor, was maintained at 600 umoles m*“2
during the culture period, with a photoperiod of 12 hours.

Each pot was inoculated with 2.40 g of azolla per one liter plastic
pot (250 g m”2) for each species. Inoculation time were staggered so
that 9 pots were available iIn the growth chamber for CER measurement on
any given day. This was done to assure that all cultures werethesame
age at the time of measurement because photosynthesis could only be
measured on 9 cultures in one day. Therefore, there were 54 pots G
replications X 3 species X 6 measurements) in each of the four growth
chambers.

The plants were grown for 30 days iIn the growth chamber. Six
determinations of CER were made at 5-day intervals, starting 5 days
after inoculation (DAI). In order to observe dry matter production and
relative growth rates of the Azolla species, CER was measured and then
the biomass from each pot was removed from the culture solution, the

excess moisture was blotted away and fresh weight was taken. A one gram
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fresh sample was saved for frond area determination. The rest of the
biomass was oven dried for 24 hours at 70°C. Frond area was measured on
the sub sample by removing the roots and placing the fronds between two
transparent plastic folders. Frond area was then measured with LI-COR
Instruments LI-3100 area meter.

RGR of azolla was calculated as described in Chapter 111. Frond
area index (FAI) and specific frond area (SFA) were calculated as
follows:

@ FAI (a2 total frond area per unit water surface
area. Total frond area was calculated from frond area g“~ multiplied by
the total fresh weight.

b)) SFA (o2 g-1» fresh weight basis) was obtained by division of

total frond area by total fresh weight of azolla in one container.

Cartxxi dioxide exchange rate determination. A semi-closed system
was used to determine the CER of azolla. The components of the system
were an assimilation chamber (AC), a flow meter (F), a Beckman IR 215A
infrared gas analyzer (IRGA), a CO2 injection apparatus to maintain CO2
concentration iIn the system at 300 vppm (IMJ), a copper coil condenser
(@) to maintain the water vapor content of the air at a constant level
before it entered the IRGA, and a General Eastern 1100 AP dew point
hygrometer (H) (Figure 5.1).

The AC was designed by Daniel (1985) and consisted of an acrylic
plastic cover and sleeve which was inserted into the one liter plastic

azolla container. The azolla container was inserted Into a temperature
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Figure 5.1 Diagram of the semi-closed system for gas exchange
determination:

AC = assimilation chamber; AP = air pump; C = azolla
container; CC = CO2 container; CU = condensation unit; F
= flow meter; WP = water jacket; H = dew point-
hygrometer; INJ = CO2 injection apparatus ; IRGA = Infra-
red gas analyzer; L = light source; REC= recorder; T =
copper-constantin thermocuples and ice bath for
temperature reference; WB = water bath; WF = water
filter;
- = alr circulation system;
———————— = water circulation system.
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controlled water bath (\B-2) capable of maintaining the desired
temperature within + 0.1°C. The volume of the AC was approximately 150
cr™.  An air pump (AP2) circulated air through the system components
described previously at 1 liter minute””. A second pump was connected
only to the AC and circulated air through the chamber at 8.6 liter
minute”” to minimize boundary layer effects in the AC. Air leaving the
AC was passed through the dew point hygrometer and then through the CU
in water bath 1 (\B-1) to maintain the dew point temperature of the air
entering the IRGA and returning to the AC (Di) at a constant 14.5°c.

The dew point temperature of air leaving the AC (D) made it possible to
calculate the amount of water entering the system from the fern and
evaporating from the culture solution. The C0O2 concentration of the air
after the passage over the azolla plants in the AC was determined by the
IRGA. As the CO2 in the air declined to about 275 vppm, a Ffixed volume
of CO2 was injected into the system which brought the concentration to
about 330 ppm. The system cycled between these two concentrations, with
the rate of cycling depending upon the CER of the azolla iIn the AC. The
IRGA was calibrated daily with 99.9% N2 and a standard gas containing

301 vppm of CO2.

CER was measured in diffuse light from a 1000 watt Lucalox lamp.
The light was filtered through about 3 cm of water to reduce the
infrared radiation. The PPFD was varied by placing neutral density
screens between the light source and the AC. The PPFD in the AC was
measured with a LI-COR Instruments LI-190SB quantum sensor and a L1-1776

solar monitor.
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Air temperature in the AC was monitored with a 0.25 i aluminum
foil-shielded copper-constantin thermocouple attached to the lower side
of the AC"s transparent cover.

The CER at different PPFDs was determined after equilibrating the
azolla at a given light level until Dg stabilized. The CER of azolla
grown at a particular thermoperiod was determined at the light-periode
air temperature. For example, the CER of zolla grown at 20/15°C
thermoperiod was determined at air temperature of 20°c.

The following equations were used to calculate CER per unit fresh
weight (RYY and per unit frond area ((R;N):

CEIN = (T/(0+©))(22.4 V/th)(I/fw)

RN = (/7(0+1))(22.4 V/ts)(I/fa)
where (BR™ is umol C02 (g fresh weight)”” hr, &R;™ is”~ol C02 (M
frond area)-1 37”, T is sdosolute temperature (273.16 Kelvin), t is the
air temperature iIn the AC, V is the volume of pure CO2 in jjl injected

into the system In th hours or ts seconds, 22.4 is the jul CO2

(afinole)“1, fw is the total frond fresh weight in grams and fa is the
total frond area in nr2.

RESULTS AND DISCUSSIC3N
Elffecta of teoperatxire and species on the fresh and dry weight of azolla
Generally, fresh weight of the azolla increased with increasing

temperature from 20/15 to 25/200c, but then decreased as the growth

temperature continued to increase up to 35°C (Table 5.3). The exception
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Table 5.3 Effects of temperature and species on Azolla fresh weight.

Treatments Fresh weight at days after inoculation
5 10 15 20 25 30
Tenperature
20/150C 598 c* 1533 b 2413 be 3463 b 3956 b 4788 a
25/200C 938 b 2298 ab 3579 a 4093 a 6614 a 4998 a
30/250C 1331 a 1917 ab 2224 b 2923 ¢ 3388 b 3069 b
35/300C 937 b 1758 ab 2197 b 3305 be 3339 b 3059 b
SE(®)™* 178 185 63 146 269 145
Species
A. filiculoides 904 1940 2797 3714 a 4359 a 4145 a
A. pinnata 1040 1860 2643 3107 b 4022 b 3872 b
A. mexicana 902 1829 2670 3018 b 4192 b 3589 b
SE(16) 143 63 183 138 193 178

*Means iIn the same column, under each factor, followed by the
same letter are not significantly different at the 5 level of
probability as determined by Duncan®"s Multiple Range Test.
Values are the means of three replications.

**Standard error of the mean with error degrees of freedom iIn
parentheses.



was at 5 DAl when fresh weight increased with increasing air temperature
up to 30*e The same patterns of response were also detected iIn dry
weight data (Table 5.4).

Since there were no significant interactions between temperature
and species, only the data for the main effects of temperature averaged
over species and species averaged over temperature are presented. The
growth of azolla over time was optimum at 25/20” as indicated by the
significantly higher fresh weight accumulation at 15, 20, 25 and 30 DAI.
Total fresh weight production by the three species was not significantly
different until 20 days after inoculation (DAl) (Table 5.3). At that
time and thereafter, A. filiculoides had the highest fresh weight
production with no significant differences between A. pinnata and A.
mexicana.

Young (G DAI) Azolla species grown at 30/250C produced more dry
weight than those at other thermoperiods. However, the dry matter
production was highest at 25/200C was the highest at the later sampling
dates (Table 5.4). The dry weight production by A. filiculoides was
also significantly higher than that of the other species at 20, 25 and
30 DAI.

Generally, dry matter contents decreased with increasing growth
temperatures and increased with time (Table 5.5). The results are
consistent with those of Daniel (1985) who found that the dry matter
content of A. caroliniana and A. microphylla decreased with iIncreasing
growth temperature and increased with time. The decrease in dry matter

content with increasing temperature has also been reported for other
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T~Ale 5.4 Effects of temperature and species on Azolla dry weight.

Treatments
10
Tenperatujre
20/150C 35.0c 74.6
25/200C 43.2 b 102.2
30/250C 54.8 a 75.1
35/300C 46.4 b 79.2
SE(8)** 1.90 5.80
Nsecies
A. Tiliculoides 37.8 80.5
A. pinnata 49.9 85.2
A. mexiccina 46.7 82.5
SE(16) 14.00 2.30
*Means iIn the same column,

Dry weight at days after transplanting

15 20 25 30
g nr2
b 128.4 b 201.2 a 286.5 b 266.0 a
a 157.8 a 217.1 a 328.9 a 296.9 a
b 112.8 ¢ 168.2 b 250.4 ¢ 200.8 b
b 128.6 b 165.6 b 192.3 d 208.5 b
3.20 10.80 8.60 9.70
125.3 193.2 a 260.2 a 240.7a
131.5 163.4 b 251.4 b 190.5b
138.8 153.0 ¢ 258.2 b 197.0b
5.39 4.98 9.10 8.80

under each factor,

followed by the

same letter are not significantly different at the 5% level of
probability as determined by Duncan®s Multiple Range Test.
Values are the means of three replications.

**Standard error of the mean with degrees of freedom in

parentheses.
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Table 5.5 Effects of temperature and species on Azolla dry
matter content.

Treatments Dry matter content at days after inoculation
5 10 15 20 25 30
Teilrperature %
20/150C 6.11 a 5.09a 5.47a 5.91  7.40 a 5.58
25/20°C 4.65 be 4.49 b 4.43 b 5.33 5.17 ¢ 6.00
30/25°C 413 c 4.42 b 5.14 a 5.86 6.52 b 6.05
35/30°C 5.05 b 4.24 b 5.00 a 5.07 6.16 b 5.49
SE(8)** 0.23 0.28 0.17 0.34 0.69 0.59
Species
A. filiculoides 4.25 b 4.36 b 4.64 b 5.25 6.01 b 5.68
A. pinnata 552 a 4.8 a 5.38 a 5.37 7.21 a 6.07
A. mexicana 548 a 452 b 5.32a 5.30 6.47 a 5.72
SE(16) 0.17 0.27 0.20 0.25 0.34 0.36

*Means iIn the same column, under each factor, followed by the
same letter are not significantly different at the 5% level of
probability as determined by Duncan®s Multiple Range Test.
Values are the means of three replications.

**Standard error of the mean with error degrees of freedom in
parentheses.
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aquatic fem, such as in Salvinia molesta and Eichornia crassipes (Sale
et al., 1985).

A higher dry matter content was found in A. pinnata than in the
other species, while A. filiculoides had the lowest dry matter content
(Table 5.5). The dry matter content in A. mexicana was not
significantly different from that in A. pinnata, except at 10 DAI.

There was a significant species by temperature interaction on dry
matter content at 5 DAlI. At the other measurement days, the interaction
was not significant. At 5 DAI, A. filiculoides consistently had lower
dry matter contents at all growth temperatures than those other species.
The dry matter content of A. mexicana was lower than that of A. pinnata
at 20/150C, but at the higher thermoperiods A. pinnata had lower dry
matter content than A. mexicana (Figure 5.2). mexicana aparently was
more tolerant to high temperature than A. pinnata (Figure 5.3). The
absence of upright growth may be the reason for the higher dry matter
content of A. pinnata and A. mexicana than that of A. filiculoides.
Probably dry matter accumulation proceeds slower than frond area
increase due to the presence of upright growing habit in A.
filiculoides. Therefore, dry matter content of A. filiculoides was the
lowest. Dry matter content may be an important parameter in evaluating
the regeneration potential of azolla fronds. Fronds of A. pinnata which
had a high dry matter content grew rapidly when used as planting
material. The species had a highest biomass production at 5 DAl (Table

5.3).
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SPECIES BY TEIEPERATURE INTERACTION
Oy DHT iUTTSJi CONTSyT OF I1IZOLUi

CFICNTH TEMPEafITURE *C

Figure 5.2 Effects of temperature and species on Azolla dry matter
content at 5 days after inoculation. Data are the means of three
replications.
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Effects of teirperature and species on the relative grcwth rate of azolla

The main effects of temperature and species on relative growth rate
were significant (Table 5.6). Since the temperature by species
interaction was significant only at 5 DAlI, the following discussion
will concentrate on the main effects.

R® of azolla increased with increasing temperature from 20° to
250C and then decreased at a temperature greater than 250c in a manner
similar to the dry weight data. Except for 5 DAI, the R® of A.
filiculoides was the highest. There were no significant differences iIn
RQ”™ of A. pinnata and A. mexicana at all sampling dates (Table 5.6).

The RGRs decreased with time. These results were similar to those
reported in Chapter 111 and to those usually reported in azolla, namely
the RGRs decreased with age cird with increase of azolla biomass due to

conpetition for light and space (Lumpkin and Plucknett, 1982).

Effect of teirperature and species on the frond area relationships of
azolla

The frond area index (FAI) is the total frond area per unit of
water surface. NO significant temperature by species iInteraction was
found for FAlI. The frond area index of azolla increased as the growth
temperature increased from 20/15 to 25/200C (Table 5.7) in a manner
corresponding to increase in fresh weight. The FAI was significantly
correlated with fresh weight (r = 0.65, n=54). Such a result would be
expected since most of the fresh weight biomass consists of frond

tissue. A. Tiliculoides had a significantly higher FAl than did
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Table 5.6 Effects of temperature and species on Azolla relative growth
rate (RGR).

Treatments Relative grcwth rate at days after inoculation
5 10 15 20 25 30
Temperature -@gl9-1 day-1 - -
20/150c 203.3 ¢ 151.6 b 109.9 b 88.2 a 53.5 -14.2
25/200C 244.4 b 172.6 a 1159 a 91.2 a 62.2 -20.9
30/250C 2945 a 111.7c 81.1 c 80.3 a 51.3 -24.2
35/300C 256.1 b 109.6 ¢ 97.9c 499.0b 201 -17.1
SE(8)** 17.7 20.7 13.3  13.6  18.5 9.0
Mecles
A. Filiculoides 227.5 b 152.9 a 98.2 a 84.3 56.5 -11.7
A. pinnata 243.2 a 105.3 b 8.6 b 73.7 4.2 -15.8
A. mexicana 259.9 a 114.2 b 80.7 b 78.2 53.1 -19.1
SE(16) 6.9 10.8 9.5 11.8 8.3 10.8

*Means in the same column, under each factor, followed by the
same letter are not significantly different at the 5% level of
probability as determined by Duncan®s Multiple Range Test.
Values are the means of three replications.

**Standard error of the mean with error degrees of freedom iIn
parentheses.
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Itohle 5.7 Effects of temperature and species on Azolla frond

area index (FAI).

Treatments
5
Tenfserature
20/150C 1.71
25/200C 1.51
30/250C 3.27
35/300C 1.83
SE(8)** 0.09
~secies
A. Ffiliculoides 2.06
A. pinnata 2.16
A. mexicana 2.03
SE(16) 0.10

FAlI at days after inoculation
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*Means iIn the same column, under each factor, followed by the
samne letter are not significantly different at the 5% level of
probability as determined by Duncan®s Multiple Range Test
Values are the means of three replications.

**Standard error of the mean with error degrees of freedom in

parentheses.
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A. pinnata and A. mexicana. This result was consistent with results
obtained iIn the experiment reported inChapter IIl.

The FAI increased with time to 25DAl and then leveled off.
Presumably, the development of new fronds was balanced by the presence
of frond death or growth was slowed due to competition for light in a
mature mat.

The specific frond area is defined as the total frond area g~
fresh weight. The SFA is a measure ofthe relative thickness of the
leaves. When SFA was averaged over species, SFA generally decreased
with increasing growth temperature (Table 5.8). This result probably
was due to an increase iIn frond thickness with increasing temperature
and, therefore, a decrease in frond area. The results were consistent
with those reported by Daniel (1985). In legumes, an increase iIn leaf
thickness with increasing temperature has been reported by Peet et al.
(1977). Significant differences in SFA were found among species. The
SFA values of A. Tiliculoides were significantly higher than those of
the other species. The rate of leaf expansion for this species was
higher than the other two species and the dry matter contentwaslowest,
indicating that A. filiculoides was efficient in partitioning new dry

matter to leaf area rather than to dry weight (Table 5.5).

Effects of tenperature and species on the CER of azolla

The selection of plants for high dry matter production is based on
their photosynthetic capacity, requires a consideration of whether to
use the capacity on a leaf area basis (CERa”™ ~ fresh weight basis

(CER™), The photosynthetic capacity value, which is closely related to
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T&hle 5.8 Effects of temperature and species on Azolla specific frond
area (SFA).

Treatments Specific frond area at days after inoculation
5 10 15 20 25 30

Teirperature - - - - a2 (g fresh weight) e
20/150C 28.4a 28.0a 27.5a 27.5c 27.2a 2750b
25/200C 16.2d 23.9c 239b 285a 28.4a 28.2 a
30/250C 247 b 245b 25.2b 25.2c 26.1a 25.0c
35/300C 19.7c 23.8c 23.9c 20.5d 20.5b 20.5d
SE(®)™ 1.00 0.38 0.18 0.23 3.10 0.92
Species

A. filiculoides 22.5a 26.3a 255a 25.1 a 24.9 24.8 a
A. pinnata 21.2b 241 c 239b 241 b 26.8 24.1 b
A. mexicana 23.1a 24.8b 23.7b 24.7 b 26.8 23.3 b
SE(16) 0.22 0.14 0.10 0.29 2.72 0.29

#Means iIn the same column, under each factor, followed by the
same letter are not significantly different at the 5% level of
probability as determined by Duncan®s Multiple Range Test.
Values are the means of three replications.

+¢Standard error of the mean with error degrees of freedom in
parentheses.
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growth parameters, was chosen for breeding and selection of tall fesque
(Wilhelm and Nelson, 1985). In this study, the photosynthetic capacity
of azolla on an area basis and on fresh weight basis In response to
different growth temperatures and light levels was evaluated.

The CER on an area or a weight iIn response to temperature were
similar (Tables 5.9 and 5.10). The optimum temperature for CER™ and for
R of the Azolla species was 25/20°C when data were averaged over
species and light levels (Tables 5.9 and 5.10). Generally, the carbon
assimilation rate decreased at temperature greater than 25°C.

There were significant differences in CER among species with A.
pinnata having the highest rate. No significant differences between A.
filiculoides and A. mexicana were found on either a weight or area
basis.

The effects of each growth temperature on CERs over time were
different from each other (Tables 5.9 and 5.10). At thermoperiod of
20/15°c, the CERs increased up to 10 DAl and then deccreased. At
thermoperiod of 25/20°C/ an optimum temperature for photosynthesis of
azolla, the CERs increased with age up to 20 DAl and then decreased. On
the other hand, the CERs were continuously decreased with age when
azolla was grown at thermoperiods of 30/25®c and of 35/30°C.

The effects of age on CER of each of Azolla species were also
different from each other (Table 5.9 and 5.10). In A. filiculoides, the
CERs increased with age up to 10 DAl and then decreased. Probably the
mutual shading occurred at the species after 10 DAl as a result of
significantly higher FAl values then those of the other two species

(Table 5.7). In A. pinnata, the CERs increased up to 20 DAl and then

157



T~le 5.9 Effects of tenperature and species on Azolla

dioxide exchange rate per unit fresh weight (CER;").

Treatments

Mainplots (4

Tenperature:
20/150C
25/208C
30/25°C
35/30°C

SE{8)**
Subplots ()
Species:

A. Tiliculoides
T. pinnata

A. mexicana
SE(16)
Sub-subplots (3)

Light levels:
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*Means in the same column, under each factor, followed by the
same letter are not significantly different at the 5% level of
probability as determined by Duncan®s Multiple Range Test
Values are the means of three replications.

**Standard error of the mean with error degrees of freedom in

parentheses.

158

OoT 9



T&ble 5.10 Effects of temperature and species on Azolla carbon dioxide
exchange rate per unit frond area (CR;").

Treatments CR;™ at days after inoculation
5 10 15 20 25 30
Mairpjlots (@ — aanol 002 (M frond area)”” s - -

Tenperature:

20/15°C 5.3 b* 5.77 b 5.23a 5.32a 2.39 ab 2.87 b

25/20°C 545b 6.77a 7.58 a 9.08a 4.97 a 3.58 a

30/25°C 744 a 3.90b 49b 3.42b 1.05c 1.82 c

35/30°C 6.32b 0.25b 543b 2.39b 291 b 2.15b

SE(8) 0.51 0.63 0-39 1.36 0.92 0.58

Subplots (3

Species:

A. Tiliculoides 6.74 b 4.56 5.58 5.27 b 3.43 3.27 a

A. pinnata 7.39 a 5.03 6.02 6.03 a 3.58 3.32 a

A. mexicana 6.54 b 5.89 5.79 3.80 ¢ 2.98 2.71 b

SE(16) 0.37 0.55 0.19 1.04 0.57 0.17

Sub-subplots (3)

Light levels:

oanoles m”" s*

1300 7.93a 7.37 a 6.4 a 6.15a 5.03a 4.31 a
800 7.54a 645b 6.18b 545b 3.44 b 3.58 b
300 520b 443 c 3.58c 249 c 151 c 1.48 c

SE(64) 0.32 0.15 0.19 1.34 0.57 0.33

*Mecins in the same column, under each factor, followed by the
same letter are not significantly different at the 5% level of
probability as determined by Duncan®s Multiple Range Test.
Values are the means of three replications.

**Standard error of the mean with error degrees of freedom in
parentheses.
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decreased at the later measurement times. Whereas in mexicana,
generally the development of CERs with age was the same as that in A.
filiculoides. However, the continuously decreased iIn CERs of A
mexicana beyond 10 DAl were presumably not due to mutual shading effects
as it likely occurred in A. fTiliculoides.

Generally, the effects of light levelsover time were the same at
each light level (Tables 5.9 and 5.10). Atall light levels, the
photosynthetic rates decreased with age.

There were no significant interactions between light and species at
all measurement times. As usually found inother crops, the
photosynthetic rate of azolla decreased with decreasing PPFDs (Tables
5.9 and 5.10).

There was a significant temperature by species interaction for CERM
at 15 DAl (Figure 5.3). The interactions were not significant at the
other measurement times. The interaction resulted from the fact that
the CER™ of A. TFiliculoides was less than that of the other two species
at 20, 30 and 35°C but greater than the other two species at 25°C. The
reason for the presence of a significant interaction at 15 DAl and for
the absence of an interaction at the other measurement times is not
clear.

Light x temperature X species interaction also significantly
influenced carbon assimilation of azolla at 15 DAl (Table 5.11). The
interaction resulted from the fact that the CBR™™ of A. mexicana was less
than the other two species at 20°G but greater than the other two

species at 350 when RV was determined at 800 and 1300amoles m“/" s*“/,

The three factor interactions were not significant at the rest of

160



SPECIES BY TEMPEEATUEE INTEEACTION
QITpsQTOSsrtrrsiTic juts Or azolla

SaOWTH TEMPEBFITUNE *C

Figure 5.3 Effects of temperature and species on Azolla carbon dioxide
exchange rate per unit fresh weight ((R¥Y) at 15 days after inoculation.
Data are the means of three light levels and three replications.
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measurement times and probably the iInteractions do not mean much for a
long periode of growth.

The pattern of (R and (BR;™ in response to growth temperatures
were similar (Tables 5.9 and 5.10); therefore CR;® and (&j,J were
positively correlated (Table 5.12). The results obtained here are
comparable to those results usually obtained for other crops. The
relationship between CER™ and CERM in tall fesque was significant, with
coefficients of correlation ranging from 0.82 to 0.94 (Wilhelm and
Nelson, 1985).

CER™ and CRy™ were positively correlated with dry matter content
and relative growth rate at 5, 10, 25 and 30 DAl (Table 5.12). It can
be concluded that Azolla species having a high photosynthetic rate under
a given set of conditions, would have a high RGR and a high dry matter
content.

With young azolla at 5 and 10 DAI, the photosynthetic rates of
azolla were positively correlated with FAl and SFA (Table 5.12).
Probably mutual shading effects were minimal at these ages. Mutual
shading effects on the became more intense as FAl increased with time
and i1t significantly affected the photosynthetic rates. Therefore, the
photosynthetic rates were negatively correlated with the FAI and SFA, at
20, 25 and 30 DAI. The relationship was not significant at 15 DAl and
this could have been due to the presence of the species by light by
temperature interaction on photosynthesis of azolla at 15 DAl (Table

5.11).
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Table 5.11 Effects of light, temperature and species on Azolla
carbon dioxide exchange rate per unit fresh weight (CER™) at 15 DAI,

. F
Light levels Growth CERw of Azolla species
Tenperature
A.filiculoides A. pinnata A. mexicana

SIE m*“Nst N °C ————wumolles C02 (g fwt.)*“” hr-1 - - -
1300 20/15 72.82 87.87 68.88
25/20 90.91 99.10 95.85
30/25 56.18 62.43 69.89
35/30 44.74 53.34 59.29
Mean 66.16 75.68 73.47
800 20/15 57.47 83.72 75.07
25/20 89.18 84.18 86.77
30/25 49.78 56.60 59.96
35/30 42.23 45.88 48.95
Mean 59.66 67.59 67.69
300 20/15 35.27 36.40 38.58
25/20 42.49 40.30 41.56
30/25 31.30 31.90 34.31
35/30 23.04 27.71 33.95
Mean 33.02 34.08 37.10

*Values are the means of three replications.



Table 5.12 Correlation coefficients™ between COo exchange rates,
frond area index (FAl), specific frond area (SFA), relative growth
rate (RGR) and dry matter content (OM).

Observations CERw FAI SFA RGR DM
At 5 DAl ;
CERN 0.36 0.44 0.43 0.65
CERa 0.65 0.43 0.37 0.57 0.39
At 10 DAI
CER,, 0.32 0.34 0.55 0.23
CERa 0.94 0.37 0.25 0.60 0.34
At 15 DAI
CERN 011 ns 0.12 ns 0.16 ns 0.18 ns2
CERa 0.89 0.19ns 022 ns 0.15 ns 0.18 ns
At 20 DAI
CERW - -0.63 -0.55 0.21 0.03 ns
CERa 0.98 -0.58 -0.47 0.11 ns 0.09 ns
At 25 DAI
CERN -0.23 -0.31 0.33 0.45
CERa 0.94 -0.35 -0.46 0.46 0.45
At 30 DAI
CERw -0.28 -0.36 0.54 0.38
CERa 0.91 -0.33 -0.36 0.61 0.39

IEach of the correlation coefficient was calculated from 12 pairs
of data (3 species x 4 growth temperature). Values are the means
of three light levels and three replications.

Values followed by ns notation were not significant different

at 5% level of probability.
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Conclusion

The differences in growth rate and CER among Azolla species were
related to foliar characteristics. Frond area index and specific frond
area appear to be inportant determinant of CER as they are in other
plants. CER increased with increasing light intensity and decreased as
temperatures increased beyond 25°c. The optimum thermoperiod for CER
and growth was 25/20°C for all species under study. The photcsynthetic
rates of azolla was positively correlated with FAI, SFA and RGR when a
young azolla canopy was present. Then, as is usually found iIn other
crops, the canopy photosynthetic rates declined with increasing FAl and
SFA. Therefore, iIn the presence of mutual shading in a mature azolla
canopy, the photosynthetic rates were negatively related to FAl and SFA.
The photosynthetic .rate was positively related to RGR and dry matter
content of azolla. In this study, A. pinnata had a higher CER and dry
matter content than did mexicana or A. filiculoides. However,
filiculoides had higher dry matter accumulation than did A. pinnata or
A. mexicana. Having a vertically growing fronds, A. Ffiliculoides was
able to grow when space was limited at a mature mat and the growth was

retarded due to mutual shading.
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APPENDIX A. Analytical Methods

A.l1 Determination of total N In the plant tissue

The microdetermination of nitrogen suggested by Mitchell (1972) was
used to determine total N content in azolla and rice leaf tissue. In
this method, a plant sample was digested with CUSO4 as catalyst in an
acid medium, EDTA was added to prevent interference from metals, and the
resulting solution was netralized to pH 7. Sodium nitroprusside was
added and the color was allowed to develop for 1 hr; the absorbance was
measured at 625 nm (Mitchell, 1972).

The azolla samples were oven dried for 48 hrs at 70°c. A 0.05 gof
leaf, ground to 20 mesh, and 3 boiling chips were placed in a 75 ml
digestion tube. One half teaspoon of mixed salts 30 : 0.5 : 2 of K2SO4
: FeS04 ;CuS04 was added to the tube followed by 1 ml of H202 and 3 ml
concentrated H2S04 . The digestion of the sample was done at 150°C for
30 minutes, then at 375°C for 3 hours. After cooling, the sample was
diluted to 100 ml with deionized water. Nitrogen iIn the sample was
determined colorimetrically be the method of Mitchell (1972) at a
wavelength of 625 nm. The amount of N in the tissue was calculated.

The same method was used to determine total N in rice leaf tissue.

A-2 Determination of nitrogenase activity pa azolla
Nitrogenase activity was determined using the acetylene reduction
assay of Hardy et al.(1968). One gram of plant materialwas placed in a

500 ml jar containing 150 ml of azolla culture solution. The jar was
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fitted with a rubber serum stopper. Then, 35 ml of air (10% of the
total air in the jar) was taken out of the jar. The same amount (35 ml)
of acetylene from a portable balloon was then injected through the serum
stopper into the jar. The jars were then incubated for one hour in the
greenhouse under shade. Two ml of gas was withdrawn from the incubated
jars. This was transferred to a 20 ml pyrex vial for subsequent
determination of ethylene by a Perkin-Elmer 990 gas chromatograph. The
result was expressed as nanomoles of ethylene form per gram fresh weight

or per gram dry weight per hour.

A.3 Determination of inorganic nitrogen in the soil

The inorganic nitrogen (KClI extractable NH™-n) was determined by
the method of Bremmer (1965).

In the laboratory, the composite wet soil sample was mixed
thoroughly. A 40 g subsample was used for KCl extraction and moisture
determination. About 40 g wet soil was weighed into a wide mouth
conical flash, and 100 ml of 2 N KCI was added. The sample was shaken
for one hour iIn a zig-zag automatic-shaker. The extract was filtered
and ainnonium nitrogen was determined by steam-distillation of a 20 ml
aliquot, using 0.2 g MgO. Anmonium nitrogen liberated during
distillation was collected into a receiver containing 5 ml of 4% boric
acid indicator solution and then was titrated with standard sulfuric
acid to a methyl red end point. The aimonia was calculated by the

method of Bremner (1965).
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APPENDIX B. Average temperature and relative hunidity
(RH) inside the greenhouse.

Experiment TEVPE2MATELRE RH

Experiment 1
(May 2 to May 22, 1984)

1 -7 days 30.5 51
8-14 days 33.1 52
15-21 days 34.2 438

Experiment 2
(June 1 to June 30, 1985)

1 -7 days 31.4 49
8-14 days 34.2 50
15 - 21 days 33.5 48
22 - 30 days 33.2 49
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APPEUDIX C Analysis of variance of yield and yield coopcnent
of rice frcm field experiment.

C.1 Analysis of variance for rice yield (tons ha“?) as influenced by
different sources and rates of fertilizer nitrogen and spacings.

Sources DF Sum of squares Mean Square F value

S os) calc. 0.05 0.01
Rep (®) 2 0.7945 0.3973 “ 1.88"s 3,74 6,51
Nitrogen Q) 7 35.3658 5.0523 23.97** 2.76 4.28
Error a 14 2.9518 0.2108
Spacing () 2 5.4363 2.7181 “T 12.86** 3.29 5.34
N XS 14 2.5242 0.1803- 0.85"s 2.01 2.70
Error b 32 6.7616 0.2113
Total 71 53.8343

Significant at 1% level probability,
~non significant.
CV = 11.78%

C.2 Analysis of variance for panicle number per square meter as
influenced by different sources and rates of fertilizer nitrogen and
spacings.

Sources DF Sum of squares Mean Sguare ? value
(€] ws) calc. 0.05 0.01

Rep R) 2 43396.73 21698.37- 6.29"s 3,74 6.51
Nitrogen () 7 247157.94 35308.28- 10.23** 2.76 4.28
Error a 14 48322.43 3451.60 - - _
Spacing (S 2 294336.16 147168.08%  111.93** 3.29 5.34
N X 3 14 33617.23 2401.23- 1.83fs 201 2.70
Error b 32 42076.00 1314.88 - - -
Total 71 708906.49 -

Significant at 1% level probability.
"“Won significant.
Of = 19.7%
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c-3 Analysis of variance for percent filled grain as influenced by
different sources and rates of fertilizer nitrogen and spacings.

Sources DF Sum of squares Mean Square F value

€S) s calc. 0.05 0.01
Rep (R) 2 0.522 0.261- 0.22"» 3.74 6.51
Nitrogen (N) 7 266.940 38.13 - 32.59*%* 2.76 4.28
Error a 14 16.38 1.17
Spacing () 2 55.42 27.71 26.90** 3.29 5.34
N XS 14 371.98 26.57 - 1.99ns 2.01 2.70
Error b 32 32.87 1.03
Total 71 744 .11

Significant at 1% level probability,

~on significant.
CV = 15.20%
C.4 Analysis of variance for grain per panicle as influenced by
different sources and rates of fertilizer nitrogen and spacings.
Sources DF Sum of squares Mean Square E value

E) os) calc. 0.05 001
Rep (R 2 183.69 91.35- 0.12"s 3,74 6.51
Nitrogen (\) 7 979.%4 139.93- 2.01"™~ 2.76 4.28
Error a 14 3067.75 219.13 - - -
Spacing () 2 415.19 207.59 1 2.05"" 3.29 5.34
N X 3 14 2185.25 156.095 1.54™ 2.01 2.70
Error b 32 3246.89 101.46 1 - -
Total 71  10077.32

kS

Significant at 1% level probability
~@Ncn significant
or = 8.87%
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C.5 Analysis of variance for 1000 grains weight as influenced by
different sources and rates of fertilizer nitrogen and spacings.

Sources DF Sum of squares
€S

Rep (R 2 0.565
Nitrogen () 7 56.035
Error a 14 21.%41
Spacing () 2 20.567

N XS 14 33.259
Error b 32 54.047
Total 71 -

Significant at 1% level probability

~Anon significant
CV = 16.65%

Mean Square

)

0.283-
8.005*
1.539
10.284-
2.376-

1.689

F value
calc. 0.05
0.1S"s 3.74
5.20 2.76
6.09 3.29
1.41™ 2.01

0.1

H O
N O]
o K

N o
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APPENDIX D  Sanple of analysis variance for a split plot
design and a split-split plot design for the growth chamber

experiment.

D.1 Sample ANOVA of a Split Plot Design in which replicates
were nested in the mainplots. Fresh weight data measured at

5 DAl was used iIn this exanple.

Source of df SS MS
variation

Growth Temperature

(o)) 3 2426283 80894
Rep. in GCT 8 52822 6602
Species (SP) 2 361862 180931 -1
SP X GCT 6 298428 49738 -
Error () 16 352836 22052
TOTAL 35 3492231 -

~®Non significant

**3ignificant at 5 percent probability
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F value

12.25*%* 4.07

8.20* 3.63

2.25""s 2.66

*

0.05 0.01

7.59

6.23

4.03



D.2 Sample ANOVA of a Split-Split Plot Design in which

replicates were nested in the mainplots. CER data measured at
15 DAl was used in this example.

Source of df SS MS F value
variation Calc. 0.05 0.01
GCT*** 3 11953.42 334.47-1 5.25* 4.07 7.59
Rep. in GCT 8 6079.74 758.72 - ; -
Species (SP) 2 1280.87 640.431 3.70* 3.63 6.23
SP X GCT 6 3676.36 612.73- 3.53* 2.66 4.03
Subplot Error b 16 2769.55 173.09 - - -
Light 2 25852.98 12926.49-74.68 3.16 5.01
Light X SP 4 231.00 57.75- 0.33V® 2.54 3.68
GCT X Light X SP 12 5932.20 494_.35- 2.87 1.93 2.53
Residual (Error ¢ 54 9347.23 173.09 - -
TOTAL 107 67113.15 - - -

GCT = growth temperature,
~MSignificant at 1 percent probability
“significant at 5 percent probability

SNon significant
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