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INTRODUCTION 

Upland rice is grown on about 20.4 million hectares or 14% 

of the world's cultivated rice area. Of the total global upland 

rice area, Asia occupies about 57% (11.6 million hectares) with 

30% (6.15 million hectares) contribution from India alone (Dat 

1986). In the upland rice-growing areas soils rauge from highly 

weathered Oxisols to Inceptisols and Entisols, land slopes range 

from steep to concave, and the amount of rainfall during the 

growing season ranges from high to low. However, one overriding 

difference that distinguishes upland from lowland soils is that 

upland rice soils are neither submerged nor saturated with water 

for any appreciable part of the growing season; they are mOHtly 

well-drained and aerobic. 

In aerobic soils of upland or non-floodE'd fields, dee 

generally gives lower yields than in the same soils rende'red 

anaerobic by submergence (Senewiratne and M.ikkelsen 1961). Iloor 

yield of upland rice is most commonly attributed to moisture 

stress (De Datta ~ a1 1975), weed competiti_on (Sankaran and De 

Datta 1985), and disease-pest problems (Ahn and Mukelar 1986). 

But even when these adverse factors are controlled, the yield of 

rice under non-flooded soil conditions remains lower than under 

flooded soil conditions (Westcott and Vine 1986). Decreased 

avai.lability of several mineral nutrients and imbalanced 
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nutrition of rice under non-flooded conditions might also 

contribute to the poor performance of upland rice (Ponnamperuma 

1975). Since moisture stress and aerobic soil conditions 

commonly operate together in the uplands, the role of aerohic 

conditions in growth retardation of rice has not been 

appreciated properly. 

Moistening a dry soil sets in motion a series of chemical 

and physico-chemical changes that influence the rate and 

magnitude of nutrient release or removal and the generation of 

substances that can harm the crop plants. Ponnamperuma (19fl5) 

demonstrated how closely the growth of lowland rice is 

influenced by the chemical kinetics of flooded soils. He 

successfully associated some of the "physiological" disorders of 

rice with some specific unfavorable chemical factors operating 

in the soil. The growth of upland rice in some soils is krwwn 

to suffer during the reproductive stage ORR.I 1971), whereas in 

some other soils j t suffers right from the seedling stage. the 

chemical kj.netics of aerobic 90118 in combination with plnnt 

analyses might be a valuable diagnostic tool to identify Lhe 

adverse chemical factors responsible for such poor growth. 

Identification of the growth-limtting factors in aerobic soils 

may help in the development of suitable soil management 

practices. It will also assist plant breeders t.o breed rice 

cultivars that soil 

conditions. 
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Perusal of the literature shows that, while the chemistry 

of flooded soils has been studied extensively (Ponnamperuma 

1972, 1984), no substantial effort has been made so far to study 

the chem:i.cal environment of aerobic soils in relation to the 

growth and mineral nutrition of upland rice. 

The present investigation was therefore undertaken to 

compare the chemical environments of several soils of widely 

different characteristics under aerobic (non-flooded) and 

anaerobic (flooded) conditions, Its overall goals were to 

examine the role of aerobic soil conditions and their 

contribut:l.on to the poor performance of rice, and to identify 

the adverse chemical factors in aerobic soils responsible for 

poor growth and yield of upland rice. To achieve these goals, a 

series of experiments WRS conducted with the following 

objectives: 

1. to examine the direct effects of aerobic and anaerobic 

conditions of two soils on rice growth (Experiment 1); 

2. to study the chemical kinetics of four different soils 

under moist and flooded conditions in relation to the 

growth and mineral nutrition of rice (Experiment 2); 

3. to study the chemical kinetics of soils under 

moist, wet, and flooded conditions in relation to the 

growth and mineral nutrition of rice (Experiments 3 

and 4); 



4. to study the growth and mineral nutrition of two rices 

in a near-neutral soil under non-flooded and flooded 

field conditions (Experiment 5); a.nd 

5. to study the growth and mineral nutrition of two rices 

in an acid upland, and the influence of some 

amendments on them (Experiment 6). 

4 



REVIEW OF LITERATURE 

I. General Characteristics of Upland Rice Soils 
Compared with Flooded Soils 

Uplcmd rice is grown on soils which are well-drainecl, In a 

well-drained soil, most of the pore spac'es surround :i.ng 

individual soil particles and aggregates are gas--filled and 

interconnected with atmosphere. This permits relatiVf~ly rapid 

gaseous diffusion of oxygen throughout the plant rooting depth. 

Though there may be a decrease in gaseous oxygen content 1IT:I th 

depth of some soils, there is fmffid ent molecular oxyge.n 

transport across the gas-liquid interface of the soil solution 

to maintain some dissolved oxygen in this solution. As a 

result, the soil is maintained in ap oxidized condition. Excess 

water applied to a typical upland soil by precipitation, 

irrigation or temporary flooding will rapidly drai.n from the 

upper profile through the interconnected pore spaces. Much of 

this pore space is agai.n fi.lled wi th gas (which is continuous 

with the atmosphere) after draining for several hours. Thin, 

oxidized moisture f:f.lms of one third bar tensj on or less will 

remain around individual soil particles and aggregates due to 

the hydrophilic nature of mineral and organic soil components. 

This relatively thin film of moisture on soil solids and root 

surfaces supports life by providing a medium for' chemical 



reactions affecting nutrient availability, serving as a nutrient 

and moisture reservoir and supporting transport of nutrients 

from soil solid phase to the plant root system. 

Rate of oxygen diffusion in a non-flooded soil is dependent 

on the effective air-filled porosity (Kohnke 1968). The gaseous 

diffusion virtually ceases when the air-filled porosity in a 

soil drops to about 10% (WesseHng 1974). The soil moistllre 

6 

tension (SMT) is the most important factor controlling the 

aeration status of non-flooded soils. When SMT is lowered, 

changes in soil aeration will be small until a critical value is 

reached (usually about 20 cb of water tension). Below this 

point, changes will be large, the gaseous pore spaces become so 

restricted «10%) that they are no longer continuous. At this 

value, there is little exchange of gas hetween the soil and 

atmosphere. The critical SMT below which there will be 

restricted soil aeration, will vary as a function of soil 

texture and aggregate size (Meek and Stolzy 1978). When the EMT 

is below the critical value, the change in oxygen level wi.Il 

depend on oxygen consumption. Oxygen consumption in soils again 

depends on source of oxygen demanding components (energy 

source), temperature and soil texture (Meek and Stolzy 1978). 

Incorporation of organic waste (crop residues. animal manures, 

city wastes) into soil increases microbial activity, exerts 

greater demand on soil oxygen, thus resultin.g in decreased 

oxygen concentration (Meek and Grass 1975). In most well 



aerated soils (with SMT above crittcal value) , oxygen 

consumption rates are usually lower than the potential oxygen 

diffusion rate from the atmosphere. As a result, the soil is 

maintained under aerobi~ or oxidized conditions. Hut in poorly 

aerated soils (SMT below critica.l value, gas-,fiI1ed porosity 

<10/~), oxygen diffusion cannot keep up with demand, resulting in 

slower renewal of oxygen as compared to consumption. This 

results in the formation of anox:k microsites :in the soils 

(Reddy and Patrick 1983). 

7 

Flooding or waterlogging a soil virtually eliminates 

gas-filled pores and li,rrLits gas exchange between soj 1 and atr to 

molecular diffusion in soil water. This process is about 10
4 

times slower than in air (Grable 1965). Consequently the oxy~~,en 

supply oJ the soil is cut off and gases formed by 8(,il 

metabolism accumulate. ~THhin a few hours of flooding, 

microorganisms and roots use up the oxygen present in the water 

or trapped in the soil and render a submerged L'loiJ practicaJ ly 

devoid of oxygen. Ponnamperuma (1972) summarized the evidence 

for the absence of molecular oxygen in flo('l(led soil8. The 

drastic restriction of gas exchange between a flooded soil and 

atmosphere leads to the accumulation in the soil of nitrogE'l1, 

carbon dioxide, methane and hydrogen. The gases build up 

pressure and escape as bubbles. Carbon d,ioxide concentrations 

as high as 50% may persist for several weeks in cold, acid soHs 

that are flooded (Ponnamperuma J.976). The mean temperature of 
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the surface layer was found 6°C lower for flooded s01ls than for 

well- dra ined soils (Bonneau 1982). Neue (1985) noted that 

flooding and puddling markedly decrease the bulk density of 

80ils with high clay and organic matter content. 

11. Physico-chemical and Chemical Changes in Soils 
Under Flooded and Non-flooded Conditions 

Redox potential 

Redox potential (Eh) is the. most convenient electro-

chemical measurement that serves to disUnguish a reduced soil 

from an oxidized or aerobic soil. Aerobic soils are 

character.ized by highly positive potentials (+800 to +300 mV). 

Most of the flooded soils have large negative potentials (+200 

to -400 mV) after a few weeks of submergence. Pe.arsall (1938) 

considered the redox potential range of +320 to +350 mV at pH 5 

(corresponding to +200 to +230 mV at pH 7) as a border1.i.ne 

between reduced and oxidized soil conditions, because below this 

redox potential range soils contained <lnd 

Mn2+ ions and above this range generally contained NO,-, 
_:, 

Fe3+ and Mn4+ ions. Patrick and Mahapatra (1968) and Liu 

(1985) classified the oxidiation-reduction status of soils into 

four categories, viz., (i) oxidizing (>400 mV), (ii) weakly 

reducing (+400 to +200 mY), (iii) moderately reducing (+200 to 

-100 mV) and (iv) strongly reducing «-100 mV). Gambrell and 

Patrick (1978) gave the following potentials at pH 7 for the 

observations listed below: 



Observation Eh (mV) 

Disappearance of °2 330 

Disappearance of N0
3 

220 

Appearance of Mn2-+- 200 

Appearance of Fe 2+ 120 

Disappearance of S04 
2- -150 

Appearance of CH
4 

-250 

The Eh is a useful guide to the sequence of soil reduction, 

but it does not indicate the capacity of the soil to resist Eh 

changes. Buffering agents in tIle oxidizing range are oxygen and 

nitrate, whereas in the reducing range ferric compounds dominate 

(Patrick 1982). Although redox potentials of flooded soils have 

been used in ecological studies (Aomine 1962, Ponnamperuma 

1982), they are of limited theoretical or pract ical value. Hut 

potentials of interstj tial water of flooded soils and sediments 

are thermodynamically meaningful and have been used successfttUy 

to explain the changes in concentration of ecologically 

important ions in soil soluUons (PonI1 limp eruma 1972, Yamane 

1978, Lindsay 1979, Rowell 1981). 

Ponnamperuma (1972) reported that Eh fell rap:!.dly after 

flooding, reached a minimum within a few days, rose rapidly to a 

maximum and then decreased Bf3ymptotically "tid th time. Soil 
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properties markedly influenced the Eh kinetics, The course, 

rate and magnitude of the decrease in Eh on submergence were 

found to depend on the nature and amount of organic matter, the 

nature and content of electron acceptors, temperature and period 

of submergence (Ponnamperuma 1982. 1985), 

Unlike in flooded soils, seasonal changes in Eh of 

non-flooded soils growing upland rice has nct been studied 

thoroughly. Initial works at the Soils Department of the 

International Rice Research Institute (IRRI ]973) recorded 

solution Eh of several non-flooded soils. Ihe Eh ranged between 

350 and 600 mV throughout the growing season. Islam and Islam 

(1973) reported much lower values, ranging between 121 and 155 

mV. From theoretical point of view, Eh change~ in non-flooded 

soils should be small as long as sufficient gaseous oxygen is 

present in them. The Eh shows significant drop only when g~s 

exchange between the atmosphere and the soil voids is restricted 

due to b] ocking of narrow pores by water films (following a 

rainfall or irrigation and impeded drainage of the. 80il) and the. 

gaseous oxygen in soil is depleted by soil microorganisms. Soil 

management has a great effect on soil structure and porosity. 

CompactiOll can reduce the size of pores both between and withln 

aggregates and so effects the distri.bution of anaerobic zones in 

soils (Cannell 1977). Parker et al (1985) have noted that 

oxygen content and redox potential of non-flooded fields 

decreased with increasing soil moisture and depth. Again. pH 
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and Eh of soils are linked together i.n various ways. Based on a 

theoretical relationship, Eh of the aerobic soils should change 

little with oxygen concentration but greatly with pH change if I 

them (Rowell 1981). 

pH 

The change in pH due to submergence is a very important 

feature of lowland paddy soils. The direction, €1<tent and rilte 

of this change are closely related to the original pH and other 

properties of the soil. Ponnamperuma (1972) documEnted that the 

overall effect of flooding was to increase the pH of acid soils 

and depress that of the alkaline soi.ls. Thus the pH values of 

most flooded mineral 80ils are between 6.7 and 1.2, and those of 

their interstitial solutions between 6.5 and 7.0. He further 

noted that in acid soils low in reducible iron, pH did not rise 

above 5.0 even after months of submergence; whereas in high pR 

soils low in organic matter, pH would not decrease below 8.0 

(Ponnamperuma 1984). Recently Cang ~ al (1985) have reported 

similar effects of flooding on soil pH. In their study, organic 

manuring in acid so:(,ls was found to enhl'nce the degree of pH 

rise on flooding. 

Ponnamperuma attributed the pH incrflase in flooded acid 

3+ 2+ 
soils to the reduction of Fe to Fe and described it in 

most acid mineral soils by the relationship: 

2+ 
Eh = 1.06 - 0.059 log Fe - 0.177 pH 
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The decrease in pH of sadie and calcareous soils and the check 

on the pH rise of acid soils are the results of accumulation of 

CO
2

, Following relationships between pH and the partjal 

pressure of were observed by PonIlamperuma et al 

(1969a) : 

pH 6.4 - 1.00 log 
P 

Sadie soil == CO
2

, 

Calcareous soil pH 6.1 0.66 log 
P 

CO
2

, 

Neutral soil pH 6.1 0.64 log 
P 

CO
2

, 

Ferruginous acid soil pH 6.1 0.57 log Pea 
2 

The pH of aerobic soils is governed by the nature of parent 

material, the degree of weathering and leaching, and the effects 

of any additions of amendments such as lime or fertilizer. In 

aerobic Boils, pH is not affected very much by the oxidation and 

reduc tion processes inval ved :!.n aerobic respiration. However, 

CO
2 

is 01ways produced by aerobic respiration and an increase 

in 
P 

CO" reduces pH via the 
L 

system in the soil water. The effectn are most marked in 

calcareoul3 and sodie soils. where in equilibrium with the 

atmosphere pH are close to 8 and 9, respectively; but in the 

pr~sence of 1% CO
2 

in the soil atmospheTe they are close to 

7.5 and 8 (Rowell 1981). The production of weak organic acids 

during respiration may have a slight acidifying effect, and the 

oxidation of NH + 
4 also causes a fall in pH. 

Reyes and Ponnamperuma (1972) observed that the pH of a normal 
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and a high pH aerobic soils remained almost unchanged throughout 

the season, whereas in an acid soil pH dropped markedly after 8 

weeks. 

Electrical conductivity 

Previous studies on the kinetics of the electrical 

conductivity (EC) of soil solution showed that generally it 

increast'd on flooding, reached a peak and then rleclined to a 

fairly stable value (Ponnamperuma 1977). The init.ial tnere,lse 

in EC on submergence has been attrtbutE c1 to mobilization of 

anl! M 2+ n . , formation of 

and displacement of Ca2+, M 
2+ g , 

+ 
NH4 ' and 

soil 

11 d ,. M 2+ d F 2+ co oi s ny n an e . The subsequent decrEase has been 

a ttl'j.bu t.~.j precipitatiolJ of Mn 2+ MnCG
3

, and Fe 
2+ 

to as a.s 

-Fe 3 (OH)8 and FeS, removal of HC(l3 , conversion of 

- -ReDO and HC0
3 

to CH4 , Wu et al (J985) have not found 

any decrease in EC following the initial increase upto first 3 

weeks. Initital properties of soil, however, profoundly 

influence the EC kinetics. Redman and Patrick (1965) observed 

decrease in EC after submergence in some soils j_n~. tital1y hi.gh 

in. N0
3 
--N. Wu at al (1985) foutl.d high correlation between 

the EC increase on submergence I1nd the organiC matter status of 

soil. After the removal of most of the organic matter from the 

soil, the increase in EC was very 8mall. 
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Generally, the EC of submerged paddy soils are higher than 

the corresponding upland soils. Wu ~ al (1985) found 20 to 70% 

increase in EC of five soils from China after having developed 

them to lowland paddies. 

Nitrogen 

Most of the nitrogen in soils is organically bound. This 

organica1] y bound N is biologically transformed to inorganic N 

(NH + 
4 

and during organic matter decomposition. 

HineraJization (the biologica1 transformation o£ organic N to 

inorganic N) occurs in coth oxidized and reduced 80ils. Since 

the rate of organic matter degradation is considerably greater 

in aerobic soils, one would expect net N mineralization and 

subsequent availability to be higher under these conditions. 

However, the N requirements for anaerobic metabolism are lower 

than for aerobic metabolism, resulting in a greater re1p.ase or 

availability of NH
4
+-N than would otherwise be expected in 

reduced soils. This has been demonstrated experimentally by a 

number of investigators CAcharya 1935a, b, c; Abi chandani and 

Patnaik 1958; Patrick and Wyatt 1964, Waring and Bremner 1964, 

Wil,liams ~ al 1968, Yoshida 1971). 

Patrick and Wyatt (1964) found a considerably higher rate 

of inorganic N release in flooded than in well-drained soiJ s. 

In a number of soils, Waring and Br~mner (1964) observed a more 

rapid rate of net mineralization under submerged than under 
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aerobic conditions. Quantitatively, they showed that in a two 

week period, for every 1 ppm of inorganic N produced 

aerobically, 1.23 ppm of inorganic N were produced under 

submerged conditions. Tusneem and Patrick (1971) noted that the 

minerllJization rate of organic N of added residues was initially 

greater under submerged than under optimum moisture conditions. 

The difference was more pronounced at higher C:N ratios (>20) 

and persjsted for about 2 months. Thereafter, the inorganic N 

still increased under optimum moisture regime and reached 

absolutely higher level s, while NH4 + Bccumulat:i on gradually 

decreased under submerged conditions. 

to 

Worl<G reviewed a.bove indicate that organic N conversion 

NH + 
4 

occurs at all levels of soil aeration, but at 

varying rates. Under well-aerated conditions. very little or no 

NH + 
4 

accumulates in a soil system, because of rapid 

oxidatiotl of NH + NO - AmmoniUITI 
4 

to 
3 

N accumulates in 

submerged soils, since they are devoid of °2' As early as 

-changes in N0
3 

and 1928, Janssen and Metzger studied the 

+ NH4 in a soil heavily manured with vetch under well-drained 

and flooded conditions. In the well-drained soil, + NH4 rose 

to 12 ppm in the soil solution at the end of 2 weeks and 

declined to almost zero at the end of 6 weeks, while N0
3

-

steadily increased and attained a level of 40 ppm in the soil 

solution at the end of 10 weeks. Islam and Islam (1973) and 

Ponnamperuma (1975a) also noted progressive increase in 
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N0
3

--N concentration in soil solutions of field capacity 

moist soils. Sahrawat (1982) studied the nitrification of soil 

N in several rice soils having a wide range of pH (3.4 to 8.6) 

and organic C (1.22 to 22.70%) by incubating them under aerobic 

conditions for 4 weeks at 30°C. I twas found that two ad.d 

sulfate soils (pH 3.4 and 3.7) and a strongly ac.id soils (pH 

4.4) dj d not nitrify during this period. Mineral and organic 

soils having pH >0.0 nitrified at rapid rates and accumulated 

N0
3 

- -N ranging from 98 to 123 mg/kg of dry soil. 

Ponnamperuma (1985) reported that flooding rapidly 

decreased NO --N 
3 

whereas generally increased NH +-N 
4 

concentration in soils. The rate of disappearance of N0
3

-

varied markedly with soil and temperature. The kinetics of 

ammonification also varied with the soil. temperature and 

pre-treatment of the soil. Air-drying four peat soils before 

anaerobic incubation caused a release in 8 week of 200-500 mg 

+ NH4 /kg compared with almost zero for the non-dried wet peat 

soils (Sahrawat 1983). 

Phosphorus 

Although P itself is not normally biologically reduced iIt 

redox reactions in soils, j.t does undergo reactions that have a 

pronounced effect on its reactivity. Phosphorus is generally 

more available in submerged than in aerobic soils (Aoki 1941; 

Shapiro 1958 B.b; Mitsui 1960, Patrick 1964. Ponnamperuma 1965, 
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Murty and Singh 1975, Kbalid et at 1976, Reddy and Patrick 

1983). Ponnamperurna (1972, 1985) attributed the observed 

increase in soluble P upon flooding soils to (1) reduction of 

FePO 4' 2H20 to (ii) hydrolysjs of 

FeP04 and AIP04 in acid soils, (iii) desorption following 

reduction. of Fe (III) hydrous oxides to Fe (II), (iv) release of 

occluded P, (v) increased mineralization of organic P in acid 

soils caused by increased pH, and (vi) increased solubjlity of 

apatite in calcareous soils due to drop in pH. Careful survey 

of ] iterature. however, reveals that in a number of cases 

flooding did not increase P solubility in soils. Bartholomew 

(1931) noted a decrease in water soluble P due to flooding of 

soil. Paul and DeLong (1949) also recorded similar findings. 

These investigators attributed the reduced P availability partly 

to the transformation of inroganic phosphate to insolutle 

organic l' complex and partly to the precjpitation by Ca presEmt 

at high concentration in the flooded soil. Gasser (1956) 

suggested that Al may stabilize insoluble organic P complexes in 

anaerobic soils, resulting in reduced P availability. Valencia 

(1962) noted that long-term flooding decreased P availability in 

5 soils. Flooding either did not change or decrease extractable 

P in 8 of 26 soils studied by Redman and Patrick (1965). These 

8 soils released relatively leas amounts in the 

solutions. Tusneem (1967) did not observe any increase in P 

availabUity due to flooding of an lUtisol low in total P content. 



Ponnamperuma (1972) noted that flooding did not increase P 

solubility in a near-neutral clay, and an acid ferrallitic clay 

high in active Fe. Khalid et al (1977) reported an increase in 

soluble 1:' in 13 of 20 rice soils when incubated under reduced VB 

oxidized conditions. Katyal and Venkatramayya (1983) did not 

find any appreciable change in water soluble P in a Vertisol 

from India. 
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Patrick and Khalid (1974) reported that reduced soils 

released more P to soil solutions low in soluble P and sorbed 

more P from solutions containing high levels of soluble P than 

did the same soils under oxidized conditions. It ,,'as suggested 

that the r.eduction of insoluble ferric oxyhydroxides to rnc,re 

highly dispersed ferrous forms increases the surface area of the 

reactive iron compounds responsible for P retent:! on. This \\1as 

supported by the recovery of more oxalate-extractable (poorly 

crystalline) iron from the reduced soils. 

In alkaline soils, Turner and Gillianl (1976a,b) observed 

that increase in available P (expressed as anion resin­

adsorbable P) under flooded conditions was not due to soil 

reduction of ferric phosphate but due to increased soil water 

content. Increased available P under water saturated conditions 

(oxid:l.zed or reduced) was attributed to the greater rate of 

diffusion. to the resin particles. They observed increased rate 

of P diffusion with increase in soil water content. 
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Iron 

In aerobic soils the concentration of water-soluble Fe is 

governed largely by the solubility of ferric o:Kide hydrates. 

The solubility of these oxides is so low that in nDtural aerobic 

media the concentration of water-soluble Fe. theoretically, 

cannot exceed 0.001 ppm. The higher concentration (commonly (1.1 

ppm) observed in aerobic soils are due to organic complexes <ltld 

to colloidal ferrous oxide hydrates stabilized by organic matter 

(Krauskopf 1972). When a. soU is submerged. the picture changes 

drastically. The ferric iron is directly and indirectly reduced 

to ferroufJ iron by microorganisms and large amounts of Fe are 

brought into solution. Ponnamperuma (1965. 1972) observed that 

on submergence the concentration of water-soluble Fe i.n soils 

increased to a peak value and then declined or reached a 

plateau. These changes varied with the pH and organi.c matter 

content of the soil, the content and reactivity of ferric 

oxides, presence of nitrate, temperature and the salt content of 

the soil. Acid soils high in organic matter and iron 'Were found 

to build up concentrations as high as 600 ppm within 1-3 weeks 

after flooding and showed a roughly exponent:lal decrease to 

levels of 50-100 ppm, which persisted for several months. I,ow 

temperature retarded the peak and broadened the area under it 

(Ponnamperuma 1976). In neutral and calcareous soils low in 

organic matter, the concentrations of water-soluble Fe were 
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lower, usually less than 20 ppm and sometimes even less than 1 

ppm. Reyes and Ponnamperuma (1972) noted extremely low 

concentrations (less than 0.5 ppm) of water- soluble Fe in three 

non-flooded soils as compared to those in the corresponding 

flooded seils. Islam and Islam (1973) failed to detect [lny 

water-soluble Fe in five soils under field capacity moist 

conditions whereas it ranged between 80 and 2JO ppm under the 

flooded conditions. 

Gotoh and Patrick (1974) observed 50 to 100 ppm of water-

soluble Fe in anaerobic soils as compared to less than 1 ppm in 

the aerobic soils. Using a wide range of closely controlled pH 

and Eh conditions in a soil suspension, they found that 

increases in water-soluble and exchangeable iron WE're favored by 

a decreafle in both Eh and pH. They noted that the critical Eh 

3+ for Fe reduction and consequent dissolution was between +300 

mV and +J 00 mV at pH 6 and 7. and -100 mV at pH 8; while at pH 5 

appreciable reduction occurred at +300 mV. Their study further 

revealed that water-soluble Fe accounted for 76% of the 

water-soluble plus exchangeable fraction under the combination 

of pH 5 and Eh -250 mV, whereas it accounted for only 4% under 

the comb ina t i,on of pH 8 and Eh - 250 mV. Sajawan (1985) has 

reported that solubility of Fe jn soil suspension increased 

progressively with decrease in the redox (Eh/59.2 + pH) values. 
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Manganese 

The behavior of Mn in paddy soils is similar to Fe in many 

respects. On flooding, insoluble oxidized manganic (Mn
4+) 

compounds are reduced to the more soluble manganous (Mn
2
+) 

form 

An increase in Mn
2+ in the solution and on the exchange 

complex is one of the first measurable effects of redud.ng 

conditions. The release of Mn2+ into the soil solution 

precedes that of Fe 2+ because Mn 4+ is more readily reduced 

and rendered more soluble than Fe3+. 

Redman and Patrick (1965) observed approximately six times 

as much extractable Mn in flooded soils after 30 days of 

submergenc:e as under air-dry conditions. Ponnamperuma (1965) 

noted that on submergence, the concentration of water-soluble Mn 

in soils increased, reached a peak and then declined. The 

rlecline after the peak was attributed to the precipitation of 

Mn
2+ as MnC0

3 
(Fonnamperuma et al 1969). 

Soil pH has a remarkable effect on Mn solubility, and the 

concentration of Mn2+ in the soil solution is highly dependent 

on 'both pH and Eh. Turner and Patrick (1968) found no 

exchangeable Mn in an aerobic soil above a pH of 6, while in un 

anaerobic soil exchangeable Mn was present upto pH 11. They 

4+ 
further noted that Mn began to be reduced at an Eh of +400 

mV and was essentially completely reduced at an Eh of +200 mY. 



Gotoh and Patrick (1972) reported that both water-soluble and 

2+ exchangeable Mn increased with decrease in Eh and pH. 

Between pH 6 and 8, 
. 4+ 2+ the conversion of ~nsoluble Mn to Mn 

was dependent on both Eh and pH. At pH 5, the effect of Eh was 

minimal on Mn2+ solubility and in more acidic range (pH <5), 

pH alone could control the Mn2+ solubility in soils. They 

found that at pH 5, almost all of the soil Mn was converted from 

reducible to water-soluble plus exch~ngeable fraction even at Eh 

as high as +500 mY. At pH levels between 6 and 8, most of the 

conversion took place at relatively low potentials of +200 to 

+300 mY. 

Due to this marked influence of pH on Mn solubility, Mn 

22 

toxicity could be a problem in acid aerobic soils rich in active 

Mn (Ponnamperuma. 1975a). 

Reyes and Ponnamperuma (1972) found much hi~her 

concentration of water-soluble Mn ill three 80i] s under flooded 

than under non-flooded conditions. Under non-flooded 

condition&, the acid 80il had 7 to 40 ppm as compared to almost 

no water-soluble Mn in the near- neutral and calcareous soils. 

Sajawan (1985) has noted that solubility of Mn in soil 

sus,pension increased progressively with decreaee in the redox 

(Eh/59.2 + pH) values. 



Potassium, calcium, magnesium 
and sodium 
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Potassium, Ca, Mg and Na are not involved in oxidation-

reduction reactions and are therefore not directly affected by 

poor soil aeration and flooded conditions. However, flooding 

and reduction of soils may increase their concentrations in soil 

solution by accelerating the dissolution of solid compounds of 

these elements through the solvent action of CO
2 

and by cation 

exchange reactions. In poorly drained and flooded alkaline 

soils, low 02 and high CO
2 

levels can result in dissolution 

of CaCOr. 
_) 

and MgC0
3 

and increase the 

concentration of the soil solution (Ponnamperuma 1972). The 

large qunntities of + 
NH4 • and Mn2+ ions released 

upon flooding may displace substantial quantit:! es of Ca 2.+, 

Mg2+, K+ and Na+ from the exchange sites into the soil 

solution. 

+ Suhntantial increase in the concentration of K in soil 

solution due to floodj.ng were recorded by several investigators 

(Clark and Resnicky 1956, Ponnamperuma 1965. Islam and Islam 

1973. Pasricha and Ponnamepruma 1976). Close examination of the 

findings of thefSe researchers reveals thRt the increases in 

+ solution K concentration due to flooding were highest in the 

sandy soils rich in organic matter. Murty and Singh (1975) 

noted a sharp increase in water-soluble Ca in six soils during 

the first week of submergence and thereafter no consistent 



change was observed. Sharma et a1 (1977) observed increased 

availabi1ity of Ca. Mg, K and Na in a silty clay loam (pH 8.3) 

after 60 days of flooding. The findings of Sims and Patrick 

(1978) that greater amounts of exchangeable iron, manganese, 

zinc and copper are present at low Eh and low pH than at high Eh 

and pH confirmed the role of Fe2+ and Mn2+ in cation 

exchange in flooded soils. 

Zinc and c:opper 
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Zinc and copper are not as readily involved in soil 

oxidation-reduction reactions, but their solubility is affected 

by poor aeration caused by flooding. The solubility of Zn and 

eu in soils is highly pH dependent and decreases by a factor of 

100 for every unit increase in soil pH (Lindsay 1972, Sinha et 

al 1975, Maskina 1976). 

Forno et al (1975) and Hikkelsen and K'110 (1976) reported 

that the concentration of 2n in soil solution decreased after 

flooding. Ponnamperuma (1977) noted that despite probable 

desorption from ferric- and manganic- oxide hydrates, flooding 

generally decreased the concentrations of soluble Zn and Gu in 

soils. He attributed this decrease in acid soils partly to the 

pH increase following 80il reduction. But the concentrations of 

water-soluble Zn a.nd eu decreased also in calcareous and sodic 

soils under submergence, in spite of the decrease in pH brought 

about by the accumulation of CO
2

, It has been postulated that 
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the solubility of Zn and Cu in flooded soils is controlled by 

several metastable compounds like 

Zn(OH)2' ZnS, and (IRRI 

1971, Katyal 1972, Krauskopf 1972, Sinha et al 1975. Dhillon et 

al 1975). Most of these compounds are too soluble in soils to 

have a slgnificant influence on Zn or eu solubility. 

However. Engler and Patrick (1975), Kittric (1976) and 

Ayotade (1977) reasoned that ZnS is stahle in flooded rice 

soils. Rr~.ddy and Patrick (1977) observed that chelated Zn and 

eu in soil solution decreased with decreasjrrg Eh from +500 mV to 

-200 mV. The instability of Zn and Cu chelates was attributed 

to chemicLlI fixation (possibly with sulfide) of /'ldded Zn and Cu, 

and not due to chemical or microbial breakdov,"n of the metal 

chelate complex. Pavanasivam and Axley (1980) noted that in 

2_ 
presence of added SO 4 -8, flooding of Cl. high pH sil ty loam 

reduced the availability of Zn. 
2 

When 80
4

- -8 was not added 

to the soil, flooding the same high pH soil increased the Zn 

£Ivailabilt ty. At low pH on the other hand. regardless of 
2_ 

804 -8 addition, flooding caused a reductj,on in the 

availability of Zn. Rajendran and Aiyer (1982) reported that 

drying of five acidic paddy so11s enhanced the ava.ilable Zn 

status. Sajawan (1985) found that Zn solubilHy in soil 

suspensions decreased with decreasing redox. (Eh/59.2 + pH). He 

postulated that at low redox, the increased solubility of Fe 

could have a depressive effect on the solubility of Zn through 

the formation of ZnFe
2

0
4 

(£ranklinite). 
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Sulfur 

Sulfur is subject to oxidation-reduction reactions and 

exists in soils at different valence states. The most common 

valences are +6 (sulfate), 0 (elemental S) and -2(sulfide}. The 

valence state of S in soil is governed to a large extent by the 

environmental conditions (02 and water content) that affect 

the composition and activity of the microflora. 

In aerobic soils, the principal S transformations include 

(i) the oxidation of elemental S, thiosul£ates and sulfides; 

(i1) mineralization of organic S; and (iii) incorporation of S 

and sulfates into microbial tissue, and uptake by plants. Under 

conditiol1S of 02- free environment. sulfate-reducing obligate 
2_ 

anaerobic bacteria use 804 -8 as an electron acceptor. 

resulting in the formation of sulfides (Alexander 1977). These 

or.ganisms are very sensitive to 02 and cannot flmc.tion in t:he 

presence of soil °
2

, Sulfate reduction ~Tas shown to occur. in 

soils with Eh <.-75 mV (Harter and McLean 1965). while Connell 

and Patrick (1968) reported sulfide formation in an anaerobic 

soil with Eh <-150 mV. Ponnamperuma (1978) suggested that 

sulfate reduction even in flooded 80iJ.8 only proceeds at 

localized, highly reduced spots. Rao ~ & (198 lf) found that 
2_ 

804 -8 concentration decreased marginally during first 10 

days and rapidly thereafter on submergence in eight different 

soils. Summarizing his own works, PonnamperulTIoS (1985) reported 
:2 

that in neutral and alkaline soils~ the 8°4--8 concentration 
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decreased rapidly and was reduced to zero within 6 weeks of 

flooding. In acid soil, it first increased probably because of 

desorption and then decreased to zero. Kinetics of water-

soluble sulfate in flooded soils have been found to be 

influenced by the properties of soils (pH, organic matter 

content, etc.) and temperature. Gupta (1974) and Pan (1915) 

2_ 
reported that the rate of S04 -S reduction increased rapidly 

with temperature. The optimum pH range for maximum sulfide 

formation was found to be between 6.5 and 8.5 (Connell ;,nd 

Patrick 1968). Engler and Patrick (1973) demonstrated that a 

number of chemical oxidants like KN0
3 and Mn02 wr're 

effective in promoting sulfide oxidation or rf'tl.lrding sulfide 

formation. It was suggested that effects on sulfide production 

were due to the oxidants' influence on soil Eh. Pa.n (1%5) 

noted that addition of organic matter to flooded soils markedjy 
2_ 

increased the rate of S04 -S reduction. 

Silicon 

Although submergence of soil is believed to render. Si, more 

readily available to rice, there is no clear-cut demonstrat~on 

of the increase in sOlub:l.lity of S1 as a result of submergence. 

Reed and Sturgis (1939) reported that flooding caused an 

increase in the solubility of Si, although their. figures clear ly 

indicate that 8i was conSistently lower in the solution from 

flooded soil than from the well-drained. Ponnanmperuma (19(:,5, 



1972) reported that submergence caused only slight increase in 

soluble 5i in some soils whereas it did not produce any increase 

in the others. He attributed the observed increase under 

flooding to the release of Si folJowing reduction of hydrous 

oxides of Fe3+ sorbing Si and action of CO
2 

on 

alumino-silicates. Patrick and Reddy (1978) suggested that 

decomposing rice straw with its high silica content could also 

contribute to the increased Si content of the soil solution of 

flooded soils. 

In fact. solubility of Si in soils is governed by 
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complicated phenomena. Silicon is present in soils as amorphous 

and crystalline silica, aluminosilicates, and as silica 

adsorbed on or co-precipitated with hydrated oxides of A1
3

t-, 

Fe3+ and Mn 4+. Wilding et al (1977) noted that the 

concentrat-ion of soluble Si in soil lies approximately halfway 

between the equilibrium solubility of amorphous silica and 

quartz. Elgawhary and Lindsay (1972) concluded that a solid 

phase less soluble than amorphous silica and more soluble than 

quartz controls silica concentrations in soils. Other 

investigators suggested that the adsorption and desorption of 

soluble silica by soil components play a major role in 

determining the concentration of water-soluble Si in soils 

(Beckwith and Reeve 1963, 1964; McKeague and Cline 1963; Jones 

and Handreck 1963). 
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Concentration of Si in solution at any given time is 

related closer to the relative rates of the above processes than 

to equilibrium concentrations. In various ways, pH may affect 

the concentration of water soluble Si in soils. Alexander et al 

(1954) found that the solubility of amorphous silica is lowest 

at pH 7-8. The solubility increased slightly at lower and 

sharply at higher pH values. Beckwith and Reeve (1964) and 

Baumann ~w cited by Iler (1979) noted that sorption of silica by 

soil was highest at pH 9 and decreased markedly both at higber 

and lower' pH. ller (1979) reported that monosilicic acid 

combines ~Iith metal ions to an increasing degree with increasing 

pH. resulting in the decrease in concentration of monosilicic 

acid (soluble silica). 

III. Growth and Mineral Nutrition of Rice Under Flooded 
and Non-flooded Conditions of Soils 

Growth 

As early as 1943, Cralley and Adair found that rice plants 

grown on r.ontinuously submerged plots were taller, tillered more 

profusely, had higher grain: straw ratio and gave significantly 

higher y:lelds than the plants grown on the plots kept 

continuously moist. Chakladar (1946) noted that even the best 

known upland varieties of rice gave lower yields when grown 

under upland (non-flooded) than under lowland (flooded) soil. 

conditions. Similar findings were subsequently recorded by many 
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other investigators (Senewiratne and Mikkelsen 1961, Chaudhry 

and McLean 1963, Yoshida 1975, Singh et al 1977, De Datta 1981, 

Ismunadji 1985). 

Poor growth and yield of upland rice have more commonly 

been attributed to weed infestation (Sankaran and De Datta 

1985), moisture stress (Moolani and Sood 1967; Jana and Ghildyal 

1969; Jana and De Datta 1971;De Datta ~ al 1973, 1975; Yoshida 

1975; De Datta 1981) and disease-pest problems (au ~ al 1975, 

AIm and Mukelar 1986). Others have suggested that decreased 

availability of several mineral nutrients and imbalanced 

nutrition of rice under non-flooded conditions of soils greatly 

contribute to the poor performance of upland rice (Ponnampenlma 

1955, 1965, 1975; Shapiro 1958a, Jeffery 1963; Halm 1967; 

Yoshida 1975, Singh et al 1977; Chahal et al 1980; Ismunadji 

1985). 

Rec~ntly, Westcott and Vines (1986) have reported that even 

after complete elimination of moisture stress and disease-p~-~st 

problems. yield of rice under non-flooded conditions did not 

exceed 62-75% of that under the flooded conditions. They have 

suggested that the yield difference could be due to difference 

in nutrient availability under the two different moisture 

regimes. 



Mineral nutrition 

Nitrogen. Zsoldos (1958) studied the effects of aerobic 

and anaerobic conditions on short-term uptake of N by rJce 

seedlings from nutrient solution. He did not find uny 

difference in N uptake between the two treatments. Senewiratne 

and Mikkelsen (1961), Cha.udhry and McLean (1963) and Halm (19(.7) 

reported no significant effect of s011- submergence on N 

concentra tion in the shoots. In fact, these researchers "nd 

Ismunadji (1985) noted higher concentrations of N in the pl~nt 

tissues under non-flooded compared to the flooded treatmeI,ts 

probably because of its dilution in tissue; because dry matte] 
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yield was much higher under the flooded conditions. Several 

investigators, on the contrary. reported higher concentration of 

N in rice plants grown under flooded than under th,* non-flooded 

conditions of soil (Shapiro 1958a, Enyi 1966) and sand culture 

(Baruah and Singh 1980). In these cases, dry matter yields WEre 

comparable under flooded and non-flooded treatments. 

Phosphorus. The short-term uptake study of Zsoldos (1958) 

showed no effect of the anaerobic conditions of nutrient solution 

on P uptake by rice seedlings. Senewiratne and Hikkelsen (1961) 

and Eny:i. (1966) found no significant difference in P 

concentration in shoots between the flooded and non-flooded soil 

conditions. Cherian ~ !1l (1968) did not find a.ny consistent 

effect of soil submergence on P content of rice plants. 
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Sanchez and Briones (1973) reported that in soils of high P 

availability, there was no difference in growth and P uptake by 

rice between the constant flooding and partially oxidized 

treatments. They further noted that in soils of low P 

availability, partially oxidized conditions produced lower 

yields and lower P uptake in comparison to constant flooding. 

Several other investigators (Chaudhry and McLean 1963, Ha.lm 

1967, Patrick and Fontenot 1976, Chahal et al 1980, Bora and 

Goswami 1983, Ismunadji 1985) found that plants grown under 

anaerobic or flooded conditions contained remarkably higher 

concentrations of P than those grown under aerobic or 

non-flooded conditions. 

RotaFsium. Senewiratne and Mikkelsen (1961) found DO 

significant effect of soil submergence on K concentration in 

rice plants. Enyi (1966). Balm (1967), Cherian et al (196h) , 

Sharma ~ al (1975) and Jha et a1 (1978) not ed that plat'ts 

growing under non-flooded conditions had remarkably higher 

concentration of K than that under the flooded conditions. On 

the contrary, some researchers reported higher concentrations of 

K in plants under flooded than under the non-flooded conditions 

(Singh 1966, Baruah and Sj_ngh 1980, Ismunadji 1985). The 

conflicting results may be due to the differences in the 

properties of soils used, but this aspect has not been 

considered by these workers. 



Calcium. magnesium and sodium. Enyi (1966) and Yoshida 

(1975) found no appreciable difference in ea and Mg 

concentrations in plants between the flooded and non-flooded 

conditions. On the other hand, Cherian ~ al (1968) and Sharma 

et al (1975) noted that flooding of soils consistently decreased -- -- . 
ea and Mg concentrations in rice plants. Enyi (1966) recorded 

consistent increase in tissue Na content due to flooding of 

soils. 
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Iron. Rendering the atmosphere overlying the flood-water 

anaerobic. MandaI (1962) obtained higher Fe content in rice 

shoots. Many other researchers have reported significantly 

higher concentration of Fe in plants under flooded than under 

non-flooded conditions of sails (Yoshida 1975. Jugsuj inda {md 

Patrick 1977. Singh et a1 1977, Chahal et al 1980, Tiller 19F2, 

Gupta ~~ 1982, Sajawan and Lindsay 1986). 

On the otherhand, Senewiratne and Mikkelsen (1961) and 

Chaudhry and McLean (1963) did not find any significlmt 

difference in plant Fe concentrations between the flooded and 

non-flooded conditions of soil. Cherian et al (1968) ~1Dd 

Patrick and Fontenot (1976) also found no consistent effect of 

soil reduction or flooding on Fe contents of rice plants. 

Probably effect of flooding on total Fe content in rice plants 

varies with soil properties which have not been considered by 

these workers. 



Manganese. MandaI (1962) noted that under anaerobic 

environment, rice plants had higher Mn content. 

investigators reported higher concentration of Mn 

under flooded than under the non-flooded regimes 

Many other 

in plants 

of soils 

(Cherian e.t al 1968, Singh ct al 1977, Chahal et al 1980, Tiller 

1982, Sajawan and Lindsay 1986). 
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In sharp contrasts to the above findings, Senewiratne and 

Mikkelsen (1961) noted significantly higher concentration of Mn 

in rice plant grown under non-flooded than under flooded 

conditions. They suggested that the higher Mn content of ri.ce 

plants under non-flooded conditions (789 ppm under non-flooded 

against 102 ppm under flooded) affects the indole acetic acid 

oxidase mechanism resulting in retarded growth and depressed 

grain yields. Enyi (1966, 1968) and Kamada (1980) found higher 

Mn content in plants grown under moist than under flooded 

regime. They attributed it to a probable antagonism between Fe 

and Mn. Weeraratna (1969) noted that flooding caused increased 

uptake of Mn by plants in a soil C'ollected from a field whtch 

had been under lowland conditions for a long time, but decrealSed 

it in a soil collected from an upland field. He noted much 

hi~her concentration of available Fe under flooded condition. of 

the 'upland' soil compared to that in the other soil and 

attributed the decreased Mn uptake in the former case to the 

antagonistic influence of excessive Fe. Of the four s011s 

studied, Tiller and Wasserman (1973) obtained increased Mn 



content in tissue in three soils with pH :;;:6.8 and decreased 

tissue Mn content in one acidic soil (pH 5.6) due to flooding. 

Yoshida (1975) reported that flooding increased Mn content in 

plants in a near-neutral soil but decreased it in an acid soi] .. 
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Zinc. Many researchers reported higher uptake of Zn by 

rice plants under non-flooded than under the flooded conditillllS 

of soils (Enyi. 1966, Cherian ~ a1 1968, Beckwith ~ a1 19:'5. 

Kamada 1980, Tiller 1982, Singh et .a1 1984, Sajawan and Lindr;ay 

1986). On the otherhand, Singh !!~..!. (1977) reported increaFed 

concentration of plant Zn due to flooding of the field. 

Of t"he four soils studied, Ti.ller and l;asserman (l9~3) 

found thelt flooding increased plant Zn cOI1centrations in t.wo 

alkaline soils and decreased it in an acidic and near-neutl a1 

Boil. Delta presented by Tiller (1982) i.ndicate that flood:ing 

caused marked decrease in tissue Zn conentrat:iOI1 in ac.idic 

soils. In the alkaline soils, flooding either increased or djd 

not change the Zn concentration in plants. 

COppE!r. Cherian!! al (1968) and Singh ~ ~ (1984) fourd 

no infuence of soil-flooding treatment on Cu content in rice. 

Data presented by Enyi (1966), Kamada (1980) and Tiller (1982) 

indicate that Gu concentrations in rice plant were higher under 

non-flooded than under the flooded conditions of soils. 



Silj.ca. Pande and Mitra (1970), Rao (1971), Yoshida (1975) 

and Ismunadji (1985) reported higher concentration of silica in 

rice grown under flooded than under the non-flooded conditjons 

of soils. Jha ~ al (1978), on the other hand, did not find any 

appreciable difference in silica content in rice between the 

flooded and moist regimes. 

IV. Use of Equilibrium Soil Solution for Char~cterizing 
Soil Chemical Environment 

Soil solution consists largely of thick films of water 
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containing dissolved substances in quasi or dynamic equilibrium 

with the solid and gas phases of the soil. It may be regarded 

as the intermiceller or bulk solution in equilibrium with the 

double layer of ions on the solids in the soil (Soil Science 

Society of America 1978, Bolt 1976, Lindsay 1979). 

evidence has been presented that shows that the composition of 

the equilibrium soil solution is a useful reflection of the foil 

chemical environment. relates to plant grm'lth (Pearson 1971). 

and yields similar critical nutrient values as in solution 

culture studies (Bennett and Adams 1970). 

Under field conditions, the composition of soil solutions 

varies with the water content of the soils. For Bubmerged paddy 

soils in pots, the clear solution drawn by gravity through a 

sintered glass tube at the pot tom of the pot is considered the 

equilibrium soil solution and thermodynamically meaningful phase 

(Ponnamperuma ~ al 1967, Ponnamperuma 1972 a~d 1984). 
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The water content of soils growing upland crops fluctuates 

between a lower limit. at which plants wilt permanently, and an 

upper limit, which for most soils is approximately two times the 

water content at the permanent wilting point (Bower and Wileox 

1965) . A satisfactory method for characterizing the chemi(:al 

environment of soils in relation to plant growth should utilize 

an extract having a composition as representative of the soil 

solution as possible. An ideal method would consist of 

measuring the composition of an extract obtaineod at field water 

content, but the difficulty of obtaining such extracts in 

unaltered state prohibits their routine use. The next higher 

feasible water content is the saturation percentage. A method 

making use of the extract filtered from a saturated soil paste 

was adopted by the United States Salinity Laboratory (Richards 

1954). Although this technique does not extract the solution at 

field moisture content, it is the next best method for relating 

the composition of the soil extract to plant growth (Bower and 

Wilcox 1965). Based on the saturation extract procedure~ 

Geraldson (1957) developed a soil test for field crops in 

Florida and this procedure is currently being used by several 

so~l testing laboratories in the United States (Holcomb ~ a1 

1982). Nemeth et al (1970) successfully used the saturatjon 

extracts of soils as representativE! soil solutions in their 

study. Mohiddin (1982) has noted that the saturation extracts 

of soils are the much-used approximation of soil solutions. 



For comparative study of chemical kinetics of soils under 

aerobic and submerged (reduced) conditions, where the chief 

objective is to ascertain the effect of soil reduction brought 

about by submergence on soil chemical changes, it is desirable 

to collect equilibrium soil solutions from both the treatments 

at comparable water content. Kundu et a1 (1987) have described 

a method for collecting representative solutions (equilibrium 

saturation extract) from aerobic soils in pots. The special 

feature of the method is that i1: can be used to colleet 

representative solutions of aerobic soils in situ and in 

presence of growing plants. 
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Experiment I 

Direct Effects of Aerobic and Anaerobic Conditions 
of Two Soils on the Growth of Rice 

Aerobic conditions prevalent in well-drained soils have 

been suggested to decrease availability of several mineral 

nutrients and cause imbalanced nutritlon in rice (Ponnamperllma 
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1975). Since this adverse effect is often compounded with that 

of moisture stress, role of aerobic conditions of soils on 

growth n:tardatioll 1n rice has not been apprec:iated properly. 

The present preliminary experiment was conducted to examine the 

direct effects of aerobic and anaerobic conditions of two 

different soils on early vegetative growth of rice. 

MATERIALS AND METHODS 

For this greenhouse experiment one acid soil from Luisiana 

and a ca.Jcareous soil from Pila were used. General propertles 

of the soils are presented in Table 3 and 4 (Luisiana II and 

Pila II). Nitrogen, P and K were added to the air-dry, sieved 

soils at the rates of 100, 50 and 50 mg/kg soil, respectively. 

Reagent grade ammonium sulfate, monocalcium phosphate. and 

pofassium chloride were used as the fertilizer materials. After 

thorough mixing of the fertilizer materials with the soils (900 

g in each lot) on a polythene sheet. the air-dry so11s were 

brought to the field capacity (Fe) moisture by adding required 
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required amount of demineralized water. The moistened soils 

were then placed into wide mouth nalgene bottles (17.5 em high x 

8.5 cm diameter) by gentle tapping to ensure a uniform bulk 

density in all the bottles. The experimental set-up is 

illustrated in Figure 1. One bright platinum electrode ~oJas 

installed in each bottle at about 10 cm depth for in sHu 

measurement of soil redox potential. Two pre-germinated sel'!ds 

of IR43 were dibbled at about 1 cm below the soil surface in 

each bottle.. One week after emergence. one seedling was puLt.ed 

out from each bottle saving onc~ seedling of uniform vigour for 

further growth. Soil surface in each bottlf! ""as then covered 

with a thin (3 mm) layer of quartz sand and the following three 

treatments (unreplicated) were imposed on each soil.: 

1. Field Capacity Moist Aerohic: surfaces of field 

capacity moist soils in the bottles were kept open to 

atmosphere without putting any further cover on them; 

2. Field ~apacity Moist Anaerobic: surfaces of FC moi~;t 

soils in the bottles were sealed air-tightly with 3 mm 

layer of 2: 1 mixture of paraffin~petroleum jelly; arid 

3. Flooded: soils in the bottles were submerged with 

demineralized water to maintain 8 3 em level of 

standing water. 

Moisture levels of the FC moist soils in the bottles were 

maintained every other day by adding required amount (known by 



rubber tube 

glass tube 

Fig, 1 ,Set-up used for the bottle experiment, 

graduated cylillder 

tl1in layer of petroleum jelly-paraffin 
mixture (3-mm) 

thin layer of quartz sand (3-mm) 

- plastic bottle (1 litre capacity) 

4J 



weight difference) of demineralized water. Soils under the FC 

moist anaerobic treatment were watered through the shoulder 

assembly of the bottles from a graduated cylinder as illustrated 

in the figure. Redox potential measurements were made at 
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fortnightly intervals using the platinum electordes instal)_ed 

and a calomel half cell. The calomel electrode was pushed into 

the soil mass through the opening made by removing one shoulder 

assembly of the bottle. This opening was sealed air tightly 

between IPeasurements. Measured redox potentials were corrected 

for tlle d:Lfference in half cell potentials between the saturated 

calomel electrode and the standard hydrogen electrode by adding 

242 mV to the potentiometer readings. 

The plants were grown for seven weeks after imposition oj 

the treatments and plant heights were recorded. The shoots were 

then harvested, dried in an oven at 60°C t.emperature and weighed 

for dry matter yield. 

RESULTS AND DISCUSSION 

The soil redox potentials measured in situ under the three 

different treatments are presented in Table 1. The data. clearly 

show that cutting of air entry into the FC moist soils hy 

sealing the mouth of containers caused reduction in both 

I~isiana and Pila soils. The degree of reduction brought on by 

this way was almost same as that caused by waterlogging. Da ta 

presented in Table 2 show that 80i1 reduction markedly increased 
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the height and dry matter yield of rice in both the soils under 

FC moisture regime. Perhaps increased availability of some 

important nutrient elements under the reduced conditions of the 

soils war; responsible for this better growth. Patrick and 

Fontenot (1976) also noted enhanced vegetative grov-"th of rice :i.n 

a non-flooded soil under reduced condition. Hnwever, they 

attained the reduced conditions under non-flooded regime by 

passing ]\12 gas through the f;oil column. Re'sult of the presf'nt 

experiment further shows that presence of excess water in the 

8Ililerobic or reduced Pila soil augmented the rice growth whereas 

the same (flooding treatment) proved detrimental in the reduced 

Luisiana soil (Table 2). Available nutrients in soils ilre 

delivered to plant roots primarily by mass flow and diffusion. 

The delivery rate of nutrients by both these mechanL·;ms 

decreases as the moisture content of soil decreases (Parish 

1971). Greater growth of rice in flooded- anaerobic than in j he 

FC moist- anaerobic Pila soil could partly be explained by the 

higher mobility of nutrients in presence of higher water supply. 

Poor growth of rice in the flooded- anaerobic l,uisiana 8(.i1 

might hav~ been due to probable excessive uptake of Fe by pllmt 

to the toxic level. Symptoms similar to that of Fe toxicity 

were observed on leaves of the plant grown under this treatmeDt. 

Probable restricted uptake of Fe by plant from the Fe moit>t-· 

anaerobic conditions might have been optinlum for rice growth in. 

the strongly acidic Luisiana s011. 



Table 1. Redox potentials of two soils under three different 
treatments. 

Soil Treatment Redox potentinl (mV) 

Weeks after imposition 
of the treatments 

1 3 5 7 

Luisiana FC moist aerobic 663 745 815 8.'~8 

FC moist anaerobic 305 -115 -110 --] (54 
Flooded 110 -145 -132 -I[)4 

Pila FC moist a.erobic 370 540 774 7'38 
FC moist anaerobic 220 -123 -115 -119 
Flooded 200 50 -50 -Inc 

Table 2. Height and dry matter yield of 8 week old IR43 plants 
grown in two soils under three djfferent treatments. 

Soil Treatment 

Luisiana FC moist aerobic 

FC moist anaerobic 

Flooded 

Pila FC moist aerobic 

FC moist anaerobic 

Flooded 

Height 
(em) 

36 

56 

36 

42 

54 

71 

Dry matter 
yield (mg) 

400 

720 

530 

520 

700 

920 
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Experiment 2 

Chemical Kinetics of Four Soils Under Moist and Flooded 
Conditions in Relation to Growth and Mineral Nutri tion of Ri(:e 

Results of the previous preliminary experiment: indicated 

that aerobic or oxidized conditions of soils lirrit growth of 

rice plants. In em attempt to idE'ntify the specific chemical 

factors that adversely affect rice grm"th in aerobic soi] s, 

chemical kinetics of four soils were studied under field 

capacity moist and flooded conditions. 

MATERIALS AND METHODS 

The experiment was conducted ill the greenhouse. of Department 

of Soils of the In.ternational Rice Research Institute CIRRI) in 

the 1985 Dry Season. Surface soil (0-20 em) snmpJes collecf ed 

from the following four sites of Philippines were used for the 

study: 

1. Lulsiana, Laguna (acid soil) 

2. Block UK1, IRRI Farm, Maahas, Laguna (near neutral ECd.l) 

3. Pila. Laguna (calcareous soil). 

4. Eurabod, Malinao, Albay (acid-sulfate soil) 

Throughout this thesis these soils will be referred to as 

Luisiana, MaaIlas A, Pi!."! and Burabod soils, respectively. Wh:lle 

the Luisiana Boil wa.s obtained from the greenhouse stock, the 

other thrc.~e soils w·ere collec::ted freshly for this experiment. 

General properties of the soils are furnished in Tables 3 

and 4. 
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Preparation of the bulk soils 

The bulk soil samples collected from the fields were 

air-dried under shade by spreading on plastic sheets in the 

greenhouee. The dried samples were then crushed gently by uEing 

wooden hammer and passed through a 1 cm sieve to obtain snw.ll 

granular clods. The samples were not crushed into filler 

particles to avoid any undesirable drainage problem during the 

coursE' of the experiment. Since aerobic condition of soils ~.·as 

one treatment under this study, freE' drainage of the potted 

soils was to be ensured. 

Greenhouse procedure 

Ten kilogram portions of each 80i1 weI e tho;:oughly mixed on 

a polythene sheet with reagent gra.de anJn.on.ium sulfate. 

monocalcium phosphate and pota.ssium chloride to supply N. P [:Ind 

K at the rates of 100. 50 and 50 rug/kg soil, re:,pectively. The 

fertilized soils were then placed in 16 liter ~lazed porcelain 

pots fitted with drainage tubes (coarse sintered glass tube 

wrapped by. glass wool and nylon net) at the bottom (Fig. Z). 

The pots were placed in the greenhouse tanks fjlled with water 

(upto the level 7-8 ern below thE' rim of POl:S) to minim:i.ze 

temperature fluctuations in potted soils. Soils in ElIl the pots 

were first brought to the field capacity moisture level by 

adding required amount of demineralized wa.ter. Two bright 



pJ.atinum electrodes and one tensiometer were installed in each 

pot at 10 and 15 cm depth, respectively. The whole greenhouse 

set-up is shown in Plate 1. 

For collecting soil solution at 0 week, all the pots were 

made sattlrated by demineralized water. The saturation extracts 

were then recycled three times through tile soils before 

collecting the final extracts as representative sOl]. solutior,s. 

Eight pre-germinated seeds of IR43 or IR46, according to 

the treatments. were dibbled i.n el1ch pot at about 1 cm depth 

after tht· sampling of 0 week solutions. lI'hile moisture leve] in 

the soils under the moist regime was maintained around f:i('lld 

capacity wHh 

demineralized 

the help of 

water whenever 

tli\nsiometers and by adcltng 

necessary throughout the 

experimental period, the soils undc!r the flooded treatment WQre 

maintained saturated for about first 10 days until the seedlings 

were estllblished. At the time of watering, sufficient care '>1as 

taken to maintain the sot1 surfaces as undisturhed as possible. 

Free drainage of the mo:i.st soils in pots was maintained 

throughout the growing season by keeping the outer end of drain 

tubes open into the receiving containers (glass bottles) 

At about 10 days after dibbling, seedlings in each pot were 

thinned out to keep four healthy and uniform ones. The flooding 

treatment. of the soils was 1.mposed at this stage by supplying a 

3 em level of standing water which was. maintained thereafter 

till the maturity and harvest of the crop. Because of severe 

chlorosis, seedlings grown on the calcareous Pila soil under the 
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Plate 1. Experimental set-up in the greenhouse. 
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moist regime were very poor. Some of the seedlings were almost 

dying. Those dying plants were replaced by the healthy seedlings 

of the same variety from the other pots within first two weeks. 

For recording dry matter yield and for analysis of plants 

for mineral nutrients at vegetative growth stage, two diagonal 

hills per pot were harvested at 8 weeks after dibbling. The 

remaining two hills in each pot were grown to the maturity end 

harvested. 

Soil redox potentials in situ were measured weekly by using 

saturated calomel electrode and a portable potentiometer (Modf_l: 

CORNING pH/Temp Meter 4). 

Preparation of soil samples for analyses 

Before mixing with fertilizers sub-samples ,Jere collecte(~ 

from the homogenized bulk soil samples, crushed in pestle and 

mortar, l?nd passed through a 2 mm steve. Samples were then 

quartered to a final weight of about I kilogram. A portion was 

ground further to pass through an 80 mesh sieve. The coarse Hnd 

fine samples of each soil were then stored separately in 

polythene bags for laboratory analyses. 

Sampling of soil solutions 

Soil solution from flooded pots were drawn by gravity. 

Equilibrium saturation extracts were collected as the 

aerobic 
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soils by the method described by Kundu. Ponnamperuma and Neue 

(1987) . At fortnightly intervals, soil solutions from all the 

pots (regardless of the moisture regimes) were collected under 

anoxic cond:itions in a 125 ml and a 50 ml Erlenmeyer flasks 

deaerated previously with nitrogen gas. The set-up used for soil 

solution Rampling is shown in Fig. 2.. 

Soil analyses 

Physical analyses 

a. ParU,cIe size analyses of the soils were done by the 

Hydrometer method (Day 1965). 

b. Moisture content at saturation and fieJd capacity: 

The saturation moisture percent.age of th€' soj,ls was 

detl~rmined by Keen-Raczkc,wski Box mE·thod (Sanka:r.'i.im 

1966) and the field capacity by the method describl~d 

by Dastane (1967). 

Chemical and Physico-chemical analyses 

a. pH (1:1 soil:water) using a Beckman pH meter 

(Peech 1965). 

b. Cation exchange capacity (CEC) was determined by 

summation for the strongly acidic LuisiBna and Burabod 

soils. by neutral 1(N)NH
4

0Ac method for the near­

neutral Maahas A soil and by 1 (N)NaOAc, pH 8.2 method 

for the calcareous Pila soil (Chapman ] 965) • 



c------~.,._- Porcelain pot 

Coarse sintered 
glass filter tube 
wrapped by glass 
wool and nylon net 

~:::J..oIIIII-- Water 

1-(----Rubber tUbing 

l Soil 'Solution 

Fig. 2 Set-up for the sampling of soil solution. 

Beaker 

Water 
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c. Exchangeable bases (Ca, Mg, K, Na) with neutral leN) 

NH40Ac (Chapman 1965). 

d. Exchangeable Al and H in the acid soHs by Yuan (19,)9) 

method. 

e. Organic carbon by li'alkley and Black wet digestion mf,thod 

using O-phenal1throline-ferrous complex indicator (Allison 

1965). 

f. Total N by macrokj eldahl method (Bremm'r 1965). 

g. Available N by anaerobic incubation method (Waring and 

Bremner 1964). 

h. Active Fe and Mn by EDTA-dithionHe extraction (Asami and 

Kumada 1959). 

i. Available P by Olsen's method (Olsen ~_ a1 1954). 

j. Available Zn and Gu by 0.05 (N)HCl extraction 

(Ponnamperuma ~ al 1981). 

k. Free CaCO~ in the calcareous soil by the acid 
.J 

neutralization method described by the USDA Salinity 

Laboratory Staff (Richards 1954). 

Analyses of soil solutions 

Electro-chemical analyses. The pH. Eh and EC were 

determined simultaneously in an electrometric cell CIRRI 19E5) 

fitted wjth a glass electrode, a E'aturated calomel electrode, 

two bright platinum electrodes and a conductivity cell (Fig. 3). 

Temperature of the soil soluti.ons was adjusted to 25"C by 



Inlet for N2 gas 

Glass 
electrode ----H---lfi .. 

Platinum -,......---I-I-__ .._Jlrlll 

electrodes 

Calomel 
electrode 

Fig. 3 The electrometrlc cell. 

Cond uctonce 
cell 
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keeping the samples in .a thermostat for about one hour before 

the measurement. The electrometric cell was flushed with N2 

gas before transferring the soil solutions into it under a mild 

pressure of nitrogen. This ensured an anoxic environment during 

the electrochemical determinations. 
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Chemical analyses. Immediately after the electrochemical 

analyses, the soil solution samples were removed for oxidizable 

matter. P and Zn estimations. A part of the remaining soil 

solutions was acidified with a few drops of 6(N)HCl to prevent 

oxidation and another part was flocculated by shaking with a few 

drops of 10% AIC1
3 

and 25% NaOR solution. After floccu] ation, 

the clear aliquots of the samples were decanted carefully and 

saved for nitrate and sulfate analyses. The acidified part of 

the soil solutions was used for ammonium, K. Ca, Mg " Fe, Mn, Cu, 

Si and Al determinations. 

Bicarbonate in the soil solutions were determined in the 

fresh and unaltered samples collected in the small (50 mJ.) 

sampling flasks. The samples were titrated immediately after 

opening the flasks. 

a. Oxidizable matter in soil solution was determined by 

the method prescribed by the American Public Real th 

Association (1953) and modified by Ponnamperuma 

(1955). 
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b. P tn the solutions were a.nalyzed by the benzene-

isobutanol extraction method described by Martin and 

Doty (1953) and modified by Ponnamperuma (1955). 

c. Soil solutions were analysed for RC03 by the 

differential titration method of Di.tallo and Albertson 

(1961) . 
p 

The partial pressure of C02 C CO 2) was 

computed from HC0
3
-, pH and EC using the relation, 

PC0
2 

(H+) (HC0
3
-) x 107•85 

P 
is the partial of CO') j.n where CO 2 pressure 

/... 

atmosphere, (B+) is the activity of H + ions derived 

-directly from pH, (HC0
3 

is the ac tivity of 

bicarbonate, which is caJculated from the 

concentration of HC03-

co-efficient derived from 

and the activity 

the ionic strength 

(Ponnamperuma ~ 09.1 1966). 

d. NH4-N was determined by mi.cro-kjeldahl di.stillation 

(Bremner 1965) using Kjeltec Auto 1030 Analyzer. 

e. N0 3-N was estimated colorimetrically by the brucine 

procedure prescribed by Knoll (1945). 

f. Sulfate in the solutions were determined by 

turbidimetric method standardized by PCARR (1980). 

g. Si was analyzed c.olorimetrically by molybdenum blue 

method (Hesse 1971). 



h. Fe, Mn, Zn, Cu, Mg and Al in the soil solutions werp 

determined by atomic absorption f;pectophotometry using 

a Perkin Elmer Model 5000. 

i. Ca, K and Na were measured by atomic emission spectro­

photometry using Perkin Elmer Model 5000. 

Plant grmvth observa.tion and yield data gathered: 

1. Visual symptoms of any nutritional disorder. 
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2. Plant height and tiller number Ewery w~,ek upto 12 wf'eks. 

3. Dry matter yield of 8 week old shoots. 

4. Straw yield at maturity. 

5. Grain yield. 

Plant tissue analysis 

Sample preparation. Shoots sampled at 8 we\'\,ks after 

dibbling and straw harvested at maturity were waf;hed with a mild 

detergent solution and subsequently with demineralized water. 

The washed samples were dried at 60°C temperaturf! in an oven for 

2 to 3 days, chopped with a stainless steel scissors and then 

ground by using a stainless steel mill (Cristy and Norris Beater 

Cross Grinder). The panicle (grain plus hull) samples were 

dried and ground in the same way. The ground samples were 

stored in envelopes and redried before analysis. 
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Analytical procedure: 

a. Total N was analyzed by wet digestion wit:h concentrated 

sulfuric acid according to the microkjeldahl method 

(Yoshida et a1 1976). 

b. Total P in the extracts ohtained by digeuting the 

samples in tri-acid 

mixture, after appropri.ate. dilution, was analyzed by 

the vanado- molybdophosphoric acid methud (Yoshida et 

al 1976). 

c. Crude Si0
2 

in the samples were determined 

gravimetrically by the procedure outlined by Yoshida 

et al (1976). 

d. Ca, Mg, K, Na, Fe, Mn, Zn and eu were .analyzed in tl e 

tri-acid digested extracts (Yoshida ~ al 1976), after 

required dilution, by atomic absarption- and emission­

spectrophotometry using a Perkin Elmer Model 5000. 

Experimental Factors and Levels 

SoiJ s 

Four soils used for the experiment were: 

8
1 

Luisiana soH 

S2 Maahas A soil 

8
3 

Pila soil 

S 4 
Burabod soil 
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Moisture regimes 

The following two moisture regimes were studied: 

Moist (Constant field capacity moisture, aerobic) 

Cultivars 

Flooded (Constant suhmergence with 3 em level of 

standing water) 

Two varieties were used in this tria]' 

IR43, an upland variety 

IR46, a lowland variety 

Experimental Design 

For this 4 x 2 x 2 factorial expe'riment, the pots were 

laid out in a Randomized CompJ ete Block Design with 3 

replications. 
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RESULTS AND DISCUSSION 

Electro-chemical and Chemical Kinetics of the Soil Solutions 

On all the sampling dates soil solutions were collected end 

analyzed from each of the 48 pots (4 soils x 2 moisture regimes 

x 2 varieties x 3 replications). As the varietal treatment did 

not ShOvl any consistent effect, the solution analysis data for 

the two varieties and three replicates were pooled togethf=r. 

ThE' Tables 1-19 of the Appendj x g:i.ve the mean values of the 

physico-chemical and c~emical analyses of the solutions of four 

soils under two moisture regimes. The results <'.re presented 

graphically in the follow:lng pages. 

Electro-chemical kinetics 

Redoy. potentia} (Eh). The changes in Eh of the soils under 

two different moisture regimes and of the solutions collected 

therefrom during the growing period of r:tce are presented tn 

Figures 4 and 5. respectively. While Eh decreased sharply to 

reach negativE' values within 3 wel~ks of flooding. under the 

field capacity moisture regime it l"emained much higher and 

positive throughout the season indicating oxidized status of the 

soils. Although the measured val.ues of Eh c]E'Jarly indicated 

oxidized and reduced status of the moist and flooded soils J 

respectively, one point that calls for comment :1s the difference 

between soil Eh and solut.ion Eh. The solution Eh was fciwer than 
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Fig. 4 Kinetics of Eh in four soils under moist and flooded conditions. 
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soil Eh under aerobic condition, whereas under submerged 

condition solution Eh was higher than soil Eh. This observation 

is in close agreement with those of Ponnamperuma (1972), Sc<to 

and Yamane (1973). Ponnamperuma (1972) suggested that the 

differences between soil and solution Eh might hE: due to the 

presence of an oxidant or reductant in the solid phase. From 

various points of view. he noted that the potential of the 

liquid phase of a soil is much more meaningful and reliable than 

the potential of the soil itself. It will not be irrelevant to 

mention here that the reported cl-itical redox potential values. 

for identification of dominant redox systems operating in soiJs, 

are of soils and not of the solutions (Yamane 1978). 

Soil properties markedly influenced the Eh kinetics of both 

flooded and moist s01ls. Clear influence of pH on the Eh values 

of aerobic soils was observed. The strongly acidi.c. Burabod soil 

showed highest Eh and the calcareous Pila soil presented lowest 

values of Eh. 

The rate and degree of reduction under flooded condition 

also varied markedly with soils. While the solution Eh dropped 

to as low as -25. -59 and -63 mV in flooded Pila, Maahas A and 

Lu~siana soil respectively, it did never reach below +115 mV in 

the Burabod soil. Amount of easily decomposable organic matter, 

active Fe and Mn content, nitrate content in soil and 

temperature have been noted by. Ponnamperuma (1985) as important 

factors that influence the degree of reduction in flooded 8011. 
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PrubablY the strong acidity of the Burabod soil, pH of which did 

never reach beyond 5.7, was responsible for re] 8_tively lower 

degree of reduction under submergence. Retardation of the fall 

of Eh due to a strong acidity was noted earlier by Yam[,ne 

(1953) . 

Since low Eh has been known to favor N fixation and 

increase the availabiH_ty of p. Fe. Mn and Mo (Ponnamperuma 

1972, 1978, 1982), the aerobic soils provide urfavorable redox 

potentialR for rice growth. 

_E!!. Figure 6 presents the kinetics of solution pH of four 

soils under flooded and field capacity moisture regimes. 

Flooding increased the pH of acidic soils and decreased that of 

the calcareous soil. Although pH of the Ltdsiar.a, Maahas A and 

Pila soilfJ under submergence converged to neutra) ity, it did not 

reach above 5.7 in caSe of the Burllbod soil. 1 hi ~ observation 

is in close agreement with that of Ponnamperuma (1972) who did 

not get pH higher than 5.5, even after months of suhmerge.nee, in 

an acid sulfate soil low in active Fe. 

Unlike under submergence, solution pH of the aerobic soils 

did not change favorably with time. The high pH of the 

calcareous Pila soil and the low pH of the acidic soils 

persisted throughout the growing season. However, a sharp 

initial drop in pH was noted in the Maahas A, Pila and Luisiana 

soil within first 2 to 4 weeks. This· pH change was important in 
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case of the Luisiana soil, as it aggravated the acidity problem. 

Careful examination of the data reveals that this initial drop 

in pH was associated with the increase in N0
3 

concentration in 

these soils. Production of H+ as a result of nitrification of 

NH4 + in these aerobic. soils could interprei: -chis observed 

change in pH. 

As the concentration of water-soluble aluminum in a soil is 

known to be related to pH (Raupach 1963) by 
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a pH below 4.5 existing in the aerobic acid soi Is could produce 

toxic concentration of AI. And it could be ci serious factor 

limiting rice growth in the aerobic Burabod 80il. 

Electrical conductivitz (EC). The kinetic~ of solution EC 

of the soils are illustrated in Fig. 7. The EC increased on 

flooding, attained a maximum and declined thereafter. The 

acidic soils showed steep increase in EG dur:ing the first 4 

weeks of flooding and then declined sharply, whereas EC of the 

flooded Maahes A and Pila soils showed a slow decline after 

atted.ning the peak values. The Be kinetics in the Bur.abod ilnd 

Luisisl1a soils were strikingly similar to the kinetics of 

water-soluble Fe and Mn (Figs. 13 aud 14). 

The Be of the mo:l.st Luisiana, Maahas A and Pila soils 

increased first to reach a peak (much luwer than those under 

flooded condition) and declined ,r;hereafter. in strik:t.ng 

similarity to the k:f.netic~ of N0
3 

(Pig. 11). 
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A curious feature of the Burabod soil is that the EC was 

marke.dly lower under flooded than under the moist condition. 

The chemical analyses revealed that water-soluble Fe, Mn, Ca, Mg 

and Al decreased sharply after 2 weeks of flooding, and the 

concentrations of water-soluble Mn, Ca, Mg and Al were markedly 

higher under moist than under flooded condition. Possibly, 

under flooded condition Fe and Mn were removed as insolul.le 

compounds like FeS and MnC0
3 

t Al solubil ity d\:!creased due to 

pH increase, and Ca, Mg and some other cations were adsorbed on 

the solid phases following sharp decrease in anion (dominantly 
2_ 

804 ) concentration in the solution (Fig. 18). 

Chemical kinetics 

Oxidizable matter. Oxidizable matter as determined by 

oxidation of the samples with KMn0
4 

under mild conditicms 

includes Fe2+, 2-
S alcohols, aldehydes, ketonE:S, 

reducing sugars, aliphatic hydroxy and unsatur.ated acilis, 

mercaptans. organ:l.c sulfides, ferulic acid. sin.apic acid and 

other unlmown reducing substances. As it is P.ot an absolute 

measure of the concentration of reduced products, it can not be 

used to characterize the degree of reduction of widely different 

soils. But for a given soil, this determination provides a 

simple and satisfactory index of the extent of reduct jon 

(Ponnamperuma 1972), 
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Figure 8 shows that the o~idizable matter content in all 

the soils under flooding increased to reach a peak and declined 

thereafter. The peaks occurred early (in 2 weeks after 

flooding) in the acidic soils and late in the near-neutral and 

calcareous soils. Under the field capacity moisture regime, tLe 

oxidizable matter content decreased with time and were markedj y 

lower than that under flooded regi..me in all the four 80i.:.8 

throughout the growing season. 

p 
Partial pressure of CO 2 (C02), Figure 9 illustrates 

P 
changes in CO2 with time in soils under two moisture regimes. 

The increased to reach a peak in 4-0 veeks aft.'r 

flooding and declined thereafter to a fairly stable value. :i n 

the flooded acidic soils, reached upto 45-55 kPa and 

sharply d(:clined then to stabilj ze at 10-20 kPa. In the near-

neutral Maahas A and the calcareous Pila soils, it reached upto 

15-·J 7 kPa and then slowly declined to stabilize at 12-14 kP;;" 

The decline in P CO
2 

after reaching peaks has been attributed 

by Ponnamperuma (1972) to the esc8pe, leaching) removal as 

insoluble carbonates, dilution by CR4 produced during the 

decomposition of organic acids and bacterial reduction of CO 2 to 

CH
4

, The sharp decline after 4-6 weeks of flooding in the 

Burabod and Luisiana soil were probably due to the formation of 

insoluble carbonates. 
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Under the field capacity moisture regime, Pea in the 
2 
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Maahas A and the Pila soils were remarkably lower (1-2 kPa) than 

that under flooded conditions and did not change appreciably 

with time. In the moist Luisiana soil it varied mostly between 

7 and 15 kPa, and after 6 weeks of flooding virtua1ly there was 

no difference in P CO between the moist and flooded regimes. 
2 

J' The. CO
2 

of the moist Burabod soil (pH 3.9) c(.u1d not be 

determined by the method (using pH" HC0
3 

- and EC) adopted in 

this experiment. 

The effect of pH on carbonate equilibria involving Ca and 

Mn can be described by 

pH + P log Ca + ~ log CO2 = 4.92 and 

pH + i log Mn + P log CO
2 

4.06 (Ponnamperuma 1982). 

According to these relationships, 
p 

at high pH and low CO
2 

(5kPa or 0.05 atm) the concentrations of Ga and Mn may be too 

low for growth of rice as shown below': 

pH 

Ca2+ (ppm) 

Mn2+ (ppm) 

8.5 

0.08 

0.003 

8.0 

0.8 

0.03 

7.5 7.0 

8.0 80 

0.3 3 

P 
On the otherhand, CO

2 
value greater than 15 kPa has been 

speculated to retard root development leading to wilting and reduced 

nutrient uptake (Dent 1986), 
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Nitrogen. 

a. Ammonium: The concentrations of NR
4
+-N in the soil 

solutions collected from the flooded and moist soils 

on different sampling dates are presented in Fig. 10. 

Under flooded condition NH./-N concentration 

increased with time, reached a peak of 30-45 ppm in 

the acidic soils and ]0-18 ppm in the near-neutral and 

the calcareous soils within first four weeks and 

sharply declined thereafter. The + NH4 -N kinet:!.cs 

under moist or aerobic condition markedly varied with 

soils. In the moist Maahas A end Pila soils 

NH +-N decreased sharply to trace mnount within 
4 

first two weeks, whereas in the acidic soils it 

increased first to reach ~ peak in firAt two weeks and 

slowly declined thereafter. Throughou· the growing 

period of rice, concentration of NH 4+ -N hl the 

moist Bolls were markedly lower than that under the 

corresponding flooded oneE, with the only exception of 

the strongly acidic Burabod soil. In the Bural,od 

soil, the average concentration of NH +-N 
4 

during 

the growing season did not differ appreciably with the 

moisture regtmes. Under such strongly aci(lic 

environment in the moist regime. the nitrification was 

virtually absent. Hence under both moist and flooded 

conditions N was present only in NH + form. 4 
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The concentration of ammonium in the soil 

solution of a flooded soil is governed by two main 

factors: 1) the total ammonium content of the soil 

and (2) the cation exehange equilibria in tbe soil. 

The total ammonium concentration c:lt any time 

represents the balance between the initial ammonium 

content and ammonia r(,leased from organic matter on 

the one hand, and losses by immobilizat:ion~ 

volatilization and assimilation by the plants on the 

other. An increase in concentration of other cations 

may cause an increase in the concentration of ammonium 

in solution by displacing NH + from 
4 

t.he 

complex, 'l'he observed kinetics of NH +-N 
4 

e.xchange 

in the 

solution.s of all the flooded srdIs could he 

interpreted by the facts mentioned above. The higher 

peaks of the acidic soils could be attributed to the 

higher available N status, lower CEC and higj'er 

release of Fe2+ and Mn2+ in solution of these 

soils than in the other two soils. The decline in the 

NH4 +-N concentration following the peaks might 

have been due mainly to the assimilation by growing 

plants. 
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Concentration of ammonium in the solutions of 

moist or aerobic soils was found to be strongly 

related to pH. In the near- neutral Maahas A and the 

calcareous Fila soils, all the NH +-N virtually 
4 

disappeared in first two weeks. On the other hand, 

considerable amount of soJ.ution was 

determined in the acidic soils even upto eight weeks 

after plant growth. It is worthy of note that the 

high concentration of solution was present 

in the acidic Luisiana soil in spite of a high rate 

(higher than that in the Maahas A and Fila soils) of 

nitrification. 

b. Nitrate: The kinetics of the N0
3
--N concentration in 

three soils are illustrated in Fjg. 11. As the 

concentration of NO --N 
3 

in the soJt1tjon of the 

strongly acidic Burabod soil was very J ow (Append ix 

Table 8) regardless of the moisture regime, they are 

not shown here graphically. NO - -N disappeared 
3 

from all the soils soon after flooding, whereas unGer 

aerobic conditions it increased with time to reach .a 

peak of 90 ppm in Maahas A and Fila, and 225 ppm ill 

the luisiana soils in the first 2-6 weekE and declined 

thereafter. 
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Kinetics of N03 -N in the solutions of three 
soils under moist and flooded conditions. 
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The rapid loss of nitrate from the flooded soils 

is undoubtedly due to active denitrification under the 

anaerobic conditions. 

rise in the NO --N 
3 

On the otherhand, the steep 

concentration in the aerobic 

.soils is due to the nitrification process. However, 

the almost undetectable concentration of N03- -N in 

the moist Burabod soil might have been due to probable 

absence of the nitrifying bacteria in such a strongly 

acidic environment. Decline in the 

concentration following the peaks in the moist soils 

could bE;' due largely to the assimilation by growing 

plants. 

Comparison of the Figs. 10 and 11 reveals that 

NH +-N 
4· 

was the only source of mineral nitrogen 

present in all the flooded soils as well as in the 

moist Burabod soil. In the moist Luisiana soil, both 

NH + 
4 

and forms were present. On the 

otherhand, N0
3

- was the only important source of 

mineral nitrogen supply in the moist Maahas A and P:fla 

soils. 

The kinetics of nitrogen shows that the solutions of the 

flooded Maahas A and Pila soils Were almost devoid of mineral N 

at 6-8 weeks a.fter flooding. Clear nitrogen deficiency symptoms 

appeared on the plants growing under these treatments 

approximately at the same time. 



Phosphorus. Fig. 12 shows that flooding increased the 

concentration of water-soluble P in the Burabod and the Pila 

soils. This increase was transitory in the Luisiana soil. 

After attaining a peak, the P concentration decreased sharply in 

these 3 soils. In the Maahas A soil, however, there was no 

increase in P solubility and the P concentration declined 

steadily with time after flooding. In all the four soils under 

study, concentration of water-soluble P under moist conditions 

were lOy,'er than under flooded conditions. However, this 

difference was convincing only in case of the Burabod and the 

Pila soi] Fl • 
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The observed increase jn the concentr<ltion (,f water-soluble 

P in the acid-sulfate Burabod soil could be attributed to the 

(a) hydrolysis of Fe (III) and Al phosphAtes, (b) release of P 

held by ,mion exchange on clay and hydrous oxides of Fe (III) 

and AI, and (c) reduction of Fe (III) to Fe (II) with liberation 

of sorbed and chemically bound P. The first two reactions are 

due to the pH increase brought about by soil reduction 

(Ponnamperuma 1972). In the calcareous Pi 109. soil the observed 

'increase in P solubility was probably a consequence of the 

decrease in pH on flooding, for the solubility of 

hydroxy-apatite, fluor-apatite. S-tricalciurr.phosphate and 

octacald.lIm phosphate increases as pH decre.ases (Lindsay 1979) .. 
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The observed Idnetics of water-soluble P in the flooded 

Maahes A and the luisiana soi.ls are in conformity with the 

findings of Ponnamperuma (1972) who did not get any increase in 

P solubility, dUE:! to submergence, in a near-neutral and a 

ferralitic acid soils. 

The decline in the P solubility after the initial increase 

in the flooded soils may be due to the resorption by clay and 

hydrous oxides of Al in the anaerobic zone (Gasser and 

Bloomfield 1955, BromfieJ.d 1960) or reprecipitation of the 

soluble P diffused to the oxidized zone (Hynes acd Greib cited 

. 
by Ponnamperuma 1972). Noncalcareous sediments are known to 

adsorb cmd retain more P than calc.areous lake sediments 

(WilliamE' et al 1970, Shukla et al 1.971). This e:xplains why the 

increase in concentration of water-soluble P were transitory or 

none in the flooded Luisiana and He.ahas A soils compared to the 

calcareous Pila soil. 

Iron. The kinetics of the concentration of water-soluble 

iron in the four soils under two moisture regimes are presented 

in Fig. 13. On flooding, the Fe concentration jncreased to 

reach a peak of 500 ppm within two weeks in the Burabod and 375 

pp~ withtn four weeks in the Luisiana soils and then declined. 

In the l1aaha·s A the Pila soils peak concentrations of 43 and 5 

ppm, respectively were attained at 12 weeks· after floodj.ng. 

Compared to those under flooded conditions, water-soluble Fe 

concentrations in the aerobic soils were extremely low 
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Kinetics of water-soluble Fe in four soils under moist and 
flooded conditions. 



throughout the growing season. In aerobic soils the 

concentration of water soluble Fe is governed largely by the 

solubility of Fe (III) oxide hydrates. The solubility of these 

oxides is so low that in natural aerobic media the concentration 

of water soluble Fe, theoretically, cannot exceed 0.001 ppm. 

The higher concentrations observed in the aerobic 80ils are due 

to organic complexes and to colloidal FeCIII) oxide hydrates 

stabilized by organic matter (Krauskopf 1972). 
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Ponnamperuma .£.E. al (1967) noted that the increRse in 

concentration of water-soluble Fe following flnodlng could be 

described for most soils (except organic soi] s. acid-sulfate 

soils, acid soils low in active iron and soils wi th apparently 

highly crystalline FeCIII) oxides) by the equilibrium, 

Fe COR)3 + 3H+ + e = Fe
2+ +- 3H

2
(i 

Very htgh concentration (375 ppm) of water-solub:l.e Fe in the 

flooded J.uisiana. soil was undoubtedly caused hy its higher 

active iron- and organic matter content. Howevl'!r, surprisingly 

the highest concentration (500 ppm) of Fe was found in the 

flooded Burabod soil which had the least content of active iron. 

Probably the reactivity of the Fe (III) oxides in this soil was 

much bigher than in the other soils. Asami as cited by 

Ponnamperuma 0972.) observed that 5 to 50% of the free iron 

oxides present in a soil may be reduced within a few weeks of 

submergence depending on the crystallinity of the oxides, the 

organic matter content and the temperature. He reported higber 



degree of reduction in the oxides of lower crystallinity. Also, 

Ponnamperuma (19/2) asserted that soil properties influence the 

kinetics of water-soluble Fe more drastically than that of tota] 

iron. 
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After the peak, the subsequent decrease in water-soluble Fe 

concentratjon in many flooded soils (with the exceptions given 

earlier) is due probably to precipitation of Fe3 COH)S or 

Fe304 ,nH20 (Ponnamperuma !'! al 1967) and in some soils due 

to format-ion of FeS CIRRI 1972). The observed steep dec] i.ne 

(from thc' peak of 500 ppm to as low 8S 15 ppm within eight 

",eeks) in the Burabod soil ",tas suspected to be tiu., to formation 

of FeS. 

As the peak concentration of welter-soluble Fe jn the 

Burabod rooil crossed the toxic limit of SOC ppm (Ponnamperuma et 

a1 1955. Nhung and Ponnarnperuma 1966) Pe toxi,~i ty could be a 

problem in this soil under flooded condition. 

Manganese. Changes in the concentration of water-soluble 

Mn with time in the flooded and moist soils are shown in Fig. 

14. On flooding, Mn concentrations increased :Ln the Luisiana. 

Maaha.8 A and Pila soils to reac.h a peak of 25-40 ppm in first 

LI-6 weeks and then declined. In the floode0 Burabod SGlI, 

without any peak formation, it declined sharply. 

UndE,:t Fe moisture regime, water-soluble Mn was almost 

undetectable in the near-neutral Maahas A and calcareous Pila 

soils but quite appreciable in the acidic soils. The 
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Kinetics of water-soluble Mn in four soils under moist 
and flooded conditions. 

86 



87 

concentration in the moist acid soils increased further witb 

drop in pH to give as high as 5-10 ppm of water-soluble Mn. In 

the Burabod soil, Mn solubility was consistently higher under 

moist than under flooded condit:l.on. 

The :Lncrease in the concentration of water-soluble Nn on 

flooding ~s attributed mainly to the reduction of Mn (IV) oxides 

to Mn (II> 

and the subsequent decrease to the precipitation of Mne0
3 

(Ponnampel'uma at 81 1969). Althougb the concentration of Mn
2+ 

in the soil solution is determined by both pH and Eb. pH alone 

can strongly control Mn solubi1fty at pH values below 5 (Adams 

and Wear 1957). The observed appreciable conce;ltratiDns Df Mn 

in the ae:cobic acid soils are therefore in conform:Lty with the 

above principle. 

Potassium. The kinetics of water-soluble K in four soils 

under two moisture regimes are presented in Fig. 15. Although 

chat1ges jn the K conc.entratiOtl wi th timE~ followed a simi] ar 

trend (increased initially followed by decrease) under both the 

regimes, the concentration under field capacity moisture regimes 

were lower then thet under flooding in the Maahes A. Pila Bnd 

l,uisiana soils. This finding compa:r:es favourably ""ith those of 

Ponnamperuma (1965) and Islam and Islam (1973). The observed 

increase :in the K concentration maybe attributed largely to its 
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displacement from the exchange sites into the solution by the 

large quantities of and Mn2+ ions released ur on 

flooding. 

In the strongly acidic Burabod soil, however. the 

concentration of solution K WHS higher under the moist tilan 

under flooded condi.tion. This might have. resulted from the 

re-adsorpf-ion of K from solution 011 the exchange sites, un(~er 

the submergence. following sharp decline in the conc.entration of 
2 

anions (dominantly SOLf-) in the solution. 

Calcium and magnesium. Figures 16 and 17 show that the 

cnncentrations of Ca and Mg in the soil solutiour increased with 

time to reach a peak and declined thereafter. Pnder flooded 

reginl~s, this decline following the peak form~ition were very 

sharp in the acidic soils and very slow or negligible in the 

Haahas A and Pila soils. 

In the Maahas A. Pila and Luisiana soils the concentrations 

of water-soluble Ca and Mg under moist or aerobic conditions 

were much lower than under flooded conditions, the differeI1ce 

being narrower in the Luisiana soil especially after the pe,'lk 

formation. In the Burabod soil. however, both Ca and Mg 

concentt'ations were consistently much higher under moist than 

under flooded condition. 
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The higher solubility of Ca and Mg commonly llbserved under 

flooding may be attributed to the accelerated dissolution of 

their solid compounds through the solvent action of CO
2 

as 

well as r)y the displacement of Ca and Mg from the exchange sites 

i nto the so~l 1 t· . 1 b th 1 .. f F 2+ .L. so U l.on mal.n y y e ar~~e quantltles 0 e 

and 
2+ Mn ions released upon soil reduction (Ponnamperuma 

1965). 'l'he reverse effect of flooding on the solubility of Ca 

and JVlg observed in the Burabod soil might have been c.aused by 

the re-adsorption of t.hese cati.ons from solution on the eXc.hHnge 

si tes, following the large imbalance between the cationic and 

anionic concentrations in the solution resulted chiefly from 
2 

decreased S04- concentration. 
2_ 

Sulfate. The kinetics of water-soluble S04 in four so Us 

under moist and flooded conditions are presented in Fig. 18. 
2_ 

Under flooded condition, the S04 concentrations in the 

near-neutral Maahas A ar1,d calcareous 1'11a soils decreased 

stead!.ly to a very low level wi thin first 8 weeks. In the 

flooded acidic soils, it first increased probably because of 

de.sorption following increase in pH and then decreased sharply 

to very low levels w:i.thin 8 weeks. The decline in the sulfate 

concentration under flooding is due largeJy to its reduction to 

sulfide, mostly in the form of H2S, 

8°42- + 10 H+ + 8e c H28 + 4H20 

, 2+ 
In normal so11s, H 28 readily reae ts with Fe j ons and with 

i.ron compounds to give FeS.R20 which gradually changes to 
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makinawite and later to pyrites (FeS
2

) (Berner cited by 

Ponnamperuma. 1972). Thus in normal soils, HZS is hardly 

But in soi_ls low in iron, sufficif-nt free HZS may detectable. 

be present to interfere with water and nutrient uptake and 

injure rice plants (Mitsui 1960). The conversion of Bulfate to 

insoluble sulfides in flooded soils does not lower appreciably 

the availability of sulfur to rice plants apparently because 

bacteria present in the oxidized rhizosphere can oxidize sulfide 

to sulfate. 

All the soils maintained much higher concentrations of 
2 

water-soluble S04- under moist conditions than under the 

flooding. This increase, however. was reJ Atively 1(-,ss 

pronounced in the Luisiana soil. 
2_ 

The concentration of 804 

in the solution of aerobic soils is controlled mainly by (i) the 

oxidation of elemental sulfur. sulfides and organic sulfur 

compounds to sulfate, (ii) the reduction 

incorporation 01 sulfur into microbial tissues, 

2_ 

of S04 

and (iii) 

sorption-desorption equilibria in the soUs. The total 
2_ 

and 

the 

water-soluble 804 concentration at any time represents the 
2_ 

balance between the initial 804 cont~nt and llet gain in 
2_ 

804 through the above phenomena on the one hand. and losses 

by leaching and assimilation by the plants on the other. 
2_ 

Relatively lower concentration of 804 in the solution of 

moi.at Luisiana soil maybe attributed partly to the greater 
2_ 

sorption of 5°
4 

on the hydrous oxides presumably present in 

high amount in this soil. 
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Silicon. Figure 19 shows that the concentration of 

water-soluble Si in the Pila soj 1 increased with time after 

flooding and then declined slowly to reach almost the original 

level. In the other three soils, flooding did not increase the 

solubility of Si and the concentrntj_on decreased gradual 1 y from 

the onset of the flooding. 

Throughout the growing season, concentration of the 

water-soluble S1 was higher under thE~ moist or aerobic 

cond i t ions than under flood ing in all the soi] f:1 except the 

calcareous Pila loam in which the higher Si concf'ntration was 

recorded under the flooded condition. 

Al the,ugh it is believed so J there is no cJ ec'r-cut 

demonstration of the increase in solubility of s1] iCOD in soils 

as a reoult of flooding. The sligh t incre[!.';e, whenever 

reported, has been attributed to the release of ~;i following (a) 

reduction of hydrous oxides of Fe (III) sorbL1g Si and (b) 

ac.ti.on of CO.., on alumino silicates (Bricker ~ a1 1968). The 
L. 

subsequent: decrease has been attributed to the recombination 

P 
with aluminosilicates. following the decrease in CO 2 

(Ponnamperurna 1972). 

In the present investigation, pH was found to have a strong 

influence on the Si solubility in soil. In the pH range under 

study (3.8 - 7.6), any increase in pH generally decreased the 

solubility and vice~. Thus the decrease in pH, from Hs 

original value of 7~6 to about 7.0, increased the solubility of 
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Si in the Fila soil under flooding; whereas in the other soils 

flooding increased pH and decreased S1 solubility. The present 

observation is in conformity with those of Beckwith and Reeve 

(196 /+) and Jones and Handreck (1967) who reported that the 

concentration of soluble Si in soils increased aE' pH decreal;ed 

in the range of 3-9. 

Zinc and copper. Kinetics of the concentrat:toDs of 

water-soluble Zn and Cu in soils under ttvo different moisture 

regimes are presented in Fig. 20 and 22, respectively. As ~he 

concentration of Zn in the solution of the calcareous Pila soil 

was very low regardless of the moisture regime (Appendix Table 

), its kinetics is not shown graphically. l.ikewise, as the 

concentrations of water soluble Cu in the I_uisiana, Maahas A Rnd 

Pila soi] s "tere very low irrespectj_ve of the mof.sture regirne.s, 

Cu kinetics of only the Burabod soil is presented. 

The figures show that the concentrations of water-solublr 

Zn and eu in the soils under moist conditions 1/'ere appreciably 

higher than those under the flooded conditiont~. The present 

result is in conformity with that of Ponm:lIT'perurnll (1976). 

In the acidiC'. soils, the decrease j n Zn and Cu 

concentrations may be attributed partly to the increase in pH 

following soil reduction, because the sol ubility of Zn and Cu 

decreases 100 fold for each 'unit pH inel-ease (Trierweiler and 

Lindsay 1969, Norwell and Lindsay 1969). In the near-neutral as 

~ell as high pH soils, the decreased solubility of Zn on 

flooding may be attributed partly to the probable formation of 

ZnS. 
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Fig. 20 Kinetics of water-soluble Zn in three soils 
under moist and flooded conditions. 
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Aluminum. Changes in the concentrations of water-soluble 

Al in the Luisiana and Burabod so:ll.s under the two different 

water regimes are presented in Fig. 21. The figure shows that 

in both the acidic soils, Al concentrations were much higher 

under moist than under the flooded conditions. The 

concentration of water-soluble Al was neg] :Lgible under flooding 

as compared to that under the !l'oist or ael:obic condition of the 

Burabod soil. Aluminum concentration was ver~7 high (rang:i.ng 

between 30 and 70 ppm) in the aerobic Burabod relative to tliat 

(0.2 - 0.5 ppm) in the aerobic Luisiana soil, which may be 

attributed to the lower pH as well as higher percent Al 

saturation of the Burabod soil. 

The marked effect of pH on the concentration of water­

soluble A1 was described by Raupach (1963) with the equation, 
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2.2. According to this relat'ionship, the 

activitie.s of water-soluble Al at pB 3.0, 3.5, LI.O, 4.5 and 5.0 

will be 700,70.7,0.7 and O.Oi· ppm, respectively. The presf:nt 

observations appeared to conform reasonably well to the above 

relationship. Such high concentration of soluble Al as observed 

in the aerobic B:urabod soil could be toxic to the growing 

rice plal1ts. 
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To summarize, the nutrient kinetics study showed that 

compared to that under flooded (anaerohic) conditions. in the 

field capacity moisture (aerobic) regimes: 

i. P solubility was lower in all soils. 

ii. Fe solubility was extremely low in all soils, 

iii. Al solubility was very high in the strongly acidic soils, 

iv. Concentrations of water-soluble K, Ca and Mg were 

lower in most sojls (except the acid sulfate soil from 

BurallOd) , 

v. Mn concentrations were almost undetectahle in near-

neutral and calcareous soils, but higher in the acidic 

soiJs, and 

vi. Si concentration was lower in the calcareous soil but 

higher in the acidic soils. 

Mineral Nutrition of Two Rices in Four Soils Under 
Moist and Flooded Conditions 

Concentrations of mineral nutrients in the 8 week old shoots 

and in the straw at harvest are presented in Table 5 and 7. 

respectively. As the yi~]ds under flooded conditions were much 

hjgher than under moist conditions, the concentration of 

nutrients might be affected by the dilution factor. Therefore, 

total uptake of the nutrients hy the shoots and by the plants 

(straw plus grain) at harvest were also computed and are 

presented in Table 6 and 8 respectively. The results are 

discussed in the followjng pages: 
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Nitrogen 

The concentration and total uptake of N in shoots were 

slightly lower under moist than under flooded conditions of the 

acidic soils (Luisiana and Burabod). In the Maahas A and Pila 

soils, however, shoot shad s ignif icantly lower N concentra tiGTIS 

(lower than the critical limit 2.5%) under flooded than und er 

moist conditions, and the plants exhibited typical N deficiency 

symptoms starting from 6 weeks after flooding. The significantly 

higher total N uptake observed under flooded than under moist 

conditions of these soils (Table 6) indicates that the lower N 

concentration in shoots was caused by mere dilution in plants 

and does not implicate poor N availability under this treatment. 

N concentration in straw and particularly the total N uptake 

at harvest were found to be lower under moist than under flooded 

conditions of the acidic soils. In the Maahes A and Pila soils, 

N concentrations and total N uptake in the plants at maturjty 

were influenced by the moisture regimes in same way as observed 

in case of the 8 week old shoots. 

Phosphorus 

Flooding significantly increased the concentration and total 

uptake of P in shoots grown in all the soils except the Luisiana 

clay where no significant difference was noted between the two 

moisture regimes. 
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Although P concentrations in straw under flooding were 

lower than that under moist conditions of the Luisiana, Haahas A 

and Pila 80i1s, total P uptake by plants at harvest wl~re 

significantly higher under flooded regimes of all the four 

soils. The lower concentrations of P in the straw under 

flooding observed in the three soils could be attributed partly 

to the dilution factor and partly tCI the higher translocation of 

P from straw to grains .. Usual1y·P c.o+lGentration in panicles is 

2 to 3 times that tn the straw (Yoshida 1981). 

Potassium 
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Concentration and total uptake of K in 8 week old shoots 

grown in the acidic soils ~vere higher under moiBt than under 

flooded conditions. In the Maahas j\ and Pila soils, however, K 

concentration did not vary significantly with moisture regimes; 

while total K uptake was significantly higher under floaoed 

conditions. It may be recalled here that the concentration of 

water soluble K in the Luisiana soil was higher under flooded 

than under moist conditions throughout the growing season (Fig. 

15). The signific.antly lower c.oncentrations of K in the plallts 

grown in the flooded acidic soils therefore might have bp.en 

caused by probable antagonistic effect of very hlgh 

concentrations of Fe present in the soil solutions. 



While K concentrations in straw in the acidic soils were 

slightly higher under moist than under flooded conditions, 

flooding increased straw K concentrations in the Maahas A and 

Pila soils. Total K uptake in plants at harvest did not vary 

significantly with moisture regimes in the acidic soils, but in 

the Maahas A and Fila soils it W8.b significantly higher under 

flooded than under moist conditions. 

Calcium 
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Shoots grown in the acidic soils had lower concentration 

and uptake of Ca under moist than under flooded conditions. In 

the other soils moisture regimes did not have any consistent 

effect on the Ca concentration, but total uptake was appreciably 

higher under the flooded conditions. 

Calcium concentration in straw as well as total Ca uptake 

in plants at maturity were markedly higher under flooded than 

under the moist conditions of all the soils. 

Magnesium 

Concentration of Mg in shoots was higher under moist than 

under flooded conditions of all the soils. The moisture regimes 

had no notable effect on total Mg uptake by shoots in the acidic 

soils, whereas in the Maahas A and Pila soils flooding 

significantly increased it. 
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While no significant influence of moisture regimes was 

observed on Mg concentrations in straw grown in the Maahas A and 

Pila soils, in the acidic soils straw had significantly higher 

concentration of Mg under moist than under flooded conditions. 

Total Mg uptake by plants at maturity was higher under aerobic 

conditions of the acidic soils but under submerged conditions of 

the Maahas A and Fila soils. 

Silica 
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Flooding did not show any consistent effect on the silica 

concentration in shoots grown in the acidic soils but in the 

Maahas A and Pila soils submergence increased the silica 

concentration. Total silica uptake, however, was higher under 

flooded than under moist conditions of all the soils. 

Significantly higher silica concentration in straw as well 

as total silica uptake in the plants at maturity were obtajned 

under flooded than under moist conditions of all the soils. It 

will be recalled here that Si solubility in the Luisiana, Maahas 

A and Burabod soil were appreciahly higher under moist than 

flooded conditions (Fig. ~9). The higher silica content in 

pl.ants observed under the flooded regime therefore might have 

been due to abundant water supply rather than chemical benefit 

of flooding. 
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Iron 

Flooding produced significantly higher concentration of Fe 

in shoots in the acidic soils. The increase due to flooding was 

not significant in case of near-neutral Maahas A and calcareous 

Pila soils. Total Fe uptake in the shoots, however, were 

substantially higher under floodt!d than that under moist 

conditions of all the soils. 

Influence of the moisture regimes on the concentration of 

Fe in straw and total Fe uptake in plants at harvest was same as 

that observed in case of the 8 week old shoots. 

It is interesting to note that although the plants grown 

on the Maahas A and Ptla soils contained equally J ow 

concentrations of Fe regardless of the moisture regimes, plauts 

in the aerobic Fila soil only show~d clear Fe chlorosis (Plate 

2). Probably only some active fraction of total Fe in tissue is 

directly involved in the Fe metabolism in plants and that active 

Fe fraction might have been deficient in tbe plants grown in the 

aerobic calcareous soil. 

Manganese 

Concentrations and total uptake of Mn in the B week old 

shoots grown in the acidic soils were markedly higher under 

moist than under the flooded conditions. Constrastingly. in the 

near-neutral Maahas A and calcareous Fila soils flooding 

significantly increased the .concentrations and uptake of Mn in 

the shoots. 



The moisture regimes exerted soil-specific influences 

on the Mn concentrations in straw and the total Mn uptake in 

plants at maturity in the same way as did in the 8 week old 

shoots. 

Zinc 

The shoots grown in the acidic soils showed markedly 

higher concentration and uptake of 2n under moist than under 

flooded conditions. In sharp contrast, shoots in the 

near-neutral Maahas A and calcareous Pila soils shovJed 

substantially hi,gher Zn concentrations and total uptake uDder 

flooded than under the moist conditions. 
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Zinc concentration in straw and total uptake in plants at 

harvest were significant]y higher under moist thar. under flooded 

conditions of the acidic soils. In the Maahas A and Pila soi.] s J 

flooding increased the concentrations of 2n in straw appreci~'ly 

and the total Zn uptake significantly. 

Copper 

In the acidic soils, significantly higher concentration End 

uptake of Cu were found under Fe moisture regime than under 

flooding. Although moisture regimes showed similar influence on 

the concentration of Cu in shoots in the Maahas A and Pila 

soils, the total uptake was found higher under flooded 

conditions. 



Concentrations of Cu in straw ~,7e:re significantly higher 

under moist than under flooded conditions of all the solIs, but 

total uptake at harvest was remarkably higher under the flooded 

regimes. 

Some important differences in mineral nutrition of rice 

under the moist (aerobic) and flooded (anaerobic) soil 

conditions may now be summarized: 

i. P concentrations in plants were lower under moist 
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than under flooded conditions of all soils except the 

P deficient Ultisol from I.uisiana, where no differellce 

was noted between the two moisture regimes. 

ii. Ca concentrations in tissues were consistently lower 

under moist than under flooded conditions of strongly 

acidic soils. 

iii. Concentrations of Fe in plants were lower under 

moist than under flooded conditions of all soils, hut 

this difference was significant only in the acid 

soils. 

iv. Relative to that under flooded conditions, in the field 

capacity moisture regime tissue Mn concentrations were. 

very low in the near-neutral and the calc.areous soil 

but very high in the acid soils. 



v. No appreciable difference in Si0
2 

concentration in 8 

week old plants was noted between the two moisture 

regimes. But in straw at maturity, 

concentrations were significantly lower under moist 

than under flooded conditions of all soils. 

Comparison of chemical kinetics of the soils and mineral 

nutrient contents in plants under moist and flooded conditions 

suggests that: 

i. lower availability of P in most 80ils, 

ii. lower availability of Fe and 8i in all soils, 

iii. lower availability of Ca in strongly acidic soils. 

iv. lower availability of Mn in near-neutral and 

calcareous soils, and 

v. excessive solubility of Al and Mn in strongly acidic 

soils could be important soil chemical factors 

responsible for poor growth of ri ce under field 

capacity moisture regimes. 

Plant height 

Growth and Yield of Two Rices in Four Soils under 
Moist and Flooded Conditions 
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Growth in plant height of IR43 and IR46 in four soils under 

moist and flooded conditions are pre.sented in Fig. 23. The 

figure shows that in the formative stage all the plants, 

regardless of the cultivars and the moisture regimes, were 
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practically of the same height. Influence of the moisture 

regimes on the growth of plants in the near-neutral Maahas A and 

calcareous Pila soils started only after two weeks of seeding. 

Then the plants grew taller under the flooded than under the 

moist conditions of these soils. However, this superiority of 

the flooding treatment on the rice growth started manifestation 

much later (after 6 weeks) in case of the acidic soils from 

Luisiana and Burabod. The figure also shows that the IR43 

plants were taller than IR46, irrespective of the treatments. 

Tillering 

lIS 

Changes in the number of tillers per hill upto 12 weeks vIE-.re 

recorded and are presented in Fig. 24. Flooding of the near-· 

neutral Maahas A and the calcareous Pila soils produc.ed more 

number of tillers in both the cultivars. Contrastingly, in both 

the acidic soils tillering was higher under the moist than under 

the flooded conditions. In the Burabod soil. however, flooding 

started producing more numbex of tillers than did the aerobic 

condition from ninth week onwards. Late manifestation of 

superior tillering of rice under flooded condition over the 

non,-flooded c.ondition of an acid soil had earJ.ier been reported 

by Senewiratne .and Mikkelsen (1961). The acid soil from 

Luisiana. however, produced consistently more number of tillers 

under the moist condition. 
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Sharp visible difference in the tillers formed under the 

two different moisture regimes was observed. While the flooded 

soils produced healthy and succulent tillers spreading out 

fanwise, the Fe moist conditions of the soils produced thin 

tillers compressed together at the base to give a bushy 

appearance. 

Visual symptoms 
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Under Fe moisture regime, clear chlorotic symptoms typical 

of Fe deficiency appeared on both the rices in the calcareous 

Pila soil starting from seedling stage and persisted throughout 

the growing period (Plate 2). Under flooded conditions of the 

Pila soil, however, plants grew vigorously with normal green 

foliage (Plate 3). At the end of the grand vegetative stage, 

plants growing in the moist Luisiana soil showed mildly 

chlorotic leaves with light brown lesions along the edges wh:ich 

may have been caused by latent Fe deficiency and/or incipient Mn 

toxicity. Although no clear folinr symptoms of Al toxicity 

could be identified, root growth of rice in the moist acid­

sulfate (Burabod) soil was found remarkably restricted (Plate 4) 

apparently due to the toxic concentration (3C-70 ppm) of 

water-soluble Al present under this treatment. 



Plate 2. Growth of IR43 in four soils under 
Field Capacity Moisture Regimes. 
(a) Maahas A, (b) Luisiana, 
(c) Burabod (Malinao), (d) Pila. 
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Plate 3. Growth of IR43 in the calcareous 
Pila soil under (a) Flooded, and 
(b) Field Capacity Moist 
Conditions. 
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Plate 4. Root growth of 8 week old IR43 in 
the acid sulfate Burabod (Malinao) 
soil under (a) Field Capacity Moist, 
and (b) Flooded conditions. 
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During the reproductive phase, plants growing in both the 

Maahas A and Pila soils under flooded conditions showed clear N 

deficiency symptoms. The incipient chlorotic symptoms exhibited 

by the plants grown in the moist Maahas soil at this stage were 

similar to both of Fe deficiency and N deficiency. 

In spite of regular watering in every morning to maintain 

the soil water content around field capacity, plant growing in 

the moist Luisiana soil apparently suffered from several spells 

of moisture stress during the past-tillering stage. The very 

fast draining property of the soil and high temperature in the 

greenhouse (the minimum and maximum air temperature ranged from 

25 to 30 and 32 to 45°C, respectively) during this period might 

have jointly been responsible for causing several shocks of mild 

wilting in the plants. 

Dry matter yield of 8 week old shoot 

Table 9 presents dry matter yield of 8 week old shoots of 
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two rices in four soils under two different moisture regimes. 

The yields under flooded conditions were significantly higher 

than under FC moisture regimes of the Luisiana, Maahas A and 

Pila soils. In case of the Burabod soil, there was no significant 

difference in yields obtained under the two moisture regimes. 

Under flooded conditions, both the cultivars performed 

equally well in all the soils e:x:ce.pt the calcareous Pila loam in 

which IR43 produced significantly higher shoot yield than that, 



of IR46. Under moist conditions also, IR43 proved significantly 

superior to IR46 only in the Pila soil; while in the other soils 

no significant difference in performance was noted between the 

two cultivars. 

Grain yield 

Grain yields of IR43 and IR46 under different treatments 

are given in Table 9. The yield, regardless of the cultivars, 

was significantly higher under flooded than under the mojst 

conditions of all the soils. Grain yield of rice under Fe 
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moisture regimes did not exceed 38% of that under the flooded 

conditions. In all the flooded soils. IR46 produced significantly 

higher grain yield than that of IR43. Although IR43 produced 

higher grain yield than that of IR46 in all the moist soils, 

the varietal difference was statistically significant only in 

the calcareous Fila loam. 

Stra.w yield 

Straw yields obtained from different treatments are 

presented in Table 9. Data show that although straw yield ~as 

generally higher under flooded than under the moist conditions 

of all the so:l,ls, this difference was not statistically 

significant in case of the acidic soils from Luisiana and 

Burabod. The two cultivars did not differ significantly from 

each other with respect to their straw yields. 
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Table 9. Yield of two rices in four soils under moist and flooded­
conditions. a 

Dry matter 
yield of 8 

Treatment of week old Grain Straw 
Moisture shoots yield yield 

Soil Var.iety regime ------------ g/pot -----------

Luisiana 1M3 Moist 19.2 def 7.3 fgh 65.9 bed 
Flooded 31.0 c 59.1 b 66.4 bed 

IR46 Moist 21.5 de. 2.3 gh 63.6 bcde 
Flooded 31.1 c 70.7 a 75.1 ab 

Maahas A IR43 Moist 16.6 efgh 10.6 fg 4:,.7 fg 
Flooded 50.2 ab 33.3 e 62.3 cde 

IR46 Moist 17.8 defg 4.7 gh 41.5 g 
Flooded 54.4 a 41.7 cd 51.3 e£g 

Pila IR43 Moist 18.8 defg 10.6 £g 42.4 g 
Flooded 47.8 b 57.3 b 73.3 abc 

1R46 Moist 10.9 h 0.5 h 48.4 fg 
Flooded 23.4 d 74.7 a 80.5 a 

Burabod 1M3 Moist 12.8 gh 14.0 f 53.3 efg 
Flooded 16.5 efgh .'36.6 de 52.1 efg 

1R46 Noj_st 15.6 efgh 10.5 fg 4~'. 8 £g 
Flooded 15.0 fgh 47.3 c 5;'.1 def 

aMean of 3 replica tiOI1S • In a column, means followed by a common letter 
are not sj,gnificantly different by Dl-'IRT at the 5% level. 
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Experiment 3 

Chemical Kinetics of Four Soils 
Under Moist. Wet and Flooded Conditions 

in Relation to Growth and Mineral Nutrition of Rice 

In the previous experiment (Experiment No.2) grain yields 

of rice un.der FC moisture regimes did not exceed 38 percent of 

that under flooded soil conditions. Several adverse chemical 

factors were identified in the aerobic regime of moist soils. 

However, the observed poor yields cannot be attributed solely to 

those unfavorable soil chemical factors. It is likely that the 

FC moisture level fails to meet the complete water requirement 

of rice crop as has been suggested by several workers (Jana and 

De Datta 1971). Such poor grain yields as obtained under Fe 

moisture regimes may have been caused by both moisture stress 

and adverse soil chemic.al environment. In an attempt to isolate 

the effect of adverse chemical factors from that of moisture 

stre,ss on rice growth and to study the chemical environments of 

aerobic soils with abundant supply of water, the present 

experiment was conducted. 

MATERIALS AND METHODS 

This experiment was conducted in the greenhouse in ]986 Dry 

Season. The soils used for this experiment were collected 

freshly and stored in air-dry condition for about six months in 

the greenhouse before use. While the Burabod, Maahas A, and 



Pila soils were collected from the same sites as for the 

previous experiment, the Luisiana soil was sampled from a 

different site (Barrio: San Pedro. Luisiana) which was selected 

for a subsequent field experiment. The same procedures as 

described for the previous experiment were followed to prepare 

bulk soils for using in the pots and to prepare the samples for 

chemical analyses. Important properties of the soils are 

furnished in Tables 3 and 4. 

Experimental Factors and Levels 

Soils 

The following four soils were used: 

81 Luisiana soil 

82 Maahas A soil 

83 

84 

Pila soil 

Burabod soil 

Moisture regimes 

The fallowing three moisture regimes were studied: 

Ml Moist (constant field capacity moisture) 

M2 Wet (moisture level in soil equated thrice daily 
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to that under the flooded regime and 

constant free drajnage maintained. Draj,ned 

leachate saved every time and used for next 

irrigation) • 

M3 Flooded (constant submergence with 3 em level of standing 

water). 



Cultivar: 

IR43 was grown as the test cultivar for this trial. 

Experimental Design 

For this 4 x 3 factorial experiment, the pots 'were 

laid out in a Randomized Complete Block Design with 4 

replications. 

Greenhouse procedure 

Twelve kilogram portions of each soil were thoroughly mixed 

with reagent grade ammonium sulfate, monocalcium phosphate and 

potassium chloride to supply N, P and K at the rates of 100, 50 

and 50 mg/kg soil, respectively. The fertilized soils were then 

placed in 16 liter glazed porcelain pots fitted with the 

drainage tube assembly at the bottoIr. (similar set-up as used for 

the previous experiment). The pots were then placed in the 
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greenhouse tanks. Soils in all the pots were first brought to 

the field capacity moisture level by adding required amount of 

demineralized water. Bright platinum electrodes and 

tensiometers were installed in each pot in same way as described 

for the previous experiment. 

The recycled saturation extracts were collected as 

representative soil solutions from all the pots at 0 week. 

Eight pre-germinated seeds of IR43 were dibbled in each pot 

after the sampling of 0 week solutions. Throughout the 



experiment the moisture level in the moist pots were maintained 

around field capacity with help of tensiometers and by adding 

demineralized water whenever necessary. 

The 'flooded' pots were maintained saturated for the first 

]0 days until the seedlings were established well. After first 

10 days of seeding, seedlings in each pot (regardless of the 

moisture regimes) were thinned out too keep four healthy ones and 

in the 'flooded' pots flooding was :i.mposed to give a 3 cm leyel 

of standing water. 

The moisture level in soils under the wet regime was 

maintained around field capacity for first 10 days bnd 

thereafter these pots were irrj.gated thrice daily ( at B AM, 2 

PM and 10 PM), every time to equate the water level in these pots 

to that present under the flooded regime. Drain tubes of both 

the 'moist' and the 'wet' pots were kept open constantly ilito 

glass bottles. Drained leachate following an irrigation Kas 

collected from the 'wet' pots in the bottles and was used for 

the next irrigation. 
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Unlike in the previous experiment, no seedlings growing j,n 

the calcareous Pila soil were replaced this time by the healthy 

ones from the other pots. Two diagonal plants were harvested 

from each pot at 8 weeks after dibbling far recording dry matter 

yield ,and their chemical analyses. Thereafter, a top dressing 

of nitrogen at the rate of 50 mg N/kg soil was given as urea to 

all the pots. The remaining two plants in each pot were grown 

to the maturity and then harvested. 



Soil redox potentials in situ were recorded at weekly 

intervals. 

Sampling of soil solutions 

From flooded pots, soil solutions were drawn by gravity. 

The equilibrium saturation extracts were collected as the 

representative solutions of both the 'moist' and 'wet' soils 

following the method described by Kundu et at (1987). From all 

the pots, solutions were collected at fortnightly intervals 

under anoxic conditions using similar set-up as described for 

the previous experiment. 

Preparation of plant samples 
for analysis 

The 8 week old shoots and straw at harvest were washed, 
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dried and chopped in the same way as detailed in the previous 

experiment. These samples were then ground by using a un 

cyclone mill and stored in the envelopes for analysis. 

Plant growth observations and 
yield data gathered 

1. Visual symptoms of any nutritional disorder. 

2. Plant height and tiller number at 8 weeks after seeding. 

3. Dry matter yield of 8 week old shoots. 

4. Grain yield. 

5. Straw yield. 
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RESULTS AND DIfiCUSSrON 

Electro-chemical and Chemical Kinetics of the Soil Solutions 

Soil solutions, on all the sampling dates, were collected 

and analyzed from all the treatment8 and replications. The mean 

values of analyses for different treatments are furnished in the 

Tables 25-43 of the .. Appendix and the results are illustrated 

graphically in the following pages. Since the Fe and the 

flooded regimes were studied in the previous experiment ~"ith the 

same soils and the results were discussed in detail, no further 

discussion will be made on the influenc,e of these two wat er 

regimes. To discuss the result of the present exp~rimellt. 

emphasis will be given only for comparing the wet regime with 

the other two regarding their influence on the soil chemic al 

kinetics and rice growth. For eonvenience, moist and vet 

regimes will be collectively referred to as non-flooded when 

comparing them with the flooded regime. 

Electro-chemical kinetics 

Redox potential (Eh). Changes in Eh of four soils under 

three different moisture regimes and of the solutions collected 

therefrom are· presented in Fig. 25 and 26, respectively. .1.11 

the soils got reduced within 2 to 4 weeks after flooding, and 
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Fig. 25 Kinetics of Eh in four soils under moist, wet and 
flooded conditions. 
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under the field ca.pacity moisture regimes they indicated 

oxidized status throughout the experimental period. This 

observation is in conformity with those of the previous 

experiment. The soil Eh under wet regimes were lower than that 

under the moist conditions and indicated moderately reduced 

status of the Luisiana, Burabod and Pila soils under the wet 

regimes. Eh of the Maahas A soil, however, did not differ 

appreciably between the moist and wet regimes. 

Measured solution Eh values di(~ not indicate any 

appreciable difference in redox status of the soils between the 

moist and wet regimes (Fig. 26). It has been discussed earlier 

that solution Eh is much more meaningful and reliable index of 

soil redox condition than the Eh cf soil itself (Ponnamperuma 

1972). From that point of view, the wet soils were as aerobic 

as the moist ones under the present experimental conditions. 

pH 
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Figure 27 illustrates the kinetics of solution pH of the 

soils under three different moisture regimes. v.Thile flood:Lng 

increased pH of the acidic soils and decreased that of the 

calcareous soil towards neutrality, pH of the non-flooded soils 

remained within their original ranges throughout the growj.ng 

season. The initial marked drop in pH of the Maahas A and Pila 

soils under non-flooded regimes were due to the high degree of 
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nitrification in them. The N0
3 

- -N concentra tion in the 

solutions reached from as low as 10-30 ppm at the start to as 

high as 200-230 ppm after two weeks, under these treatments 

(Fig. 32). 

Marginally higher pH of the non-flooded soils under wet 

than under the moist regimes were more close]y associated with 

the changes in EC than with the Eh change. The higher pH in the 

wet soils may be attributed to the decrease in the electrolyte 

concentration. 

Electrical conductivity (Ee) 

Kinetics of solution EC of the soils under three different 

moisture regimes are presented in Fig. 28. EC of the Luisiana, 

Maahas A and Pila soils were higher under flooded than under the 

non-flooded conditions. Contrastingly, the acid-sulfate soil 

from Burabod had higher EC under non-flooded than under the 

flooded condition. This finding is in conformity with that of 

the. previous experiment. 

In all the soils, EC was higher under moist than under the 

wet regime. Washing out of electrolytes due to frequent 

leaching and their. apparent precipitation at the bottom of the 

receiving bottles might have caused this reduction in EC in the 

wet soils. 
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Chemical kinetics 

Oxidizable matter. Kinetics of the water-soluble 

oxidizable matter (Fig. 29) indicates that throughout the 

growing season, its concentrations in all the four soils were 

much higher under flooded than under the non-flooded conditions. 

Under the non-flooded condition, no appreciable difference in 

the oxidizable matter concentrations was found between the moist 

and the wet regimes of the soils. 

Partial pressure of CO
2 

(Peo2), Changes in Peo 
2 

in the soils under three different moisture regimes 

presented in Fig. 30. The Peo 
2 

increased on flooding 

attain a peak of 14 kPa in the Maahas A, 22 kPa in the Pila, 

are 

to 

57 

kPa in the Luisiana and 72 kPa in the Burabod soils and declined 
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thereafter. P Such high values of CO
2 

in the flooded acid 

soils, especially in Burabod soil, might cause CO 2 injury to 

rice plants (Ponnamperuma 1985, Dent 1986). Under the 

non-flooded conditions, P CO 2 in the Maahas A and Pila soils 

remained below 4 kPa. whereas in the Luisiana soil it varied 

between 8 and 28 kPa. 
P The CO 2 were slightly higher under 

wet than under the moist regimes of Maahas A and Fila soils. In 

the Luisiana soil, however, this difference in P CO between 
2 

the moist and wet conditions was not consistent. 
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Nitrogen 

Ammonium. 

water-soluble 

Figure 31 shows that the concentrations of 

NH +-N 
4 

in Luisiana, Maahas A and Pila soils 

were much higher under flooded than under non-flooded 

conditions. In the Burabod soil, however. the average 

concentrations of NH4 +-N during the growing season under the 

flooded and non-flooded conditions did not differ appreciably. 

The moist and wet regimes did not differ appreciably 

with respect to 

in soils. 

the concentrations of water-soluble NH +-N 
4 

Nitrate. Figure 32 illustrates the kinetics of N0
3 
--N 

concentrations in three soils under three different moisture 

regime.s. Since the concentrations of NO --N 
3 

in the Burabod 

soil were very low irrespective of the moisture regimes 

(Appendix Table 31), they are not presented here graphical ly. 
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N0
3
--N disappeared from all the soils soon after flooding. 

Under non-flooded conditions, it increased to reach a peak and 

declined thereafter. The second peak observed in the calcareous 

Pila soil was due to the topdressing of N at 8 weeks after 

seeding and virtual absence of plant growth (plants under these 

treatments were dying of acute Fe chlorosis). Soils under the 

wet regimes had lower concentration of NO --N 
3 

that 

under the moist regimes. This lower concentration may be due 

largely to the higher assimilation by the plants (in case of 
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under moist, wet and flooded conditions. 
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Luisiana and Maahas A soils). some losses through leac.hing as 

well as the denitrific.ation (in the Pila soil) under the wet 

regimes. 

Phosphorus 

Changes in concentrations of water-soluble P in four soils 

under different moisture regimes are shown in Fig. 33. In the 

Burabod, Maahas A and Pila soils, F concentrations were higher 

under flooded than under non-flooded conditfons. The observed 

lower concentration of P in the flooded Pila soil beyond 4 weeks 

and in the flooded Maahas soil beyond 6 weeks may be attributed 

to the larger assimilation by plants. In fact. plant growth was 

vigorous under the flooded and almost negligible under the 

non-flooded condition of the Pila soil. Regardless of the 

moisture regimes, concentration of .,ater-soluble P was very 10'W 

in the Luisiana soil and the influence of the moisture regirne.s 

was not clear. 

No consistent difference in P solubility was found between 

the moist and wet regimes. In Maahas A and Pila soils; P 

concentrations under wet regimes were higher than under the 

moi~t regimes, whereas in the acidic Luisiana and Burabod sons 

higher concentrations of P were found under the moist than under 

'Wet regimes. 
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Iron 

Changes in concentrations of water-soluble Fe in the soils 

under different moisture regimes throughout the growing season 

are presented in Fig. 34. On flooding, Fe concentrations 

increased to reach a peak of about 390 ppm in both the acidic 

soils within first 4-6 weeks and declined asymptotically 

thereafter. Peak concentrations of Fe in the flooded Maahas A 

(40 ppm) and Pila (2.4 ppm) soils reached much later. Under 

non-flooded conditions, Fe concentrations were very low in all 

the soils. In the non-flooded Burabod soil, Fe concentration 

was higher under wet than under the moist regime; whereas in the 

other soils the moist and wet regimes did not differ notably 

with respect to their effects on Fe solubility, The observed 

increase in Fe concentration in the Burabod soil under wet 

regime might have been due to temporary moderate reduction 

caused by impeded drainage as well as by the presence of very 

easily reducible Fe oxides in this soil. 

Manganese 

Concentrations of water-soluble Mn increased to reach a 

peak of 45 ppm in the Maahas A, 125 ppm in Luisiana, and 35 ppm 

in the Pila soil at 2, 4, and 10 weeks after flooding, 

respectively and declined thereafter (Fig. 35). In the Burabod 

Boil, Mn concentration decreased on flooding. Under non-flooded 

conditions, concentration of water-soluble Mn were almost 
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Fig. 34 Kinetics of water-soluble Fe in four soils under moist. wet 
and flooded conditions. 
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undetectable in the Maahas A and Pila soils. Al though much 

lower than under the flooded condition, Mn concentration ranged 

between 2 and 20 ppm in the non-flooded Luisiana soil. No clear 

difference was noted between the moist and wet regimes with 

respect to the Mn solubility. In the strongly acidic Burabod 

soil, solubility of Mn was consistently higher under non-flooded 

than under the flooded condition. Again, concentration of 

water-soluble Mn was higher under moist than under wet regime of 

the Burabod soil, which may be attributed to relatively lower pH 

of this soil under the moist regime. 

Potassium 

The kinetics of water-soluble K in four soils under the 

different moisture regimes are presented in Fig. 36. 

Concentrations of K in the Luisiana, Maahas A and Pila soils 

were higher under flooded than unde)~ the non-flooded conditions. 

In case of the Burabod soil. however, the concentration was 

higher under non-flooded than under flooded condition. This is 

in conformity with the findings of the previous experiment. 

] 47 

In all the non-flooded soils, K concentration was slightly 

higher under the moist than under the wet regime. This 

difference may be attributed to the greater assimilation by the 

plants growing more vigorously under the wet regime. 
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Calcium, Magnesium and Sodium 

Figure 37, 38 and 39 present the kinetics of water-soluble 

Ca, Mg and Na in the soils under different water regimes. In 

the Luisiana, Maahas A and Pila soils, concentrations of these 

cations were higher under the flooded than under the non-flooded 

conditions. In the Burabod soil, however, the concentrations 

were higher under non-flooded than under the flooded conditions, 

in close agreement with the findings of the previous experiment. 

Again, in all the non-flooded soils, the concentrations of 

Ca, Mg and Na were appreciably higher under moist than under the 

wet regimes. This may be attributed to washing out of their 

salts due to frequent leaching and their apparent precipitation 

at the bottom of the receiving bottles a.s well as the higher 

assimilation by growing plants. The observed lower EC in wet 

than in moist regimes support this contention. 

Silicon 
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Figure 40 illustrates the kinetics of water-soluble Si in 

the soils under different moisture regimes. The calcareous Pila 

soil ha.d higher concentration of Si under flooded than under 

non-flooded conditions. The decreased concentration observed 

after 6 weeks under the flooded condition could be attributed to 

the assimilation by growing plants, because plant growth under 
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flooded condition was vigorous compared to negligible growth 

under the non-flooded regime. Under non-flooded conditions, Si 

solubility was higher in the wet than in moist regime of this 

soil. 

In the Luisiana, Maahas A and Burabod soils, concentrations 

of 8i were found to be higher under non-flooded than under the 

flooded conditions. No appreciable difference in the solubility 

of Si was noted between the moist and wet regimes of these soils 

upto first six weeks. The subsequent lower concentration of Si 

observed under the wet regime might have been caused by larger 

uptake by plants growing vigorously under this treatmetlt. 

Zinc 

153 

-As the concentrations of water-soluble Zn in the Maahas A 

and Pila soils were very low and the moisture regimes did not 

appear to have any appreciable effect on them (Appendix Table 

38), they are not presented graphically. Figure 41 shows that 

solubility of Zn in the acidic soils from I~isiana and Burahod 

were higher under non-flooded than under flooded conditions. 

Again in both the non-flooded soils, Zn concentration was higher 

under moist than under the wet regimes. This may be attributed 

to relatively lower pH of these soils and lower assimilation by 

plants under the moist conditions. 
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Kinetics of water-soluble Zn in two soils 
under moist, wet and flooded conditions. 
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Copper 

Since the concentrations of water-soluble Cu in the 

Luisiana, Maahas A and Pila soils were very low regardless of 

the moisture regimes (Appendix Table 39), they are not shown 

graphically. 

The Figure 42 shows kinetics of the concentration of Cu 

in the Burabod soil. In this acidic soil, solubility of Cu was 

much lower under flooded than under the non-flooded condition. 

Under non-flooded condition, again, the solubility was higher 

under moist than under wet regime. This difference may be 

attributed to relatively lower pH and lower uptake by plants 

under the moist regime. 

Aluminum 

156 

Changes in concentrations of water-soluble Al in the two 

acidic soils under three different moisture regimes are shown in 

Fig. 43. The figure indicates that solubility of Al in both the 

Luisiana and Burabod soils decreased to zero within 2-4 weeks 

after flooding. Under non-flooded conditions, its concentration 

ranged between 0.1 and 1.1 ppm in the Luisiana and between 9 and 

36 ppm in the Burabod soil. Concentrations under wet regimes 

were lower than that under the moist regimes, which might be due 

to relatively higher pH and higher assimilation by plants under 

the wet regimes. 
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Fig. 42 Kinetics of water-soluble Cu in an acid soil 
under moist, wet and flooded conditions. 
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To summarize results of the chemical kinetics study: 

chemical environments of non-flooded soils would not change 

appreciably with the amount of water supply, as long as they are 

drained freely. Thus abundant supply of water to typical upland 

rice fields may not cause any measurable improvement in their 

chemical regime. 

Mineral Nutrition of IR43 
Under Three Different Moi.sture Regimes 

Since the plants in the calcareous Pila soil died of severe 

Fe chlorosis under the moist and wet regimes. they could not be 

analysed for the mineral. constituents. The 8 week old shoots 

and straw at harvest from the Luisiana. Maahas A and Burahod 

soils were analyzed for mineral nutrients. Grain samples were 

also analysed for estimating total uptake of nutrients by the 

plants at harvest. The concentrations of nutrients in the shoot 

and straw samples are presented in Tables 10 and 12. 

respectively. Total nutrient uptake by the shoots and plants at 

harvest (straw plus grain) are furnished in Tables 11 and 13, 

respectively. 

Total dry matter yields (shoot as well as plant at harvest) 

under flooded conditions 'Were nearly half of that under the 

non-flooded conditions in both the strongly acidic Luisiana and 

Burabod soils. Very high concentration of Fe in soil solutions 

and excessive uptake of Fe in plants caused Fe toxicity leading 



to such poor yields and lower uptake of several other nutrients 

in these two soils under flooded regimes. In the near-neutral 

Maahas A soil, however, plants grew normally and gave much 

higher yield under flooded regime. In this case, concentrations 

of the nutrients in tissue could be influenced by dilution 

factor. The results are discussed under the following heads: 

Nitrogen 

In both the acidic soils (from Luisiana and Burabod), 

concentrations of N in shoot as well as straw were highest under 

flooded regimes, followed by the moist and wet regimes. In the 

near-neutral Maahas A soil. tissue N concentration was highest 

under the moist regime, followed by wet and flooded regimes. 

Scrutiny of total N uptake data indicates that the observed 

differences in N concentrations in plants under different 

moisture regimes of the soils were mainly due to differences in 

total dry matter yields. 

Phosphorus 

160 

The 8 week old shoots in the Maahas A and Burabod soil had 

si~nificantly higher concentration of P under flooded than under 

the non-flooded regimes, but in the Luisiana soil the moisture 

regimes did not show any effect on tissue P concentration. The 

moist and wet regimes did not differ appreciably regarding their 

effects on P availab:Uity to plants. 
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P concentration fn straw was found to be significantly 

lower under flooded than under non-flooded, and under wet than 

the moist regimes of all the soils. This lower concentration of 

P in the flooded Maahas A could be attributed to the dilution in 

plants, since total uptake was highest under the flooded 

regimes, followed by the wet and moist regimes (Table 13). 

Significantly lower total P uptake under the flooded regimes of 

both the acidic soils were probably caused by an antagonistic 

interaction of P with very high concentration of Fe. Straw in 

both the acidic soils under flooded regime had toxic 

concentrations of Fe. 

Potassium 

. Conc.entration and total uptake of K in 8 week old shoots 

in the acidic Luisiana and Burabod soils were lowest under 

flooded and highest under the moist regimes. In the 

near-neutral Maahas A soil, K concentration in shoot did not 

vary with the moisture regimes, but total uptake was 

significantly higher under the flooded condition. 

Very high concentrations of Fe and Mn present in the 

sqlution might have adversely affected the K availability to 

plants in the flooded acid soils. Data on. total K uptake by 

plants at maturity also suggest significantly lower availabHity 

of K to plants in these acid soils under flooded regime. Total 
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uptake data further indicates no consistent difference in K 

availability between the moist and wet regimes of the acid 

soils. 

Calcium 

Concentrations of Ca in 8 week old shoot did not differ 

markedly with moisture regimes in the acidic soils. The 

significantly lower total uptake in the shoots as well as mature 

plants in these flooded soils were closely associated with poor 

dry matter yield and very high concentration of Fe in the 

tissues. 

In the near-neutral Maahas A soil, however, total Ca uptake 

by the shoots as well as plants at harvest were significantly 

higher under flooded than under non-flooded regimes. The 

concentrations in tissues were largely influenced by ~he 

dilution factor. 

Examination of concentration and total uptake data does not 

indicate any consistent difference in Ca availahility between 

the moist and wet regimes. 

Magnesium 

Concentrations of Mg in the shoots as well as straw were 

significantly lower under flooded than under the non-flooded 

regimes of all the soils. No consistent difference in Mg 

concentrations was noted between the moist and wet regimes. 
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Total uptake data suggest that the observed lower concentration 

, of Mg under the flooded regime of the Maahas A soil was due to 

mere dilution in plants, whereas in the acidic Luisiana and 

Burabod soils it was due to restricted availability of Mg to 

plants. 

Silica 

Concentrations of crude silica in 8 week old shoots were 

lower lmder flooded than under non-flooded regimes of all the 

soils. Total uptake in shoots were significantly higher in the 

Maahas 11 and significantly lower in both the Luisiana and 

Burabod soils under flooded than under the non-flooded 

conditions. Very high concentrations of Fe in the flooded 

acid soils may have adversely affected the silica uptake, and in 

the flooded Maahas A soil the observed lower concentration of 

Si0
2 

in shoots was caused by mere dilution in tissue. 

In all the soils. 8i0
2 

concentration in straw was highe:·,t 

under the wet regime, followed by the flooded and moist regimes. 

Unlike in shoots, 8i0
2 

concentration in straw was higher unde~ 

flooded than under moist regimes. This c.ould be attributed 

partly to greater uptake of 8i0
2 

by the plants during the 

reproductive stage when solution Fe concentration went down 

considerably. 
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Significantly higher concentration of SiO~ in tissues 
.:.. 

under the wet than under moist regimes implicate that excess 

moisture rather than soil reduction, brought on by flooding, 

favors higher uptake of 8i0
2 

by riCE plants. 

Sodium 

Sodi_um concentrations in shoots as well as straw were 

significantly higher under flooded than under the non-flooded 

regimes of all the soils. The concentration ,,'as again higher 

under wet than under moist regimes, the differenC'e being 

nonsignificant in the Maahas A soil. 

Total uptake of Na by the shoots and plants at harvest in 

the Maahas A soil were significantly higher unrlE'I flooded than 

under the non-flooded conditions. 'No significant diffenmce was 

found bet\veen the moist and wet regimes in this respect. 

Iron 

Concentrations of Fe in shoots and straw were higher Undp.T 

flooded than under non-flooded conditions of all the soils, the 

difference being significant only in the acidic Luisiana and 

Burabod soils. The. wet regimes generally showed higher 

concentration of Fe in tissue than the moist regimes did, but 

the difference was non-significant in most cases. 
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Total uptake of Fe in shoot as well as plants at harvest 

were also significantly higher under flooded than under the 

non-flooded regimes of the Maahas A and Burabod soil. In the 

Luisiana soil, it was lower under flooded than under the 

wet regime because of very poor dry matter yield under the 

flooding treatment. 

Manganese 

Manganese concentrations in the shoots as vrell as straw 

were significantly higher under non-flooded than under flooded 

conditions of the acidic soils. with the sjngle exceptional 

behavior of the 8 week old shoot in the Luisiana soil. It will 

be recalled here that the peak concentration of water-soluble Mn 

(125 ppm) in the submerged Luisiana soil occurred at 4-6 weeks 

af ter flooding aud it sharply dec lined thereafter (Fig. 35). 

Comparable or even higher Mn concentration in 8 w~ek old plants 

in flooded Luisiana soil i.8 therefore not surprising. In the 

near-neutral Maahas A soil. concentrations of Mn in both shoots 

and straw were significantly higher under flooded than under 

non-flooded regimes; and there was no difference between the 

moist and wet regime in this regard. 
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Zinc 

Concentrations of Zn in the 8 week old shoots were 

significantly higher under non-flooded than under the flooded 

regimes of the Luisiana and Burabod soils. In the near-neutral 

Maahas A soil, this difference between the· flooded and 

non-flooded regimes was not significant. Under non-flooded 

conditions, the moist and wet regimes did not differ 

significantly regarding their influ~nce on Zn availability to 

plants. 

Copper 

Copper concentrations in shoots as well as straw in 

both the acidic (Luisiana and Burabod) soils were significantly 

higher under non-flooded than under flooded regimes. In the 

Maahas A soil, however, no signifieant difference in tissue Gu 

concentration was noted between the flooded and non-flooded 

conditions 0 Concentrations of eu in tissues did not show 

consistent difference between the moist and wet regimes. 

Results of the mineral nutrition study indicate that in 

soils with unrestricted drainage, frequent and abundant supply 

of water over field capacity would markedly increase the Si0
2 

concentration in rice plants but would not appreciably affect 

the tissue concentrations of other mineral nutrients including 

P, Fe and Mn. 



Visual symptoms 

Growth and Yield of J:R43 in Four 
Soils Under Three Moisture Regimes 

Undel' both the moist and wet regimes of the non-flooded 
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calcareous soil, unmistakahly clear symptoms of Fe chlorosis 

appeared on plants starting from the seedling stage (Plate 5). 

Due to the severe chlorosis: plants under these treatments c0uld 

not develop properly. did nut tiller normully, failed to flower 

and got t-lithered t11timately. The same soil under floo(!ed 

C ondi U,ons produced heal thy plants wi tIt normal growth nnd 

development (Plate 6). 

Growth of plants in both the acidic soils (Luisiana and 

Burabod) t,Tere markedly arrested under flooded 'conditions. Plant 

hl~ight as well as tillering were remarkably lower under flooded 

than under the non-flooded conditions. Clear symptoms of Fe 

toxicity started appearing on the plants grown in the flooded 

Burabod soil from early tillering phase and preststed throughout 

the growth period (Plate 7). Plants growing in the flooded 

Ll1isiana soil, however, <lid not exhibit any specjfic toxicity' 

symptoms except the dark green leaves, stunted growth, markedly 

poor tilleri_ng and spindly culms. }1ature straw analysis showed 

toxic concentration of Fe in tissue. 

Rice growth in the near-neutral Maahas A soil was best 

under flooded regimes, followed by the wet and moist regimes 

(Plate 8). 



( 

Plate 5. Acute iron chlorosis exhibited by IR43 
in the calcareous Pila soil under aerobic 
(both Moist and Wet) conditions. 

Plate 6. Growth of IR43 in the calcareous Pila 
soil under (a) Flooded~ (b) Wet and 
(c) Moist conditions. 

17 2 
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Plate 7. Growth of IR43 in the acid-sulfate 
Burabod (Malinao) soil under (a) Flooded. 
(b) Moist. and (c) Wet conditions. 

Plate 8. Growth of IR43 in the near-neutral 
Maahas A soil under (a) Flooded, 
(b) Moist, and (c) Wet conditions. 

1 73 
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Plant height and tiller number 

Height and tiller number of plants were recorded at 8 weeks 

after seeding. The results are presented in Table 14. 

Both height and tillering of plants were higher under 

flooded than under non-flooded conditions of the near-neutral 

Maahas A and the calcareous Pila soils. In the acidic soils, 

however, both the growth measurement were lower under flooded 

than under non-flooded conditions. In the Luisiana. Burabod and 

Maahas A SOils, the growth (in terms of both height and tiller 

number) was higher under wet than under the moist regimes. 

However, in the calcareous Pila soil no growth difference was 

noted between the moist and the wet regimes; under both the 

conditions, plants were dying of acute Fe chlorosis. 

Dry matter yield of 8 week old shoots 

Table 14 presents dry matter yields of 8 week old shoots of 

IR43 in four soils under three different moisture regimes. The 

yields in the near-neutral Maahas A and calcareous Pila soil 

were significantly higher under flooded than under the 

non-flooded conditions. The acidic soi18, in sharp contrast, 

gaye significantly lower yield under flooded than under the 

non-flooded regimes. 
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Table 14. Growth and dry matter yield of 8 week old IR43 in 
four soils under moist, wet and flooded eonditions. a 

Treatment 
Soil Moisture 

regime 

Luisiana Moist 
Wet 
Flooded 

Maahas A Moist 
Wet 
Flooded 

Pila Moist 
Wet 
Flooded 

Burabod Moist 
Wet 
Flooded 

Plant 
height 

(em) 

94 e 
104 be 

94 e 

96 de 
105 be 
ll2a 

58 g 
59 g 

109 ab 

91 e 
101 cd 

85 f 

Tiller 
number 
per pot 

27 a 
25 a 
12 d 

18 be 
19 b 
28 a 

6 e 
6 e 

15 cd 

28 a 
20 b 
14 d 

Dry matter 
yield of 

shoot 
(g/pot) 

25.8 c 
32.6 b 
14.2 ef 

20.2 d 
26.0 c 
46.1 a 

2.2 g 
1.4g 

15.6 € 

25.8 c 
25.1 c 
11.7 f 

a Mean of 4 replications. In a column,means followed by a common 
letter are not sj.gnificantly different by DMRT at the 5% level. 
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While shoot yields in the Luisiana and Maahas A soils 

were significantly higher under wet than under moist regimes, no 

significant difference was found between these two moisture 

regimes with respect to their effects on shoot yields in the 

Burabod and Pila soils. 

Grain yield 

Table 15 shows that in the near-neutral Maahas A soil, 

grain yield was significantly higher under flooded than under 

the non-flooded conditions. Again, the wet regime gave 

significantly higher yield than in the moist regime. Compared 

to that obtained under flooded regime, yields were 20 and 67 

percent under the moist and wet regimes, respectively. 

While grain yield was normal under flooded condition of 

the calcareous Pila soil, non-flooded (moist and wet) regin,es 

failed to produce any grain. Since comparable amounts of water 

were made available to plants under the wet and flooded regh.es 

and the soils under these two regimes were found to be aerobic 

and anaerobic respectively, the yield difference between the two 

treatments could apparently be attributed to the difference in 

so;i..l chemical 

contributions of 

environments. Data show 

the unfavorable chemical 

that apparent 

environments of 

aerobic Maahas A and Pila soils to yield reduction in IR43 were 

33 and 100 percent, respectively. 
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Like the other growth parameters, grain yields in both the 

strongly acidic soils were very poor under the flooded regimes 

presumably because of Fe toxicity. The non-flooded wet regime 

produced highest grain yield in both the acidic soils. 

Straw yield 

In the near-neutral Maahas A and calcareous.PiJ.a soils, 

straw yields were much higher under flooded than under 

non-flooded conditions (Table 15). 

strongly acidic soils it was 

Contrastingly, in both the 

significantly higher under 

non-flooded than under flooded conditions. 

While the moist and wet regimes produced equally low 

amounts of straw in the calcareous Pila soil. the moist regime 

gave higher yield of straw than did the wet regime in all other 

soils. 

The grain:straw ratio (data. not shown) was lowest under the 

moist regime of all the soils. It was highest under flooded 

regimes in the Maahas A and Pila and under the wet regime in 

both the strongly acidic soils. 



Table 15. Grain and straw yield of IR43 in four soils under 
moist, wet and flooded conditions. a 

Treatment Grain Straw 
Soil Moisture yield yield 

regime -------- g!pot -------

Luisiana Moist 28.6 £ 89.1 b 
Wet 92.8 b 80.1 c 
Flooded 34.2 e 59.7 f 

Maahas A Moist 22.9 g 94.8 ab 
Wet 74.8 d 67.5 e 
Flooded 111.5 a 97.5 a 

Pila Moist 0.0 h 6.0 h 
Wet 0.0 h 6.2 h 
Flooded 97.0 b 72.4 de 

Burabod Moist 35.0 e 78.6 cd 
Wet 81.1 c 70.1 e 
Flooded 23.3 g 35.8 g 
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aMean of 4 replications. In a column,means followed by a common 
letter are not significantly different by DMRT at the 5% level. 



Experiment 4 

Chemical Kinetics of Six Soils 
Under Moist, Wet and Flooded Conditions in 

Relation to Growth and Mineral Nutrition of Rice 

179 

In the previous experiment, chemical environments of four 

non-flooded soils under moist and wet regimes were studied by 

analyzing their equilibrium solutions collected by the recycling 

method. The Eh and other analyses of the soil solutions did not 

show any appreciable difference between the two regimes, 

although in situ soil Eh values were much lower under the wet 

regime (indicative of a moderately reduced condition). If the 

soils under the wet regimes had been moderately reduced, soil 

solutions could have been oxidized during the recycling proc.ess. 

This could have caused the soil solution analyses to be similar 

under both moist and wet regimes. In order to exclude such a 

possibility. a new method of collecting unaltered equilibrium 

solutions of unsaturated soils was developed (described in 

Appendix). 

The purposes of the present experiment were to employ this 

refined method of collecting equilibrium solutions from the 

soils under the wet regime, and to compare their chemical 

environments with those under the moist and flooded regimes. In 

addition to the four soils used in the previous experiment, two 

new soils (one moderately acidic and a near-neutral) were 

included for the present investigation. 
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MATERIALS AND METHODS 

Soils from Luisiana (San Pedro), Maahas A, Pila, Burabod. 

Rotonda (Koronadal, South Cotabato) and Maahas B (Block F6, IRRI 

Farm, Maahas) were used in this experiment conducted in 1986 Wet 

Season. The Maahas A, Pila and Burabod soils were used from the 

lots collected for the previous experiment (Experiment 3). The 

Rotonda and Maahas B soils were obtained from the greenhouse 

stocks. These samples had been collected from the respective 

fields about 2 years back, dried and stored in the bins. 

As no stock of the Luisiana soil used for the last 

experiment was available, it was collected again [rom the same 

field after harvesting of the previous season's crop. 

The Maahas A, Pila and Luisiana soils happened to get 

moistened by rain and incidentally they were stored indoors in 

the moist state for several months before using. 

General properties of the Rotonda and Maahas B soils are 

furnished in Tables 3 and 4. Soil preparation, greenhouse 

set-up, analyses of soils, soil solutions and plants were done 

following the salUe procedures as described earlier for the 

previous ex:periment. Amount of soils taken in each pot and 

their fertilization were also same as that in the last 

experiment. 



Experimental factors and levels 

Soils: 

Six soils used for the experiment were 

SI 

82 

S3 

84 

85 

86 

Luisiana soil 

Maahas A soil 

Pila soil 

Burabod soil 

Rotonda (Koronadal, South Cotabato) soil 

Maahas B (Block F6, IRRI Farm, Maahas) soil 

Moisture regimes 
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The following three moisture regimes which have been described 1n 

detail for the previous experiment were studied~ 

Ml 

M2 

M3 

Cultivar: 

Moist 

Wet 

Flooded 

IR43 was grown as the test cultivar for this trial. 

Experimental design 

For this 6 x 3 factorial experiment the pots were laid out in a 

Randomized Complete Block Design with 3 replications. 
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Sampling of soil solutions 

Soil solutions from the flooded pots ~lere drawn by gravity. 

The equilibrated saturation extracts were collected as th~ 

representative soil solutions of the moist soils following the 

procedure described by Kundu et al (1987). The unaltered 

equilibrium solutions of the v.'et soils were collected after 

keeping them saturated for 8-12 hours (Appendix, p. ). 

Solutions from all the pots were collected at fortnightly 

intervals in the sampling flasks deaerated previously with 

nitrogen gas. 

Estahlishment of plants 

Eight pre-germinated seeds were dibbled in each pot 

immediately after the sampling of 0 week soil solutions. At 

about 10 days after dibbling, seedlings in each pot were thinned 

out to keep four heal thy ones. Because of severe eh] orosis, 

seedlings in the non-flooded calcareous sojl were very poor and 

were getting withered in several pots. These very poor and 

dying plants were replaced by the healthy seedlings from other 

pots within first 2-3 weeks. 

Preparation of plant samples for analysis 

Shoots sampled at 8 weeks after dibbling and straw 

harvested at maturity were washed with mild detergent solution 

and subsequently with demineraJ bed water. After drying the 
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washed samples at 60°C temperature for 2-3 days, they were 

chopped with a stainless steel scissors and ground by using a 

stainless steel mill (Cristy and Norris Beater Cross Grinder). 

The ground samples were then stored in envelopes and redried 

before analysis. 

I'lant growth observations and 
yield data collected 

1. Visual symptoms of any nutrition~l disorder. 

2. Plant height and tiller count of 8 week old 

plants. 

3. Dry matter yield of 8 week old shoots. 

4. Grain yield. 

5. Straw yield. 

RESULTS AND DISCUSSION 

Electro-chemical and Chemical Kinetics of the SoH Solutions 

Soil solutions were collected from all the pots at 

fortnightly intervals upto first 10 weeks and were analyzed for 

Eh. pH, EC, oxidizable matter, Fe, 

Mn, Si and Zn. Meal1 values of the solution analyses from 

different treatments are given in Tables 50-61 of the Appendix. 

The results are presented graphically in the following pages and 

discussed hereunder. For convenience. moist and wet regimes 

will be collec tively referred to as non-flooded when comparing 

them with the flooded regime. 



Electrochemical kinetics 

Redox potential (Eh). Figures 44 and 45 show the kinetics 

of soil Eh and solution Eh, respectively of six soils under 

three different water regimes. On flooding, all other soils 

except Maahas A got reduced in first 2 weeks. Reduction of the 

Maahas A soil was delayed considerably. This delay could be 

attributed to the very high contEmt of N0
3

- (Clbout 400 ppm 

as N) present initially in this soil. Presence of a high 

content of N0
3 

- is known to retard the fall of Eh in soils 

(Ponnamperuma 1985). 

In all the s01ls. Eh were much higher and positive under 

the non-flooded regimes. Differences between the moist and wet 

regimes were generally not appreciable in terms of solution Eh. 

but were marked in terms of soil Eh. This is in conformity with 

the observations made in the previous experiment. Since for this 

experiment unaltered solutions of the wet soils were collected 

by following an improved method, the observed non-appreciable 

difference in solution Eh bE'tween the tvw moist and wet regimes 

can not be discounted. Results of both the previous and the 

present experiments indicate that redox status of non-flooded 

soils are virtually same under the moist and wet regimes. 
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It has earlier been discussed that unlike solution Eh, 

soil Eh (especially Eh of non-flooded soils) are not very 

reproducible, sensitive and meaningful measurement of their 

redox status. Eh of wet soils in situ were found to vary 

greatly from zone to zone to give sometimes both positive and 

negative values in the same pot. Those readings were averaged 

to report the soil Eh. The measured Eh of wet soils in situ 

could be greatly influenced by probable presence of some reduced 

microsites. On the otherhand, Eh of the equilibrium solutions 

of these soils did not show any marked variation even with 

replications. 

Scrutiny of Figs. 44 and 45 reveals that under the wet 

regimes the Rotonda and Burabod soil underwent moderate 

reduction through a major part of the season and the Luisiana 

soil got moderately reduced once at 2 weeks after seeding. The 

periods of moderate reduction in these soils strikingly 

coincided with that of the impeded drainage encountered in the 

present experiment. 

From these observations it could be concluded that (i) 

the redox status of non-flooded soils does not vary appreciably 

Wi_th moisture supply as long as drainage is free, (ii) i.n case 

of impeded drainage, soils get moderately reduced at higher than 

field capacity moisture regime, and (iii) under non-flooded wet 

regime J some anaerobic or reduced microsites could exist in 

soils. 
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~. Changes in solution pH of six soils under three 

different moisture regimes are shown in Fig. 46. Conforming to 

the observations made in the previous experiments, flooding 

increased pH of all the acidic soils and decreased that of ~he 

calcareous soil towards neutrality. Solution pH of non~flooded 

1'1aahas A, Burabod, Rotonda and Maahas B soils remaine.d witllin 

their original ranges throughout the season. Th~ initiol marked 

drop in pH of the Maahas A, Rotonda and Maahas B soils under 

non-flooded regimes were closely associated with high degree of 

nitrification in them. 

The initial high pH of the non-flooded Luisiana soil in 

the present study caused some uneasjness at the time of solution 

analysis. Measurement of pH (1:1) of the air-dried soil 

(sampled before starting this experjment) showed a value of 5,]. 

It will be recalled here that thi.s soi.l was freshly collected 

from Luisiana following completion of a field experiment there. 

Among the different treatments included in the field experiment, 

one was liming. Although the soil was carefully sampled from 

the control (non-limed) plots, probably :l.t was cont_aminated with 

traces of lime coming from the. nearby limed plots. The high pH 

ob~erved initially was probably due to dissolution of free. lime 

traces in the leachate and the subs~quent drop in pH. to reach a 

value around 4.4. could be due largely to the pH-buffering 

action of the soil and partly to the high degree of 

nitrification. The sharp decline in pH of the non-flooded Pila 
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soil was associated with very high degree of nitrification in 

it. The N03--N concentration increased from as low as 20 

ppm to as high as 1300 ppm in first four weeks and it never came 

down below 70 ppm. 

In agreement with that in the previoue experiment, pH of 

non-flooded soils under wet regime: Tvere marginally higher than 

that under the moist regimes. This small increase in pH in the 

Maahas A, Rotonda and Maahas B soils could partly be attributed 

to the decrease in EC under the wet regimes. In the Burabod 

soil, however, the observed increase in pH was more closely 

associated with the drop in Eh under the wet regime. 

Electrical conductivity (EC). Kinetics of solution Ee 

of six soils under different water regimes are presented in Fjg. 

47. EC of the Rotonda soil was higher under flooded than under 

non-flooded regimes. In the Buraborl soil, it was higher under 

non-flooded than under flooded conditions. These observations 

are in line with those of the previous experiments. However, 

appreciably higher Ee of the Luisiana, Maaha.s A, Pila and Maahas 

B soils under non-flooded than under flooded regimes are in 

sharp contrast to the earlier findings. Presence of very high 

concentrations of N0
3 in these soils under non-flooded 

conditions could account for such higher Ee as 

observed. The unusually high contents of nitrate of the 

Luisiana, Maahas A and Pila soils were probably the results of 

very high rate of mineralization occurred in these soils which 
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had been stored indoors in moist state for several months. 

After 8 weeks, the Haahas A soil recorded higher Ee under 

flooded than under the non-flooded conditions, which could be 

attributed to sharp decline in the N0
3 concentration under 

non-flooded and substantial increase in Fe and Mn concentrations 

under the flooded regimes. The observed EC kinetics of Maahas B 

soil under flooded and non-flooded conditions could be explained 

in similar way. 

The differences in EC between the moist and wet regimes 

were not consistent in all the soils. 

Chemical kinetics 

Oxidizable matter. Kinetics of ~ater-soluble 

oxidizable matter in six soils (Fi~. 48) show that, througbout 

the season, its concentrations in all the soils were much higher 

under flooded than under non-flooded regimes. No appreciable 

differences in the concentrations of oxidizable matter were 

found between the moist and wet regimes of the soils. These 

findings compared favorably with those of the previous 

experiment. 

Nitrogen. Ammonium: Changes in solution NH
4
+-N in six: 

soils under different water regimes are illustrated in Fig. 49. 

It shows + that NH4 -N concentrations in the Luisiana, Maahas 

A, Pila., Rotonda and Maahas B soils were much higher under 
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flooded than under the non-flooded conditions. In the Burabod 

soil, the moisture regimes did not differ remarkably from each 

+ other with respect to their effects on NH4 -N concentration. 

In non-flooded Rotonda and Burabod soils, higher 

+ concentrations of NH4 -N observed under wet than under moist 

regimes were associated with the moderately reduced status of 

these soils under the wet conditions. In the other soils, no 

marked differences in concentrations were found 

between the moist and wet regimes. 

Nitrate: Kinetics of N0
3
--N in soils under three different 

moisture regimes are presented in Fig. 50. Since nitrate 

concentrations in the Burabod soil were very low, regardless of 

the moisture regimes, they are not presented graphically. In 

conformity with the findings of the previous experiments, under 

non-flooded conditions, concentrations increased 

sharply with time to reach a peak in 4-6 weeks and declined 

thereafter. Compared to those observed in the previous 

experiments, N0
3
--N concentrations in non-flooded Luisiana, 

Maahas A and Pila soils in the present case were very high which 

could be attributed to the enhanced mineralization presumably 

occurred in these soils as they had been stored indoors in moist 

state for several months. 
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Nitrate-N disappeared from all the soils soon after 

flooding. Unlike in the previous experiments, disappearance of 

N03 - -N from the flooded Maahas A soil was slow because of a 

very high (above 300 ppm) amount of N0
3 

- -N initially present 

in the present case. 

Phosphorus: Changes in concentrations of water-soluble P 

in six soils under different moisture regimes are presented in 

Fig. 51. Concentrations of P in the Burabod, Rotonda and Maahas 

B soils were convincingly higher under flooded than under 

non-flooded regimes. Apparently lower P concentrations after 4 

weeks in the Maahas A and Pila soils do not indicate lower P 

solubility under the flooded regimes, because plant growth and P 

assimilation by plants were several times higher under the 

flooded than under the non-flooded regimes. Starting from the 

fourth week onwards. P concentration in the Luis:! ana soil was 

very low and the flooded regime maintained lower concentration 

of P than that under the non-flooded regimes. At 2 weeks after 

the start, however, P concentration was remarkably higher under 

non-flooded tha.n under the flooded regime. The P kinetics in 

this soil was found to be closely associated with pH changes. 

The pH range of 5 to 6 gave the highest solubility of P in it. 

At pH below 4.5 and above 6.4, P solubility decreased 

dramatically. The lower solubi.1 ity of P under non-flooded 

~onditions at pH <4.5 could be attributed to its fixation by AI. 

And under the flooded condition, the de~reased solubility could 
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be due 2+ to precipitation of P on Fe • Khalid et al (1977) 

also noted lower solubility of P under reduced than under the 

aerobic conditions of some soils. 

The moist and the wet regimes did not differ appreciably 

with respect to their effect on P solubility in most soils, 

except the calcareous Pila loam in which P concentration was 

notably higher under wet than under the moist regime. 

Iron: Figure 52 illustrates the kinetics of water-soluble 

Fe in six soils under three different water regimes. Iron 

conc.entration increased to reach a peak of about 260 ppm in the 

Luisiana and about 330 ppm in the Burabod soil at two weeks 

after flooding and declined thereafter. The decline was very 

sharp and it brought the Fe concentration to a very low level 

within 4 weeks in the Burabod soil. Compared to that observed 

in the previous experiment, peak concentration of Fe in flooded 

Luisiana soil was considerably low€!r (260 ppm against the 390 

ppm found in the previous experiment) which could be attributed 

to the presence of some lime traces as contaminant in it. 

Peak concentrations of Fe in flooded Maahas A (10 ppm), 

Pi~a (3 ppm), Rotonda (62 ppm) and Maahas B (54 ppm) soils were 

lower and attained much later. Considerably smaller peak of Fe 

concentration (10 ppm against the 40 ppm found in the previous 

experiment) observed in flooded Maahas A soil in the present 
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experiment may be attributed to the delayed and lower degree of 

reduction caused by presence of very high content of N0
3 

in it. 

Iron concentrations under non-flooded conditions were much 

lower than that under flooded conditions of all the soils. In 

the non-flooded Burabod and Rotonda soils, Fe concentrations 

were higher under wet than under moist regimes. In the Luisiana. 

soil, wet regime registered appreciably higher concentration of 

Fe than did the moist regime only at 2 weeks after start. These 

observed higher concentrations of Fe in the wet regimes were 

closely associated with moderate reduction of these soils, 

brought by impeded drainage. In the other soils, no remarkable 

difference in Fe solubility was found between the moist and wet 

regimes. 

Manganese: Kinetics of water-soluble Mn in soils under 

various water regimes are shown in Fig. 53. Under flooded 

conditions. concentrations of Mn increased with time to reach a 

peak of about 154 ppm in the I,uisiana, 50 ppm in Maahas A, 34 

ppm in Pila, 42 ppm in Rotonda and 44 ppm in Maahas B soils and 

decl:!.ned thereafter. In the flooded Burabod soil, however, Mn 

concentration decreased steadily with time. These observations 

are in conformity with those of the previous experiments. 

Under non-flooded conditions, Mn concentrations were 

extremely low in the near-neutral Maahas A and Maahas B, and 

calcareous Pila soil. In the strongly acidic Burabod and 
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Luisiana soils. how-ever, Mn concentrations were quite 

appreciable. In fact. starting from the fourth week onwards, Mn 

solubility in these two acidic soils were higher under 

non-flooded than under the flooded regimes. Compared to tllat 

observed in the previous study, Mn concentration in the 

non-flooded Luisiana soil in the present case was about 4 fr·ld 

(upto about 84 ppm) which could cause potential Mn toxici ty 

problem. It will be recalled here that for the present stu~y, 

fresh sample was collected from the same field (San Pedro, 

Luisiana) but after one cropping season (1985 wet season). In 

the non-flooded LUisiana, Maahas A, Pila and Maahas B soils Mn 

solubility under the moist and wet regimes did not differ 

appreciably. However, in the Burabod and Rotonda soils, Mn 

solubility in the wet regimes were remarkably higher than that 

in the moist regimes. This increase could be attributed to the 

moderately reduced status of these soils under the wet regime. 

Silicon: Changes in concentrations of Si in six soils 

under different water regimes are shown in Fig. 54. In 

conformity with the findings of the previous experiment, Si 

concentrations in the Burabod, Luisiana and Maahas A soils were 

appreciably lower under flooded than under the non-flooded 

regimes. The difference in 8i concentrations between flooded 

and non-flooded regimes were not so well-marked in the PiJ a. 

Rotonda and Maahas B soils. It should be mentioned here that in 

the calcareous Pila soil, total dry matter yield of rice 
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at harvest was about 4 times under flooded than under the 

non-flooded conditions. Taking into account such a big 

difference in Si assimilation by plants under the two water 

regimes, it could be concluded that Si availability in the Pila 

soil was higher under flooded than under non-flooded regime. 

Under non-flooded conditions, no consistent differences in 

Si solubility were found between the moist and wet regimes of 

soils except Pila and Burabod soils in which solubilities were 

higher in the wet regimes. 

Zinc: Since concentrations of water-soluble Zn in the 

Maahas A, Pila, Rotonda and MaahRs B soils were very low 

regardless of the water regimes, they are not presented 

graphically. Figure 55 illustrates kinetics of Zn in the 

Luisiana and Burabod soils under different water regimes. In 

both the soils, Zn concentrations were markedly higher under 

non-flooded than under flooded conditions. No appreciable 

difference in Zn solubility was found between the moist and wet 

regimes of the soils. 

The important conclusions from this chemical kinetics 

study are: 

1. in spite of frequent and abundant supply of water, 

soils would remain aerobic as long as the drainage is 

unrestricted. 



Zn (mg/litre) 
.25 

.20 

.15 

.10 

.05 

1.00 

.80 

2 4 

Luisiono 

0---0 Moist 
.....__. Wet 
?--9 Flooded 

Burobod 

6 e 
Weeks 

10 

Fig. 55 Kinetics of water-soluble Zn in 
two soils under moist, wet and 
flooded conditions. 

206 



207 

2. the recycling method may safely be used for 

collecting equilibrium solutions of soils under the 

wet regimes. 

3. chemical environments of the wet (adequately 

watered but well-drained) soils would not differ 

measurably from those of the continuously field 

capacity moist soils. 

4. lower solubility of P in most soils, 

lower solubility of Fe in all soils, 

lower solubility of Mn in near-neutral and high pH 

soils. and 

excessive solubility of Mn in strongly acidic soils 

could be some of the important factors limiting growth 

of rice under both moist and wet regimes. 

Mineral Nutrition of IR43 in Six Soils 
Under Three Different Moisture Regimes 

Concentrations of mineral nutrients in the 8 week old 

shoots and in straw at harvest are presented in Tables 16· aIld 

17, respectively and are discussed below. 

Nitrogen. N concentrations in 8 week old shoot as well as 

straw grown in the Luisiana and Burabod soils were significantly 

higher under flooded than under the non-flooded conditions. 

Plants grown in the other four soils had significantly higher N 
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concentrations under moist than under the wet and flooded 

regimes which could be attributed to the differences in total 

dry matter production. 

Phosphorus. P concentrations in 8 week old shoots were 

higher under flooded than under non-flooded regimes of all the 

soils. However, the difference was statistically significant in 

the Pila, Burabod, Rotonda and Maahas B soils. There were no 

significant differences in tissue P concentrations between moist 

and wet regimes of all the soils. except Pila in which it was 

higher under the wet regime. 

In straw, P concentrations were higher under the flooded 

conditions of Luisiana, Maahas A, Burabod and Maahas B soils. 

and the increase was statistically significant only in the 

Burabod soil. The water regimes in the Rotonda soil did not 

show any significant effect on P concentration in straw. The 

observed higher concentration of P in straw in Pila soil under 

the moist regime could be due to poor dry matter yield as well 

as very low translocation of P from straw to grains. Grain 

yield in Pila soil was lowest under the moist regime. In most 

cases, there were no significant differences in P concentrations 

in straw between the moist and wet regimes. 
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Potassium. K concentrations in 8 week old shoots were 

signi.ficantly lower under flooded than under non-flooded 

regimes of the Luisiana and Burabod soils. In the other soils, 

K concentrations in plants did not vary significantly with the 

moisture regimes. These results confirm those of the previous 

experiment. 

While c011centrations of K in straw were significantly lower 

under flooded reg5.mes of the Luisiana an.d Pila soils, it did not 

vary remarkably with the moisture regimes of the Maahas A, 

Maahas B, Burabod and Rotonda so:l.18. 

Calcium. Ca concentration in 8 week old shoot grown in the 

Lui8iana soil was significantly lower under non-flooded than 

under flooded condition. It will be mentioned that plants in 

the early tillering stage showed symptoms similar to that of Ca 

deficiency in the non-flooded Luisinna soil and recovered from 

it in the later. stage. Stra\!.' a.nalysis revealed significantly 

higher Ca concentration under the non-flooded conditions. No 

significant difference in tissue Ca concentrations was found 

between moist and wet regimes of the soil. 

In the other soils; moisture regimes did not show any 

remarkable variation in the Ca concentrations in plants. 
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Magnesium. Generally, Mg concentrations in plants (8 week 

old shoot as well as straw) were higher under non-flooded than 

under flooded regimes of all the soils and thj_s difference was 

remarkable in the straw. No consistent differences in tissue Mg 

concentrations were found between moist and wet. regimes of the 

soils. 

Silica. Concentrations of crude 8i0
2 

in plants (8 week 

old shoot as well as straw) were significantly higher under wet 

and flooded than under the moist regimes of the Maahs.s A and 

Maahas B soils. In the strongly acidic Luisiana and Burabod 

soils, it was lowest under the flooded and highest under the wet 

regimes. This confirms the findings of the previous experiment. 

Although statistically insignificant, Si02 concentrations 

in plants were higher under wet than under moist and flooded 

regimes of the Pila and Rotonda soils. 

The observed higher concentrations of SiO~ in plants 
£. 

under wet regimes of most of the soils imply that supply of 

abundant moisture rather than soil reduction brought on by 

flooding chiefly contr:l.butes to higher silica uptake in rice. 

Sodium. Na concentrations in shoots as well as straw were 

significantly higher under flooded than under non-flooded 

conditions of all the soils. The tissue Na concentration was 
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higher under wet than under moist regime of the Burabod soil. 

In the other soils, however, wet and moist regimes did not 

differ in this respect. 

Iron. Flooding significantly increased concentrations 

of Fe in 8 week old shoots in the Luisiana and Burabod soils, 

and in straw in the Luisiana, Burabod. Rotonda and Maahas B 

soils. In the other soils, increases in tissue Fe 

concentrations due to flooding were not statistically 

significan.t. These observations confirm the findings of the 

previous experiments. 

concentrations in tissue 

regimes of the soils. 

No significant differences 

were found between moist 

in Fe 

and "re t 

Manganese. The observed significantly higher Mn concentra­

tions in plants (shoot as well as straw) in the Luisiana and 

Burabod soils under non-flooded than under flooded conditions 

are in conformity with the results of the previous experiments. 

In the other soils, flooding significantly increased Mn 

concentrations in tissues. Of these four non-flooded (Maahas A, 

Fila. Rotonda and Maahas B) soils, the moderately acidic 

Rotonda produced plants with significantly higher concentration 

of Mn, than did the other soils with higher pH. No significant 

differences in tissue Mn concentrations were found between t.he 

moist and wet regimes of most soils. 



Zinc and copper. Plants (shoot as well as straw) growing 

in the acidic Luisiana, Burabod and Rotonda soils generally had 

significantly higher Zn and Cu concentrat~ons under non-flooded 

than under flooded regimes. In the near-neutral Maahas A and 

Maahas B, and the calcareous Pila soils, moisture regimes did not 

have any remarkable influence on Zn and Cu concentrations in pIal l t 8. 

Generally no significant differences in Zn and Cu concentrations 

in tissue were found between moist and wet regimes of the soils. 

Mineral nutrient analyses in plants suggest that regardless 

of the amount and frequency of water supply, in well-drained or 

aerobic regimes rice plants suffer from: 

1. lower availability of P, Fe and Na in all soils; 

2. lower availability of Mn in soils of pH >6; and 

3. toxic concentration of Mn in strongly acidic soils 

with high active Mn content. 

These analyses also confirm that: 

1. availability of 8i0
2 

to rice is low under field 

capacity moisture regime. but it increases markedly 

with abundant supply of water even when soils remain 

aerobic. and 

2. total Fe content in tissue is not a satisfactory 

index of Fe availability to rice, especially in 

near-neutral and htgh pH soils (concentrations of 

total Fe in chlorotic plants were 

lower than that in the normal 

calcareous Pila soil). 

not significantly 

green plants in 



Growth and Yield of IR43 in Six Soils 
Under Three Different Moisture Regimes 

Visual symptoms 

Since the seedlings growing in the non-flooded (both moist 

215 

and wet) calcareous soil were suffering from acute Fe chlorosis, 

they were replaced within first 3 weeks by healthy seedlings 

raised on normal soils. The transplanted seedlings also started 

showing moderate chlorotic symptoms soon after their 

establishment. Under flooded condition of the same soil, 

seedlings raised by direct seeding looked poor during fir.st 2 

weeks, but they recovered and grew normally thereafter without 

showing Fe chlorosis symptoms. 

In the tillering stage, plants in the non-flooded Luisiana 

soil showed poor growth with complex symptoms of chlorosis and 

bleaching on young leaves. However. the plants recovered from 

it gradually with time. Under flooded condition, plants grew 

vigorously in this soil; but foliage remained dark green even at 

maturity and the grains did not mature uniformly. 

Al though no clear specifi.c toxicity symptoms appeared on 

foliage, growth of plants was severely arrested in the flooded 

BUl~abod soil. 
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In the moderately acidic Rotonda and near-neutral Maahas A 

and Maahas B soils, growth was highest under the flooded regimes, 

followed by the wet and moist regimes (Plates 9 and 10). 

Plant height and tiller number 

Plant heights and tiller number per pot (of two 8 week 

old plants) under different treatments are presented in Table 

18. In the Luisiana, Maahas A, Fila, Rotonda and Maahas B soils, 

plant height and tiller number were higher under flooded than 

under non-flooded conditions. In the acid-sulfate soil from 

Burabod. however. both the growth measurement were significantly 

lower under flooded than under non-flooded regimes. Plant 

height and tiller number were higher under wet than under moist 

regimes of all the soils. 

Dry matter yield of 8 week old shoot 

Table 18 presents dry matter yield of 8 week old shoots of 

IR43 in six soils under three dj.fferent moisture regimes. The 

yields were significantly higher under flooded than under 

non-flooded regimes of the Luisiana, Maahas A, Pila, Rotonda and 

Maahas B soils. In the acid-sulfate soil from Burabod, however, 

flooded condition produced lowest yield. Yields were higher 

under wet than under moist regimes of all the soils. 



, '. I I.' : 

Plate 9. Growth of IR43 in the moderately 
acidic Rotonda soil under (a) Moist, 
(b) Wet, and (c) Flooded conditions. 

Plate 10. Growth of IR43 in the near-neutral 
Maahas B soil under (a) Flooded, 
(b) Wet, and (c) Moist condition. 

2 17 



Table 18. Growth and dry matter yield of 8 week old IR43 in six 
soils under moist, wet and flooded conditions.

a 

Treatment Plant Tiller Dry matter 
Soil Moisture height number yield of shoot 

regime (cm) per pot (g/pot) 

Luisiana Moist 87.3 g 18 de 15.5 de 
Wet 95.1 f 19 de 16.6 de 
Flooded 104.3 e 22 cd 22.6 c 

Maahas A Moist 97.1 f 16 et 12 •. 7 .ef 
.. 

Wet 115.9 be 20 . de· 26.5 c 
Flooded 123.7 a 22 cd 34.7 b 

Pila Moist 81.3 h 11 g 9.8 f 
Wet 86.7 g 12 fg 12.6 ef 
Flooded 119.0 b 17 e 22.7 c· 

Burabod Moist 96.3 f 25 be 17.7 d 
Wet 109.4 d 26 bc 25.3 c 
Flooded 88.4 g 17 e 13.3 ef 

Rotonda Moist 103.4 e 19 de 18.7 d 
Wet 113 .6 cd 22 cd 25.3 c 
Flooded 117.1 bc 32 a 46.2 a 

Maahas B Moist 93.0 f 19 de 15.0 de 
Wet: 109.8 d 20 de 25.8 e 
Flooded 123.7 a 28 ab 49.1 a 
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~ean of 3 replications. In a column. means followed by a common 
letter are not significantly different by DMRT at the 5% level. 
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Grain yield 

Table 19 shows that grain yields in the Maahas A, Fila, 

Rotonda and Maahas B soils were significantly higher under 

flooded than under non-flooded conditions. In the Luisi8na 

soil, yields under flooded and non-flooded conditions did not 

differ significantly. In all these soils, wet regimes produced 

significantly more grains than did the moist regimes. Grain 

yield in the Burabod soil was highest under wet regime, followed 

by the flooded and moist regimes. 

Compared to that obtained under flooded conditions, grain 

yields under wet regimes of the Maahas A, Fila, Rotonda and 

Maahas B soils were 83, 26, 81 and 43 per cent, respectively. 

Since comparable amounts of water were supplied under the wet 

(aerobic) and flooded (anaerobic) regimes, the observed yield 

reductions could apparently be attributed to the adverse 

chemical factors prevalent under aerobic conditions of the 

soils. The apparent contributions of aerobic conditions of 

soils to the yield reductions in rice were thus computed for 

Maahas A. Pila, Rotonda and Maahas B soils. Data from the 

previous (Experiment No.3) and the present experiments are 

presented in Table 20. 



Table 19. Grain and straw yield of IR43 in six soils 
under moist, wet and flooded conditions. a 

Treatment Grain Straw 
Soil Moisture yield yield 

regime g/pot ----

Luisiana Moist 23.1 hi 53.7 gh 
Wet 40.2 efg 60.8 fg 
Flooded 33.2 fgh 119.7 a 

Maahas A Moist 29.0 h 52.2 ghi 
Wet 54.2 d 69.6 ef 
Flooded 65.5 c 72.7 e 

Pila Moist 12.7 j 37.9 j 
Wet 29.2 h 35.9 j 
Flooded 112.4 a 108.3 b 

Burabod Moist 1B.7 ij 67.6 ef 
Wet 66.7 c 98.2 c 
Flooded 30.7 gh 43,0 ij 

Rotonda Moist 41.3 ef 64.7 ef 
Wet 75.1 c 87.9 d 
Flooded 93.1 b 85.8 d 

Maahas B Moist 25.6 hi 48.7 hi 
Wet 45.8 de 89.7 cd 
Flooded 106.8 a 114.9 ab 

~ean of 3 replications. In a column, means followed 
by a common letter are not significantly different 
by DMRT at the 5% level. 
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Straw yield 

Straw yields in the Luisiana t Pila and Maahas B soils were 

significantly higher under flooded than under non-flooded 

conditions (Table 19). The flooded and ~Tet regimes produced 

comparable straw yields in the Maahas A and Rotonda soils, and 

the yields under these two regimes were significantly higher 

than those under moist regimes. Burabod soil, however~ produced 

significantly lower yield of straw under flooded than under 

non-flooded conditions. 
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Table 20. Apparent contributions of aerobic conditions of some 
soils to the grain yield reductions in rice. 
IRRI Greenhouse (1986). 

Grain yields (g/pot) 
under different 
moisture regimes 

Moist Wet Flooded 

% Yield reduction due to 
Inadequate 
moisture 
and aerobic ~ero~ic 

conditions cllndHions 
of soils of soils 

------------------------------------------~~~~~------ -----
Maahas A I 22.9 74.8 111.5 80 33 

II 29.0 54.2 65.5 56 17 

Maahas B 25.6 45.8 106.8 76 57 

Pila I 0 0 97.5 100 100 
II 12.7 29.2 112.4 89 74 

Rotonda 41.3 75.1 93.1 56 19 

a I - Experiment No. 3. 1986 Dry Season. 
II - Experiment No. 4. 1986 Wet Season 

bAt constant field capacity moj_sture regime. 
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Experiment 5 

Growth and Mineral Nutrition 
of Two Rices in a Near-Neutral Soil 

Under Non-flooded and Flooded Field Conditions 

Growth and mineral nutrition of rice in several soils under 

nan-flooded and flooded conditions were studied in detail in 

greenhouse. To examine the extent to which those findings are 

valid under field conditions, an experiment was conducted in 

Block UKl of IRRI farm wherefrom the Maahas A soil had been 

sampled for the greenhouse studies. This experiment compared 

the growth and nutritional status of two rices under flooded and 

non-flooded conditions of the field. Effects of some amendments 

on the performance of these rices under two different water 

regimes were also tested. 

MATERIALS AND METHODS 

The experiment was conducted in Block UKl of IRRI farm 

wherefrom the Maahas A soil had been collected for the 

greenhouse experiments. Although it was origi.nally scheduled in 

1985 Wet Season, but had to be postponed because of non-

availability of the field. It was carried out in the following 

sea·son, Le., 1986 Dry Season. For the sake of putting it in 

order, this experiment is being reported before the other field 

experiment. 



Experimental factors and levels 

It was a 2 x 2 x 3 factorial experiment laid in a split 

plot design with 4 replications. 

Mainplot treatments. Two moisture regimes were taken: 

MI - Non-flooded (Moisture level around Field Capacity) 

M2 - Flooded (Submerged with 5cm level of standing water) 

Subplot treatments. The folloving factorial combinations 
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of 2 cultivars (VI and V2) and 3 amendments (AI. A2 and A3) were 

alloted to the subplots: 

AIVI 

AIV2 

A2VI 

A2V2 

A3Vl 

A3V2 

The cultivars and amendments used are shown below: 

Cultivars: VI 

V2 

- IR64 (a lowland variety) 

- IR5931-110-1-3 (a promising upland 

Amendments: Al - NK 

A2 - NPK 

line), which will be referred to as 

IR5931 when results are discussed. 

A3 - NPK + chicken manure 
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Sources and rates of amendment application 

Nitrogen was applied as ammonium sulfate at the rate of 50 

kg N/ha. P at the rate of 25 kg/ha was supplied in the form of 

triple superphosphate. Muriate of potash was used to apply K at 

the rate of 25 kg/ha. Air-dried chicken manure collected from a 

nearby poultry farm was applied at the rate of St/ha. Analyses 

of the chicken manure are shown in Table 21. 

Land preparation 

The entire field (S7m x 19m) was plowed once and rotovated 

twice by tractor. After· levelling, the rectangular field was 

divided into two equal plots by digging a 60 em wide and 90 em 

deep canal across the width of the field. Each plot was then 

divided into 24 subplots each of 4m x 3.75m size. While the 

plot meant for receiving the non-flooded treatment was 

maintained level, subplots in the other plot were bunded by 

levees and surrounded by irrigation canals. The lay-out of the 

field is shown in Fig. 56. 

Application of amendments 

Full dose of chicken manure (7.5 kg per plot) was applied 

to the respective plots two weeks before seeding and 

incorporated thoroughly into soil by rotovation. Full doses of 

P and K were applied to the respective plots and mixed 

thoroughly with soil at final land preparation, that is,. two 
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days before seeding in the non-flooded and one day before 

transplanting in flooded plots. Nitrogen was applied in two 

splits (33 + 17 kg N/ha). The first application to the flooded 

plots was made 1 day before transplanting and was incorporated 

in the soil during the final harrowing. The first application 

was broadcast on the non-flooded plots 3 weeks after the 

emergence of seedlings. The second applications of N were 

broadcast in both flooded and non-flooded plots at the panicle 

initiation stage of the crop. 

Planting 

Overnight soaked seeds were dibbled at 2-3 cm depth and 

20cm x 20cm spacing. Each hill received 5 to 6 seeds. 

Immediately after seeding, one irrigation (by sprinkler) was 

given to help germination of the seeds. For raising seedlings 

for the flooded plots, wet seedbeds (2 beds for 2 cultivars) 

were established at the same time in an adjacent block. 

After emergence and stand establishment, each hill in 

non-flooded plots was thinned to keep 3 seedlings for growing 

upto maturity. The 3 week old seedlings raised in seedbeds were 

tr!!-nsplanted to the flooded and puddled plots at 3 seedlings per 

hill with 20cm x 20cm spacing. Three days after transplanting, 

the poor, dead and floating seedlings were replaced. 
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Irrigation 

Moisture levels in the non-flooded plots were maintained 

near field capacity by twice weekly irrigation using sprinkler. 

Adjustment was made for rainfall received. Crop was never 

allowed to suffer from any visible moisture stress symptoms. 

The flooded plots were irrigated daily as necessary to maintain 

5cm level of standing water. 

Weeding 

All the plots were kept free of weeds by regular hand 

weeding as necessary, 

Pesticide application 

'Furadan' (a granular broad-spectrum insecticide) at the 

rate of 60 kg/ha was incorporated in all the plots during land 

preparation. As preventive measures against insect pest damage, 

the crop was sprayed 2 times with 'Azodrin' at recommended dose. 

Measurement of soil redox potential 

Sixteen bright platihum electrodes were installed at 15 CUI 

depth at randomly selected points on both flooded and 

non-flooded plots. Soil redox potentials were recorded at 7, 9, 

12 and 15 weeks after transplanting by using saturated calomel 

electrode and a portable potentiometer (Model: CORNING pH/Temp 

Meter 4). 



Collection and preparation of 
plant samples for analysis 

Flag leaves. At 15 weeks after seeding, about 15 flag 
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leaves were collected at random from each plot, brought to the 

laboratory, washed with tap water followed by O.I(N)HCI and 

demineralized water. The washed fresh leaves were then chopped 

into uniformly small pieces using stainless st.eel scissors and 

analyzed for active (ortho-phenanthroline extractable) Fe. 

Straw. At harvest time, six hills from each plot were 

harvested at random above ground surface and brought to the 

greenhouse for yield component estimation. After measuring 

height, counting and separating panicles. the six sub-samples 

were combined together to get the composite straw sample for 

each plot. The basal 5-6 cm portion, and the dead and dirty 

leaves were discarded from the samples before washing and 

processing. The washing and processing were done in same way 

as described earlier (Experiment 2). 

Harvesting 

For estimating grain yield, plants were harvested from an 

area of 5 m2 of each plot. Total 125 hills of the harvesting 

arca were collected in two separate bundles, one of 25 hills a.nd 

the other of 100 hills. After threshing, the grains were 

combined together to get total grain yield from 5 m2 area of 

each plot. The small bundle of 25 hills from each plot was 

saved after threshing, to estimate straw yield from 1 m2 area. 
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The threshed grain and straw samples were dried on an open drier 

for about one week and then weighed. Grain yields were 

corrected to 14% moisture content and expressed in t/ha. 

Analysis of plant samples 

Fresh flag leaves were analyzed for ortho-phenanthroline 

extractable Fe content following the method described by Katyel 

and Sharma (1980). Straw samples were analyzed for total N, P, 

K, Ca, Mg, Fe, Mn, Zn, Cu, Na and crude 8i02 following the 

same methods as used in the previous experiments. 

RESULTS AND DISCUSSION 

Redox conditions of the field under 
non-flooded and flooded conditions 

Recorded redox potential values (Table 22) indicated 

oxidized and reduced status of the non-flooded and flooded 

plots. respectively. 

Nutritional status of two rices under 
non-flooded and flooded field conditions 

2+ 
Fe concentration in the flag leaves. Table 24 shows 

that active iron (Fe 2
+) concentrations in flag leaves of both 

the cultivars were significantly lower under non-flooded than 

that under the flooded" regime. Under non-flooded condition, 

Fe
2+ concentrations in both the rices were lower 



a 

Table 21. 

Organic 
N 
p 

K 
Ca 
Mg 
Na 
Fe 
Mn 
Zn 
Cu 
Si0

2 

Analysis of the chicken manure 
(oven-dry weight basis).a 

C 19.1 % 
2.32 % 
1. 21 % 
2.30% 
0.27% 
1.30% 
0.77 % 
0.73 % 
0.13 % 

652 mg/kg 
106 mg/kg 

35.0% 

Org. C by the Walkley and Black wet-
digestion method and other elements 
by the methods used for plant analysis. 

Table 22. In situ redox potentials of rice field under 
two different moisture regimes. Block UKl, 
IRRI Farm. 1986 dry season. 

Moisture 
regime 

Non-flooded 
Flooded 

Redox potential (mV) 
Weeks after transplanting 

7 9 12 15 

541 
-58 

537 
-65 

575 
-128 

564 
--145 

231 
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than the proposed critical limit of 40-45 ppm (Katyal and Sharma 

1984, Singh and Singh 1984), however, it is only IR64 that 

showed clear Fe chlorosis symptoms. Under both the moisture 

2+ regimes. Fe concentrations in IR5931 were remarkably higher 

than that in IR64. Appli.cation of P and organic manure had no 

measurable influence on the tissue Fe 2+ content. 

Nutrient concentrations in straw. Concentrations of various 

mineral nutrients in straw are presented in Tables 23 and 24, and 

described under the following heads: 

a. Nitrogen - N concentration in straw was higher under 

non-flooded than under the flooded regime and this 

difference was significant only in IR64. Since total 

dry matter production of this cu]tivar was much higher 

under flooded regime, the observed lower N 

concentration could be attributed to its dilution in 

tissue. Neither P nor the chicken manure showed any 

marked effect on the tissue N con~ent. 

b. Phosphorus - P concentration in straw was 

significantly lower under flooded than under 

non-flooded regime. The greenhouse experiment 

(Experiment 3, 1986 dry season)· produced the same 

results for this particular soil and moisture regimes. 

It has been shown that the remarkably lower P content 

in straw under the flooded regime may be attributed 

partly to the dilution in plants and partly to higher 
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translocation of P from straw to grains. The 

cultivars did not show any marked variation in their 

tissue P content. Application of P and chicken manure 

also had no effect on P concentration in tissue. 

Probably, the rate of P application was insufficient 

to produce any appreciable effect. 

c. Potassium - The moisture regimes did not have any 

remarkable effect on K concentration in straw. In 

both the moisture regimes, IR5931 had markedly higher 

K content than did IR6 l f. Application of chicken 

manure under flooded condition increased the K 

concentration significantly only in IR64; no other 

treatments showed any appreciablp effect on tissue K 

content. 

d. Calcium - Ca concentrations in straw of both the 

cultivare were significantly higher under flooded tban 

under non-flooded conditions. Under non-flooded 

regime, Ca content in tissue did not vary with the 

cultivars and the amendments applied. Application of 

P and chicken manure under flooded condition, however, 

increased Ca concentration in IR5931. 

e. Magnesium - Both the rices had significantly higher Mg 

concentrations in straw under flooded than under 

non-flooded regime. In the non-flooded regime, IR5931 

had markedly higher Mg content than did IR64. Under 
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flooded condition. no appreciable difference was noted 

between the twa cultivars and application of the 

chicken manure markedly reduced Mg concentration in 

tissues. 

f. Sodium - Na concentrations in straw of both the rices 

were significantly higher under flooded than under 

non-flooded conditions. Under both the moisture 

regimes, IRS931 had remarkably higher Na content that 

did IR64. Applied P and chicken manure did not show 

any consistent effect an tissue Na content. 

g. Iron - Total Fe concentrations in straw did not vary 

significantly with the moisture regimes. cultivars 

and the applied amendments. IR64 plants that showed 

chlorotic symptoms typical of Fe deficiency under 

non-flooded condition. had even higher total Fe 

content in tissue. These findings indicate that 

chlorosis in rice is not always associated with the 

total Fe content in tissue. The ortho-phenanthroll.ne 

extractable ferrous iron was found to be the active 

fraction in this respect (see analysis of Fe2+ 

concentration in flag leaves). 

h. Manganese - In both the rices, Mn concentrations in 

straw were significantly higher under flooded than 

under non-flooded regimes. Under non-flooded regime, 

tissue Mn concentration was very low and 
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suspected to be in the deficient range. Regardless of 

the moisture regimes, there was no remarkable effect 

of the cultivars and the applied amendments on Mn 

concentration in tissues. 

i. Zinc - Flooding significantly increased Zn concentra­

tions in straw of both the cultivars. Under both the 

moisture regimes, IRS931 had significantly higher Zn 

content then did IR64. Application of P and organic 

manure generally had no effect on tissue Zn 

concentration. 

j. Copper - Flooding significantly decreased eu 

concent:ration in IR5931 straw and slightly increased 

it in IR64. Under non-flooded regime, IR5931 had 

significantly higher Cu content than that of IR64. 

Contrastingly, under flooded condition it was 

remarkably higher in IR64 than in IR5931. None of the 

applied amendments showed any influence on the tissue 

Cu content. 

k. Silica - Flooding increased crude 8i0
2 

content in straw 

significantly in both the rices. Under non-flooded 

regime, IR5931 had significantly higher Si0
2 

content 

in straw than that in IR64; contrastingly, under flooded 

condition, IR64 had higher 8i02 content than that in 

IR5931. Only under flooded regime) application of 

chicken ma.nure increased the 8102 content in IR5931. 



Growth, some yield components and yields of 
two rices under non-flooded and flooded 
field conditions 

238 

Visual symptoms. Under non-flooded conditions, IR64 showed 

very poor growth with chlorotic symptoms, whereas IR5931 grew 

quite normally without any symptom of chlorosis. Under flooded 

conditions, IR64 grew more vigorously than IR5931, and none of 

the cultivars showed any chlorotic symptoms. Tillering of 

IR5931 was markedly poor than that of IR64 under the flooded 

regime. IR64 matured about 10 days earlier than did IR5931. 

Plant height. Height of the plants at maturity are 

presented in Table 25. It shows that height of both the 

cultivars were significantly higher under flooded than under 

non-flooded conditions. IR5931 grew significantly taller tban 

IR64 under both the water regimes. Applice.tion of P and chicken 

manure did not produce any effect on plant height. 

Panicle number. Table 25 shows that panicle number per 

hill of IR64 was significantly higher under flooded than under 

non-flooded conditions. Contrastingly, IR5931 produced more 

panicles under non-flooded condition. With respect to panicle 

production, IR64 proved significantly superior to IR5931 under 

flooded but significantly inferior to the same cultiv.a.r 

under non-flooded regime. Application of P and chicke.n manure 

did not show any consistent effects on panicle formation, 

regardless of cultivars and moisture regimes. 
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Unfilled spikelet percentage. In both the cultivars. 

spikelet sterility was significantly higher under non-flooded 

than under flooded conditions (Table 25). Under non-flooded 

regime. IR64 had significantly higher percentage of unfilled 

spikelets than did IRS931; whereas under flooded condition, 

IR5931 showed higher sterility. Application of P and chicken 

manure showed no re.markable influence on the sterility 

percentage. 

100 grain weight. Table 25 shows that 100 grain weights of 

both the cultivars were significantly higher under flooded than 

under non-flooded conditions. Under the non-flooded regime, 100 

grain weight of IR5931 Was significantly higher than that of 

IR64. Contrastingly, IR64 produced significantly heavier grains 

than did IR5931 under the flooded regime. In general, 

application of P and chicken manure did not have any remarkable 

effect on this trait. 

Grain y:Leld. Table 26 shows that grain yield of IR64 was 

very poor and significantly lower than that of IR5931 under the 

non-flooded condition. Contrastingly, IR64 yielded signifi­

cantly higher than IR5931 under the flooded regime. Flooding 

increased grain yield in both the cultivars. The increase due 

to flooding was highly significant in IR64 and generally 
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Table 26. Grain and straw yield of two rices grown under 
non-flooded and flooded conditions of Block UK1. 

a IRRI farm. 1986 Dry Season. 

Treatment 

A1V1 

A1V2 

A2V
1 

A
2

V
2 

A3V1 

A3V2 

A = Amendments. 
V '" Cultivars. 

Grain Yield ( t/ha) Straw Yield (t Iha) 
Non-flooded Flooded Non-flooded Flooded 

0.64 BC(b) 3.18 B(a) 2.96 D(b) 4.28 BC(a) 

1. 92 A(a) 2.26 DCa) 4.52 CCa) 4.70 B(a) 

0.81 B (b) 3.28 AB(a) 2.91 D(b) 4.15 C(a) 

2.17 A (a) 2.23 D (a) 5.26 B (a) 4.32 BC(b) 

0.44 c (b) 3.58 A (a) 2.44 E (b) 4.66 B (a) 

2.12 A (b) 2.72 C (a) 5.72 A (a) 5.38 A (a) 

Al - NK, A2 - NPK. A3 - NPK + chicken manure. 
VI - IR64. V2 - IR5931-110-1-3. 
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aMeans of 4 replications. In a column. means followed by a comrr,on 
capital letter and in a row, means followed by a common small letu':" 
(within parentheses) are not significantly different by DMRT at. 
5% level. 
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non-significant in IR5931 (in presence of applied chicken 

manure, however, flooding gave significant increase i.n grain 

yield of IR5931). Although under non-flooded conditions, there 

was no remarkable response of the cultivars to any of two 

amendments; under flooded condition, chicken manure application 

showed some increase in grain yields. 

Straw yield. IR64 gave significantly higher straw yield 

under flooded than under the non-flooded condition (Table 26). 

Contrastingly. average straw yield (,f IRS931 was slightly hi.gher 

under non-flooded than under the flooded condition. Application 

of P and chicken manure to the non-flooded and chicken manure to 

the flooded plots increased straw yield of IR5931 appreciably. 

The important findings of this field experiment may now be 

summarized: 

1. Flooding increased grain yields of both IR64 (a 

lowland variety) and IR5931 (a promising upland line). 

2. Remarkable difference was noted between the two 

cultivars regarding their 

non-flooded soil conditions. 

adaptability under 

Grain yields of IR64 and 

IRS931 under non-flooded regimes were 19 and 86 per 

cent t respectively of their yields under the flooded 

conditions. 
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3. Under non-flooded regime. application of P@ 25 kg/ha 

and chicken manure @ 5t/h[~ did not show any favorable 

effects on grain yields, but significantly increased 

straw yield of IRS931. 

4. Regardless of cultivars and amendment applications, 

concentrations of 8i02 , Mn, Ca, Mg, Na. Zn and 

active Fe were significantly lower in plants grown 

under non-flooded than those under the flooded regime. 

S. Concentration of Ortho-phenanthroline extractable 

(active) Fe2+ rather than total Fe concentration in 

tissue was found to be associated with Fe chlorosis in 

plants. 

The differences in growth and mineral nutrition of rice 

under flooded and non-flooded regimes of a near-neutral soil 

were thus similar under both greenhouse and field conditions. 
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Experiment 6 

Growth and Mineral Nutrition of Two Rices in an 
Acid Upland and the Influence of Some Amendments on Them 

Chemical kinetics study in the greenhouse (Experiment 2) 

indicated that among the adver.se factors prevalent in the acidic 

Luisiana soil under aerobic conditions: deficiencies of P, Fe 

and Ca, and toxicities of Mn and Al could be important. The 

present experiment was conducted to study the grow'th and 

nutrition of two rices in the 1,ui8iana upland under farmer's 

field condition and to examine the effects of some applied 

amendments on them. 

MATERIALS AND METHODS 

This experiment was conducted in 1985 wet season in a 

farmer's field in San Pedro, Luisiana, Laguna wherefrom samples 

were collected for the greenhouse e~periments. 

Experimental factors and levels 

a. Amendments 

The following six amendments were included: 

Al NK 

A2 NPK 

A3 NPK + Fe soil application 



A4 

AS 

A6 

b. Cultivars 

NPK + Fe foliar application 

NPK + Lime 

NPK + ell. 
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The following two cultivars were used for this trial: 

VI 

V2 

Experimental design 

IR43 

IRS931-110-1-3, which will be referred to as 

IRS931 when results are discussed. 

The plots for this 6 x 2 factorial experiment were arranged 

in a Randomized Complete Block Design witb 4 replications. 

Sources and rates of amendment application 

Nitrogen was applied at the rate of 50 kg N/ha in the form 

of ammonium sulfate. Phosphorus was applied in the form of 

tripl e superphosphate at the rate of 25 kg P /ha. Muriate of 

potash was used to supply potassium at the rate of 25 kg K/ha. 

For soil application, Fe was applied as SO kg Fe80
4

• 7H
2
0/ha 

and for foliar spray, 0.5% FeS0
4

.7R20 solution (pH 3.5) 

was used. Lime was applied in the form of commercial grade 

lime (containing 50% Ca) at the rate of 3000 kg/he and Ca in the 

form of technical grade CaC12 (containing 30% Ca) at the rate 

of 5000 kg/ha. 



246 

Land preparation and lay-out 

A rectangular area of about 1000 sq.m. (55m x 18m) was 

plowed twice by country-plow and then by a power tiller. After 

rotovation and levelling of the field, the entire area was laid 

out for the 48 experimental plots each of 4m x 3.75rn size. The 

arrangement of the plots is shown in Fig. 57. 

Application of amendments 

The full dose of lime (4.5 kg/plot) was incorporated 

thoroughly into top 15 cm soil layer of the respective plots by 

rotovatar at 3 weeks before seeding. Half of the required 

CaCl2 (3.75 kg/plot) was similarly incorporated in the 

respective plots at one week before seeding. To mix the applied 

lime and CaC12 with soil more thoroughly, these plots were 

rotovated several times (twice weekly) before seeding. P, K and 

Fe (soil application) in full doses were applied to the 

respective plots at 3 days before seeding and mixed well into the 

surface layer of soil. 

Two-third (33 kg N/ha) of reqUired nitrogen was applied by 

broadcasting at one month after seeding and one supplemental 

irr.igation (by sprinkler) was given to help applied fertilizer 

entering the soil. The second spJ it (17 kg N/ha) of N was 

broadcast at panicle initiation stage. The rest half (3.75 

kg/plot) of CaC12 was broadcast onto the respective plots at 
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9 weeks after seeding. Foliar sprayings of Fe were made at 

weekly intervals starting from 6 weeks after seeding and 

continued upto the grain filling stage. 

Seeding 

Overnight soaked seeds were dibbled at 2-3 cm depth and 

20cm x 20cm spacing. Each hill received 5 to 6 seeds. 

Immedia tely after seeding, Qrte irr igation (by sprinkler) ,·ras 

given to help germination of the seeds. Ten days after seeding, 

each hill was thinned to keep 3 seedlings for growing to maturity. 

Weeding 

Three hand weedings were done to keep the plots free of 

,.eed infestation. 

Pesticide application 

Six kg 'Furadan' (a granular insecticide) was broadcast 

all the entire field (1000 sq.m.) and incorporated into soil 

during land preparation. Since white-grubs wet'e identified in 

root zones of the experimental plots, 'Basudin I (a granuJ ar 

in~ecticide) was applied at 4 and 6 weeks after seeding, each 

time 4 kg Basudin broadcast over the entire field. As leaf 

folder infestation broke out in the field at post-flowering 

stage, 3 to 4 foliar sprayings of 1 Azodrin I at recommended dose 

were made to protect the crop from damage. 



Monitoring of rainfall, soil mo~sture 
tension and redox potential of soil 

R One rain gauge (TruChek ) was installed in the field to 
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record daily rainfall. Tensiometers were installed at 32 

randomly selected points in the experimental area to monitor 

daily soil moisture tension at 15 cm depth. Average of these 32 

readings was used to report the soil moisture status of the 

field. Thirty-two bright platinum electrodes were installed at 

15 em depth at randomly selected points to measure redox 

potential of soil. The average reading was used to report redox 

condition of the field. 

Collection and preparation of plant 
sampJes for analysis 

Eight week old shoots. Plant samples from all the plots 

were collected by taking one whole plant (&bove ground part) per 

hill from 4 random hills outside the harvesting area and 

excluding two border rows. These four plants were combined 

together to get the composite sample of each plot. The samples 

were brought to the greenhouse and 5-8 cm of basal part was 

discarded (by cutting) to avoid visible contaminatjon with soil 

particles. Then the samples were thoroughly washed with mild 

detergent solution and subsequently several times with 

demineralized water. After drying at 60°C temperature in an 
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oven for 3 days, the samples were chopped by using a stainless 

steel scissors, ground by using a un cyclone mill and stored in 

envelopes for analyses. 

Flagleaves. Starting from panicle initiation stage, the 

IR43 plants showed chlorotic symptoms, whereas the IR5931 plants 

looked normal green. The symptoms appeared most clearly on the 

flag leaves. At 12 weeks after seeding about 20 flag leaves 

were collected at random from each plot. brought to the 

labora tory. washed with tap water followed by 0.1 (N) Hel and 

demineralized water. The washed fresh leaves were then chopped 

into uniformly small pieces using stainless steel scissors. A 

portion of these chopped fresh leaves was used for analyzing 

active iron content and the rest part was dried at 60°C 

temperature in an oven for 3 days before grinding with a lffi 

cyclone mill and analyzed for 

total Fe and crude silica content. 

Straw. At harvest, six hills from each plot were collected 

for yield component determination. From those plants straw 

samples were prepared for analyses In same way as described for 

the previous experiment. 

Harvesting 

The same procedure as detailed for the previous experiment 

was followed to harvest mature crop for estimation of grain and 

straw yields. 
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Plant analyses 

The 8 week old shoot and straw samples were analyzed for 

N, P, K, Ca, Mg. Fe, Mn. Zn, Cu, Na and Si0
2 

following same 

procedures as described earlier. 

The fresh flag leaves were analyzed for or tho­

phenanthroline extractable Fe follo~ing. the procedure described 

by Katyal and Sharma (1980). Total Fe and crude 8i02 contents 

of the dried and ground flag leaves were determined by the 

methods for described earlier. 

RESULTS AND DISCUSSION 

Soil moisture status 

Figure 58 shows the weekly rainfall distribution and 

daily soil moisture tension (at 15 em depth) in the field 

starting from 3 weeks after seeding to the harvesting of the 

crop. More than 1900 mm of rainfall was received during the 

growing season, and the soil moisture tension during the grea.ter 

part of the season was less than 4 kPa indicating much higher 

soil moisture content than the field capacity moisture. 

However, because of a dry spell of continuous six days. soil 

moisture level went below field capacity for a period of 2 days 

during the pre-flowering stage. 
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Roinfall (mm/wk) Soil moisture tension (kPa 1 
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Fig. 58., Weekly rainfall distribution and daily soil moisture 
tension in Luisiana upland, recorded during the experimental 
season. 1985. San Pedro. Lu i s i ana, 
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Soil redox status 

Figure 59 shows changes in soil redox potential during the 

major part of the growing season. The observed Eh values 

(higher than 400 mV) indicated oxidized condition of the field 

throughout the season. Coinciding with the occurence of a dry 

spell, soil Eh values went higher in the last week of October. 

Mineral Nutrient Status of 
IR43-and IR5931 in Luisiana Upland 

I. Concentrations of N, P, K, Si0 2 , Ca, Mg, Fe, Mn, Zn, Cu 

and Na in 8 week old shoots lind mature straw of the two 

rices, and influence of the applied amendments on them are 

presented in Tables 27 and 28, and are discussed below. 

Nitrogen and Phosphorus 

Both the week old shoot aud mature straw of IR43 had 

significantly higher concentrations of Nand P than those of 

IR5931. While liming increased the N concentrations, 

application of P increased the P concentrations in shoots of 

both the rices. Other amendments did not show any remarkable 

influence on the Nand P concentrations. 

Potassium 

Concentration of K in 8 week old shoot was higher in IR5931 

than in IR43. The observed lower K concentration in IR5931 at 

maturity could be attributed to its dilution in the tissue. 
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Eh (mV) 
750~----------------------------------------~ 

450L-~--~---L--~--~--~--~~--~--~--~~ 
11 24 1 8 15 22 29 5 12 19 26 3 10 

+-- Sep""' ... -..+ool ... ......_-- Oct ... 1... Nov .1"DeC~ 

Fig. 59. Changes in soil redox potentials in Lu;siana upland, 
recorded during the experimental season. 1985. San Pedro, 
Luisiana. 
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as the total dry matter yield was much higher in IR5931 than in 

IR43. None of the amendments applied showed any consistent 

influence on K concentration in tissue. 

Silica 

In the vegetative growth stage, average silica concentra­

tion was higher in IR43 than in IR5931. At maturity, however. 

8i0
2 

concentrations did not show any a.ppreciable difference 

between the two cultivars. Si02 concentrations in tissue were 

not markedly influenced by the amendments tried. 

Calcium 

Average Ca concentrations in 8 week old shoots of IR43 and 

IR5931 did not differ significantly. The observed lower 

concentration of Ca in mature straw of IR5931 could be due its 

dilution in tissue. Liming significantly increased the Ga 

concentration in both the cultivars. 

Magnesium 

In both shoots as well as straw, Mg concentrations were 

hi~her in IR5931 than in IR43 and liming Significantly increased 

it in both the cultivars. 
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Iron 

In the vegetative growth stage, IR43 had significantly 

higher average concentration of Fe than did IR5931. In mature 

straw, however, Fe concentrations did not vary with the 

cultivars. Foliar spraying of Fe increased the tissue Fe 

content significantly in both the rices and the other amendments 

did not show any remarkable effect. 

Manganese 

Average Mn concentrations were higher in IR43 than in 

IR5931 at both the growth stages. Liming significantly reduced 

Mn concentrations in both the cultivars. 

Zinc 

Zinc concentrations in tissue did not vary significantly 

with the cultivaTs and the amendments tried. 

Copper and sodium 

Average eu as well as Na concentrations were higher in 

IR5931 tha.n in IR43 at both the growth stages. None of the 

applied amendments showed any significant effect on Cu and Na 

concentrations in the tissues. 
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II. Concentrations of total Fe. active (Ortho-phenanthroline 

extractable) Fe and crude silica in flag leaves of the two 

cultivars and influence of the applied amendments on them 

are presented in Table 29 described below: 

Regardless of amendment application, the active Fe 

concentration in IR43 was significantly lower (lower than the 

proposed critical limit of 40-45 ppm) than that in IR5931. 

Concentrations of Total Fe in tissue did not show any consistent 

difference between the two cultivars. Foliar spraying of Fe 

significantly increased both total and active Fe concentratjons 

in flag leaves, while other amendments showed no effects. 

Crude 8i0
2 

concentration in flag leaves of IR5931 was 

significantly higher than that in IR43 under all the treatments. 

None of the amendments showed any measurable effect on the 

S10
2 

content in tissue. 

Growth. Some Yield Components and Yields 
of IR43 and IR5931 in Luisiana Upland 

Visual symptoms 

In the early growth stage both IR43 and IRS931 plants were 

equally vigorous, but with time IR5931 grew faster and tal] er 

than IR43. Tillering in IR43. however, was more profuse than in 

IR5931. Starting from 6 weeks after seeding, IR43 started 

showing mild chlorotic symptoms whereas IR5931 had normal green 



Table 29. Concentration of total Fe, active Fe and crude Si02 a 
in flag leaves of two rices grown in Luisiana upland. 
1985 wet season. 

Total Fe Active Fe SiOy Treatment (rug/kg) (mg/kg) (% 

A
1
V1 179 be 37.2 c 8.2 cd 

A1V2 216 b 50.6 b 12.3 a 

A2V1 
149 c 38.0 c 8.5 cd 

A2V2 213 b 49.2 b 12.7 a 

A3V1 191 b 35.7 c 8.1 d 

A3V2 205 b 46.7 b 12.2 a 

A4V1 
265 a 58.3 a 8.8 cd 

A4V1 284 a 61.0 a 11.0 b 

ASVI 194 b 35.7 c 7.9 d 

ASV2 190 b 48.2 b 12.2 a 

A6Vl 206 b 35.7 c 9.4 c 

A6V2 216 b 46.8 b 12.9 a 

A = Amendments. Al - NK, A2 - NPK, A3 - NPK Fesoil ' 

A4 - NPK FefoHar' AS - NPK Li~e, Ap - NPK Ca. 

V = Cultivars. VI - IR43, V2 - IR5931-110-1-3. 

a 
Means of 4 replications. In a column, treatments means having 
a common letter are not significantly different by DMRT at 
5% level. 
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foliage. The mild chlorotic symptoms was least marked under t:he 

soil applied Fe treatment. From pre-flowering stage onwards, 

chlorotic symptoms in IR43 (comparative to the normal green 

plants of IR5931) became more clear under all the treatments 

except foliar spray of Fe. 

Plant height 

Height of the plants recorded at panicle initiation stage 

(Table 30) shows that IR5931 plants were significantly tall er 

than IR43 under all the treatments. While none of the 

amendments affected the height of IR43, application of P 

increased the height of IR5931 significantly. 

Tiller number 

Tiller number per hill counted at panicle initiation stage 

(Table 30) indicates that IR43 produced more tillers than did 

IR5931. However, this difference was not statistically 

significant in presence of applied Ca, lime and foliar Fe. None 

of the amendments affected tiller production significantly. 

Panicle number 

Panicle number per hill at harvest (Table 31) were not 

significantly different, between IR43 and IR593l. Also. panicle 

production was not significantly influenced by any of the 

amendments applied. 



Table 30. Plant height and tiller number of two 
rices (at panicle initiation stage) 
grown in Luisiana upland. a 

1985 Wet Season. 

Treatment 
Plant hei.ght 

(em) 
Tiller number 

per hill 

A1V1 70 d 24.1 a 
A1V2 82 e 17.8 d 

A2V1 73 d 23.8 ab 
A2V2 99 a 20.2 bed 

A3VI 75 d 23.6 ab 

A3V2 91 b 19.4 cd 

A4VI 74 d 22.0 abc 
A4V2 90 b 19.2 cd 

ASV1 74 d 21. 7 abc 
ASV2 93 ab 19.0 cd 

A6Vl 71 d 23.3 ab 
A6V2 92 b 20.5 abcd 

A = Amendments. Al - NK, A2 - NPK, A3 - NPK 

Fe '1' A4 - NPK S01 
Fe f l' ,A~ - NPK Ca. o l.ar J 

V = Cultivars. VI - IR43 , V2 - IR5931-110-1-3. 
a . 

Means of 4 replications. In a column, treatment 
means having a common letter are not significantly 
different by DMRT at 5% level. 
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Table 31. Panicle number, unfilled spikelet percentage and 100 
grain weight of two rices grown in Luisiana upland. a 

1985 Wet Season. 

Panicle number Unfilled 100 grain 
Treatment per hill spikelet weight 

at harvest % (gm) 

A
1
V1 14.7 a 46.5 abc 2.17 ab 

A1V2 12.0 b 48.1 abc 2.26 ab 

A2V1 15.6 a 49.8 ab 2.12 b 
A2V2 15.1 a 43.4 bed 2.24 ab 

A3Vl 16.0 a 47.5 abc 2.20 ab 

A3V2 15.2 a 41. 4 cd 2.30 a 

A4V1 16.5 a 43.9 bed 2.20 ab 
A4V2 14.8 a 42.3 cd 2.24 ab 

ASVI 15.0 a 45.7 abc 2.24 ab 
ASV2 15.1 a 38.7 d 2.28 a 

A6Vl 14.6 ab 52.2 a 2.21 ab 

A6V2 14.5 ab 43.2 bed 2.29 a 

A ; Amendments. Al NK. A2 - NPK, A3 - NPK Fesoi1 ' 

V = Cultivars. 

A4 - NPR Fefoliar' AS - NPK Ca. 

VI - IR43. V2 - IRS93I-IIO-1-3. 
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~eans of 4 replications. In a column. treatment means having a. 
common letter are not significantly different by DMRT at 5% level. 



264 

Unfilled spikelet percentage 

Average sterility percentage Y,Tas higher in IR43 than in 

IR5931 spikelets (Table 31). None of the amendments had any 

significant effect on spikelet sterility in IR43, whereas 

combined application of P and lime significantly reduced the 

sterility in IR5931. 

100 grain weight 

Average 100 grain weight of IR5931 was higher than that of 

IR43. None of the applied amendments affected the 100 grai.n 

weights significantly (Table 31). 

Grain yield 

In presence of applied P, grain yield of IR5931 was 

significantly higher than that of IR43 under all the treatments 

(Table 32). While IR43 did not respond to any of the amendments 

applied. application of p. Fe and lime significantly increased 

grain yie]d of IR5931. The highest yield of this cultivar was 

obtained by combined application of P and lime, while 

application of P and Fe (to soil) together proced to be the 

second best amendments. The observed non-significant increase 

in yield with the foliar application of Fe could-- be attributed 

to non-uniform and inefficient translocation and distribution of 

applied Fe from leaves into the tissues. In fact~ discrete dark 

green spots on foliage were noted under this treatment. The 



Table 32. Grain and straw yield of two rices 
grown in I,uisiana upland. a. 1985 WS. 

Treatment 

A1V1 AIV2 

A2V1 
A

2
V

2 

A3Vl 
A3V2 

A4V1 
A

4
V

2 

ASVI 
ASV2 

A6Vl 
A6V2 

Grain Yield Straw Yield 

------------ t/ha ----------

2.52 d 4.34 abc 
2.70 d 4.41 abc 

2.54 d 4.23 be 
3.05 c 4.24 be 

2.64 d 4.18 be 
3.40 b 4.85 a 

2.69 d 4.11 c 
3.11 be 4.72 ab 

2.34 d 4.05 c 
3.77 a 4.76 ab 

2.46 d 4.27 abc 
3.06 c 4.38 abc 

A = Amendments. Al - NR, A2 - NPK, A3 - NPK 

Fesoi1 ' A4 - NPK Fefoliar' AS - NPK Ca. 

V = Cultivars. VI - IR43, V2 - IRS931-110-I-3. 

~eans of 4 rep1ications. In a column, treatment 
means having a common letter are not significantly 
different by D}rRT at 5% level. 

2M.l 
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yield increase in IRS931 obtained by liming could be attributed 

to the alleviation of Mn (and perhaps AI) toxicity and increased 

availability of P and Ca. Since liming at the applied rate did 

not raise the soil pH above 5.4 during the grand growth phase of 

the crop (following liming, soil pH were found to be 5.0 and 5.7 

at the seeding- and harvesting time, respectively) , Fe 

availability in the soil might not have been affected adversely. 

Plant analysis data supported this contention. 

Straw yield 

Average straw yield of IR5931 was higher than that of IR43. 

The straw production was not significantly influenced by any of 

the applied amendments (Table 32). 

The results of this field experiment may be summarized as 

follows: 

1. Remarkable difference was found between the cultivars 

regarding their adaptability in the acid upland. The 

IRS931 proved significantly superior to IB43 in all 

aspects of growth and performance. While IR43 

suffered from moderate Fe chlorosis and did ~ot 

respond to the applied amendments, IR5931 grew quite 

normally and were ameliorant-.respons1ve. 
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2. Concentration of total Fe in tissue was not associated 

with Fe chlorosis in IR43. Ortho-phenanthroline 

extractable (active) Fe was a sensitive analysis in 

this regard. 

3. Analysis of flag leaves rather than whole plant 

appeared to give better jndex of Si0
2 

availability 

to plants. 

4. Application of P @25 kg/ha significantly increased P 

concentrations in tissue and grain yield of the 

efficient cultivar,. IR5931. 

Lime application @ 3t/ha significantly increased 

concentrations of Ca and Mg, decreased that of Mn in 

tissues, and significantly increased grain yield of 

IR5931. 

The tissue analyses and the observed effects of 

ameliorants on them indicate that: lower solubjJ.ity of 

Mn were the important growth retarding factors in this 

soil. 
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SUMMARY AND CONCLUSIONS 

Rice generally yields less in well-drained or aerobic soils 

than in the same soils rendered anaerobic by flooding. This 

poor yield is most commonly attributed to moisture stress. 

Under aerobic or oxidized conditions, however, solubility and 

avajlability of several mineral nutrients may be low. This rray 

also contribute ·to the poor performance of upland rice. In a 

preliminary experiment (Experiment 1) conducted to examine the 

growth of rice under controlled aerobic and anaerobic conditions 
---~-~ 

of two soils, it was found that at the same level (field 

capacity) of moisture supply, rice growth was much poorer under 

aerobic soil conditions. 

In order to identify the unfavorable chemical factors tn 

aerobic regimes, the chemical kinetics of four soils (a 

Sulfaquept of pH 3.9, a Tropudult of pH 4.5, a Tropudalf of pH 

6.6 and a calcareous 'I'ropaquept of pH 7.6) were compared under 

field capacity moist (aerobic) and flooded (anaerobic) 

conditions (Experiment 2). Results of the chemical kinetics 

study and plant analyses suggested that lower availability of Fe 

and Si in all soils, lower availability of P in most soils, 

lower availability of Mn in near-neutral and calcareous soils, 

lower availability of Ca in strongly acidic soils, and excessi.ve 

concentrations of Al and Mn in strongly acidic soils may 

contribute to poor growth of rice under field capacity 
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moisture (aerobic) regimes. Grain yields of rice in the field 

capacity (Fe) moist soils did not exceed 38% of that under the 

flooded regimes. The more than 62% reduction in grain yields, 

however, could not be attributed solely to these unfavorable 

soil chemical factors identified in aerobic regimes. Under Fe 

moisture regimes, the complete water requirement of rice crop 

may not be met, and thus grain yield could also have br,en 

affected by the inadequate supply of water. 

In Experiments 3 and 4, an additional treatment (~et 

regime) was included to maintain aerobic conditions of soils at 

abundant supply (comparable to that under the flooded regime) of 

water in attempt to separate the effects of unfavorable chemical 

factors from that of inadequate water supply. Also, two more 

soils (an Eutropept of pH 6.1 and a Tropaquept of pH 6.6) Wf're 

added. The chemical kinetics studies of the soils and plant 

analyses revealed that compared to those under the flooded 

(anaerobic) conditions, in both moist and wet regin:es 

availability of P, Fe and Na were lower in all soils, 

availability of Mn was very low in soils of pH >6, solubility of 

A1 and Mn were very high (toxic concentrations of Mn in tissue) 

in the strongly acidic soils; and there was no appreciable 

difference between the moist and wet regimes in these regards. 

Thus, the soil chemical environments remained equally 

unfavorable under both Fe moist and wet aerobic regimes. 
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Results of these studies also indicated that concentration 

of total Fe in tissue did not reflect the status of 

metabolically-ac tive Fe in plants, especially in near-neutral 

and high pH soils. No appreciable difference was found in the 

tissue concentrations of total Fe in chlorotic and normal grt-en 

plants. 

Grain yields were highest under flooded regime, followed by 

the wet and moist regimes, of all soils except the two strongly 

acidic soils where flooding produced Fe toxicity problems 

resulting in poor growth and yield of rice. 

Since comparable amounts of water were supplied under rhe 

wet (aerobic) and flooded (anaerobic) regimes. the yifld 

reductions observed in the wet regimes could apparently be 

attributed to the unfavorable chemical factors prevalent uncler 

aerobic soil conditions. The apparent contributions of aerobic 

conditions of soils were 19% in a moderately acidic soil, 17 to 

57% (mean 36%) in near-neutral soils, and 74 to 100% in a 

calcareous soil. 

To substantiate the findings of the greenhouse experiments, 

one field experiment (Experiment 5) was conducted in a 

ne~r-neutral soil to compare the growth and mineral nutrition of 

two rice cultivars (IR64 and IR5931-110-1-3) under non-flooded 

(moisture level around Fe) and flooded regimes. It was found 

that both the rices yielded less under non-flooded regin1e, 

although remarkable differences in the performance of the 
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cultivars were observed. Grain yields of IR64 and IRS931 under 

non-flooded conditions were 19 and 86 percent respectively of 

their yields under the flooded regime. Both the cultivars 

contained significantly lower Ca. Mg, Na, Mn, Zn, Si and active 

Fe in tissue under non-flooded (aerobic) than under flooded 

(anaerobic) conditions. IR64 showed Fe chlorosis under the 

non-flooded regime. v.Thile no significant difference in the. 

concentrations of total Fe was found between normal green and 

chlorotic plants, the ortho-phenanthroline extractable (active) 

Fe in tissue was significantly lower in the chlorotic plants. 

Another experiment (Experiment 6) was conducted in a 

farmer's field to study growth and mineral nutrition of two rice 

cultivars (IR43 and IR5931-110-1-3) in a typical acid upland. 

Marked difference in the performance of the two cultivars was 

noUced. IR5931 proved significantly superior to IR43 in all 

respects. IR43 suffered from moderate Fe chlorosis and did not 

respond to the amendments applied. On the other hand, IR5931 

grew with normal vigour and responded Significantly 

P and lime. While total Fe concentra tions 

to applied 

were not 

significantly different between chlorotic IR43 and normal green 

IR5931 plants, ortho-phenanthroline extractable Fe concentration 

was significantly lower in IR43. The nutrient analyses of 

tissue and the plant responses to the amendments applied 

indicated that lower availability of P, Ca, Mg. Si and active 
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Fe, and excessive concentration of Mn were the unfavorable 

chemical factors limiting rice growth in this aerobic acid soil. 

This result confirmed the findings of the greenhouse 

experiments. 

Conclusions 

1. At all levels of moisture supply, growth and yield of rice 

are retarded by the unfavorable chemical regime prevalent 

under the aerobic conditions of most soils. 

2. Apparent contribution of the unfavorable chemical regime in 

aerobic soils to yield reduction in upland rice (variety 

IR43) was found to be 19% in a moderately aci.d soil, 36% in 

near-neutral soils, and 74-100% in a calcareous soil. 

3. The adverse chemical factors prevalent under aerobic 

conditions are soil specific. The specific chemical 

factors associated with poor growth and yield of rice in 

aerobic soils with abundant supply of water were found to 

be: 

o lower availability of P, Fe and Na in all soils 

a lower availability of Ca in strongly acidic soils 

a lower availability of Mn in near-neutral and high pH 

soils 



o toxic concentration of Mn in strongly acidic soils 

with high active Mn content 

o toxic concentration of Al in strongly acidic soils 

with high percent Al saturation 
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When moisture supply is not abundant and is around Fe 

or less, lower availab:Uity of Si would be an 

additional limiting factor in all soils. 

4. Solubility of Si in most soils appears to be strongly 

controlled by pH, regardless of the redox conditions of the 

soils. Acidic soils would have higher Si solubility in 

aerobic than in anaerobic conditions, since pH is 10wer 

under aerobic conditions. Decreased availability of Si to 

upland rice, as is reported frequently, could not be due to 

lower solubility of Si in most soils, but to inadequate 

moisture supply. Apparently, Si is taken up by rice in the 

transpiration stream; ,,,hen more water is transpired. more 

Si is accumulated in the tissue. 

5. Concentration of total Fe in tissue is not always a 

satisfactory index of metabolically-active Fe status in 

plants, especially in near-neutral and high pH soils. 

Ortho-phenanthroline extractable Fe is a more sensitj.ve 

index in this regard under all conditions. 
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6. Remarkable differences exist in the adaptability of rice 

cultivars under aerobic soil conditions. IR43 and IR64 

were found to be inefficient in aerobic acid and 

near-neutral soils, respectively. IR5931 was found to 

adapt well under aerobic conditions of both acidic and 

near-neutral soils. 

7. Adverse chemical environments of aerobic acid soils could 

be improved by application of amendments like P and lime. 

Application of P @ 25 kg/ha and lime @ 3 t/ha to an acidic 

Tropudult (pH 4.5) significantly increased availability of 

P, Ca and Mg to rice and decreased the tissue concentratj.on 

of Mn. Both the amendments significantly increased yield 

of IR5931. A similar attempt to improve the chemical 

environment of an aerobic soil of near-neutral reaction by 

applying some amendments (P and Organic manure) proved 

unsuccessful. 
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Appendix Table 2. Kinetics of so1utiol1 Eh in 4 80i1s under moist and 
flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 8 10 12 ],4 

Soil regime ----------~--------- Eh (mV) -----------------

Luisiana Moist 424 313 350 363 350 294 358 311 
Flooded Lfl3 109 -33 -63 -61 -48 -23 -36 

Maahas A Moist 302 222 192 150 284 235 330 295 
Flooded 326 56 31 -35 -40 -59 -32 -59 

Pila Moist 240 285 115 117 265 203 310 276 
Flooded 250 291 53 -10 -23 -25 3 -5 

Burabod Moist 497 514 378 393 483 406 504 462 
Flooded 471 124 131 127 115 143 176 148 

Appendix Table 3. Kinetics of solution pH in 4 soils under moist and 
flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 8 10 12 14 

Soil regime ---------------------- pH --------------------

Luisiana Moist 4.60 4.90 4.30 4.20 4.30 4.50 4.70 4.90 
Flooded 4.60 6.00 6.50 6.70 6.80 6.80 6.70 6.70 

Maahas A Moist ,6.60 6.40 6.35 6.50 6.60 6.46 6.40 6.50 
Flooded 6.50 7.00 6.80 7.00 7.00 7.00 6.90 7.10 

Fila Moist 7.40 7.16 7.25 7.40 7.33 7.25 7.12 7.41 
Flooded 7.40 7.15 6.98 7.00 7.00 7.09 7.02 7.13 

Burabod Moist 3.82 3.94 3.83 3.74 3.65 3.56 3.37 3.53 
Flooded 3.85 5.42 5.33 5.59 5.76 5.50 5.23 5.58 
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Table 4. Kinetics of solution Ee in 4 soils under moist and flooded 
conditions. 

Treatment Weeks 
Moisture 0 2 4 6 8 10 12 14 

Soil regime ----------------- EC (dS m-- 1) 
-------~--------

Luisiana Moist 1.24 1.14 1. 60 1. 73 1. 28 1.03 0.74 0.38 
Flooded 1.24 1. 88 2.89 1.86 1.37 1.15 0.94 0.86 

Maahas A Moist 0.73 1.46 1.39 0 •. 91 O.Bl 0.81 0.69 0.72 
Flooded 0.97 1. 70 1. 80 1.94 2.06 1.91 1.59 1. 81 

Pila Moist 1. 64 2.01 1. 70 1.12 1.09 1.09 1.08 1.10 
Flooded 1.90 2.55 2.69 2.35 2.40 2.38 2.42 2.57 

Burabod Moist 1.72 2.50 2.22 2.02 2.37 2.72 2.14 2.23 
Flooded 1. 60 2.40 1.45 0.57 0.32 0.16 0.12 0.12 

Appendix Table 5. Kinetics of water soluble oxidizable matter in 4 
soils under moist and flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 _~ 10 12 14 

Soil regime -------------- OxM(me L ) -----------------

Luis.iana Moist 8.7 4.5 1.6 3.3 1.3 0.6 1.5 1.1 
Flooded 7.7 19.1 18.5 15.3 15.0 14.4 12.7 12.8 

Maahas A Moist 3.4 1.2 1.6 3.0 1.5 1.1 0.8 0.7 
Flooded 3.2 3.4 3.7 4.4 3,3 2.7 2.2 2.1 

Pila Moist 5.9 3.5 2.6 3.3 2.0 1.7 1.6 1.8 
Flooded 6.6 4.3 4.1 5.0 5.3 5.8 7.9 6.8 

Burabod Moist 6.7 3.4 1.5 3.2 1.8 2.2 1.3 1.6 
Flooded 6.6 16.0 9.7 8.1 7.7 5,6 5.4 4.6 



Appendix Table 6. 

Treatment 
Moisture 

Soil regime 

l,uisiana Moist 
Flooded 

Maahas A Moist 
Flooded 

Pila Moist 
Flooded 

Burabod Moist 
Flooded 
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Kinetics of Pe02 in 4 soils under moist and flooded 
conditions. 

Weeks 
0 2 4 6 8 10 12 14 

------------------ Pe02 (kPa) ----------------

31.3 11.0 7.2 27.9 l3.9 11. 7 14.2 4.7 
31.5 32.9 52.6 21.0 14.5 14. a 13.6 12.0 

1.8 0.7 1.0 1.3 1.4 1.9 2.5 0.8 
1.6 7.0 15.2 13.9 13.6 14.2 12.8 11.5 

1.2 0.9 0.6 0.7 1.0 1.3 1.9 0.7 
1.3 9.8 16.6 15.6 15.0 15.3 15.5 13.8 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
n.d. 16.4 37.5 43.4 20.8 22.1 20.8 10.9 

n.d. - not determined 

Appendix Table 7. + Kinetics of water soluble NH4 -N in 4 soils under 
moist and flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 8 -1 10 12 14 

SoU regime -------------- NH +-N (mg L ) --------------4 

Luisiana Moist 13.0 20.2 14.8 2.4 0.3 0.1 0.1 
Flooded 12.0 28.2 43.6 38.9 16.4 5.8 0.7 

Maahas A Moist 2.0 0.1 0.1 0.3 0.2 0.1 0.1 
Flooded 3.0 10.5 9.0 0.3 0.4 0.1 0.1 

Pila Moist 6.1 0.3 0.3 0.3 0.1 0.3 0.2 
Flooded 6.7 16.0 17.8 5.5 0.2 0.3 0.3 

Burabod Moist 23.6 46.5 37.5 21.3 2.6 0.9 0.2 
Flooded 22.1 31.3 26.0 17.8 12.7 3.0 0.3 
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Appendix Table 8. Kinetics of solution N03--N in the solutions of 4 
soils under moist and flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 8 10 12 14 

Soil regime N03 
--N (mg 1-- 1) --------------- ---------------

Luisiana Moist 57.50 64.90 134.40 228.70 185.00 168.30 58.50 
Flooded 59.40 0.55 n.d. n.d. n.d. n.d. n.d. 

Maahas A Hoist 0.13 90.60 87.10 21.90 2.40 0.60 0.70 
Flooded 0.24 0.03 n.d. n.d. n.d. n.d. n. d. 

Pila Moist 0.25 91.50 85.60 33.00 11.40 2.10 0.70 
Flooded 0.50 0.10 n.d. n.d. n.d. n.d. n.d. 

Burabod Moist 0.24 0.03 0.06 0.05 n.d. n.d. n. d. 
Flooded 0.25 0.22 n.d. n.d. n.d. n.d. n.d. 

n.d. - non-detectable 

Appendix Table 9. Kinetics of water soluble P in 4 soils under moist 
and flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 _16 8 10 

Soil regime ---------------- P (mg L )* ----------------

Luisiana Moist 0.070 0.120 0.005 0.015 0.003 n.d. 
Flooded 0.150 0.210 0.013 0.015 0.026 0.023 

Maahas A Moist 0.580 0.210 0.100 0.120 0.226 0.063 
Flooded 0.560 0.370 0.210 0.160 0.145 0.076 

Pila Moist 2.770 1.350 1.280 1.350 1.050 0.340 
Flooded 2.480 1.380 3.230 3.420 1.200 0.660 

Burabod Moist 0.030 0.080 0.060 0.060 0.090 0.010 
Flooded 0.030 0.060 0.200 0.280 0.450 0.030 

n.d. - non-detectable 
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Appendix Table 10. Kinetics of water soluble Fe in 4 soils under moist and 
flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 ~l 10 12 14 

Soil regime ----------------~------- Fe (mg L ) --------------------

Luisiana Moist 0.30 0.30 0.41 1.28 0.26 0,32 0.16 0.39 
Flooded 0.33 131.66 380.00 195.83 156.66 134.25 120.16 110.16 

Maahas A Moist 0.55 0.32 0.82 0.56 2.36 2.07 2.41 3.28 
Flooded 0.55 6.95 10.70 22.00 27,93 40.86 42.87 40.33 

Pila Moist 0.10 0.10 0.35 0.22 0.11 0.34 0.21 0.10 
Flooded 0.10 0.58 2.02 2.38 3.00 3.10 5.15 4.13 

Burabod Moist 2.66 2.32 1. 30 3.47 1.58 1.04 1.23 0.75 
Flooded 2.05 503.33 164.17 38.93 19.70 14.61 15.17 16.00 

Appendix Table 11. Kinetics of water soluble Mn in 4 soils under moist and 
flooded conditions. 

Treatment Weeks 
Moisture o 2 4 6 ~l 10 12 14 

Soil regime ------------------------ Mn (mg L ) --------------------

Luisiana Moist 7.92 5.23 6.42 9.41 6.63 3.83 1. 70 0.52 
Flooded 8.07 22.07 25.57 6.67 2.93 1.60 0.85 0.60 

Maahas A Moist 0.70 0.13 0.13 0.10 0.05 0.03 0.07 0.07 
Flooded 0.60 21.53 27,20 39.72 22.93 15.30 10.93 8.63 

Pila Moist 0.16 0,12 0.17 0.08 0.01 0.00 0.01 0.02 
Flooded 0.12 24.48 28.57 29.02 26.10 24.20 21.87 17.76 

Burabod Moist 2.76 4.12 3.50 3.43 4.00 4.93 3.53 3.38 
Flooded 2.58 2.52 1.15 0.30 0.17 0.09 0.11 0.14 
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Appendix Table 12. Kinetics of water soluble K in 4 soils under aerobic 
and submerged conditions. 

Treatments Weeks 
Moisture 0 2 4 6 -1 8 10 12 

So11 regime ------------------- K (mg L ) ------------------

Luisiana Moist 13.2 13.1 14.4 5.6 0.2 0.2 0.5 
Flooded 14.7 16.0 16.7 12.4 4.5 2.5 0.2 

Maahas A Hoist 29.7 44.7 39.5 28.1 22.3 23.8 23.2 
Flooded 37.9 53.6 51.9 34.9 28.6 31.3 31.0 

Pi1a Moist 32.1 33.0 28.3 19.1 14.5 15.5 16.1 
Flooded 34.7 36.8 34.7 22.2 5.6 6.3 7.8 

Burabod Moist 25.2 33.7 27.1 10.8 1.1 0.9 0.8 
Flooded 23.0 20.4 15.1 7.6 4.2 1.4 0.2 

Appendix Table 13. Kinetics of water soluble Ca in 4 soils under moist 
and flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 ~l 10 12 14 

Soil regime -------------------- Ca (mg L ) ----------------

Luisiana Moist 127.2 106.6 153.3 195.9 135.8 97.3 59.7 27.6 
Flooded 124.5 196.6 275.8 167.2 117.8 108.3 95.0 80.0 

Maahas A Moist 57.5 115.8 98.3 69.6 60.0 58.2 49.3 46.2 
Flooded 77 .9 150.8 157.5 211. 6 175.3 165.6 141.3 131.2 

Pila Moist 275'.6 324.1 229.1 177.5 147.1 159.6 174.8 145.8 
Flooded 316.8 470.0 455.0 434.3 420.0 442.7 464.7 450.8 

Burabod Moist 227.9 356.6 248.3 302.3 344.2 404.0 347.1 344.6 
Flooded 207.5 218.3 86.7 28.8 13.8 8.8 7.2 8.1 
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Appendix Table 14. Kinetics of water soluble Mg in 4 soils under moist 
and flooded conditions. 

Treatment Weeks 
Moi.sture 0 2 4 6 _18 10 12 14 

Soil regime ------------------- Mg (mg L ) --------------~--

Luisiana Moist 46.0 38.0 55.0 66.6 46.3 33.0 18.6 B.O 
Flooded 45.3 73.3 113.3 74.0 58.2 55.7 49.8 itS .0 

Maahas Moist 35.6 83.6 74.6 47.6 39.8 41.1 35.8 32.9 
Flooded 55.6 113.6 126.3 158.3 163.5 164.3 146.0 150.3 

Pila Moist 82.7 93.7 67.7 49.3 43.1 46.0 47.7 41.8 
Flooded 97.3 144.0 147.0 144.7 156.0 164.9 166.3 160.3 

Burabod Moist 48.3 73.7 57.0 62.3 75.0 96.0 70.7 69.8 
Flooded 46.0 45.6 19.3 5.0 2.0 0.2 0.7 0.8 

Appendix Table 15. Kinetics of water soluble 804 in 4 soils under 
moist and flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 -1 8 10 12 

Soil regime --------------- 804 
= 

(mg L ) --- .... -----------

Luisiana Moist 229 317 106 85 94 128 105 
Flooded 228 723 218 52 32 31 25 

Maahas A Moist 214 321 237 245 285 355 305 
Flooded '308 353 206 82 36 11 9 

Pila Moist 603 822 422 315 309 386 403 
Flooded 660 657 350 157 33 23 19 

Burabod Moist 1080 2015 1308 12.92 1458 1778 1476 
Flooded 1010 2100 745 242 37 33 27 
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Appendix Table 16. Kinetics of water soluble Si in 4 soils under moist 
and flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 _18 10 12 14 

Soil regime ----------------- S1 (mg L ) ---------------~-

Luisiana Moist 29.1 25.9 26.0 20.4 18.3 15.1 14.7 7.2 
Flooded 29.6 15.9 13.3 11.0 9.8 7.3 5.7 6.7 

Maahas A Moist 25.3 27.7 24.9 22.0 25.6 26.2 27.2 25.1 
Flooded 25.9 22.1 21.0 19.0 20.6 17.8 18.1 17.7 

Pila Moist 27.5 27.4 23.6 20.3 25.2 26.3 26.8 23.4 
Flooded 26.7 34.5 34.3 34.0 27.9 27.7 28.4 28.4 

Burabod Moist. 36.2 53.1 36.1 34.6 41. B 43.5 46.1 27.0 
Flooded 35.0 33.6 25.6 21.5 24.5 20.3 16.1 7.9 

Appendix Table 17. Kinetics of water soluble Zn i.D. 4 so11s under moist 
and flooded conditions. 

Treatment Weeks 
Moisture 0 2 4 6 ~1 10 12 14 

Soil regime ------------------ Zn (mg L ) ----------------

Luisiana Moist 0.27 0.36 0.41 0.55 0.38 0.34 0.20 0.09 
Flooded 0.26 0.19 0.12 0.23 0.16 0.09 0.10 0.06 

Maahas A Moist 0.17 0.13 0.12 0.13 0.07 0.13 0.08 0.07 
Flooded 0.12 0.08 0.05 0.05 0.05 0.02 0.04 0.03 

Pila Moist 0.06 0.08 0.06 0.06 0.06 0.05 0.03 0.03 
Flooded 0.06 0.06 0.05 0.05 0.05 0.05 0,03 0.03 

Burabod· Moist 0.57 1. 22 0.95 0.97 0.95 1.10 0.92 0.84 
Flooded 0.55 0.09 0.05 0.07 0.09 0.14 0.13 0.06 
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Appendix Table 18. Kinetics of water soluble eu in Burabod soil under 
moist and flooded conditions. 

Treatment 
Moist4re 

regime 

Moist 
Flooded 

o 

0.16 
0.17 

2 

0.29 
0.00 

4 

0.23 
0.02 

Weeks 
6 -1 8 10 12 14 

eu (mg L ) ----------------------

0.27 
0.01 

0.29 
0.02 

0.35 
0.02 

0.27 
0.01 

0.24 
0.00 

Appendix Table 19. Kinetics of water soluble Al in Luisiana and Burabod 
soils under moist and flooded conditions. 

Treatment Weeks 
Moisture 

Soil regime 
o 2 4 6 ~l 

------------------ Al (mg L ) 
10 12 14 

Luisiana Moist 0.05 0.20 0.37 0.50 0.22 0.15 n.d. n.d. 
Flooded 0.06 0.13 0.03 0.01 0.12 0.00 n.d. n.d. 

Burabod Moist 15.1 37.6 30.9 35.1 47.8 63.1 72.0 63.4 
Flooded 14.1 1.8 1.4 0.4 0.4 0.4 n.d. n.d. 

n.d •. - not determined. 
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Appendix Table 24. Analysis of variance for yield of two rices 
in four soils under two moisture regimes. 

Mean Squares 
Source of Grain Dry Matter Yield Straw 
variation df yield of 8 week old shoot yield 

Replication 2 2 ns 17 ns 16 ns 
Treatment 15 1984 ** 582. ** 440 ** 
Soil (S) 3 480 '1\* . . 786. ** ··811 ** 
Cu1tivar (V) 1 104 *. 102 ** 7 ns 
Moisture CM) 1 24336 ** 3467 ** 2170 ** 
S x V 3 4 ns 237 ** 96 ns 
S x M 3 930 ** 621 ** 511 ** 
V x M 1 987 *'" 75 '" 18 ns 
S x V x M 3 30 ns 51 ** 53 ns 
Error 30 20 10 44 

cv (%) 15.05 12.89 11. 52 

* ** , Significant at the 0.05 and 0.01 levels of probability, 
respectively. 

ns 
non-significant at the 0.05 level of probability. 
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Appendix Table 25. Kinetics of Eh in four soils under moist, wet and flooded 
conditions, 

Treatment Weeks 
Soil Moisture 0.5 2 3 4 5 6 7 8 9 10 12 14 16 

regime ---------------------------- Eh (mV) ------~----------------

Luisiana Moist 442 428 502 538 604 578 594 588 639 709 686 703 513 
Wet 425 24 32 91 96 149 211 160 38 15 292 279 304 
Flooded 477 -10 -126 -168 -173 -172 -181 -203 -190 -195 -201 -191 -248 

Maahas A Moist 442 607 685 661 669 575 575 568 625 670 664 711 388 
Wet 497 533 672 634 607 495 562 480 594 431 591 682 360 
Flooded 177 -43 -65 -101 -89 -126 -182 -156 -191 -173 -233 -221 -286 

Pila Moist 366 544 673 550 668 628 603 644 656 673 711 543 409 
Wet 306 406 463 423 404 418 307 239 285 318 283 343 242 
Flooded 312 263 52 -46 -84 -104 -128 -173 -172 -143 -164 -171 -261 

Burabod Moist 621 667 748 623 739 657 703 707 792 835 827 826 697 
Wet 444 227 307 267 326 270 228 532 646 488 559 464 308 
Flooded 509 110 -56 -113 -124 -139 -137 -156 -161 -135 -162 -156 -186 
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Appendix Table 26. Kinetics of solution Eh in 4 soils under moist, wet and 
flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 8 10 12 

regime --------------------- Eh(tnV) _---_ ... _-----------_. 

Luisiana Moist 297 288 341 349 290 309 309 
Wet 295 291 345 335 266 182 230 
Flooded 300 137 -20 -61 -60 -43 -45 

Maahas A Moist 212 267 310 298 231 181 237 
Wet 188 277 301 284 212 173 227 
Flooded 198 -41 -41 -60 -86 -62 -84 

Pila Moist 250 271 280 266 205 168 223 
Wet 224 285 273 261 198 162 216 
Flooded 212 98 19 7 -49 -20 -27 

Burabod Moist 303 337 358 366 337 386 390 
Wet 335 324 346 339 305 316 352 
Flooded 303 102 54 34 -11 20 22 

Appendix Table 27. Kinetics of solution pH in 4 soils under moist, wet and 
flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 8 10 12 

regime ------------~---------- pH --------------------

Luisiana Moist 4.69 4.60 4.22 4.10 4.19 4.21 4.57 
Wet 4.64 4.79 4.21 4.36 4.92 5.22 5.12 
Flooded 4.63' 5.54 6.35 6.52 6.51 6.50 6.53 

Maahas A Moist 6.74 5.98 5.95 6.17 6.40 6.51 6.52 
Wet 6.76 5.95 6.03 6.33 6.55 6.56 6.57 
Flooded 6.83 6.90 6.97 6.95 6.99 7.12 7.16 

Fila Moist 7.27 6.94 6.99 7.15 7.10 7.02 7.04 
Wet 7.34 6.93 7.11 7.13 7.10 7.09 7.17 
Flooded 7.35 7.03 7.13 7.14 6.85 6.85 0.89 

Burabod Moist 3.69 3.69 3.77 3.77 3.64 3.64 3.62 
Wet 3.76 3.73 3.77 3.82 3.73 3.70 3.72 
Flooded 3.82 4.53 5.38 5.71 5,74 5.84 5.85 
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Appendix Table 28. Kinetics of solution EC in 4 soils under moist, wet and 
flooded conditions. 

Treatment Weeks 
Soil Moisture a 2 4 6 8 10 12 

regime ------------------- EC (dS m- 1) ----------------

Luisiana Moist 0.97 0.61 0.86 1.18 0.74 0.68 0.37 
Wet 0.77 0.55 1. 04 0.95 0.11 0.08 0.06 
Flooded 0.74 0.93 2.42 2.51 1. 62 1. 34 1.10 

Maahas A Moist 2.39 3.33 3.12 2.42 1.63 1.38 1.20 
Wet 2.18 3.00 3.07 1.81 0.73 0.78 0.88 
Flooded 2.61 3.65 3.49 3.26 2.88 2.97 2.64 

Pila Moist 3.25 2.80 2.73 2.47 2.63 3.21 2.55 
Wet 3.44 2.37 2.48 1.60 1.33 1. 64 1. 09 
Flooded 3.19 3.26 3.26 3.22 2.46 2.70 2.69 

Burabod Moist 3.33 2.84 2.39 2.43 1.90 1. 70 1.115 
Wet 3.18 2.42 2.27 1. 78 1. 28 1. 26 1. 12 
Flooded 3.00 2.87 2.43 1.18 0.68 0.66 0.72 

Appendix Table 29. Kinetics of P in 4 soils under moist, wet solution CO2 and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 8 10 12 

regime ------------------- PCO(kPa) -------------------

Luisiana Moist 31.9 17.1 23.3 15.9 21. 9 10.9 17.1 
Wet 37.9 10.4 28.2 21.1 10.3 11.4 7.2 
Flooded 28.8 42.9 57.7 44.7 31. 2 24.6 19.4 

Maahas A Moist 3.l 1.5 1.6 1.5 2.0 2.2 2.7 
Wet 3.5 2.5 1.8 2.0 2.8 4.1 4.2 
Flooded 2.1 14.0 12.1 13 .8 13.6 12.8 10.3 

Pila Moist 2.4 1.5 0.9 0.7 1.0 1.1 1.4 
Wet 2.1 2.3 1.6 2.0 3.2 2.4 2.0 
Flooded 2.0 7.6 8.1 10.0 17.4 22.2 19.5 

Burabod Moist nd nd nd nd nd nd nd 
Wet nd nd nd nd nd nd nd 
Flooded nd 52.3 72.1 44.8 34.6 26.9 22.7 

nd - not determined 
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Appendix Table 30. + in 4 soils under moist, Kinetics of water-soluble NH4 -N 
wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 + 6 8 10 12 

L -)----------------regime ------------------ NH4 -N (mg 

Luisiana Moist 19.6 18.5 19.1 7.8 1.4 1.2 0.4 
Wet 15.8 15.9 20.6 7.8 0.4 1.0 0.1 
Flooded 15.0 23.5 37.9 42.7 39.8 35.0 27.4 

Maahas A Moist 13.4 2.7 0.6 0.8 0.6 1.1 0.4 
Wet 13.6 1.0 0.8 0.6 0.3 0.7 0.2 
Flooded 13.0 26.5 24.5 12.3 1.7 1.9 2.0 

Pila Moist 18.8 0.6 0.6 0.8 0.8 1.3 0.7 
Wet 18.8 1.3 1.1 0.9 0.7 0.9 0.5 
Flooded 26.8 10.9 13.4- 14.8 2.2 1.2 1.8 

Burabod Moist 87.9 79.9 66.3 45.2 1.7 1.1 1.0 
Wet 82.7 67.4- 61.3 38.2 0.5 0.6 0.5 
Flooded 78.1 59.5 48.9 35.6 27.7 29.5 30.8 

Appendix Table 31. Kinetics of N0
3
--N in the solutions of 4 soils under 

moist, wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 8 10 12 

regime ----------------- NO --N (mg L-) -----------------~ 3 

Luisian.!! Moist 7.9 7.1 59.7 67.1 117.7 73.0 36.8 
Wet 4.9 3.8 60.9 44.7 7.1 0.4 0.2 
Flooded 6.1 0.5 nd nd nd nd nd 

Maahas A Moist 12.0 -232.2 215.8 141.6 65.0 20.3 2.9 
Wet 13.3 211. 8 209.0 55.0 0.4 0.1 nd 
Flooded 0.3 0.2 0.1 nd nd nd nd 

Pils Moist 43.4 197.4 171.2 116.3 195.2 258.9 206.6 
Wet 55.4 134.4 139.2 39.5 38.8 75.4 26.2 
Flooded 31.3 53.9 0.1 nd nd nd nd 

Burabod Moist 1.4 0.7 0.4- nd nd nd nd 
Wet 1.2 0.3 0.2 nd nd nd nd 
Flooded 1.5 0.4 nd nd nd nd nd 

nd - non-detectable. 
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Appendix Table 32. Kinetics of water-soluble P in 4 soils under mOist, wet 
and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 -1 8 10 12 

regime --------------------- p emg L ) ----------------

Luisiana Moist 0.04 0.07 0.01 0.04 nd nd 0.07 
Wet 0.08 0.04 nd nd nd nd 0.07 
Flooded 0.08 0.02 0.01 0.03 nd 0.01 0.08 

Maahas A Moist 0.59 0.27 0 .. 19 0.09 0.09 0.08 0.23 
Wet 0.56 0.45 0.22 0.14 0.16 0.13 0.19 
Flooded 0.59 0.51 0.43 0.15 0.09 0.07 0.21 

Pila Moist 3.30 1.95 1. 70 1.40 1.55 1. 58 1. 89 
Wet 3.68 2.13 2.20 2.30 2.22 2.20 2.41 
Flooded 3.75 2.39 2.06 1. 70 1.44 1. 63 1. 75 

Burabod Moist 0.39 0.09 0.08 0.10 0.09 0.17 0.30 
Wet 0.29 0.06 0.05 0.02 0.01 nd 0.13 
Flooded 0.34 0.07 0.09 0.15 0.31 0.31 0.45 

nd - non-detectable. 

Appendix Table 33. Kinetics of water-soluble K in 4 soils under moist, 
wet and flooded conditions. 

Treatment Weel-.s 
Soil Moisture 0 2 4 6 8 10 12 

regime --------------------- 1< (mg L- 1) ----------------

Luisiana Moist 10.7 8.7 10.0 6.0 1.5 0.5 0.6 
Wet 9.0 7.2 10.7 4.0 0.3 0.1 0.1 
Flooded 8.7 8.5 9.7 10.2 8.2 7.0 5.8 

Maahas A Moist 45.0 56.0 52.5 37.5 24.5 22.0 16.2 
Wet 43.5 51.5 52.2 30.7 15.5 14.2 14.8 
Flooded 46.7 61. 7 62.0 51.7 39.S 33.0 30.5 

Fila Moist 23.0 17.7 17.5 14.2 15.7 16.3 15.2 
Wet 23.0 17.2 17.5 13.2 13.0 12.9 11. 3 
Flooded 21.7 22.5 23.5 21.5 11. 2 2.7 1.0 

Burabod Moist 51.0 40.2 31.7 14.2 1.2 1.1 0.4 
Wet 50.7 34.5 29.7 14.0 0.3 0.2 0.1 
Flooded 45.2 2B.2 1B.7 12.2 8.9 8.4 7.3 
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Appendix Table 34. Kinetics of water-soluble Ca in 4 soils under mOist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Moisture o 2 4 6 _~ 10 12 

regime --------------------- Ca (mg L ) ---------------

Luisiana Moist 52.5 27.5 51.2 87.5 63.7 52.5 35.0 
Wet 41.3 25.0 77.5 65.0 4.0 2.4 8.6 
Flooded 38.8 51.2 121.2 118.8 70.0 54.4 60.0 

Maahas A Moist 141. 2 250.0 230.0 161. 9 98.7 91.9 72.5 
Wet 123.8 227.5 227.5 110.0 41.2 36.9 55.0 
Flooded 162.5 303.7 275.0 246.3 248.8 176.3 171. 2 

Pila Moist 497.5 452.5 417.5 372.5 417.5 490.0 447.5 
Wet 542.5 385.0 385.0 227.5 222.5 225.0 166.3 
Flooded 477.5 587.5 592.5 575.0 440.0 512.5 572.5 

Burabod Moist 340.0 331.2 248.8 317.5 318.7 257.5 300.0 
Wet 340.0 280.0 246.7 201.2 201.7 183.3 185.0 
Flooded 320.0 262.5 185.0 58.8 25.6 20.9 35.1 

Appendix Table 35. Kinetics of water-soluble Mg in 4 soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 _1 8 10 12 

regime --------------------- Mg (mg I. ) ---------------

Luisiana. Moist 26.8 12.8 26.8 43.6 28.8 24.7 11.9 
Wet 21.3 11.4 3.1.5 33.8 3.9 2.6 1.9 
Flooded 19.6 25.1 77 .4 83.6 49.1 38.7 35.6 

Maahas A Moist 112.5 . 183.0 176.0 130.9 74.9 54.0 45.4 
Wet 100.2 167.8 172.8 87.9 29.8 28.7 32.6 
Flooded 128.4 232.1 232.5 225.9 247.9 211.0 199.6 

Pila Moist 143,8 121..6 114.3 lOO.n 113.8 129.7 107.3 
Wet 153.4 102.0 109.7 66.5 60.5 63.5 41.7 
Flooded 151.0 159.4 174.0 178.2 139.9 164.6 175.0 

Burabod Moist 78.2 72.2 54.8 60.9 56.5 47.7 51.3 
Wet 69.4 57.4 52.3 41. 8 34.4 26.9 21. 7 
Flooded 61.8 53.0 35.7 13.8 6.5 5.2 5.4 
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Appendix Table 36. Kinetics of water-soluble Fe in 4 soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Moi.sture 0 2 4 6 _18 10 12 

regime --------------------- Fe (mg L ) ---------------

Luisiana Moist 0.10 0.10 0.05 0.07 0.12 0.10 0.05 
Wet 0.10 0.10 0.09 0.07 0.15 0.60 0.70 
Flooded 0.10 34.50 339.00 393.00 212.00 162.00 151. 00 

Maahas A Moist 0.10 0.10 0.10 0.10 0.10 0.27 0.25 
Wet 0.12 0.12 0.15 0.10 0.15 0.55 O. /+0 
Flooded 0.20 16.57 21.00 36.00 40.50 2.6.00 24.00 

Pila Hoist 0.10 0.12 0.10 0.10 0.10 0.10 O.lO 
Wet O.lO 0.18 0.14 0.18 0.10 0.10 nd 
Flooded 0.10 0.10 0.20 0.25 0.82 1.92 2.37 

Burabod Moist 8.50 0.32 0.20 0.22 0.35 0.25 0.27 
Wet 8.40 6.70 0.44 1.32 1.50 2.23 1.23 
Flooded 7.10 322.50 377.00 121.00 56.00 46.00 61.00 

Appendix Table 37. Kinetics of water-soluble Mn in 4 soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 _1 8 10 12 

regime --------------------- Mn (mg L ) ---------------

Luisiana Moist 26.80 9.47 8.00 16.32 11.30 6.75 3.07 
Wet 20.50 8.65 12.22 20.02 1.35 2.15 1.85 
Flooded 19.90 39.50 125.00 121.50 48.00 28.00 22.00 

Maahas A Moist 2.12 . 0.18 tid 0.05 nd 0.15 0.60 
Wet 1. 95 0.10 nd nd 0.10 0.25 0.40 
Flooded 2.72 45.00 43.50 36.00 31.50 12.15 8.57 

Pila Moist 0,32 nd nd nd nd 0.07 nd 
Wet 0.31 nd nd nd nd nd l1d 
Flooded 0.32 1.35 8.90 19.50 25.00 35.00 32.00 

Burabod Moist 5.07 4.98 3.72 4.25 3.98 3.10 3.12 
Wet 4.52 4.00 3.41 2.87 2.33 1. 27 0.63 
Flooded 3.92 3.95 2.62 0.95 0.48 0.42 0.45 

nd - non-detectable 
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Appendix Table 38. Kinetics of water-soluble Zn in 4 soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Water 0 2 4 6 _18 10 12 

regime -------------------- Zn (mg I, ) ---------------

Luisiana Moist 0.15 0.10 0.12 0.24 0.14 0.13 0.07 
Wet 0.14 0.09 0.18 0.18 0.05 0.05 0.04· 
Flooded 0.18 0.14 0.05 0.06 0.04 0.04 O,Oq 

Maahas A Moist 0.04 0.05 0.06 0.04 0.04 0.04 0.06 
Wet 0.05 0.05 0.05 0.04 0.03 0.03 0.02 
Flooded 0.07 0.06 0.05 0.05 0.05 0.03 0.03 

Pila Moist 0.04 0.06 0.04 0.03 0.03 0.03 0.02 
Wet 0.03 0.04 0.05 0.02 0.03 0.03 0.02 
Flooded 0.03 0.07 0.04 0.03 0.03 0.02 0.01 

Burabod Moist 0.74 0.74 0.54 0.52 0.45 0.44 0.44 
Wet 0.68 0.57 0.50 0.36 0.17 0.27 0.18 
Flooded 0.56 0.45 0.07 0.03 0.02 0.04 0.03 

Appendix Table 39. Kinetics of water-soluble Cu in 4 soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Water 0 2 4 6 -1 8 10 12 

regime -------------------- eu (mg L ) ---------------_ 

Luisiana Moist .040 .010 .015 .020 .012 .015 .010 
Wet .035 .010 .013 .015 .007 .010 .007 
Flooded .030 .018 .020 .010 .007 .007 nd 

Maahas A Moist .020 .022 .013 .010 .010 .007 .007 
Wet .020 .015 .017 .003 .010 .007 .005 
Flooded .013 .057 .020 .007 .013 nd nd 

Pila Moist .070 .043 .040 .033 .035 .025 .030 
Wet .080 .038 .040 .030 .035 .022 .020 
Flooded .075 .058 .055 .037 .023 .010 .010 

Burabod Moist .265 .178 .130 .150 .142 .130 .120 
Wet .240 .140 .110 .095 .077 .064 .047 
Flooded .225 .068 .020 .0lD .010 .010 nd 

nd - non-detectable 
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Appendix Table 40. Kinetics of water-soluble Na in 4 soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil TlTater 0 2 4 6 -1 8 10 12 

regime -------------------- Na (mg L ) ----------_ .... ---

Luisiana Moist 28.7 21.5 24.5 26.5 15.8 16.5 9.2 
Wet 26.0 20.2 29.0 21.5 4.5 2.5 1.5 
Flooded 24.7 25.0 31. 7 31. 7 23.2 19.8 IS .5 

Maahas A Moist 172.5 237.5 199.0 169.0 148.0 IM.O 135.0 
Wet 172.5 237.5 196.0 140.0 90.0 100.0 101.0 
Flooded 193.7 262.5 247.5 2l,0.0 297.0 305.0 299.0 

Pila Moist 81.2 63.0 59.5 55.0 62.0 73.0 64.0 
Wet 8L~. 7 56.5 58.5 42.2 40.8 43.2 32.0 
Flooded 77 .5 82.7 83.2 84.0 66.0 67.0 64.0 

Burllbod Moist 96.7 97.7 78.2 89.0 63.0 6L,.2 59.0 
Wet 90.5 82.8 73.0 57.8 25.7 20.7 15.3 
Flooded 83.7 83.7 66.2 42.7 25.7 25.2 24.0 

Appendix Table 41. Kinetics of water-soluble Si in 4 soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Water 0 2 4 6 -1 8 10 12 

regime -..... -----------.. ~------ 8i emg L ) ----------------

Luisiana Moist 13.0 9.9 14.3 7.9 4.4 5.6 5.5 
Wet 12.8 9.9 19.4 7.5 2.4 2.6 1.2 
Flooded 13.1 6.8 5.0 3.9 3.8 4.1 2.5 

Maahas A Moist 20.6 28.3 28.4 21. 9 18.1 16.5 15.2 
Wet 20.9 28.7 28.5 21..9 14.5 12.7 9.1 
Flooded 21.2 23.3 22.5 21.8 19.2 17.9 13 .7 

Pila Moist 23.6 27.4 25.7 21.9 25.3 25.6 23.8 
WElt 24.9 28.9 29.4 27.4 29.5 28.2 27.0 
Flooded 24.1 30.1 33.7 26.6 27.3 27.9 22.7 

Burabod Moist 32.0 40.5 38.0 28.4 16,2 31.0 33.2 
Wet 31.7 39.5 41.2 29.6 6.4 7.2 4.4 
Flooded 31.5 38.9 23.1 17.9 15.6 21.0 22.0 
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Appendix Table 42. Kinetics of wetter-soluble oxidizable matter in fOtlr 
solIs under moist! ,,'et and flooded conditions. 

Treatment Weeks 
Soil Water 0 2 4 6 -J 8 10 ]. 2 

regime -----~------------- OxM (me L ) ----------------

I,uisiana Moist 13.1 1.3 2.1 1.3 1.3 0.9 0.9 
Wet 13.6 1.5 2.2 1.1 1.0 0.9 0.8 
Flooded 13.9 14.4 20.9 22.1 15.4 10.9 1(1.0 

Maahas A Moist 7.8 2.2 2.4 1.3 1.1 2.1 1.1 
Wet 12.7 2.1 2.5 0.6 0.7 4.3 0.7 
Flooded 12.6 7.8 5.7 5.4 6.0 5.9 6.3 

Pila Moist 15.2 4.8 4.5 2.5 1.9 If .3 1.4 
Wet 15.6 5.8 5.1 1.9 1.9 4.4 ),3 
Flooded ILf.3 9.3 6.9 5.5 3.8 4.7 6. if 

Burabod Moist 16.2 9.9 4.0 1.6 2.0 2.6 2.1 
Wet 15.5 6.9 3.2 1.2 1.1 1.1 1.1 
Flooded 15,6 21.9 21.9 14.0 10.2 11.6 11. 6 

Appendix Table 43. Kinetics of water-soluble Al in two acidic so:!.ls under 
moist. wet and flooded conditions. 

Treatment Weeks 
Soil Water 0 2 4 6 -1 8 10 12 

regime ------------------- Al (mg L ) --------------_ .... 

Luisiana Moist 0.4 0.1 0.4 1.1 0.7 0.6 0.2 
Wet 0.2 0.1 0.5 0.7 0.1 0.2 0.1 
Flooded 0.2 nd nd nd nd nd nd 

Burabod Moist 36.0 27.0 18.5 2l f.O 30.2 24.0 28.0 
Wet 31.5 18.0 16.0 13.0 15.3 11. 0 9.0 
Flooded 27.0 4.0 nd nd nd nd nd 

nd - non-detectable. 
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Appendix Table 48. Analysis of variance for height, tiller number and yields of 
IR43 in four soils under three moisture regimes. 

Mean Sguares 
Source of Height of Tiller No. Dry Matter Yield 
variation df 8 week old of 8 week of 8 week Grain Straw 

plants old plants old shoot yield yield 

Replication 3 19 ns 1.3 ns 4.1 ns 9.5 DS 1.2 
Treatment 11 1217 ** 242.1 ** 635.6 ** 6103.4 ** 3927.7 
Sol.l (8) 3 1802 ** 435.6 ** 1268.1 ** 2868.6 ** 7784.1 
Moisture (M) 2 923 ** 21.3 * 52.9 ** 9811. 2 ** 622.2 
S x M 6 1022 ** 219.0 ** 513.5 ** 6484.9 ** 3101.3 
Error 33 15 4.4 5.4 12.9 20.2 

cv (%) If.IB 11.57 11.35 7.18 7.12 

* ** , 
, Significant at the 0.05 and 0.01 level of probability, respectively. 

ns non-significant at the 0.05 level of probability. 

ns 

** 
** ** 
** 



A Method of Collecting Representative 
Solutions from Moderately Reduced Unsaturated Soils 

Equilibrium saturation extracts serve well as the 

representative solutions of unsaturated soils. To ensure 

equilibration, the unsaturated soils should either be kept 

saturated for enough time or the. quickly drained saturation 

extracts be recycled about 3 times through the so:ils (Kundu et 

al 1987). Since allowing the unsaturated soils under saturated 

conditions overnight is suspected to cause soil reduction, the 

recycling method is recommended for collecting representative 

solutions from aerobic soils. This me UlOd, however. is not 

expected to work satisfactorily for moderately reduced soils as 

the solutions may get oxidized through the process of recycling. 

It was presumed that keeping unsaturil,ted soils under 

saturated conditions for about 12 hours would cause moderate 

reduction of aerobic soil but might not cause further reduction 

of moderately reduced soil. For testing this hypothcsj.s, one 

preliminary experiment was conducted in which tbe changes in 

redox conditions of six unsaturated soils with time after 

saturation was monitored. 

Procedure 

Twelve kilogram portions of each soil were placed in 3 

separate 16 liter glazed porce.lain pots fitted with drainage 

tubes at bottom. Soils in all the pots were brought to the. 

32'") 
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field capacity moisture regime by adding required amount of 

demineralized water. Two bright platinum electrodes ~'ere 

installed in each pot at 12 cm depth. While one pot for each 

soil was maintained at around field capacity, the other two pots 

were maintained at two wetter than the field capacity moisture 

regimes by supplying 2 to 3 irrigations daily. Two weeks after 

these treatments started, Eh of the soils ~ situ were measured 

and found to have achieved three different redox conditions for 

each soil. 

Soils in all the pots were then made saturated (with no 

standing water on soil surface) by adding water and the initial 

Eh values were recorded. Subsequently, e,oil Eh in all the pots 

were recorded at 4, 8 and 16 hours after the saturation. 

Results 

Table 49 shows that regardless of the initial status, redox 

conditions of the Maahas A and Pila soils were not appreciably 

changed by 16 hours of saturation. In the Luisiana soil also, 

the change was not so well marked. In case of the other three 

soils (the Burabod, Rotonda and Maahas B soils), Eh drops due to 

16 hours' saturation were clearly marked under the initially 

aerobic regime and very less marked under the moderately reduced 

conditions. 



Conclusion 

Results of this preliminary experimellt indicate that 

keeping the mOderately-reduced unsaturated soils under 

saturdated condition for about 16 hours would not alter their 

redox status. 

Since it is not certain whether the soils under the well­

drained wet regimes would maintain aerobic or moderately-redul~ed 

conditions, it was considered safe to collect the equilibriuIl1 

saturation extracts from the wet Burabod soil after keeping it 

saturated for 8 hours and from the other soils (Luisiana, Maahas 

A, Pila, Rotonda and Hashas B under the wet regimes) after 12 

hours of saturation. 
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Appendix Table 49. Changes in Eh of six soils with time after 
saturation. 

Soils Time after saturation (hours) 
a 4 8 16 
-------------- Eh (mV) -------------

Luisiana 450 435 424 416 
235 200 ·192 191 
176 167 161. 154 

1'<J"aahas A 552 556 549 512 
385 388 397 396 

95 93 98 98 

Fila 304 304 301 297 
90 78 84 67 
15 22 27 23 

Burabod 596 574 481 395 
295 280 275 268 
269 263 254· 233 

Rotonda 630 620 593 561 
479 455 426 402 
204 202 209 200 

Maahas B 433 377 365 350 
419 396 365 343 
234 205 201 200 
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Appendix Table 50. Kinetics of Eh in six soils under moist, wet and flooded 
conditions. 

Treatment Weeks 
Soil Water 2 3 4 5 6 7 9 11 13 14 15 

regime ---------------------------- Eh (mV) ----------------------

Luisiana Moist 377 346 475 396 491 468 470 448 459 467 325 
Wet 289 353 435 263 449 413 424 417 332 416 329 
Flooded -237 -267 -306 -322 -312 -341 -286 -291 -282 -313 -248 

Maahas A Moist 475 501 595 511 522 468 546 520 429 520 401 
Wet 339 243 376 248 366 320 318 456 10 434 2lf5 
Flooded 223 119 30 -65 -52 -128 -146 -219 -212 -236 -187 

Pila Moist 158 151 230 266 322 350 428 427 443 518 436 
Wet 148 1.69 96 184 155 121 146 208 258 264 226 
Flooded -181 -232 -279 -263 -262 -278 -283 -290 -259 -335 -223 

Burabod Moist 132 -19 122 479 502 550 560 539 563 585 499 
Wet 133 -21 -90 -52 -42 53 399 317 -57 501 445 
Flooded -239 -276 -296 -287 -278 ':"286 -255 -265 -287 -288 -228 

Rotonda Moist 281 416 521 497 523 523 539 547 465 607 516 
Wet 220 201 166 52 205 223 249 73 33 350 256 
Flooded -174 -236 -284 -297 -284 -298 -296 -319 -324 -327 275 

Maahas B Moist 323 431 493 464 466 515 516 510 482 560 478 
Wet 331 396 391 362 377 445 449 413 440 461 419 
Flooded -112 -153 -203 -231 -219 -230 -236 -245 -309 -332 -307 
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Appendix Table 51. Kinetics of solution Eh in six soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Moisture a ? 4 6 8 10 

regime --------------- Eh (mV) ---------------

Luisiana Moist 325 339 305 338 325 29Lf 

Wet 279 222 291 315 273 29] 
Flooded 211 -25 -54 -71 -75 -48 

Maahas A Moist 291 266 259 308 234 179 
Wet 282 260 249 295 221 139 
Flooded 283 82 63 26 -27 -19 

Pila Moist 120 303 220 236 185 127 
Wet 86 288 217 200 170 135 
Flooded 59 115 78 34 -32 -36 

Burabod Moist 440 548 447 452 341 350 
Wet 410 421 331 435 463 353 
Flooded 387 15 17 21 -10 0 

Rotonda Moist 242 364 :130 266 274 214 
Wet 205 254 139 251 220 142 
Flooded 213 32 -41 -85 -124 -J09 

Maahas B Moist 80 323 274 272 193 205 
Wet 70 321 343 269 200 195 
Flooded 60 9 -20 -50 -77 -67 
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Appendix Table 52. Kinetics of solution pH in six soils under moist, 
wet and flooded condit:tons. 

Treatment Weeks 
Soil Moisture 0 2 4 6 8 10 

regime ------------------- pH ----------------

Luisiana Moist 5.24 5.21 4.30 4.32 4.29 4.35 
Wet 5.40 5.92 4.40 4.26 4.44 4.47 
Flooded 5.46 6.49 6.91 6.62 6.64 6.54 

Haahas A Moist 6.30 5.83 5.99 6.01 6.08 6.30 
Wet 6.30 6.24 5.96 6.03 6.37 6.58 
Flooded 6.27 6.46 6.52 6.65 6.82 6.84 

Pila Moist 7.37 6.88 6.70 6.92 6.98 7.l3 
Wet 7.35 6.82 6.71 6.83 6.96 6.87 
Flooded 7.51 6.99 6.82 6.82 6.83 6.75 

Burabod Moist 3.78 3.74 3.88 4.12 4.11 3,97 
Wet 3.78 4.33 4.58 4.20 3.82 3,86 
Flooded 3.86 5.70 5.92 6.06 6.12 6.09 

Rotonda Moist 6.15 5.68 - 5.20 5.66 5.91 5.95 
Wet 6.22 6.23 5.70 5.91 6.13 6.12 
Flooded 6.21 6.47 6.50 6.72 6.94 6.96 

Maahas B Moist 6.52 5.95 6.01 6.15 6.25 6.31 
Wet 6.51 6.02 6.05 6.20 6.47 6.53 
Flooded 6,60 6.76 6.73 6.82 6.86 6,93 
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Appendix Table 53. Kinetics of solution EC in six soils under moist, 
wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 8 ]0 

regime --------------- EC (dS/m) ------------

Luisia.na Moist 1. 69 1.95 3.13 2.87 3.66 2.63 
Wet 1.80 1.77 3.39 3.5tf 3.75 2.79 
Flooded 1.90 2.94 2.19 1.86 1. 69 1.32 

Maahas A Moist 3.20 3.56 2.88 3.20 3.42 2.34 
Wet 3.34 3.49 3.68 3.46 1. 75 1.10 
Flooded 3.33 2.89 2.30 1. 86 3.66 2.73 

Pila Moist 2.64 2.80 3.65 3.93 3.54 2.96 
Wet 2.71 3.70 3.16 2.82 2.28 2.00 
Flooded 2.66 3.41 3.47 3.23 3.13 2.12 

Burabod Moist 2.83 2.67 2.21 1.21 1.19 0.73 
Wet 2.81 3.23 2.69 2.11 1. 71 1. 41 
Flooded 2.84 3.11 1. 61 1.19 1.15 0.90 

Rotonda Moist 1.40 1.95 ··2.45 1. 76 1.55 1. I~ 7 
Wet 1. 25 2.39 1.66 1.09 0.97 0.22 
Flooded 1.34 2.18 2.51 2.58 2.28 1. 99 

Maahas B Moist 1. 98 2.53 2.63 2.12 1.97 1. 91 
Wet 2.04 3.07 2.81 2.40 1.39 1. 28 
Flooded 2.12 2.91 2.56 2.26 2.47 1.85 



330 

Appendix Table 54. Kinetics of water-soluble oxidizable matter in six 
soils under moist, wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 8 10 

regime --------------- OxM (me L- 1) _- ...... ---------

Luisiana Moist 16.4 1.1 2.0 0.8 1.0 0.5 
Wet 19.1 3.2 2.6 0.9 0.9 0.9 
Flooded 18.8 23.0 15.8 14.7 11. 9 11.1 

Haahas A Moist 3.3 1.5 1.9 0.8 1.2 0.8 
Wet 3.5 1.9 2.5 0.8 0.9 0.8 
Flooded 3.1 8.9 1.8 2.3 2.4 3.0 

Pila Hoist 17.4 6.4 6.7 2.7 2.4 2.D 
Wet 19.5 6.4 5.1 2.6 3.1 2.3 
Flooded 16.7 12.0 6.0 6.9 4.5 5.1 

Burabod Moist 22.2 7.8 4.4 1.1 1.1 1.2 
Wet 22.2 10.6 6.7 2.1 2.0 1.7 
Flooded 22.2 23.6 20.2 16.6 14.8 13.5 

Rotonda Moist 7.5 2.3 '2.6 0.5 1.6 O. :' 
Wet 7.5 3.4 2.0 1.0 1.5 0.3 
Flooded 6.4 7.2 6.9 6.7 6.6 7.0 

Maahas B Moist 12.0 1.4 1.6 0.7 0.9 1.0 
Wet 13.0 2.6 2.0 1.1 1.2 0.6 
Flooded 14.0 5.4 4.7 4.7 3.9 5.2 
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Appendix Table 55. Kinetics of water-soluble NH4+-N in six soils under 
moist, wet and flooded conditions. 

Treatment Weeks 
Soil Moisture a 2 4 6 -1 8 10 

regime ------------- NH +-N (mg L ) ----------4 

Luisiana Moist 47.5 45.4 24.9 8.2 1.0 1.0 
Wet 56.4 45.0 2B.1 3.1 1.1 0.8 
Flooded 62.0 73.8 75.8 74.2 64.7 52.1 

Haahas A Moist 18.9 1.6 1.1 1.5 0.6 1.1 
Wet 16.5 8.0 1.3 1.3 0.4 0.5 
Flooded 23.0 22.4 19.2 12.7 1.0 1.1 

Pila Moist 46.5 13.6 5.9 1.7 0.8 1.2 
Wet 39.3 14.2 6.6 3.8 2.9 0.9 
Flooded 42.3 33.8 39.6 33.8 14.2 2.5 

Burabod Moist 164.8 115.0 103.5 56.8 25.2 31.9 
Wet 168.0 125.2 119.6 95.8 30.2 11.5 
Flooded 175.3 109.0 87.7 68.3 63.3 54.2 

Rotonda Moist 16.6 6.0 ·1.8 0.3 0.1 0.3 
Wet 16.4 14.7 10.4 0.21 0.0 0.4 
Flooded 14.7 28.2 37.2 28.0 1.1 0.8 

Maahas B Moist 12.5 1.8 0.5 0.2 0.8 0.4 
Wet 14.5 0.9 0.9 0.4 0.0 0.0 
Flooded 11. 9 18.9 21.0 17.6 1.7 0.9 
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Appendix Table 56. Kinetics of N03--N in the solutions of six soils 
under moist, wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6 -1 8 10 

regime -------------- NO -N (mg L ) ---------,--
3 

Luisiana Moist 0.2 126.0 891.0 939.0 399.0 397.0 
Wet 0.2 69.0 921.0 1131.0 442.0 412.0 
Flooded 0.3 0.0 0.0 0.0 0.0 0.0 

Maahas A Moist 330.0 252.0 678.0 466.0 356.0 172.0 
Wet 350.0 218.0 1123.0 814.0 30.0 1.0 
Flooded 350.0 32.0 20.0 10.0 0.0 0.0 

P:Lla Moist 20.0 150.0 1280.0 725.0 428.0 274.0 
Wet 47.0 198.0 407.0 115.0 79.0 68.0 
Flooded 5.0 5.0 0.0 0.0 0.0 0.0 

Burabod Moist 1.0 0.0 0.0 0.0 0.0 0.0 
Wet 0.8 0.0 0.0 0.0 0.0 0.0 
Flooded 0.9 0.0 0.0 0,0 0.0 0.0 

Rotonda Moist 9.0 129.0 515.0 199.0 74.0 58.0 
Wet 1.0 126.0 83.0 69.0 2.0 0.0 
Flooded 19.0 1.0 0.0 0.0 0.0 0.0 

Maahas B Moist 0.1 199.0 581.0 324.0 102.0 108.0 
Wet 0.1 252.0 607.0 327.0 1.0 0.0 
Flooded 1.0 0.1 0.0 0.0 0.0 0.0 



Appendix Table 57. Kinetics of water-soluble P in six soils under 
moist, wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 -y 8 
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10 
regime ---------------- P (mg L ) -------------

Luisiana Moist 0.43 0.72 0.16 0.15 0.19 0.18 
Wet 0,29 1.27 0.13 0.10 0.14 0.14 
Flooded 0.45 0.01 0.04 0.02 0.08 0.08 

Maahas A Moist 0.45 0.33 0.19 0.22 0.37 0.25 
Wet 0.41 0.50 0.26 0.18 0.30 0.21 
Flooded 0.60 0.46 0.31 0.19 0.29 0.26 

Pila Moist 2.16 2.00 2.00 1.50 1. 54 1.60 
Wet 2.10 2.16 2.20 2.10 2.00 1. 80 
Flooded 2.00 2.20 2.10 1.80 1. 60 1.50 

Burabod Moist 0.38 0.08 0.19 0.04 0.39 0.08 
Wet 0.31 0.12 0.10 0.05 0.19 0.09 
Flooded 0.45 0.25 0.47 0.47 0.85 0.74 

Rotonda Moist 0.78 0.48 .. 0.62 0.41 0.55 0.94 
Wet 0.80 0.96 0.55 0.56 0.57 0.42 
Flooded 1.07 2.85 3.07 3.10 2.11 1. 37 

Maahas B Moist 0.29 0.20 0.22 0.10 0.17 0.20 
Wet 0.33 0.22 0.22 0.10 0.17 0.14 
Flooded 0.27 0.18 0.23 0.17 0.23 0.24 
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Appendix Table 58. Kinetics of water-soluble Fe in six soils under 
moist, wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 6_ 1 8 10 

regime ---------------- Fe (mg L ) -----_ _... __ ._--

Luisiana Moist 0.10 0.15 0.25 0.10 0.15 0.15 
Wet 0.25 1.60 0.18 0.10 0.10 0.15 
Flooded 0.40 260.00 179.00 152.00 132.00 108.00 

Maahas A Moist 0.20 0.10 0.10 0.30 0.10 0.10 
Wet 0.35 0.15 0.27 0.55 0.35 0.50 
Flooded 0.50 1.00 0.95 2.15 8.30 10.10 

Pila Moist 0.20 0.15 0.15 0.25 0.08 0.15 
Wet 0.20 0.12 0.13 0.15 0.10 0.15 
Flooded 0.15 0.35 1. 25 1. 80 2.50 3,00 

Burabod Moist 13.30 2.10 0.45 0.15 2.07 0.35 
Wet 15.20 6.10 5.90 2.70 3.50 11.20 
Flooded 18.40 330.00 78.00 54.00 40.00 32.00 

Rotonda Moist 0.45 0.15 ·0.13 0.10 0.25 0.10 
Wet 0.30 6.20 4.60 1.30 4.25 7.50 
Flooded 0.30 32.80 44.00 54.00 56.00 62,00 

Haahas B Moist 0.35 0.15 0.10 0.05 0.08 0.10 
Wet 0.20 0.10 0.10 0.10 0.03 O. ] 0 
Flooded 1. 20 8.50 20.00 30.00 54.00 48.00 
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Appendix Table 59. Kinetics of water-soluble Mn in six soils under 
moist, wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 §1 8 10 

regime ---------------- Mn (mg L ) -----------.---

Luisiana Moist 32.0 32.0 58.0 72.0 78.0 62.0 
Wet 36.0 34.0 62.0 84.0 72.0 52..0 
Flooded 34.0 154.0 36.0 18.0 11.3 7.9 

Maahas A Moist 0.9 0.6 0.2 0.0 0.1 0.0 
Wet 0.8 0.2 0.1 0.0 0.2 0.1 
Flooded 1.0 3.8 6.1 14.4 50.0 48.0 

Pila Moist 1.6 2.1 0.2 0.0 0.0 0.1 
Wet 1.3 0.5 0.3 0.2 0.6 0.1 
Flooded 1.0 11.8 28.0 34.0 34.0 28.0 

Burabod Moist 11.2 8.5 6.4 2.2 1.5 3.2 
Wet 13.1 9.5 7.5 5.5 6.5 5.6 
Flooded 13.3 10.3 2.9 1.8 1.5 1.2 

Rotonda Moist 6.9 0.3 '0.1 0.0 0.0 0.0 
Wet 5.9 10.9 6.2 0.7 3.9 7.0 
Flooded 5.3 36.0 42.0 40.0 40.0 40.0 

Maahas B Moist B.O 0.2 0.1 0.0 0.0 0.0 
Wet 9.4 0.2 0.0 0.0 0.5 O.l. 
Flooded 11.5 44.0 30.0 20.0 14.0 7.9 
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Appendix Table 60. Kinetics of water-soluble Si in six soils under 
moist. wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 §1 8 10 

regime ---------------- 8i (mg L ) ---------.---

Luisiana Moist 12.6 10.5 15.5 12.7 8.9 9.6 
Wet 12.4 7.9 15.5 15.9 11.8 8.8 
Flooded 12.3 9.6 6.2 5.6 5.6 5.3 

Maahas A Moist 23.3 25.6 26.5 25.4 22.7 19.9 
Wet 24.3 26.4 29.4 27.4 15.7 12.0 
Flooded 25.4 23.1 22.7 19.2 17.2 14.7 

Pila Moist 25.6 25.8 31.1 25.2 21.5 19.4 
Wet 26.5 30.7 31.3 29.3 29.0 24.5 
Flooded 25.3 27.7 31.9 31.4 29.2 21.9 

Burabod Moist 35.2 28.8 28.4 18.1 11. 9 11.5 
Wet 37.5 37.7 34.4 30.3 9.5 8.8 
Flooded 39.0 21. 7 19.9 16.5 17.5 17.2 

Rotonda Moist 22.8 28.6 30.9 22.8 16.9 12.2 
Wet 22.9 31.4 29.1 23.5 8.8 4.7 
Flooded 22.3 27.6 31.2 27.7 11.9 11.7 

Maahas B Moist 26.6 23.5 23.5 21.2 19.0 18.7 
Wet 25.9 24.5 24.9 23.9 19.1 16.5 
Flooded 25.5 21.2 24.0 24.6 22.3 20.1 
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Appendix Table 61. Kinetics of water-soluble Zn in six soils under 
moist, wet and flooded conditions. 

Treatment Weeks 
Soil Moisture 0 2 4 §1 8 10 

regime ---------------- Zn (mg I" ) ---------------

Luisiana Moist 0.07 0.09 0.22 0.24 0.23 0.22 
Wet 0.07 0.08 0.18 0.22 0.23 0.19 
Flooded 0.07 0.07 0.03 0.03 0.04 0.03 

Burabod Moist 1. 00 0,80 0.69 0.46 0.48 0,67 
Wet 1.00 0.90 0.73 0.32 0.30 0.28 
Flooded 1. 02 0.45 0.02 0.02 0.03 0.03 
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Appendix Table 64. Analysis of variance for height. tiller number and 
yields of IR43 in six soils under three moisture 
regimes. 

Mean Squares 

340 

Source of 
variation 

df 
Height of 
8 week old 
plants 

Tiller no. 
of 8 week 
old plants 

Dry matter 
yield of 8 
week old 
shoots 

Grain 
yield 

Straw 
yield 

Replication 2 <1 ns 5.6 ns 2 ns 68 ns 28 ns 

Treatment 17 549 ** 80.6 ** 366 ** 2742 ** 2055 ** 

Soil (8) 5 577 ** 133.1 ** 367 ** 1670 ** 770 t,* 

Moisture eM) 2 1763 ** 118.9 ** 1243 ** 10645 ** 6044 ** 

S x M 10 292 *'* 46.7 ** 191 ** 1698 ** 1900 ** 
Error 34 6 6.0 '5 32 34 

CV (%) 2.41 12.12 9.89 11.27 8.03 

'* ** , significant at the 0.05 and 0.01 levels of probability, respectively. 

ns non-significant at the 0.05 level of probability. 
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Appendix Table 66. Analysis of 'variance for plant height, panicle number, spikelet 
sterility %, 100 grain weight, grain yield and straw yield of two 
rices grown with some amendments in Block UKI under ttilO moisture 
regimes. IRRI Farm. 

Source of Mean Sguares 
variation df Plant Panicle Spikelet 100 grain Grain Straw 

height number sterility weight yield yield 

Replication 3 40.0n8 4.59ns 31ns 0.0056n8 0.034n8 0.038n8 

Moisture 6090.7** 8.33* 7217** 3.0050** 27.938** 4.544* 

Error (a) 3 14.3 0.76 39 0.0087 0.093 0.304 

Amendment (A) 2 4.8n8 1. 27ns ** 8ns 0.0041n8 0.187* 0.915 

MxA 2 2.9ns 3.46ns 42n& 0.0027ns 0.392** 0.670** 

Cultivar (V) 1 3534.5** 4.81n8 397** O.OO77ns 0.750** 24.040** 

MxV 1 686.3** 154.08** 1730** 1. 6170** 17 .136** 11. 534** 

A x V 2 9.0ns 1.34ns 53ns 0.0253* 0.078ns 1. 072** 

MxAx V 2 45.1ns 0.95ns 76ns 0.0029ns 0.030ns 0.540** 

Error (b) 30 18.6 1.45 27 0.0048 0.054 0.096 

CV (a) % 4.65 7.88 17.76 4.43 14.41 12.91 

CV (b) % 5.30 10.84 14.80 3.30 11.03 7.27 

* ** , significant at the 0.05 and 0;01 levels of probability, respectively. 

nSnon-significant at the 0.05 level of probability. 
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Appendix Table 69. Analysis of variance for total Fe, active 
Fe and crude 8i0

2 
concentration in flag 

leaves of two rices grown in Luisiana 
upland with some amendments. 

Source of 
variation 

Replication 

Treatment 

Amendment (A) 

Cultivar (V) 

A x V 

Error 

CV (%) 

df 

3 

11 

5 

1 

5 

33 

Total 
Fe 

1975* 

5206** 

9004** 

6533** 

1143n8 

583 

11.56 

Hean Squares 
Active 

Fe 

13.6n8 

314.3** 

407.0** 

1274.1** 

29.6** 

7.9 

6.23 

Crude 
S102 

5.0** 

16.6** 

1. 7* 

166.9** 

1.4ns 

0.6 

7.51 

* ** , Significant at the 0.05 and 0.01 levels of probability, 
respectively. 

ns non-significant at the 0.05 level of probability. 
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Appendi.x Table 70. Analysis of variance for plant height and tiller number (at 
panicle initiation stage), panicle number, spikelet sterility 
%, 100 grain weight, grain yield and straw yield of two rices 
grown in Luisiana upland with some amendments. 

Source of 100 
variation df Height Tiller Panicle Spikelet Grain Grain Straw 

number number sterility weight yield yield 

Replication 3 29ns 6.5ns 2.77ns 73* 0.024ns 0.180* 0.08ns 

Treatment 11 422** 18.5** 4.85ns 58** O.Ollns 0.733** 0.28* 

Amendment (A) 5 84** 3.8ns 6.15ns 42* 0.007ns 0.227** 0.07ns 

Cultivar (V) 1 3996** 165.0** 11.21ns 271** 0.076** 5.096** 1. 57** 

A x V 5 46ns 3.9ns 2:27ns 31n8 0.002ns 0.366** 0.22ns 

Error 33 19 4.9 2.96 17 0.009 0.049 0.13 

CV (%) 5.30 10.46 11.53 9.14 4.21 7.75 8.32 

* ** , Significant at the 0.05 and 0,01 levels of probability, respectively. 

ns Non-significant at the 0.05 level of probability. 






