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ABSTRACT

Growth and nutrient uptake by rice (Oryza sativa L. cultivar

Saturn) under controlled oxidation-reduction and pH conditiones in a
flooded soil were determined by growing the rice plants under

asrobic (oxidized) and anaerobic (reduced) soil suspensions which were
maintained at different controlled pH values in the laboratory. The
soll used in the investigations was a Mhoon silty clay loam (Typic
Fluvaquent; fine-silty, mixed, nonacid, thermic). Four investigations
were conducted under both aerobic and anaerobic conditiomns to determine
the effects of soil conditions and pH on the growth and uptake of Fe,
Mn, Zn, and P by the rice plants. The influence of ammonium-N,
nitrate-N, and urea-N on the recovery of nitrogen by the rice plants
ware investigated.

Vegetative growth of the rice plants was greater under anaercbic
conditions than under aerobic conditions. Dry weights of the plants
grown under aercbic conditions uniformly decreased as soil pH was
raised from 5.0 to 8.0. Plants grown under aercbic conditions at all
pH levels were chlorotic. The chlorosis was attributed to iron de-
ficiency. A decrease was ocbserved in the dry weights of the rice
plante grown under anaercbic conditions at pH 5.0 and 8.0. Plants
which were grown under anaerobic conditions at pH 6.0 and 7.0 were
normal; however, plants grown at pH 5.0 were abnormal, and this was
attributed to the high level of Fe in the plant tissue. Plant
abnormality was also observed at pH 8.0, and this may have been due to

the high scluble sulfide content of the soil.
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The uptake of Fe and Mn by rice plants grown under aerobic
conditions at pH 5.5 and 7.5 was low and wvas not affected by pH. The
Fe uptake by the rice plante growm under anaerocbic conditions was high
at low soil pH and low at high soil pH. The Mn uptake was apparently
influenced by Fe uptake; Mn uptake was low when Fe uptake was high and
vice versa.

The Zn uptake by the rice plants was higher under aerobic than
under anaerobic conditions. Under both soll conditions, Zn uptake by
the rice plants decreased with each stepwise increase of a pH unit
from 5.0 to 8.0. A sharp decrease in Zn uptake by the rice plants
occurred when the plants were grown under both soll conditions at the
higher pH values. No consistent effect of aerobic and anaerobic con-
ditions on plant uptake of P was observed. The P uptake by the rice
plants under both soil conditions consistently decreased as soil pH
was raised.

Aerobic and anaerobic soil conditions did not consistently in-
fluence recovaries of added labelled ammonium-N, nitrate-N, and urea-N
by the rice plants. Three units increase in soil pH from 4.5 to 7.5
decreased rscovery of added labelled ammonium-N by the plants under
both soil conditions and of added labelled nitrate-N under aerobic
conditions.

Asrobic conditions were indicated by a large positive redox po-
tential value of approximately +640 mv at pH 5.0. Anaerobic condi-
tions vere indicated by a large negative redox potential value of
approximately -280 mv at pH 8.0. An increase or decrease of one pH

unit over the experimental range for both soil conditions resulted in

xiii



a decrease or increase in redox potential close to the theoretical
value of 60 mv, An increase in pH uniformly increased the electrical
conductivity of the aerobic scil. Under anaerobic conditions the
electrical conductivity increased as the pH value was maintained at
lower or higher than the original 6.5 value which was the pH value

of the anaerobic soil before pH adjustment.
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INTRODUCTION

Oxidation-reduction conditions and pH of a flooded soil have a
pronounced effect on solubility of plant nutrients and hence their

availability to rice (Oryza sativa L.,). The physical, biological,

and chemical properties of reduced soils are markedly different from
those of oxidized soils. Generally, better nutrition and grain yields
of rice have beaen observed when rice is grown under reduced soil condi-
tions than when grown under oxidiged conditions. Plants grown under
oxidized conditions often suffer from a deficiency of several essential
nutrients. Plants grown under highly reduced sofl conditions, on the
other hand, may suffer from toxicity of reduction products. Too high or
too low a soil pH likewise causes deficiency or toxicity of certain
essential elements.

Previous workers such as Tanaka and Navaserc (1966a, 1966b,
1966¢c) and Senewiratne and Mikkelsen (1961) have studied several aspacts
of rice nutrition in culture solutions. Other workers have investi-
gated the chemistry of plant nutrients in flooded soils (Ponnamperuma,
1955, 1965) and their transformations under controlled soil oxidation-
reduction conditions (Patrick, 1960, 1964) and also under controlled
soil pH and oxidation-reduction conditions (Gotoh and Patrick, 1972,
1974). Effects of flooded and nonflooded soil conditions on the
growth and uptake of nutrients by rice have also been reported
(Senewiratne and Mikkelsen, 1961). Rice is generally grown under
a wide variation of soil oxidation-reduction and pH conditions.
Additional study is needed to obtain information on the growth and

nutrient uptake by rice grown under various combinations of soil
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oxidation-reduction conditions and pH levels in flooded soils. One
factor which has hampered such a study is the difficulty of obtaining
uniform soil oxidation-reduction conditions due to the heterogeneity
of the soil oxidation-reduction potentials along the soil profile or
along the oxidized and reduced layers of flooded soils.

A laboratory technique was developed for growing the rice plants
in a flooded soil suspension which allowed close control of soil pH and
unfform eoll oxidation-reduction conditions (both aerobic and anaerobic
conditions). The present investigation utilized this technique to
carry out experiments with the following objectives:

1. To determine the effect of aerobic and anaerobic conditions
and pH on early vegetative growth and physiological disorders of rice
in a flooded soil,

2. To determine the effect of aerobic and anaerobic conditions
and pH on uptake of native and added labelled Fe and Mn by rice in a
flooded soil.

3. To determine the effect of aerobic and anaerobic conditions
and pH on uptake of native and added labelled Zn and P by rice in a
flooded soil.

4. To determine the effect of aserobic and anaerobic conditions
and pH on recovery of added labelled ammonium-N and nitrate-N by rice

in a flooded soil.

5. To determine the effect of aerobic and anaerobic conditions
and pH on recovery of added labelled ammonium-N and urea-N by rice in

a flooded soil.



6. To determine the effect of aerobic and anaerobic conditions
and pH on the redox potential, the amounts of acid and alkal{ added to
maintain pH, the electrical conductivity, and the amount of total

sulfide.sulfur in a flooded asoll.



REVIEW OF LITERATURE

A. Effect of Flooding on the Changes in Some Soil Properties
1. Changes in Electrochemical Properties

The three most important electrochemical properties of the soil
that are affected by flooding are redox potential (Eh or oxidation-
reduction potential), pH, and electrical conductivity (Patrick and
Mikkelsen, 1971).

a, Redox potential. The redox potential is the most con=-

venient physicochemical measurement that serves to distinguish an
oxidized soil from a reduced soil (Rodrigo, 1963; Patrick and
Mikkelsen, 1971; and Ponnamperuma, 1972). The redox potential of
the soil 1s determined by the degree of oxidation or reduction of
redox systems in the soil. Oxidized or aerobic soils are character-
{zed by highly positive potentials (+800 to +300 mv) while most
reduced or anaerobic scils, after a few weeks of submergence, have
large negative potentials (+200 to -400 mv). Redman and Patrick
(1965) reported redox potential decreased from high values immediately
after flooding to very low values after 30 days.

Patrick and Mahapatra (1968) suggested four general ranges of
redox potential usually encountered in oxidized and reduced soils.
At pH 7, oxidized soils are characterized by a redox potentfal of
greater than +400 mv, moderately reduced soils from +400 to +100 mv,
reduced soils from +100 to -100 mv, and highly reduced soils from -100
to -300 mv. Pounamperuma (1972) reported that the course, rate and
magnitude of the decrease in redox potential on submergence depend on
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the nature and amount of organic matter, the nature and content of
electron acceptora, temperature and the period of submergence of the
soil.

Patrick and Mahapatra (1968) indicated an approximate redox
potential at which oxidized forms of several inorganic redox systams
became unstable. At pH 7, as the redox potential decreases below about
+320 mv, oxygen disappeared. Nitrate-nitrogen is unatabled at a potan~
tial of about +225 mv. Manganic-manganese is reduced at about +200 mv,
ferric iron at about +120 mv, and sulfate is reduced to sulfide at
about -150 mv. According to Pearsall (1938), redox potential valuesa
lower than +320 to 4350 mv at pH 5 contained ammonfum, ferrous, and
manganous ions, while soils with redox potentials above this range
genarally contained nitrate, ferric and manganic fona. Assuming a
redox potential/pH slope of -60 mv/pH unit, this corresponds to a radox
potential range of +200 to +230 mv at pH 7 (Ey). He considers this
range as & border line between reduced and oxidized soil conditions.

Results of several investigators indicate that the chemical
changes in soils generally occur in the following sequence as the
redox potential decreases: disappearance of oxygen, reduction of
nitrate, reduction of manganese to divalent form, reduction of iron
to divalent form, and reduction of sulfate to sulfide (Aomine, 1962;
Ponnamperuma, 1965; Takai and Kamura, 1966; Turner and Patrick, 1968).

Postgate (1959) demonstrated that the redox potential could be
lowered to -200 mv by the addition of a solution containing 15 ppm of
HZS. Redman and Patrick (1965) reported that iron compounds in the
s0il were active in retarding the decline of redox potential after

submergence. On the other hand, they reported the potential of a



highly reduced soil was increased by the addition of nitrate. The
potential did not fall to ite previouas value until all of the nitrate
was teduced.

b. Soil reaction (pH). Redman and Patrick (1965) found that
aubmergence tended to shift the soil pH to values near the neutral
point. In general, acid soils increased in pH after submergence and
alkaline soils decreased in pH after submergence. Ponnamperuma,
Martinez, and Loy (1966) reported that the increase in pH of acid soils
was largely due to the raduction of iron and related this quantitatively
to the potential of Fa(OH)3-Fe++ system and to Felt activity, while the
decrease in pH of sodic and calcareous soils was related to the partial
pressure of carbon dioxide through the Na,C04-H,0-CO, and CaC03-Hp0-CO5
equilibrium respectively.

Ponnamperuma (1963) found that for each 0.5 pH unit change there
was a 10-fold difference in Fe concentration in the soil solution. He
further stated that rice plants may become Fe deficient at pH values
higher than 7.5 because of a low concentration of Fe++ ion in the soil
solution, as well as the formation of insoluble Fe(OH)3 in the rice
roots.

c¢. Electrical conductivity. Redman and Patrick (1965)

reported that electrical conductivity generally increased upon submerg-
ing the soil. Decreases in elactrical conductivity after submergence
occurred only for soils initially high in nitrate nitrogen. They
indicated that organic matter served to increase electrical conductivity.
Mortimer (1941) attributed the increase in conductance to the

release of F02+'and Hn2+'fram the insoluble hydrated oxides of Fe3+



and Mnl"", the accumulation of NHI, and in calcareocus soil, to the

ralease of CnH

as & result of the solubilization of CaC0, by CO;.

IRRI (1967) reported that increase in electrical conductivity
beyond 4 mmhos/cm makes the conditions unfavorable for the healthy
growth of rice.

2. Changes in Chemical Properties

Drastic changes in the chemical propertiea of a soil occur in
flooding. Among the chemical changes that take place when a soil is
kept flooded are: a) an accumulation of ammonia, b) an increase in
solubility of Mn, c¢) an increase in solubility of Fe, d) an increase

in solubility of P, e) a reduction of sulfate, and f) & decrease 1in

solubility of Zn,.

a, Accumulation of ammonia. The mineralization of organic

nitrogen in aubmerged socils stops at the ammonia stage because of the
lack of oxygen to carry on ammonium oxidation to nitrite and nitrate.
For this reason ammonia accunulates in anaerobic soils.

Tuaneem and Patrick (1971) found that the initial rapid increase
and subsequent decrease in ammonium accumulation under waterlogged
conditions as compared with optimum moisture conditione, were attributed
to the low nitrogen requirementa of anaerobic metabolism and to subse-
quent nitrogen loss respectively.

Redman and Patrick (1965) reported that flooding the soil resulted
in large increases in ammonia content. Addition of 0.25 percent corn
leaves further increased the production of ammonia. All soils reduced
nitrate nitrogen under submerged conditions. Added organic matter
generally increased the nitrate reduction rate. Patrick and Wyatt

(1964) found a considerably higher rate of inorganic nitrogen release



in waterlogged soils than in well-drained soils. In a number of soils,
Waring and Bremmer (1964) observed a more rapid rate of net mineraliza-
tion under waterlogged than under aerobic conditions.

According to Waring and Bremner (1964) and Broadbent and Reyes
{1971), inorganic nitrogen is released in large quantities and faster
in anaercbic soils than in aerobic soils because less immobilization
of nitrogen occurs in anaerobic media. Patrick and Wyatt (1964)
observed that nitrogen mineralization under reduced conditions was
considerably higher than that under oxidized conditions. The higher
rate of mineralization in reduced soil was attributed to the increase
in pH of the soils brought on by submergence.

Patrick and Tuaneem (1972) reported an appreciable losa of
labelled nitrogen occurred in flooded solilas exposed to atmospheric
oxygen. Nitrogen added as ammoniunm was apparently nitrified in the
aerobic surface layer of soil and then diffused downward into the
underlying anaerobic zone when it was denitrified and lost from the
aystem,

The main transformations of nitrogen in submerged soils are
accumulation of ammonia, denitrification, and nitrogen fixation. These
trans formations have an important bearing on the nutrition of rice.
Transformations of nitrogen with the emphasis on submerged paddy soils
have been extensively reviewed during the past decade (Patrick and
Mahapatra, 1968; Ponnamperuma, 1972; Tusneem and Patrick, 1971).

b. Reduction of manganese. Manganese is an essential eleament

that undergoes a marked increase in solubility upon flooding. The

release of manganese into the soil solution precedes that of iron



because manganese is more readily reduced and rendered more soluble
than 1iron.

Mandal (1961) showed that manganese entered into the exchangeable
complex and also appeared in soluble form much eiarlisr than iron. He
pointed out that transformations of manganese in flooded soil is similar
to that of iron but the degree and intensity of transfonnation varies
owing to its higher redox potential than iron. Redman and Patrick
(1965) reported approximately six times as much manganese was extracted
from anaerobic soil after 30 days submergence as under air-dry conditions.

Turner and Patrick (1968) reported that exchangeable manganese in
Crowley silt loam increased from about 20 ppm to 280 ppm after 7 days of
submergenca. They also reported that the conversion of easily reducible
manganese to the exchangeable form in an anaerobic soil was greatest
when the redox potential decreased to about +200 my. In an aerobic
8oil, no exchangeable manganese was present above a pH of 6. In an
anaerobic soil, exchangeable manganese was present up to pH 11. They
further found that manganese began to be reduced at a redox potential of
+400 mv and was essentially completely reduced at a redox potentfal of
4200 mv. Singh (196%9) reported that flooding increased the availability
of manganese in acid soils to such a high level that it became toxic
and caused a bronzing disease to the rice plants.

Manganese transformations in flooded soils as affected by Eh-pH
relationships have been examined by various workers (Bohn, 1968, 1970;
Collins and Buol, 1970a, 1970b; Ponnamperuma, Loy, and Tianco, 1969;
Takai, 1961; Turner and Patrick, 1968). Most of these studies have
been theoretical in nature, probably as a result of the difficulty in

controlling both Eh and pH in biologically dynamic aystems. Gotoh and
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Patrick (1972) studied the distribution of different forms of manganese
in flooded soil over a wide range of closely contrclled Eh-pH conditions
and concluded that the Eh and pH of flooded soils provide general
control of manganese transformation. They reported that at pH 5 almost
all of the soil manganese was converted from reducible to the water-
soluble plus exchangeable fraction even at redox potential as high as
+500 mv. In sharp contrast, at pH levels between 6 and 8, most of the
conversion took place at relatively low redox potentials of +200 to
+300 mv.

c. Reduction of ifron. The most important chemical change
that takes place when a 801l is flooded 18 the reduction of iron and
the accompanying increase in its solubility.

It is well established that flooded soils are subject to a
succession of iron transformations from the ferric to ferrous state
under reducing conditions caused by a wide variety of facultative
anaerobic soil bacteria (Starkey and Halvorson, 1927; Allison and
Scarseth, 1942; Bromfield and Williams, 1963; Takai and Kamura,

1966; Ottow and Glathe, 1971).

Redman and Patrick (1965) reported that large quantities of iron
ware released in the ferrous form as a result of submergence. Addition
of organic matter usually increased the release of iron. Anaerobic
soils and sediments have much more Fe in solution—approximately 50 to
100 parts per million (ppm), compared to leas than 1 ppm in aerobic
scils (Gotoh and Patrick, 1974).

Turner and Patrick (1968) reported that exchangeable ferrous fron
increased from about 5 ppm to 360 ppm in a Sharkey silty clay after 7

days of submergence. According to Ponnamperuma (1965), the reduction
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of iron in a waterlogged soil fs favored by: 1) the absence of sub-
stances at a higher level of oxidation, such as nitrate and manganese
dioxide, 2) the presence of readily decomposable organic matter, and
3) a good supply of active iron.

Ferric iron compounds which predominate in well drained soils
are reduced to a wmore soluble ferrous form when a soil is waterlogged
(Starkey and Halvorson, 1927; Alexander, 1961; Takai and Kamura, 1966),
According to Kamoshita and Iwasa (1959), and Ponnamperuma, Tianco, and
Loy (1967), the most commonly occurring iron compounds in flooded soils
may be Fe30, (hematite), and such ferric oxyhydroxides as Fe (OH) 5 °nHp0
(amorphous ferric oxyhydroxide), e -FeOOH (geothite),Y -FeOOH (lepidoro-
cite), and F¢3(0H)8, (ferrosoferric hydroxide) which are likely
involved in the redox equilibria.

Patrick (1964) reported extractable iron in flooded soil was
largely present in the ferrous form at redox potentials below +200 mv.
Ferrous iron increased greatly with a decrease in redox potential
below +200 mv. Motomurs (1969) reported that the reduction of ircon
compounds depends on the factors such as the content of easily decom-
posable organic matter, amount of free iron oxides, redox potential and
pH. Temperature below 10°C slowed down the proceas of reduction, but
the same above it enhanced the process. The presence of nitrate-nitrogen
ratarded the reduction of firon whereas the presence of sugar hastened 1it.

1t has been reportead that a decrease in redox potential increases
the concentration of ferrous iron and that bacteria play a principal
role in iron transformation (Ignatieff, 1941; Bloomfield, 1949; Bradley
and Sieling, 1953). Patrick (1964) noted a large release of ferrous

iron when redox potential fell below +200 mv. He attributed this
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increase in ferrous iron to the reduction of insoluble ferric compounds
which were unstable at this reducing potential,

Critical redox potential at which iron is released in flooded
soils has been reported. Pearsall and Mortimer (1939), Takai and
Kamura (1966), and Gotoh and Yamashita (1966) reported values of +350
mv, +200 mv and 4280 mv, respectively, Patrick (1964) found that
soluble iron began to increase when the redox potential decreased to
about +150 mv and continued to increase with a further decrease in redox
potential. Gotoh and Patrick (1974) studied the distribution of differ-
ent forms of iron in a waterlogged soil over a wide range of closely
controlled redox potential and pH conditions. They found that increases
in water-soluble and exchangeable iron were favored by a decrease in
both redox potential and pH. They reported that the critical redox
potentials for iron reduction and consequent dissolution was betwaen
4300 mv and +100 mv at pH 6 and 7, and -100 mv at pH B, while at pH 5
appraciable reduction occurred at +300 mv. They further reported that
water-soluble iron accounted for 767 of the water-soluble plus exchange-
able fraction under the most acid conditions in combination with the
most reduced conditions (pH 5 and Eh -250 mv), At pH B, the correspond-
ing value was only 4% at a redox potential of -250 mv,.

d. Change in phosphate solubility. Most reports in the
literature indicate that submergence brings about an increase and
subsequent decrease in solubility of phosphorus in the soils. The
increase in solubility of phosphate in soil brought on by submergence
has usually been attributed to: a) displacement of phosphate from
insoluble ferric and aluminum phosphates by organic anions (Bradley

and Sieling, 1953), b) the reduction of insoluble ferric phosphate
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transplanting. The daily average Eh values under aerobic conditions
were +608 and +480 mv; under anaerobic conditions, -106 and -243 mv
for the two pH levels, respectively. A stepwise increase in one pH
unit resulted in a decrease of 64 mv and 68 mv under aerobic and
anaerobic soil conditions respectively. The magnitude of Eh values

of aerobic and anaerobic soils found in this study were similar to the
one found in the previous study, where the same pH levels were

maintained.

2, Effect of Aerobic and Anaerobic Conditions, pH Level and

Nitrogen Source on the Amounts of Acid and Alkali Added

The effect of aerobic and anaerobic conditions, pH level, and
nitrogen source on the amounts of acid and alkali added is shown in
Figures 26a and 26b,

In general, soil oxidation-reduction conditions, pH levels, and
nitrogen sources had a marked effect on the amounts of acid and alkali
added to maintain soll pH values of 5.5 and 7.5.

Ammonium sulfate-treated soil required higher amounts of NaOH but
lower amounts of HCl to maintain its soil pH level than did urea-treated
80oil regardless of soil oxidation-reduction conditions and pH levels.
The data showed approximately 2 meq of NaOH per 100 g soil higher were
required to maintain soil pH level at 7.5 for ammonium sulfate-treated
soil than for urea-treated soil. 1In contrast, urea-treated soil
required approximately 2 meq of HCl per 100 g soil higher to maiantain
s0il pH level at 5.5 than did ammonium sulfate-treated soil,

An explanation for higher requirement of NaOH and lower require-
ment of HCl for ammonium sulfate-treated soil than for urea-treated

soil was deduced from the difference in the chemical reaction of these
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DeLaune and Patrick (1970) reported urea hydrolysis to ammonia
proceeded at approximately the same rate in 1/3 bar moisture (aerobic)
an& in waterlogged (anaerobic) soil conditions.

An explanation for the general decrease in the NHZ—N content of
aerobic and anaerobic soils (Figures 27a and 27c) is deduced from plant
uptake of nitrogen. However, a sharp decrease in NHZ-N contents of
aerobic soil (Figure 27a) was due not only to plant uptake, but also to
nitrification. Part of the nitrate so produced was also taken up by
the plant, the remaining nitrate accumulated. Elemental N loss under
the completely aerobic and anaerobic soil systems being employed in
this study was unlikely (Tusneem and Patrick, 1971).

It should be noted that the amount of total {inorganic (NHzLN +
NOE-N) nitrogen remaining in the soil at the end of a 15-day period
under aerobic conditions and the amount eof inorganic (NHZ-N) nitrogen
remaining in the soil at the end of the same period under anaerobic
conditions did not differ appreciably. It is expected that approxi-
mately the same amount of inorganic nitrogen would have been taken up
by the plant under these two oxidation-reduction conditions, regardless
of nitrogen sources applied and pH levels, It is further expected that
larger amounts of plant nitrogen would have been derived from added

nitrogen sources than from soil nitrogen, because of the low loss of

added nitrogen in the soil system under study.

5. Effect of Aerobic and Anaerobic Conditions, pH ievel, and

Nitrogen Source on Dry Matter Weight of the Rice Plants

The effect of aerobic and anaercobic conditions, pH level, and
nitrogen source on shoot weight, root weight, and shoot/root ratio of

the rice plants is shown in Figures 28a, 28b, and 28c. There were
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marked differences in the weight of shoots of the plants which were
grown under ammonium sulfate-treated aerobic and anaerobic soils at
pH 5.5 as compared with slight or no differences observed among other
treatments in which either ammonium sulfate or urea was applied at
pH 5.5 and pH 7.5. Aerobic soll conditions produced greater shoot
weight than did anaerobic soil at pH 5.5 where ammonium sulfate was
applied. This result agrees with that obtained from previous experi-
ments in this study in which the same source and amount of N was
applied. An explanation for smaller shoot weight of plants grown under
anaercbic soll as compared with aerobic soil at low pH in this experi-
ment was deduced from higher electrical conductivity values of soil
under anaerobic conditions. However the change in soil electrical
conductivity values obtained from other experimental conditions were
not consistent with the corresponding change in the shoot weight, The
greater shoot weight of the plants grown under aerobic soil as com-
pared with anaerobic soil at an early growth stage agrees with the
finding of Senewiratne and Mikkelsen (1961). Except for the high
shoot weight of planta grown under ammonium sulfate-treated aerobic
soil at pH 5.5, which was discussed above, there appeared to be no
differences among the shoot weights in the plants grown under other
experimental conditions.

In spite of the differences in the shoot weight, no differences
in the root weight was observed for the ammonium sulfate-treated aerobic
and anaerobic soils at pH 5.5, as is shown in Figure 28b, The root
weights of plants grown under anaerobic soil, regardless of nitrogen
sources and pH levels, were all equally high., The higher root weight

of the plants grown under anaerobic soil than under aerobic soil was
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due to better root proliferation under reducing soil conditiones as
compared with oxidizing soil conditions. Better root proliferation
may be due to the role of the root in overcoming reducing toxic
conditions.

Figure 28c shows the effect of aerobic and anaerobic soil condi-
tiona, pH levels and nitrogen sources on shoot/root ratio of the rice
plants. Nitrogen sources and pH levels did not seem to have any effect
on the shoot/root ratio. On the other hand, soil oxidation-reduction
conditions had a marked effect on the shoot/root ratio. Aerobic soil
produced greater shoot/root ratio than did the counterpart anaerobic
soil. As pointed out above, this was apparently due to generally lower
root weight of the plants which were grown under aerobic soil as com-
pared to anaerobic soil. There appeared to have been no appreciable
differences in the shoot/root ratio among the aerobic soil and among

the anaerobic soll conditions,

6. Effect of Aerobic and Anaerobic Conditions and pH Level

on Recoveries of Applied Labelled Ammonium-N and Urea-N

by the Rice Plants

The effect of aerobic and anaerobic conditions and pH level
on percent recovery of applied labelled ammonium=N and urea~N by the
plant tissue and in soil organic and soil inorganic nitrogen fractions
is shown in Figures 29a and 29b,

In general, recovery of added labelled ammonium and urea nitrogen
in the plant was relatively low, ranging from approximately 21.5 to
41.1%. Recovery of added labelled nitrogen in previous experiments in

15

which the same source of "“N enriched ammonium sulfate was applied

ranged as high as 60 to 807.



% Recovered of Added 'ON

90 a Aerabic b Anaerobic
- [Jorganic N 1T
- 15N
80 inorganic N - . AS=Ammonium Sulfate - -
D 9 UR=Urea - ©N
70 L[ijPlant N - _ ~
GOL - = _'| m -
50 - o ﬁ
401 - - -
20 d b
H |
e
0 d § 1 1 Bl ks 3 [ g 2%
AS AS UR AS UR
pHS5.5 pHZ.S pHSS pH75
Figure 29, Effect of aerobic (a) and anaerobic (b) conditions on recoveries of added labelled

ammonium and urea nitrogen by soil organic and inorganic nitrogen fractions and by
the rice plant at pH 5.5 and 7.5.
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