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Summary
The first part of the review deals with the components of the ecosystem
(floodwater, photosynthetic aquatic biomass, and fauna 1, their properties and
activities. Variations of the major physical and chemical properties of the floodwater
(temperature, pH, Oz concentration, N content ...) during the crop cycle are
summarized. The section on photosynthetic aquatic biomass considers composition,
nutrient contribution, and effects on N dynamics, namely: biological Ri?. fixation, N
immobilization, N recycling, N accumulation at the soil surface, N supply to the rice
crop, and N losses by NH3 volatilization in relation to pH increase due to
photosynthetic activity in the floodwater. The section on fauna emphasizes gazing
and nutrient recycling by ostracods and snails, and the role of tubifiad worms on
floodwater ecology.
The second part deals with the agronomic management of the floodwater
ecosystem. It reviews the effects of crop intensification on floodwater ecology and
cultural practices that take advantage of the agronomic potential of the floodwater
ecosystem.
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INTRODUCTION
About 75% of the 143 M ha of rice land are wetlands where rice grows in flooded
fields during part or all of the cropping period.
The effects of flooding beneficial to rice cultivation are: 1)bringing the soil pH
near to neutrality; (2) increasing availability of nutrients, espeaally P and Fe, (3)
maintaining soil ; (4) stimulating Nz-fixation; (5) depressing soil-borne diseases; (6)
supplying nutrients from irrigation water; (7) decreasing weed incidence, espeaally
those of C4 type, and (8) preventing water percolation and soil erosion (Natanabe et al,
1988). Submergence is especially important for maintaining soil N fertility when rice is
grown year after year without N fertilizer. In such conditions, biologically fixed Nzis
considered as responsible for the maintenance of the crop yield. Its contribution,
estimated from Nz balance studies, is 15-50 kg N crop-' (Koyama and App, 1979). Bluegreen algae (BGA), the major indigenous N2-fixing agent in the floodwater, were
attributed much of the natural fertility of wetland ricefields by De (1936).
Principal environmental characteristics of wetland ricefields are determined by
flooding, the presence of rice plants, and agricultural practices. Flooding creates
anaerobic conditions in the reduced layer, a few millimeters beneath the soil surface.
This lead to the differentiation of five major environments ( Fig. 1) differing by their
physical, chemical, and trophic properties: floodwater, surface oxidized soil, reduced
soil, rice plants (submerged parts and rhizosphere), and subsoil (Watanabe and
Furasaka, 1980).
Figure 1.Major environments of the wetland ricefield ecosystem.
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The flooded ricefield is a temporary aquatic environment subject to large
variations in insolation, temperature, pH, 0 2 concentration, and nutrient status. The
ecosystem is frequently disturbed by cultural practices which prevent it from reverting
back to a marshland (Watanabe and Roger 1985). The artificial and temporary nature of
the ricefield renders it a difficult ecosystem to study, as agrochemical use and frequent
disturbances interrupt observations of community structure, population succession,
and nutrient cyding (Grant et al. 1986). As a result, ecological studies of tropical
ricefields are scarce. There were, however, detailed studies conducted in Thailand
(Heckman 1979), and in the deepwater ricefields in Bangladesh (ODR498.4).
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This paper reviews some major ecological and agronomic aspects of the biology
of the floodwater of shallow wetland ricefields. The first part deals with the
components of the ecosystem, their properties and activities. The second part reviews
the effects of crop intensification on floodwater ecology and related effects on soil
fertility, and the cultural practices that take advantage of the agronomic potential of
the floodwater ecosystem.

THE FLOODWATER ECOSYSTEM
The floodwater is a photic, aerobic environment where chemo- and
photosynthetic producers (bacteria, algae and aquatic weeds), primary consumers
(grazers), and secondary consumers (carnivorous insects and fish) provide organic
matter to the soil and recycle nutrients. Because of the continuous exchanges between
floodwater and the oxidized soil, Watanabe and Furusaka (1980) considered both
environments in a continuum.
Floodwater environment
'

In irrigated rice, floodw-ater depth varies from nil to 15 cm depending on the
type of water management (De Datta 1981).In nonirrigated areas, it ranges from nil to
more than 1 m and exhibits a wide range of patterns.

Temperature. Temperature of flooded rice soils may range from 15 to 40QC(Dae
Young-Cho and Ponnamperuma, 1971). Highest temperatures in the ecosystem are
usually recorded in the floodwater and at the soil surface (Fig. 2). Floodwater
temperature depends mostly on air temperature, solar radiation, density of the rice
canopy and aquatic plants, water depth, and its dynamics. Maximum daily values may
often reach 364OPC and go beyond 40* C at the beginning of the crop (Fig. 3). Daily
variations range from a few * C to about 15QC. They increase as water level decreases
and are larger in temperate and subtropical areas (Noble and Happey-Wood 1987) than
in tropical areas. Low temperatures favor eukaryotic algae, while higher temperatures
favor blue-green aigae (BGA). Both low and high temperatures (> 40QC) reduce
photosynthetic activity in floodwater (Roger and Kulasooriya 1980).
Figure 2. Monthly average of maximum temperature of au, floodwater, upper (O-Zan),
and lower (2-10an)soil at 2 pm in a rice field, IRRI, Philippines, 1987.
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Figure 3. Water temperature at 2 pm in a ricefield, IRRI, Philippines, 1987.
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Figure 4. Relation between plant height and 70 of incident light transmitted under the
rice canopy (after Kurasawa, 1956)
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Oxypn and pH. Concentration of 0 2 in the floodwater results from an
equilibrium among production by the photosynthetic aquatic biomass (PAB),diffusion
between air and water, and consumption by respiration and oxidation. As partial
pressures of CO2 and 0 2 are inversely proportional, 0 2 concentration and p H are
positively correlated (Fig.5). Daily 0 7 concentration may vary from 2 to 20 ppm, whiie
pH may vary by more than 2 units. Largest daily changes are observed early in the crop
when algal blooms'develop after N fertilizer is broadcast. During the crop. p H and 0 2
values increase with PAB growth till 30-40 days after transplanting (Fig. 6 ) , then the
canopy decreases photosynthetic activity in the floodwater, and thus, pH and O2
concentration .
Figure 5 : Correlation between Oz concentration of the floodwater and pH in five
flooded soil (Rogerand Reddy unpub.).
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Figure 6: Dynamics of Oz concentration and pH of the floodwater at 13:OO h according
to Nfertilizer status (Roger, Remuella-Jimenez, and Santiago Ardales, unpub.).
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Chemical composition of the floodwater depends on that of the irrigation water
and the soil. Marked changes occur i n relation with dilution by rain, dispersion of the
surface soil by cultural practices and biological activities, and fertilizer applications.
Nutrient release into the water after land preparation, particularly after dry
fallow, is rapid (Shiga and Ventura 1976) and probably causes algal bloom frequently
observed after puddling (Kurasawa 1956, Saito and Watanabe 1978).
Peaks of N and P following fertilizer application usually decrease within 6-10
days (De Datta et a11983)(Fig.7). N&+ concentration may reach 40-50 ppm with
broadcast (NH&SOd, while 2-5 times lower values were reported with urea (Fillery et
al 1986; Bowmer and Muirhead 1987).
Applying 10 k g ha-’ superphosphate increased water P to values between 0.4 and
0.8 ppm; this dropped to less than 0.05 within 5-7 days (Roger et al unpubl.).
Concentration of NI+*released by the PAB was negatively correlated with
photosynthetic activity in the water and remained lower than 1 ppm whereas a value
of ‘7.2 ppm was recorded after urea application (Fig. 7).
Fig. 7. Dynamics of pH, and OZand NH4+ concentrations in the water at 1 3 0 0 h
according to N fertilizer statu (Roger et al. unpubl. 1.
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Population dynamics in the floodwater
Information on algal and zooplankton population succession is available for
ricefields in France (Vaquer 1984), India (Gupta 1966), Japan (Kikuchi et al 1975,
Ichimura 1954), the Philippines (Pantastico and Suayan 1973, Grant et al 1985), Senegal
(Reynaud and Roger 1978), and Thailand (Heckman 1979). But quantitative data are
scarce and comprehensive studies are lacking.
Published data and our observations show that three stages are often
distin,pishable during a crop cycle.
The first stage is characterized by rapid succession of populations (Fig. 8).
Diatoms and unicellular green algae develop first, probably because of high light, and
nutrient availability resulting from puddling. When no N fertilizer is applied,
unicellular algae are followed by fast-growing noncolonial &-fixing BGA. Those
blooms rapidly vanish because of grazing. Ostracods decline short after noncolonial
algae.
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Figure 8 :Productivity of the aquatic photosynthetic biomass in a ricefield in France
(after Vaquer, 1984).
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During the second stage, more stable photosynthetic organisms resistant to
grazing (filamentous or macrophytic algae, or mucilaginous colonial BGA) develop,
permitting PAB to-reach its maximum.
The. third stage corresponds to the decrease of the PAB because of limiting light
under the rice canopy .

PHOTOSYNTHEIIC AQUATIC BIOMASS AND N CYCLE
The photosynthetic aquatic biomass that develop in floodwater is composed of
planktonic, filamentous and macrophytic algae, and vascular macrophytes (Table 1).
These primary producers contribute significantly to the fertility of the ecosystem .
Composition
The average composition of aquatic macrophytes is about 8% dry matter, 2 to 3%
N (d.w. basis), 0.2 to 0.3%P, and 2 to 3% K. Planktonic algae have a lower dry matter
content (averaging 4%) and a higher N content (3 to 5%)(Table2). Components of the
photosynthetic aquatic biomass usually have low dry matter content and high ash
content ( Roger and Watanabe, 1984 ;Roger et a1.,1986 1.

Standing crops and productivity

The development of the photosynthetic aquatic biomass depends on the
availability of nutrients and light; largest biomasses are recorded in fallow plots and in
fertilized fields when the rice canopy has not become too dense. Biomass value is
usually a few hundred kg d.w./ha and rarely exceeds 1 ton d.w./ha (Table 3).
Biomass measurements and data on the composition of algae and aquatic
macrophytes indicate that the N content of spontaneously growing photosynthetic
aquatic biomass in planted rice fields rarely exceeds 10 kg/ha (Fig 9) but it might attain
30-40kg /ha in flooded fallow fields, when large populations of aquatic macrophytes
develop.
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Table 1:Components of the photosynthetic aquatic biomass in wetland rice fields

Examples

Charï7

N&kS
Azo /farL emna

Macrophytes

Table 2 : Comparison of the composition of field samples of Nz-fixing blue-green
algae and aquatic macrophytes ( from Roger 6r: WatanabeJ984 and Roger et al., 1986)

Reported productivities range from 0.5 to 1 g C . m-2 . day-’ (Saito and Watanabe
1978, Yamagishi et al 1980, Vaquer 1984)(Fig.8). They correspond to 10-15%of that of
the rice crop and are similar to those in eutrophic lakes (Roger and Watanabe 1984).
Planktonic algae generally have lower productivity than macrophytes (Roger and
Watanabe, 1984). Figure 10 summarizes the role of the PAB with regard to N cycle.
Biological NI fixation
Spontaneous photodependent BNF in wetland ricefields is mostly due to freeliving BGA (Roger and Watanabe 1986). The mean of 38 evaluations, mainly from
acetylene reducing activity (ARA) measurements, was 27 kg N. ha-1. crop-’ ;maximum
value was 50-80 kg N . ha-1. crop-’ (Roger and Kulasooriya 1980). Estimates of average
AR4 during a crop cycle in 180 plots under various management practices (Fig. Il)
exhibit a bimodal histogram with a log-normal distribution (left side), corresponding

9

Table 3: Biomass ( kgha) of algae and aquatic macrophytes in ricefields (Roger, 1987)
Nature

Fresh weight Dry weight Location
Reference
7500
3753
China
Acad. Sinica ... 1958C
Green algae
Mahapatra et al. 1971C
India
60/6000a
3/300
BGA
800a
India
Mahapatra et al. 1971C
32
Algal biomass
640”
16000
UzbSSR
Muzafarov,l953c
Algal biomass
0/24P
U6000
Senegal
Reynaud and Roger 1978C
BGA
Senegal
Reynaud and Roger 1978C
2/2300
0/92a
3GA
Philippines Saito and Watanabel978c
2/114
50/2850a
AuIosiru bloom 12000a
India
Singh 1976C
480
BGA
13/2625a
India
Srinivasan 1979C
5/105
Gloeotr ichia
24000
117
Philippines Watanabe et al. 1977C
Churn sp.
9000/15noo
Misra et al. 1976d
720/1200b India
Chnrn, Nilella
5000/10000
400/800b India
Mukherjy and Laha,1969d
Xnjas, Chara
Philippines Saito and Watanabel978d
5000b
400
2500/7500b
Chara spp.
France
200/600
Vaquer, 1984d
Marsilea
India
25000
zooob
Srinivasan, 1982d
Total biomass
fallow field
1000/3oon
80/240b
Philippines Kulasooriya et al. 1981d
planted field 7500
Philippines Kulasooriya et al. 1981d
600b
fallow field
Philippines Inubushi and Watanabe
1250/250ob
100/200
planted field 1250/6250b
Philiuuines
(1986)
100/500
Average
~noo
350
a :extrapolated on the basis of 4%dry weight ; b : extrapolated on the basis of 8%dry weight ; c : quoted
in Roger & Kulasooriya, 1980 ; d :quoted in Roger k Watanabe, 1984

BGA

I

I

Fig. 9: Nitrogen content of the photosynthetic aquatic biomass measured 9 times ai
regular intervals during a crop in 65 plots under various Nfertilizer management *.
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Fig. 10. Role of the photosynthetic aquatic biomass in nitrogen recycling in wetland
ricefields (after Roger, 1987).
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Fig. 11.Distribution of 180 estimates of the average ARA during a crop cycle in
experimental plots at IRR1 (Roger et al 1988).
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to plots where ARA was inhibited, mostly by N fertilizer, and a bell shaped
distribution (right side) corresponding to plots where a significant ARA dev-ed,
averaging 250 pmol C2H2 .m-2 h-l. This is roughly equivalent to 25 kg N . ha-l, keeping
in mind all the limitations of extrapolation from ARA measurements.
Studies of SZ-fixingBGA blooms and crusts summarized by Roger tl9%9 ,
indicate that: 1) a visible growth of BGA usually corresponds to a standing crop of.:less
than 10 kg N/ha, 2) a very dense bloom may correspond to 10-20 kg N . hz-1, and $1
higher values (20-45 kg N . ha-1) are recorded in microplots or in BGA soil-based;
inoculum production plots.
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Table 4 :Estimates of nitrogen fertilizer immobilization in rice fields

j

Pot experiments

Shiori a n d Mitsui
1935

Vlek & Ctasswell
1979
Vlek et al. 1980

lnubuschi & Watanabe

DaYs Ap pli cat ion

I

--

1

2:

1 O0

Urea

Surface

10-30

Surface

18-30

Surface

18-20
2 7-4 1

I

Incorporated

A.S.

0.4-6.3

<5

1986
Nutrient immobilization

The Dhotosvnthetic aauatic biomass revents N lo: es by immobilizing N in the
water (Fig. 12) and returning it as organic into the soil. Immobilization is obvious
but poorly documented. Estimates (Table 4) range from 18 to 41% three weeks after
urea broadcasting (Vlek et al 1980). Lower values of a few percent were recorded with
deep placed ammonium sulfate (Inubushi and Watanabe 1986).
Figure 12.Redistribution of 15N from urea applied to floodwater (after Vlek et al. 1980,
Crowley soil)
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Contribution to microbial biomass and available h’
The chloroform fumigation method (Jenkinson and Ladd 1981) has shown that
microbial biomass is a major source of available N and channel through which
nutrients are transferred to plants (Fig. 13). Microbial biomass is larger in flooded soils
(Marumoto1984, Hasebe et al 1985) than in upland arable lands (Jenkinson and Ladd
1981) probably because FAB,especially microalgae, causes N accumulation at the soil
surfaçe. The photodependence of this accumulation was shown by field experiments
with a dark control (App et al. 1984). Ono and Koga (1964) measured& surface
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accumulation of 35 kg N . ha-’. crop-’ under normal field conditions and of 26 kg N
when surface soil was isolated from deeper soil by placing it in p e t i dishes.
Chlorophyll-type compounds and mineralizable N are positively correlated in
wetland soils (Inubushi et al 1982, Wada et al 1982, Watanabe and hubushi 1986).
Watanabe and Inubushi (1986) observed that microbial biomass increased at the soil
surface and decreased in the puddled layer during flooding. Microbial biomass N in
the first c m of soil accounted for 10-20% of that in the 0-15 cm layer, showing that PAB
contributes significant quantities of available N and is important in maintaining soil
fertility. Recent experiments at IRRI estimated the contribution of the PAB to soil
microbial biomass by comparing, under field conditions, dark controls with treatments
exposed to light. After two crops, microbial biomass estimated by the chloroform.
fumigation method, was 22% lower in the dark control (unpubl.).
Figure 13. Schematic representation of the contribution of primary producers to the
replenishment of microbial biomass and available N in wetland ricefields.

Table 4 :Availability of N of the photosynthetic biomass to rice (Roger, 1986).
Material
Nature
BGA
BGA
BGA
BGA
BGA
BGA
BGA
Water hyacinth
Azolla pinnata
A . caroliniuna
A . caroliniuna
A . caroliniuna
Average

N recoverv (%I
Experimental References
Surface Incorpoapplied rated
Fauna
? pot Wilson et al., 1980
fresh
37
52
28
Tirol et al., 1982
dry
14
23
+ pot
field Tirol et al., 1982
d r y 2 3
fresh
38
pot Tir01 et al., 1 W .
fresh
24
4.4
- pot Grant and Seegers, 1985a
fresh
25
30
+ pot GrantandSeegers,1985a
35-40
- pot Mian and Stewart, 1985
d r y fresh
25
+ field Shi et al., 1980
fresh
26
+ field Watanabe el al., 1981
fresh
12/14 26
+ field It0 and Watanabe, 1985
dry
34
pot Mian and Stewart, 1985
fresh
32
+ field Kumarasinghe et ~ l . 1986
,
21
31
State

-

-
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A..ailability of the nutrients of the aquatic biomass to rice
Estimates of N recovery from the PAB in rice plants summarized by Roger
(1987), varies from 12 to 50%, depending on the material (fresh vs dry), the method of
application (surface applied vs. incorporated), and the presence or absence of soil
fauna. Highest recovery (50%) was with fresh BGA incorporated in a soil depleted of
fauna. Lowest recovery was obtained with dried Azolla applied at the soil surface. N
immobilized in or fixed by the PAB was much more efficiently used by rice when
incorporated into the soil.

N losses by volatilization
The poor efficiency of N fertilizer utilization by rice is partly due to N losses by
NH3 volatilization ranging from 2 to 60% of N applied ( Fillery et a11984). Water pH is
a major factor in determining losses (up 80 pH 9, NH3 concentration increases by a
factor of 10 per unit increase in pH). Therefore, PAB has a key role in NH3
volatilization by increasing floodwater pH which may reach values as high as 10 at
noon. A large algal biomass is not needed to increase floodwater pH to levels which
support rapid N losses (Fillery et al 1986). The most unfavorable situation is at the
beginning of the crop, when a sparse canopy allows a high photosynthetic activity by a
small PAB that markedly increases water pH but does not limit loss by immobilizing
N. Losses from application at panicle initiation are lower (10-155 ) because 1) the
larger canopy reduces the photosynthetic activity in the water and the wind speed at its
surface, and 2) N uptake by the crop is faster.

ROLE OF MICROFAUNA
hlicrocrustaceans and gastropods that graze on algae are responsible for the
breakdown of the PAB (primary production). These, together with protozoans and
rotifers, also recycle nutrients from decaying PAB. Translocation of primary
production and its breakdown products to deeper soil is expedited by tubificid worms
(Grant and Seegers 1985b).
Grazing

Studies on grazing in ricefields were conducted after zooplankton was identified

as a fgctor limiting BGA growth and establishment (Watanabe et al 1955), and
insecticide use was seen to favor algal growth (Raghu and Mac Rae 1967). Common
grazers in ricefields (Table 5) are 1) copepods, cladocerans, and rotifers which filter
bacteria and phytoplankton from the water, and 2) ostracods, chironomid larvae, and
molluscs which browse epipelic algae at the soil-water interface. Molluscs also graze
on epiphytic algae. Estimates of densities of grazers are 200 - 800 liter-’ in Japan
(Kurasawa 1956, Kikuchi et al 1975), 10-20,000 m-zfor ostracods and 8,000 m-2 for
chironomid larvae in Philippine ricefields (Grant et al 1986).
Laboratory studies of grazing by zooplankton on algae have shown diet
preferences (Wilson et al 1980, Grant and Alexander 1981, Osa-Afiana and Alexander
1981). Attributes that may determine resistance to grazing include algal toxicity
(Lampert 1981), size of the cells or filaments (Wilson et a11980), age in relation with
the size of the filaments, or the production of antifeeding compound in older cultures
(Grant and A l e x d e r 1981). A general trend among Nz-fixing BGA is that
mucilaginous colonial strains (Aphanothece, Gloeotrichia, Nostoc ) are less susceptible
to gravlg than other strains (Grant et a111985).
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Table 5. Estimates of grazer populations in ricefields (Roger and Kurihara, 1989)

Densities or biomass

I

Copepods
Rotifers
Ostracods
Chironomid larvae
Crustacean plankton
Crustacean plankton
Total zooplankton
Snails
Snails

0-20,OOO m-2 8
O- 10,000 . m-2 a
10-2 0,000 m-2
8,000 . m-2

10,000-40,000
O-5O,OOO

m-2

m-2 a

m-2 a
1- 1.6 t fw/ha

O-5O,OOO

O-20,000. ha-1
a: extrapolated on the basis of 10 cm sranding water

Reference
Kurasawa, 1956
Kurasawa, 1956
Grant e t al. 1986
Grant e t al. 1986
Kikuchi e t al. 1985
Kurasawa, 1956
Kurasawa, 1956
Roger & Kulasooriya, 1980
Kurihara & Kadowaki 1988

Quantitative data on grazing are limited but suggest a significant activity of the
zooplankton. Grazing rate of ostracods on BGA varies from 1 to about lO@g d.w.alga
animal-’. d a y 1 (Grant and Alexander 1981, Grant et al 1983a).
Ingestion rates of Heterocypris determined in vitro by Grant and converted to
BGA consumed by a field population (6700 . m-?) totalled 167 g N.ha-1. day1 (Roger et
al 1967a) or 73 kg fu- alga- ha-], day’ or 19 kg N . ha-1. crop-’ (Grant et al 1966).
Quantitative data on nutrient cycling through grazing in ricefield are lacking.
Excretion rates measured under laboratory conditions and extrapolation to the field are
presented inTables 6 and 7. An excretion rate of 118 g NH3. ha-]- day-’ by H . luzonensis
,

I

o.&

Table 6. Excretion rates
NHdmg dw animal per day) of some grazers and
extrapolated daily values (g NHaha per day) (Roger and Kurihara, 1989).

g NH4

/animal
Limnea viridis
ni
Heterocypris luzonensis
ni
Chironomus sp.
6.3
,
, ’
4.6
Limnodrilus sp.
Daphnia pulex
5.4 *
Tnermocyclops hyalensis 44.6
Heterocypris luzonensis , 42.3

/ha per day
120-300
118
2 5 **

18 **
**

22

178**

169 **

* Determined from animals living in lake sed’iments
** Extrapolated for a population of 40 kg W/ha

.

Roger e t al. 1987
Roger e t al. 1987
Gardner e t al. 1983
Gardner et a l 1983
Jacobsen & Comita, 1966
Ganf & Blazka, 1974
Grant personal comm.

Table 7. Algal N recycled by Ostracods (extrapolated dataa)

Population
1 animal
4,00O/m2

Zooplankton
biomass
0.3 h g dw
12 kg fw/ha

Daily consumption of algae
Daily N
N
excrebon
dry weight
43~.1g/animal 1.7 J.Ig/animal 1 Dg/animal
1.4 kg dw/ha
68 g/ha
41 g/ha

20,000/mz

60 kg fw/ha

6.8 kg dw/ha

340 g/ha

205 g/ha

5O,OOO/mz

150 kg fw/ha

17 kg dw/ha

,850g/ha

512 g/ha

: from Osa-Afiana a n d Alexander 1981, a n d Roger et al. 1987.
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was extrapolated from laboratory measurements (Roger et al 1967a). With regard to the
large grazer populations that can develop in ricefields, nutrient recycling by grazing is
most probably a m:jor factor for PAB productivity. Rapid algal successions, frequent at
the beginning of the crop, may indicate a rapid turnover rate of the N and P pools.
Grazing is a major limiting factor of photodependent BNF as shown by
greenhouse and field experiments where grazer control by Azndirachfa indica seeds
markedly increased BGA biomass and ARA (Grant et a11985, Reddy and Roger 1988).
In microplot (0.5 m') experiments, N accumulation in the surface soil increased
(1 to 3.5 times) when grazers were controlled, the rate depending on the soil type and
algae growing on it. N accumulation during 2 months ranged from 5 to 1s kg/ha in
the control, and from 15 to 2s kg in insecticide treated plots (Roger et al., unpubl.).
Because of the resistance to grazing of colonial mualaginous BGA, grazing has a
selective effect on BGA flora. Roger et al (198%) found that colonial mucilaginous
BGA were dominant in 90% of 102 soils studied, while other genera were present in
many soils but were rarely dominant. This indicates that grazing leads to the
dominance of mucilaginous BGA, usually less active in BNF (Antarikanonda and
Lorenzen 1982, Grant et al 1985).
Tubificids and interactions between floodwater and soil

In ricefields, tne reduced soil is a source of nutrients for the aquatic community.
Soil disturbances by cultural practices, rain, and fauna, increase exchanges between
water and soil. Attention was paid to benthic tubificids (oligochaetes) because they can
move back and forth in reduced soil and floodwater. They usually are concentrated in
the upper soil where they displace soil and water by burrowing soil and feeding on it.
Tubificid populations about lo4. m-2 were recorded at IRRI (IRRI 1985). In Japan,
tubificids increased f?om a few at transplanting to about 40,000 .m-2 at maturity in a
field where organic matter was incorporated (Kikuchi et al 1975).
The ro€eof tubificids in ricefields was reviewed Kurihara (1963) and by Roger
and Kurihara (1988). Tubifiads were shown to affect weed growth, soil
physicochemical and microbiological properties, and the nutritional status of
floodwater and its flora and Bauna (Table €9.
Early observations showed that weed density was lower in fields where
tubificids were abundant. A weeding effect of tubifídd:~
was confirmed in v i f r o and
was attributed to a vertical redistribution of the soil by tubificids which concetrate
larger particles in the lower soil layer and fine particles in the upper layer. Weed seeds
were moved few an down, where 0 2 concentration was too low for their germination.
Table 8. Summarization of the effects of tubificids on water and soil properties (after
Kikuchi et al. 1977, Kikuchi and Kurihara 1977,1982, Roger and Kurihara, 1988).

Soil
? pH ( + 0.5 - 2.0 units)*
\ Eh ( - 0.05 - O.15 V )*
p O2 uptake"
7 N mineralization
2 anaerobic.bacteria populations
\ aerobic bacteria populations
P
. N, C, Fe content in the upper soil

Water
7 acid soluble Fe
7 soluble P
7 nitrite + nitrate
i* N H 4 (in the dark)
? phytoplankton biomass
7 zooplankton abundance

* due to the absence of weeds in the presence of tubificids
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Figure 14.Schematic representation of the feedback effect of tubificids.

Higher soil pH (by 0.5 -2.0 units), lower E h (by 0.05-0.15 V), and higher 0 2 uptake by the
soil were observed in the presence of tubificids in soils exposed to light but not in .dark
controls where weed could not grow. Therefore these effects were attributed to the
lower weed density in the presence of tubificids. Other effects on soil and water were
attributed to a direct action of tubificids.
Tubificids increased populations of soil anaerobes [sulfate-reducing bacteria)
and decreased those of aerobes and nitrite producers. In floodwater, their activity
increased the concentration of nutrients (acid soluble Fe, soluble P, nitrite + nitrate,
and hexoses) in water as well as the density of total anaerobic bacteria and sulfatereducing bacteria. Algae, floating macrophyte, and zooplankton were more abundan;
in plots with tubificids. As a result of a higher planktonic activity, N, C, and Fe12
contents increased in the first c m of soil.
A major effect of tubificids is t o stimulates organic matter decomposition (Grant
and Seegers 1985a), and to alloiv the hansfer of organic matter, N&+, Fe+?,
PO4-2, and soil bacteria to the water, which increases the activity and the biomass of
bacteria, and aquatic flora and fauna. This results in a feedback on the tubificid
population (Fig 14).

EFFECE OF CROP INTENSIFICATION ON WATER ECOLOGY

I

New technologies in rice cultivation are based on the utilization of fertilizer
responsive varieties, fertilizers, and pesticides. The environmental impacts of such
technologies are not fully assessed, but reports on traditional utilization of the
ricefields (Fernando et al 1979; Heckman 1979) show that crop intensification has
decreased species diversity in ricefields and the number of edible output that a farmer
obtains from his field.
Effects on species diversity.
Traditional ricefields, cultivated for many years might be considered as climax
communities. In general, a disturbance to a stabilized ecosystem reduces the number of
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Table 8 : Edible plants and animals harvested during 1975 in a Thai rice field
(after Hedunan, 1979)

Ipomea nquntica
Pila pesmei
Pila palita
Mncrobrachium lanchesteri
Somanniathelphusa sinensis
Lethocerus indicus
Channn stinta
Clarins batruchus
Anabns fesfudineus
Cyclocheilichthys npogon
Puntius leiachantus
P. stigmatosus
Esomus metallicus
Fluta alba
Trichogaster pectoralis
Macrognathus aculeatits
Rana limnocharis

Green vegetable
Large edible snail
L a g e edible Snail
Small prawn
Crab
Large edible water bug
Smakehead
Walking catfish
Climbing perch
Cyprinid
Cyprinid
Cyprinid
Cyprinid
Swamp eel
Edible gourami
Spiny eel
Frog

species while generating "blooms" of individual ones. Fernando et al. in 1979
anticipated a decrease in species diversity under intensified rice cultivation because of
1) frequent disturbances of the ecosystem by mechanization and utilization of
pesticides, and 2) the disappearance of marshes and ponds in the vicinity of the fields.
Such permanent witer bodies were reservoirs of organisms that permitted a rapid field
recolonization after disturbances by cultural practices or drying. These workers also
expected the enhancement of specific components of the fauna because of a higher
algal productivity resulting from fertilizer use and the increase in particulate organic
matter resulting from soil preparation.
Since 1979 only a few studies have been published on ricefield fauna other than
pess, but a comparison with earlier data (Fernando et al 19179, Heckman 1979) shows 2
decrease in species diversity. In surveys by Grant of 12 Philippine ricefields (IRRI 1985)
and 6 sites in India (Roger et a11985), the most taxa recorded at one site was 26, the
ïeast, 3. By hydrobiological standards, species diversity observed in both surveys was
low. Population dominance was inversely proportional to diversity. At some sites in
the Philippines, few species attained exceptional densities - Cyprinotus (17000. m-2),
Macrothrix (28000. In-*),and Tubificidae (18500. m-2).
An important aspect of the reduction of species diversity is thedisappearance of
edible animal. Heckman (1979) collected 17 edible species in 1975 from a single
ricefield. He anticipated that crop intensification will reduce the fish producing
capacity of ricefields, thus depriving the local farmers of an important part of their
diet. The decline of useful fauna, especially fish, in ricefields was attributed to
intensive use of pesticides and double cropping, which do not gives the fish enough
time to grow (Lim 1980). Bioconcentration of pesticides and heavy metals when
sewage sludge is used as fertilizer (Kurihara et al 1987) - renders animals growing in
the floodwater, not fit for human consumption.
Crop intensification, besides increasing yield, frequently leads to explosive
developments of individual species that might have directly or indirectly detrimental
effects. Some examples are :
Blooms of green algae and diatoms observed at the beginning of the crop after
fertilizer application which causes N losses by volatilization;

-

-
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Development of very dense ostracod populations observed after Furadan application
which inhibit the development of efficient N2-fixing BGA blooms;
Development at the beginning of the crop of very dense populations of aquatic snails
which are vectors of bilharziosis or which damage seediings;
Development of large populations of mosquito larvae in shallow water ricefields
(such populations were absent in traditional ricefields due to deeper floodwater and
the abundance of predators).
Effects of N fertilization on floodwater ecology and soil fertility.
Broadcasting N fertilizer into the floodwater leads to effects that contradict the
purpose of fertilization (enrichment of the environment in N available to the rice
plant). These include N losses of applied fertilizer by ammonia volatilization (see
above) and inhibition of BNF.
A general trend observed with cultures of Nz-fixing microorganisms is the
inhibition of their NI-fixing activity by chemical N. In situ, this inhibition is usually
not total but BGA seems to be more susceptible to inhibition by N fertilizers than are
heterotrophs (Roger and Watanabe, 1986)(Fig.15and Table 9). Nitrogen fertilizer
broadcasting favors the growth of unicellular green algae early in the crop, refraining
BGA growth by competition, inhibition, and/or high 0 2 concentration that develop in
water. It then permits grazer blooming which further inhibits Nz-fixing BGA growth,
Figure 15.Effect of broadcast urea on photodependent BNF. IRR1 dry season 1986, each
value is the average of measurements in 20 plots (Roger et al. unpubl.)
ARA (!mol C2 HZ/m 2.h)
400

300
2 O0
1O0
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60
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Table 9. Effect of N fertilizer on photodependent ARA and rice yield.

ARA
(um01 CzHz . m-2. h-1)

k g N h a WS85
none
141a
55 split
9c
55 deep & . 2 5 b
placed
a

DS86
191 a
19
54b

DS87
257 a
163b
232 a

Yield
t . ha-1)
WS85
DS86
4.3c
4.lc

DS87
3.9 b

5.5b

5.lb

39b

6.3a

5.7a

5.3a

(

Each value is the average of 20 plots. (Rager et al 1988).

19

wnen N concentration in the water is not sufficient to inhibit them directly or
indirectly through competition with green algae. A more marked inhibition of N
fertilizer on ARA was found at high rice yield than at lower yield (Table 9), indicating
that canopy density may also be involved in the process by limiting light available to
BGA. BNF by BGA has a potential impact of about 30 kg N.ha-1,crop-’ where farmers
cannot use N fertilizer. N fertilizer broadcasting increases yield but mag also lead to
the loss of a free natural input of N.
On the other hand, chemical N fertilizer increases subterranean and aquatic
biomass and lead to a higher soil N fertility. Long-term experiments in Japan show
higher total and aGailable N in soils where chemical fertilizer was applied than in
nonfertilized plots (Kimura et al 1980). This was attributed to a larger organic matter
supply in fertilized plots due to a larger biomass production (Kimura et al 1980). This
observation agres with those of Sayeki and Yamazaki (1976) - - stubbles and root left
after harvest were estimated to be 1.4 t dw . ha-] in fertilized plots and 1.0 t dw . ha-] in
nonfertilized plots. Weed biomass, grown during fallow and incorporated before
transplanting, was 0.16 t dw . ha-’ in nonfertilized plots and 1.3 t dw . ha-] in fertilized
plots. During the crop, weed biomass was larger in nonfertilized plots than in
iertilized plots, presumably due to the weed depression by the larger rice biomass in
fertilized plots, but total weed biomass production in a year was larger in fertilized
plots. Similar data are lacking for tropical ricefields.

Figure 16. Schematic representation of the possible direct and indirect inhibition of
photodependant BNF by N fertilizer broadcasting.

Effects of pesticides on floodwater flora and fauna.
Most information on pesticide effects on ricefield algae have come from in vitro
experiments on BGA cultures. Among 87 studies reviewed by Chinnaswamy and
Pate1 (19841, only 6 referred to field experiments. Flask experiments can hardly be
extrapolated to field because toxicity in situ also depends on the initial population, the
nutrient status, and the mode of application of the pesticides. Data show that
resistance to pesticides varies widely with strain, but most of the Nz-fixing BGA seems
to be more resistant to pesticides than other algae and tolerate levels higher than the
recommended rate. This may lead to a selective effect of pesticides on algal Ílora.
Insecticides generally had little effect or an indirect stimulatory effect on algae growth
due to a decreasing population of algal grazers. However, inhibition was reported at
fieId appIication level with some herbicides (Roger and Kulasooriya 1980).
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Pesticide application decreases speaes diversity of the aquatic fauna and causes
blooming of individual species, especially ostracods, mosquito larvae and molluscs
(Lim 1980, Grant et al 1983a, Roger et al 1985, Takamura and Yasuno 1986). The
relatively low toxicity of conventional pesticides to some ostracods - Lc5048= 2.4 pg
ml-1 with carbofuran and 56.0 pg ml-1 with Lindane for Isocypris (Grant et al 1986)
allow them to develop large populations , particularly as their predators succumb first.
Such populations may cause the disappearance of algal blooms in a few days.
Molluscs are usually not affected by conventional rice pesticides and their
populations rapidly increase because of reduced competition for energy sources.
Densities of Lymnaea may reach IO3. m-2 in Philippine ricefields and snail biomass
ranges from a few kg to 1.5 t fresh wt . ha-' (Roger and Kulasooriya, 19EO).Kurihara
and Kikuchi (1988) observed that the apparition of high densities of tubificids in a
long-term experimental field was partly related to the replacement of PCP by N I P ,
CNP, or benthiocarb.

-

~

Table 10. Estimates of the current utilization of agricultural practicestaking advantage
of the management of the floodwater ecosystem in wetland ricefields.

Managing photosynthetic aquatic biomass
Azolla .....................
Blue-green algae

.

I

< 2 X world rice a r e a

inoculation .......................................
< IX world rice are::
promoting indigenous strains.. a t research level

Algicide application to decrease NH4 volatilization .... a t research level
* N fertilizer d e e p placement / incorporaiion .................. not widely used

Managing fauna
Rice - flsh culture ..................................................................
Management of microfauna ..................................................

I

'

< 1X world rice are
a t research level

MANAGING FLOODWATER ECOSYSTEM TO INCREASE SOIL FERTILITY
Available information suggests several possible approaches to increase rice soil
fertility and productwity through the management of the floodwater ecosystem but
the same information also shows that this potential is underutilized (Table 10).
Some of the potential of the PAB have been exploited by methods aiming at
increasing photodependent BNF, but intentional agronomic use of Azolla and BGA is
restricted to a small percentage of the global area planted to rice, and the potential of
photodependent BNF in ricefields is largely underutilized (Roger and Watanabe 1986).
Azolla
Because of its rapid growth and ability to grow together with rice, Azolla has
been used as greek manure for centuries in China and North Vietnam (Lumpkin and
Plucknett, 1982 ;Watanabe, 19E2). Azolla was used on about two millions hectares of
rice fields in 1982-83 (Roger'and Watanabe, 1986). Its use is currently declining in
China and Vietnam is declining.
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A z o l l ~ has a N2-fixing potential similar to that of legume green manures.
Several A z o l l ~ crops can be grown within a rice crop cycle and are easier to
incorporate than legumes.
The reported maximum standing crops of A z o l l ~range from 0.8 to 5.2 t d.w./ha
(20-146 kg N) and average 2.1 t d.w./ha (70 kg N/ha) (Kikuchi et a1..,1984). Field trials,
conducted for 4 consecutive years at 19 sites in nine countries, showed that
incorporating one crop of Azolla grown before or after transplanting was equivalent
to a split application of 30 kg fertllizer N (J.RRI, 1987).
However, the following environmental, technological, and eCDrtomical
constraints limit Azolla use:
- A z o l l ~,being sensitive to drought, requires a good water control that can only
be realized in fully irrigated rice fields.
-Propagated vegetatively, Azolla has to be maintained year round in a network
of nurseries. Large quantities of inoculum are usually required (0.5 t/ha). A
limited knowledge of conditions permitting sporocarp formation and the slow
growth of newly germinated sporophytes (Watanabe, 1985) limit propagation
through spores which could have alleviated problems related to inoculum
conservation, multiplication and transport.
-Insects and fungi severely limit Azolla growth in humid tropics. Pesticide
application is economically feasible in nurseries but not in the field (Kikuchi et
n1.,1984).

*Optimum temperature requirement for most Azolla species is below the
average temperature in the tropics. This limitation can be reduced by selecting
cold or heat tolerant strains (Watanabe and Berja, 1963).
* A ~ o l lcan
~ grow without P application in soils rich in available P (Olsen P> 25
ppm.) and having a low sorption capacity ( ~ 1 5 0 0mg P20j/lOOg). Phosphorus
has to be applied in other soils (Watanabe and RamirezJ984).
*Labor cost may be limiting (Kikuchi et al., 1 9 H ) .
Progress in strain hybridization and recombination opens new ways in
alleviating some environmental and nutritional limitations. Socioeconomic
limitations are important and need further evaluation. The potential of Azolla as a
multipurpose crop may further increase interest in its use (Liu 1967).
Blue-green algae
Inoculation of ricefields with BGA has been tested and recommended, mostly in
India. When successful, it may increase grain yield by 300-400 kg/ha per crop at a ver);
low cost-to-benefit ratio (Table ll), but its effects often seems erratic and limited.
However, in most experiments, only grain yield was measured. Currently, no data
regarding environmental conditions, BGA establishment, algal biomass, or N?-fixing
activity in successful inoculation experiments are available. Reasons for the yield
increase are therefore still unclear, especially in cases when a beneficial effect was
observed with high levels of N fertilizer, which reportedly inhibit BGA growth (Roger
and Kulasooriya, 1980) Currently, algal inoculation is a "blind technology" applied on
a trial-and-error basis in a very limited hectarage of ricefields, mostly in India. As long
as it remains so, it will have little chance of success in many rice-growing areas.
Because of the belief that N?-fixing BGA were not common in many rice soils;
research on methods for utilizing BGA in rice cultivation has focused on inoculation.
However, recent soil surveys indicate that heterocystous BGA are present in most rice
soils at densities ranging from a few dozen to more than 106 colony forming units
(CFU)/cm2 of soil. The median is about 5 x l o 4 CFLJ/c" (IIUU, 1985 ;Roger et a1.,1985).
We found (Reddy and Roger, 1988) that, while BGA inoculated in five
Philippine wetland soils persisted for at least 1 month in the soils, their growth as a
bloom was rare (one out of 10 cases). Blooms developed on all soils when grazers were
controlled, but were mostly of indigenous strains. In addition, a study of BGA inocula
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Figure .
4 Distribution and statistics of yidd differences between inoculated plots and
controls. Bibliographic compilation (Roger, 1989).
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Number of observations
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Median
Standard deviation
Coefficient of variation

0.5

1.0

1.5

2.0
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3.0
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Difference between control and inoculated
Absolute
Relative
(70)
(kg ha-’)
634
634
3700
168.2
-1280
-19.3
11.3
337
257
7.9
398
16.0
118
141

composition shows that the number of CFU of N2-fixing BGA in the quantity of
inoculum applied is most frequently considerably smaller than that of indigenous
BGA present in the inoculated soil ( Roger et a1.,1985).
This indicates that inoculation is not the only possible way to increase the
populations of BGA and that emphasis should also be placed on agricultural practices
that enhance indigenous BGA growth. Most applicable agricultural practices to
enhance the growth of indigenous or inoculated BGA are I’ application (especially split
application), deep placement of N fertilizer, and grazer control, but their economic
viability has to be determined. In-depth agroecological research is required before BGA
technology can be substantially improved.
Decreasing N losses due to ammonia volatilization
Practices that decrease algal growth, such as algicide application (Bowmer and
Muirhead 1987, Mikkelsen et al 1978) and deep placement of N fertilizer (Zhi et al
1984), decrease maximum water pH and, therefore, N losses.
Deepplacement of N or incorporation with no standing water have been shown
to reduce N losses and to increase yield significantly (De Datta et al 1983). They are
recommended but currently are not widely adopted.
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Algiade use that decreases algal growth (but not N concentration in water) was
shown to decrease N losses but the possible resulting increase in yield was too small
(5%) to be statistically detectable ( B o w e r and Muirhead 1987).
The potential of other practices decreasing floodwater pH, such as straw
application or Azolla growth, need to be tested. Measurements in IRRI showed that
while floodwater pH markedly increased in the presence of submerged macrophytes
and algae (Chum, Nujas, etc. 1, it was fairly stable under floating macrophytes Rzolla
and Lemnu ( Figure 9). Such result indicates that there is a potential for combined use
of Azolla and chemical N.

Fig. 17 : Schematic representation of diurnal variations of pH in water colonizeh by
submerged or floating photosynthetic organisms.
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Management of the aquatic fauna
The potential of macrofauna has been exploited by associating rice production
with aquatic edible animal (fish, prawns, snails) production. Meanwhile, no practice
currently uses the potential of the meso- and microfauna. There is, however, a
potential for increasing floodwater productivity and optimizing the recycling of
nutrients of the PAB by managing grazer populations. Management of tubificid
populations might offer a safe weed control together with provision of a source of feed
in rice - fish culture (Kurihara and Kikuchi, in press)

CONCLUSION
Flooding maintains the biological and chemical fertility of the ricefield
ecosystem through the diversification of microbial environments and the
establishment of an aquatic community. Wetland ricefield fertility results, for a
significant part, from the activity of an aquatic biomass of a few hundred kg dw . ha-’
whose rapid turnover is preponderant in recycling nutrients and providing available
N into the ecosystem.
BNF in general and BGA in particular have been the most efficient systems in
sustaining rice production in low-input, traditional culture. A concern in recent highinput, intensive cultivation is sustainability of the high yield and possible
environmental impacts of crop intensification, considering that regardless of the
quantity of chemical N fertilizer applied, rice obtains most of its N from the soil.
Knowledge in this aspect is limited, but the importance of PAB and its Nz-fixidg BGA
component in maintaining soil fertility under intensive cultivation is recognized
(Watanabe et al 1988).
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Crop intensification causes blooming of individual species, which has several
detrimental effects and replaces €he diversity of food production observed in
traditional ricefields by rice productivity. Among possible environmental effects of
mop intensification on floodwater populations, the effects of N fertilizer and to a
limited extend pesticides application have been studied. Chemical N fertilizer
application increases rice biomass as well as the subterranean and aquatic biomass, and
leads to a higher soil AT fertility. However, broadcashng N fertillzer into the
floodwater causes direct and indirect inhibition of BNF and losses of applied fertilizer
by ammonia volatilization. This leads to the wastage of 1) a free natural Ii input by
BNF and 2) a significant part of the fertilizer. It is well known that both losses can be
significantly reduced by deepplacement or incorporaticm of N fertilizer.
A better understanding of lhe floodwater ecology is needed to develop
agricultural practices that maintain a biological equilibrium in the ricefield ecosystem;
in particular, practices that decrease pesticide use and a N wastage due to a nonoptimal
management of thè PAB. An issue to be considered is how to increase yield while
preserving the ability of the ricefield to produce additional sources of protein such as
in rice - z o l l a fish culture. A major concern is the long-term effects of the factors of
crop intensification (cropping intensity, K fertilizer, and pesticides) on the ecology of
the photic zone (floodwater and surface soil ) in relation with N cycling and the effects
of soil microbial biomass and available N .

-
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