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ABSTRACT

Carbon and nitrogen mineralization and phosphorus
and potassium status were studied during incubation of soil
under constant moisture levels between air-dry and water-logging,
and a2lso when low moisture levels were raised to field capacity
or water~logging and high moisture levels were lowered to field
capacity.

The effect of soil moisture level on carbon and
nitrogen mineralization at different soil pH levels and on
carbon and nitrogen mineralization and phosphorus and potassium
status in the presence of added organic matter was studied in
incubation tests.

Total nitrogen balances were studied in incubation
" tests in a soil of different pH, and moisture levels, and with
different organic matter and inorganic nitrogen treatments.
Total nitrogen balances were also studied in pot tests under
rye-grass and rice plants receiving different inorganic nitrogen 5
treatments during growth at different soil moisture levels.

rhe performance of the rye-grass and rice tops which
had been used for the total nitrogen balance studies above was
studied and so was the effect of the moisture and nitrogen
treatments on the pH of the soil after cropping.

The effect of the height of water of submergence
on the performance of whole rice plants and the effect

of the length of period of soil storage under 'upland" and



ﬁateréiégged méié%ﬁfe regimes pfiofuto ffansplanfing on fhé
ﬁéffoi@anée of wﬁble rice seedlings, were studied. ”
| The effect of the period of air-dry sforagé of éaiié

prior to wetting arnd incubation or cropping on carboi and
nitrogen mineralization or onh rye-grass performance was Sﬁﬁaiéai

The effect of alternate webtting to different moisture
levels dqring incubation and air-drying on mineral nitrogen,
phqséhprus_and potassium status of soils and the effect of
aifefﬁéting 501l moisture between different levels compared
with maintaining constant levels on the performance of rye-

grass were studied.



DEDICATION

Dedicated to both my wife and mother.



ACKNOWLEDGEMENT

The author expresses his gratitude to
Dr. A. H. Cornfield, Ph.D., D.I.C., F.R.I.C., under
whose supervision and guidance this investigation
was conducted.

The author also expresses his appreciation of
the help given in various ways by the staff of the
Agricultural Chemistry Laboratory.

Finally, the author is grateful for the finamcial
help supplied by the Federal Nigeria Government during

the course of this investigation.



CHAPTER T.

Introduction

Review of Literature.

(A) General
(B) Soil moisture

and

and respiration

(C) Soil moisture
(D) Soil moisture
(E) Soil moisture
(F) Soil moisture
(6) Soil moisture
(H) Soil moisture

Conclusions

CHAPTER II.

and
and
and
and
and
and

Outline of present work
Analytical methods.

CONTENTS

soil micro-organisms

soil nitrogen

s0il phosphorus

soil potassium

other nutrients

crop yields

nutrient uptake by plants

 (4) Soil chemical analysis.

(1) Mineralized carbon

Extraction of nutrients

(2) Mineral nitrogen
(3) Available phosphorus
(L) Available potassium

(5) Soil organic carbon
(6) Total nitrogen in the soil

£dded NOgz-N recovery from
a 2mm-sieved soil

Experiment:

Experiment:

(7) Soil pH

Ilimination of nitrogen
losses during the drying

of

alkaline soils

&
m\.ﬂb«!‘ule

21
26
32
3l

L6

L9
51

51

51
51
52
53
5L
5L
55

55

57
65



(8) Carbonate content of the so0il

(B) Soil mechanical analysis.

(1) Clay, silt and sand fractions
(2) Moisture content of the soil
(3) Moisture characteristic curves of soils

(C) Analysis of plant material for nutrients.

Page.

66
66

66
66
66

Comparison of Kjeldahl and wet digestion methods

with their salicylic acid modifications

CHAPTER III.

Introduction

The effect of varlatlons in the soil moisture
content (air-dry to water-logging) on the

mineralization of carbon and nitrogen and the
availability of phosphorus and potassium.

l. Mineralized carbon.
(a) Soil moisture content, 0-133% m.w.h.C.

(b) Chanre of original soil moisture levels
to 50% m.w.h.c. or to water-logging

2, Mineralized nitrogen.

(a) Soil moisture content, 0-133% m.w.h.c.

(b) Change of original soil moisture levels
to 50% m.w.h.c. or to water-logging

3. Availability of phoasphorus.

(a) Soil moisture content, 0~-133% m.w.h.c.

(b) Change of orlglnal goil moisture levels
to 50% m.w.h.c. or to water-logging

L. Availability of potassium.

(a) So0il moisture content, 0-133% m.w.h.c.

(b) Change of original soil moisture levels
to 50% m.w.h.c. or to water-logging

General Discussion

Gonclusions

69

82

86
86
90
98
98

105
117
117,

121
l2h
12L
129

132
136



CHAPTER IV.

Introduction

(A) Effect of soil moisture levels on the

mineralization of carbon and nitrogen in
501l 1 (Harlington soil) brought to different

(B)

Page.

139

pH levels and incubated.

1. Carbon mineralization
2. Nitrogen mineralization
General discussion

Bffects of soil moisture levels on carbon
and nitrogen mineralization and avail-
ability of phosphorus and potassium when
straw and compost are added to the s011

~during incubation.

1. Carbon mineralization

2. Nitrogen mineralization

3. Availability of phosphorus

L. Availability of potassium
General discussion

Concluaions

CHAPTER V.

Introduction

(4)

Effect of soil moisture level on the total
nitrogen balance in the soil during

incubation at different pH levels and with
added NH,-N or NOs-N and oat-straw or

compost.
1. Results

(1) Treatments without added inorganic
nitrogen

(ii)Treatments with added inorganic
nitrogen

1.0
L1
1h6
153

155

157
161
167
171
175

178

182

18L
186

186

189



2. Discussion

(i) Treatments without added inorganic
nitrogen

(ii)Treatments with added NH,-N
(iii)Treatments with added NOg-N
(B) The effects of soil moisture level on the

total nitrogen balance in the soll under
rye-grass and rice crops in pot tests with

added NH,~N.-and NOs-N.
1. Results
2. Discussion
General. discussion
Conolusions. .

CHAPTER VI.

The effect of soil moisture level on the
performance of (A) rye-grass and (B) rice

crops grown in pots and given different

nitrogen treatments
Introduction

Materials and Experimental Methods
(A) Rye-grass

(i) Results
Dry-matter yields
Nitrogen uptake
Phosphorus uptake
Potagsium uptake

(ii) Discussion
Dry-matter yields
Nitrogen uptake
Phosphorus uptake
Potassium uptake

Page.

1192

192
195
198

199
203
206
211
213

216
216
217
218
218
218
219
221
2292
223
003
226
227
230



Page.

(B) Rice. 231

(1) Results o 231

Dry-matter yields 232

Nitrogen uptake 233

Phosphorus uptake 233

Potassium uptake 23b

(ii) Discussion 235

Dry-matter yields 235

Nitrogen uptake 237

Phosphorus uptake 0328

Potassium uptake 2L0

Percentage content of nutrients 241

(i) Results ' 2R1

(A) Rye-grass ou1

(B) Rice 2Li2

(ii) Discussion oLl

(A) Rye-grass ohh

(B) Rice oLy

Efficiency of added nitrogen utilization 251

Changes in soil pH after cropping 253

General discussion 255

Conclusions 257
CHAPTER VII.

Introduction 262

(4A) The effect of height of water of sub-
mergence during growth in pots on the

performance of rice plants 263
Dry-matter yields and nutrient uptake 26L
(1) Results 26l
Dry-matter yields 265
Nitrogen uptake 265
Phosphorus uptake _ 266
Potassium uptake 266

(ii)Discussion . 268

~



Page.

Nutrient % in the plant 273
(i) Results » 273
(ii) Discussion 275

(B) The effect of length of period of storage
© under "upland’ moisture and water-logged
conditions prior to cropping on the per-

formance of transplanted rice seedlings. 278
(i) Results 280
Dry-matter yields 280
Nitrogen uptake 282
Phosphorus uptake 283
Potassium uptake ' 28L

(ii) Discussion 286
Nutrient % in the seedlings 289
(i) Results 289
(ii) Discussion 292
General conclusions . 29L

CHAPTER VIII.

Introduction » 296

(A) The effect of length of period of air-dry
storage of goils prior to wetting and in-
cubation on carbon and nitrogen mineral-

ization. 297
(1) Results . 298
Carbon mineralization 298
Nitrogen mineralization 301
(ii) Discussion 300

(B) The effect of length of period of air-dry
storage of soils prior to crovping on the

performance 0f rye-grass. 311
Results 313
Discussion 316

Conclusions 321



CHAPTER IX.
Introduction
(A) The effect of alternate wetting and air-

drying of soils on the mineralization of
nitrogen and the availability of phosphorus

and potassium.

1. NH,-N and NOg-N
2. Phosphorus
3. Potassium

(B) The effect of raising and lowering soil
moisture compared with continuously
maintaining moisture levels under growing
cron, on the performance of rye-grass.

(1) Results

1. Dry-matter yields
2. Nitrogen uptake

3. Phosphorus uptake
i, Potassium uptake

(ii) Discussion
Conclusions

CHAPTER X.

(A) General summary
(B) Final conclusions

References.

3oL

325

326
333
338

3Ll
3h2

3L3
3h3
3u5
316

37
351

356
36l



CHAPTER T

INTRODUCTION AND REVIEW OF LITERLTURE



INTRODUCTION

Water is the most abundant compound on earth
and is a vital constituent of all living mattei'°
Although its molecule is one of the simplest known,
water plays ite most vital role in all biological and
most of the physical and chemical processes in nature as
a result of the unique properties and characteristics
of this molecule.

The molecular structure of water is character-
ised by high dipole moments and hydrogen bonding which
account for its physical properties of existing in
gaseous liquid and solid states under natural conditions,
vigcosity, adhesion, cohesion and surface tension, which
determine its retention and movement through porous media
such as the soil and plant tissues. They also account
for its chemical properties of acting as a solvent for
organic and inorganic compounds, both by hydrogen bonding
and by acting as a medium for the dissociation of electro-
lytes and the ability of the water molecule to dissociate
into a positively charged hydrogen ion and a negatively
charged hydroxyl ion by which it takes part in important

chemical reactions in nature.
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Taking the soil as one of the media in which

water plays these physical and chemical roles, soil
water is ultimately derived from rainwater, but,
depending on the mineral and organic\constituents of
the so0il and their size and spatial disposition, and
on the hydrologic and thermodynamic gradients between
the ground water, the soil and the atmosphere, only a
relatively small proportion of rain water is retained
in the soil, the rest seaping or running off into
rivers and lakes. The amount of water retained by
the so0il when different thermodynamic and hydrologic
equilibria have been established can be split into
three categories, viz. hygroscopic, capillary and
gravitational soil water.

The aim of this work is to study the
metabolism and chemical behaviour of four major
plant nutrients, carbon, nitrogen, phosphorus and
potaséium in the soil under these categories of soil
moisture regime and how these phenomena are reflecﬁed

in the uptake of the last three nutrients by plants.
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REVIEW OF LITERATURE

A large amount of work has been done on various
aspects of plant nutrition in relation to the soil
moisture content and this review covers the following
aspects:-

(A) General.

(B) So0il moisture and soil micro organisms and
respiration.

(¢) Soil moisture and soil nitrogen.

(D) Soil moisture and soil phosphorus.

(E) Soil moisture and soil potassium.

(F) Soil moisture and other soil nutrients.
(G) Soil moisture and crop yields.

(H) Soil moisture and nutrient uptake by plants.

(L) General

Davy (1813) cited 'Virgil in the first book of
the Georgics as mentioning the improvement of lands by
burning to be known to the Romans. From 1880 to 1920
several workers studied the effects of drying, heating
or'sterilising soll on the solubility of its constituents
and on its productivity.  Among those who worked on the
effects of air- or oven- drying of soils may be mentioned
Warrington (1882), Frank (1888), Tacke (1897), Tacke
and Immendorf (1898), Whitney and Cameron (1903), King
(1905), Hilgard (1906), Rahn (1907), Ritter (1912),



L.
Fischer (1912), Leather (1912), Buddin (191L), King (191L),
Kelley and McGeorge (1913), Ehrenberg (1915), Christensen
(1917), Beaumont (1919) and Noyes (1919). Their results
were not consistent but agreed broadly that not only was
drying and heating of soils for better crop production
an ancient farming method but that they could still be
used to increase the sclubility of soil constituents and
crop yields.

After 1920 only very few workers studied the
effects of soil drying on soil constituents before the
second world war, and among those few were Gustafson (1922)
and Lebedjantzev (192L) who studied the effects of drying
and heating on the solubility of soil constituents and
on soil productivity. Like the earlier workers, they
both found increases with drying or héa‘bing. So did
Steenkamp (1928) who, after dehydrating soils concluded
that drying was a natural factor in trahsforming plant
nutrients from an unavailable to an ‘available form.

In an attempt to explain these results,
Gustafson (1922) and Comber (1922) were both of the
opinion that colloidal changes brought about by drying
were responsible. Recently Kanehiro and Sherman (1956)
and Kanehiro and Chang (1956) reported that drying

reduced the exchange capacity of Hawaiian soils.
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Puustjarvi (1957) found that soil exchange capacity on
drying was increased with some soils and decreased with
- others, Huddleson (1957) on the other hand found no
significant difference in the cation exchange capacity
between moist and dry soil samples.

With regard to cycles of wetting and drying
soils, Beaumont (1919) found that a single drying of the
s0il produced as much effect on collcids as did repeated
dryings and wettings. ILebedjantzev (1924) found similar
results with regard to increasing cror yields while
Birch (1958) found them for the magnitude of organic matter

decomposition.

(B) Soil moisture and soil micro-organisms and respiration.

As the greater part of the bodies of micro-
organisms is made of water, they are more or less dependent
on water for reproduction and vital activities, but the
. amount of water they require in their environments to
carry out these processes may vary.

Gorbunov and Tokarev (1946), Bartholomew and
Norman (1946), Bartholomew (19L7), Fehér (19L9), Bartholomew
and Norman (1953), Feher and Menninger (1953), Weissenberg
(195L4) showed that the rate of decomposition of orgenic

matter and the numbers of micro-organisms in the soil



increased with increasing moisture level up to or near

the saturstion point. Manninger (1957) confirmed this
and correlated the R values of Feher (R = water content

of soil x temperature) with the microbial numbers, while
Douglas and Tedrow (1959) found the rates of decomposition
of the organic matter of saturated field soils of the
Arctic region to depend entirely on temperature. In
incubation, however, like Manninger (1957) they found the
rate of decomposition to depend on both temperature and
moisture content of the soil. .

Although Tchan and Whitehouse (1953) confirmed
the increase in the numbers of micro-organisms with increase-
ing moisture levels, they, as did Rovira (1953), found
about 65% of the total population of micro-organisms
survived the air-drying of soils.

On the other hand, Bhsumik (1948) and Clark (19L7)
had reported depressed carbon dioxide production by
bacteria and actinomycetes with rise in so0il moisture and
greater microbial populations in drier soils. This was
confirmed by Stover (1953) who found the optimum soil
moisture to be 15% of the water holding capacity for
species of Fusarium and actinomycetes, but he found the
optimum for bacteria to be 75% of the water holding

capacity.
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Frercks énd Puffe (1957) and Hesse (1961)
reported increased respiration and orgenic matter
decomposition on draining or drying and rewetting
saturated or water logged soils, while Rakhno (1960) found
the greatest increase in bacterial numbers under suk-zero
temperatures to occur at about 30% soil moistﬁre. He
however found no increase at 7% soil moisture.

Katznelson and Stevenson (1956) observed no
effect on microbial activity as measured by nitrogen up-
take by variations of soil moisture content above field
capacity. Frercks and Puffe (1957) confirmed this for
moor soils of high water retention which expanded on
wetting and thus were not as compacted as wetted sandy
80ils, for which they found microbial activity to decrease
with rapid drying. Greenwood (1961), however, found that
the respiration in water-saturated soil crumbs was not
inhibited except by very low concentrations of oxygen.

Rovira (1953), like Birch (1958), (1959), and
(1960), reported increased respiration rates and production
of carbon dioxide when dried soils were re-wetted and
incubated,. He also found that this respiration rate
declined with time of incubation as also did Birch (1958)
and Koepf (195L). Birch (1958) also found that the
amount of carbon dioxide produced on wetting and incubating
dry soils increased with the time during which the dried

soils were stored before wetting.



Birch (1958) found that a single drying and
wetting produced as much carbon dioxide as did several
cycles.  Although Birch and Friend (1961) reported
little carbon dioxide production when they subjected
an organic soil to 204 cycles of alternate wetting and
drying, Birch (1959) found that alternate wetting and
drying, compared with continuously wetted soils, produced
more total carbon dioxide. Koeff (1954) obtained similar

results.

(C) Soil moisture and soil nitrogen.

FProm the above review, it is obvious that soil
moisture variations exert considerable control on micro-
bial population and activities. It is also known that
the transformations of nitrogen which occur in the nitrogen
cycle depend to a large extent on the activities of soil
micro-organisms. Thus in this way the soil moisture more
or less indirectly affects the transformations of nitrogen.
Moisture, also, by affecting the configuration of the colloidal
minerals may, in its varying content in the soil, promote
or inhibit the trapping of ammonium ions between the lattices

of the clay mineral crystals.
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Burt and Leather (1909) and Leather (1911),
working on nitrogen balances under tropical conditions,
observed that nitrogen mineralisation increased with high
temperatures but decreased during the dry season due to
lack of soil moisture. Jewitt (1945) and (1950) and
Griffith and Manning (1950) confirmed the depressive effects
of desication of the soil during the dry season on the
mineralisation of nitrogen and observed complete inter-
ruption of mineralisation in dry bare soils. Prescott
(1920) had earlicr stated that since drought brought about
an accumulation of electrolytes and a rise in the soil pH
to unfavourable levels, pronounced wet.and dry seasons
produced the same effects as seasonal irrigation in
Egyptian soils.

Utagawa and Kuraishi (1935), reported a 20%
decrease in available soil nitrogen in air-dried fields
while Aderikhin (1938), stating that drying reduced the
mobility of soil ions, concluded that air-dried soil samples
did not represent the true condition of the soil in the
field because he obtained the maximum nitrate content in
chernozem and podzol soils at 60% of their water holding
capacity.

Chu and Hance (1939) showed that air- or oven-
drying even for short periods, changed the available

nitrogen of meny soils.  Mathews (1942) concluded that
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prolonged dry weather might cause nitrates to accumulate
near the surface of the soil, whence it might be lost
through erosion by the wind or runoff. High concentration
of nitrates in the top layers of e¢rid soils had been
observed by Hilgard (1906), Headden (1910) and (1911),

who thought this accumulation of nitrates to be due to
higher rates of mineralisation in arid soils than in humid
soils. They had not taken into account the leaching
which normally occurred in humid soils and so their
conclusions were soon disproved by Stewart (1913a) and
(1913v), Stewart and Peterson (1915), and (1916) and
Lipman et al. (1916) who showed that nitrogen mineralisation
was in fact, higher under humid conditions, but because

of leaching_under humid conditions the nitrate contents of
arid soils were relatively higher.

This was followed by numercus studies which
showed that nitrogen mineralisation occcurred under both
arid and humid regions, but the rate was lower under arid
conditions. | Among those who did these studies were
Swanson and Latshaw (1919), Sievem and Holtz (1922), (1923)
and (192L), Gainey et al. (1928), Jenny (1530), (1933)

- and (1941), Miller et al.(1939), Prescott (193L), Szlter
and Green (1933), Caldwell et al (1939), Newton et al.
(1939a), (1939b) and (19h5), Kardos (1948), Ching-
Kwei-Lee and Bray (19L9) and Cornish (19L9).
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More recently Calder (195L), Simpson (1960)
and Robinson (1960) also observed the accumulation of
nitrates in top soils during dry periods.

On the other hand Shiori and Aomine (1940)
found that air-dried soils were enriched with ammonia-
nitrogen ahd Robinson (1960) reported rapid build up of
ammonia during long dry spells.

Makfalvi (1938) calcaluting nitrogen values
from the results obtained from the invertase content of
plants grown by the Mitscherlich's technique found no
regular relationship between soil drying and the nitrogen
content.

The differences in the apparent accumulation
of mineral nitrogen un@er dry and moist conditions have
been shown above, but other workers have studied relation-
.ships between soil moisture content and the rate of
nitrogen mineralisation.

Reitemeier (1946) found that ammonium-nitrogen,
among many othér ions, increased with increasing soil
moisture, while Hardy (1s16) reported fluctuations in soil
mineral nitrogen with fluctuations in soil moisture con-
tent., Baumann and Schendel (1952), stated that medium
soil moisture and high soil temperatures favoured nitrate
production and observed maximum soil nitrate content in

spring and autumn. Rape (1952-53), from Sweden, reported
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however, maximum nitrifying power of the soil to occur
in mid-winter and mid-summer and found that soil nitrate
content was negatively correlated with soil moisture and
rainfall during the months precedding August.

Calder (1957) found that nitrate accumulation
was fairly similar over the‘moisture range from the
permanent wilting point to just under water logging but
was optimum at about field capacity. Hagenzieker (1957)
in Tanganyika, observed a rapid increase in mineral
nitrogen on bare soils after the first rains; this
nitrogen was maintained at a high level till the field
capacity was attained and then decreased to the original
dry season levels.

Wahhab et al. (1960), on the ofher hand, found
the optimum moisture level for nitrification of urea
nitrogen to be 33% of the soil water holding capacity
while Metwally and Pollard (1959) and Synghal (1959)
found that the total soil nitrate increased with
increasing soil moisture, as did Novogrudsky (19L7),
Rotini and Lotti (1960) and Justice (1961).

Wehhab et al (19572) had found the same
relationship between nitrification of added ammonia
and soil moisture and obtained 76% nitrification even
at 4% moisture cohtent, but Selim et al.(1959) reporting

increases in mineral nitrogen with irrigation in Egypt
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showed that nitrates predominated over ammonia above
soil moisture content of about 11%.

Jones, (1957) and (1958) on the other hand,
found nitrification and accumulation of nitrate to
increase during both dry and wet periods, but he later
reported the organic nitrogen to decrease in dry and
increase in the wet season. Doneen (1942) had observed
that the nitrate content under sugar beet was independent
of frequent soil moisture additions.

The study of nitrogen transformations in water
logged soils has attracted much attention. Cyplenkin
and Schilin (1936), Michniewicz (1951), reported slower
nitrification in water logged soils than in well-drained
soils. This had already been established by Schloesing
and Muntz (1877-1878), Deherain (1902), Trazen (1916),
Stevens and Withers (1910), who reported uninterrupted
ammonification and in some cases even nitrification in
soils at or near water logging, Pikovs'kaya (19L0),
and Amer and Bartholomew (1951), in supporting this
finding stressed the strictly aerobic conditions required
for nitrification. Jones (1932), was of the opinion
that the mineralisation of nitrogen, be it ammonification
or nitrification, depended entirely on the oxygen pressure,
as opposed to Utagawa and Kuraishi (1935) who used

Neubauer seedlings to show that available nitrogen



increased by 20% in water-logged soils. Under rice,
Bamji (1938) found the rate of ammonia production higher
than that of crop uptake but Reed and Sturgis (1937) and
(1939) found complete exhaustion of all forms of mineral
nitrogen and a marked response of the rike to nitrogen
fertilization.

Several workers, including Gerretsen (1921),
Kapp (1933) Sreenivasan and Subrahmaryan (193L) and (1935),
Bamji (1938) and Bhuijan (19L9), while observing continued
ammonification with flooding, reported that nitrifying
organisms were not destroyed, since nitrification in rice
soils started again on draining the soil. This has been
supported by Walliham (1938), Chuen and Shizo (19L8)
Adachi (19h2), and Hegse (1961). Harmsen (1932) and
(1955), in the reclamation of Zuiderzee, reported increases
in rates of ammonification after the enclosure and drainage
of the original sea bed in which microflora had been few
and ammonification rate very slow.

It has been shown by many workers that nitrogen
added to soils may be lost under various moisture levels
and through various mechanisms. The loss of added or
native nitrogen by volatilisation of NH3; has been studied
by several workers. In rice fields under water-logged
conditions, Sreenivasan and Subrahmanyan (193L) and

(1935) found nitrogen losses by volatilisation as ammonia
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and Wagner and Smith (1960), McGarity (1961), Wszhhab
et al. (1960) Vanstallen (1960), and Volk (1959) and
(1961) found the amount of ammonia volastilised from
added ammonium compounds and urea to increase with
increasing soil moisture.

Volatilisation of added ammonium nitrogen has,
however, been obtained with decreasing soil moisture by
Trickey and Smith (1955), Stojanovic and Broadbent (1960),
Ernst and Massey (1960) and Meyer et al. (1961).  Wahhab
et al.(1957%) found the volatilisation of ammonia to
increase with the soil moisture content up to 25% of the
water holding capacity and then to decrease with further
increases in moisture. They found the losses of ammonia
during air-drying to increase directly with the soil
moisture level to which the soil wass raised after the
addition of the ammonium compound. Wahhab and Uddin
(1955) and Mitra and Singh (1958) observéd volatilisation
in dry soils in the presernce of light.

Denitrification, or loss of gaseous nitrogen
or its oxides when nitrates are added to water-logged
soils, has been reported by several workers, Kapp (1933)
Aoki (1939) and (1940), Arnold (195L), Wijler znd Delwiche
(195L), Kluyver and Verhoeven (195L), Verhoeven et al.(l95u)
Hauck and Melsted (1956), Nommik (1956), Yamane (1957),
Abichandani and Patnaik (1958), Schwartzbeck (1959),
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Schwartzbeck and MacGregor (1961), Corter and Allison
(1960), and Bremner and Shaw (1958).

De and Sarkar (1936), observed losses of added
nitrates from water-logged soils but attributed them to
assimilation by micro—organisms.r

MeGarity et 21, (1958), showed that denitrification
occurred even in well-aerated soils where, due to text%gl
conditions local anasrobiosis might occur, while Madhok
and Fasal-Uddin (19L5), had observed nitrous fumes evolved
on drying soils with pH greater than 7 containing added
nitrite and they ascribed this to some catalytic action of
the soil.

On the other hand, Nommik (1956), and Allison
et al. (1960), Bremner and Shaw (1S58), and Kresge and
Satchell (1961) found negligible or no losses of nitrogen
when the soil moisture was about or below field capacity.

Loewenstein et al (1957), obtained heavy losses
of added ammonia nitrogen iﬁ bare soils but only little
losses in oat cropped soils held at about figéd capacity.
This had been forecast for rice soils by Dennett (1936),
confirmed by Davis and Owen (195L:), and contradicted by
Greenland (1958), in Ghana fields and Gerretsen and de

Hoop (1957), in lysimeters and pot cultures.
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In a number of nitrogen balaznce sheets prepared
by several workers for well-drained and acrated lysimeters,
Bizzell (1943) and (1SLL), Collison et al. (1933),

Jacobson et al, (19L.8), Morgan and Jacobson (19.2), Morgan
et al (19422) and (19L2b) Chapman et al. (19L49), Broadbent
and Chapman (1950) obtained significant negative balances
and ascribed them to nitrogen volatilization. This
showed the possibility of nitrogen losses even in normal
Well aerated soils under crops.

Similar results have been obtained in the field
where estimates of nitrogen losses have been done on soils -
with very little leaching, by Prince et al.(19L1), Lipman
et al (1928), Salter and Green (1933), Allison and
Sterling (1949), Sievers and Holtz (1922), Wheeting (1937),
and Greaves (1941). In green house experiments negative
balances were reported by Mann and Barnes (1951), Pinck
et al.(19482a) and (1948b), while Roschach (1957) obtained
‘negative balances only with heavy applications of nitrogen.

Several workers have contended that in spite of
possible losses of nitrogen in water-logged rice fields
due to volatilisation, denitrification and crop uptake,
there was =z tendency for the soil total nitrogen to be
maintained at about the same value even after prolonged
cropping. Rao and Dhar (1931a), (1931b) and (193L)

postulated an active photochemical fixation of atmospheric
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nitrogen in Indian rice fields; whi'e others like,
Allison and Morris (1930), Singh (1939) and (1942)
Bhaskaran and Pillai (1942), Kamen and Gest (1949), and
Nishigaki and Shroiri (1959), considered various algae
responsible for fixing the atmosphersnitrogen in
flooded soils. The latter view has been rejected by
Stokes (1940), Fogg(19h2), and Willis and Green (19L9).
Among thise who have considered nitrogen-
fixing bacteria as the agents of nitrogen fixation in
rice soils are Sen (1929), De and Pain (1936), Uppal et
al‘(l939), and Chaudhuri (1940), confirmed and clarified
by Starkey and De (1939), Starkey (1939), Deix (1950a)
and (1950b) and (1951). Voinova-Raikova (1954), and
MeKnight (1947), who isolated Azotobacter from soils of
tropical and temperatre regions which actively fix nitrogen.
It has been only recently that the ability of
solls to absorb ammOnﬁxaagainst extraction by various
reagents or crops has received any attention. Harada
and Kutsuna (1954) reported fixation of ammonim by dry
and moist soils, the ammonim fixed by moist soils being
more easily extracted by normal salt solutions or acids.
They further observed that the capacity of the soil to
fix ammoni™; while increasing with drying, was lost at

a drying temperature of 200°C.



19,

This was confirmed by Chiba and Kamei (1955)
and had been earlier observed by Aomine (1951), Allison
et al. (1951), (1953a) and (1953b), who, however, did not
notice any loss of fixing ability at high temperatures.
They stated that only a fraction of the fixed ammonium
was a&ailable for nitrification or plant uptake contrary
to the results of Welch and Scott (1960) working with
vermiculite, and Stojanovic and Broadbent (1960), who
ghowed that air-dry or oven-dry fixed ammonium was more
easily released than moist fixed ammonium.

Ammonim fixation has also been reported by
Walgh and Murdock (1960) and Stojanovic (1956). Allison
et al.(1953a), found that the extent of ammonium fixation
was related to type of clay mineral according to whether
"dry or moist fixation was used. Mortland (19559,
explained the absorption of ammonium by absorbents by the
Van der Waal's type of bondage in association with oxygen
atoms in a hydrogen-bond similar to that of adsorbed
water., He stated that the initial process of ammonium
adsorption was an irreversible chemisorption, but Axley
and Legg (1960) reported the combination of organic |
compounds with ammonim at 110°C. They observed that
the ammonium fixing capacity of so0il did not affect the
plant uptake from applied ammonium sulphate or urea
except in the presence of large amount of potassium which

blocked the release of fixed ammonium.
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Kapp (1934) advocated drying of the soil and
the addition of carbonaceous material to keep up the
supply of available nitrogen which was insufficient in
rice soils. Acharya and Jain (1955) found no difference
in the ammonifying or nitrogen-fixing power of dry soils
stored anaerobically or.aerobically, but the nitrification
of added ammonia was slower whilst that of native organic
nitrogen was quicker on wetting the soil after anaerobic
than after aerobic storage.

Cooke and Cunningham (1958), Birch (1958), (1959)
(1960), and Gasser (1961) found that air-drying markedly
increased the rate of mineralisation of nitrogen on sub-
sequent wetting and incubation of soils, while Harpstead
and Brage (1958) reported the same results only when the
'80ils had been stcred dry for more than three weeks.

Birch (1958), (1959) and (1960) and Gasser (1961)
reported increasegs in the mineral nitrogen during incubation
of so0ils with increase in the length of the period the soils
were stored dry before wetting and incubation.

Birch (1958) found no difference in the mineral
nitrogen produced by soils subjected to 2 single drying
and wetting as compared with those subjected to a number
of cycles, while Birch and Friend (1961) reported little
mineralisation of the organic nitrogen of an organic soil
which was subjected to 20U cycles of alternate wetting

and drying.
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(D) Soil moisture and soil phosphorus.

Nearly all the studies done on native and
added phosphorus in relation to soil moisture indicate
fhat phosphate transformations under various soil
moisture regimes are mainly by chemical and physico-
chemical processes, soil microbial activity being of
little importance.

Dunnewald (1935) and Trumble (19L7) reported the
fixation of phosphorus to increase with the drying of
the soils. Earlier, Rydkey (1538), using red-earths and
podzols, suggested that the degradation of the soil
colloidal surfaces during drying enabled the phosphate
ions to penetrate the soil particles.

Contrary to these observations, Shioiri and
bomine (19LO), Grava et al (1961), Aderikhin (1960) and
Thermlitz (1953%) found increases in native available
phosphorus or decreases in the fixation of added phosphorus
on drying soils or hydrated fesss iron oxides. :Smolik:(19L.3),
found this increase only at high soil drying temperatures
and Ryzhov and Machigin (1939) attributed the increase to
the reduction in the activity of so0il sesquioxides and
increase in the mobility of the soil organic matter as
Well as changes in the physico-chemical properties of

the soil.
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On the other hand, K8ttgen (1943) suggested

- periodic fluctuations in the mobile ions, including
phosphates, in both dry and moist soils, while Yuan

et al. (1960) reported increases in the aluminium-fixed
and decreases in the iron-fixed phosphorus with increase
in the so0il drying temperature.

Reitemeier (1946), observed increases in the
solubility of several ions including phosphate, with
increase in so0il moisture content, and has been supported
by Mack (1959), only at high temperatures, while Muller
(195L) reporting fairly rapid migration of phosphate
through agar, silica gel and sand, observed the restric-
tion of phosphate ions to the viecinity of the phosphate
fertilizer granule in a medium loam soil. He found all
migrations t0 increase with the moisture content of the
material.

Under water-logged conditions, phosphates have
been reported to be greatly mobilised by Aoki (1941),
Dennet (1936), Kereszteny (1953), Shapiro and Armiger
(1958) Davide (1960), Kaurichev et al.(1958), some of
whom also stated that this mobilized phosphate was not
all available to plants. This was supported by Mack
and Barber (1960).
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Gasser and Bloomfield (1955), noticed no
releage of aluminium or phosphorus from aluminium
phosphate but reported releases in iron and phosphorus
from iron phosphate under anaerobic conditions. They
also reported the fixation of added phosphates by natural
clays and release of phosphorus by phosphated clays under
the same conditions. The same phenomenon has been
observed by Shapiro and Armiger (1958), who noticed no
increase in available phosphorus from phosphate rocks of
low phosphate availability but a great incrcase from
phosphate rocks of high phosphate availability, under
water-logged conditions.

On the other hand, Egawa et al (1951), and
Popovic (1958), found that under anaerobic conditions
produced either by water-logging or reduciﬁg the oxygen
pressure, added phosphates were fixed and the lactate-
soluble phosphates reduced, especially in soils originally
high in phosphates.

Moore (1959), however, found no difference in
the acid-extractable phosphorus from phosphate responsive
and non-responsive meadow soils incubated under partially
anaerobic conditions but found that the non-responsive
soil showed a greater increase in acid-extractable
rhosphorus than the responsive soil when both were

incubated under aerobic conditions.
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Barber (1960), suggested that moisture levels
during the incubation of soils prior to cropping had
no effect on the availability of phosphorus to crops.
Kawaguchi (194L) had shown that water-logging increased
the availability of phosphates to a greater extent than
air-drying the soil. He showed a predominance of iron
phosphate when the solubility of phosphate was higher
under water-logged than under dry field conditions; of
tricalcium phosphate when the solubility was higher under
dry than water-logged conditions; of soluble phosphate
iron phosphates and tricalcium-phosphates when solubility
was high under both water-logged -and dry conditions; and
of aluminium phosphate, when solubility was low under both
conditions.

Chang and Chu (1961), reported that when dry
soil was wetted to field capacity the proportion of
aluminium phosphate was high initially but later iron
phosphate was higher. Under water-logging they found
iron phosphate dominant after 100 days, contending that
the relative amounts and kinds of phosphates formed
initially, depended on the specific areas of the solid
phase associated with aluminium, iron, or calcium. As
time went on, aluminium and calcium phosphates gradually
changed to0 the less soluble iron phosphate, the rate of
transformation increasing with the moisture content of

the soil,.
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The only occasion when microbial reduction
of phosphates has been studied was when Tsubota (1959)
reported the reduction of phosphates to phosphites and
hypophosphi tes in flooded rice soils. He suggested
that high humus content of the soil and high temperatures
favoured the reduction. He also showed that in culture
media Clostridium butyricum and Bacterium coli were
concerned with the process. |

Several workers have reported increases in
available phosphate when soils were subjected to a number
of cycles of alternate wetting and drying, Tendille and
Eynard (1959), BEynard and Tendille (1960) and Khanna (1960).

Tendille (1959), on the other hand, showed that
the transformation of phosphate from exchangeable to non-
exchangeable forms was accelerated by alternate wetting
and drying. He also showed that the addition of phosphates
favoured the fixation of phsophates initially present in
the soil solution while the removal of phosphates in the
solution favoured the liberation of phosphates initially
in solid phase,

Barbier and Tyszkiewicz (1951) found increases
in some cases and decreases in others in the fixation of
phosphates added before the soils were subjected to
cycles of wetting and drying, but found no variations
in fixation when the phosphates were added afterAthe soils

had been subjected to alternate wetting and drying.
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Yuan et al. (1960), also found that increasing
the number of cycles of wetting and drying reduced the
percentage of aluminium-fixed phosphate in tw> soils
-and increased that of iron-fixed phosphorus in two

others.

(E) Soil moisture and soil potassium.

2

Several workers have observed increases in the
exchangeable potassium of soils on drying (Gorbunov (1936),
Ayres (194L), Seatz and Winters (19LL), Attoe (19L7) and
(1949) Rouse and Bertramson (1950), Aleksandrov (1950),
Luebs et al. (1956), Scott and Smith (1557), Bohanon (1958),
Hanway and Scott (1959), Malouori and Radelte (1959),
Wells (1959) and Grava et al-(1961).v This has been
confirmed by Reitemeier et al.(1948) and Iuebs (1956) who
also found a further increase on oven-drying the soil
while Lee (1948) found no such further increase on oven-
drying.

Contrary to these results several others found
drying to cause a fixation of exohahgeable or added
potassium in the soil (Votk (193L) Go.bunov (1935),

Joffe. and Levine (1937), Wear and White (1951), Schroeder
(1955), Karim and Malek (1957), Grissinger (1957),
Graley et al.(1960) and Piper et al.(1960).  Same
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results have been obtained by Truog and Jones (1938) who
also found that the amount of added potassium fixed by
dry soils was equivalent to the reduction in the exchange
capacity of the soils, while Joffe. and Kolodny (1936)
and (1938) and York et al.(1953) reported a difference
between the amount of potassium fixed and the decrease in.
the exchange capacity.

Carter (1961) reported the fixation of potassium
by potassium-sa?urated clay minerals, converting them to
other minerals.while causing the collapse of their lattices,
and the release of potassium by aluminium saturated layer-
silicates when these minerals were dried.

Cook and Hutcheson (1960), Matthews and Sherrell
(1960), Scott et al. (1957), and. Hanway and Scott (1957)
explained the release and fixation of potassium by drying
on the principle of soil potassium equilibrium. When the
initial value was high, drying the soil caused fixation,
but when it was low, drying caused release.

Bartholomew and Janssen (1931) reported a
release of potassium during moist storage of the soil
while McLean and Simon (1958) and York et al, (1953)
reported a fixation of potassium during wet storage of

the soil after cropping.
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Stanford (19L8), observed fixation of potassium under
conditions of moistening and drying of soils while Carter
(1961) found that this pécurred only with vermiculite. Bray
and De Turk (1939), and De Turk et. al (1943) explained these
ob&ervations on the}principle of soil potassium equilibrium,
both moist and dry fixation depending on whether the initial
potassium content was relatively high or low. They emphasiged
that different soils had characteristic equilibrium levels
between 2ll forms of potassium to which their exchangeable
potassium content would tend to approach from either direction. .

On the other hand, Larson and Allaway (1950),
reported a release of potassium under both moist and dry
conditions and have been supported by Larson (1949), who
explained that dry release arose from a shift within the
release-fixation mechanism, while moist release arose from

the weathering of primery minerals. Carter (1961), however,



29,

observed dry release and moist fixation for some Oregon
soiis, montmoriilonite, iilite; biotite and prochlorife
‘minerals. ,

Bray and De Turk (1939), Ayres (;9&9), and Damsgaard-
Sorensen (1942), reported no change in the soil potassium
jevel when the soil was stored moist; but Lachower (ié&bj;
Andersen et. al. (1942), Reitemeier (19L6) and (19515,
Melsted and Bray (1947) and Muller (195L) reported increases
in the soluble potassium with increase in soil moisture as
a result of hydrolysis of exchangéable potassium, replace-
ment of exchangeable potassium by divalent ions and the
dissolution of potassium-bearing minerals. Burns and Barber
(1961) found the rate of release of potassium to increase with
the temperature of incubation but was unaffected by varying
the soil moisture content between 60% and 100% of the

moisture egquivalent.
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Walsh and Cullinan (iQﬁﬁi reported increases in
exchangeable potassivm when the s6il was subjected to a
number of cycles of wetting and drying, and this has been
confirmed by Thomas and Giddens (1958) using &cid soils.

Coritrary to this Volk (193L), Joffe dnd Kolodny
(1936) and (1938); Truog and Jones (1938); Damsgaard-
Sovensen (1942), Hoyos and Ortega (1953, York et. al. (1953);
Chatterjee and Ray (1954), and Hanway and Scott (1958), found
that alternate wetting and drying the soil resulted in a
fixation of exchangeable or added potassium. It has also
been confirmed by Malguori and Wiklander (1950), with
synthetic amorphous aluminium and iron silicates.

Mick and Iynd (1957), reported that alternate
wetting and drying of soils released a portion of fixed
potassium to the exchangeable form in the first few cycles

and then fixed a portion of that released in further cycles.
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Tendille et. al (1956), on the other haﬁd, found increases
in the isotopically exchanged potassium on alternately Wetting
and drying soils. They further showed that potassium
fixation was hot necessarily irreversible and that alternate
wetting and drying promoted both fixation and liberation of
potassium in soils.

McLean and Simon (1958), stated that potassium
fixed by alternate wetting and drying was largely available
to plants, while Wells (1959), opposing this reported that
where little change occurred in soil exchangeable potassium
on soil drjing, potassium detefmined on moist or dried samples
reliably indicated the potassium available to the plant but
where the change was great, determinations on moist samples
were more reliable. Matthews and Sherrell (1960) found that
the yilelds of potatoes correlated only wifh oven-~-dried soil
exchangeable potassium, whilst yields of maize were correlated
with exchangeable potassium obtained on moist or oven-dried

soils.
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Evans and Simon (1950) proposed alternate
wetting and drﬁﬂthe so0il before extraction.with O0.5N
HC1 at 80°C as a method of assessing the potassium-
supplying power of soils. Potassium extracted in this
way was highly correlated with potassium uptake by oats
and lucerne.

Aleksandrov (1950) attributed the major portion
of potassium fixation in Sierozem and Chernozem soils to
microbiological processes, and, with Hurwitz and Batchelor
(194L3), indicated an intensified fixzation due to the
presence or addition of organic matter. These results
had earlier been observed by Feher and Frank (1936) and
Pehelkin (1946).

Contrary to these observations, Kryopoulos
(1915) found no appreciable potassium fixation in
bacterial cultures, Vandecaveye (1924) and York et al
(1953) reported the absence of potassium fixation by
added organic matter, and Stephenson (193L) concluded that
micro-organisms did not retain enough potassium to compete

seriously with plants.

(F) Soil moisture and other nutrients.

Comparatively little work has been done on the
relation between soil moisture and the status of nutrients
other than nitrogen, phosphorus and potassium. Aderikhin

(1938) observed decreases in exchangeable calcium and
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magnesium and in the exchange capacity of chernozems and
meadow podzols on drying. A decreased availability on
soil drying has also been observed for boron by Hobbs
and Bertramson (19L9), and for extractable magnesium
after addition to precipitated aluminium and iron silicateé
following drying by Malguori and Wiklander (1950).

For manganese, Delong et al. (1940) reported
decreases on soil drying, confirmed by Leeper (1947),
who showed that such decreases were overcome by water
logging, by which manganese was greatly mobiliged in the
soil.

Increases in manganese on soil drying have,
however, been reported by Hammes and Berger (1960a)
and (1960b) while Fugpimoto and Sherman (1945) and (1948)
found that conditions favouring oxidation or hydration
in the soil decreased while heating and drying increased,
the exchangeable manganese. They postulated that the
release of manganese was a reversible process dependent
on the oxidation-reduction conditions and on wetting and
drying. Zende (195L), on the other hand, observed
increases in exchangeable manganese on drying field soils,
but a decrease on drying calcareous peat soils, while
Marshall and Gurr (195L) found that chloride ions moved
in the liquid phase to the soil surface on further

drying of a soil at low moisture levels.
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Reitemeier (1946), reported increases in
dissolved and exchangeable ions of sodium, potassium,
ammonium, carbonate—biéarbonate, phosvhate and sulphate,
with increase in soil moisture. For calcium and
magnesium, the ions increased up to a point and then
decreased with further increase in soil moisture, but for
chloride and nitrate, the ions decreased continuously
with increase in soil moisture. Moser and Olson (1953)
observed the optimum soil moisture content for added
sulphur oxidation to be abowve the field capacity.

Brogmfield (1954) reported active reduction,
under anaerobic conditions of ferric to ferrous compounds
by Bacillus polymyxa and B. circulgns, while bacteria
of the genera Escherichia and Aecrobacter were active to
a limited extent in special media. Khan and Dubash (1958)
Observed a decrease in the soil cobalt content on

reclamation of water logged soils in Pakistan.

(@) Soil moisture and crop vields.

Water is very intimately connected with the
bhysiological and biochemical processes which bring about
plant growth and yields, so, the soil moisture content
when the plant is growing is bound to have a tremendous

effect on the growth and yields of plants.
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Several workers in different parts of th.
world have grown fruit trees and field crops at various
soil moisture levels and have generally found that size
of trees and yields of fruits have increased with the
increase in soil moisture level, Among such workers
may be mentioned Miller and Dudley (1925), Hendrickson
and Veihmeyer (1929), (1931), (193L) and (1942),

Veihmeyer (1927), Beckett and Dunshee (1¢32), Lewis

(193L4), Furr and Taylor (1939), Adams et al. (1942), Harris
and Hawkins (1942), Kelley et al (19L5), Chaklander (19L6),
Howe and Rhoades(194L8), Makkink (1948), Clements (19L8),
Morgan (1949), Anderson (1951), Oppenheimer (1951) and
Taylor (1951).

Others have added irrigation water in the field
and in pots as well as fertilizers and also found that the
vields of wvarious crops and grasses increased with the
s0il moisture content with or without application of
fertilizers. They include Hudson and Salter (1953),
Salter (1954), Bradley (1955), Stanberry et al.(1955),
vart Woudt (1955), Bradley and Pratt (1955), Harward
et al, (1956), Gingrich and Russell (1956), Hagan et al,
(1957), Awada and Ikeda (1957), Bendelow (1958),

Fernandez and Laird (1959), Collier (1959), Larsen (1959),
Scarsbrooket{t1959), Leggett (1959) and Garton and Barefoot
(1959). .
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These have been supported by Coic (1960),
Parups et al (1960), Mathers et al, (1960), Beaton and
Speer (1961), Meriaux and Perry (1961), Godard (1961),
‘Torenz et al.(1961), Schumaker and Davis (1961) and
Cannell et al. (1961).

Contrary to these observations, only van de
Merwe et al.(1954), Taylor et al (1959) and Low and
Armitage (1959) reported any increase in yields with
decreasing soil moisture down to a limit, while Bernstein
and Pearson (195L), Brown et al. (1955), Matusiewicz (1956),
Kreeb (1957), Waelker and Vickery (1959) and Low ahd Piper
(1960) found yields to increase with decreasing moisture
~ tension to an optimum and then decreased thereafter.

Williams (195L) and Jones (1961) observed no
difference in yields at various moisture levels above the
wilting percentage while Cannell et al, (1960) found
increases in yields with increasing moisture in two soils
but increases with decreasing moisture in a third soil.
Mederski and Wilson (1960), using the split-root technigue,
found that at both high and low atmospheric humidities,
the dry weight yields of maize increased with increasing
moisture content from‘the wilting point to field capacity

in the moist zone of the root ares.
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Collins (1961) reported increases in yields
of strawberry at low soil moisture levels when manures
were added but found the growth of the plant to decrease
with increasihg soil moisture tension.

The effects of soil moisture levels on the
germination of seeds have been studied by Dubetz et al,
(1959) who reported that soil moisture content alone did
not significantly affect the germination of 2 number of
crop seeds, but Chapin and Smith (1960) and Wallace (1960),
observed maximum germination at an optimum soil moisture
content. High levels of ﬁitrogen fertilizers reduced
germination with decreasing soil moisture while mercurial
treatments increased it at low soil moisture content.

That the increase in the depth of the water
table which controls the oxygen pressure and the redox
potential in the root zone, increased crop yields has been
reported by Shalhevet and Zwermann (1958), who also found
the lowest yields with a fluctuating water table. They
were supported by Nicholson and Firth (1958), van Hoorn
(1958), Shalhevet (1959) and Cline and Erickson (1959),
while Klages and Asleson (1959) observed increases in
yield with the decrease in the depth of the water table,
confirmed by Gilbert and Chamblee (1959) only when no

water was added on the top of the soil,
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Pearson et al. (1957) found little difference in
yields with various depths of the water table.

Ashton (1956) reported the maintenance of a
relatively high rate of photosynthesis until the wilting
percentage when he gave five cycles of alternating low
and high =0il water content to a sigar cane crop.

Workers on the relation of crop yields to
soil moisture content cited above have used.crops which
usually grow under aerobic conditions and have limited the
s0il moisture to below the saturation percentage.

Thus when Lerman (1956) and Savitskaya (1959) grew barley
under water logged conditions, they found decreased yields
compared with those at field capacity, but Kemper and
Amemiya (1957) found that lucerne yielded more when flooded,
while Baird (1959) reported greated response of maize to
nitrogen fertilization in well-drained soils low in

organic matter than in poorly drained soils high in

organic matter. Finn et al: (1961), on the other hand,
found that grasses yielded more than legumes when a

mixed sward was flooded.

With rice, however, Alberda (1953) and Viamis
and Davis (1944) reported the ability of rice plaﬁts
to grow in oxygen deficient soils since any ﬁecessary
oxygen was transported through the plants by means of

large air spaces in the leaf-sheaths and roots.
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This was :zonfirmed by Malavolta (195L4), who obtained the
greatest yield of rice from nutrient cultures without
forced aeration.

Lord and Fernandes (1931) had earlier found
increased rice yields by continual water logging while
Palis (1935), obtained greater yields at 80% than at
20% saturation.

Tang et al (1941), showed that both lowland and
uplénd rice required excess soil moisture for greater
yields, and Jones (1933), reported higher yields of rice
on soils submerged below 2-10 inches than on soils in a
"mucky" condition.

Contrary to these results, Nearpass and Clark
(1960) reported lower yields of rice grown under water
logged conditions and Wychie and Cheaney (1951) observed
increased response to added nitrogen under lower soil
moisture content than under water logged conditions, but
Davide (1960) while reporting decreased responses to
added dicalcium hydrogen phosphate and aluminium phosphate
found increased responses to added iron phosphate under
water logged conditions.

Mack and Barber (1960z) found no effects on
the yield of millet when the soil was incubated at

various moisture levels, 40-100% saturation, prior to
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cropping and Lord and Pernandes (1931) reported no effect
of soil drying pfior to cropping on the yields of rice.

But Shiori and Aomine (19L0), Kapp (193L) and Huang (19L6),
found increases in rice yields as a result of drying the
soil prior to cropping.

Gasser (1961) correlated significantly the
mineral-nitrogen content of fresh soils or the increased
mineral nitrogen produced when the rewetted air-dry soils
were incubated at 25°C for 21 days, with the unfertiliéed

yield of rye-grass, barley and to a less extent, potatoes.

(H) Soil moisture and nutrient uptake by plants.

A large amount of evidence has shown that
generally the yield in dry weight of plants increases with
increased soil moisture content. From this, it might be
apparently observed that the total uptake by plants of
goil nutrients in unlimited availability, would increase
with increasing soil moisture, but the percentage of
nutrients in the tissues would be independent of the
soil moisture. On the other hand, if the nutrients are
in limited availébility, the total uptake may be independent
of the soil moisture while the percentage in the tissues
will decrease with increasing soil moisture as s result

of the dilution of the nutrients in the tissues.
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Because the growth and yield of plants are
controlled by the interaction of soil moisture and soil
nutrientg as well as by other. physical factors, 1t may
not be as simple as stated above, since, infact, the
s0il moisture itself affects the soil nutrients
independently of the growing plants. This complicated
relationship between the soil nutrients, soil moisture
and the plant are shown by the varying and conflicting
results which workers have reported for the uptake of
nutrients by plants at various soil moisture levels.

Figula (1954) and Cannell et al, (1959) and
(1960) reported an increase with increasing soil moisture
level in the percentage content of all nutrients in the
ash or leaf of plants. Emmert (1936), Trumble (1947),
Ilgin (195L4), Branton et al,(1961) found a greater
percentage of nitrogen, calcium and magnesium and a lower
percentage of phosphorus and zinc in the tissues of plants
grown under dry conditions than in those grown under moist
conditions. For potassium, the results were variable.

On the other hand, Koritskaia (1939) found little
or no uptake of nutrients from the dry area of the root
zone of maize grown by the split-root technigue.

Several other workers found the uptake or
percentage content of nutrients in plant tissues to

increase with increasing soil moisture (Plice (1SLL),
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Nour (1956), Awada and Ikeda (1957), Jenne et al (1958),
Walker and Vickery (1959), Metwally and Pollard (1959),
Brown and Place (1959), and Mederski and Wilson (1960).

Lawton (1945a) using a poorly drained compacted
soil, found that the percentage of nitrogen and phosphorus in
maize tissues increased, while that of potassium,
magnesium and calcium, decreased,. On forced zeration
of the soil, the percentage of nutrients reversed except
for magnesium and calcium which still decreased. I1gin
(195L), however, observed that the percentage content of
all nutrients in plants grown under water logged conditions
decreased, and Reuther and Crawford (19L6) reported
intensified chlorosis of citrus trees grown in calcareous
soils at high soil moisture levels.

Cannelledi1961) reported increases in the nitrogen
uptake with decreasing soil moisture, and Plice (19L44)
observed that the total nitrogen uptake increased
inversely with soil moisture while Kurtz et al. (1961)
found that the nitrogen content of crops was inversely
proportional to the moisture level at which the soil was
incubated prior to cropping.

Contrary to these reports, Chizhov (1938),
Fernandez and Laird (1959), Scarsbrook et al (1959) and
Schumaker and Davis (1961) found the uptake of native

and added nitrogen and the crop content of proteins and
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nitrogen to increase with increasing soil moisture.

Doneen (1942) observed that variations in the
s0il moisture content did not affect the nitrogen
content or total nitrogen uptake as long as there was
available water present.

Shalhevet and Zwermann (1958) and van Hoorn (1958)
found that the nitrogen uptake and nitrogen content of
plants decreased with decreasing depth of the water-
table.

Increases in the uptake by plants of phosphorus
with increasing soil moisture have been reported by
Kuryowicz (1939), Williams (1954) and Olsen et al, (1961),
Low and Piper (1960) observed greater increases in
phosphorus uptake by clover than by rye-grass with
increasing soil moisture up to 80% saturation, and
decreases at 100% saturation, but Shapiro (1958) found
that flooding increased the phosphorus and nitrogen uptake
as well as their efficiency of utilisation by lowland and
upland rice, Mack (1959), also, observed greater
responses to phosphorus fertilization when the rainfall
was low in spring. -

Contrary to these results, Dean and Gledhill
(1956) reported decreases in phosphorus uptake with
increasing soil moisture content. On the other hand,

Fawcett and Quirk (1960), Parups et al, (1960), found
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that the uptake of phosphorus was unaffected by decreasing
so0il moisture until the wilting point. Mack and -Barber
(1960a) observed that varying the soil moisture between
L0% and 100% saturation during precropping incubation

had no effect on the subsequent uptake of phosphorus,

but when the soil was cropped at various moisture levels,
after incubation, the uptake of phosphorus increased with
the increases in the soil moisture.

Volk (193L), Wadleigh and Richards (1951)
reported the unavailability of potassium at low soil
moisture levels, to plants. This has been confirmed by
McMurtrey et al (1947) who found that the percentage
potassium in tobacco leaves increased on irrigation of
the soil.

These results were contradicted by those of
TLuebs (1956), which showed highespotassium uptake by crops
from soils which had been air-dried prior to cropping
than from those which had not, confirmed by Breazale
(1930) Emmert (1936) and Volk (1947) who reported higher
rercentage potassium in plants grown at low, than in
those grown at high so0il moisture levels. Vliamis and
Davis (194L), Lawton (19452) and (1945b) and Cook and
Millar (1953) also found that the percentage potassium
in several crops (except rice) growvn under wgter-logged
conditions was lower than in those grown-at well aerated

soil field capacity.
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When Walsh and Cullinan (1945) alternately
wetted and dried soils prior to cropping, the subsequent
uptake of potassium by mustard was increased compared
with untreated soils. Attoe (1947) and (1949), also
obtained increases in total uptake of potassium by four
successive crops of oats when the soil was dried between
each crop as compared with no drying between the crops.

Hammond et al-=(1955) observed that the
ebsorption of potassium by maize roots might be markedly
reduced by low supplie& of oxygen and high concentrations
of carbon dioxide. |

Mederski and Wilson (1955), reported less
manganese deficiency symptoms in soy beans grown in
manganese Cgficient clay soils at low soil moisture than
at high, even though there was no difference in the soil
available manganese due to differences'in the soil
moisture level.

Danielson and Russell (1957), found that the
uptake of radioactive rubidium decreased with decreasing
s0il moisture and increased with increasing oxygen pressure.

Awada and Ikeda (1957) found high percentage
total sugars in fruits of papaya, while Walker and
Viekery (1959) found low total sugars in the leaves of
crops in unirrigated compared with irrigated plots.

They also found more total alkaloids and high

petroleum extractives.
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Woodhams and Kozlowski (1954), however, found
that the percentage sugar in beans and tomatoes was
unaffected by the soil moisture, but that the percent-
age of starch increased with increasing soil moisture,
They obtained the lowest carbohydrate content by
alternating drought and irrigation. Lerman (1956)
reported low carbohydrate content of leaves of barley
grown under water-logged conditions compared with those

under well aerated soil conditions.

CONCLUSIONS

From the foregoing account, it may be concluded
that:

(i) Until recent times, soil drying was known
to increase the solubility of its constituents. Now,
however, that the use of mineral fertilizers has become
more important, it has been shown that under dry and
moist so0il conditions native or added nutrients may
- be released or fixed depending, among other conditions, on
the equilibrium levels of available and unavailable forms
and on the type of clay minerals and redox conditions
presgnt in the soil.

(i1) Decomposition of organic carbon and
nitrification have an optimum soil moisture level

around field capacity but ammonification has none.
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(iii) Ammonia volatiﬁﬁsation occurs at all soil
moisture levels but denitrification becomes appreciable
only at medium to high soil moisture levels.

(iv) Under-water logged field conditions nitrogen
losses may be offset by fixatioh of atmospheric nitrogen.

(v) When there is a release of potassium and
phosphorus under moist soil conditions, the release
increases with the soil moisture content. At water
logging, phosphorus generally becomes greatly mobilised.

(vi) The yields and total nutrient uptake by
plants generally increases with increase in soil moisture
content up to an optimum and at excessive soil moisture
they decrease. Por rice plants, however, they are higher
under excessive than under normal soil moisture levels.

(vii) The percentage nutrients in plant tissues
may increase or decrease with increasing soil moisture

levels depending on the individual nutrients.
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OUTLINE OF PRESENT WORK AND ANATYTICAT, METHODS

Qutline of present work.

The work in this study deals with the metabolism of
nutrients under various soil moisture conditions. This
metabolism may be defined as the biological accumulation and
mineralisation of the organic ﬁatter in the soil and the
chemical transformétions and uptake by plants of the mineral-
ised nutrients. These processes are controlled by soil
chemical and physico-chemical fixation or release of nutrients.
Throughout this work the term "pixation" refers to immobil-
ization of inorganic nutrients e.g. conversion of water-
soluble or dilute acid-soluble to water-insoluble or dilute
acid-insoluble phosphate, conversion of inorganic nitrbgen
to organically-bound nitrogen, and conversion of water-
soluble and exchangeable potassium and ammonium to non-
exchangeable fbrms. The term '"release" refers to the con-
version of inorganic nutrients from organically-bound forms
or from water-insoluble or dilute acid-insoluble forms into
water-soluble or dilute acid-soluble forms.

Initially, the accuracy and precision of the methods
of soil analysis for total nitrogen, of plant analysis for
nitrogen, phosphorus and potassium and of measurement of soil
moisture characteristics were investigated.

Under various soil moisture conditions, carbon
mineralisation, nitrogen mineralisation and losses of

nitrogen, and ammonia, phosphorus and potassium fixation
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and release were studied in laboratory incubation experiments.
Some of the moisture treatments applied to soils‘in the
incubation experiments were repeated in the greenhouse under
potted rice (Oriza Sativa L.) and Rye-grass (Lolium multi-
florum Lam. var. italicum Braun.) plants, and the nitrogen
balance and the uptake by the plants of nitrogen, phosphorus
and potassium were determined.

The moisture treatments given to the soils in the
incubation experiments or in the pot tests have been grouped
into the following headings:-

(a2) Various soil moisture levels and variations within
the range "air-dry" to "water-logged".

(b) Different soil moisture levels at different soil pH
levels.

(¢) Different soil moisture levels in the presence of
added oat straw or compost.

(a) Different soil moisture level x pH level x organic
matter x inorganic nitrogen treatments.

(e) Different heights of water of submergence of soils.

(f) Different periods of air-dry storage prior to wetting.

(g) Alternate raising and lowering soil moisture regimes.

Soils varying in chemical and physical properties

were used in these studies.
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ANALYTiCALkMETHODS

A. SOIL CHEMICAL ANATLYSIS.

1. Mineraliged carbon.

The minerali®ed carbon as carbon dioxide was
determined during the incubation of soils by Cornfield's (1961)
mefhod which involves the absorption of carbon dioxide evolved
from soil microbial respiration by an agueous suspension of
barium peroxide which in turn releases oxygen required for
respiration.

The carbonate formed during the incubation was
then determined by the calcimeter modified from Collins (1906)
by Cornfield (1960).

BExtraction of nutrients.

For the extraction of nitrate, ammonium, phosphorus
and potassium from soils, a reagent which would extract them
quantitatively was required. It was found that most con-
ventional extractants of some of these nutrients either con-
tained one of these nutrients or did not contain cations
strong enough to displace ammonium and potassium ions from
the ¢lay complex.

Morgan's reagent has been considered most suitable
because it contains sodium, which has been shown by Barshad
(1951) to be among the best cations for replacing ammonium
and potassium ions from the exchange positions. Morgan (1937)
found that as an extractant of soil phosphorus it was well

correlated with crop yield responses.
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Morgan's reagent was prepared at double strength
by dissolving 200 g. of trihydrated sodium acetate,
CH5COONa., 3H,0 and 60 ml. of glacial acefic acid in water
and making up to 1 litre. | '

To use the reagent for soil extraction, enough
water was added to the so0il, which had been incubated at a
known moisture content, to bring the water : soil ratio to
1 1. An amount of the double strength reagent equal to
the amount of water now present in the soil was addéed and
the stoppered test-tube was shaken vigorously by hand or in
and end to end shaker for one minute. The so0il suspension
was then filtered through a No.L42 Watman filter paper into a
dry test-tube. 2 ml. of the extract is equivalent to 1 g.

of soil.

2. Mineral nitrogen in the Morgan's extract.

Bremner and Shaw (1955) have indicated that acid
extractants destroyed part c¢f any nitrite in the soil and
oxidised some of the rest to nitrate. In the analysis of
the mineral nitrogen here, it has been assumed that nitrite
was likely to be present in small quantities and what has
been determined here as nitrate might be considered to

include nitrite.
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The mineral nitrogen, i.e. ammonium-N and nitrate-
N, extracted from the soil was determined by the micro-
diffusion technique of Conway (1947), as modified by
Bremner and Shaw (1955).  Ammoniunm-N was defermined immediately
after extraction of the soil since it was found that if the
determination was delayed after extraction the ammonium-N

values changed.

3. Available phosphorus.

The phosphorus extracted by Morgan's reagent was
here designated as "available" phosphorus. It was
determined as P;0s using the chlorostannous-reduced
molybdophosphoric blue colour method of Yuen and Pollard
(1955).

It was found that when Water~logged‘soils were
extracted and the extract left to stand, ferric iron
precipitated and made the extract turbid.  Aoki (1941),
and Mack and Barber (1960), have shown that phosphate was
greatly mobilised under water-logged cbnditions; therefore
only very small aliquots of the extract would be required
for the determination and this would result in the ferric
iron being diluted to a concentration beiow the interference

linmit of 15 p.p.m.
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e Available potassium.

The potassium extracted by Morgan's reagent from
the soil would be made up of the potassium in the soil
solution and any soil exchangeable potassium displaced by
the sodium in the reagent. The extracted potassium may
conveniently be designated "available" potassium.

The available potassium was determined photo-
metrically by the EEL photometer (Evans Electroselenium
Ltd. Halsted, Essex, England) the galvanometer of which
gives full scale deflection at a standard concentration of
10 p.p.m. K. Any soluble potassium salt could be used
for making up the standard solution since at this con-
centration of K*, all anions are at concentrations far
below the interference levels determined by Collins and
Polkinhorne (1952).  Appropriate amounts of Morgan's reagent

were added to the standards.

5. Soil organic carbon.

The soil organic carbon was determined by the
Walkley-Black (193L) method. Walkley (19L7) stated that
the organic carbon determined by this method excluded less
active organic carbon and most of elementary carbon (char-

coal and graphite).
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6. Total nitrogen in the soil.

The total nitrogen in the soil was determined by
the Kjeldahl method modified with salicyclic acid $o include
nitrate.

Added nitrate recovery from a 2 mm-sieved soil.

Almost all workers who have used the Kjeldahl
method for soil total nitrogen determination used soil samples
passing an 0.5 mm. sieve.

In denitrification experiments in which 2 mm. sieved
s0il samples are used and the total nitrogen determined on
the whole of the sample at the end of the experiment,
grinding the sample to pass an 0.5 mm. sieve may not be
desirable.

The aim of the following short investigation is to
confirm the precision and accuracy of the salicylic acid
modification of the Kjeldahl method used to analyse a 2 mm.-
sieved soil for total nitrogen and recovery of added nitrate.

BExperimental.

10 g. of a 2 mm.-sieved sandy loam soil (soil 1)
organic carbon 1.32%, was weighed into an 11 cm. No. 1
Watman filter paper. 1 ml. of a solution of potassium
nitrate containing 5,000 p.p.m. nitrate-N was added. To
another 10 g. sample of the soil, no nitrate but only 1 ml.
of distilled water was added. The former treatment was

replicated six times and the latter four times.
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The solution and water were added in such a way that they
did not soak to the filter paper. A1l replicates were
dried in an oven at 60°C for 2L hours. At the end the
total nitrogen Was determined by the Kjeldahl method
modified with salicylic acid. |

Results.

The results are shown in Tables I(a) and I(b) below.
TABLE 1.

(a) Total N of soil (Control) (b) Recovery of added Nitrate-N
500 p.p.m. soil

Replicates N p.p.m. Replicates % Recovery
1 1507.50 1 96.13
2 1488.75 2 101.30
3 1507.50 3 99.30
b 1518.75 L 97.88
5 97.88
6 101.30
Mean® = 1505.60%12.19 Mean® = 98.97%1.65

Coeff. of variation = 0.83% Coeff. of variation = 2.09%
*\ean of respective replicates plus or minus the standard

error at 5% level of probability.
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The results were reproducible and the recoveries
of nitrate were good. The standard errors of the means,
which have been calculated at 5% level, must arise from
soil sampling and to some extent from recovery errors.

Since Piper (194L) reported that the presence of
ﬁoisture in the soil reduced the recovery of nitrate-
nitrogen by the salicylic acid modification of the Kjeldahl
method, it seems absolutely necessary that the soil be dried
before the determination of total nitrogen is made.

The results obtained show that the use of 2 mm.-
‘sieved s0il is satisfactory and that grinding the soil to
pass an 0.5 mm.‘sieve as suggested by Bremner and Shaw (1958),
or a .15 mm. sieve as suggested by Jackson (1958), is
unnecessary for complete recovery of nitrate-nitrogen.

Elimination of nitrogen losses during the drying of
alkaline soils.

Several workers including Trickey and Smithcy (1955),
and Stojanovic and Broadbent (1960), showed that ammonium-
nitrogen added to the soil was lost by the volatilisation
of ammonia when the soil was dried. Mitra and Singh (1958)
had earlier reported heavy losses of added ammonium-
nitrogen from alkali soils and proposed the following
reaction:

(NHy) S50, + NapC0s —> (NH,),COs + NapsS0,

in which the ammonium carbonate being rather unstable
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decomposed into gaseous ammonia and carbon dioxide thus:
(NH,) CO —> NH; + COp + HO.

Wahhab and Uddin (1955), studied the interaction
of ammonium and nitrite ions in aqueous and alkaline media
and found thét in high concentrations and on desiccation of
the media, losses of nitrogen resulted. Madhok and Uddin
(1945), had earlier reported evolution of nitrous fumes
from added nitrite when soils with pH above 7 were dried.

In the light of these results, consideration must
be given to the suggestion made by Bremner and Shaw (1958),
that drying the s0il before total nitrogen determinations
in nitrogen balance experiments would involve losses of
nitrogen during the drying process; losses which would
greatly affect the results of such experiments.

Bremner and Shaw (1958), used a modified Olsen's
(1929) method to eliminate any such loss by doing the total
nitrogen determination on the wet soil. They used a
solution of potassium permanganate to oxidise any nitrite
to nitrate and reduced the nitrate with iron and sulphuric
acid before doing the Kjeldahl digestion.

In pot experiments involving total nitrogen
balances, this method could not be applied since the bulk
of the wet soil would be too large for digestion, and

sampling of the wet soil cannot easily be done.
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The s0il would therefore need to be dried and subsampled.
Secondly, in multifactorial incubation experiments
in nitrogen balances, a limitation of digestion facilities
would make it impossible to analyse all the samples at the
same time, To do the analysis at convenience, the soil will
have to be dried after the experimental period has ended.
At the same time, any losses of nitrogen during
this drying process must be eliminated. The aim of this

short investigation was to devise a method of doing this.

Preliminary experiments,

A search for a method led to a consideration of
the use of potassium permanganate to oxidise added nitrite
to nitrate during the drying procéss° 10 g. of soil 1, a
sandy loam soil whose pH has been raised from 6.5 to 8.5 by
the addition of 0.75% of calcium carbonate as described under
"soil pH" later, was treated with 100 p.p.m. nitrite-
nitrogen and 2 ml. of 10% KMnO, solution. The soil was
dried and the total nitrogen determined by the salicylic
acid modification of the Xjeldahl method.

The rercults showed that the nitrogen lost was
even greater than the added nitrite-nitrogen, indicating

some loss of nitrogen originally present in the soil.
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It was also found that when the permanganate
treatment was applied either alone or in conjunction with
1.5 ml. of N sulphuric acid solution to the soil treated
with either 100 p.p.m. nitrite-nitrogen, 500 p.p.m. ammonium-
nitrogen or both together, there were still significant
nitrogen losses. The amount of acid added had been cal-
culated to neutralise the carbonate in the soil.

When, however, only the acid was added and no )
special attempt was made to oxidise the nitrite, little loss
of nitrogeh occurred. This method was then tried out
in greater detail as described below.

Experiment.

10 go of the 2 mm.-sieved air-dry soil was weighed
into a polythene sheet, which has been shown to be permeable
to oxygen and carbon dioxide but impermeable to ions by Eno
(1960). Four nitrogen treatments in four replicates were
given: (a) no nitrogen, (b) 100 p.p.m. nitrite-nitrogen
as sodium nitrite (c) 500 p.p.m. ammonium-nitrogen as
ammonium sulphate and (d) 100 p.p.m. nitrite- plus 500 p.p.m.
ammonium~nitrogen. For the acid treatment, each of the
nitrogen-treated samples was treated with 1.5 ml. N H,S0,
solution and for the control 1.5 ml. of distilled water was

used instead of the acid.
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Appropriate amounts of water were added to bring
the soil moisture content to 100% of the maximum water
holding capacity: The samples, wrapped in the polythene
sheets but open at the top, were placed in test-tubes and
left to dry in the green house at a temperature of 25° to
10°C.

For the determination of the total nitrogen, the
polythene bags holding the now dry soil samples were lifted
out of the test-tubes and the soil pulverised with the fingers
from the outside of the polythene bag. Both soil and
polythene bag were placed inside a 500 ml. Kjeldahl flask
and the total nitrogen determined with the salicylic acide
modified Kjeldahl method.

Blanks were done with polythene sheets of the same

gize but no soil.

Results.

The results are shown in Tables 2(a) and 2(b) below:



TABLE 2(a).

Change in the total nitrogen of the soil

with no nitrogen treatment.

Original goil totai nitrogen = 1460 p.p.m.

Acid treatment:

Mean® loss or gein %

Control
1.5 ml. N HgySO,

0.00 ¥ 1.00
+0.17 ¥ o0.L9

TABLE 2(b).

Recovery of andded nitrogen.

Acid treatment Jr .~ 100 pepem. NOg-N

Mean® recovery % oEyE
Control 75.50%9.62 13.00
1.5ml. H,S0, 57.75%11.56 20.00

500 po p.m'. NI{4"’N

Control 86.50%1. 39 5,17
1.5ml. H,S0, 1€0.15%1,55 1.58

100pcpom- NOQ- + BOOpo pomoNHQ_-N

1

o———

Control 72.88%5,12 7.15
1.5ml. H,SO, 99.01%1.00 1,03

¥ Mean of four replicates plus or minus the standard

error at 5% level of probability.
¥ Qoefficient of variation.

62.
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There was virtually complete recovery of the
original total nitrogen of the soil when no nitrogen was
applied with or without acid treatment.

For added nitrite-nitrogen, there was a significant
deficit of the recovery with or without acid-treatment
although the deficit was greater with acid treatment than
without it.  The variabilities were greater than 10%, being
higher with acid treatment than without it.

For added ammonium- and added nitrite-plus ammonium-
nitrogen the recovery was virtually complete with the acid
treatment and significantly higher than without it. The
variabilities were greater than 5% without acid treatment and
lesg than 2% with acid treatment.

Discussions.

The high losses of nitrogen observed in the
preliminary experiments, when potassium permanganate was
added to the soil before drying may arise from the fact that
the permanganate;'being a powerful oxidising agent, vigorously
decomposed the organic matter at the temperature of drying.
This would result in the possible oxidation of organic
nitrogen to gaseous oxides of nitrogen. Thus, even if it
oxidised the nitrite to nitrate, this was unable to balance
the nitrogen losses arising from the oxidation of the

organic nitrogen compounds in the soil.

=
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In the main experiment, the nitrogen losses
experienced when only nitrite was added to the alkaline soil
not neutralised with acid have confirmed the observations of
Madhok and Uddin (1945), and it seems that during the drying
process, there is a spontaneous decomposition of the nitrite.
When the carbonate is removed by neutralisation with acid,
the even greater losses of nitrite-nitrogen probably arises
from the acidity of the so0il which under drying conditions
would stimulate the formation of nitrous acid from the nitrite.
This witrous acid being rather unstable decomposes easily into
gaseous oxides of nitrogen.

The losses of ammonium-nitrogen when the carbonate
is not removed follow the reaction suggested by Mitra and~
Singh (1958), and when the carbonate is removed by acid treati
ment, no ammonium-nitrogen is lost. |

When the ammonium- and nitrite-nitrogen were both
added without the removal of the carbonate, the nitrogen losses
were even greater than when ammonium- or nitrite-nitrogen was
added alone. This seems to follow from the observationﬁ
made by Wahhab and Uddin (1955), that when drying an ai%ine
medium containing nitrite and ammonium ions, they woﬁldf;eact
to form ammonium nitrite which would spontaneously decompose
into gaseous ammonia and nitrogen oxides. It seems that on

removal of the carbonate with acid, this spontaneous
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decomposition of ammonium nitrite does not take place since

nearly all the ammonium- plus nitrite-nitrcgen is recovered.

Conclusion.

In nitrogen balance experiments where alkaline soils
are used and mineral nitrogen treatments given or where
accunulation of émmonium— or nitrite-nitrogen is likely, losses
of ﬁitrogen during the soil drying process can be prevented by
acidifying the soil to a pH betwezn 55and 65just before
drying.

7. Soil pH.

Soil pH was determined at a soil : water ratio of
1 ¢ 2 by means of the glass electrode using the Cambridge
bench pH meter.

Preparation of a soil of varying pH.

Four 500 g. lots of 2 2 mm.-sieved air-dried soil
were mixed with aluminium chloride, ALClgz;.6H30, at rates of
0.1%, 0.2%, 0.5% and 1.0%. Amounts of calcium carbonate
corresponding to 0.1%, 0.2% and 0.5% were mixed with three
other lots and one ot was untreated.

Bach lot was placed in a plastic pot, wetted until
saturation and watered every three days for three weeks.

The pots were then treated with 5 inches of water to leach
out excess soluble salts, the soils then air-dried and their

pH determined as above.
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8., Carbonate content of the soil.

The carbonate content, calculated as calcium
carbonate was determined with the calcimeter modified from

Collins (1906), by Cornfield (1960).

Be SOIT MECHANTICAL ANALYSIS.

1. Clay, silt andsand fractions,

The clay and silt fractions were determined with
the Bouyoucos (1953), ¥ hydrometer after dispersal in
0.1N NaOH solution containing 1% calgon (sodium meta hexa-
phosphate), and the sand fraction determined by decantation

of the clay plus silt suspension.

2. Moisture content.

The soil moisture content on the oven~dry basis
was determined by heating in an oven for 24 hours at 105°C.

The maximum water holding capacity was determined
by saturating, overnight, the soil contained in a porcelain
dish with a porous bottom, and is expressed on oven=dry

bagis.,

3. Moisture characteristic curve of soils.

For moisture tensions above one atmosphere the
s0il moisture contents (on oven-dry basis) at various soil
moisture tensions were determined with the pressure membrane

apparatus of Richards (1941).



67.

For tensions below onc atmosphere, suction through
a layer of kaolin on No. 54 Waterman filter paper contained
in a Buchner funnel was used and the suction pressure measured
by means of a water or mercury manometer.

Using these methods, the soil moisture character-

istics of soil 1 are shown in Table 3 below.

TABLE 3.
Moisture characteristics of soil 1.
pF - Tension EMean moisture® Coefficient
| (oven-dry basis) ! of variation

0.00 lcm. (water) 113.20%0.303 0.61
1.00 | 10cm. " 112.90%0.132 0.27
1.70 | soem. " 37.12%0.176 0.41
2.00 | 100cm. " 3L.24%0.139 0.36
2.30 | 15.2cm.(Mercury) 28.13X0.u54 1.41
3.00 | 76cm. " 12.6610.231 1.60
3.70 | 5 Atmos. 7.30%0.172 2,06
L.00 |10 " 6.58%0.011 0.15
h.18 {15 " | 5.62%0.121 1.88

*Mean of triplicate determinations plus or minus the standard
error at 5% level.

The high reproducibility of the results indicates
that the methods are very suitable for the determination of
the soil moisture characteristics of the soils used in the

present work. These are shown in Fig. 1,2,3,L and 5.
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The chemical and physical characteristics of the

_soils used in the present work are shown in Table L.

Characteristics of soils used for experiments.

TABLE L.

(Oven-dry basis)

Soil

pH

%
Org.C

%N

CB,CO;;

%Clay

%311t

%Sand

Texturgém.w%ﬁ.c.

O & ~J O

£.50
6.67
6.L6

7o 62

{ .58

5.05
7.41
6.12

6.75|

1132
3,50
13.88

6.98
3.90

2.93
5.28
3,62
1.66

0.15

O. Lk
2,27

1.01
0.50

0.33
0.62

0.40
0.23

0.18
1.40
L4.40

L41.67

0.38

0.4L8
0.28

1.33
0.22

11.00
12.00

L.16

28.00

37.50
28.00
36.00
10.00

25.00
'14. 00

L.68

21.00

32.50
22.50
32.00
27.00

63: OO
70.00

4L3.16

L7.00

27.00
L4 .50

27: OO .

61.00

Sandy Loam
Sandy Loam

Organic
Soil

Calcereous
Loamy Sand

Sandy Clay
Loam

Clay Loanm

Sandy Clay
Loam

Clay Loam

Sandy Loam

143,20
120.00

80.00

56.00

70.00
5L, 00
70.00
54.00

% Determined with the U.S.D.A. soil identification diagram,

Lyon et.al. (1952).
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Analysis of plant material for nitrogen, phosphorus and
potassium.

For the analysis of the large numbers of samples of

plant materials obtained during this study, accurate and rapid
methods were required. Dickman and De Turk (1938), first
employed the wet digestion with sulphuric acid and hydrogen
peroxide for the determination of organic phosphorus in the
soil. Later, Yuen (1948), employea it for the determination
of phosphorus in plant materials.

The sulphuric acid and hydrogen peroxide wet
digestion method was used for the determination of total
nitrogen in the soil by Koch and McMeekin (192L), and they
reported no loss of nitrogen when 30% H,0, was used with
sulphuric acid. Yuen and Pollard (1954), employed it for the
determination of nitrogen in plant materials and obtained a
complete recovery of ammonium-nitrogen but large losses of
nitrate-nitrogen added to the plant materials in the digestion
flask. They suggested, however, that the nitrate content of
plants, except when they were very young, was negligible.

Potagsium in plant materials is usually determined
by the wet digestion of the plant materials with a mixture
of nitric and perchloric acids (Parks et al. (1943), or with
further addition of sulphuric acid (Piper, (19L4). In this
study, prior to flame photometric determination, wet
digestion with sulphuric acid and hydrogen peroxide gave

satisfactory results for potassium in plant materials.
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In view of the fact that in this study total
nitrogen contents of grass recently receiving heavy nitrate
dressings were to be determined, and the possibility that
some of this added nitrogen might be present in the plant
tissue as nitrate thus giving rise to the possibility that
some nitrogen might be lost through this source during the
ordinary Kjeldahl or sulphuric acid-H,0, digestion methods,
the following study on the effects of salicylic acid plus
thiosulphate on the recovery of nitrogen by both methods was
carried out.

Materials.

Tops were taken from four grasses (Italian Rye-grass,
Cocksfoot, Meadow fescues and Timothy) which hed been grown
in pot tests with (a) no nitrate and (b) heavy potassium
nitrate (equivalent to 200 1b. N per acre every 2 weeks)
treatments, and Italian Rye-grass grown in the field with (a)
no nitrochalk, (b) L cwt. nitrochalk, and (c) 16 cwt. nitro-
chalk per acre. All materials were dried at 70°C and ground

to a fine powder.

METHOD (I): Wet digestion (H.S0. + H.0,).

To 0.2 g. of plant material accurately weighed into
a dry 50 ml. conical flask, 2 ml. of conc. H;80, was added
and the flask rotated to mix the contents. It was then
heated on a hot plate until charring and fuming occurred.

The flask was cooled, 1 ml. of 100 vol. Hz0p was added
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and the flask heated again to fuming. This process was
repeated, adding 0.5 ml. of Hy0,; each time, until no colour
appeared on heating to fuming.

METHOD (I+S): Wet digestion modified with salicylic acid
and thiosulphate.

The procedure was as in method (I) except that the
concentrated sulphuric acid contained 3 g. of salicylic acid
per 100 ml. and that after the first cooling of the flask,
before the addition of the 1 ml. H,0, solution, about 0.1 g.
of sodium thiosulphate pentahydrate (NasS;0s.5H,0) was
added to the contents of the flask.

Por Methods (I) and (I+S), the digestion flask was
finally cooled, the digest washed with water into a 5C ml. !
volumetric flask and made up to mark. The ammonia was

determined by micro-distillation of a suitable aliquot of

this solution.

METHOD (II): Xijeldahl digestion.

0.2 g. of the plant material was weighed into a
7 cm. No., 1 Watman filter paper, wrapped up and dropped into
a dry 250 ml. Kjeldahl flask. 10 m1l. of conc. Hy;S50, was
added and the flask heated on a low flame for 10 minutes
with occasional shaking. The flask was then cooled. 3g.
of K80, and one drop of selenium oxychloride added and
heated on a luminous full flame until the digest turned
a straw colour. Thereafter, it was heated with a non-

luminous flame so that it just simmered for one hour.
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METHOD (II+S): Kjeldahl digestion modified with salicylic
acid and thiosulphate.

The procedure was as in method (II) axcept that
the conc. H,80, contained 3 g. of salicylic acid per 100 ml.
and that 1.5 g. of sodium thiosulphate pentahydrate
(NapS,05.5H,0) was added with the K,S04.

For Methods (II) and (II+S) the flask was cooled
after the digestion and the ammonia determined by distillation
on the whole digest.

For all methods, appropriate blanks were done with
filter paper replacing the plant material. A1] determinations

were done in triplicates.

Phosphorus and potassium.

The phosphorus and potassium in the plant materials
were determined on aliquots of the digest solutions from
Methods (I) and (I+8).

Phosphorus was determined by the molybdenum blue-
aminonaphthol sulphonic acid colorimetric method of Yuen and
Pollard (1951).

Potassium was determined with the E.E.L. flame

‘photometer.

Regults.
The results are shown in Tables 5, 6 and 7.

Nitrogen (Table 5): The coefficients of variability of the

means of the percentage nitrogen of the plant materials
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determined by all the methods were less than 5%.  The
average coefficients for method (I) was 1.25%; method (I+S),
0.98%; method (II), 1.12%; and method (II+S), O0.74%.
The coefficients were invariably higher for materials with
low nitrogen content than for those with high nifrogen
contént, but the standard errors were independent of the
hitrogen contents of the plant materials.

Results of the differences between the totals of
the triplicate values of percentoge nitrogen obtained by the

various methods may be summorised as follows:

where (I) represents the totals determined by Method (I)

(I+8) " " i " " Method (I+S)
(II) " " " " ' Method (II)
(II+3) " " " " "  Method (II+S)

The values are arranged in descending order of magnitude and
those included above the same horizontal line are not
significantly different at 5% level.

For all plant materials (except Timothy) with
no nitrate treatments and Italian Rye-grass with heavy nitrate
treatment, there were no significant differences between the
four methods.

For all plant materials (except Timothy and '
Italian Rye-grass) with heavy nitrate treatment and Italion
Rye-grass with no nitrochalk and the heaviest nitrochalk

treatments,
‘ (11+8), (I+8), (1) , II .




7b- °

For Timothy with no and heavy nitrate treatments,

KII’*'S)} (I+S) ’ (I) ’ (II)

For Italian Rye-grass with medium nitrochalk treatment

(11+8), (I48) , (I) , (II)

Discussion.

Generally there was no significant difference
between the nitrogen contents determined by all the methods
for all plant materials with low nitrogen content. This
would mean that it would not be necessary to modify either
the wet digestion or the XKjeldahl method with salicylic acid
when plant materials had received no nitrate treatment during
growth and consequently had low nitrogen contents.

For materials from the high nitrate treatments and
hence having high nitrogen contents, the nitrogen contents
determined by the ordinary Kjeldahl method were significantly
less than those determined by all other methods. It also
meant that in this case, the XKjeldahl method should be
modified by the addition of salicylic acid if all the

nitrogen was to be recovered in the plant materials.



TABIE 5.

Percentage nitrogen in plant materialis &etemiﬁed by two methods and their salicylic acid modifications.

Plant Materials #WET DIGESTION KJEIDAHL DIGESTION
I I + Salicylic acid - II IT + Salicylic acid
3 . . . . P B .
ANitrogen Cﬁc,s ,Nitrogen Cyo Alitrogen Csa AVitrogen Cio
Italian Rye~grass +
No NO3 AW 44 =0.0766 4,08 1.45%0.0078 0.48 1.43%0.0253 | 1,57 1.45%0,0120 ‘0e69
Ttalian Rye-prass = + + +
Heavy NOz 5.4,%0.0550 0.9 5.86-0.033, | 0.55 5¢33=0.1548 2.55 5.45-0.090) 146
Timothy No NO, 1.22%0,293 1.8, |1.2450.0078 | 0.57 [1.21%0.0178 | 1.34 1.25%0.0078 0.57
" heavy NOz = 4.68%0,023) 0.45 L. 75%0.0564 1.05 L.66£0,05,8 1.73 4.764-'0.0176 0.36
Cocksfoot No No3 1.0133.‘0334 2.89 1.0320,0430 3.69 11.03%0.0333 2.91 1,03%1.0176 1.53
" heavy NO, 5.0120.0196 | 0.35 |5.01%0.023, | o0.42  |h.95f0.0120 | 0.20 14.9620.04,51 0.81
Headow fescus + + + +
No No3 1.34-2.0078 0.53 1.34~0.0178 1.18 1.31-0.0137 0,93 1.36~=0.0353 2.32
" heavy NO, 5.40%0.0293 | 0.47 |5.42%0.0235, | 0.37 |5.38%0.7960 | 1.3t 544520, 0000 7,00
Italian Rye~grass . + + -
No Nitrochalk 3.45%0,0430 1.10 3.47-0,056l. 1.43 3427-0,0078 0.22 3.48-0.0000 0.00
Ttalian Rye-grass + .
x 4 Nitrochalk 3.56=0.0410 1.01 3.59-0.0392 0.96 347800120 0.29 3.62%0.0000 0.00
_Itaiian Rye-grass + + + -
"~ x 16 Nitrochalk L4 28~0,0000 0.00 4. 280,023 047 }4.,02-0.0000 0.00 L.s 28~0, 0000 0.00

X

Mean of triplicate detevminations plus or mimus the standard error at 5% level of probability.

Coefficient of variability.

*SL
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TABLIE 6.

of plant materials determined by wet

digestion method and its modification with salicylic acid.

Plant Materials

Wet digestion

Wet digestion
and Salicylic acid

Italian Rye-grass No NO

Timothy No NO 3

Cocksfoot No NO 3

Meadow Fescues No NO

3
Italian Rye-grass
No Nitrochalk

Italian Rye-grass
4 Nitrochalk

Italian Rye—-grass
16 Nitrochalk

3

%

- ’Jﬁ{-f 7 b4

& PO s £ PO, o
0.682%0.0196 | 2.58 | 0.66720.0138 | 1.74
0.44,2%0.0157 | 3.28 | 0.440%0.0000 | 0.00
0.34250.0157 | 4.21 | 0.346%0.0078 | 1.99
0.60050.0196 | 2.88 | 0.598%0.0020 |0.05
1.000%0.0000 | 0.00 | 1.080%0.0196 | 1.60
0.9850.0550 | 5.08 | 0.993%0.023. | 2.33
1.033%0.0650 | 5.60 | 1.070=0.033L | 2.80

¥

Mean of triplicate determinations plus or minus the standard

error expected at 5% level of probability.

AX

Coefficient of variability.



TABIE 7.

T

Percentage K,0 of plant materials determined by wet
digestion methog and its modification with salicylic acid.

Plant materials

Italian Rye-grass No NO
Timothy No NO3

Cocksfoot No NO 3

Meadow Fescus No NO

3

Italian Rye-grass
No Nitrochalk

Ttalian Rye-grass
4 Nitrochalk

Italian Rye~grass
16 Nitrochalk

3

. . Wet digestion
Wet digestion and Salicylic acid

7 B 0" ™% % K0 73
3.98%0.0392 |0.87 | 4.00%0.0392 |0.87
3,9,%0.0392 |0.88 | 4.0270.0000 |0.00
1.,06%0.0392 [0.85 | 3.97%0.0138 {0.31
4.5850.0792 | 1.51 | L.18%0.1900 | 3.85
4.3310.0470 0.9% | 4.39%0.2550 | 5,10
3.77%0.0293 |0.69 | 3.75%0.0000 | 0.00
3.4320.04,70 |1.18 | 3.38%0.0860 | 2.23

X

Mean of triplicate determinations plus or minus the stendard

error expected at 5% level of probability.

g c.

Coefficient of wvariability.
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There were no significant differences between the
nitrogen contents determined for all the plant materials by
the salicylic acid modifications of the wet digestion and
the Kjeldahl methods and either of them could be used to
recover all the nitrogen in the materials.

There were no significant differences between the
nitrogen contents of all plant materials determined by the
wet digestion method and those determined by its salicylic
acid modification and it would seem that such modification
was thereforé unnecessary. This might be explained by the
suggestion made by Yuen and Pollard (1954) that the organic
carbon in the plant material might act as a reducing agent,
reducing any nitrates to ammonia during the digestion when
there was no salicylic acid to react with the nitrate and
preserve it for eventual reduction by the sulphuric acid.

It is also possible that the hydrogen peroxide
itself acts as a reducing agent in a way similar to its
reaction with potassium permangénate vhere it would be an
acceptor of oxygen. In this way it might reduce the nitrates
to ammonia by accepting oxygen from the nitrate.

The temperature of digestion for the wet
digestion was lower than that for the Kjeldahl digestion
and this might account for the greater loss of any nitrates
in the ordinary Kjeldahl digestion than in the ordinary wet

digestion for materials from heavy nitrate treatments.
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Phosphorus and Potassium,

Results: The results of the percentage phosphorus as
P,05 and potassium as K0 of the plant materials as determined
by the wet digestion method with or without the salicylic acid
modification are shown in Tables 5 and 6.

The coefficients of variability were up to 5% only
in two cases for phosphorus determined by the unmodified wet
digestion method and in one case for potassium determined by
the salicylic acid modified method. They generally increased
with increasing phosphorus or potassium content.

Generally there were no significant differences
between the percentages of potassium or phosphorus determined

by the modified and unmodified wet digestion method.

Discussion: There is no doubt that at the temperatures
of the wet digestion, there is no likelihood of losses of
phosphorus and potassium occurring as a result of vaporisatioﬁ.
Furthermore, since there is an absolute certainty of complete i
oxidation of the organic matter, all the phosphorus in the
organic form and the potassium within the fabric of the
organic matter are released.

It is also seen that the addition of the salicylic
acid and sodium thiosulphate during the digestion does not
affect the subsequent colorimetric determination of phosphorus

or flame photometric determination of potassium.
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General conclusions.

The modification of the wet digestion method
(HzS0, + H.0,) with salieylic acid has been used to determine
the nitrogen contents of plant materials. Results obtained
were in close agreement with the nitrogen contents determined
by the Kjeldahl method modified with salicylic acid. The
nitrogen, phosphorus and potassium contents determined by this
modified wet digestion method were in close agreement with
those determined by the unmodified method, but because the
results obtained by the modified method were, on the whole
less wvariable than those obtained by the unmodified method,
the former was adopted for the analysis of plant materials
in the present work.

The method is convenient for doing large numbers
of determinations, about six dozen samples can be digested in
about one and a half hours and larger numbers on wider hot
plates. Since the silica in the plant material seems to be
dehydrated during digestion, as evidenced by the silica powder
left sticking to the bottom of the digestion flask, calcium,
magnesium and possibly iron and manganese can be determined

immediately on the digest after appropriate neutralisation.



81

CHAPTER IIT

THE EFFECT OF VARTIATIONS IN THE SOIL MOISTURE CONTENT
(AIR-DRY TO WATER-LOGGING) ON THE MINERALIZATION OF
CARBON AND NITROGEN AND THE AVAILABILITY OF PHOSPHORUS
AND POTASSIUM
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INTRODUCTION

Soil moisture content is one of the most important
factors controlling the availability of plant nutrients in the
soil and the physiological performance of the plant. In
different parts of the world where rainfall is scarce, optimum
s0il moisture for crop production is mitigated by irrigation
from lakes and rivers; where the rainfall is excessive
flooding of farmlands results and optimum soil moisture for
upland crops is obtained by land drainage. In many tropical
countries, however, where rice is grown, flooding the soil
during the period of rice growth is practised.

In the present chapter of this work, an attempt has
been made to relate the soil moisture level with the mineral-
ization of soil organic matter and the availability (Morgan's
extracted) of soil phosphorus and potassium during the incubation
of the soil. The mineralization of organic matter and the
availability of phosphorus and potassium have also been studied
(1) under simulated irrigation treatments of raising soil
moisture from low to high levels and (2) under simulated drainage

treatment of lowering soil moistﬁre from high to low levels.

MATERIATS
Soil (2), a sandy loam soil, whose chemical and
physical characteristics are shown in Table L4 and Fig. 2 and

which received an annual application of about L cwt. of lime
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per acre, was used for the experiment. The soil was collected
from the top 6" layer, air-dried at a greenhouse femperature of
25°-.320°C and ground to pass a 2 mm. sieve. The air-dry moisture
content was determined on oven-dry basis.

The incubation was dome in flat-bottomed sampling

glass tubes 4" x 1" (internal diameter).

EXPERIMENTAL METHOD

10 ‘g. samples of the well mixed soil were weighed into
the glass tubes and given the following moisture treatments:
air-dry (0), 10, 20, 30, LO, 50, 60, 70, 80, 90 and 100 per cent
of the maximum water holding capacity (m.w.h.c.) and water-
logeged (133% m.w.h.c.) by adding to each sample O, 0.5, 1.1,
1.7, 2.3, 2.9, 3.5, L1, 4.7, 5.3, 5.9 and 7.9 ml. of water
respectively. Air-dry moisture content was 1.0% and maximum
water holding capacity was 60% absolute moisture content (oven-
dry basis).

The s0il samples were mixed thoroughly by means of a
thin glass rod to obtain an even distribution of the water.

To avoid any loss of soil particles, the end piece of the glass
rod which had been in contact with the soil was broken off and
left in the soil sample.

Each moisture treatment O to 50% m.w.h.c. had
16 replicates and each moisture level 60 to 133% m.w.h.cCo.
had 12 replicates. All samples and replicates, except those

left air-dry, were incubated at 28°C with glass vials con-
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taining a suspension of barium peroxide for mineral carbon
determination. Duplicates of each moisture level treatment
were analysea for mineralized carbon and nitrogen and for
available (Morgan's extracted) phosphorus and potassium after
three weeks and six weeks from the start.

At the end of six weeks, for each of the moisture
level treatments 0 to 50% m.w;h.c;, Ly replicates were 1eft at
the original moisture level, L were irrigated to 50% m.w.h.c.
and L were irrigated to water-logging, by the addition of
appropriate amounts of water; for each of the moisture level
treatments 60 to 133% m.w.hec., L replicates were left at the
original moisture level, and L were dried in the greenhouse at
a temperature of 25° to 30°C to 50% m.WeheCe The drying was
achieved by weighing the tubes twice a day and when the lower
moisture levels dried to 50%, they were held there by appropriate
additions of water until the higher moisture levels dried down.
This took L8 hours to achieve.

Each sample was again mixed with a glass rod and
incubated at 28°C. The carbon and nitrogen mineralization
and the available phosphorus and potassium were then determined

after three weeks and six weeks.
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Mineralized carbon (mg.002/10g. soil oven-dry)

TABLE 8.

during the ineubation of soil 2 with various

moisture treatments.

85.

Original soil At original soil moisture | Changed %o 50% [Water-logged
moisture levels | content during the whole |m.wshe.c. for [{1337%m.w.h.c.)
(%mewehecs) incubation time last 6 weeks [for last 6 weeks
3 6 9 12 9 12 9 12
wks. wks. | wks. [ wks. | wks. | wks. |wks. | wks.
0 0 0 0 0 16.6 30.4 7.3 115.0
10 a1 18.0 [ 27.8 | 39.2| 30.9 | 43.0 23.0 [27.8
20 15.0 | 22.7 | 31.7 |44 | 34.6 | 46.2 {27.5 [31.2
30 18.0 26,0 | 346 | 42,9 37.3 | 46.2 30.6 3343
10 20.7 | 30.4 |38.1 |45.4| 40.7 | 48.4 |3h.2 [37.2
50 21.8 | 30.6 [39.9 [48.0| 39.7 | 47.6 |36.3 0.3
60 214 | 37.5 | 51.8 | 58.6| 53.4 | 642 | = | =
70 22,0 | 37.0 | 47.3 | 52,4 ] 6.9 55.9 | - | -
80 - 20.7 | 33.1 | 45.4 | 55.3 ] 48.5 | 61.5 - -
90 19.0 | 31,9 | 41.5 | 51.1 50.1 62,8 - -
100 17.7 | 30.9 | 39.4 | 48.0| 52.2 | 66.9 - -
133 19.0 | 26.5 | 35.0 | 42.6| 49.6 | 65.0 - -

X
Means of duplicate determinations.

L.S.D. (Least significant difference) = 4.3 at 5%, 5.8 at 1% and
7.5 at 0.1% levels.
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Because of the self-sufficiency of the incubation
tube closed system in which the evolved carbon dioxide was
ébsorbed by the barium peroxide which in turn supplied the
oxygen for respiration, there was no loss of water from the soil
and the moisture contents were thus well controlled.

The mixing of the soil and the water was considered
necessary especially in the lower moisture levels since, other-
wise, the added drops of water formed saturated crumbs and diffused
slowly and incompletely through the soil sample mass.

The mineralized carbon was determined as mg. COp per
10 g., the mineral nitrogen, ammonium- and nitrate-nitrogen
determined as p.p.m. less the original soil content, the available
phosphorus as P30s p.p.m. and the available potassium as K;0 p.p.m.,
all based on the oven-dry soil.

N.B.

Throughout this chapter where a water percentage is
given (e.g. 50%) it refers to percentage of the maximum water
holding capacity.

(1) Mineraliged Carbon.

(a)  Soil moisture content, 0-133%.

(1) Results.
The carboﬁ dioxide produced during twelve weeks
incubation at the original soil moisture levels O to 133%
is shown in columns 2 to 5 of Table & and graphically in

Fig. 6.
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During the first three weeks incubation the carbon
dioxide production increased with increasing moisture level up
to 50%, remained constant till 70% and then decreased slightly
with further increases in the soil moisture till 100%. At
water-logging it increased again slightly.

At six and nine weeks incubation the total carbon
dioxide production also increased with increasing moisture but
to a maximum at 60% (optimum moisture level) and then decreased
with further increases in the so0il moisture level. At twelve
weeks incubation, the same trend of carbon dioxide production
was observed except that there were two maxima, one at 60% and
the other at 80%.

The significance at 5% level of probability of the
differences between the mean carbon dioxide values may be
summarised as follows: |

Where the original soil moisture level represents the mean
carbon dioxide values in descending order of magnitudes and
figures above the same line are not significantly different

from one another but are significently different from all others.

At 3 weeks: 70, 50, 60, 4O, 80, 90, 133, 30, 100, 20, 10, O

—— C———

At 6 weeks: 60, 70, 80, %0, 100, 50, LO, 133, 30, 20, 10, O

At 9 weeks: 60, 70, 80, 90, 50, 100, LO, 133, 30, 20, 10, O
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At 12 weeks: 60, 80, 70, 90, 50, 100, LO, 30, 133, 20, 10, O

Generally, from six weeks incubation, the total carbon dioxide
produced was higher at the higher moisture levels above 50% than
that & the lower moisture levels up to L0% except at water-

logged where it was consistently lower than that at L0%.

(ii) Discussion.

The greater part of the bodies of micro-organisms is
made of water and they depend on water for reproduction and vital
activities. The results of carbon dioxide production obtained
here after three weeks incubation show that although the carbon
dioxide production increased with increasing soil moisture up to
an optimum between 50%and 70% there was no significant difference
between the carbon dioxide produced at moisture levels ranging
from 30% to 133%, and that within this range within a period of
three weeks microbial activity was independent of the soil
moisture level. Below this range of soil moisture however,
soil moisture seemedto be limiting microbial activity.

The fact that the carbon dioxide produced at moisture
levels of 50% to 100% was generally greater than that produced
at lower moisture levels after six weeks incubation agrees
closely with the results of Stover (1953), who showed that
the optimum moisture level for bacterial activity was 75%
of the water holding capacity although here the optimum

microbial activity occurred at 60%.
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Several other workers have, however, reported that organic
matter decomposition and microbial numbers increased with
increasing so0il moisture to near saturation (i.e. 100%).
(Gorbunov and Tokarev (19L6) and Weissenberg (1954)).

With increase in soil moisture, the solubility of
oxygen in soil water tends to approach that in open water
(Runkles et al. (1958); +there are possibilities of the
existence of large numbers of strictly aerobic bacteria even in
water-logged soil (Mukerji and Vishnoi (1936)) and the respiration
of water-saturated soil crumbs is not inhibited unless the
oxygen concentration is extremely low (Greenwood (1961)).

In the partially aerobic media represented by the soil
samples at 60 to 100% there might be a mixed population of micro-
organisms, strict aerobes, facultative aerobes and strict an—
aerobes actively decomposing the organic matter and thus
producing more carbon dioxide than at lower moisture levels
where strictamerobes would predominate.

At water-logging, the carbon dioxide production was
generally reduced since here water was standing 0.5 cm. above
the so0il surfaée, anaerobiosis was more complete and only
anaerobic respiration was important. The carbon mineralization
being higher at the higher moisture levels near saturation
than at lower moisture levels below 50% may obtain in this

soil which is a sandy loam, This may possibly not be the
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case with more clayey soils where greater degrees of anaero-
biosis may be obtained at similar high moisture levels.

(b) Change of original soil moisture levels o 50% or
to water-logging.

(i) Results;

The total carbon dioxide produced when the soil at
original moisture levels of O to LO% was irrigated to 50% and
that at original moisture levels of 60 to 133% were dried to
v50% are shown in columns 6 and 7, while that produced when the
s0il at original moisture levels of O to 50% were irrigated to
water-logging is shown in columns 8 and 9 all of Table 8. These
values include the carbon mineraliged at the original moisture
levels prior to the change in moisture levels.

The changes in the rate of carbon dioxide production
accompying the changes in moisture levels are shown in Fig. 7
and 8. The carboi. dioxide produced within six weeks as a
result of this change has been built into Table 9 and Fig. 9
by subtracting the values of carbon dioxide produced in the
initial six weeks at the original moisture levels from the
values after the next six weeks incubation at the same original
moisture levels (c), at the new moisture level of 50% (a), and
2t the new moisture level of water-logging (b).

The results show that on changing the original
moisture from low or high levels to 50%, there is an increase

in the rate of carbon dioxide production over the rate in the
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soil continuously maintained at the original moisture levels.
This increase in the rate of carbon dioxide production resulted
in total carbon dioxide production which increased with
decreasing original soil moisture levels below 50% and increased
with increasing original soil moisture levels above 50%.

The results also show that on changing the original
moisture levels from low to water-iogging, there was a highly
significant decrecase in the rate of carbon dioxide production
compared with the rate in the soil continuously maintained at
the original moisture levels. This decrease in the rate of
carbon dioxide production resulted in total carbon dioxide
production which also tended to increase, though not significantly,
with decreasing original soil moisture levels. The decrease in
the rate of carbon dioxide production did not, however, apply
to the air-dry original moisture level where hitherto, there
had been no carbon mineralizaticn.

In the soil maintained continuously at the original
moisture levels, the rate of carbon dioxide production remained
constant and the resultant total carbon dioxide production was
more or less similar for all moisture levels with a few
significant differences.

The differences between the carbon dioxide produced
when the change in moisture level was to 50% and when no
change in moisture took place was (a)-(c) and the difference

when the change was to water-logging was (b)-(c).
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TABLE 9.

Carbon mineralized (mg.C02/10g. soil, oven~dry) in soil 2
af'ter changing the original moisture levels from below and
above 50% to 50/% and from below #% to water-logging.

Original moisture | (a)To 507 [(b)To water-logging | (c)left at (a) - (e) (v) - (e)
levels(%m.w.h.c.) original moisture| Increase at 50% compared|Increase at water-
levels with that left at logging compared

original moisture level. |with that left at
original moisture
level

0 3044 15.0 0 30.4 15.0
10 25.0 9.8 21.2 3.8 -11.3
20 23,4 8.5 18.7 Le7 -10.2
30 2041 7.3 16.8 3.3 -9.5
40 17.9 67 15.0 2.9 ~842
50 17.0 9.7 1743 0.0 =7.6
60 : 26.7 - 21.0 5.6 -
70 18-8 - 1503 305 -
8o 283 - 22.1 Gl -
20 30.9 - 19.2 1.6 -

100 3549 - 17.0 18.9 -
220)4- -

133 3845 - 16.0

L.S.D., (a), (b) and (¢) = 4.0 at 5%, 5.3 at 1% and 7.1 at 0.1% levels.
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‘The former shows that carbon dioxide production was increased
by the change in the moisture level to 50% while the latter
shows (except for air-dry original moisture level) that it
was reduced by the change in moisture levels to water-logging.

For original soil moisture levels below 50%, there
was no significant advantage in so far as carbon mineralization
is concerned, in increasing the moisture level to 50% except
if it was originally at below 20% but there were significant
advantages in reducing the original moisture level from above
to 50% except if it was at 70%.

On the other hand, there were very significant
disadvantages in increasing the original moisture below 6.0% to
water-logging except if it was originally air-dry.

The significance of the differences between the
carbon dioxide produced after the change in the original moisture
may be summarised as follows:

(a) o 50%: 133, 100, 90, 0, 80, 60, 10, 20, 30, 70, LO, 50

(v) To water-logged: 0, 10, 50, 20, 30, LO

(c) Unchanged at original soil moisture:

80, 10, 60, 90, 20, 50, 100, 30, 133, 70, LO, O
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(ii) Discussion.

It has been shown that at low soil moisture levels,
moisture was a controlling factor in carbon mineralisation.
Within this range of s0il moisture therefore, the higher the
original soil moisture level, the more the easily mineralizable
organic carbon was depleted and so the less that remained for
mineralization when the optimum moisture level (50%) was
subsequently applied.

There is a flush of organic matter decomposition on
wetting air-dried soils, as a result of a rapid increase in
microbial numbers (Birch (1958)). The samples here originally
at low moisture levels were really at different "levels of
drought! and the significant increases over the carbon dioxide
produced when the moisture levels were unchanged observed for
original moisture levels below 20% when changed to 50% shows
that this effect of drought in producing a flush of decomposition
becomes significant only when the samples were originally at less
than 20% maximum water-holding capacity.

That the first notion may be as important as the
second is shown by the highly significant negative correlation
(r = -0.969 significant at 1% level) between the carbon dioxide
produced after irrigating the lower moisture levels to 50%
and that produced before the irrigation shown in Fig. 11
and by the equally highly significant negative correlation

(r = -0.973 significant at 1% level) between the carbon
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dioxide produced after irrigating the lower moisture levels

to 50% and the logarithm of the moisture level before the
irrigation shown in Fig. 10. The regression equation of

the former relationship is ¥ = 31.38 - 0. L2x and that of the
latter is Y = 33.26 - 8.95logx. Thus Y is about the same
when the mineralized carbon was nil and the degree of drought
most severe and also about the same value when the mineralized
carbon was highest and degree of drought least severe before
the irrigation.

On increasing the lower moisture levels to water-
logging, anaerobic conditions were created and anaerobic
microbial activity was predominant. There is a possibility
that some easily mineralizable organic carbon would still exist,
hence the carbon dioxide produced even though always lower than
at the unchanged moisture levels, increased with decreasing
original soil moisture as shown by curve (b) of Fig. 9.

At continuously maintained soil moisture levels
above 50%, the degree of anaerobiosis increased with increasing
soil moisture and as a result carbon mineralization decreased
from 60% to water-logging. Increased anaerobiosis would
therefore result not only in a higher residual easily
mineralizable drganio carbon originally present in the soil,

but also in an increased gecumulation of easily oxidizable

organic carbon derived from anaerobic respiration (Scott and
Evans (1955), viz. methane, alcohol, lactic acid, butyric acid

and various other complex organic compounds (Waksman (1952)).
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Anaerobiosis brought about by excess moisture would
have the effect of reducing the numbers of aerobic microbes,
whilst drying the soils would reduce the numbers of all microbes.
Thus drying soil at high moisture levels down to 50% would result
in increases in carbon mineralization over that occurring at
undried levels because of the two reasons stated above.

The importance of these for the results obtained here is shown

by the highly significant negative correlation (r = - 0.892
significant at 2% level) between the carbon dioxide produced
after drying and that produced before drying to 50% (Fig. 11)

and also by the significant positive correlation (r = 0.8L0
significant at 5% level) between the carbon dioxide produced
after drying and the logarithm of the original soil moisture
(above 50%) before drying, (Fig. 10). The regression equation
for the former relationship is Y = 80.12-1.53x and for the latter,
Y = 48.38logx = 63.68, from the significance of the correlation
coefficients, it seems that the accumulation of or the residual
easily oxidizable organic carbon may be more important than high
moisture levels in determining the amount of carbon mineralization
when excess moisture is removed from the soil at originally

high moisture levels.

From Fig. 9 and Table 9, it is evident that there
is a consistent decrease in carbon dioxide production at 70%
compared with that at 60% before there is a final general

trend in the relationship between the original moisture
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TABLE 10.

Mineraliged nitrogen (p.p.m. soil oven-dry) during the
incubation of soil 2 with various moisture treatments.

Original soil At original sv.l moisture | Changed to 50/ |Water-logged
moisture levels| content during the whole |m.w.he.c. for |[(133/m.w.hec.
(%n.w.hec.) incubation time last 6 weeks |for last 6 weeks
3 6 9 12 9 12 9 | 12
wkse | wks. | wks. | wks. | wks. | wks. !wks. ]| wks.
0 0 0 0 0 100.8 | 154.0 |50.4 | 33.6
10 21.0 | 56.0| 83.8 |116.2] .90,0 | 134.0 |21.0 | 32.2
20 42,0 | 77.0 | 100.8 [145.6 | 115.6 | 141.0 |11.2] 32.2
30 62.3 | 94.5| 131.6 [156.8| 98.0 | 148.4 |11.2| 25.0
40 76.5 | 107.8 | 140.0 {162.2 125,2 |162.2 | 9.6 | 23.8
50 88.6 | 119.0| 120.0 {147.0] 119.0 | 147.0 {18.2] 30.8
€0 61.5| 91.0| 95.0 | 98.0| 112.0 | 200.4 - -
70 52.3 ) 81.2| 58.0 | 51.8| 124.6 | 131.6 - -
80 4.0 43.4] 448 | 19.6| 50.4| 84.0 - -
%0 12.6 | 42.0] 40.2 | 23.8| 22,4 | 72.8 - -
100 12,6 37.8] 14.0 | 8.4 | 50.4 | 61.6 - -
133 48.3| 65.8{ 49.0| 33.6{ 78.4|107.8 - -

L.S.D. (means) = 9.6 at 5%, 12.7 at 1% and 16.5 at 0.1% levels.
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level and carbon dioxide produced. This decrease occurs

whether the original moisture levels were reduced fo 50% or not.
70% seems therefore to be the critical moisture level above which
the effects of anaerobiosis produced by soil moisture become

pronounced.

2 Mineraliyed Nitrogen.

(a) Soil moisture content, 0-133%.

(i) Results.

The mineralized nitrogen (NH,-N+NOg-N) produced during
twelve weeks incubation at the original soil moisture levels O
to 133% is shown in columns 2 to 5 of Table 10 and graphically
in Fig. 12. a |

At three and six weeks incubation, the mineralized
nitrogen increased with increasing soil moisture up to the
optimum of 50%, then decreased rapidly with further increases
in soil moisture to low values at 90 and 100% and finally
increased at water-logging.

Similar trends were observed for the nine and twelve
week periods except that the optimum moisture level shifted
from 50 to LO%.  The significance of the differences between
the mineralimed nitrogen produced at the various moisture

levels may be summarised as follows:
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At 3 weeks: 50, 4O, 30, 60, 70, 133, 20, 10, 80, 90, 100, O.

At 6 weeks: 50, LO, 30, 60, 70, 20, 133, 10, 80, 90, 100, O.

At 9 weeks: LO, 30, 50, 20, 60, 10, 70, 133, 80, 90, 100, O.

——

At 12 weeks: LO, 30, 50, 20, 10, 60, 70, 133, 90, 80, 100, O.

(ii) Discussion.

Since organic ®arbon and organic nitrogen are so
intimately related in the soil, any soil conditions which limit
carbon metabolism may be expected to limit nitrogen metabolism.
At s0il moisture levels below 50% soil moisture was a limiting
factor for nitrogen mineralization just as it was for carbon
mineralization.

On moistening a dry soil the maximum microbial
population is quickly attained, the culture soon becomes aged
and microbial activity decreases in later generations (Birch
(1958)). This might have happened here at the optimum
moisture level of 50% so that after six weeks incubation, the
microbial activity decreased, while at lower moisture levels
the moisture deficit delayed the attainment of the maximum
microbial numbers. The rate of mineralization would therefore
continue to be high for a longer period at LO% than at 50%
hence the shift in the maxima of mineralization from 50% to

LO% as time of incubation increased. The same reasoning may
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show why the differences between the mineralized nitrogen at
LO% and 30% were insignificant at this same incubation period.
Nitrification in water-logged or nearly saturated
soils (Michniewicz (1951) and Cyplenkin and Schilin (1936)
is slow, but ammonification is high (Traaen (1916) (Kepp (1933)
and (Bamji (1938)). At the high moisture levels above 50%
nitrogen mineralization may be expected; but because of the
partial or complete anaerobiosis imposed by the excess soil
moisture, mineralized nitrogen may be lost by assimilation by
a mixed population of aerobes, anaerobes and facultatives
thriving in the partially anaerobic media. In the presence of
free carbonates derived from this soil which was limed annually
and excessive soil moisture, the soil pH may increase
( Subrahmanyan (1927)) and (Kapp (1933)). These conditions are
ideal for ammonia volatilization (Wahhab et al. (1957)).
Nitrification of some accumulated ammonium takes
place in partially anaerobic soils and the denitrification of
the nitrate produced by anaerobic denitrifiers may also be
taking place at the same time (Wijler and Delwiche (195L))and
(Arnold (1954)) especially if carbon mineralization is vigorous:
(Bremner and Shaw (1958)). At moisture levels between 60 and
100%, loss of mineralized nitrogen through these various means
would be balanced against the nitrogen mineralized. The
losses increaseal with increasing partial anaerobiosis and so
accumulation of mineral nitrogen decreased with increasing

soil moisture levels from 60% to 100%.
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At complete water-logging the medium would be
completely anaerobic and mineralized nitrogen loss would be mainly
by denitrification of any nitrates originally present.

Because ammonia volatilization decreases on water-logging
(Wahhab et al. (1957)), the accumulated mineral nitrogen was
higher than in the partially anaerobic conditions created by
near-saturation moisture levels.

Alternntively, it may be possible that carbon mineral-
ization takes place without concommitant nitrogen mineralization
(Birch (1960)) and that the low mineralized nitrogen observed
at the high moisture levels was due to this fact and not to

the loss of the mineralimed nitrogen.

Nitrate- and ammonium-N.

(i) Results.

It was found as shown in columns 2 to 5 of Tables 11
and 12 and in Fig. 13 that at moisture levels up to 50% maintained
continuously during the twelve weeks incubation no ammonium-
nitrogen accumulated and that values of mineralized nitrogen
represent only nitrate-nitrogen.

At moisture levels above 50%, in the first three
weeks, ammonium-N accumulation was observed only for moisture
levels above 90%. After six weeks the ammonium-N accumulated
at all the moisture levels and increased with increasing

moisture level. After nine and twelve weeks, ammonium-N
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TABLE 11.

Nitrate-N (p.p.m. soil oven~-dry) accumulated during
the incubation of soil 2 with various moisture treatments.

Original soil | At original soil moisture |Changed to 50%|Water-logged
moisture levels | content during the whole [m.w.h.c. for |(133% m.w.h.c.)
(7@.w.h.c.) incubation time last 6 weeks |for last 6 weeks
3 6 9 12 9 12 9 12
wks. | wks. wkS. wWkSe wKS, WKSe wks.ﬁ_wks.
0 0 0 0 0 [100.8 [154.0 | =336 | =4e2
10 21.0 | 56.0 | 84.8 | 116.2 | 90.0 |13L4.0 ~9.8 | 32.2
20 42,0 [ 77.0 [100.8 | 145.6 [ 115.6 |141.0 11.2 | 32.2
30 62¢3 | 94.5 131.6 156.8 | 98.0 [148.4 11.2 | 25.0
40 76.5 1107.8 |140.0 | 162.2 | 123.2 {162.2 9.6 | 23.8
50 88.6 119.0 |120.0 | 147.0 | 119.0 |[147.0 | 18.2] %0.8
60 61.5) 77.0 | 79.6| 8L4L.0 | 98.0 |200.L - -
70 52.3| 58.8 | 23.0| 37.8|103.6 {131.6 - -
80 1440 |=23.8 | =6.4| =15.4 | 32.2 | 8L4.0 - -
90 -23.8(~26.6 | =17.2| =22.4 | -9.8 | 72.8 - -
100 -30.8|~36.4 | -35.0| -29.4 | 30.8| 61.6 - -
133 ~27.3|=29.4 | -7.0| -25.2 | 50.4 | 107.8 - -
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TABLE 12.

Ammonium-N (p.p.m. soil oven-dry) accumulated during
the incubation of soil 2 with various moisture treatments.

Original soil At original soil moisture Changed to 5094 Water-logged
moisture levels| content during the whole | m.w.h.c. for | (133%m.w.h.c.)
(#mewehece) incubation time last 6 weeks | for last 6 weeks
3 6 9 12 9 12 9 12
wks. Wks.*_ wks. wks. wkse | wkse wks.| wks.
0 0 o) 0 0 0 0 84..0] 37.8
10 0 0 0 0 0 0 23.8 0
20 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0
40 0 0 0 0 0 8] 0 0
50 0 0 0 0 0 0 0 0
60 0] 14.0 154 | 140 14.0 0 - -
70 O 22.4| 35.0| 14.0| 21.0 0 - -
80 0| 67.2]| 51.2| 35.0] 18.2 0 - -
S0 36l | 68,6 57.4 | W6.2] 32.2 0 - -
100 3.4 The2 | 49.0 37.8 19.6 0 | - »
133 75.6] 95.2 56.0 | 58.8 28.0 0 - -
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also increased with moisture level, but the extent of
accumulation decreased with increasing time from six to twelve
- weeks except at 60% where it remained constant.

The variations in ammonium-N were reflected in the
variations in nitrafe—N, where amﬁoniun—N increased nitrate-N
decreased and vice versa except at water-logging where the nitrate-
N remained fairly constant and was independent of time and of
ammonium-N values. The negative values obtained for nitrate-N:
resulted from subtracting the soil original mineral nitrogen from
the'total mineral nitrogen determined for each treatment and then
subtracting the ammonium-N determined for the same treatment.

(ii) Discussion.

At moisture levels below 50% where the conditions were
essentially aerobic, ammoniun-N produced from organic matter
decomposition was quickly nitrified hence there was no ammonium-
N accumulation. It has been reported that there is a slow |
nitrification even on water-logging soils (Cyplenkin and
Schilin (1936)) whilst ammonification is uninterrupted (Traaen
(1916), (Xapp (1933) and (Bamji (1938)). It is therefore
possible that here the net result of slow nitrification and
uninterrupted ammonification has resulted in the accumulation
of ammonium-N in this soil at the high moisture levels in which

there were different degrees of anaerobiosis.
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Iittle or no ammonium-N is produced from nitrate
reduction during denitrification (Bremner and Shaw (1958)) and
the gaseous nitrogen, nitric oxide and nitrous oxide evolved
during denitrification are derived entirely from the nitrate-N
any ammonium-N accumulated under anaerobic conditions is derived
direct ~ from organic matter decomposition (Wijler and Delwiche
(1954)). Nitrate may also disappear in water-logged soils
by microbial assimilation (De and Sarkar (1936)). |

It seems therefore that in this study although the
nitrate—nitrogen decrease was accompanied by ammonium-nitrogen
increase at high moisture levels, it is likely that the ammonium-

N produced was not derived from nitrate-N.

(b) Change of original soil moisture levels to 507 or
to water-logging.

(i)' Results.

The total mineral nitrogen produced when the soil at
original moisture levels of O to LO% was irrigated to 50% and
that at original moisture levels of 60 to 133% was dried to 50%
are shown in columns 6 and 7 (Table 10), while that produced when
the soil at original moisture levels of 0 to 50% was irrigated
to water-logging is shown in columns 8 and 9 (Table 10).

These values include the mineral nitrogen produced at the

original moisture levels prior to the change in moisture levels.
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TABLE 13.

Nitrogen mineralized (p.p.m. soil oven-dry) in soil 2

after changing the original moisture levels from below

and above 50% to 50% and from below §0% to water-logging.

Original moisture | (a)To 50% {b)To water-logging | (c)left at original (a) - (c) (b) - ()
levels(Ym.w.h.c.) moisture level Increase at 507 Increase at water-
compared with that | logging compared
left at original with that left at
moisture level original moisture
level
0 154.0 33.6 0 154.0 33.6
10 78.0 -23.8 60.2 17.8 -84..0
20 6.0 -44 .8 68.6 ) ~113.4
30 53.9 "69-5 62.3 "8.15- —131-8
40 A -84..0 Sl 1y 0.0 ) -138.4
50 28.0 -88.2 28.0 0.0 ‘—116.2
60 109.4 - 7.0 102.4 -
70 50.4 - =29.4 79.8 -
80 40.6 - -23.8 Al by -
90 %0.8 - -18.2 49.0 -
100 23.8 - -29.4 53.2 -
133 40.0 - -28.2 68.2

L.S.D., (a), () and (e) = 13.5 at

5y 1843 at 1% and 24.2 at 0.17% levels.
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The changes in the rate of mineral nitrogen
production accOmpanying the changes in moisture levels are
shown in Fig. 14 (0-50%) and Fig. 15 (60-133%). The mineral
nitrogen produced within six'weeks as a result of these changes
‘i shown in Table 13 and Fig. 16, by subtracting the values of
mineral nitrogen produced‘in the initial six weeks at the original
molsture levels from the values after the next six weeks incuba-
tion at the same original moisture levels (c), at the new moisture
level of 50% (a), and at the new moisture level of water-logging
(b).

The results show that on changing the original moisture
from low or high levels to 50% there is an increase in the rate
of nitrogen mineralization over the rate in the soil continuously
maintained at the original moisture levels for moisture levels
0 to 20%, a decrease for 30% and L0%, and an increase for
moisture levels 60 to 133%. This increase or decrease in the
rate of mineralization of nitrogen resulted in total mineral
nitrogen production which increased with decreasing original
moisture below 50% and in general decreased with increasing
original soil moisture levels above 50% (Curve (@), Fig. 16).

The results also show that on changing the original
moisture levels from low to water-logging, there was a very
significant decrease in the rate of nitrogen mineralization
below the rate in the so0il continuously maintained at the

original moisture levels.
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This decrease in the rate of nitrogen mineralization
resulted in total mineral nitrogen that increased with
decreasing original soil moisture levels (Curve (b), Fig. 16).
Again the decrease in the rate of hitorgen mineralization as a
result of water-logging did not apply to the air-dry original
moisture level where hitherto, there had been no nitrogen
mineralization.

In the soil maintained continuously at the original
moisture levels, the rate of nitrogen mineralization remained
rather constant for each of moisture levels O to 20%, was
decreasing but still higher than that irrigated to 50% for
moisture levels 30 and L0%, and was decreasing rapidly for
moisture levels above 50%. The resultant mineral nitrogen
produced was about equal for moisture levels 10 to 30% and
then decreased with increasing moisture level to 70% where
again it was more or less constant up to 133% (Curve (&), Fig.
16).

The differences between the mineral-nitrogen produced
when the change in moisture level was to 50% and when no change
took place (Curve (a)-(c), Fig. 16) shows the advantage obtained
by the change; the difference between the mineral-nitrogen
produced when the change was to water-logging and when no change
took place (Curve (b)-(c), Fig. 16) shows the disadvantage
obtained by the change (except for the air-dry original

moisture level).
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For original moisture levels below 50% there was no
significant advantage\in increasing the moisture level to 50%
except if it was originally below 10% but there were highly
significant advantages in reducing the original moisture level
from above 50% to 50%.

On the other hand, there were highlysignificant
disadvantages in increasing the original moisture below 60% to
water-logging except if it was originally air-dry.

The significance (5% level) of the differences between
the mineral nitrogen produCed after the change in the original

moisture may be summarised as follows:

(a) To 50%: 0, 60, 10, 20, LO, 30, 70, 80, 133, 90, 50, 100

(b) To water-
logging: 0, 10, 20, 30, LO, 50

(e) Unchanged at original
soil moisture:

0, 30, 10, 40 uo 50, 60, 0, 90, 80, 133, 70, 100

(ii) Discussion.

It has been shown that at moisture levels below 50%,
nitrogen mineralization more or less followed the same pattern
as carbon mineralization. On increasing the moisture levels
to 50% the patter of change in nitrogen mineralization was
similar to that observed for carbon mineralization and it may

be expected that the explanations of the effects of residual
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organic matter and degrece of drought prior to the change in
moisture levels adduced for carbon mineralization applied

equally to nitrogen mineralization,

The advantage obtained as a2 result of increasing
the lower moisture levels to 50% ((a)-(c)) became significant
only when the moisture level prior to the change was below 10%
and this was largely due to the high rate of mineralization
which persisted in the soil with unchanged moisture levels.
Thus the effects of drought or residual easily mineralizable
organic nitrogen on the increase in the mineralization of
nitrogen when the moisture levels were changed to 50% over the
mineralization taking place when the original moisture levels
were maintained seems to be significant only when the original
soil moisture was below 10%. The limit for carbon mineralization
was 20%.

On increasing the moisture levels below 60% to water-
logging, anaerobic conditions were created and the anaerobic
process of denitrification reduced the already accumulated
mineral nitrogen (in form of nitrate-N) to very low values.

The decrease in the mineral nitrogen was therefore due to
denitrification of the accumulated mineral nitrogen and varies

directly with it.
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In the soil maintained at high moisture levels above
50%, the degree of anaerobiosis increased with increasing soil
moisture. On reducing the s0il moisture levels to 50%, the
mineral nitrogen increased for all original moisture levels over
that produced when the original moisture levels were maintained.
This increase first decreased with increasing original moisture
60% to 90% and then increased.

Spores of micro-organisms survive adverse conditions
and on restoration of optimum conditions grow into active
cultures which cause a flush of organic matter decomposition
(Birch (1958)).  Anaerobic accumulation of easily mineralizable
organic nitrogen (Scott and Bvans (1955)) would result on
restoration of aerobic conditions, in increased mineralization
of nitrogen. These notions might explain as they did for
carbon mineralization, the observed increase in nitrogen
mineralization on reducing the high moisture levels to 50%.

Scott and Evans (1955) showed that the more reduced
a soil medium, the more élowly it returned to the fully oxidized
state even when the oxygen supply was abundant. There was
greater anaerobiosis at saturation and water-logging hence a
possible greater accumulétion of easily mineralizable organic
matter than at sub-saturation moisture levels 80% and 90%.

The former may account for the decrease in the advantage
obtained‘on drying to 50% with increase in original soil
moisture from 60 to 90% and the latter may account for the
final increase in the advantage with increase in original

s0il moisture from 100 to 133%.



Fiq-17: NOz-N ACCUMULATION IN SOIL I INCUBATED WITH VARIOUS MOISTURE TREATMENTS (ORIGINAL, 60~1337M W HC.

© AT ORIGINAL MOISTURE, O= = -0 LoWERED To S0/ M.W.Q.C.

(o]
% MAXIMUM WATER HOLDING CAPACITY (ORIGINAL) 23
) co 70 Q0 90 joo ]
: ]
3 .
o 4
“ir:"\ !
X .
: |
: : 5
noto I /’ )
s ; é h
a 0 ! )
44 )‘ /G - ! .
0o .
® Z /0’ / o /
] . /
&P _-s ' /
2 r \ : ! r
L p. / { / .
Y : o !
o/ / | r .
° ) ’ ' /
< \ '/ / 'I ,
o T — . 1 DL Y L -
N 3¢ 9 .'s\l,' N\ ¢ e IR 3 4\3 41/3\
d o.._/ ~q / 0/1 o__(; ToNg
L o\o____ ’
m: 4‘;

WNE EKS

INCU BATION



Fig;l%t NHg-N ACCUMULATION N SOIL 2 INCUBATED NI TH VARIOUS MOisTURE TREATMENTS (CRIGINAL, 60~ 123% M W it-2.)

o O AT ORIGINAL MOISTURE, O0— = — 0 LOWERED 70 507 M wW-H-C,
% MAXIMUM WATER  HOLDING CAPACITY (ORIGINAL)
[Xe) n0 {0 90 100

7

3

60+

"

40

NW4-N P.p.M.(OVEN-DRY)SOIL
- 7
°

!
©

201

L} ) 1 1] ¥

%-:.;;:in_:«,(.;‘lsZﬁ*l;
WEEKS INCUBATION



112 L]

As in changes in carbon mineralization, 70% seems
to be the critical moisture level above which the effects of
pre-drying partial or complete anaerobiosis on subsequent

nitrogen mineralization become pronounced.

Nitrate- and Ammonium-N.

(i) ZResults.

The nitrate- and ammonium-nitrogen accumulated when
the soil at original moisture levelé of O to LO% was irrigated
and that at original moisture levels 60 to 133% was dried to |
50% are shown in columns 6 and 7 while those accumulated when
the soil at original moisture levels of O to 50% was irrigated
to water-logging, are shown in columns 8 and 9 of both Tables
11 and 12. These values are cummulative from the very begin-
ning of the experiment.

Since there was no ammonium-N accumulation at moisture
levels up to 50% both before and after the change in moisture
levels to 50% or to water-logging, the corresponding values of
changes in mineral-nitrogen in Table 13 and Fig. 1L and 16
represent the-nitrate-nitrogen accumulated, except for the
original moisture levels O (air-dry) and 10% where ammonium-N
accumulated in the first three weeks and decreased at six

weeks.
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TABIE 1.

¥, N and NOS-N (pepsm. s0il, oven~dry) produced in soil 2
after changing the moisture levels from above 50% to 50%.

Original moisture (2)To 504 (c)Left at original (a) = (e
levels (%nsweh.c.) moisture levels.  |Increase at 50% compared
with that left at original
moisture level.
NH A-N NO3-N NH L,.’N NO 3-N .NH LfN NO 3-N
60 -154.0 123.4 0.0 7.0 -14.0 116.4
70 22,4  72.8 -8.4 =21.0 -14.0 93.8
80 ~67.2 107.8 =32.2 8.4 =35.0 99.4
90 ~68.6 99.2 =221 el -46.2 95.2
100 -71'-02 98-0 -36-2{- 7.0 -3738 91 .0
133 ~95.2  137.2 “36.h L2 -58.8  133.0
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The changes in the rate of accumulation of nitrate-
and ammonium—nifrogen accompanying changes in moisture levels
for the moisture levels 60 to 133% are showﬁ in Fig. 17 and 18
respectively. The accumulated nitrate- and ammonium-N within
8ix weeks és a result of decreasing these high moisture levels
to 50% are shown in Table 1 and Fig. 19 by subtracting the
values of nitrate- or ammoniun-N accumulated in the initial six
weeks at the original moisture levels, from the corresponding
values after the next six weeks incubation at the same original
moisture levels (c) =2nd at the new moisture level of 50% (a).

The results show that a2t dried and undried moisture
levels, the accumulated ammonium-N was decreasing, the decrease
being greater for dried than undried, resulting ir the dis-
appearance of all accumulated ammonium-N on drying to SO% within
six weeks. The disadvantage obtained by the drying ((a)-(c))
increased with increasing original moisture level.

While the decreases in ammonium-N were taking place
there were corresponding increases in nitrate (except for 70%
'where there was a large decrease when maintained at.the original
moisture level). The increases in nitrate-N were similar and
low for all undried moisture levels except at 70% and the
increases were slightly varied and very high for all dried
moisture levels except again at 70% where it was not as high

as the others.
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The advantage thus obtained by the drying was about
the same between 70 and 100% original moisture levels with

increases at 60 and 133%.

(ii) Discussion.

The accumulation of ammonium when O(air-dry}and 1C%
moisture levels were raised to water-logging indicates that the
low nitrate-N present at these moisture levels was not high
enough to render denitrification, (observed when water-logging
original moisture levels of 20 to 50%) the major process of
mineral nitrogen transformation. It Would geem therefore,
that when the moisture level is such that nitrate-N accumulation
is high, denitrification or nitrate-N assimilation by micro-
organisms takes place without concommitant ammonification when
the moisture level is raised to water-logging; when it is such
that nitrate-N accumulation is low(at air-dry and 10%)
denitrification or nitrate-N assimilation may take place but
ammonification of soil organic nitrogen also takes place, This
is possible since during denitrification the nitrate is not
reduced to ammonium but to gaseous nitrogen and its oxides
(Bremner and Shaw (1958)) and (Wijler and Delwiche (195L)).

On reducing the higher moisture levels to 50%, aerobic
conditions were restored and the aerobic process of nitrifica-
tion reduced the accumulated ammonium-N to zero level, while
increasing the nitrate-N to levels higher than the amount

of ammonium-N oxidized. This would indicate that as well
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as the nitrification of the accumuiated ammonium-N, there
"was aerobic mineralization of organic nitrogen.

At undried high moisture levels, decreases in
ammonium—N were greater than the increases in nitrate-N and
this might be due to ammonia volatilization (Wahhab et. al.
(1957)).

The advantage obtained by reducing the original soil
moisture ((a)-(c) of Table 1 and Fig. 19) also indicated a much
greater increase in nitrate-N over the decrease in ammonium-N., |
The advantage of the increase in nitrate-N is high if the soil
was originally at 60% and 133% before the drying, possibly
because of the more rapid restoration of aerobic redox-potential
for the former moisture level (Scott and Bvans (1955)), hence
greater aerobic mineralization of organic nitrogen, and becguse
of the greater accumulation of ammonium for the latter moisture
level. Original moisture levels between these extremes owe
pheir deficit of nitrate to both the above causes, hence their
‘iower nitrate-N accumulation when they were dried to 50%.

The exceptionally low amounts of accumulated nitrate-
N for dried and undried 70% moisture level, as also occurred
for carbon and nitrogen mineralization, indicates that this is
the critical moisture level above which the effects of partial

anaerobiosis become pronounced.
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N Avaiiabilify of Phosphorus.

(a) Soil moisture content, 0-133%%.

(i) Results.

The available phosphorus (Morgan's extracted) status
during twelve weeks incubation at original soil moisture levels
0 to 133% is shown in columns 2 to 5 of Table 15 and as parts of
Fig. 20 and 21,

At three weeks incubation the available phosphorus
varied non-significantly from the original air-dry soil status
and between 10 and 90% moisture levels and then increased with
increasing soil moisture up to 133%.

At six weeks it decreased significantly from the
original air-dry soil status of 118 p.p.m. at moisture levels
20 to LO% and 60 to 70%, and became greatly increased at moisture
levels 80 to 133%, the increase increasing with moisture leval .

At nine and twelve weeks 1t varied non-significantly
within moisture levels 10 to 70% but still lower than the air-
dry soil status. At moisture levels above 70%, there were
further increases both at each moisture level and with increasing
moisture levels to 24O p.p.m. at 80% and 370 p.p.m. at 133%
(water-logged).

The significance (5% level) of the differences
between the mean values of available phosphorus at the different

moisture levels are summarised as follows:



Available P20

TABIE 15.
*
(

118.

pep.m. s0il oven-dry) status in

soil 2 incubated with various moisture treatments.

Original soil
moisture levels

At original soil moisture
content during the whole

}

Changed to 504 Water-logged
m.w.hece for | (133/m.w.hec.)

(Zmew.hec.) incubation time last 6 weeks | for last 6 weeks

3 6 9 12 9 12 P9 12

wkse | wks. | wks. | wks. | wks. | wks. {[wks. | wks.

0 118 118 118 118 117 104 143 | 208
10 118 114 100 103 117 104 143 1 210
20 112 | 104 105 103 117 104 143 | 210

30 112 | 100 102 103 117 104 143 | 214
40 112 | 100 100 104 117 104 143 | 220
50 112 | 112 118 104 117 104 147 | 220
60 113 | 101 100 100 91 8L - -
70 116 | 103 100 107 85 8L - -
80 116 | 125 190 240 81 81 - -
90 120 | 170 290 348 56 56 - -
100 126 | 180 290 357 Ly Ly - -
133 1531 250 315 370 2 36 - -

*
Mean of duplicates.
L.S.D. = 10 at 5%, 14 at 1% and 18 at 0.1% levels.
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At 3 weeks: 133, 100, 90, 0, 10, 80, 70, 60, 50, LO, 30, 20

At 6 weeks: 133, 100, 90, 80, 0, 10, 50, 20, 70, 60, LO, 30

At 9 weeks: 133, 100, 90, 80, O, 50, 10, LO, 20, 30, 60, 70

At 12 weeks: 133, 100, S0, 80, O, 70, 50, LO, 30, 20, 10, 60

(ii) Discussion.

The results indicate that in this soil significant
fixation of some of the available phosphorus originally present
in the air-dry soil took place after six weeks incubation at
moisture levels 10 to 70% and enormous increases in the available
phosphorus at higher moisture levels.

Phosphorus fixed in the soil against dilute acid
extraction exists as ferric, aluminium or calcium compounds
(Chang and Chu (1961)) and(Russell and Low (1954)).  Moist ferric
hydroxide fixeg more phosphorus than air-dfied or heated
(Thermlitz (1953). Sun-drying of soils in central Asia increases
phosphorus mobility and reduces the activity of sesquioxides in

soils, (Ryzhov and Machigan (1939)). It would seem there-
fore that at moisture levels 10 to 70%, moistening the soil
activated the sesquioxides (Fey0g and Al,05) and brought about

the observed fixation of phosphorus.
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Since microbial activity was brought about by
moistening the soil, the assimilation of the available
phosphorus by the micro-organisms may contribute to the fixation
of the phosphorus.

Crystallinity of iron and aluminium phosphates
reduces the availability of phosphorus under upland conditions
and crystallinity is produced by ageing, (Shapiro (1958a).
Crystallinity produced by the ageing of the moistened and
thus hydrated seéquioxides might also have brought about the
increased fixation of phosphorus during the later compared with
that during the earlier part of the incubation period.

The fixation occurring at moisture levels 10 to 70%
may be important only where the hydrated iron sesquioxides are
in high oxidation states, i.e. where their phosphate compounds
are not available, At moisture levels 80% to water-logged,
the enormous mobilization of the soil phosphorus may be attributed
to the reduction of the ferric to ferrous phosphate by anaerobic
micro-organisms (Bromfield (195L) and Shapiro (1958)), the
hydrolysis of aluminium and clay phosphates (Shapiro (1958)),
and the increase in the solubility of iron, calcium and clay
phosphates by the action of organic acids formed during
anaerobic microbial activity (Gasser and Bloomfield (1955)).

Phosphate solubility is high under water-logged
conditions if iron phosphate is predominant, high under dry

conditions if tricalcium phosphate is predominant, and high
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under both conditions if both phosphates are present (Barber
(1960)and (Kawaguchi (194L)). Thus the significant difference
in available phosphorus between the air-dry soil and the soil
at moisture levels 10 to 70%, plus the large increase in
available phosphorus near or above soil saturation moisture level
would indicate that the effect of iron phosphate was more
important than that of tricalcium phosphate (Chang and Chu
(1961)).

70% seems to be the cridtical moisture level above which
the anaerobic effects of soil moisture on phosphorus mobilization

becomes evident.

(b) Change of Original Soil Moisture Levels to 50% or
Water-logging.

(i) Results. |

The available phosphorus status after the soil main-
tained for initial six weeks at original moisture levels of O
to 133% was irrigated or drred to 50% is shown in columns 6
and 7, and after that at 0 to 50% was irrigated to water-logging
is shown in columns 8 and 9 , all of Table 15 and as parts of
Fig. 20 and 21.

On increasing the soil moisture levels from below
80% up to 5% for all original moisture levels; there were
increases, in the first three weeks, in available phosphorus
to values near the original air-dry soil status. In the next
three weecks, the values decrensed again to the pre-irrigation

levels.
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On increasing the soil moisture levels from below 60%
to water-logging, there were large increases in available
phosphorus to about the same extent for all original moisture
levels. |

On reducing the soil moisture levels from above to
50% there were reductions in the available phosphorus; these
reductions increased with both the original moisture level and
with the available phosphorus present at each moisture level
before the drying. On drying the so0il at high moisture levels
down to 50% the percentage fixation (i.e. amount of decrease over
the amount available before drying) has been plotted against the

amount available before the drying (Fig. 25).

(1i) Discussion.

Because of the reduced solvent action of "bound" water,
the mobility of ions in the soil may be restricted (Chang and
Chu (1961)) and the concentration of polyvalent anions in soil
solution decreases as the soil moisture decreases (Wadleigh and
Richards (1951)). The migration of phosphate ions which are
restricted to the vicinity of‘a phosphate fertilizer granule in
a medium loam soil increases with increasing soil moisture
(Muller (1954)). The immediate increase in available phosphorus
on raising the low moisture levels to 50% might have been a

result of increased mobility of phosphate ions. Later the
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extra mobile phosphate ions wouid react Wifh aged hydrated
sesquioxides and thus become fixed (Shapiro (1958a)), thus
reducing the available phosphorus to its pre-irrigation levél.

The increases in the available phosphorus on increasing
the low moisture levels to water-logging would follow the
suggestions aiready adduced for the mobilization of phosphorus
under anaerobic or water-logged conditions.

Iron mobilized as ferrous under anaerobic or water-
logged conditions precipitates the mobilized phosphorus as ferric
phosphate when the medium is reoxidized, (Chang and Chu (1961)),
and (Gasser and Bloomfield (1955)).

| Aluminium may also be mobilized by hydrolysis‘under
anaerobic conditions. On dehydration both iron and aluminium
present large reactive surfaces and may react with phosphates
to form insoluble crystalline compounds (Shapiro (1958a).
Active hydrated oxides of aluminium, gibbsite (A1l;0g.3H,0)
and of. iron, goethite (Fe,05.Hy0) produced as a result of
oxidizing anaerobic media would react with phosphates in the
presence of ammonium or potassium ions to form insoluble
palmerites, e.gs potassium aluminium palmerite (HK,Al,(PO,)a.
7H,0) (Haseman et. al (1950)). These reactions and several
others may take place during the reoxidation of anaerobic or
water-logged soil and might have resulted in the fixation not
only of the excess available phosphorus produced as a result

of the mobilization but also some of the available phosphorus
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present in the soil before the aréerobiosis was imposed.

This may explain why the status after the drying to 50% of

tHé available phosphorus was far below the original air-dry

soil status, and why the percentage fixation (Fig. 25) increased
with both the amount of available phosphorus present and with

the moisture level or degree of anaerobiosis before drying.

Le Availability of Potassium.

(a) Soil moisture content, 0-13%%.

(1) Results.

The available potassium (Morgan's extracted) status
during twelve weeks incubation at original soil moisture levels
0 to 133% is shown in columns. 2 to 5 of Table 16 and as parts
of Fig. 22 and 23.

After three weeks incubation, there were ‘significant
decreases in available potassium at all moisture levels 10 to
133% below the available potassium of the original air-dry soil.
These decreases were to values which were similar at all ﬁoisture
levels up to 70%, except at 10% where they were much lower.

From 80%, the available potassium decreased further with
increasing soil moisture level to 100% and then finally increased
at water-logging (133%).

The same trend of the- relationship between the

available potassium and the soil moisture levels was observed

during the rest of the incubation period with minor variations.
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. X
Availsble K0 "(pspem. soil oven-dry) status in

s0il 2 incubated with various moisture treatments.

125,

Original soil At original soil moisture| Changed to 50%|Water-logged
moisture levels| content during the whole | m.w.h.c. for |[(1337m.w.h.c.)
(%mewehece) incubation time last 6 weeks |for last 6 weeks
3 6 2 12 9 12 9 12
wks. | wiks. | wks. | wks. | wks. | wks. wkse | wks.
0 324 | 324 | 324 | 324 | 324 | 279 280 | 270
10 276 294 284 258 284 270 268 | 246
20 300 | 294 | 281 270 278 270 260 | 246
30 306 | 294 280 279 296 270 264 | 250
40 300 | 2% | 279 270 278 270 248 | 250
50 300 | 279 270 279 272 279 279 | 270
60 291 | 282 | 297 299 | 330 | 352 - -
70 300 | 294 297 309 336 289 - -
80 279 | 257 270 268 324 | 309 - -
20 270 | 257 258 258 297 289 - -
100 240 | 257 257 258 297 268 - -
133 279 | 263 | 283 | 309 | 259 | 268 - -
%

Mean of duplicates.

L.S.D. = 10 at 5%, 13 at 1% and 17 at 0.1% levels.
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During this period, the available ﬁotassium decreased with
increase in the time of incubation at moisture levels 10 to

1,0%. Between 50 and 100%, it remained more or less constant
with increase in the time of incubation except at 60 and 70%
where there were increases. At water-lcgging there was a
definite increase with tine.

The significance (5% level) of the differences between

the available potassium at different moisture levels may be

summarised as follows:

At 3 weeks: 0, 20, 20, LO, 50, 70, 60, 80, 133, 10, 90, 100

At 6 weeks: 0, 10, 20, 30, LO, 70, 60, 50, 133, 80, 90, 100

At 9 weeks: 0O, 70, 60, 10, 133, 20, 30, LO, 50, 80, 90, 100

At 12 weeks: O, 70, 133, 60, 30, 50, LO, 20, 80, 10, 90, 100

(ii) Discussion.

Nearly all studies in potassium fixation and release
in soils have been done by extraction of potassium with N-
ammonium acetate (Stanford (1948)) and (Karim and Malek (1957))
or with boiling N- nitric acid (Defurk et. al. (1943)). Hanway
and Scott (1959), however showed that although N-ammonium acetate
extracted more potassium than Morgan's reagent, there was a
highysignificant correlation (r = 0.98) between the potassium

extracted with both reagents from top soils. The results
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of Morgan extracted potassium can therefore confidently be
diseussed in relation to results of ammonium acetate extracted
potassium obtained by other workers.

Some of the available potassium in air-dry soils
may be fixed on wetting the soils, especially if the soils are
limed, (Stanford (19L8)) and (Karim and Malek (1957)). Moist
or dry fixation of soil available potassium takes place if the
original available potassium is above a certain equilibrium
status while a release takes place if it is below (Matthews
and Sherrell (1960) and (DeTurk et. al. (19L3)). While the
observed moist fixation of potassium may be due to the original
air-dry value being above the equilibrium status of this soil,
this equilibrium status is not known. The factors which may
influence the tendency of the available potassium to be fixed
may be examined in order to suggest the possible mechanisms
involved in moist fixation.

From the "f" value of Bray (1942), calcium will
displace potassium from a clay complex if the relative con-
centration of calcium is higher than that of potassium in the
surrounding so0il solution.  Liming increases moist fixation of
potassium in soils (Evans and Attoe (1948), (Blume and Purvis
(1939)) and this lime provides calcium hydroxide which brings
alumina and silica into solution, (Volk (1934)). In the

presence of hydrated aluminium and iron oxides (gibbsite and
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goethite respectively) potassium or ammonium ions react with
phosphates to form insoluble palmerites, (Haseman et. al. (1950).
The soil under study was limed annually and the presehce of
calcium carbonate possibly brought about the moist fixation
observed at all moisture levels 10 to 133%.

The mobilization of iron and hydrolysis of aluminium
phosphates at the high moisture levels 80% to 100% might have
resulted in the greater fixations observed at these moisture
levels that at lower, especially as some of the mobilized iron
and hydrolysed aluminium in these partially aerobic conditions
may oxidize to the reactive hydrated oxides. It is also
possible that as a result of hydrolysis of alumina and silica
and mobilization of iron, iron and aluminium are removed from
their exchange positions on the clay complex at the higher
moisture levels and thus make way fof more potassium to be
fixed in these positions (Stanford (19L8)).

At complete water-logging, the mobilized iron and
aluminium compounds would not be oxidized to hydrated oxides
and this might explain the observed fixation being about the
same as for the aerobic soil samples (moisture levels of 50%
and less).

During organic matter decomposition, up to 15% of
the soil available potassium may be fixed (Huriwitz and
Batchelor (1943)) and a major part of moist potassium

fixation may be attributed to microbiological process
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(Aleksandrov (1950)), so it is possible that some of the
decrease in available potassium observed here was due to
microbial assimilation.

The greater decreases in available potassium af
moisture levels above than below 70% indicate that this is
the critical moisture level above which the effect of excess
moisture in causing more potassium fixation, becomes pro-
nounced.

(b) Change of Original Moisture Levels to 50% or Water-
logging.

(1) Results.

The available potassium status after the soil main-
tained for initisl six weeks at original moisture levels of 0%
to 133% was irrigated or dried to 50%, is shown in columns 6
and 7 and that at 0% to 50% was irrigated to water-logging is
shown in columns 8 and 9, all of Table 16 and as parts of
Fig, 22 and Fig. 23.

When moisture levels 10% to LO% were raised to 50%,
there were decreases in the available potassium which were
similar to those occurring where the moisture levels were not
increased.

When moisture levels 0% to 50% were raised to
water-logging, there were decreases, after three weeks, below

the available potassium at the unchanged moisture levels.
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Six weeks after the increase in moisture levels, there were
further decreases in available potassium except when the
original moisture level was air-dry or 50%.

When the moisture levels 60% to 100% were reduced
to 50%, in the first three weeks, there were significant increases
over the available potassium at the unchanged moisture levels.
For original moisture levels 60% to 80%, the increase was up to
the air-dry soil status, for 90% and 100%, the increase was not
up to the air-dry status, and for water-logging (133%), change
in moisture levels brought practically no change in the available
potassi&ﬁ. After six weeks since the decrease in moisture
levels, the available potassium significantly decreased again

except for the original moisture levels of 60% where it increased

further and 133% where no change was observed.

(ii) Discussion.

The increase in the moisture level from below 50% up
to 50% seems to have no effect on the course or mechanism of
moist fixation of potassium,

The decreases observed on raising the moisture levels
from below 60% to water-logging seems to be due to extra
fixation as a result of displacing iron and aluminium from
fixation positions as a result of the mobilization of these

elements, and thus increasing potassium fixation, (Stanford

(1948)).
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Reducing the moisture levels 60% to 100% down to 50%
brought immediate increases in available potassium, some of
which was fixed later. Precipitation of mobilized iron and
hydrolysed aluminium and silica into fixation positions on the
clay complex might release the potassium fixed when the iron
was mobilized and aluminium hydrolysed (Shapiro (1948)).  The
displaced potassium remaining in the soil solution would
probably be fixed later by other mechanisms of moist fixation
(Blume and Purvis (1939)).

The fact that available potassium remained unchanged
after the water-logged soil was dried to 50%, that available
potassium increased with decreasing original moisture level and
that there were decreases after initial increases on reducing
the original moisture levels of 70% to 100%, might all be
connected with microbial assimilation of released potassium,
since the carbon mineralization had increased after the drying

of these high moisture levels to 50% (Aleksandrov (1950)).
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General Discussion.

Carbon and nitrogen mineralization is essentially
a microbiological process in the soil, and the results here
indicate that at moisture levels below 50%, the soil moisture
content controls carbon and nitrogen mineralization. The
regression lines of carbon and nitrogen mineralization, after
three weeks incubation, upon the logarithm of the moisture
levels in the low range are shown in Fig. 2U. The regression
equation fof carbon mineralization is Y = 18.32logx - 9.06
(r = 0,997, significant at 0.1%) and that for nitrogen
mineralization is Y = 96.721logex - 79.26 (r = 0.990, significant
at 1%). The highly significant correlations emphasize the
importance of soil moisture in contrblling the organic matter
decomposition up to about field capacity.

The parallelism of the regression lines (Fig. 2l)
of carbon and nitrogen mineralizations indicate that the
mineralized C:N ratios are similar at all moisture levels up
to 50%.

By extra-polation and calculation, the threshhold
moisture level at which carbon mineralization begins is 3.7%
and that at which nitrogen mineralization begins is 6.6% of
the maximum water holding capacity. The threshhold moisture
level is therefore lower for carbon than for nitrogen

mineralization indicating that carbon mineralization proceeds
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at moisture levels 3.7% to 6.6% without concommitant nitrogen
mineralization (Birch (1960)). This may be due to the micro-
bial assimilation of mineral nitrogen during carbon mineralization
hence no mineral nitrogen accumulation at very low soil moisture
levels.

For organic matter decomposition, Birch (1958) obtained
a threshhold moisture content of 11% while Banholomew (1947)
obtained 10% to 20% actual moisture for various straws.

The permanent wilting percentage (15 atmosphere
moisture tension) for this soil is 20% m.w.h.c. (12% actual
moisture, Fig. 2) and the threshhold moisture contents for
carbon and nitrogen mineralizations are below the permanent
wilting percentage. They indicate that organic matter decom-
position can take place below the wilting point.

With increasing moisture levels above 50%, carbon
mineralization remained constant or decreased slightly, while
nitrogen mineralization decreased to low levels. Either
carbon mineralization goes on without concommitant nitrogen
mineralization (Birch (1960)), or both go on, but due to possible
losses of mineralized nitrogen either to the atmosphere or by
microbial assimilation, the accumulated mineral nitrogen is
low.

On irrigation of low moisture levels and drying

high moisture levels to 50%, there are significant advantages
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over maintaining the original moisture levels in carbon and
nitrogen mineralization, if the moisture level is above SO%
before the drying or if it <s. below 20% for carbon and 10%

for nitrogen before irrigation. The effect of partial
sterilization.caused by soil drying increases with length of
drying period (Birch (1960)), (Gasser (1961)), i.e. with
increase in the degree of sterilization. Since low moisture
levels reduce microbial numbers and high moisture levels

reduce the numbers of aerobic microbes, the advantages obtained
in organic matter decomposition as a result of changing moisture
to optimum levels may be taken as a measure of their effect of
partial sterilization imposed by the low or high moisture levels
prior to the change. It seems therefore that these effects
become significant for the low moisture levels when the moisture
level is below the wilting percentage, gince the wilting
percentage for this soil is 20% m.w.h.c. (12% actual moisture,
Fig. 2).

Although there is no direct relationship between
carbon or nitrogen mineralization on the one hgnd and the
fixation or release of available phosphorus and potassiuﬁ-on the
other under the different soil moisture treatments, the
possibility of microbial assimilation contributing to
phosphorus and potassium moist fixation must not be over-

looked, (Hurwitz and Batchelow (19L3))(Aleksandrov (1950)).
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At moisture levels below 50% and when they are
changed to 50%, potassium and phosphorus fixation occurred
concurrently. When moisture levels above 50% and their change
to 50% are considered, increases in available potassium occurred
with concurrent exceptional decreases in available phosphorus
and vice versa. The importance of this inverse relationship in
the limed soil under study with various moisture treatments is
shown by the highly significant negative corfelatidn (r =
- 0.35L, significant at 0.1%) between the available phosphorus
and potassium (Fig. 26).
' For moisture levels above 50%, after drying to 50%
there is a consistent minimum of carbon and nitrogen mineraliza-
tion at 70% (Fig. 9, 16, 19), whether the original moisture
levels are continuously maintained or dried to 50%. For high
moisture levels, there are two maxima of carbon mineralization,
the first probably due to active specialiged aerobic flora in the
first few days giving way to the second due 1t0 anaerobic or
facultative flora, as the degree of partial or complete anaero-
biosis increases, (Bhaumik (1948)). It may be suggested,
thérefore, that the maximum observed for changed and unchanged
60% moisture level is due to the activities of similar specialized
aerobic flora while that observed for 80% is due to facultative
and anaerobic flora, and the minimum observed for 70% may
represent a lag between the activities of the two types of

flora. 70% may, therefore, represent the critical moisture
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level above which the effects of partial anaerobiosis caused
by excess soil moisture become substantial.

This is confirmed by the results for available phosphorus
and potassium, where anaerobic mobilization of phosphorus and
the extra fixation of potassium when the soil is maintained
continuously at the original moisture levels, become pronounced

at 80%.

Conclusions.

Carbon and nitrogen mineralization and the variations
in the availability of phosphorus and potassium were determined
at so0il moisture levels air-dry to water-logging continuously
Amaiétained during twelve weeks incubation, changed to 50% of the
' maximum water holding capacity and changed to water-logging from
below 60% after initial six weeks incubation at the original
moisture levels.

1. Carbon and nitrogen mineralization increased with
increasing soil moisture level to optima around 60% for carbon
and LO0% to 50% m.w.h.c. for nitrogen and then decreased. The
effect of moisture levels at levels below about 60% and of

anaerobiosis at higher moisture levels on microbial activity is

suggested as being the cause of these results.
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2. Organic matter decomposition took place below the
permanent wilting peréentage (15 atmosphere percentage).

v 3. The available phosphorus and potassium decreased at
moisture levels 10% to 70% m.w.h.c. from the original air-dry
soll status; thereafter, available phosphorus was mobilized
while available potassium decreased further with increasing
moisture. level .

L. On increasing low moisture levels and decreasing high
moisture levels, the mineralization of carbon and nitrogen
generally increased with decreasing original low moisture levels
and with increasihg original high moisture levels. Partial
sterilization effect is suggested for these increases. On
reducing the moisture levels from high to 50% m.w.h.c. mobilized
phosphorus was fixed whilst the fixed potassium was released.

5. There was no direct relation, within all the moisture
treatments between carbon and nitrogen mineralization on the one
hand and the availability of phosphorus and potassium on the
other, but microbiological assimilation of phosphorus and
potassiumlﬁightﬂnbntribute“to some observed fixations.

6o Within all moisture treatments, there wasa highly
significant negative correlation between the available phosphorus
and potassium.

7o 70% m.w.h.c. seemed to be the critical soll moisture

level above which effective partial anaerobiosis commencel.
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The results obtained here for nitrogen mineralization
under the simulated irrigation and drainage treatments may give
an insight into the availability of nitrogen to plants when
these cultural practices are applied in the fisld but it is
not sure whether the release and fixation of potassium and
phosphorus observed here will be of practical importance under
crops in the field, since Kereszteny (1953) suggested that
phosphorus mobilized under water-logged condition might not all
be available to the plant and Dabin (1951) stated that plants
- took up more phosphorus than acid extractable. Also Mclean
.and Simon (1958) stated that potassium fixed by alternate

wetting and drying was largely available to plants.



THE EFFECT OF SOIL MOISTURE LEVELS ON {A) CARBON AND
NITROGEN MINERALIZATION AT DIFFERENT SOIL pH LEVELS,
(B) CARBON AND NITROGEN MINERALIZATION AND AVAILABILITY
OF PHOSPHORUS AND POTASSIUM WHEN STRAW AND COMPOST ARE
ADDED TO THE SOIL
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Introduction.

Scil reaction plays an important part in determining
the rerformance of various crops grown in farmlands and where
the soil is acid, the condition is ameliorated by liming.
Several soil microbiological studies show that microbes taking
part in organic matter decomposition i.e. transformation of
complex organic carbon and nitrogen compounds into simpler and
inorganic forms, have different pH optima and ranges for their
activities and numbers.

In farmlands, as a result of microbial activity,
the soil humus may become depleted and it is an accepted
farming practice to mitigate this by the addition of organic
matter in wvarious forms (decoﬁposed materials such as farmyard
manure and compost and undercomposed plant materials such as
straw and green manures). This practice affects crop perform-
ance and so0il microbial activity and numbers, by . providing
among other things, not only easily mineralizable organic
matter but other inorganic nutrients.

It has been shown in Chapter III that the soil
moisture level is a controlling factor in carbon and nitrogen
mineralization as well as in determining the availability of
phosphorus and potassium. In this chapter, an attempt is
made to show how (a) different pH levels of one soil and
(b) the additicn of oat straw and compost affect mineral-
ization and availability of nutrients at different moisture

levels.,
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(A) Effect of soil moisture levels on the mineralization
of carbon and nitrogen in soil 1 (Harlington soil)
brought to different pH levels and incubated.

Materials,

Soil 1, a sandy loam soil whose chemical and physical
properties are shown in Tables 3 and L and Fig. 1 was collected
from the top 6", air-dried and ground to pass a 2 mm. sieve,
Four portions of it were brought to different pH levels by the
addition of aluminium chloride or calcium carbonate as described
in Chapter II, giving soils of pH L.72, pE 5.80, pH 6.9L and
rH 7.72.

Experimental method.

10 g« samples of the soil were weighed into test-
tubes 6" x 1" (internal diameter) and wetted to 20%, 50%, 75%,
100% and 133% (water-logged) of the maximum water holding
capacity by the addition of 0.8, 2.1, 3.1, 4.2 and 5.6 ml. of
distilled water respectively.

The so0il and added water were mixed thoroughly by
means of a thin glass rod and the end of the rod in contact with
the soil was broken off and left in the soil sample. A vial
containing a suspension of barium peroxide in water was placed
in each test-tube for carbon dioxide determination (as described
in Chapter II) and the test-tube closed with a rubber bung.

For each pH x moisture level treatment there were eight

replicates giving a total of 160 samples.
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The samples were incubated at 28°C and after 3, 6,
12 and 18 weeks the carbon dioxide and mineral nitrogen
(NO5- and NH,-N) were determined on Morgan's extract of

duplicate samples.

In what follows whenever a percentage of water is given
this indicates a percentage of the maximum water holding

capacity, thus 50% = 50% of the maximum water holding capacity.

1. Carbon Mineralization.

(i) Results.

The mineralized carbon (mg. CO5/10g. soil) produced
at different soil pH and moisture levels after different periods
of incubation is shown in Table 17 and in Fig. 27. All increases
and decreases in mineralized carbon mentioned below are signifi-
cant at 5% level.

4% pH L.72:after three and six weeks, the mineralized
carbon increased with increasing soil moisture level from 20%
to 50% and remained constant with further increases in soil
moisture levels.

Aftef 12 and 18 weeks, mineralized carbon increased
with increasing soil moisture level from 20% to 50%, remained
constant to 75%, then decreased to 100% and remained constant
to 133%.

At pH 5.80: after 3 and 6 weeks, the mineralized
carbon increased with increasing moisture levels to an optimum
at 75% and then decreased with further increases in soil

moisture levels.



Carbon mineralization (mge. Co2kper 10 g. (oven-dry) soil)

in soil 1 brought to different g levels and incubated at
different moisture levels for 18 weeks.

TABLE 1

Soil Weeks Soil moisture 1evels(%mlw.h.c.)
jond Incubation
20 50 75 100 133
3 3.7 6.2 5.1 5.0 L8
6 5.9 84 8.7 8.7 8+t
L.72
12 11,6 15,2 | 15.2 | 12.5 |12.8
18 16.7 | 245 | 22.9 | 16.6 | 1641
3 77 9.9 | 12.5 9.0 6.1
6 11.5 | 14.7 | 18.0 | 15.4 | 12.5
5.80
12 16.3 | 21.1 24,2 | 22.4 | 18.7
18 19.3 | 31.2 | 31.7 | 31.3 | 27.6
3 8.9 | 13.6 | 14.9 7.0 6els
6 13.5 | 20.6 | 23.2 | 13.4 | 1.9
6.9k |
12 22.9 | 31.1 3.1 23.9 | 16.7
18 31.3 | 38.2 | 43.5 | 36.6 | 23.7
3 4.3 1 19.3 | 20.2 8.6 6.5
6 21.1 29.2 | 30.1 | 16.6 | 13.0
772
12 31.6 | 443 | 42.6 | 28.2 | 19.9
18 40.1| 51.8 | 52.3 | 39.2 | 29.9

L.S.D. = 2.1 at 5% and 2.8 at 1% le.ve].s.

142,
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After 12 and 18 weeks, mineralized carbon increased
with increasing soil moisture level from 20% to 50%,’remained
constant to -100% and then decreased to water-logging.

At pH 6.9L: after 3 weeks the mineralized carbon increased
with increasing moisture level from 20% to 50%, remained constant
to 75% and then decreased to constant values at 100% and 133%.

After 6, 12 and~18 weeks, corbon mineralizaticn increased with
increasing moisture level from 20% to 75% and then decreased
with further increases in moisture levels except after 6 weeks
where it wes constant between 100% and 133%.

At pH 7.72: throughout the incubation the mineralized
carbon increased with increcsing moisture level from 20% to 56%,
remained constant to 75% and then decreased with further increases
in moisture level.

Thus at all pH levels at all times there was alwoys
an increase in carbon mineralization with increase in moisture
level from 20% to 50%; there was an optimum moisture level for
carbon mineralization (except at pH L.72 in the first six weeks)
which lay between 50% and 75%.

For moisture levels 20% to 75% there waggalways an
increase in carbon mineralization with increasing pH(highly
significant 4at 1% level) except between pH 5.80 and pH 6.9L,
after 6 weeks at 20% and after 3 weeks at 75%, where it was
significant at 5% level and after 3 weeks at 20% where it

was non-significant.
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For moisture levels 100% and 133%, the differences
in carbon mineralization at the different pH levels are
summarised below. The pH wvalue represents the relevant
mineralized carbon in descending order of magnitudes. All
figures above the same horizontal line are not significantly

(5%) different from each other but are different from all others.

After 3 weeks at 100%: PH 5.80 pH 7.72 pH 6.9L pH L.72
After 6 weeks at 100%: pH 7.72 pH 5.80 pH 6.94 pH L.72
After 12 weeks at lOQ%: PH 7.72 pH 6,94, DH 5,80 pH L 72
After 18 weeks at 100%: pH 7.72 pH 6,94 pH 5.80 pH L.72
After 3 weeks at 133%: pH 7.72 oH 6.94 pH 5,80 _ pH L.72
After 6 weeks at 133%: pH 7.72 pH 5.80 ©vH 6.94 pH L.72
After 12 weeks at 133%: pH 7.72 pH 5.80 pH 6.94 pH L.72
After 18 weeks at 133%: pH 7.72 pH 5.80 pH 6,94 pH L.72

(ii) Discussion.

At all soil pH levels, the carbon dioxide produced

at 20% was lower than that produced at 50%,

indicating that at

low moisture levels (below 50%) soil moisture, by limiting

microbial numbers, limits organic carbon decomposition.

This

limiting effect of soil moisture level occurs at all soil pH

. Jevels,

A high moisture level (80-95%) favours anaerobic

bacteria but is injurious to fungi and most actinomycetes

while medium moisture levels (up to 80%) favour fTilamentous
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fungi, aerobic bacteria and actinomycetes (Waksman (19525
and (Stover (1953).

Russell (1950) found that there was a preponderance
of fungi at lower pH levels and a preponderance of bacteria and
actinomycetes at higher pH levels.

The results of carbon mineralization here show that
at pH levels 5.80, 6.94 and 7.72 there is a general tendency
for an optimum range of soil moisture levels for carbon mineral-
ization lying between 50% and 70%.  This might be explained in
the light of the facts presented above that at these pH levels
there is a preponderance of bacteria and actinomycetes, |

At the low pH (L.72) the absence of any optimum soil
moisture levels in the early parts of incubation may be due to
the fact that the fungi which predominate are not sensitive to
excess soil moisture or that anaerobic bacteria able to thrive
at very high moisture levels caused enough organic matter
decomposition to produce amouhts of carbon dioxide at 100% and
133% similar to those produced at 50% and 75% by fungi,
(especially if the anaerobic bacteria are not sensitive to low
pH). Alternatively, since water-logging causes an increase in
soil pH (Kapp (1933)), it is also possible that at 100% and
133% moisture levels, the pH increased to levels within which
bacteria become active. The significant increases in carbon
mineralization with increasing pH at moisture levels up to

75% emphasize the importance of liming as a method of
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stimulating organic matter decomposition with consequent
nutrient release in the soil. Under these conditions, the
proportion of actinomyces and aerobic bacteria would increase
with increasing soil pH, thus promoting greater organic matter
decomposition at higher pH levels.

At moisture levels 100% and 133%, carbon
mineralization seems to be independent of soil pH during the
early period of incubation. This may support the idea that
the anaerobic bacteria at these high moisture levels may not be
as sensitive to pH as the aerobic bacteria, hence their activity
at all pH levels is more or less similar. As the incubation
period advances through 6 to 18 weeks differences in carbon
mineralization at the different pH levels become significant
and this may be due to the larger amounts of total carbon

dioxide produced which increase the accunulated differences.

2e Nitrogen Mineralization.

(i) Results.

The accumulation of NOz-N and NH,-N in the soil of

different pH values during incubation at different moisture
levels .is shown in Table 18 and Fig. 28. The negative
NO3-N values which occur sometimes are because the original
soil nitrate content (i.e. before incubation) has been

subtracted from the NOs-N determined after incubation.
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TABLE 18.

NO,-N and.NHhﬁN (p.p-m. oven-dry soil) accumulation in

soil 1 brought to different g levels and incubated at
different moisture levels for 18 weeks.

Soil moisture levels (% m.w.heca)
.Incubation
20 50 75 100 133
wl Weeks NO3+N NHAﬁN VNO3+N NthN NO34N NthN NOBJN NHAfN NojéN NthN
3 -9.4 {27.8 =-9.2 37.0 ~8.6 36.2 -19.9 31.7 =-19.9 24.8
4.72 6 —11.5 28.6 —9.3 39.6 -5.9 31[--5 "19.9 3700 —15.2 32.8
12 6.0 1 53.7 w52 55.1 ~-12.2 | 48.8 -8.0 53.7 0.3 50.3
18 8.1 5009 an 53.7 "‘3.8 l|-8.1 —8.0 5300 15'8 52.3
3 -7.9 | 28,5 L.9 3.9 12,4 | 16.8 | -12.9 25.0 =27.7 31.6
5,80 6 -9.5 32.3 9.1 30.0 31.0 10.3 =114 | 17.5 -20.0 20.8
: 12 0.5 {41.0 | 30.3 | 38.9 73.0 | 8.1 -8.9 | .l -5.5 | 20.0
18 14.9 45.2 L1.5 2L.2 85.4 | =2.4 | -11.7 3.9 =-5.9 6.0
3 10.8 16.9 21.2 10.1 26.7 7.8 { =30.3 18.2 -30.9 27.6 .
6 94 6 22.0 1007 50.0 7-9 38.2 6.0 “‘28‘9 19-0 "25.8 21{--1)-
i 12 6le6 5.6 87.7 8.1 80.0 | 5.6 | =20.8 | 21.0 | -21.5 {18.9
18 811-12 2.8 104.5 Oto 97-5 0.0 "29-9 2003 -906 10.5
3 17.1 [13.2 39.7 5.7 25.3 | 15.3 | -30.4 8.5 =-33.9
. . 6 29.7 3.1 62.2 1.5 11-1 c!.[- "'109 '_3306 11}--1 “27.1).
7.72 1 42 70.1 | 2.6 | 95.4 | 5.k £5.9 | 2.6 | -23.7 | 13.8 | =-22.3
18 ; 91 .1 -3.0 126.1 "'3-0 9).{--6 1.2 "'25.1 6-1 "'20'9

14.5 at 5% and 19.3 at 1% levels.

Ln S'D- NO}‘N
5.1 at 5% and 6.7 at 1% levels.

LoSoDu NH -N
A
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Increases and decreases in NOg-N and NH,-N mentioned below
are significant at 5% level.
NOo-N.

At pH L.72: there were decreases in NOs-N compared with
that originally present in the soil only in the first 6 weeks
incubation at 100% and 133% and the increases at 12 and 18 weeks
incubation compared with the nitrate-N content at 3 and 6 weeks
only at 20%, 100% and 133%. Only at 133% was there an increase
in NOs-N after 18 weeks compared with the NOs-N originally
present in the soil.

At pH 5,80: there were decreases in NOz-N compared with

that originally present in the soil in the first six weeks
incubation only at 133% while increases occurred after 18 weeks
at 20%, 12 weeks at 50% and 6 weeks at 75%. Between the differ-
ent moisture levels, starting only from 6 weeks incubation, the
NOg-N increased with increasing soil moisture levels from 20%
to 75% and then decreased to similar levels at 100% and 133%.

At pH 6.94 and pH 7.72: the NOz-N decreased during the

whole period of incubation to similar levels at 100% and 133%
compared with that originally present in the soil while at 20%,
50% and 75% it increased except in the first three weeks at
pH 6.94 and 20% moisture levels.

Between the moisture levels 20% to 75%, the NOg-N

increased with increasing moisture level 20% to 50% but
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whereas it remained constant from 50% to 75% at pH 6.9L it
decreased 2t pH 7.72 with increasing moisture from 50% to 75%.

Thus, there was no optimum moisture level for NOz-N accumulation

at pH L.72. There was an optimum at 75% at pH 5.80 but only
after 6 weeks incubation. There was an optimum range of 50% to
75% at pH 6.94 and an optimum at 50% at pH 7.72.

Between the soil pH levels after each incubation
period NOs-N was constant at pH L.72 and pH 5.80, at 20% moisture,
increased with increasing pH up to pH 6.94 and 2gain remained
constant with increase in pH to 7.72. At 50% moisture, how-
ever, it increased with increasing pH from L.72 to 6.94 and then
remained constant with further pH increase to 7.72. At 75%,
it increased with increasing pH from L.72 to 5.80 and there-
after remained constant as the pH increased to 7.72. At 100% it
remained constant at pH L.72 and 5.80 and decreased to similar
levels at higher pH levels. At 133%, it was about the same
at all pH levels except for pH L.72, 5.80 and 6.94 at the 18
week analysis, in which the NO3-N was lower than the correspond-~
ing amount at pH 7.72.

NE,-N.

- At oH L.72: the NH,-N generally increased in the first
6 weeks incubation with increasing moisture level from 20%
to 50% and remained more or less constant with further
increases in moisture levels. After 12 and 18 weeks, the

NH,-N increased highly significantly compared with that in



150,

the first 6 weeks to similar levels for all moisture treatments.

At pH 5.,80: NH,-N was constant to 3 and 6 weeks, increased
to 12 weeks and, while remaining constant at 20% it decreased at
50% after 18 weeks incubation. At 75%, 100% and 133%, the NH,-N
increased after three weeks and thereafter decreased as
incubation progressed, to near zero levels. At the same time
it was always at similar levels at 20% and 50%, decreased at
75% and increased with further increases in moisture levels.

At pH 6.94: the NH,-N increased to 3 weeks and decreased
with increasing time at all moisture levels except 100% where it
remained constant. Between the moisture levels, it was constant
from 20% to 75% at each period of incubation except at three
weeks when it decreased with increasing moisture level from 20%
to 50% and remained constant to 75%. NH,-N increased as the
moisture level increased from 75% to 100% and further increased
in the first 6 weeks, remained constant to 12 weeks and decreased
to 18 weeks as the moisture level increased to 133%.

At pH 7.72: the NH,-N accumulated in the first three weeks,
disappeared during the rest of incubation period at 20%, 50% and
75%s At higher moisture levels, some of the NH_,-N accumulated
during earlier parts of incuﬁation,also disappeared at the later
part but on the whole the accumulated NH,-N was higher at 133%
than at 100% which in turn was higher than at lower moisture

levels,
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Between the pH levels, there was a general decrease
in NH,~N with increasing pH except at 100% and 133% where this
general tendency was less marked.

On the whole, as the NOg-N accumulation increased
the NH,-N decreased. Whereas there were optimum moisture levels
for NOs-N accumulation at the three higher pH levels, there were

no such optima for NH,.-N accumulation.

(ii) Discussion.

High moisture levels favour anaerobic bacteria but are
injurious to aerobic bacteria, actinomycetes and fungi while
medium moisture levels favour the latter organisms, (Waksman
(1952)) and (Stover (1953)). There is a preponderance of fungi
at low pH values and a preponderance of bacteria at medium to
high pH values (Russell (1950)). At the low pH (L.72) in this
Study it was observed that there were decreases in NOz-N only
- at 100% and 133% and this indicates that the most important micro-
organisms here may be anaerobic bacteria which do not seem to be
sensitive to low pH values, since it is bacteria and not fungi
which are known to denitrify nitrates.

At the same time there were increases in NH,-N which
were similar at all moisture levels. Bacteria and fungi are
capable of-proéucing ammonia by the decomposition of organic
matter (Waksman (1952)). Soil moisture levels do not control

the accumulation of ammonia as they do that of nitrate
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(Gerretsen (1921), Kapp (1933) and Bhuijan (19L9)). Thus
at the low pH (L.72) in the absence of aerobic bacterial
nitrifiers and in the presence of fungi at low and medium
moisture levels and of anaerobic bacteria at the high moisture
levels, the conditions are equally suited to NH.-N accumulation.
At pH levels of 5.80 and greater the nitrate
accumulation attained maxima between 50% and 75% alfhough at
pH 7.72 the maximum was specific at 50%. At 20%, the numbers
of nitrifiers were limited and nitrate accumulation was thus
lower than that at 50%, while at 100% and 133% the anaerobic
conditions stimulated denitrification and thus produced increasing
negative values 0f accumulated NOg-N. At the same time, the
ammonia accumulation was decreasing as the nitrate accumulation
was increasing showing that ammonia accumulated during the earlier
period of incubation was nitrified during the later period.
This behaviour was noticeable at the higher pH levels and at
moisture levels up to 75%, which have been shown to be the ideal
conditions for the develbpment of aerobic nitrifying bacteria.
The decrease in NH,-N at 133% at pH up to 6.9, with
increase in the values of NOg-N may be due to the oxidation of
the NH,-N to NO,-N (nitrite-N) which has been included here in
the nitrate value. The decrease in NH.-N at 100% and 133%
with increase in time of incubation at pH 7.72 without any

relative increase in nitrate may be due to volatilization
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since Wahhab et. al. (1960) and Volk (1959) have shown that
ammonia may be lost through volatilization at high moisture
and pH levels,

On the whole therefore, the NOz-N accumulation
increased at moisture levels up to 50% with increasing soil
pH indicating that as.pH increases the numbers of bacteria
increase and that nitrifying bacteria have optimum moisture levels
at 50% at about neutral pH and at 75% at pH 5.80, but may be
virtually inactive in pH L.72.

At the same time NH,-N accumulation generally decreased
with increasing pH in a more pronounced fashion at moisture levels

20% to 75% than at moisture levels 100% and water-logging.

General Discussion.

Since carbon and nitrogen are intimately related in
the soll organic matter, it may be expected that factors which
affect carbon mineralization will affect nitrogen mineralizaéiOn
similarly, at least as far as the low to medium soil moisture
conditions are concerned. Table 19 shows total mineral nitrogen
accumulation (i.e., NOg-N plus NH.-II) for the various treatments
and a comparison of this with Table 17 (showing carbon mineral-

ization)shows that for moisture levels up to 75%, the course

of mineralization e #ew 0f both elements is similar,
Thus both processes are carried out in the soil by organisms

which are affected similarly by soil pH and moisture.



Total mineral nitrogen (N03~N + NO3~N) accumulation in
soil 1 brought to different P levels and incubated at

TABLE 19.

different moisture levels.

Incubation | Soil moisture levels (Fm.w.h.c.)
i |Weeks| 20 50 75 100 | 1%3
3 18.4 | 27.8 | 27.6 11.8] 4.9
12 59.7 | 49.9 |35.6 L45.71 50.6
18 59:0 | 53.7 [ 443 45,01 68.1
3 20.6 | 36.8 | 29.2 12.1] 3.9
* 12 40.5 | 69.2 |81.1 5.5] 10.5
18 60.1 6507 83-0 "708 0.1
— -
3 27-7 31.3 31}-.5 "1201 -3'3
6094 | 6 | 32:7 | 57.9 |42 | =9.9| 1.k
12 70-2 9601 85-6 002 "2.6
18 87,0 [104.5 | 97.5 -9.61 0.9
[
3 30.3 | L5.4.| 406 | =21.9]=10.5
2 6 32 8 63o7 39-5 -1905 "8-9
70721 4o | 72,7 1100.8| 68.5 | =9.9| 4.1
18 88.1 [123.1] 95.8 | =19.0|=12.7

154,
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At moisture levels greater than 75% carbon mineral-
ization paralleled nitrogen‘mineralization only at the lower
pH levels. At the higher pH levels carbon mineralization still
proceeded but negative nitrogen accumulation values Were obtained.
This indicates that even though at high moisture levels nitrogen
mineralization may proceed with covommitant carbon mineralization,
because of losses of mineralized nitrogen by denitrification and/

or ammonia volatilization all the miﬁeralized nitrogen may be lost.

(B) Effects of soil moisture levels on carbon and nitrogen
mineralization and availability of phosphorus and
potassium when straw and compost are added to the soil
during incubation.

Materials.
Oat am@ straw and composted oat straw Weré ground in
a mill and were analysed for organic carbon (Walkley-Black) and
total nitrogen, phosphorus and potassium by means of wet-
digestion with sulphuric acid and hydrogen peroxide as described
in Chapter IT and the. moisture characteristic curves of their
2% mixture with soil 1 determined and shown in Fig. 1 and Fig. 2.'

Moisture and chemical characéeristics of
oat-straw and compost.

Material | %C | %N | %P,0g | %K,0 | 100% m.w.h.c.®

Straw LO [ 0.89 | 0.25 | 0.78 | 55% actual
) moisture

Compost | 35 | 2.61 | 0.63 | 1.38. 50% actual
moisture

% Added to soil 1 at the rate of 2%.
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Soil 1, a sandy loam soil whoge chemical and physical
properties are shown in Tables 3 and L and in Fig. 1 was
collected from the top 6", air-dricd and ground to pass a 2 mm.-
sieve.

Bxperimental Method.

10 g. samples of the soil were weighed into glazed
‘paper, and given the following treatments: soil alone, + 2%
straw, + 2% compost. They were well mixed and placed in test-
tubes 6"x1" (internal diameter). They were then brought to
20%, 50%, and 133% of the maximum water holding capacity by
adding to soil alone 0.8, 2.1 and 5.6 ml.; 1o soii + straw
1.0, 2.6 and 7.2 ml.; and to soil +'compost 0.9, 2.4 and 6.6 ml,
of distilled water respectively.

The soil and added water were mixed with a thin glass
rod and the part of the rod which was in contact with the soil
was broken off and left in the soil. A vial containing a
suspension of barium peroxide was placed in each tube and the
tube closed with a rubber bung. For each organic matter x
moisture treatment there were eight replicates giving a total
of 72 samples. For each organic matter treatment, duplicates
were prepared and mnalysed at the beginning of the incubation,
thus giving the original mineral-N, P,05; and K,0 levels.
| The other 72 samples were incubated at 28°C and the
carbon dioxide determined every three weeks over 18 weeks the

mineral-N, phosphate and potassium, were determined in the
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Morgan's extract of duplicate samples after 3, 6, 12 and 18
weeks.

N.B. The percent maximum water holding capacity is, in
this experiment, expressed only as percent (e.g. 50% m.w.h.c.

= 50%).

1. Carbon Mineralization.

(1) Results.
The carbon dioxide produced (mg.C0y/10 g. soil) in
the untreated soil and in that treated with straw and compost and
incubated at three moisture levels is shown in Table 20 and
Fig. 29. In the following results and discussion, any.increases
or decreases in carbon mineralization mentioned are significant
at 5% level.

In the soil alone there were no significant differences

in carbon mineralized due to moisture level.

In the presence of 2% straw, the mineralized carbon

increased compared with soil alone from 6 weeks incubation on-

wards for moisture levels 20% and 50% but at 1335, there was no such
increase. 4lso from 6 wecks incubation the mineralized carbon
always increased with increasing soil moisture level from 20%

to 50% and then decreased to 133%.

In the presence. of 2% compost, there were no increases

in the mineralized carbon compared with corresponding values in

the s0il alone excpet from 15 weeks at 20%. There were no

- - MM SUT W QL VIS T U WLV 270 COMPoOSTe T



- increases compared with the corresponding values in the soil

+ straw at 133%, the carbon mineralization in soil + straw
increased compared with that in soil + compost from 9 weeks
onwards at 20% and from-6 weeks at 50%. Between the moisture
levels, there was no significant difference between carbon
mineralized at QQ% and that at 50% but the differences between
the carbon mineralized at 50% and that at 133% became sig-
nificant only at the end of incubation.

Thus, generally, at 133% there were no differences in
the mineralization of carbon whether the soil was incubated alone,
with straw or with compost. There were no differences in carbon
mineralized at 20% and 50% in so0il alone or in soil 4 compost.

It was only when straw was added that significant differences
" appeared between the carbon mineralized at the different moisturé

levels and this happened only after six weeks incubation.

(ii) Discussion.

During the composting of oat straw the easily
mineralizable carbohydrates, cellulose and hemicellulose decrease .
greatly while the less easily decomposable constituents increase:
in proportions and this tends to make the composition of the
organic fractioﬁ of the compost similar to that of soil humus,
(Waksman (1952)).  Thus, it is understandable that the

‘mineralization of carbon was similar at each moisture level

whether the soil was incubated alone or with 2% compost.
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Carbon mineralization (mg.C0/10 g oven-dry soil) in
soil 1 treated with straw and compost and incubated at

at three moisture levels.

Organic matter Weeks Soil moisture levels
treatment incubation (# m.w.hec.)

20 50 133

3. 6.9 10.8 2.5

6 10.9 16.8 Gl

9 15.7 23.0 | 1.6

Soil alone 12 17.5 27.8 | 143
15 19.9 31.6 | 17.2

18 23.9 35.2 | 20.6

3 84y 17.0 2.9

6 26.9 42.5 | 10.3

7 ot 9 50.8 7.1 | 15.8

+ 2% strew 12 9.5 | 93.5 | 21.7
15 95.7 | 116.0 | 31.9

18 113.3 | 133.7 | 35.2

3 11.0 11.0 2.5

6 19.8 2L..8 | 11.8

; 9 27.2 31.7 | 18.4
+2/ compost 12 3.6 | 36.1 | 22.1
15 37.1 .4} 26.2

18 45.3 47.8 | 28.1

L.8.D. = 15.5 at 5% and 20.7 at 1% levels.

Carbon content of soil
Carbon content of straw

Carbon content of compost

= 35%, added to soil

1.32%

LO%, added to soil

295-h.mg.002/1o g
soil.

25646 mg.00,/10 ge
soil.
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It also is not surprising that highly significant increases

in the mineralization of carbon occurred when uncomposted straw
was added to the soil incubated at 20% and 50% compared with
the mineralization of carbon when straw was absent.

It may further explain the significant differences
between the carbon mineralizations with straw at the different
moisture levels. Since the easily mineralizable organic
fraction was abundant and microbioclogical numbers and activities
increased with increasing moisture levels up to an optimum
around 50% to 80% (Waksman (1952)), the carbon dioxide
evolution from soil treated with straw has therefore increased
with increasing soil moisture from 20% to 50% and then decreased
at water-logging.

Af 133% (water-logging), the lack of differences
bétween the carbon mineralization irreépective of.the organic
matter treatment may be explained by examining the process of
anaerobic carbohydrate decomposition. Anaerobic bacteria
decompose cellulose mainly with the formation of various organic
acids, such as lactic and acetic acids and alcqhol and methane,
and decompose the sugars and sugar acids, resulting from hemi-
cellulose break down, to alcohols and lower acids (Waksman
(1952)). It seems therefore that only little extra carbon
dioxide evolution may be expected when straw, containing high
proportions of cellulose and hemicellulose, is decomposed under

water-logged (anaerobic) conditions in soil.
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2, Nitrogen Mineralization.

(i) Results.

The NOsz-N and NH,-N accumuiated WhenAthe soils
treated with straw and compost were incubated for 18 weeks are
shown in Table 21 and Fig. 30.

N.B. All increases and decreases mentioned in these
résults and in the following discussion are significant at 5%
level.,

NOy=N.

In the soil alone, the NOz-N always increased with
incubation at 20% and 50% anddecreased at 133% compared with
the original soil content. At 133% the original NOaz~N was
never completely depleted. The NOz-N also increased with
increasing moisture levels from 20% to 50% and then decreased
- sharply at 133%.

In the soil + 2% straw, the NOg-N decreased at all
moisture levels compared with the original NOz-N of LO p.p.m.
and there was complete depletion of the original NOg~N at all
moisture levels in 6 weeks incubation. After that, there were
increases as time went on but never enough to reach the original
NOs-N except at 50% where it exceeded ' the original NOs-N at

12 weeks but decreased again at 18 weeks.,
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NO;-N and I\IHL_-N (psp.m. oven-dry soil) accumulation in

TABLE 21.

scil 1 treated with 2% straw and 2% compost and incubated at

three moisture levels.

. . . x
Organic Original ) Soil moisture levels (% m.w.h.c.)
matter mineral Weeks
treatment | nitrogen incubation 20 50 133
NO,-N NH, -N NO., W - o -
3 ) 0.5 1\11{4-1\1 NO3 N NH4 NO3 N NHL,_-N
2%.1. - 3 16.9 0.0 27.8 12.6 =16.2 41.0
S .1 6 33-0 O-O 63.3 O-O "25.6 36.!}.
- alone 18 56.3 | 17.2 98.3 17.0 -8.8 | 57.4
40.0 - 3 ~17.1 0.0 | ~19.2 3.8 -40.0
+2% 6 "38.9 Ll—-6 "L}-O-O O-O -l}-0.0 .
e i2 -27.8 21.0 27.6 19.6 -28.5 641
18 -32.9 72.4 -15.4 73.9 -22.1 65.1
12440, - 3 ~11.5 | 19.1 !-101.5 48.9 | -105.9 | 62.7
+27; 6 "107-8 36.0 "'110.6 2-]-1 .5 "124.1{- 81 03
compost 12 -41.2 14.9 57.0 15.0 ~112.4 8L4.2
18 2.2 17.7 133.0 208 "12404 5907

L.5.D. NOB-N

Total mtrogen content

.

6.2 at 5% and 8.3 at 1% levels.
5.4 at 5% and 7.3 at 1% levels.

of soil = 0.15%;

total nitrogen content of straw = 0.89%;added to soil
through straw = 178 p.pem. soil.
total nitrogen conten‘b of compost = 2.61%, a&&ed to soil through compost =

522 pe.p.m. soil.

x subtracted from the determined values to give the wvalues shown in the table.
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In the soil + 2% compost, the NOz-N decreased
within 6 weeks at all moisture levels compared with thé
original NOg~N of 12h.l p.p.m. and there was almost complete
depletion of the original NOg-N at this time. After that,’
NOg-N remained completely depleted at 133%, increased at 18
weeks to the original NOs-N at 20% and greatly exceeded the
original NOg-N at 50% from 12 weeks.

NH,-N.

In the soil alone, the NH,-N remained at zero levels
within 6 weeks at 20% and 50% but increased at 133%. At 12
and 18 weeks, it increased compared with the original soil
NH,-N of O p.p.m. and remained constant at 20% and 50% but
during this time it increased further to constant levels at
133%.

In soil + straw, the NH,-N was at near zero levels
during 6 weeks incubation at all moisture levels and thus was
not different from the original NH,-N which was O p.p.m. At
12 and 18 weeks it increased to constant levels at 133%, and
increased with time at 20% and 50% so that it was higher in
12 weeks and lower in 18 weeks at 133% than at 20% and 50%.

In soil + compost, the NH,-N increased above the
original NH,-N of O p.p.m. For the first six weeks it
increased with increasing time of incubation at 20% and 133%;
but decreased with increasing time of incubation at 50% from

3 weeks to 6 weeks. Within this time it also increased
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with increasing moisture levels. Thereafter the NE,-N decreased
with increasing time of incubation at 20% and 50%. At 133% it
remained constant until 12 weeks and then decreased to 18 weeks,
Thus in soill alone and soil + straw ammonia increased
simulataneously with nitrate in the last 12 weeks of incubation at
all moisture levels while in soil + compost NH.-N increased whilst
NOg-N decreased initially, whilst the reverse held during the

later part of the incubation.

(ii) Discussion.

Haﬁ%en and van Schreven (1955) after reviewing work
on nitrogen mineralization from organic matter added to soils
came to0 the conclusion that when organic matter was added to the soil
there was a rapid increase in the numbers of micro-organisms which
decomposed the easily mineralizable fractions of the added organic
matter. The micro-organisms first immobilizedany mineral nitrogen
initially present in the soil, but later,.as a result of the
decompositon of the cell substances of the early generations of
the micro-organisms, not only was the immobilised nitrogen re-
leased but mineral nitrogen resulting from the decomposition of
the organic matter accumulated.

The initial immobilization of mineral nitrogen may
be regarded as a lag period in mineral nitrogen accumulation as
a result of the addition of organic matter to the soil. In the
soil where no organic matter was added, the results in this

experiment show no such lag in nitrate-N accumulation if the
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so0il moisture level was 20% or 50%. The losses of the original
s0il NOg-N obgerved at 133% was probably due to denitrification
rather than any effect of organic matter, and this is confirmed
by the fact that at this moisture level, ammonia accumulation
was high throughout incubation and showed no lag period.

In the presence of 2% straw this lag period was
clearly shown at all moisture levels, all the original soil
nitrate having disappeared and no ammonia accumulated at the end
of six weeks incubation. From then on the nitrate increased
slightly at 20% and 133% while it increased sharply and then
decreased at 50% so that at the end of 18 weeks, the nitrate
accumulation at all moisture levels still did not attain the
original soil level within this period, the ammonia increased with
time at all moisture levels, initially more rapidly at 133% thon
at 20% and 50%, so that at the end of 18 weeks similar amounts of
ammonia were accumulated at all moisture levels. It would seem
that after the initial lag in both nitrate and ammonia accumulation,
the s0il moisture level did not affect the final ammonia or nitrate
status of the soil treated with straw. Waksman (1952) found that
with straw, irrespective of soil moisture level, ammonia accumulated
while nitrate remained at low levels after the initial lag period.
This might indicate either that micro-organisms active affer the
lag period prefer nitrate to ammonia for cell substance synthesis

or that nitrifying organisms have been suppressed. The latter
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alternative is likely to obtain at 133% (water-logging) while
the former may obtain at 20% and 50%.

In the presence of compost, the lag in nitrate
accumulation was prominent also at the end of six weeks incubation
at all moisture levels but no such lag npccurred in ammonia
accumuletion, in fact ammonia accumulation was highest at all
moisture levels at this time. Thereafter nitrate accumulated
rapidly at 20% and 50% while the accumulated ammonia disappeared.
At 133%, however, ammonia accumulation remained high and the
nitrate remained completely absent. It might be suggested that
micro-organisms similar to those operating after the lag period
at 20% and 50% in the soil treated with straw were operating
during the initial stages of incubation of the soil treated with
compost because they seemed to assimilate the original soil
nitrate while allowing ammonia accumulation to proceed. Later
generations seemed not only to have decomposed the cell substances
of these earlier generations but were actively oxidizing any
ammonia produced, to nitrates. This process seemed more ‘marked
at 50% than at 20%. This is understandable since nitrifiers
are very sensitive to the effects of low moisture levels (Hwang
and Frank (1938).

At 133%, the losses of original soil nitrate which
persisted from 6 weeks incubation, were probably due to

denitrification, since the conditions were znaerobic, while
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the accumulation of ammonia is characteristic of water-logged

soil conditions (Kapp (1933), Bhuijan (19L9)).

2. Availability of Phosphorus.

(i) Results.

The available (Morgan extractable) phosphorus in
the soil treated with straw and compost and incubated at three
moigsture levels is shown in Table 22 and Fig. 31.

N.B. All increases and decreases mentioned in the results and
the following discussion are significant at 5% level.

In the soil alone, the available phosphorus remained |
at constant levels similar to that in the original soil when the
moisture ievels at incubation were 20% =nd 50%. With water-
logging (133%) available phosphorus increéased greatly during the
first three weeks and then continued to increase slowly there-
after.

In the soil + 2% straw, the original soil available
phosphorus was increased by the addition of straw from 47 p.p.m.
to 60 p.p.m. soil. During incubation, the available phosphorus
decreased in the first three weeks at 20% and 50%, decreased
further after six weeks at 50%, and finally increased slightly
to constant levels after 12 and 18 weeks. After the initial
decrease at 20%, it increased to constant levwels after 6 and 12

weeks and again decreased at 18 weeks. With water-logging
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(132%) available phosphorus increased greatly to 3 weeks,
decreased to six weeks and then increased with inereasing time.
In the soil + 2% compost, the addition of compost
increased the original soil phosphorus from L7 p.p.m. to 69 p.p.m.
During incubation at 20% and 50% the available phosphorus de-
creased with increasing time of incubation to similar values for
both moisture levels. At 13%% available phosphorus greatly
increased to three weeks, increased further to 6 weeks, remained
constant to 12 weeks and then increased again to 18 weeks. As
a result of the increase in the original soil phosphorus due to
the addition of straw and compost the differences between
corresponding values of available phosphorus in the soil with and
without straw, and compost were significant at 5% during the
early part of incubation period when it was incubated at 20% and
50%. At the end of incubation, the differences were small. At
water-logging, the‘available phosphorus decreased in the order
s0il 4+ compost> soil + straw> soil alone, except before the first
6 weeks when it was similar for soil alone and soil + straw but

was higher for soil + compost.

(ii) Discussion.
The results show that at aerobic moisture levels when
no organic matter was added to soil the available phosphorus was
unaffected in this soil after 18 weeks incubation. In the

presence of straw the initial decrease at three weeks might be
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TABLE 22,

Availabie phosphorus (P205 p.‘“p.m. oven~dtry) in soil 1
treated with straw and compost and incubated at three
moisture levels.,

Orgonic matter Original Weeks Soil moisture
treatment available incubation | levels(%u.we.h.cs)
' phosphorus : ' -
20 | 50 1133
iq 9 0
Soil alone ‘ 12 i | | 220
18 L 451245
. 60 3 W fuslo,  f
+ 2% straw 6 54 | 35198
. 12 56 | 54| 250 .
18 1 45 | 54} 270
69 g 22 69| 317
9 | 581 347
+ 2% compost 12 48 | 50| 357
18 ‘ 50 | 49| 377

L.S.D. Ezq% and 50%) = 4 at 5% and 5 at 1%.
L.S.D. (water-logged or 133%) = 12 at 5% and 16 at 1%.
| 32

Total P205 content of straw = 0.25%, added to soil through straw =
50 PePeme soil.
Total PO, content of compost = 0.625%, added to soil through compost =

2’5 125 p.p.ms soil.
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due to the decomposition of the earlier generations of micro-
organisms similar to the process which brings about mineral-
nitrogen accumulation after an initial lag period. Alternatively,
this might be due to the release of organic phosphorus in the
straw since only 13 p;p,m. of the 50 p.p.m. of total P05 (soil
basis) added through the straw was extracted before incubation.

In the presence of compost under aerobic conditions the
available phosphorus was unchanged during the early part of
incubation but decreased later. It would seem therefore that
the rate of mineralization of added organic phosphorus was off-
set by assimilation of inorganic phosphorus by micro-organisms
during the first three weeks. Later, any phosphorus released
from the organic form was probably fixed in the soil, since
Tendfille (1959) and several other workers have shown that the
addition of phegphates favours the fixation of phosphorus in the
soil. |

Under water-logged conditions phosphorus was greatly
mobilized whether or not organic matter was added to the soil.
This agrees with results obtained by Gasser and Bloomfield (1955),
Bromfield (1954) and several other workers. The greater
mobilization observed with straw and compost addition compared
with soil alone may be explained by the fact that organic acids
produced as a result of the fermentation of the added organic
matter may exhibit a solubilizing effect on soil phosphorus

compounds (Gasser and Bloomfield (1955), Shapiro (1958a).
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The greater mobilization of phosphorus in the presence
of compost than in the presence of straw may be related to
observations made by Gasser and Bloomfield (1955) that the more
organic matter added to the soil, the more rapid the change from
oxidizing %o reducing conditions on water-logging, except if the
C ¢+ N ratio was greater than 20. Here the original C : N ratio
of the added straw was L5

and that of the added compost was 13.L and it would seem that
-partly because of this and probably as a result of the greater
total phosphorus content of the compost there &as a greater
mobilization of phosphorus with compost than with straw during

water-logging of the soil.

L. Availability of Potassium.

(i) Results.

The available (Morgan extractable) potassium in the
s0il treated with straw and compost and incubated at three
moisture levels is shown in Table 23 and Fig. 32.

N.B. All increases and decreasss in the available potassgium
mentioned in these results and 1n the following
discussion are significant at 5% level.

In the so0il alone there were no significant changes

in available potassium during the incubation at all moisture

levels compared with the original soil available potassium

except for a decrease in the first three weeks at water-logging.
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As a result of adding 2% straw, the original soil
available potassium was increased by 100 p.p.m. During three
weeks incubation *%the available potassium decreased at all
moisture levels to similar amounts. Later while it decreased
further and finally increased at 50% and 133%, it remained con-
stant at 20%, so that at the end of incubation it was at similar
values at all moisture levels but still significantly (5%) less
than the original potassium status.

As a result of adding 2% compost, the original soil
available potassium was increased by 87 p.p.m. Within three
weeks, decreases were observed only at 50% and 133% but there
were further decreases to 12 weeks at all moisture levels to
gimilar amounts. Thereafter there were increases at all moisture
levels., The final values were significantly lower than the
original available potassium values at 20% and 50% but was similar
to the original value at 133%.

-On the whole, allowing for differences in the original
potassium status,straw and compost fixed similar amounts of

potassium at corresponding moisture levels and times of incubation.

(1i) Discussion.
By end De Turk (1939), Damsgaard-Sorensen (19L2) and Ayres
(19L9) reported lack of change in the available potassium when
the soil was stored moist, and the results obtained here when

no organic matter was added to the soil agrees with these reports.
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These results also show that soil moisture levels 20% to 133%
had no effect on the availability of potassium in this soil,
except for a temporary decrease with water-logging. With the
added materials 60% of the total potassium (156 p.p.m.) added
through the straw and 31% of the total potassium (276 p.p.m.)
added through the compost was extractable before incubation.
This is probably due to differences in the exchange capacity and
hence the potassium retaining ability of straw and compost.

Hurwitz and Batchelor (1943) found the fixation of
potassium added through mixtures of oat straw and clover plant
up to 1% after 89 days incubation while Aleksandrov (1950)
attributed the major portion of potassium fixation in sierozem
and chernozem soils to microbiological processes. Contrary
results have however been reported by Vandecaveye (192L) and
York et. al. (1953). Since Waksman (1952) has stated that the
ash of bacterial cells may contain L% to 25% potassium and that
of fungi 8% to LO%, it must be expected that some of the
fixation of potassium in the so0il must be due to microbial
assimilation.

In the light of these facts, it would seem that part
of the fixntion of the potassium added in straw and compost was
due to microbizl immobilization. This is confirmed by the fact
that at the end of incubation the available potassium tended
to approach the original status, increasing fron the .low levels td‘

which it had fallen at 12 weeks. This may coincide with the
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TABLE 23.

Available potassium (KZO PsPsms OVen-dry soil) in soil 1

treated with straw and compost and incubated at three
moisture 1evels,

Organic matter Original Weeks Soil moisture levels
treatment available incubation (% mewihece)
1 phosphorus ~
20 50 {133
164 3 155 | 155 | 143
Soil alone 6 168 | 168 {173
12 170 | 169 | 154
18 168 | 170 | 156
264 g 239 2?? 239
; 242 | 2 223
+ 2% straw 12 2,1 | 228 | 213
18 240 | 239 248
251 3 247 | 229 232
+ 2% compost 6 231 | 222} 233
' 12 195 | 2131 218
18 223 | 229{ 246

L.S.Ds = 15 at 5% and 21 at 1%.

Total K20 content of straw = 0.78%, added to- soil through straw = .
156 pepem. soil.

Total K0 content of compost = 1.38%, added to soil through compost =
276 p.p.m. soil.
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decomposition of the cells of eariier generations of micro-
organisms.

Bray and De Turk (1929) and De Turk et. ale. (19L3)
stated that soils have different eguilibrium levels to which
their exchangeable potassium status tended to approach from
lower or higher levels, and this tendency held whether the soil
was stored wet or dry. Thus on addition of potassium through
straw or compost it was possible that this tendency of the soil
potassium status to approach the equilibrium level led to some
of the observed fixations. This effect might be important since
the fixation did not seem to adhere strictly to a pattern similar
to that of microbial activity. In fact similar amounts and
patterns of fixation occurred at all moisture levels and in the
presence of étraw and compost where as carbon mineralization as
a measure of microbial activity was most pronounced in the presence

of straw and at moisture levels 20% and 50%.

General Discussion.

Harmsen and van Schreven (1955) in their review of
work on nitrogen mineralization emphasized the importance of the
C : N ratio of the added material as a factor controlling the
accumulation of mineral nitrogen in the soil. They concluded
that a nitrogen content of 1.5-2.0% (dry basis) in the added
organic matter (corresponding to a C : N ratio of 20 to 25)

was the limiting value. Materials containing less than this
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amount of nitrogen would prevent accumulation of mineral nitrogen
when added to the soil.

To test how far this conclusior may apply in this
study, Fig. 33 has been prepared. In Fig. 33, the carbon and
nitrogen mineralization at corresponding soil moisture levels
have been plotted against the time of incubation and from it the
carbon mineralized at the time mineral nitrogen accumulation
started after recovering from the lag period of original mineral
nitrogen microbial sssimilation was determined.

It was obvious that irrespective of the C ¢ N ratio of
the added organic matter, (straw, L5.0 and compost, 13.L), there
was mineral nitrogen accumulation (except for compost at 133%)
after an initial lag period . This result seems to contradict
the conclusions of Harmsen and van Schreven (1955), but agrees
with some recent work by Cornfield (1959), that this lag phase
occurred with the addition of compost having a C ¢ N ratio of 21
and to an even greater extent with the addition of farmyard
manure having a C : N ratio of 15.6.

What seemed more important was the rapidity, as
affected by moisture levels 20% to 50%, with which the easily
mineralizable froction of the added organic matter was decomposed.
Thus with added straw and compost, the easily mineralizable
organic fraction was more rapidly mineralized at 50% than at
20% and in each case, the lag period was shorter at 50% than

at 20%. At water-logging where carbon mineralization was
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similar irrespective of the type of organic matter added there
was a iag period followed by mineral nitrogen accumulation
with straw, but an indefinite lag period i.e. no accumulation
of mineral nitrogen even up to 18 weeks, with compost. It
would seem that at this moisture level (133%), the rapidity
(similar for straw and compost) with which decomposition of
organic matter took place was not as important as the amount of
original mineral nitrogen in determiningthe course of mineral
nitrogen accumulation during incubation Wth straw where the
original mineral nitrogen was low, accumulation of mineral
nitrogen above the original amounts was more rapid than with
compost were possibly due to the high original mineral nitrogen,
no accumulation above this original level could take place.

It is also interesting to note that although the lag
period was shorter at 50% than at 20% similar amounts (73 mg.
00,/10 g. soil for 50% and 76 mg. for 20% with straw, and 33 mg.
for 50% and 38 mg..for 20% with compost) of carbon were mineralized
at both moisture levels before the accumulation of mineral
nitrogen reached amounts higher than the original mineral
nitrogen.

At 50% and 20%, the fixation of phosphorus and
potassium, due to straw and compost additions followed the
trends of carbon mineralization and mineral nitrogen accumulationﬁ
In the early period of incubation, where the rates of carbon

mineralization and nitrogen immobilization were highest, the
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fixation of phosphorus and potassium were correspondingly high.

As the rate of carbon mineralization decreased and the mineral
nitrogen accumulation incressed towards the end of the incubation,
decreases in the extent of fixation of phosphorus and potassium
took place. Under these conditions, the temporary fixation of
both phosphorus and potassium must have been due to microbial
assimilation.

At water-logging, trends in the availability of potassium
were similar to those at 50% and 20% with both straw and compost
addition and while microbial assimilation and release might be
of some importance, other mechanisms of soil potassium fixation

might play some part.

Conclusions.

Carbon and nitrogen mineralization during incubation
were studied at different soil moisture levels (from 20% to 133%
of the maximum water holding oépacity) (a) at different soil pH
levels (L.72, 5.80, 6.94, 7.72) and (b) when the soil was treated
with oat-gtraw and compost. In addition, the availability of
phosphorus and potassium was studied with the straw and compost
treatments.
(4) l. When the soil pH was low (L.72), carbon and
nitrogen mineralization wageE independent of soil moisture
level. This is probably due to the fact that the activity of
micro-organisms which predominate at low pH, viz. fungi, is

not affected by moisture level.
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2e Carbon mineralization and NOz-N accumulation
increased with increasing soil pH up to 7.72 with maximum
levels occurring at moisture contents between 50% and 75% of
the maximum water holding capacity. At the same time ammonia
accumulation decreased with increasing soil pH at low and
medium soil moisture levels. It was supposed that these
effects were due to the activities of micro-organisms Whiqh
were sensitive to both moisture and soil pH, very likely aerobic
bacteria to which nitrifiers belong.

Se Under saturated and water-logged conditions
carbon mineralization and nitrate accumulation were low while
ammonia accumulation was high at all pH levels. Under these
conditions, anaerobic bacteria which are presumably not sen-

sitive to pH are predominant.

(B) 1. VWhen the s0il was treated with compost, carbon
mineralization was similar at all moisture levels to that
occurring in untreated soil. This might be due to the
similarity in the composition of so0il humus and the organic
fraction of compost. When straw was added, there was a con-
siderable increase in carbon mineralization under aerobic
conditions, but not under water-logged conditions. Carbon
mineralization was greater at 50% than at 20% of the maximum
water holding capacity. A high proportion of easily mineral-
izable organic fraction in straw and the limiting effect of low

moisture levels on microbial activity and numbers are suggested.
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2e Carbon mineralization was similar with all
organic matter treatments under water-logging. This might
be related to the type of decomposition which took place under
water-logged conditions by which organic carbon is converted
mainly to organic acids with little carbon dioxide evolution.

3 With the addition of straw and compost there
was an initial lag period before the accumulation of mineral
nitrogen at 20% and 50% of the maximum water holding capacity.
This is explained by the assimilation of mineral nitrogen by
the first generations of micro-organisms in the presence of
much energy material. The subsequent accumulations are likely
to be due to the decompositionlof the cell substances of these
first generations by later generations.

L With water-logging, a similar lag followed by
accumulation of mineral nitrogen was observed with straw
addition but no mineral nitrogen accumulation occurred with
compost. It is supposed that losses of mineral nitrogen under
anaerobic conditions might be as important as assimilation by
micro-organisms.,

Be At low and medium moisture levels, the fixation
of phosphorus and potassium added through the straw and compos?t
followed a trend similar to that of mineral nitrogen accumulation,
being pronounced during the lag period of mineral nitrogen

accumulation. Fixation was probably by microbial assimilation.
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6o At water-logging, trends of potassium fixation
were similar +to those at lower moisture levels but since micro-
bial activity (as determined by carbon dioxide evolution) was
lower, other mechanisms of moist potassium fixation‘e.g.
fixation by clay might have played a part in the process.

Te Phosphorus was greatly mobilized, under water-
logging more so with straw and compost additions than in their
absence. The solubilizing effects of fermentation products
(organic acids) on soil phosphorus under anaerobic conditions
have been suggested.

Generally, the importance of liming acid soils and the
provision of optimum soil molsture levels as methods of increasing
microbial activity and nitrification which are important factors
in determining the performance of crops in upland field conditions,
have been emphasized.

It seems also that the addition of straw and compost
to a s0il may stimulate a temporary immobilization of nutrients
by micro-organisms and this may possibly affect the performance

of crops during the initial stages of growth.



CHAPTER V

THE EFFECT OF SOIL MOISTURE LEVEL ON THE TOTAL NITROGEN
BALANCE IN THE SOIL (A) DURING INCUBATION AT DIFFERENT
pH LEVELS AND WITH ADDED NH,-N OR NOs-N AND OAT STRAW
OR. COMPOST

(B) UNDER RYE-GRASS AND RICE WITH ADDED NH,-N OR NOg-N
IN POT TESTS
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Introduction.

In recent times, the use of inorganic nitrogen
fertilizer in improving crop performance has become increasingly
important in many countries. The soils receiving such fertilizer
applications have vanying pH values and organic matter contents.
These soil characteristics not only affect the crop performance
but also may determine the proportion of the added fertilizer
‘nitrogen which is available to the crop.

The soil moisture level during crop growth and the
form of inorganic nitrogen may also determine the amount of
applied nitrogen that is available to the CTrop.

That amount of applied inorganic nitrogen which is not
available to the crop may have been assimilated by micro-organisms,
or lost by leaching, erosion, denitrification, or volatilization
ofvammonia.

At the same time, the nitrogen-fixing micro-organisms
may mitigate any nitrogen losses. The activities of these
micro-organism, symbiotic and non-symbiotic, are also oontrolled
by the soil pH, the amount of energy material in the soil, the

s0il moisture level and the amount of inorganic nitrogen present

" in the soil.

One weay of evaluating the magnitude of the balance
between the nitrogen added as fertilizers and by microbial
fixation and that lost by the various channels is the balance
of the total nitrogen obtained at two different times between

which the so0il is subjected to various treatments.
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It has been found in Chapter III that mineral nitrogen
accumulation increased with increasiﬁg moisture level up to AO—
50% maximum water-holding and then decreased rapidly with further
increases in soil moisture level and denitrification or ammonia
volatilization was suggested as one of the agents keeping the
accumulation of mineral nitrogen low at high soil moisture levels.

In Chapter IV, similar low mineral nitrogen accumulation
was observed at high soil moisture levels, at different pH levels
and with different added organic materials. The low mineral
nitrogen contents were thought to arise from mineral nitrogen
losses through denitrification. There were also temporary
decreases in the acoumﬁlation of mineral nitrogen at all moisture
levels when straw and compost were added, and these were probably
due to microbial immobilization.

In order to confirm or refute the suppositions made
about the mineral nitrogen accumulations studied in Chapter III
and Chapter IV and to evaluate the soil nitrogen balance during
incubation and in pot tests with crops, nitrogen balances were
determined in this chapter (a) during the incubation at different
moisture levels of the soil (which had been brought to different
pH levels) receiving oat straw and compost treatments and
different inorganic nitrogen forms, and (b) under rye-grass and
rice in pot tests grown at different soil moisture levels and

treated with different inorganic nitrogen forms,
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(A) Effect of so0il moisture level on the total nitrogen balance

in the soil during incubation at different pH levels and
with added NH,-N or NOg-N and oat straw or compost.

Materisls,

Stock solutions of NH,-N as (NH,),50, and NOsz-N as KNO,
of concentration 12,000 p.p.m. (solution basis) each were prepared.

3 portions of soil 1 (Harlington soil) whose chemical
and physical properties are'shown in Tables 3 and L and Fig. 1
were brought to pH levels L.72, 6.41 and 8,00 by the addition of
aluminium chloride or calcium carbonate as described in Chapter II,

The oat straw and compost had the following characteristi

Organic matter %C %N C:N ratio *n.w.h. c.
Straw LO 0.89 45 55% actual moisture
Compost 35 2.61 13.4 50% actual moisture

¥ yith straw and compost added %o soil at the rate of 2%.

Experimental method.

10 g. samples of the soil were weighed into polythene
sheets 6" square (polythgne has been shown by Eno (1960) to be
permeable to oxygen and carbon dioxide but impermeable to ions).
The so0il atueach pH level was factorially treated with three
organic matter tréatments viz. soil alone, soil + 2% oat straw

and soil + 2% composted oat straw and all well mixed.
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They were the 1 given three nitrogen treatments, no
nitrogen, + NH,-N 600 p.p.m. soil and +NOsz-N 600 p.p.m. soil by
adding, 0,5 ml. of distilled water, 0.5 ml. of the NHE—N stock
solution and 0.5 ml., of the NOB—N stock solution respectively.

After wrapping them up with the polythene sheets, they
were finally brought to three moisture levels, 20%, 50% and 135%4
(water-logging) of the maximum water holding capacity by the
further addition of 0.3, 1.6 and 5.1 ml. (for soil alone) 0.5,
2.1 and 6.7 ml. (for soil + 2% straw) and O.L, 1.9 and 6.1 ml.
(for‘soil + compost) of disfilled water respectively, through the
open end of the bag formed by the polythene sheet.

All samples were mixed with a thin glass rod and the
end of the rod which had been in contact with the soil was broken
off and left in the soil sample.

The samples thus wrapped in the polythene sheet were
pla?ed in dry test-tubes 6" x 1" (internal diameter) so that the
open snd of the bag faced the mouth of the tube.

Glass vials containing a suspension of barium peroxide
in water were placed in the tubes so that they rested on the rim
of the polythene bag and did not come in contact with the soil.
This prevented any loss of soil during the replacement of the
vial.

The 81 treatments, 3 pH levels x 3 organic matter
treatments x 3 nitrogen treatments x 3 moisture treatments,

were duplicated to give 162 samples. All were incubated in a
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warm cupboard in which the temperature varied between 25° and

30°¢. The vials containing the suspension of bariuvm peroxide
were replaced with freShly charged vials every three weeks and
the incubation lasted for 15 weeks.

At the end of this time, 1.0 ml, of NH,80, was added
to each sample to prevent any losses by ammonia volatilization
during the subsequent drying (see Chapter II) and all samples
were dried in the greenhouse at a temperature varying from 30°C
to 35°C.

After drying, the samples contained in the polythene
wrapping were lifted out of the test-tubes, the dry soil
pulverised with the fingers from the outside of the polythene
bag and the soil and bag placed in a 500 ml. Xjeldahl flask and
the total nitrogen determined as described in Chapter II. Blanks

were done with a similar size of polythene sheet.

1. Results.

N.B. In the following results and discussion, the percentage
maximum water holding capacity is expressed as percentage moisture
(e.g. 50% represents 50% msw.h.c.). All nitrogen balances

‘mentioned in the text are significant at 5% level.

(i) Treatments without added inorganic nitrogen.

The total nitrogen balances (p.p.m. soil) obtained

under different pH, organic matter and soil moisture treatments
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without added inorganic nitrogen are shown in Table 2L and
Fig. 3. Negative values indicate the extent of net loss of
nitrogen whilsf positive Values'indicate the extent of net
gain of nitrogen.

In goil without added organic matter: there were no changes in

total nitrogen at 20% at all pH levels but there were net losses
at 50% and even greater losses at 133%.

In the presence of 2% straw: Although there were trends for net

nitrogen to increase with both moisture level and pH in no case
were these increases significant.

In the presence of 2% compost: there were net increases at

20% only at pH L.72 and pH 6.41, and a net increase at 50% only
at pH L.72. At 133%, net losses were obtained only at pH 6.41
and 8.00. Under all other conditions, there were no changes
in the total nitrogen.

Generally, the total.nitrogen balance in the presence
of 2% compost increased with moigture level from 20% to 50% and
decreased at water-logging when the pH was L.72. At the higher
pH levels, the nitrogen balance decreased with increasing moisture
level. Furthermore, the net gains of nitrogen at 20% increased
with pH from L.72 to 6.41 and then decreased with increase in
pH to 8.00. At 50% and 133%, the nitrogen balance decreased

with increasing pH.
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TABLE

Total nitrogen balance (p.p.m.) in soil 1 incubated
with added organic matter at three @ and three moisture levels.

Soil ﬁ{ 4072 6-1-}-1 8.00 L.S.D.
Moisture levels 20 50 |133 {20 |50 1133 20 |50 |133 |at 5k |at 1%
(7@.'\”.}1-0.) )
Soil alone™ -8 -20 -38 |{~-11 | =15 | =62 ~10 | =22 =57 15 | 23
+ strawer 19 8 37 | 13 | 45 | 60 27 | 46 721,
- ( 79 | 109
+ compost™™® 100 | 12 | =29 168 | 24 | -89 75 | =23 | =79

%
Original soil total nitrogen = 1489, 1456 p.p.m. for low, medium and high

pl levels respectively.

5 4
2% straw and 2% compost added to provide 178 and 522 p.p.m. N respectively.

.
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(ii) Treatments with added inorganic nitrogen.

The total nitrogen balances (p.p.m. soil) are shown
in Table 25 and the balance as a percent of the added indrganic
nitrogen is shown in Table 26 and Fig. 35, All gains and losses
of niﬁrogeﬁ were obtained by balancing the original soil total
nitrogen, the nitrogen added in the organic matter and added
inorganic nitrogen against the total nitrogen determined at the
end of incubation.

(1) +NH,-N.

At pH 4.72: there were no changes at 20% and 50% ;h the
total nitrogen but at 133%, there was a net loss where NH,-N had
been applied to the soil alone. When NH,-N was applied with
the addition of straw and compost, there were net gains at 20%
and 50% which were higher at 20% than at 50% cnd higher in the
presence of compost than'in the presence of straw. At 133%
however, straw and compost caused no change in the total nitrogen.

At oH 6.41: there were net losses in total nitrogen at all
moisture levels and organic matter treatments except at 20% when
the séil was treated with compost for which there was a net
gain and at 20% when the so0il was not treated with organicvmatter
for which no change in total nitrogen was observed. All losses
in total nitrogen increased with increasing soil moisture level.
The greatest losses at 50% occurred with compost but at 133%

with gtraw.



190.

At pH 8,00: there were highly significant (1% level) net
losses in total nitrogen a2t all moisture levels and with all
organic matter treatments. All losses in total nitrogen
increased with increasing moisture level, were highest with
the addition of straw and least in the soil alone.

Thus at the low pH, gains in total nitrogen, when
NH4~N was applied, were obgerved under aerobic conditions in the
presence of straw and compost. At the high pH, losgses in
total nitrogen were observed at all moisture levels and increased
with increasing moisture level and in the following order of
organic matter treatment: soil alone { so0il + compost ¢soil +
straw. The losses generally increased with pH while where

gains occurred they increased with decreasing pH.

(2) +NOs-N.

At pH L.72: there were net losses in nitrogen atall moisture
‘levels and with all organic matter treatments exsept at 20% and
50% when no organic matter was added. Losses of nitrogen
incfeased with increasging moisture level. Losses at 20% were
highewith compost then with straw, whilst at 50% and 133%, the
reverse was true.

At pH 6.L1: there were net losses at all moisture levels
and with all organic matter treatments. Losses of nitrogen

also increased with increasing moisture level. At 21l moisture



Total nitrogen balance (p.pem.) in soil 1 ineubated
with added inorganiec nitrogen and organic matter at

TABLE 25.

three g and three moisture levels.

191.

Soil di L.72 641 8.00
Moisture levels 20 50 133 20 |50 133 20 50 | 133
(%fﬂcWoha C-)

Soi140MH, -V 130 9 | =55 5 |-71|-87 | -77(-193 | -2u5
+NHL}_-N+s'l:mW 112 30 1 | =34 | =46 |=377 |-176 | -L26 =449
+NH, <N+compost 123 48 =27 61 (=138 [=314 =113 | =271 | =406

So114NO X 15 | =26 |-337 | =62 [-130 |-500 | -12[-147 | -479
+NO3-N+s‘braW -137 | =282 | =570 |-143 |-346 |-574 |-261] =351 | -583
+NOz-N+compost -187 | =178 | -365 |-147 (~288 |=577 -57 | =241 | =533

Table: L.S.D. = 33 at 54 and 44 at 17,
N'HL'_—N and NO3-1\I added at the rate ot tCO p.p.m. soil.
TABLE 26.
Total nitrogen balance (/4 of added inorganic nitrogen) in
s0il 1 incubated with added inorganic nitrogen and
organic matter at three @ and moisture levels.
Soil pH L.72 Gald 8.00
Moisture levels 20 50 133 20 50 {133 20 50 133
(Fm.wohece)

Soil+NHL'_-Nx 2,10  1.5] =9.1] 0.8/-11.2{~14.5] -12.9[-32.2 | -40.8
+NH}+—N+COmpOS'b 20-}.]- 7.9 ’}4-05 1002 -22-8 -52-3 -1809 —1.1-5-1 "67-6

S0114N05-N ™ =250 =huk| -56.9]=10.3|-21.7| ~82.4| =2.0|-24.5| =71.6
+N03,—N+Stra.w "22.8 —}-1-7.0 "91.].--9 -23u8 -l}l’-}—c3 —95.7 -1.)-3.5 "58.5 -97-6
+NO3"'N+COIHPOSt "31.2 "29.7 "6008 "2}-}-0L|- "l)-BOO "96.1 —9.5 -1;-0.2 "88.9

L.S.D. at 5% = 5.0 and at 1% = 6.9.
x
Added at the rate of 600 p.p.ms soil.
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levels nitrogen losses were similar with straw or compost
and were consistently greater than where no organic matter
was added.

At pH 8.00: there were net losses at all moisture levels
and with all organic matter treatments except =zt 20% where the
s0il had not received organic matter additions. A1l losses
in nitrogen also increased with increasing moisture level.

Straw resulted in greater losses of nitrogen than did compost.
Generally, at 20% the losses in nitrogen when NOg-N
was added were low at all pH levels in the soil alone, increased
with pH in the presence of straw and decreased with pH iﬁ the
presence of compost, At 50% the nitrogen losses increased with
PH irrespective of the organic matter treatment. At 133%, the
nitrogen losses were similar at all pH levels when straw was
applied but increased with pH from L.72 to 6.41 and then de-
creased to 8,00 when compost or no organic matter was applied.
Thus at all moisture levels, straw addition caused the greatesé

loss in nitrogen at all pH levels.

Discussion.

In the absence of added inorganic nitrogen and

organic matter: there were losses in total nitrogen which

increased with increasing moisture level from 50% to 133%.

The losses were also higher at the higher pH levels.
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Waksman (1952), cited Winogradsky as reporting that anaerobic
pecteria found conditions favourable at soil moisture levels
around L0%, while Meiklejohn (1940), described two species of
éseudomonas capable of denitrification in aerated cultures as
well as undervanaerobic-conditions, For these reasons the losses
of nitrogen at 50% mojsture observed here may be expected. Since
denitrification ié usual under water-logged conditions, the losses
at 133% are not surprising.

The losses at the higher pH levels (6.41 and 8.00)
agree with the results of Broadbent (1951) and Bremner and Shaw
(1958) and may be due to greater nitrification at 50% at the
higher pH levels (as observed in Chapter IV of this work), thus
providing more nitrate for denitrification. At 133% it may be
due to greater volatilization of ammonia at the higher than at
the lower pH levels (Wahhab et. al. (1957)).

When 2% oat straw was added, there were appreciable,
though non-significant, grins in nitrogen and these gains tended
to increase with increasing moisture level and pH. These gains
or at least the absence of 1osses in nitrogen might be due to
the activities of non-symbiotic nitrogen-fixing bacteria. Since
the soils were incubated in the dark fixation by algae was
unlikely. The non-symbiotic nitrogen-fixing bacteria are
composed of anaerobic\organisms: starch-fermenting organisms,

(Bacillus saccharobutyricus), non-starch-fermenting organism
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(Clostridium pasteurianum) and others (Plectridium group):

and the aerobic organisms: species of Azotobacter and others
including Diplococcus pneumoniae, Aerobacter aerogenes and
Bacillus asterosporus. The increase in the gains in nitrogen
with increasing moisture levels may be due to the fact that the
anaerobic organisms are more numerous than the aerobic in soils
(Waksman (1952)), and that since more organic matter is decomposed
at 50% than at 20% the amount of fixation of atmospheric nitrogen
increases with increased decomposition of organic matter. The
greater fixation of nitrogen at the higher pH levels (6.41 and
8.00) than at pH L4.72, may be connected with the sensitivity of
the nitrogen~fixing bacteria to pH levels. The aerobic group
are sensitive to pH and cease to function, except for one speéies
(Azotobacter indicum) at pH less fhan 6.0, whilst the anaerobic
group are more tolerant of pH but have an optimum pH around
neutrality (Weksman (1952)).

With added compost net gains in nitrogen were observed
only under aerobic conditions especially at the low and medium
PH. Under water-logging net losses occurred to a greater
extent at the higher pH levels than at the lower pH level.

¥ is probable that nitrogen fixation took place under
all conditions as it did in the presence of straw but due to
denitrification at 50% and 133% and possible volatilization of
ammonia at the higher pH levels, the nitrogen balance decreased

with both increasing moisture and pH levels., Losses of
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nitrogen with compost compared with straw at 50% and 133% may
be connected with the original total nitrogen (soil-N + added
orgagic matter-N) since loss of nitrogen increases with
increasing original nitrogen content in soils (Harmsen and
van Sehreven (1955)). Total nitrogen added to soil in straw
was 178 p.p.m. and in compost 522 P.P.m.

Alternatively, the diffefences between the fixation of
nitrogen at 20% and 50% may be due to differences in the amount
of nitrogen mineralized. Greater mineral nitrogen accumulation
occurs at 50% than at 20% and the nitrogen-fixing capacity of the
aerobic nitrogen fixers is suppressed in the presence of much
mineral nitrogen (Waksman (1952)).

 Vaksman (1952), stated that humus has a beneficial
effect on nitrogen fixation probably due to the inorganic
constituents. This may account for the fact that positive
balances with compost observed here at 20% were higher than those
with straw, compost having a constitution more like humus than
has straw.

In the presence of added NH.-N (600 p.pe.m. s0il):

there were gains in nitrogen at low pH (L4.72) only when straw
or compost was added and the géins decreased with increasing
moisture level . At the same time when no organic matter was
added there were no changes in total netrogen at 20% and 50%

but a loss at 133%. It has been mentioned earlier that low
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pH levels and the presence of mineral nitrogen inhibit nitrogen
fixation by aerobic non-symbiotic organisms (Waksman (1952)).
This makes it difficult to see why there was fixation of
nitrogen in the presence of added NH,-¥ at low pH'and under
aerobig.conditions. Since fungi prédominate at low pH, it is
possibie that the observed nitrogen fixation is due to the
activity of fungi similar fo those mentioned by Waksman (1952)
as capable of nitfdgen fixation. The absence of a detailed
knowledge of the conditions under which such fungi operate makes
it difficult to assess the extent of their activity.

At higher pH levels (pH 6.41 and 8,00) there were losses
of nitrogen which tended to increase with increesing pH and with
increasing moisture level and which were further stimulated by
the addition of organic matter, more so by straw than by compost.
The increase in nitrogen loss with increasing soll pH agrees
with the results of several workers including Wahhab et. al.
(1957), Arnold (195L), Wahhab and Uddin (1955) and others. This
may be explained by the reaction between ammonium sulphate and
calcium carbonate at high pH levels. (Calcium carbonate was

added to produce the soil of pH 8.00 used in this study) thus:

w—

oNH,” + 005 — (NH,),004
(NH.)2005—>C0, + ©oNHs + H,0
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The results in this study, however, contradict those of
Gerretsen and de Hoop (1957) who found losses of nitrogen
from (NH,),S0, added to a2 culture solution at pH around LeOo

The increase in nitrogen losses with increasing
moisture level agrees with the results of Wahhab et. al. (1960).

Martin and Chapman (1951),

found that the losses of nitrogen from added ammonium sulphate
increased with increasing moisture level for some soils but
decreased after an initial increage for others. Others,
Trickey and Smith (1955) and Volk (1959), found nitrogen losses
when ammonium sulphate was added to soils to increase with
decreasing moisture level. These contradictory results may be
due to soil types but here where carbonate has been specially
added to raise the pH, it is likely that water-logging further
riased the pH (Kapp (1933))(Sreenivan and Subrahmanyan (193L))
and this may account for the increased volatilization of ammonia.

The increase in nitrogen losses due to straw and
compost additions at the high pH levels agrees with the result
of Trickey and Smith (1955). It may be due to the production
of ammonia which was observed in Chapter IV at all moisture
levels in the presence of Straw which has resulted in nitrogen
loss by volatilization of this extra ammonia at the high pH
levels. In the case of compost, volatilization of ammonia
derived from the added organic nitrogen may be the cause of

greater nitrogen loss than from the soil alone.
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In the presence of added NOg-N (600 p.p.m. soil):

there were losses of nitrogen whether or not organic matter had
been added, and the losses increased with increasing moisfuré
level.  Waksman (1952), cited Winogradsky as reporting that
anaerobic bacteria found conditions favourable at soil moisture
levels around 4O% of the water holding capacity whilst Meikle john
(1940) described two species of Pseudomonas capable of denitri-
fication in aerated cultures as well as under anaerobic con-
ditions. For these reasons losses of nitrogen from added NOgz-N
at 50% moisture as have been observed here may be expected.
Since denitrification is usual under water-logged conditions,
(Bremner and Shaw (1958) (Broadbent (1951)) the losses at 133%
may be said tq be normal. '

Losses of nitrogen at 20% became appreciable at all
pH levels only when organic matter was added to the soil. This
may be explained by the postulation made by Broadbent (1951)
that denitrification was affected more by the quantities of
nitrate and oxidizable carbon in the soil than by the partial
pressure of OXygen.

Broadbent's (1951) postulation may also expiain the
greater losses of nitrogen at 50% and 133% when organic matter
was added than when it was not. His consideration that on
purely thermodynamic grounds denitrification would occur in
the presence of oxidizable carbon compounds even under fully

aerobic conditions where the oxygen in the nitrate radical was
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utilized for the required energy-releasiig reaction lends
weight to the increased loss of nitrogen when nitrate is added
to the soill treated with organic matter.

The greater loss of nitrogen in the presence of ocat
straw than in the presence of compost follows from the fact
that oat straw containing more easily oxidizable organic carbon
than compost causes greater nitrogen loss by denitrification.
In general nitrogen losses tended to be more pronounced at
PH 6.41 than at lower and higher pH levels especially in the
s0il alone and soil + compost. This agrees with results obtained
by Broadbent (1951) that although the significance of the
differences in nitrogen losses when nitrate and organic matter
were added to the soil at different pH levels was questionable,
losses tended to a maximum at pH 6.3. |

The lack of a definite relation between nitrogen loss
from added nitraté and the pH may be related to the tolerance of

a wide range of pH levels by anaerobic bacteria (Waksman (1952)).

(B) The effects of soil moisture level on the total nitrogen
balance in the soil under rye-grass and rice crovs in
pot tests with added NH,-N and NOs-N,

Materials.
Stock solutions of NH,-N as (NH,),980, and NO-N as
KNOs; of concentration 2,500 p.p.m. (solution basis) each were

prepared,
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The percentage germination of rye-grass and rice
seeds was determined and was over 95%.

Soil 1 (Harlington soil) whose chemical end physical
',properties are shown in Table 3 and L and in Fig. 1, was used.

Exrerimental method.

500 g. lots of the air-dry, 2 mm.-sieved soil were
weighed into glass pots of about 0.7 litre capacity and whose
drainage holes were covered with pieces of glass cloth, except
for those earmarked for the water-logging treatment under rice,
the holes of which were plugged with rubber bungs.

There were two lots of pots for rye-grass, each lot
earmarked to receive three nitrogen and three moisture treat-
ments replicated three times giving 27 pots per lot or a total
of 5L pots. One lot wam analysed after 3 and the other after
6 cuttings. There was only one lot of pots for rice which
were to receive three nitrogen and two moisture treatments
replicated three times, giving a total of 18 pots, which were
analysed after 2 cuttings.

0.25 g. 0f rye-grass or rice seeds was sown in the
dry soil in each pot and the pot placed in = tub of distilled
water until the soil was well soaked. Bach pot was left in
the greenhouse and watered every morning and evening until the

seedlings were 18 days old.
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Rye-grass: The tops of the rye-grass seedlings were cut,
steam-oven dried for 24 hcurs and stored. For the first lot
of rye-grass pots, the following total nitrogen treatments were
civen: (i) no nitrogen, (ii) +300 p.p.m. NH,-N {soil basis)
and (iii) +300 p.p.m. NOz-N (soil basis). For the second lot,
the following total nitrogen treatments were given: (i) no
nitrogen, (ii) + 600 p.p.m. NH,-N (soil basis) and (iii) + 600
P.P.me. NOgz-N (soil basis).

All nitrogen treatments were given in split app’ication
at the rate of 100 p.p.m. NH,-N and 100 p.p.m. NOzg-N at the
beginning and every two weeks (after each cutting of the tops)
by applying 20 ml. of the rolevant stock &olution. The
control received distilled water.

At the same time, three moisture treatments (a) low
(b) medium and, (¢) high, were given by(adding, twice daily for
(a) enough water to prevent permanent wilting, for (b) 35 ml.
of distilled water, and for (c) enough water to have some
standing in the saucer cerrying each pot, respectively. For
this high moisture treatment, the contents of the saucer were

washed into the soil during each watering.

Rice: The 18-day old seedlings were thinned from about 20
to 10 per pot and the thinnings dried and stored.  The
following nitrogen treatments were given (i) no nitrogen
(ii) + LOO pe.p.m. NH.-N (soil basis) and (iii) + LOO p.p.m.

NOs-N (soil basis) in split application as for the rye-grass
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pots, except that the rice plants were thinned again from
lO to 5 plants per pot two weeks after the treatments began.
The remaining 5 plants were left to the end‘of the éxperiment.

The rice pots were maintained at two moisture levels
(2) medium and (b) water-logged by adding, twice daily for
(a) L5 ml. of distilled water (this was not sufficient to water-
lci- the soil) and for (b) enough water to keep the soil water;
logged to a depth oﬁﬁﬁbout 1 cm.

 Thus by the end of ¢he: expsriment the. first lot of rye—

grass had received three nitrogen apprlications and the topx had
been cut three times since differential treatments beéan; whilst
the second lot had received six nitrogen applications and the
tops had been cut six times since differential treatments began.
The rice pots received four nitrogen applications and the plants
were thinned once and cut finally. The final cutting for the
first lot of rye-grass was done after 6 weeks, for the second
lot after 12 weeks and for rice after 8 weeks since the treat-
ments began. A1l cuttings of the tops were dried in a steam
oven for 2L hours..

. Imﬁediately after each final cutting, the pots con-
taining the soil, roots and water, were weighed. The pots and
contents were air-aried in the greenhouse and weighed again
and the soil moisture content of the soils as percentage of

the water-holding capacity was determined.
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The dried so0il was pulverised to pass a 2mm.-sieve
and the larger pieces of roots separated.

The three cuttings of fhe tops of the first lot of
rye-grass were bulked, as were the first four and the last two
cuttings of the second lot. All cuttings and bulked cuttings
including those before the treatments began, were weighed,
ground in a mill and analysed for total nitrogen, using the
salicylic acid modified wet digestion method (Chapter I1). The
larger pieces of roots (not washed) and duplicated 20 g. samples
of the soll from each pot were analysed for total nitrogen by
the salicylic acid-modified Kjeldahl digestion.

From the results, the nitrogen balance sheets were

prepared,

(1) Results.

Only tﬁe moisture levels and the nitrogen balances
are discussed here since the yields and nitrogen uptake by the
tops are discussed in Chapter VI.

N.B. Throughout the following results and discussion, the
percentage of the maximum water-holding capnacity is expressed

as percentage moisture e.g. 50% = 50% moWohoCo

Rye-grass: The total nitrogen balance sheet for the soil
under potted rye-grass treated with two inorganic nitrogen
forms and three moisture levels is shown in Table 27. and the

nitrogen balances are shown graphically in Fig. 36.
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TABIE 27. Total nitrogen (p.p.m. soil) balance sheet for potted
rye~grass treated with two inorganic nitrogen forms and
three soil mcisture levels. Orginal soillN = 1500 p.p.me.

| Treatment Roots 1
’ e TC,’P;’ N left | Total N | Balance| i# i
I (Fan.wehac.) Cutting 1stl Last 2 Wt thd in soil} accounted] pep.me | Balance
i Soil moisture | Added before cuttings | cuttings end . for of added
Q.At the end nitrogen | treatment N
;  PIRST IOT: ANALYSED AFTER 3 CUTTINGS
o0 0 33 28 - 5 1431, 1500 0
50/ 0 35 34 - 7 1426 1502 2 -
81% 0 33 35 - 11 1431 1509 9 -
2377 300 35 166 - 11 1588 1800 0 0.0
L4 PeDelle 37 236 - 1) 1513 1800 0 0.0
82% NH, -N 35 259 - 26 1503 1823 23 7.7
23 300 36 139 - 9 | 1570 1754 =46 |-15.3
1487 PePell. 35 207 - 10 1462 1715 -85 ~-28.3
, 804 NOz-N 32 233 - 18 1433 1716 -8 -28.0
| SECOND I0T: ANALYSED AFTER 6 CUTTINGS
- 22 0 36 29 71 2 | sy | 1533 32 -
53/ 0 34 34 13 3 1450 1536 36 -
837 0 3l 38 14 5 | 1454 1545 45 -
21/ 600D+ pema 35 137 56 3 1895 2127 27 L5
42 N, - 3L 354 13 | 21 1601 2153 53 8.8
; 80% 36 326 74 | 16 | 1658 2110 10 1.7
{ 254 600p.pom.| 36 149 8 | & | 1817 | 2093 7 .2
| W NO3-N 33 345 193 | 12 | 1517 | 2100 0 0.0
{ 807 34 293 15¢ 2¢ 1576 2091 -9 ~-1e5

x 3 cuttings for the first lot. L.S.D. betwecen balances pe.p.ms = 43 at 5/ and 57 at 14 levels.
L.3.D. between balances 7 = 10.9 at 5% and 14.7 at 1% levels.
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The soil moisture levels which were determined at the
end of cropping lay between 20% and 23% for the low, between
L2% and 53% for the medium and between 80% and 83% for the high
moisture levels.

There were non-significant net gains in nitrogen in
the first lot of ryeégrass when NH,-N or no nitrogen was added
and this tended to increase with increasing moisture level.
There were significant (at 5% level) net losses of nitrogen in
the first lot of rye-grass when NOgz-N was added and the losses
were high at the medium and high moisture levels compared with
that at the low moisture level. The percentage balances of the
added nitrogen paralleled the total nitrogen balances (p.p.m.
soil basis).

In the second lot of rye-grass, there were net nitrogen
gains when NHQ-N or no nitrogen was added.  These positive
balances were significant (5% level)at the high moisture level whe
no nitrogen treatment was applied and at medium moisture level
when NH,-N was applied. When NOg~N was applied there were no
net gains or losses at any moisture level. The percentage
gains or losses under all treatments in the second lot of rye-
grass were non-significant,

Thus between the first and second lots of rye-grass,
there was a general reduced nitrogen loss or increased gain,
the increase being significant under NOg-N treatment at the
medium and high moisture levels and significant under NH,-N

at the medium moisture level.
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Rice: The total nitrogen balance under the rice crop is
shown in Table 28 and Fig. 37.

The soil moisture levels were about constant at
50% for the medium and at 130% for the water-logging.

The total nitrogen balances were negative and sig-
nificant (5% level) under all treatments (moisture x nitrogen)
except under water-logging x no nitrogen treatment. With »
NH,-N and NOg-N treatments, the loss of nitrogen was significantly
(5% -level) higher under water-logging than under medium moisture
levels, and was more with NOg-N than NH_,-N treatments. The
percentage losses of added nitrogen paralleled the actual
nitrogen losses (p.p.m. soil basis).

It was observed that in the last three weeks of the
growth of the second lot of rye-grass, a mass of green (algal?)
growth covered the surface of the soii and was more developed
at the.higher than at the medium and low moisture levels. No
such growth was however observed for the first lot of rye-grass
or for the rice which had been finally cut before the green

growth developed in the second lot of rye-grass pots.

Discussion.

The moisture contents of the soils, determined at
the end of plant growth are considered to be indicative of

moisture differences during growth.
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TABIE 28.

Total nitrogen (p.p.m. soil) balance sheet for potted
‘rice treated with two inorganic nitrogen forms and two
Original soil N = 1500 p.p.m.

soil moisture levels. .

Trentument B T
reatments ; ops Roots | o 1eft | Total ¥ |Balance Balance
1011 moisture | Added | Thinning | Thinning after |Pinal |At the| in soil| 2¢00Wnted) pepeme) 7
Fm.w.hec. N before treatment cutting | end for ofNadded
treatment began '
50 0 22 1 21 6 1382 1445 -55 -
130 0 26 17 30 13 1397 1483 =17 -
130 NHL,__N 25 53 275 41 1423 1817 -83 =-20.7
50 3400p.pemd 20 69 286 39 1434 1848 -52 -13.0
130 1 NO B-N 22 37 231 i 53 1430 1777 =123 =30.7

L.S.D. between balances p.p.m.

L.S.D. between balances 7

nu

26 at 5% and 37 at 1% levels.
6.5 at 5% and 9.5 at 1% levels.
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The non-significant changes in total nitrogen
obtained for the first lot of rye-grass at all moisturé levels
when NH,-Y or no nitrogen treatments was applied indicate
either that there were no nitrogen losses or that any losses
in nitrogen were balanced by non~symbiotic fixation. This
result disagrees with that of Mann and Barnes (1951)9 who after
treating potted barley with organic and ammonium nitrogen
carriers obtained losses varying from LO% to 50% of the added
nitrogen, |

In the same first lot of rye-grass, there were
significant (5% level) losses in nitrogen at all moisture levels
where NOg~N was applied. Losses must be by denitrification
since they were higher in the moie anaerobic conditions at the
medium and high moisture levels than at the low moisture level.
This agrees with results of several workers including Broadbent
and Chapman (1950), Bizzell (194L) and Callison et. al. (1933) .
who reported negative nitrogen balances in long term lysimeter
experiments.

The lower nitrogen losses for the second lot of rye-
gréss compared with those for the first lot may be broughtabout
by two causes:

| Firstly, increased non-sjmbiotic nitrogen fixation
by bacteria due to the energy material obtained by the

decomposition of the older roots of the second lot of rye-grass
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in the later growth period. This. is confirmed by the fact that
in many cases the amount of roots (as shown by the total nitrogen
value of the roots) separated on pulverising the residual soil
was higher in the first lot than in the second of rye-grass.

Secondly, the development of a mass of green growth
on the surface of the soil of the second lot of rye-grass might
have contributed to nitrogen fixation by the algae forming the
green growth. De and Sarkar (1936) and Nishigahb: and Shioiri
(1959) found net gains only where such algal growths occurred
under plants in pot tests.

The greater gains in nitrogen at the high moisture
level when no nitrogen was added and at the medium moisture level
when NH.-N was added than under all other conditions may be
connectéd with the type of micro-organism fixing atmospheric
nitrogen under the respective conditioné. The greater develop~
ment of roots at the high moisture level and the low amounts of
inorganic nitrogen would encourage bacterial nitrogen fixation
especially as anaerobic nitrogen fixers are more numerous than
aerobic nitrogen fixers (Waksman (1952)). In the presence of
added NH,-N, most nitrogen fixation may be by algal fixation
since the presence of inorganic N would depress bacterial
nitrogen fixation. Since algal growth increased with increasing
moisture level, the‘depression in nitrogen gain at the high

moisture may be due to volatilization of ammonia.
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In the case of NOg-N treatment, all nitrogen lost
from the first lot of rye-grass was "recovered" in the second
lot. This "recovery" must be connected with the development
of the algae that fixed nitrogen during the later part of the
growth of the second lot of rye-grass.

Under rice there were net losses in nitrogen whether
or not nitrogen treatments were applied. Thevgreater losses
under water-logging when NH,-N and NOE-N were applied than under
medium moisture level indicates increased volatilization of
ammonia and denitrification by water-logging. This agrees
with the incubation results. Greater losses when NOg-N than
when NH,-N was applied reflects the greater importance of de-~
nitrification than of ammonia volatilization as a mechanism of
loss under water-logged conditions.

Comparing the nitrogen balances for both lots of
rye-grass with those for rice, there wereAgreater losses of
nitrogen under rice than under rye-grass. This may be due to
the differences in soil moisture levels at which they were
grown. At the medium moisture level, especially when nitrate
was added, the rice soil was continuously at 50% m.w.h.c.
while the rye-grass soil was invariably below 50%. Greater
losses under rice than under rye-grass may be connected with
the degree of anaerobiosis of the soil conditions (Greenwood

(1961)), (Rorsakova (1941)), Martin and Cox (1956).
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The differences between nitrogen losses under rye-
grass and under rice may also be related to the éonclusion
reached by Wilsdn (1943) that gramina® have the same effect as
bacteria, as far as the reduction of nitrate is concerned.

They may not produce gaseous nitrogen from nitrate but may
reduce nitrate to nitrite in the.process of assimilation. Some
0f this nitrite may appear as nitrous acid and react chemically
with other substances in the plant or its exudates and result

to nitrogen loss.

How far this reaction is important is not known but
Wilson's (1943) report of the presence of nitrite in the
exudates of blue grass roots may give weight to hies theory. It
is therefore possible that rice is more prone to produce nitrite
from nitrate and thus stimulate nitrogen loss than does rye-grass
especially as the respiration of rice roots seems more complex

thean that of rye-grass roots.

General Discussion.

It has been shown that during incubation of the so0il

of pH 6.41, with nitrate- and ammonia-nitrogen treatments,

there were always losses in nitrogen at 2ll moisture levels

even when no organic matter was added. The soil with this

pH (6.41) was the soil employed for nitrogen balance experiments
under potted crops. For both incubation and pot'tests there

was a tendency for nitrogen losses, when they occurred, to
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increase with increasing moisture level. The loss was most
pronounced when NOs-N was added and the crop had not been
growing so long that nitrogen fixing processes had apparently
"pecovered" all the lost nitrogen.

There was a tendency for nitrogen balances under rice
receiving NH,-N or NOg-N to follow trends similar to those in
s0il under incubaticn with added NH,-N znd NOs-N.

Addition of organic matter to the soil when no
inorganic nitrogen had been added caused net nitrogen gains after
15 weeks incubation. This obtained similarly under the second
lot of rye-grass after about 15 weeks growth (from beginning of
germination)., This strengthens the supposition that the pro-
vision of decomposable root material stimulated nitrogen
fixation under the second lot of rye-grass and caused net
nitrogen gaina.

In the presence of added inorganic nitrogen during
incubation, addition of organic matter increased the net nitrogen
losses since algae did not dévelop during incubation. This may .
strengthen the supposition that under the second lot of rye-
grass which had received NH,-N and NOg-N increase in net
nitrogen gain and reduction in net nitrogen loss compared with
that obtained under. the first lot may be due more to nitrogen
fixation by algae than by nitrogen-fixing bacteria.

It therefore loocks as if studies of nitrogen balances
during incubation of soils may give some clue as to what may

be expected in cropped soil.
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Conclusions.

Total nitrogen balance studies were done under
(a) different soil pH levels, different organic matter treat-
ments (straw and compost), different inorganic nitrogen treat-
ments (NH,-N and NOs-N), and different soil moisture levels
during incubation;
(b) different inorganic nitrogen treatments (NH,-N and NO5-N)
and different soil moisture level with rye-grass and rice in pot
tests.
(A) 1. In the absence of added inorganic nitrogen, additien
of oat straw and compost caused net hitrogen gains under aerobic
conditions and net nitrogen losses, except in the case of straw
addition, under anaerobic conditions. Net gains of nitrogen
were probably due to non-symbiotic nitrogen fixation exceeding
any losses.

2. The net gains were higher with compost treatment than
with straw treatment. This is probably due to the similarity
in the cdmposition of compost and soil humus, so that compost
provided more inorganic nutrients than straw for the metabolism
of the nitrogen-fixing bacteria.

3¢ When NH,-N was added to the soil, net nitrogen losses
increased with increasing pH, with increasing moisture level,
and at the medium and high pH (6.L41 and 8.00), nitrogen losses
were further stimulated by the addition of organic matter
(straw and compost). Losses were probably due to volatizationi

of ammonia.
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L. In the presence of added NH,-N at the low pH (L.72),
there were net gains in nitrogen especially at the low moisture
level when straw and compost were added. This may be due to the
ability of certain fungi to fix nitrogen. |

5. When NOs-N was added, net nitrogen losses increased |
with increasing moisture level and with organic matter treatment.
Losses were greater with straw fhan with compost. The provision
of more easily mineralizable organic carbon by straw than by
éompost or by soil alone with subsequent increased denitrification
may account for this. The increase in net nitrogen losses with
increasing moisture level was probably due to the increased degree

of anaerobiosis which tended to inerease denitrification.

(B) 1. Although nitrogen losses occurred during the early
period of cropping of rye-grass with NO3-N, longer cropping
resulted in apparent "recovery" of the lost nitrogen. Longer
cropping also increased the net nitrogen gains with NH.-N and no
nitrogen treatments. These were due presumably to the activities
of nitrogen-fixing bacteria as energy material became available
from decaying roots and of nitrogen-fixing algae which devéloped
in the late period of growth.

2. Under rice, however, net losses in nitrogen were obtained
under all conditions. This might have been due to insufficient
time for algae growth to have developed or to the possible
greater reduction of nitrate to nitrite by rice than by rye-

grass during nitrate assimilation.
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The difference between the two crop species may be
connected with their root respiration mechanisms.

In general, the conclusion was reached that the
phenomenon of denitrification was of great importance in the
presence of large amounts of organic matter and nitrate and
when the soil was very moist.

It was also concluded that loss of nitrogen by ammonia
volatilization was of importance only when the pH was high and
under these conditions it was stimulated by the addition of
organic matter or by high soil moisture level.

The atmospheric nitrogen fixation by non-symbiotic
bacteria might be of some imporitance only when organic materials
have been added to the soil in the absence of large amounts of
mineral nifrogen. On the other hand, fixation of nitrogen by
algae might proceed in a crobped soil under all conditicns, but

was usually stimulated by increasing moisture level.



CHAPTER VI

THE EFFECT OF SOIL MOISTURE LEVEL ON THE PERFORMANCE
oF §A RYE-GRASS | |
B) RICE CROPS GROWN IN POTS AND GIVEN DIFFERENT
NITROGEN TREATMENTS
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Introduction.

In all rainfall areas of the world plants of the grass
family (Graminae) are found thriving; grass crops and cereals
find little competition in the world's great grasslands where
- rainfall is not heavy enough for forest trees. In trbpical and
subtropical countries rice is cultivated in swamps where there is
little competition from "upland" crops.

Grass leys and mixed swards for animal feeding are
invariably drained or irrigated when necessary to improve yields
and it is expected therefore that maximum productivity Would be
obtained at a particular level of soil moisture. Rye-grass is
one of the most important grasses included in swards or permanent
grasslands in providing animal feeds in England and the effects
of the soil moisture on its performance is an important aspect of
a study of its productivity. This incl.des a study of the yields,
soil fertility and the quality of the crop.

As far as rice is concerned, there are tWo types, the
"upland" rice and the swamp rice (or paddy) thriving in drained
and swampy conditions respectively. These two conditions proﬁide
two different soil environments where nutrient metabolic process
and availability are generally different. However any.type
of rice can be grown under both drained and swampy conditions.
Thus rice is a particularly suitable crop for studying soil
nutrient évailability at all moisture levels, including

water-logging.
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Thus, in the present chapter of this work, the yields
aﬁd nitrOgen, phosphorus and potassium uptake by rye-grass and
‘rice under different nitfogen and soil moisture treatments are
studied: The perdenfagé utilization of the added nitrogen by
the crops; the percentage content of nutrients in the crop tissues
and the effects of the different nitrbgen treatments on the reaction

of ﬁhe residiial so0il are also determined.

Materials and Experimental Methods.

The materials and experimental methods of Chapter 5(B)
were used, the only extra work involved being the analysis of the
‘tops for phosphorus and potassium in addition to nitrogen. From
these the percentage content of the nutrients in the tops and the
percentage utilization of the added nitrogen were calculated.

After drying the soil and pulverising it, duplicate 20
g. samples were taken for pH determination.

Only the second lot of rye-grass which had six cuttings
and received 600 p.p.m. NH,-N, and NOz-N or no hitrogen treatments
and the rice which had received LOO p.p.m. NH.~N and NOg&(N or no
nitrogen treatments are reported anﬁ discussed in the present
Chapter,

N.B. All increases or decreases in dry-matter yields
and nuthkient uptake mentioned in the following results and

discussions are significant at 5% level.



218.

(A) Rye-grass.

(i) Results.

The dry matter yields and total nitrogen, phosphorus
and potassium uptake by rye-grass tops grown with different
nitrogen and soil moisture treatments are shown in Table 29 and
graphically in Fig. 38 (dry-matter yields), Fig. 39 (nitrogen
uptake), Fig. 4O (phosphorus uptake) and Fig. L1 (potassium up-
take). l

Dry-matter vields: (Fig. 38) There were no significant

differences between the dry-matter yields at éll moisture levels
when the s0il received no nitrogen treatment. There were highly
significant responses to NH -N and NOg-N treatments at all
moisture levels.,

In the first four cuttings, with NH,-N and NOg-N treat-
ments, there was a great increase in dry-matter yields with
increase in moisture level from low to medium and while remain-
ing constant with a‘further increase in moisture level with
NH,-N, the dry-matter yields increased further with increasing
moisture level with NOa—ﬁ. Thus differences in dry-matter
yields . between NH,-N and NOg-N treatments were significant
only at the high moisture level, NOsz-N giving greater yields than
NH,-N treatments. |

In the last two cuttings, and in the total yields (all

cuttlngs) with NH,-N and NO;-N treatments, there was also a
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great increase in dry-matter yields with increase in moisture
level from low to medium. With a further increase in moisture
level, under NH,-N treatment, dry-matter yields decreased but
under NOg-N treatment, dry-matter yields remained consgtant in
the last two cuttings but increased in the total cuttings. Thus
comparing NH, -N and NOs-IU treatments, rye-grass yiclded better
under the latter than under the former.

| Comparing the dry-matter yields at the high moisture
levels when no nitrogen was applied with the yields at the low
moisture level when NH,.-N or NOz-N was applied, NOz-N treatment
increased the dry-matter yields in all cuftings while NH,-N treat-

ment did so only in the first four cuttings.

Nitrogen uptake: In all cuttings, there were no significant

differences in the total nitrogen uptake at all moisture levels
when no nitrogen treatment was given. NH,-N and NOz-N treatments
greatly increased the total nitrogen uptake over that obtained when
no nitrogen was applied.

~ Under NH,-N and NOz-N there was a highly significant
increase in total nitrogen uptake with increasing moisture level
from 16W to medium followed by a decrease with a further increase
in moisfure level from medium to high. The decrease in nitrogen
uptake with the further increase in moisture level was however
non-significant in the first four cuttings with NH,-N and in

the last two cuttings with NOz-N treatments.
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TABLE 29.

Dry-matter yields and nitrogen, phosphorus and potassium
uptake (mg./ pot) by rye-grass tops grown with different
nitrogen and soil moisture treatments.

Yields
N tr‘eatments +NO N +N}Ib-_N . +N03"I‘T L.SOD.
Moisture treatments! 22.0 {53.0 {82.0 {21.0 | 42.0 |80.0 [23.0 | 43.0 |80.0 [At 5% At 1%
(7@-W-ht0-)
18t 4 cuttings 569 | 767 | 889 [M35c | 3817 {4064 |448L | 3604 | 4548 | 416 | 570
Last 2 cuttings 181 | 310 | 390 | 516 | 1795 | 887 | 845 | 2407 | 2578 | 313 | 428
TOTAL 750 [1077 {1279 1866 | 5612 {4951 |2329 | 6011 7127 | 631 854
Nitrogen (N)
1st 4 cuttings 1.5 |17.2 |18.9 168.6 | 176.% 1163.1° | 7h.3] 170.6 | 147.2{23.4 | 32.C
I-ﬂst 2 cuttings 3-2 6-6 7.9 28-1 71 0 39-1 43.7 96-3 85-1{. 12-1 16-6
TOTAL 17.7 |23.8 |26.8 {96.7 | 247.9 | 202.2 |118.0| 266.9 | 232.6]17.9 | 2L.6
Phosphorus (P205)
ist 4 cuttings 13.9 [19.2 [18.1 [17.7 | 61.7 | 75.4 | 16.1] w0.9| ¢0.8| 2.8 | 3.8
Last 2 cuttings - 3.1 1 5.4 | 5.9 | 5.2 30.4 | 13.6 | 5.5} 21.2 28.9| 5.6 7.6
TOTAL 17.0 |24.6 |24.0 |22.9 92.1 | 89.G [ 21,61 62.1 89,71 8.6 |11.9
| Potassium (KZO)
1st 4 cuttings 25.9 |31.6 |36.9 [70.7 |152.6 {151.2 | 98.5] 219.2 { 284.0|25.0 |3.3
Last 2 cuttings 5.2 | 9.9 | 7.1 [19.4 28.0 9-0 { 83.5| 174.3 | 148.8110.6 |1k.5
TOTAL 3.1 1415 4.0 [90.1 (180.6 }160.2 1182.0| 393.5 | 432.8{32.2 |11.1
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Comparing NH,-N and NO,-N treatments in the first four

cuttings 3
nitrogen uptake was similar at low and medium moisture levels but
higher with NH,-N than with NOz-N at the high moisture level.

In the last two and total cuttings, however, nitrogen uptake was

higher with NO3-N than with NH,-N at corresponding moisture levels.

Phosphorus uptake: Without nitrogen treatment, there were no

significant differences between the total phosphorus uptake except
in the firét four cuttings where the phosphorus uptake was higher
at the medium and high thén at the low moisture levels.

Furthermore, there were.no significant differences
between the phosphorus uptake at the low moisture levels whether
or not nifrogen treatments were giveﬁ except that NH,-N treatment
caused‘greater uptake than no nitrogen treatment in the first
four cuttings.

With NOs-N treatment, the phosphorus uptake in all
cuttings increased with increasing soil moisture level. When
NH,-N treatment was given the total phosphorus uptake increased
with increasing moigsture level from low to medium. Thereafter,
the total phosphorus uptake increased in the first four cuttings
but decreased in the last two and total cuttings with a further
increase in moisture level,

Comparing NH ~N and NOg-N treatments, in all cuttings,
phosphorus uptake with NH,~N was greater than that with NOs-N
at the medium moisture level. At the high moisture level,

phosphorus uptake with NH,~-N was greater in the first four
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cuttings, lower in the last two cuttings and similar in the
total cuttings when compared with the phosphorus uptake with
NOg-N,

Thus nitrogen treatments increased total phosphorus
uptake compared with no nitrogen treatment only when the moisture

levels were medium and high.

Potassium uptake: It is to be noted that NOz-N was added as

KNOg and thus only NOs-N treatment received extra potassiuﬁ.

There were no significant differences between the total
potassium uptake at all moisture levels when no nitrogen treat-
ment was given, whilst NH,.-N treatment increased potassium up-
take compared with no nitrogen treatment. With the NH,-N
treatment, in the first four and total cuttings, the potassium
uptake increased with increasing moisture level from low to |
medium and then remained constant with a further increase in soil
moisture level. In the last two cuttings, potassium uptake was
about constant at low and medium and decreased at high moisture
levels.

With the NOg-N treatment, in the flrst four and total
cuttings, the potassium uptake increased with 1ncrea81ng moisture
level. - 1In the last two cuttings, the potassium uptake increased
with increasing moisture level from low to medium and then

decreased with a further increazse in moisture level.
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Generally, there was a response in dry-matter yields
and nitrogen, phosphorus and potassium uptake to nitrogen treat-
ments, the responses being greater at the medium and high than

at the low moisture levels.
(ii) Discussion.

Dry-matter yields: As shown in Table 3 and Fig. 1, the

s0il 1 (Harlington soil) used for this study has its permanent
wilting percentage (15 atmosphere percentage ﬁension) at an
actual moisture content of 5.62%. The low moisture level
determined at the end of crop growth under the present study was
20% of the maximum water-holding capacity which had been maintained
during crop growth by adding just enough water periodically when
necessary to prevent wilting. This low moisture level is
equivalent to 8,6% actual moisture and thus just above the
permanent wilting percentage.

The lack of significant between the dry-matter yields
at all moisture levels when no nitrogen treatment wa§.given and
the large responses of the crop to nitrogen fertiliz;tion indicate
that the limiting effect of nitrogen was more important than that
0f soil moisture level. This observation coupled ﬁith the fact
that differences in yields of dry-mstter appeared between the
different moisture levels only when nitrogen applioationsvwere
made strengthens the confirmation made by Williams (195L) of

the hypothesis that growth may not be limited directly by soil
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moisture until the wilting point, but soil moisture above the
wilting point may affect the availability of nutrients.

The general increase in dry-matter yields with
increasing moisture level from low to medium when nitrogen
treatments were given and the further increase with moisture
" level when NOg-N was applied may be due to the suggestion made
by Finn et. al. (1961) that grasses tend to respond negatively
to increased oxygen availability.

Since the availability of oxygen increases as the
amount of water decreases, the increases in yields with increasing
moisture levels observed here may be justified especially as they
agree with the results of Fimn et. al. (1961), Jenne et. al.
(1958), Schumaker and Davis (1961) and Low and Piper (1960).

The greater yields of dry-matter obtaineq with NOz-N
than with NH4-N in the last two cuttings and hence in the total
cuttings may be related to the mode of inorganic nitrogen
utilization by grass plants. Dormaar and Ketcheson (1960) in
studying this problem with maize plants in pots concluded that
at low rates of nitrogen application NH,-N stimulated more pro-
duction of dry-matter than did NOs-N but at higher rates the
reverse was the case,. Thus in this study, in the first four
cuttings there were no significant differences betwcen dry-
matter yields with NH,-N and NO3-N and this may correspond with
a period when the amounts of nitrogen applied were low. Later

as the amount of nitrogen applied increased, NOz-N stimulated
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more dry-matter yields then did NH,-N. This is confirmed by
similar results obtained by Bizzell (1943) in lysimeter
experiments: | _

Generally, dry-matter yields with NH,-N at low moisture
level were similar to tYose with no nitrogen treatment at high
moisture level but those with NOs~-N at low moisture level were
higher then both. The greater dry-matter yields with NOa-N
than with NH,-N particularly at the low moisture level agree with
the results of Widdowson and Shaw (1960) who explained them by
the fact that NOs-N and urea were better than NH,~N when there
was not enough rain for full yields.

Shalvet and Zwerman (1958) demonstrated that deficits
in maize yields caused by excessive soil moisture could be
mitigated by the addition of nitrate. In 2 similar manner here,
the deficit in yield caused by the low moisture level compared .
with the yield at the high moisture level when no nitrogen treat-
ment was given, was mitigated by both NH,-N and NOz-N additions,
NO3-N being much more effective than NH,-N. Thus if there is a
choice betWeen irrigation and nitrogen treatment as a method of
increasing rye-grass yields at low soil moisture contents,
irrigation to 80% of the maximum water-holding capacity or
NH,~N treatment would be equally effective, but NOz-N treatment

would be superior to both.



Nitrogen uptake: There were no significant differences in the

total nitrogen uptake at ﬁli moisture levels when no nitrogen
was added. This tends o follow from the proposal made in the
Review of Iiterature (Chapter 1) of this work that if nutrients
are in limited availability; the total uptake may:-be independent
of the soil moisture. Tt is confirmed by Doneen (19L,2) who
observed thet variatidns in soil moisture level did not affect
the total nitrogen_Obfaiﬁéd by crops as long as there was Some
available water present.

When, however; NH,-N and NOz-N were applied, the increase
in nitrogen upteke with increasing moisture level from low to
medium may be due t0 increased growth of the crop. Wifh further
increase in moisture level the total nitrogen uptake tended to
‘decrease. This is definitely not connected with plant growth
since in fact the dry-matter yields inceased at this point when
NOg-N was applied. The decrease in nitrogen uptake at the high
moisture level may arise from fheunavailability of the added
nitrogen either due to losses by volatilization of ammonia and
denitrification or due to immobilization in the roots a2nd soil
miecro-organisms. In chapter V, it was shown that favourable
nitrogen balances obtained when NH,~-N and NOgz-N were applied
might have been due to nitrogen fixation by algae which developed
towards the end of plant growth, so the possibility of nitrogen

losses cannot be overlooked.
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In the nitrogen balance sheet in chapter V, the total
nitrogen contained in the separated roots was highest at the high
moisture levels.  This is confirmed by the results of Shalhevet
and Zwerman (1958) that the root weight of maize was a‘functioﬁ
of NOz-N supply under poor drainage conditions.

The contention made by Shalhevet and Zwerman (1958)
that NO3-N added to the soil raised the redog potential at a
high water-table and thus served not only as a nitrogen source
but also as an oxidising agent may account for the greater up-
take with NO3-N than with NH,~N treatments. This is confirmed
by the fact that with NH,-N dry-matter yields were greatly re-
duced especially in the last two cuttings at high moisture level,

Bence nitrogen uptake was adversely affected.

Phosphorus uptake: It has been shown in earlier chapters of this

work that phosphorus was greatly mobilized at high soil moisture
levels. In the first four cuttings of the rye-grass tops when

no nitrogen was applied, the greater uptake of phosphorus at the
medium and high moisture levels than at the low level may be die

to this.

The non-significant differences in the phosphorus
uptake, when no nitrogen was applied in the last two and hence
in the total cuttings may be due to reduced transference of
phosphorus from the roots to the shoots. This has been shown

to happen by Foster and Russell (1958) suggesting that indirect
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interaction of iron with phosphate due to the formation in plant
roots of complexes between the phosphate and the iron bound to
an organic substrate. This reaction is likely to become more
important after a greater amount of root material has been
developed than earlier.

Conversely, Kereszteny (1953) suggested that phosphate
mobilized under high moisture levels was not all available to the
plant. This may be so but the fact that nitrogen seemed to
1imit dry-matter production in this study more than did moisture
treatment may be more important in limiting the extent of uptake
of the mobilized phosphorus. This concept is supported by the
fact that when nitrogen was applied, phosphorus uptake increased
with dry-matter yield which also increased with soil moisture
level. It also agrees with the results of Low and Piper (1960)
who found phosphorus uptake by Italian rye-grass to increase
with increasing moisture level wﬁen nitrogen, phosphorus and
potassium fertilizers were applied to soils of low fertility.'

When all the nitrogen treatments are considered, the
similarity in phosphorus uptake at the low moisture level
irrespective of nitrogen treatments and dry-matter yields agrees
with the results of Fawcett and Quirk (1960) that phosphorus
uptake was greatly reduced when wheat plants were watered to
low so0il moisture level after temperorary wilting compared
with plants grown at field capacity. It may be explained

by the reduced solubility of phosphorus compounds in soil
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solution when the proportion of "unfree water" (Wadleigh and
Richards (1951)) in the soil is high.

The greater uptake of phosphorus when NH,-N than
NOg-N was applied at the medium moisture level agrees with the
results of Dormaar and Ketcheson (19605 who found this happening
at nitrogen applications above 100 p.p.m. It also confirms
reports by Yuen and Pollard (1957) using the same soil as used
in this study and accounting for the result by the influence
which the different nitrogen forms had on the pH ofAthe'soil,
which is slightly below neutrality. They suggested that the
uptake of phosphorus was favoured by the NH,-N which increased
801l acidity. | |

At the high moisture level, NH,-N was also more
effective in stimulating phosphorus uptake than was NOz-N in
the first four cuttings but in the last two NOg-N was more
effective, thus resulting in similar total phosphorus uptake
by the total cuttings. It may be thought that at the earlier
period of growth, the increase of anaerobiosis at this high
moisture level was small and the acidifying effect of NH,-N on
phosphorus uptake was predominant. As time went on, due to
greater degree of anaerobiosis developed in the sgil, the
tendency to oxidize NH,-N to NOs-N decreased and hence the
acidifying effect decreased. This, coupled with the counter
effect of increasing soil pH through excessive soil moisture

level (Dennett (1932), and the decreased dry-matter production
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due to possible hydrogen sulphide toxicity, tended to eliminate
the disparify in the phosphorus uptake as stimulated by the two

nitrogen forms.

Potassium uptake: The non-significant differences in potassium
uptake at the different moisture levels when no nitrogen was
applied may also be due to limitation of growth by nitrogen
deficiency rathér than by soil moisture treatments. Thus when
NH.-N was added there wre increases in potassium uptake resulting
in total potassium uptake that was higher at the medium and high
moisture levels than at the low. The pattern of potassium up-
take with NH,-N closely paralleled that of dry-matter yilelds and
‘it might seem that at the high moisture level decreased amounts
of potassium uptake were mainly due to the low dry-matter pro- .
duction as a result of the possible toxic effects of hydrogen
sulphide in the lasgt two cuttings.

With NOz~N, a lot of potassium had been added to the
s0il as KNOz and the increase in potassium uptake with increasing
soil moisture level for the first four and total cuttings may be
attributed to increased production of dry-matter which also
increased with increasing moisture level (Jemnne et. al. (1958).
The decrease in potassium uptake in the last two cuftings at
the high moisture level after an increase with moisture level
from low to medium agrees with results‘obtained by ¥lamis and

Davis (1944) in which barley took up less potassium in poorly



drained than in well drained soilsa This is likely to become
more pronounced in the later than in the earlier growth period
as the degree of anaerobiosis increased. Thus potassium up-~
take was higher in the first four cuttings and lower in the last
two cuttings at the high than at the medium moisture levels.
There is no doubt that, in view of the great difference
in total potassium uptake and the relatively smaller differences
in total dry-matter yields between NH,~N and NOs-N treatments,
there is a luxury consumption of the potassium when added as
KNOg, ‘Furthermore, while other factors mentioned above may
determine differences in yields of dry-matter and in nitrogen and
phosphorus uptake between the different nitrogen treatments,
some of the differences may have arisen as a result of the

presence of the extra potassium.

(B) RICE.

(i) Results.
The dry-matter yields and total nitrogen, phosphorus
and potassium uptake by rice plant tops under different nitrogen
and soil moisture treatments are shown in Table 30 and graphically
in Fig. L2 (Dry-matter yields), Fig. L3 (Nitrogen uptake),
Fig. L4, (Phosphorus uptake) and Fig. L5 (Potassium uptake).
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Dry-matter vields: (PFig. L2).

There were no significant differences in the dry- -
matter yields 2t the two moisture levels, "upland" and water-
logged, when no nitrogen treatment was given, but there was
a great response to nitrogen treatments,

In the initial thinning, dry-matter yields under water-
logging was greaﬁer than those at "upland" moisture level when
NH.-N was applied but with NOg-N there was no difference in dry-
matter yields between the two moisture levels. In the final
cutting and in total cuttings water-logging increased dry-matter
yields more than did "upland" moisture level with NOsz-N, but
just failed to do so with NH,-N.

Between NH,-N and N03-N}treatments, dry-matter yield
differences werenensignificant at the "upland" moisture level in
all cuttings. Under water-logging, however, the dry-matter
yields with NH,-N wére higher than those with NOz-N in the
initial thinning, but in the final cutting and hence in the
total cuttings, dry-matter yields were higher with NOg-N than
with NH,-N.

Thus, generally, the response to nitrogen treatment
was high and similar for both forms 6f nitrogen at the "uplanad"
moisture level, At water-logging the response was greater in
the earlier and lessvin the later period of growth with NH,-N
than with NOsz-N.



235

Nitrogen uptake: (Fig, L3).

There was no significant difference in the nitrogen
uptake at the two moisture levels when no nitrogen treatment
was given but there were increases in nitrogen uptake to similar
amounts at "upland" moisture level when both NH.-N and NO5-N
treatments were given.

At water-logging, the nitrogen uptake was lower than
at the "upland" moisture level irrespective of nitrogen treat-
ment or cutting and the nitrogen uptake with NH,-N was higher

than that with NOs-N,

Phosphorus uptake: (Fig. L),

There were no significant differences in the phosphorus
uptake at the two moisture levels when no nitrogen was applied .
Nitrogen treatments significantly increased phosphorus uptake.

With NH,-N, the differences in phosphorus uptake,
between water-logging and "upland" moisture level were significant
only in the initial thinning but with NOg-N, the phosphorus up-
take was always higher at water-logging than at the medium
moisture level.

Phosphorus uptake was higher with NH,~-N than NO4z-N
under all. conditions except in the final cutting at water-

logging where the differences were non significant.
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TABLE 30.

Dry-matter yields and total nitrogen, phosphorus and
potassium uptake (mg./pot) by rice plant tops under
different nitrogen and soil moisture treatments.

L.S.D.

DEY-MATTER
N-treatment Control +NH, -N +NO ;=N at5% | at1d
Moisture treatment Medium | Water-logged| Medium |Water-logged |Medium |Water-logged
Initial thinning 436 436 730 1127 827 901 ol 132
Final cutting 1173 1279 5813 6168 ALL8 7910 704 987
TOTAL 1609 1715 | 6633 7295 7275 ga11 | 682 | 956
. NITROGEN (N)
Initial thimning 7.2% 8.13 33.48 26,40 31,28 C18.31 | 3.66 | 5.13
Final cutting 10.53 14.83 | 141.70 137.53 14,3.03 115.22 |11.00 | 15.43
TOTAL 17.77 | 22.96 | 175.18 163.93 177. 31 133.53 |11.50 | 16413
| PHOSFHORUS (P,05)
Initial thiming 8.15 8.37 15.71 21.07 12.09 15.36 | 2.88 | 4.03
Final cutting 15.8) 13.85 61.82 59.52 33.61 55.90 | 5.53 | 7.76
TOTAL 23.99 | 22.22 | 77.53 80.59 45.70 71.26 | 6.21 | 8.71
) POTASST (K20) i
Tttt tirming 591 1852 320k L3e 7T 3955 15.30 5.74 [+20
| Pinal cutting 33.82 39.12 99.32 128.25 246.38 245.52 125,92 136434
TOTAL 50.73 57.64 | 131.96 | 171.96 | 285.83 288.82 |27.04 |37.91
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Potassium uptake: (Fig. L5).

" There were no significant differences in the potassium
uptake at the two moisture levels when no nitrogen was added.
Nitrogen treatments increased potassium uptake.

With NH_.-N, potassium uptake was always higher under
water-logging than at the '"upland" moisture level.

With NOz-N, it must be noted that potassium had been
added in the KNOs when the treatment was applied and no potassium
was added t0 the other nitrogen treatments. There were no sig-
nificant differences in potassium uptake between the two moisture

levels,

(ii) Discussion.

Dry-matter yields: The lack of differences in yields of dry-

matter by rice grown at "upland" moisture level and water-logging
without nitrogen treatment may be due to the fact that some factor
other than moisture level was limiting growth. It has been
suggested for rye-grass that inadequacy of nitrogen may be
more important in limiting growth than effects of soil moisture
level, This may also apply to rice since there was a great
response in dry-matter yields to nitrogen treatments. Shapiro
and Armiger (1958) obtained similar results and concluded that
flooding might increase rice growth only when the general nutrient
status of the soil was high.

When nitrogen treatments were applied, dry-matter

yields responded to moisture treatments, tending to be higher
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at water-logging then at the "upland" moisture level. This
agrees with the results of Shapiro and Armiger (1958) and
Shapiro (1958). _ \

Shibuya et. al. (1935) reported that rice was an
"ammophile" plant, reacting better to NH,-N than to NO4-N,
while Kapp (1934) found that NH,-N increased yields more than
did NOz-N (as NaNOs) under water-logged conditions only when
applications were over 500 p.p.m. N (soil basis). In the
present study NH,~N produced more dry-matter than did NOsz-N at
water-logging only in the early part of growth, when only 100
Pep.m. O0f nitrogen had been added. This agrees with the result
of Patrick and Sturgis (1955),

Later, NOz-N out-yielded NH,-N at water-logging and
this agrees With‘reports by Kapp (1933). The disparity in
dry-matter yields between NH,-N and NOg-N treatments may be due
to the toxic éffects of hydrogen sulphide which hag& been shown
by Greene (1960) to accumulate and harm the roots of rice plants
when high amounts of ammonium sulphate were applied to rice under
water-logged conditions. The toxic effects of hydrogen sulphide
will become more important in the later than in the earlier
stages of growth since the NH,-N treatment was given in split
applications.

This disparity in yields may also be due to the
Presence of added potassium with the NOg~N treatment which

may maintain the general nutrient status at a high level
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while a depletion of so0il available potassium with NH,-N
treatment]proceeds.

When, however, it is considered that Kapp (1933)
obtained greater yields with NOz-N added as NaNOg than with
NH,-N added as (NH,),S0, at rates below/uOO pP.p.m., the toxic
effects of accumulated hydrogen sulphide may be more important
than the extra potassium addition in oreating the observed
disparity in dry-matter yields between NH,-N and NOz-N treat-

ments.

Nitrogen uptake.

Addition of nitrogen to the soil resulted in a larger
nitrogen uptake by rice than no nitrogen addition (Kapp 193L).
The results obtained in this'study agree with this, The lack
of significance in the differences in nitrogen uptake at "upland"
moisture level and water-logging when no nitrogen was added may
be due to the fact that nitrogen deficiency limited growth (and
hence nitrogen uptake) more than did the effects of moisture
levels since Kapp (193L) reported that the nitrogen removed by
rice was proportional to the growth and dry-matter produced.

This report by Kapp (193L) held for nitrogen uptake
When no nitrogen was added in this study but when NH,-N and NOs-N
were applied, the nitrogen uptake was inversely related to the
dry-matter yields as stimulated by differences in moisture

levels. Thus the greater uptake of nitrogen at the "upland"
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moisture level than at water-logging contradicts this report

and that of Shapiro (1958) that total nitrogen uptake by nitrogen-
fertilized rice increased on flooding. The results obtained in
this study were due primarily to losses of nitrogen which were
greater at water-logging than at the medium mbisture level
(chapter V). The greater uptake of nitrogen with NH,~N than
with NOg-N tnder bofh moisfure levels was due to greater losses

of nitrogen from NOgz-N than from NH,-N treatments.

Phosphorus uptake.
Flooding may increase rice growth and phosphate uptake

only when the general nutrient status of the soil is high (Shapiro
and Armiger (1958). Thus the lack of significance in the
‘differences in phosphorus uptake between the "upland" moisture
level and water-logging when no nitrogen wés added may be due to
the low nitrogen level. When nitrogen_(especially NO5-N) was
added, water-logging stimulated more phosphorus uptake than did
"upland" moisture lével, This is understandable since under
water-logged conditions phosphorus was greatly mobilized as
shown in the earlier chapters of this work while Shapiro (1958)
stated that phosphorus was still mobilized on flooding in the
presence of actively growing plants.

The lack of significance in the differences between
phosphorus uptake at "upland" moisture level and that at water—

logging when NH,-N was applied especially in the later part of
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the growth period may be due to the toxic effects of hydrogen
sulphide on the root uptake of phosphorus under Water-iogging.
Greere (1960) has suggested that H,S derived from (NH,)pSO, under
Wafer—iogging inhibited uptake of ﬁutrients by the roots.

It may be argued that this effect should also apply
t0 other nutrients but when it is considered that Greene (1960)
also suggested that if iron was present in the soil solution
(as was the case under water-logging, Shapiro (1958)) the young
roots acquired a yellOwish brown coating of ferric hydroxide gel
which protected them against damage by moderate amounts of H,S.
If this was the case then some phosphate ions tending to ﬁass
into the root may be precipitated as ferric compounds in the
ferric hydroxide coating. Thus such a coating devised for
protection against H,S damage will be more detrimental to
phosphorus translocation to the tops than to the upteke of other
nutrients.

It would, therefore, seem that due to general root
degeneration and protective coatings of ferric iron on young
roots stimrlated by H,S toxic effects, the uptake of phosphorus
by rice tops under prolonged water-logging and increased (NH.),SO.
application would be hampered and would tend to levels similar to
the phosphorus uptake at the "upland" moisture level.

| The greater uptake of phosphorus with NH,-N than
with NOg-N under both moisture levels agrees with the results

obtained by Shibuya and Saeki (1939) with rice and by
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Yuen and Pollard (1957) with Italian rye-grass in the same soil

as used in this study. The latter workers assigned the result to
the influence of the respective nitrogen forms on the slightly acid
reaction of the soil. Since uptake of phosphorus by oats was
maximum at pH 5.8 to 6.0, the additidn of (NHM)QSOu which tended

to lower the soil pH from 6.50 increased phosphorus uptake while

the addition of KNO3 which tended to increase the soil pH stimulated
leés phosphorus uptake.

Potassium uptake.

The lack of significance in the differences in potassium
uptake at "upland“ moisture level and water-logging when no nitrogen
was applied was possibly due to the deficiency of nitrogen in
producing similar amounts of growth at both moisture levels. This
is strengthened by the fact that in Chapter IV there were no
differences in the availability of potassium in the same soil when
incubated at moisture levels similar to those at which the rice was
grown.

With NHM—N, the greater potgssium uptake at water-
logging than at the “"upland" moisture level may be due partly to
the greater (though non-significant) dry-matter yields. Since,
however, the potassium uptake was significantly higher at water-

" logging than at the "upland” moisture levels while the differences
in dry-matter yields were non-significant, it would seem that
‘water~logging actually increased potassium availability. This
may be a result of the solubilizing effects of organic acids

produced in anaerobic carbon metabolism on potassium minerals.
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This proposition is strengthened by the fact that the total
potassium uptake at both moisture levels, (132 mg./pot at upland
moisture level and 172 mg./pot at water-logging) was higher than
the original soil available (Morgan extractable) potassium (164
p.p.m. soil or 82 mg./pot). Thus at both moisture levels,
originally unavailable potassium was released to the plant and the
solubilizing effects of organic acids mentioned above pight have
released more at water-logging than at the medium moisture level.

There was a super ébundance of potassium when N03—N was
added to the soil and the equal potassium uptake at both moisture
levels despite the fact that water-logging stimulated gfeater dry-
matter yields than did "upland" moisture level shows a greater
luxury consumption of potassium at the "upland' moisture level
than at water-logging.

Comparing the yields and potassium uptake with NH, -N |
on the one hand and yields and potassium uptake with NOB_N on the
@ther, it is seen that the potassium added with N03~N was subject
to luxury consumption.

Percentage content of nitrogen, phosphorus and potassium in
the total plant %tops.
(i) BResults.
(A)  Rye-grass.

The percentage contents of nitrogen, phosphorus and

potassium of the rye-grass tops grown at low, medium and high
moisture levels with different nitrogen treatments are shown in
Table 31 and Fig. L6.

There were no significant differences in the nitrogen
% at all moisture levels when no nitrogen was applied. When

h'N and NOB-V were applied, the nltrogen % decreased Wlth

.fr‘crad,alng olsture Tevel:
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The phosphorus % was similar at low and medium and
decreased at the high moisture levels, when no nitrogen was
appiieds When nitrogen was appiied, the phosphorus % increased
with increasing moisture level.

The potassium % decreased with increasing moisture level
when no nitrogen or NO3—N wag applied but decreased with increasing
moisfure level from low to medium and remained constant with a
further inecrease in moisture level to high when NH&*N wag applied.

Between the nifrogen treatments, nitrogen addition
significantly increased nitrogen % to similar levels for NH),-N and
NOz-N exnept at the high moisture level where the nitrogen % with
NH, -N was significantly higher than that with NO=-N.

Nitrogen addition significantly decreased phosphorus %
to amounts significantly-higher with NH -N than with NOz-N.

NH),~N treatment significantly increased potaésium % at the low

moisture level and decreaged it to similar amounts at the medium
and high moisture levels. N03~N treatment (where potassium had
been added in the KNOB) increased highly the potassium % compared

with NH)-N and no nitrogen treatments.,

(B) Rice.

The percentage contents of nitrogen, phosphorus and
potassium of the rice tops grown at "upland" moisture level
and water-logging with different nitrogen treatments are shown

in Table 32 and Fig. LT.



TABLE

]
]

1.

; Percentage nitrogen, phosphorus and potassium in Rye-grass
tops grown with different nitrogen and soil moisture treatments.

2u3,

Fitrient NO N imop:p;m.NH#-N +600p. pem.NO 5N ' L.s.D.
o | 53 | 83| 20 | b2 | 80 | 23 | 43 | 80 |[at 5%|at 1%
v\l 2,36 | 217 2.11| 5,18 | okl [ 412 [5.07 | Lal7 | 3.27 | 0.31] 0.42
RP0;  [2.30 | 2,22 | 1,87| 1:23 | 1:6k | 1.81 [0.93 1.03 | 1,26 | 0.16| 0.23
;ﬁizo hii45 | 2:85 | 3ob4 ) 483 | 3.22 {3.25 |7.81] 6.54 ] 6.07 | 0.28] 0.38
x
% meximum water-holding capacity
NH, N added as Ammonium sulphate ((NHL,.) ZSOL,.) .
NO;-N added as Potassium nitrate (KNO_-S).‘
" TABIE 32.
Percentage nitrogen, phosphorus and potassium in Rice
tops grown with different nitrogen and soil moisture treatments.
Nutrien# NO N lH.;OOp.p.m.NHh_-N +l|.00p.p.moNO3—N LoSoDo
¥50 | Water~logged 50 Water-logged 50 |Water-logged|at 5% | at 174
AN 1414 1,34 2.53 2.25 2.0 1452 0.56 | 079
FPLp 1449 1:30 1,17 1.14 0.63 0.81 0.11 | 0.1§
RO (3416 3433 1.99 2,36 3493 3.27 0.21 | 0.29

¥ 4 maximum water-holding capacity.
added as Ammonium sulphate ((NHLL) ZSOL*_)

N added as Potassium nitrate (1{1\103) .

NH, =N

)
NO,

Water-logged = 130% mewsh.Cs
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The ni%rogen % was similar at both moisture levels
when no nitrogeh or NHh;N was applied but was higher at the
"upland" moisture level than at water-logging when NOj-N was
applied.

The phosphorus % was higher at the "upland" moisture
level than at water-logging when'no nitrogen was applied and
higher at water-logging than at the "upland" moisture level when
NO5-K was applied.

The potassium % was similar at both moisture levels
when no nitrogen was applied, higher at water-logging than at
the "upland" moisture level when NH,,-N was applied, similar at both
moisture lavels when'NHh-N.was spplied and higher at water~logging
than at.the "upland moisture level when NO;-N was applied.

Nitrogen % was increased by NH,-N at both moisture
levels and by NO3—N at "upland" moisture level compared with the
no nitrogen treatment. The difference in nitrogen % between
NHh—N and NO3—N was significant only at water-logging, nitrogen
% with NH) ~N being higher than that with NOz-N.  Phosphorus %
decreased in the order: no nitrogen}>NHh—N§>NO3—N, while potassium
% decreased in the order NO3~N>>no nitrogen>-NHu~N except that
under water-logging, the potassium % was similar when H03~N and

no nitrogen were applied.

(i1) Discussion.

(A) Rye-grass.
It was postulated in Chapter I of this work that if

the availability of nutrients in the soil was unlimited, the
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nutrient content of the plant would be independent of the soil
moisture. If the availability of nutrients was limited, the
nutrient content would decrease with increasing moistﬁre level
due to dilution by greater dry-matter production at the higher
than at the lower moisture levels.

The nutrient content of the rye-grass grown at three
soil moisture levels and with different nitrogen treatments did
not follow this theory due to the independent effects of soil
moisture on nutrient avéilability and on plant growth.

Thus the increase in nitrogen % when nitrogen was
applied compared with when no nitrogen treatment was given agrees
with the results obtained by several workers including Sehumaker
and Davis (1961) and Kapp (193L). The general decrease in
nitrogen % with increasing moisture level when nitrogen was added
asnd was presumably in unlimited availability also agrees wivh
the results of Schumaker and Davis (1961) and Lawton (1945a) and
may be due to the dilution of absorbed nitrogen by the increased
dry-matter yields.

The lower nitrogen % only at the high moisture level
when NOB—N was applied than when NHM-N was applied may be due
to lower amounts of available nitrogen, more nitrogen having been
lost by denitrification with NOBPN than by ammonia volatilization
with NH), -N. The lack of difference in nitrogen % between the
two nitrogen forms at the medium and low moisture levels agrees
with the result of Bizzell (1943) although Morgan and Jacobson

(1942) found the nitrogen % of tobacco grown in lysimeters
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higher with NO3-N than with V), -IV.

The decrease in the phosphorus % with nitrogen compared
with no nifrogen treatment might be due to dilution by the
increased organic matter production. The increase in phosphorus
% with increasing moisture level when nitrogen treatments have
been applied was probably due to the greater availability of
phosphorus at the higher moisture than at lower levels. This
agrees with results obtained by Low and Piper (1960) using rye-
grass and by Jenne et. al. (1958) using maiZe. Lawton (1945a)
‘however found slight decreases in phosphorus % of maize leaves
at the higher compared with the lower moisture levels. Similar
results were obtained in this study\whére no nitrogen had been
added.

The phosphorus % with NHu—N was higher than that with
NO3_N probably because of the greater availability of phosphorus
with NHu—N than with NO3—N especially as the total phosphorus
uptake followed a similar trend, (Yuen and Pollard (1957)).

The potassium % generally decreased with increasing
moisture level and seemed to follow the trends suggested in the
propositioh that when a nutrient was in unlimited availability,
if increasing moisture levels increased dry-matter yields, the
nutrient content would decrease with increasing moisture level.
It would seem that potassium was in unlimited availability both
in the presence or absence of nitrogen treatments, Lawton

(19452) and Jenne et. al. (1958) obtained similar results.
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The very highly increased potassium % when potassium was added
in the KNO3 treatment confirms the luxury consumption of the

added potassium already mentioned for NOz-N treatment.

(®) Rice.

Addition of nitrogen generally increased the nitrogen
% in the riece tops, This agrees with the results obtained by
Kapp (193L) and Shapiro (195C), and was due to the greater
availabie nitrogep present in the soil treated with nitrogen
than in that not so treated. The similarity in the nitrogen %
at the "upland" moisture level and at water-logging when no
nitrogen or NHA—N was applied disagrees with the results of
Shapiro (1958) who reported that flooding increased nitrogen %
of rice tops.

The decrease in hitrogen % at water-logging compared
with that at the "upland" moisture level when NO3-N was added
was probably due to the decreased available nitrogen as a result
of denitrification under water-logging, especially as total
nitrogen uptake follwed a similar trend. This might account
for the lower nitrogen % at water-logging with NO3-N than with
NH) -N which has also been observed by Patrick and Sturgis (1955)
during the early period of rice growth.

As observed for rye-grass, the phosphorus % of rice
tops also decreased with nitrogen application and this may

similarly be due to dilution by the greater dry-matter yields.
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The increase at water-logging of phosphorus % compared with

the phosphorus % = - at the "upland'" moisture level when NOB-N
was*applied agrees with the results of Shapiro (1958). This
may be due 1o the greater utilization of available phosphorus
at water-logging only when NOBmN was applied since in the soil
where no nitrogen was applied, phosphorus % was lower at water-
logging than at the 'upland" moisture level. In the latter
case it was probable that deficiency of hitrogen which limited
the general nutrient uptake interacted with the slight increase
in dry-matter yield at water-logging resulting in lowered
phosphorus %. The greater phosphorus % with NHu—N than with
N03-N may be due to the greater availability of soil phosphorus
with NH*N than with NOz*N (Yuen and Pollard (1957)).

The potassium % when NHu—N was applied was lower than
that when no nitrogen was applied. This may be due to dilution
as a result of increased dry-matter yields and agrees with
results obtained by Kapp (1934) that és the growth of rice plant
increased by addition of nitrogen, the percentage potassium in
the entire plant decreased., The higher potassium % at water-
logging than at the "upland' moisture level may be due tb the
increased supply of potassium from its minerals dissolved by
organic acids produced from anaerobic organic matter de-
composition.

Where potassium was added (in the N03~N treatment)

potassium was presumably in unlimited availability and the
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TABLE 33,

Efficiency of utilization of added inorganic nitrogen
by ryeegrass and rice tops grown at different soil
moisture levels.

Crop +INH), =N +NO 2N L.S.D.
L 3

Soil moisture levels| Soil moisture levels A . ¢
,._mf.h.(".) /s WeheCo At 53§At 1%

Low | Medi High (Low | Medium|High
a0 | G2 | (@) (29| ) | (&)

Rye~grass
32.2| 82.1 | 66.7 [39.3] 89.6 | 75:4 7.5 110.5
Medium | Water- Medium |Water—
logged logged
(50) | (130) (50) | (130)
Rice
86,0 {82.0 88,7 66.9 7.2 [ 10,4

For rye-grass: added NH,-l1 ~nd NO.~Il at 600 p.pem. soil.
For rice: added NH)-N and .Nog-N at 400 p.p.m. soil.

NH)y«N 'as ammonium sulphats, \\I’FZ‘_) 28'-)4)
NOB—N as potassium nitrate, (KNOB).
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TABLE 3.

Changes in soil @ after cropping rye—-grass and rice
under different nitrogen and soil moisture treatments.

Cm‘p NO N +:N}Ib..‘1\1 +NO£‘N . L.S.D.
Moisture levels (Fm.w.h.c.|Moisture levels(Zm.w.h.cyMoisture levels(%n.w.h.c.) | at 5% | at 1%
22 53 83 21 42 80 23 L3 80
Rye~-grasd
6.25 6.20 5.0, 5.31 Le76 | 5.33 644 [7.20 |7.12 0.09 0.12
50 130 50 130 50 130
‘Rice
5.61 6.12 L..56 5.30 6.4 | 6.57 0.10 0«14

For rye-grass: added l\lHl*-—N and NOB_N at 600 p.pem. soil.
For rice: added NH) N and NOz-N at 400 p.p.m. s0il.

NHA—N as Ammonium sulphate, ((NHA) 2804)

NOB—N as Potassium nitrate, (KNO3) .
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decrease in potassium % at water-logging compared with the
- potassium % at. the medium moisture level was probably due to

dilution by the inéreased dry-matter yields.

Bfficiency of added nitrogen utilization.
Results.

The efficiency of utilization of added inorganic

nitrogen by rye-grass and rice tops grown at different soil
moisture levels is shown in Table *3 and Fig. L8. The nitrogen
uptaké when no nitrogen was added has not been taken into account.

For rye~-grass, the efficiency of nitrogen utilization

inereased with increasing moisture level from ibw to medium and
then decreased. This held for both forms of added nitrogen
(NHﬁ—N and NO3-N). At the high and medium moisture levels,-
added N03~N was more efficiently utilized than NHA-N while at
the low moisture levei, the difference in utilization between
NO-N and NH -N just failed to reach significance (5% level).

’ For rice, water-logging s1gnificantly reduced added
'NOB—N utilization compared with the "upland" moisture level.-
There were no significant differences in the efficiency of
nitrogen utilization between both moisture levels when NHM—N
was added and betwéen NHh-N and N03~N at the "upland" moisture
level. At water-logging, NHu-N Wasvmuchﬁbetter utilized than
NOz-N.
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DisgggSion.

The increase in .added nitrogen utilization with
increasing moisture level from low %0 medium and a decrease
with further increase in moisture level to high, agrees with the
result of Schumaker and Davis (1961) who found for Western wheat-
grass a maximum utilization at moisture levels between 50% and
75% of the maximum water-holding capacity when applications of
nitrogen were above 200 Pep.m. so0il. This may be due to the lower
availability of nitrogen at +the high moisture level due to
nitrogen losses to the atmosphere, and to the reduced growth
and dry-matter yields at the low moisture level.

The better utilization of NOB—V than NHu—N-may be due
to the preference for nitrate to ammonia by rye-grass. This
agrees with the results obtained by Morgan and Jacobson (1542)
and Bizzell (1943) who obtained 50% efficiency of utilization of

added NO3—N by various field crops at field capacity in lysimeters,

The better utilization by rice tops of NHu—N than
NOz-N only at water-logging may be due to the greater loss of
NO3-N by denitrification than of NHA—N by ammonia volatization.
It may also be due to the fact that under this moisture level,
rice prefers ammonia to nitrate in accordance with the
suggestion made by Shibuya et. al. (1935) that rice was an

"ammophile" plant. This did not however apply in this study
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to the “upland” moisture level where reduced nitrogen losses
from nitrate may account for more NOB—N uptake than at water-

logging;

Changes in'sgil pH after cropping.

Result.

The original soil pH was 6.50. The changes in the
soll pH after cropping rye-grass and rice at different moisture
levels and nitrogen treatments are shown in Table 34 and Fig. 49.

For rye-grass, where no nitrogen treatment was applied

there were significant decreases in soil pH only at the low and
medium moisture levels compared with the original soil pH.

Where NHu—N was applied there were highly significant decreases
which were most pronounced at the medium moisture level. Where
NOB—N was applied a significant decrease in pH was observed at
the low moisture level but highly significant and similar
increases in pH &t the medium and high moisture levels.

For rice, the pH was @lways higher at water-logging
than at the "upland'" moisture level. There were significant
decfeases in the soil pH where NHh—N or no nitrogen was épplied
compared With the original soil pH,. The decreases were much
more pronounced with NHL—N than without nitrogen treatment.
Where NOBfN was applied, there were no significant changes in

soil pH compared with the original soil pH.
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Discussion.

For both rye-grass and rice, addition of NH£~N
always lowered the soil pH. This agrees with the results
obtained by several workers including Prince et. al. (1941),
Morgan and Jacobson (1942) and Bizzell (1943). Addition of NO5-N
however increased the pH especially at the higher moisture levels.
Yuen and Pollard (1957) have classified NH, -N and NO5-N as
"physiologically" acid and basic treatments‘respectively;NHL—N
from (NHﬁ)ZSOu is nitrified in the soil or absorbed by the plant
leaving the SOM—- radical which forms stou and thus produces
acidity while the uptake of NO;-N leaves the basic ion and thus
reduces acidity.

The acidifying effect of NHM—N being most pronounced
at the medium moisture level may be due to the greater uptake of
nitrogen at that moisture level than at the high or low moisture
level. It may also be due to the medium moisture level being
more suited for nitrification than the high or low moisture levels.

The higher pH values obtained when the soil was at the
higher than at the lower soil moisture level irrespective of
nitrogen treatments may be due to the effect of anaerobic conditions
in increasing soil pH. The fact that this difference in pH
still existed after the soil had been dried shows that the
process causing increase in pH under high moisture levels was
not completely reversible. Dennett (1932), however, reported a

return to the original soil pH when water-logged soils were drained.
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General Discussion.

Irrespective of which crop was grown in the soil
under study, there was a significant response to nitrogen
treatments in dry-matter yields and in nitrogen, phosphorus and
potassium uptake, especially at the higher soil moisture levels.
This was probably due to the paucity of available nitrogen in
the soil receiving no nitrogen treatment where the different
moisture treatments had no differential effects on dry-matter
yields and nutrient uptake,

When NHu—N was added, total dry-matter yields and
uptake of nutrients tended to follow similar trends. They
increased with moisture level from low to medium and then re-
mained more or less constant with a further increase in moisture
level when rye-grass was grown. When rice was grown they were
more or less similar at the “upland" moisture level and water-
logging.

‘ When N03~N was added, total dry-matter yields and
uptake of phosphorus and potassium followed similar trends,
increasing with moisture level under rye-grass. Whilst nitrogen
uptake was always higher at the medium moisture level than at
other moisture levels under both crops, dry-matter yields and
phosphorus uptake were higher at water-logging than at “upland"
moisture level and potassium uptake was similar at both moisfure

levels under rice.
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Thus soil moisture limited growth and nutrient uptake
by rye-grass only at low soil moisture contents compared with
soil moisture contents up to 80% of the maximum Wafer-holding
capacity. This effect of low soil moisture content may be
expected to apply to rice since Palis (1935) reported a total
failure of the crop at 20% of the mmximum water-holding capacity.

The differences in the performance of the crops
between NHA—N and NOB—N treatments arise, {(a) from the differences
in their effects on the soil pH as far as phosphorus uptake is
concerned (Yuen and Pollard (1957)), (b) from the toxic effects
of HQS'produced from <NHu>2SOu in NH, -N treatment under anaerobic
conditions as far as dry-matter yiélds are concerned (Greene (1960))
(c) from the differences in the nitrogen loss to the atmosphere
(see Chapter V) as far as nitrogen uptake is concerned and (d)
from the pregence of extra potassium with NO3-N as far as potassium
uptake is concerned. |

The effects on the soil pH produced by NHM-N and NOB—N
result in increased soil acidity by NHh—N and reduced soil acidity
by NOB-V. These effects interacted with soil moisture treatments
to produce highér pH at the high than at the medium moisture
levels.

As a measure of the quality of rye-grass as an
animal feeding stuff and of both rye-grass and rice straws as
materials for compost as far as the nitrogen and inorganic

nutrient contents are concerned, the nitrogen content was
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increased by nitrogen treatments compared with no nitrogen
freafment; but possibly due to dilution by increased growth, the
phosphorus content was decreased by nitrogen treatment except at .
the high moisture levels where phosphorus was "probably mobilized
(Shapiro (1958)).  The nitrogen content hcwever decreased with
increasing moisturellevel due to nitrogen losses, The potassium
content of rye-grass generally decreased with increasing moisture
level but that of rice followed a similar trend only when NO5-N
was added.

Thus the ratio of nitrogen to phosphorus content was
narrowest when no nitrogen tfeatment was glven. When nitrogen
was applied, the ratio was narrowest at the higher moisture levels

under both NHM—N and NOB-N treatments,

Conclusions. ’

The effects of (4) three soil moisture levels, low,
medium and high (about 20%, L2% to 53%, and 80% respectively of
the maximum water-holding capacity) on the dry-matter yields and
the uptake of nitrogen phosphorus and potassium by rye-grass tops
and (B) two soil moisture levels, medium ("upland") moisture
level and water-logging (about 50% and 130% of the maximum water-
holding capacity respectively) on the dry-matter yields and the
uptake of nitrogen phosphorus and potassium by rice tops, when
given different inorganic nitrogen (NHu-N or NOB-N) were

determined. , \
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The nitrogen, phosphorus and potassium contents of
the planf tops, the efficiency of utilization of the added
nitrogen and the effect of the different nitrogen formé on the
pH of the residual soil were also determined.
(A) (1) There werv no significant differcnces in the dry-matter
yields and in the uptake of the nutrients between the various
trgatments when rye-grass was grown without nitrogen treatment.
This was probably due to inadequate nitrogen exerting limiting
effects on rye-grass performance more than did differences in
soil moisture.

(2) The limiting effects of low available nitrogen was
shown by the great response to nitrogen treatments in the per-
formance of the rye-grass.

(3) When either form of nitrogen (NHh—N or NOB—N)vwas
applied, the dry matter yields, and nitrogen, phosphorus and
potassium uptake increased with moisture level from low to medium
and while remaining constnat with NHu~N, they increased further
with NOB—N (except for nitrogen uptake which decreased under both
nitrogen treatments) with a further increase in moisture level to
high. This was probably due to increased growth with increasing
moisture level and to nitrogen losses to the atmosphere at the
high soil moisture level.

(L.) Dry-matter yields, nitrogen uptake and the efficiency
of added nitrogen utilization were higher with N03~N than with

NHu~N. This might be due to a preference for NOS-N to NHL-N
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by rye-grass or to the presence of extra potassium added in the
NOB—N treatment which thus increased the nutrient level of the
soil,

(5) Phosphorus uptake was higher at the medium moisture
level with NHn—N than with NOB-E. This might be due to the
acidifying effect of (NHQ)ZSOA which made iron phosphate_morg

available. ‘

(B) (1) As with rye-grass, there were no significant differences
in the dry-matter yields and nitrogen, phosphorus and potassium
uptake at the two moisture levels by rice tops when no nitrogen
treatment was applied. The application of both nitrogen forms
(NHﬁ-N and NOB—N) caused large responsés in the performance of

the rice tops.

(2) When NHL—N was applied dry-matter yields and nitrogen
and phosphorus uptake followed similar trends each remaining more
or less constant at both moisture levels. Potassium uptake was
higher at water-logging than at *"upland” moisture level. The
latter result may be due to the greater release of non available
potassium by organic acids produced from anaerobic processes.

(3) When NOB-N was applied dry-matter yields and phosphorus
uptake were higher at water-logging than at the "upland' moisture
level but the reverse was the case for nitrogen uptake. The
latter result might be due to denitrification.

¥
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(4) At water-logging, the dry-matter yields were higher
With NOB—N than with NHA—N. This might be due to the toxic
effects on the roots of H,8 produced from the S‘OLL added with fhe
NHA-N; This reason migitalso explain.the inability of the rice
tops to produce greafer dry-matter yields or take up more phosphorus
at water-logging than at “ﬁpland” moisture level when NH&—N was
applied (see (B)(2) above).

(5) At water-logging the nitrogen uptake and the efficiency
of nitrogen utilization wesehigher with NHM_N than with NOB_N.
This might be due to greater loss of nitrogen by denitrification
then that by volatilizatiun of ammonia.

In general, addition of nitrogen increased the nitrogen
% of rye-grass or rice tops, the increasé decreasing with |
increasing moisture level. Phosphorus % was however decreased
by the addition of nitrogen to values which remained constant or
increased with increasing moisture levely. For rye~gréss, the
potascsium % decreased with increasing moisture level, but for
rice where no nitrogen or NHu—N was appliea, the potassium % was
higher at water-logging than at "upland" moisture level. Most
of the decreases in nutrient content were presumably due té
dilution by increased growth of the plant while the increases
with increasing moisture levels might arise from increased

release of the nutrient.
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Application of NHh~N reduced the soil pH, more S0
at the aerobic moisture levels than at the anserobic. This
was probably due to the acidifying action of ammonium sulphate
and the interaction of this with anaerobic moisture levels to
produce a soil pH below the original pH but above the aerobic

moisture level pH. Application of NO,-N, on the other hand

3
generally increased the soil pH especially at anaerobic moisture
levels.

, Thus rye-grass performed better with NOB—N than NthN
at all moisture levels while rice although it yielded worse with
WH, -N than N03~N, utilized NE -N better than it did NO, N under

water-logging.



CHAPTER VIT

THE EFFECT OF (A) THE HEIGHT OF WATER OF SUBMERGENCE
DURING GROWTH ON THE PERFORMANCE OF RICE PLANTS

(B) THE LENGTH OF PERIOD OF STORAGE OF SOIL UNDER
"UPLAND" MOISTURE AND WATER-LOGGED CONDITIONS PRIOR
T0 CROPPING ON THE PERFORMANCE OF TRANSPLANTED RICE
SEEDLINGS.
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Intro@ucfion.

The general pfabtiée of flooding the soil during rice
growth has been reported by several workers as improving the
pefformanee of fhe crop eifher by physiological stimulation and
increasing nutrient availability or by weed'control. Usually,
the soil is water-logged just before transplanting the seedlings
and kept so wntil just before the ripening of the grain.

In Chapter VI of this study it was shown that water-
logeging was effective in improving rice performance only when
nitrogen fertilizers were applied. The low nitrogen level of
the soil without nitrogen treatment was presumably thought to
account for the lack of significance in the differences between
the performance of rice under "upland" moisture conditions and
water-logging.

Since in Chapter VI the rice plants were grown under
1 cm. of water of submergence at water-logging, it may be possibls
that the lack of significance in the differences in th top
performance under the two moisture levels was due to the low
height of submergence at water-logging. It may also be con-
nected with root development and the translocation of nutrients
from the roots to the shoots under the two moisture levels.

Furthermore, there may be a temptation for rice
farmers to transplant seedlings into fields which had been

swampy and muddy for a considerable length of time. The
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effect of such conditions existing prior to transplanting has
nof been studied in any detail up to date but the degree of
chemical reduction existing in the soil prior to cropping is
1ikely to affect rice performance. Similarly, the length of
time during which the soil is kept fellow at "upland" soil
moisture levels may also affect nutrient metabolism.

Thus in the present chapter of this work, the dry-
matter yields, and nitrogen, phosphorus and potassium uptake by
rice plants (tops and roots) are studied (4) under different
heights of water of submergence and (B) for different lengths
of wet storage at "upland" moisture level and at water-logging

prior to cropping.

(A) The effect of height of water of submergence during
rowth in pots on the performance of rice plants.

Materials.
Soil 1 (Harlington soil) and Soil 2 (Garden soil)
whose properties are shown in Table 4 and in Fig. 1 and Fig. 2
were used in this study. The air-dry 2 mm.-sieved soils taken
from top 6" were mixed with acid-washed silver sand in the ratio
soil : sand of 1 : 3.

The chemical characteristics (oven-dry basis) were:

Soil %C %N Available Available
P205p.p.m. ‘ K2O De Do s
1 1.32 0.14 L7 168

2 3.50 O.uh 118 324



Experimental methods.

300 g. of the soii/sand.mixfure hereafter referred to
as soil was weighed into plasfic pots whose drainage holes were
covered with glass cloth. Seven rice seeds were sown in each
pot and the pot placed in a tub of distilled water until the soil
was well soaked. The po%s were left in the greenhouse (temperature
25° to 30°C) and adequately watered until the seeds germinated
and the seedlings were 18 days old.

The inside wall of the pot was calibrated at 0, 1, 3
and 5 cm. above the soil surface and the drainage hole was plugged
with a rubber bung. For another eight weeks, the soil was sub-
merged under water maintained at O, l; 3 and 5 cm. above the soil
surface.

At the end, the tops of the plants were cut, and the
soil washed off the roots. The tops and roots were dried in a
steam oven for 24, hours, separately weighed and ground in a mill.
The total nitrogen, phosphorus and potassium uptake and hence the
percentage contents of these nutrients were determined (analysis

by the salicylic acid modified wet digestion method).

Dry-matter vields and nutrient uptake.

(i) Results.
N.B. All increases and decreases in the dry-matter yields or
nutrient uptake mentioned in the results and discussion are

significant at 5% level.
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Dry-matter yields.

The dry-matter yields of rice plants grown in soil 1
and soil 2 submerged under different heights of water are shown
in Table 35 and Fig. 50.

In soil 1, the top, root and total dry-matter yields
increased with increasing height of water from O cm. to 1 cm.,
remeined constant with increase in height of water to 3 cm.vand
then greatly increased with a further increase in height of water
to 5 cm. Top yields were always significantly higher than root
yields.

In soil 2, top dry-matter yields were constant as
height of water increased from O cm. to 3 cm. but was higher at
5 cm. than at 0 cm. or 1 cm. of water. The root and total dry-
matter yields increased with increasing height of water. Whils+t
root dry-matter yields were significantly lower than top dry-
matter yields at O cm., they were significanlty higher at 3 cm.
and b cm. of water.

Nitrogen uptake.

The nitrogen uptake by rice plants grown in soil 1
and soil 2 submerged under different heights of water is shown
in Table 36 and Fig. 51.

In soil 1, the nitrogen uptake by tops, roots and
whole plant increased with increasing height of water from
0O cm. to 1 cm., remained constant to 3 cm. and then increased

with a further increase in height of water to 5 cm. Nitrogen
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uptake by the tops was significantly higher than the nitrogen
uptake-by the roots.

In soil 2, the nitrogen uptake by the tops was Similar
at heights of water 1 cm. to 5 cm. and decreased at O cm., whilst
the nitrogen uptake by the roots and by the whole plants increased
with increasing height of water. The nitrogen uptake by the
roots was significantly lower at O cm., and 1 cm. and highér at

3 éms and 5 cm. of wafer than the nitrogen uptake by the tops.

Phosphorus uptake.
The phosphorus uptake is shown in Table 37 and Fig. 52,

In soil 1, the phosphorus uptake by the tops was
similar up to 3 cm. of water and then increased under 5 cn. The
uptake by the roots and whole plant however, increase with increas-
ing moisture level, the uptake by the roots being always lower
than the uptake by the tops.

In soil 2, phosphorus uptake by the tops was also
similar up to 3 cm. of water and increased under 5 cm., whils?t
the uptake by the roots and the whole plants increased with
increasing height of water up to 3 cm. and remained constant to
5 cm. The phosphoris uptake by the roots was lower at 0 cm.
and higher at 1 cm. to 5 em. of water than the uptake by the
tops.

Potassium uptake.

The potassium uptake is shown in Table 38 and Fig.

53. | |



TABIE 35.

Dry-matter yields (mg./pot) of rice plants grown in
soils 1 and 2 submerged under different heights of water.

SOIL 14
cme of water 0 1 3 5 L.S.D.
above soil aurface : -
at 5% |at 1%
Tops 571 | 631 | 622 | 1014 |} 48 70
Roots 246 | 366 | 399| 855 |
TOTAL 817 997 1021 | 18569 | 100 165
SOIL 2
Tops 760 | 739 | 836 | 939 |}127 | 185
Roots 369 795 | 1075 | 1714
TOTAL 1129 {1534 | 1914 | 2653 | 245 | 406
TABIE 36.

Nitrogen uptake (mg./pot) by rice plants grown in

soils 1 and 2 submerged under different heights of water.

soIxL 1
cm. of water 0 1 3 5 TieSDe
above soil surface
at 5% | at 1%
TOPS ?|2 8-3 8.3 13-0
Roots 2.8 | 3.7] 3.9| 5.6 fo.5 0.8
TOTAL 10,0 12.0 ] 12.2 ] 18.6 | 1.7 2.9
So1L 2
Tops 2.1 9.9 10.21 10.5 jy
Roots b9 | 6.8|11.8| 15,0 P07 |10
TOTAL 14,0 [ 16,7 22.0{ 25.5 | 1.2 2.0
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Fig-50: DRY-MATTER WIELDS OF RICE PLANTS GROWN IN Two

SOILS "SURMERGE]D UNDER DIFFERENT HEIGHTS ~OF

WATER IN POTS.
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In soil 1, the potassium uptake by the tops, roots
and whole plants increased with increasing height of water from
0 cm. to 1 cm., remained constant to 3 cm. and then increased
with a furfher increase in height of'water to 5 cm. The uptake
‘by the roots was much lower than the uptake by tops.

In soil 2, the potassium uptake by the tops was similar
at 0 cm. and 1 cm. of water, increased to similar levels under |
3 cm. and 5 cm., whilst the uptake by the roots and the whole
plants increased with increasing height of water. The uptake by
the roots was much lower than the uptake by the tops.

Generally, dry-matter yields, nitrogen, phosphorus
and potassiﬁm uptake followed similar trends in their relation-
ship with the height of water of submergence, being lowest at
0 cm. and highest at 5 cm. of water. Dry-matter yields and
nitrogen and phosphorus uptake by the‘tops were higher than those
by the roots under all heights of water in soil 1 but were higher
at the lower heights of water and lower at the greater heights
of water than those by the roots in soil 2. Potassium uptake
by the tops was,»however, higher than that by the roots at all
heights of water in both soils.

(i1i) Discussion.

The general increase in dry-matter yields and nutrient
uptake with increase in the height of water of submergence in
both soils indicates that the height of water of submergence

of rice soils definitely improves rice performance. Jones (1933)



Phosphorus uptake (mg. P205/pot) by rice plants grown
in soil 1 and soil 2 submerged under different heights

TABIE 37 .

of water.
SOIL 1
cm. of water : .8.D.
above soil surface 1 3 '
at 5% at 1%
TOPS 602 6.1 603
Roots 0.6 1.0 | 1.8 }0'3 0:5
TOTAL £.8 7.1 8.1 0.6 1.1
SOIL 2
Tops 3.6 3.5 | 40O L
Roots 2.0 4.2 | 7.8 0.5 | 0.8
TOTAL 5.6 | 7.7 {11.8 1.0 | 1.6

Potagsium uptake (mg. K2O/ pot) by rice plants grown in
soil 1 and soil 2 submerged under different heights of water.

TABLE 38.

SOIL 1
cme of water L.S.D.
above soil surface 1 3
at 5% | at 1%
Tops 13.8 5.3 |14.9 ‘ '
Roots 1.6 | 3.1 3.3 1o.7 1.1
TOTAL bl 8.4 118.2 1.4 2.l
SOIL 2
Tops 18.0 | 18.3 | 20.9
Roots 1.0 | 9.9 [10.5 f1.9 | 2.8
TOTAL 22.0 | 28.2 |31.4 2.5 | a2
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used flonding to control weeds (barn-yard grass) in rice fields
and obtained the poorest yields when the soil was in a ”mucky“
conditlon, and best yields under 10 inches of submergence.

Since weeds were absent in this study, the improved
yields under high compared with low water of submérgence must be
due mainly to the effect which the water has on the physiological
conditions in which the rice was grown. Alberda (1953) after
reViewing work on this subjecf concluded that rice was able to
grow in a soil containing hardly any oxygen and that the oxygen
necessary for the roots was transportéd thrcugh the plant itself
by means of large air-spaces mainly in the leaf sheaths and
roots (root aerenchyma). - Alberda (1953) also found that rice
plants developed a superficial mat of fine qbundantly branched
roots at the surface of the soil which obtained oxygen from the
surface of *the soil and transported it to the roots below.

Apparently, these peculiarities in_the root respiration
of rice plants are adaptations to combat the limited oxygen supply
in the water~logged soil. Logically, they shbuld be adopted by
rice plants irrespective of the heigh} of water of submergence
oncé the soil is submerged. These respiratory adaptations may
therefore not explain the differences in the performance of rice
at water—logging‘under different heights of water. In fact,
the mere fact that they are adaptations to combat limited

oxygen supply should at least prevent yields increasing under
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water-logging compared with “upland" moisture levels where
oxygen is in less limited supply.

The cause of better performance of rice with increas-
ing height of water of submergence must be sought in faotors
other than the respiratory adaptations. Greene (1960) showed
that the supernatant water standing above the water-logged rice
soil surface had a higher redox potential than the soil below,
Mberda (1953) showed that the redox potential of the soil
remained constant during the growth of the matted roots mentioned
above for a given height of water of submergence. Although
Alberda (1953) did not show that it was different for different
heights of water of submergence, . . a presumption tha’b this may
be fhe case may help to throw light on the phenomenon of better
rice performance with increasing height of water of submergence.

Thus with this‘assumption, it may be argued that
increasing the height of submergence increases the degree of
reduction in the soil. Greater phosphorus mobilization,
(Shapiro (1958)), increased ammonia accumulation (Kapp (1933))
and increased anaerobic processes will result. Since rice is
"ammophile” (i.e. prefers ammonia-N to nitrate-N) (Shibuya et alf)35)
and is capable of utilizing ethyl alcohol (Alberda (1953)), greater
degree of reduction in the soil should stimulate greater per-
formance of the crop. In addition to these factors, it is
possible that increased anaerobiosis might result in inereasing

production of growth promoting substances.
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Thus the factors which cause increased rice yields
and nutrient uptake with increasing height of water of submer-
gence and indeed under water-logging compared with dupland”
moisture conditions are probably not derived directly from the
respiratory adaptions of rice plants under water-logging but
presumably arise from the degree of reduction of the soil under
flooding and associated processes which are ﬁot fully understood.

The chemically extractable phosphorus and potassium 6f
goil 1 was lower than that of soil 2 and the differences in the

total dry-matter yields and nutrient uptake between the two soils
were more pronounced under the greater heights of water of sub-
mergence than under the smaller heights. This emphasizes the
importance of the height of water of submergence in the stimulation
of crop performance as determined by the availability of nutrients.
The differences between the two soils under 5 cm. of water seem

to be at a minimum in phosphorus uptake, since phosphorus might
have been equally mobilized in the two soils.

While root yields and the>uptake of the nutrients were
invariably lower than fhose of the tops in soil 1, the reverse was
the case at the greater heights of water of submergence in soil
2, except for potassium uptake which was the same as in soil 1.

It seems that when the nutrient level is high, in the original
goll or as a result of incremsing the height of water of sub-
‘mergence, dry-matter yields and especially phosphorus uptake by

the roots tend to increase relative to those of the tops.
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Thus as the height of water increased, yields and phosphorus
uptake by the roots became Higher than those by the tops from

the water heighﬁ of 1 em. to 5 cm. in soil 2 which had originally
higher nutrient status than soil 1.  Also Wwhen the height of
Water waS 5 cm., there was a tendency for root dry—mafter yields
and phosphorus upfake to approach values simiiar to those of the
tops in soil 1.

The difference in the root and top uptake of potassium
compared with the uptake of other nutrients in soil 2 may be due
to the ease with which potassium is translocated to the tops from
the roots compared with that with which nitrogen and especially
phosphorus is translocated. Foster and Russell (1958) suggested
an indirect interaction of iron with phosphate in the rice root
resulting in the retention of phosphorus in the roots. Ohira
(1955) reported that this retention of phoéphorus in the root
increased with increasing concentration of soluble iron in the
culture medium. Thus phosphorus is less easily translocated than
potassium from roots to tops under water-logging, where the
anaerobic conditions stimulate the production of soluble ferrous
iron and phosphorus, which are both taken up by the roots and

immobilized there by interacting.

Nutrient % in the plant.
(i) Results.
" The nitrogen % of tops, roots and whole plants of

rice grown under different heights of water of submergence 18
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shown in Table 39 and Fig. 54.

In soil 1, the nitrogen % of the tops was more or
less similar under all heights of water while that of the roots
decreased with increasing height of water.

In soil 2, the nitrogen % of tops also remained constant
under all heights of water except under 1 cm. where it was
increased. The nitrogen % of the roots decreased with increasing
height of water from O cm, to 1 cm. increased to 3 cm. and de-
creased again as the height of water increased to 5 cm.

Generally in soils 1 and 2, the nitrogen % of the whole
plants decreased with increasing>height of water from O cm. to
1 cm., remained constant to 3 cm. a2nd decreased with a further
increase in height of water to 5 cm. The nitrogen % of roots
was lower than that of tops except in soil 2 under O cm. of
water.

The phosphorus % is shown in Table 4O and Fig. 55.

In so0il 1, the phosphorus % of the tops decreased with increasing
height of water from O cm. to 1 cm., remained constant to 3 cm.
and then decreased under 5 ecm. of water. The phosphorus % of
the roots, however, increased with increasing height of water,
and was lower than that of the tops. The phosphorus % of the
whole plants decreased with increasing height of water from

O cm. to 1 em., increased under 3 cm. and finally decreased

under 5 cm. of water.
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In soil 2, the phosphorus % of the tops and of the
whole plants was similar under all heights of water except under
3 cm. where the phosphorus % of the whole plants was increaéed.
That of the roots was constant under O cm. and 1 ¢m., increased
under 3 cm. and decreased under 5 cm. of water but was generally
higher than the phosphorus % of the tops.

The potassium % is shown in Table 4l and Fig. 55.

In soil 1, the potassium % of the tops, roots and whole plants
decreased only under 5 cm. of water.

| In soil 2, the potassium % of the tops was similar
under all heights of water whilst that of the roots increased
under 1 cm. compared with under all other heights of water.‘ The .
potassium % of the whole plants generally decreased with increas-
ing height of water.

For both soils the potassium % of the roots was lower

than that of the tops.

(ii) Discussion.
The general decrease in nutrient content of the
whole plants may be due to dilution by increased dry-matter yields.
The‘diffefences in nitrogen and in potassium content
between tops and roots may be due to the ease with which these
nutrients are translocated from the roots to the tops. This
is particularly so since these differences were not related to

dry-matter yields.



Percentage nitrogen in rice plants grown in soils 1 and
2 submerged under different heights of water.

TABIE 39

S0TL 1
cms of water ‘ L.8.D.
above soil surface 0 1 3 5 '
at 54 |at 1%
Tops 1.26 | 1,311 134 [1.28 15 ~= | 5,10
" Roots 1.4 | 1.02] 0.98 |0.66 ['O*
Whole plarl-ts 1 -23 1 «20 1 .20 1 .00 0006 OIO9
S0IL 2
Tops 1.19 1.34I 1.22 |1.13 [}0.10 | 04
Roots 1033 0-86 1010 0-88 ,
Whole plants 1,24 1 1.09{ 1.15 [0.96] 0.11 | 0.18
TABLE 4O.

- Percentage PO

in rice plents grown in soils 1 and 2

submerged under different heights of water.

SOIL 1
cm. of water L.S.D.
above soil surface 0] 1 3 5
at 5% |at 1%
Tops 1.10 | 0.981 1.01 10.781:5,06 | 0.09
Roots 0.23 | 0.26] 0.45 [0.48
Whole plants 0.83 0.72 1 0.78 {0.65} 0.06 0.09
SO0IL 2
_ Roots 0.55 | 0.53] 0.75 |0.45}i 907 | 009
Whole plants 0.50 0.50| 0.62 |0.47] 0.07 0.11
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Pefdefitage X0 if rice plants grown in soils 1 and 2

TABIE L4

submePged under different heights of water.

1

SOIL 4
ans of water ' , , L.8.D.
abo¥e 80il surface | O 1 3 5 i
at 5% lat 14
Topé 2,43 | 243 2.40 1 1.83 P :
Roots 0.65 | 0.85]0.83 0453 {0.16 | 0.2
Whole plants 1 089 1.85 1 079 1.23 0015 0027
S0IL 2
TOPS 2038 201|-8 2050 2.1}8
~ Roots 1,08 | 1.25{0:98 0.95L}0“12 0.17
Whole plants 1.95 | 1484 | 1,65 1 1,59 0,12 | 0.20
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The higher phosphorus % of the roots than fhaf of the
t0§s in soil 2 must be related to the fact which has already
been discussed, thaf due to the possible precipitation of iron
and phosphorus in the root under anaerobic conditions (Ohira (1955))
the phosphorus % of the roots is higher than that of +the tops.
This was not observed for soil 1 where, nevertheless, the phosphorus
% of the roots increased with increasing height of water. Thus
in both soils morephosphortswas retained per gram of root matepiai{
as the height of water increased; causing greater iron and -
phosphofus mobilization in the soil.

Generally, the nutrient content of the tops was moréA
or. less similar under all heights of water and it would seem that
the differences in the nutrient content of the whole plants were
produced by differences in the nutrient content of the rogts. |
Thus roots play an important role in metabolism of:nutrients by

rice as studied under different heights of water of submergence.

(B) The effect of length of period of storage under "upland"

moisture and water-logged conditions prior to cropping
on the performance of transplanted rice seedlings.

Materials.
So0il 1 (Harlington soil) whose properties are shown
in Tables 3 and L4 and in Fig. 1 as well as under (A) of the
present chapter was used for this study. The air-dry 2 mm.-

sieved soil which had beeén taken from the top 6" was mixed with
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acid-washed silver sand in the ratio soil : sand of 1 : 3.

Experimental method.

Nine weeks before the rice seedlings were to be
transplanted, 300 g. lots of the soil/sand mixture (hereafter
referred to as the soil) were weighed into 16 plastic pots.

The drainage holes of 8 pots had been covered with glass cloth
and those of the other 8 pots were closed with rubber bungs.

At the beginning, and then every three weeks, duplicate
pofs were brought to 50% of the maximum water holding capacity
(from those pots whose drainage holes were covered with glass
cloth) and to water-logging (under 5 cm. of water of submergence
from those pots whose drainage holes were closed with rubber bungs).
All pots were placed on the table in the laboratory and the moisture
levels maintained by adding appropriate amounts of water every
day after weighing.

Three weeks before the date of transplanting rice seeds
were sown in a tray of soil and watered adequately until they
germinated and the seedlings were about 16 days old.

Thus prior to transplanting the rice, the soils in the
pots had been maintained at "upland" moisture leval (50% maximum
water holding capacity) and water-logging (submerged below 5 cm.
of water) for 9, 6, 3 and O weeks.

Seedlings of uniform size were transplanted at the

rate of five per pot spaced evenly in the soil. The moisture

L)
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levels were maintained and the seedlings allowed to grow for
four weeks. .Duplicate bunches of five equally uniform seedlings
were selected from the nursery during transplanting and.fheif
tops separated from the roots. The +tops and roofs were dried in
a steam oven for 24 hours , Weighed and stored for future analysis.
At the end of L weeks growth of the transplanted
seedlings, the tops were cut and the soil washed off the roots.
Roots and tops were dried in%steam oven for 24 hours and weighed.
A1l tops and roots including those of the seedlings
dried at transplanting were ground in a mill and analysed for
nitrogen, phosphorus and potassium by the salicylic acid modified
wet digestion method. Values of dry—mattef yields, nitrogen,
phosphorus and potassium obtained for the seedlings dried at
transplanting were subtracted from the values for the seedlings

which were transplanted into the treated soil samplés.

(i) Results.

N.B. . All increases and decreases in dry-matter yields and
nutrient uptake mentioned in the results and discussion are gig-
nificant at 5% level.

Dry.matter yields.

The dry-matter yields of rice seedlings grown in pots
in the soil maintained at ”ubland" moisture level and water-
logging for différent lengths of time prior to and during

cropping are shown as part of Table 42 and in Fig. 57,



TABLE 42.

281.

Dry-matter yields and uptoke of nitrogen, phosphorus and potassium

© by rice seecdlings grown in soil 1 which had been maintained
at "upland" moisture and water-logged conditions for different
lengths of time before cropping.

DRY-MATTER YIEIDS (me./vot)

Moisture levels
Iength | "upland"(50%n.w.h.c.] Water-logged(under 5em. water)
of time
(wks.) | Tops | Roots|Total Tops |Rocts Total
0 332 | 254 | 586 w3 | 606 | 1049
3 298 | 264 | 562 IWNS 679 | 1125
6 1931 249 | 442 348 784 | 1132
9 206 | 199 | LO5 248 124 372
N UPTAKE (mg./pot)
[ i
0 6.9 2.8 9 8.4 | 5.1 13.5
5 1.91 1.9 3 5.3 L.3 9.5
6 1.1 1 01 2 3-1 5.8 809
9 1.0 1.7 2 2.0 1.0 3.0
P05 UPTAKE (mgz./pot)
0 8.5 1.0 9 4.8 10.2 15.0
3 600 009 6 300 8.24- 11ll|-
6 5.0} 0.9 6 141 8.0 9.4
9 3.7 0.7 & 1.2 | 1.9 3.1
K0 UPTAKE (mg./pot)
0 13.3| 2.6 15 T 2201 | 2.9 25.0
3 9.71 3.9 13 16.1 8.9 | 25.1
6 6.0 1.81 7 3.8 7.0 | 10.8
9 6.8 3.9' 10 8.9 0.9 9.8
L.S.D. for Yields |Nitrogen |Phosphorus fotassfm;
at5%|at1%] at5h| atiflatshlat1? ht5%|atl1R
Tops and Roots 214 1295 | 1.7 (2.3 2.0 |2.7 [2.2 [3.0
Total(Tops+Roots)| 219 {307 | 2.9 |42 |2.9 {42 19 (7.1
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There were no significant differences in the dry-~
matter yields between rice tops and roots and between the |
different times of moist storage when the soil was maintained
at “upland" moisture level. When, however, the soil was water-
logged prior to and during cropping, dry-matter yields were
dgCreased only when the soil was stored for 9 weeks prior to
cropping compaied with other times of storage.

Dry-matter yields of rice roots and of whole seedlings
were significartly higher when the soil was water-logged than
when maintained at "upland" moisture 1evel.' Under water-logging,
dry-matter yields of roots were significantly higher than those
of tops, except when the soil was stored for 9 weeks priox to
cropping where root and top dry-matter yields were similar.

‘Nitrogen uptake.

The nitrogen uptake is shown as part of Table 42 and
in Fig. 58.

When the soil was maintained at "upland" moisture level
prior to, and during cropping, nitrogen uptake by tops and whole
seedlings increased for O week storage compared with all other
times of storage for which nitrogen uptake was similar,

Nitrogen uptake by the roots was however, higher for 0 weeks
than for only 6 weeks. The differences in nitrogen uptake
- between the tops and roots were éignificant only for O week
storage, uptake by the tops being higher than uptake by the

roots.
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When the soil was water_logeed prior to and during
cropping, the nitrogen uptake by the tops decreased with
increasing time of storage and that by the roots and the whole
plants decreased with increasing time of storage from O week to
3 weeks, remained constant to 6 weeks and then decreased with a
further increase in time of storage to 9 weeks. Differences in
the nitrogen uptake between the tops and roots were significant
only at O week and 6 weeks, uptake by the tops being higher than
those by the roots.

Nitrogen uptake by the tops, roots and whole seedlings
were higher when the soil was water-logged than when maintained
at "upland" moisture level, except when it was stored for 9 weeks
prior to cropping, when nitrogen uptake was similar at both

moisture regimes.

Phosphorus uptake.

The phosphorus uptake is shown as part of Table 42 and
in Fig. 59.

When the soil was maintained at "upland" moisture level

prior to and during cropping the phosphorus uptake by the tops and
whole seedlings increased when storage was for O week compared
with other timeé of storage, was constant for 3 and 6 weeks
storage and was lower for 9 weeks than for 6 weeks storage.

There were no significant differences in phosphorus uptake by

the roots between the different times of storage, and for each
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time, the phosphorus uptake by the roots was lower than thaf
by the tops.

When the soil was water-logged prior to and during

cropping, phosphorus uptake by the tops was simiiar for 0 week
and 3 weeks storage but was lower for ¢ weeks and 9 weeks storage
than for 0O week storage. The phosphorus uptake by the roots was
higher for O weeks than for 6 weeks storage, and was lower for

9 weeks fhan for all other times: There were no significant
differences in phosphorus uptake by the roots betwsen O week and
3 weeks and between 3 weeks and 6 weeks. For 9 weeks storage
phosphorus uptake by the tops and the roots was similar, but for
all other times of storage, phosphorus uptake by the roots was
higher than that by the tops. The phosphorus uptake by the
whole seedlings however, increased with decreasing time of
storage.

While the phosphorus uptake by thevtOps was higher
under “upland" moisture level than under water-logging, the
phosphorus uptake by the roots was higher under water-logging
than under "upland" moisture level. The uptake of phosphorus
by the whole seedlings was however higher under water-logging
- than under "upland" moisture level, except for 9 weeks storage

where it was similar at the two moisture regimes.

Potagsgium uptake.

The potassium uptake is shown as part of Table L2

and in Fig. 60.
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The pofassium uptake by the tops when "upland"
moistgre level was maintained decreased with increasing time
of storage from O week to 6 weeks and remained constant to 9
weeks whilst the potassium uptake by the roots was similar for
\all times of storage and was always lower than the uptake by the
tops. |

When the soil was water-logged, the potassium uptake

by the tops decreased with increasing time of storage from O
week to 6 weeks and increased to 9 weeks. Under the same
conditions the potassium uptake by the roots increased with
increasing time of storage from O week to 3 weeks, remained
constant to 6 weeks and decreased to 9 weeks.

The uptake of potassium by the whole seedlings was
similar fcr O week and 3 weeks storage and decreased to similar
levels for 6 weeks and 9 weeks storage, whether 'upland"
moisture level or water-logging was maintained.

- Whole seedlings took up more potassium under water-
logging than under "upland" moisture level. Potassium uptake
by the tops was higher for O week and 3 weeks storage and lower
for 6 weeks storage under water-logging than under "upland"
moisture level and was similar under both moisture levels for
9 weeks storage. The uptake by the roots, on the other hand,
was higher for 3 weeks and 6 weeks storage and lower for
9 weeks under water-logging than under “upland” moisture level

and was similar under both moisture levels for O week storage.
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Thus, generally, the dry-matter yields and nutrient
uptake by the whole seedlings increased wifh decreasing time of
storage prior to cfopping and were higher under water-logging
than under “upland" moisture level except for 9 weeks storage where

they were similar under both moisture regimes.

(1i) Discussion.

The better performance (higher dry-matter yields and
nutrient uptake) of rice secdlings under water-logging than under
"upland" moisture level agrees with the result obtained earlier
in Section (A) of the present chapter and by several workers
including Shapiro (1958) and Vlamié,and Davis (194l).

The generally improving performance of the whole rice
seedlings with decreasing time of storage prior to cropping under
"upland" moisture conditions may be due to the leaching of nutrients

from the top few inches of the so0il in the pot to the lower layers.
This may be important.since water was being added in small amounts
on the surface of the soil during storage to maintain the moisture
regime and the longer this water addition lasted prior to
cropping the more the nutrient was leached. The whole leaching
process was probably accentuated by the fact that the soil was
diluted with sand which increased its porosity.

This leaching process was not likely to be important
under water-logged conditions since water was standing 5 cm. above

the soil surface and Greene (1960) indicated that nutrients were
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distributed between the soil and supernatant water in rice fields.
The improvement in the performance of rice seedlings with
decreasing time of water—logged storage must be connecfed with
the degree of reduction in the soil.

While it has been suggested in Section (A) of the
present chapter that the degree of reduction or anaerobiosis
under a growing rice crop produced by increasing heights of water
of submergence may stimulate increased performance of the crop, the
degree of reduction or anaerobiosis prior to cropping as indicated
by the development of algae (Brizi (190A)) may have different
effects on the crop. Alberda (1953) showed that rice plants
were oxidative from the seedling stage to the end of the period of
tillering after which they became reducing. He also found that
the introduction of seedlings into reduced media ameliorated the
reduced condition. In the present study, the chances of seven
seedlings adequately ameliorating the reduced conditions in the
300 g. soil were probably slim. Thus with increasing degree of
reduction due to increasing time of water-logged storage the
extent of amelioration by the seedlings probably decreased and
8o did the performance of the seedlings.

It was also possible that the establishment of the
seedlings was hampered by the toxic effects of reduction products
such as HZS and manganous ions and this effect increased with

increasing degree of reduction.
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These limiting effects of the degree of reduction
on the performance of the seedlings secemed extremely important
when the soil was water-logged for 9 weeks prior to cropping,
with the result that they suppressed the advantageous effect of
water-logging compared with "upland" moisture condifions.

The dry-matter yields of the roots under water-
logging was higher than those of the tops and higher than those
of the roots under "upland" moisture level when the soil was
stored no longer than 6 weeks before cropping. Similar differences
in dry-matter yields were obtained in Section (A) for soil 2 but
not for soil 1 which has been used here. It was supposed that
the increased general nutrient level of the original soil or
water-logging (Kapp (1934)) might have stimulated increased
relative growth of roots. - It would, however, seem that while
vthis may be true, the increased relativé root growth was a -
response to reduced conditions by which the adaptation mechanisms ’
for combating limited oxygen supplies were increased (the more
root development there was, the more aerenchymatous tissue would
be present). The eventual better performance of rice plants under
water~logging than under "upland' conditions may lie in this

initial excessive root development.
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Nutrient % in the seedlings.

(i) Results.

The nitrogen % of rice seedlings (tops, roots and

whole seedlings) when grown in the soil maintained at "upland
moisture level or at water-logging prior to and during cropping
is shown as part of Table 43 and in Fig. 61.

Generally, the nitrogen % of all parts of the plants
decreased with increasing length of storage under both moisture
levels from O week to 3 weeks and remained more or less constant
with a further increase in the time of storage. The nitrogen %
of the roots was not different from that of tops except for O
week storage under "upland'" moisture level and for O week and
3 weeks storage under water-logging where the nitrogen % of the
tops was higher than that of the roots. The nitrogen % of the
roots was similar under both moisture levels whilst that of the
tops was higher, only for 3 weeks, under water-logging than under
"upland" moisture level. For the nitrogen % of the whole seed-
lings, the reverse was the case but only for 0 week storage.

The phosphorus %, is shown as part of Table 43 and in

Fig. 62,

The phosphorus % of the tops under'"upland' moisgture

Llevel decreased with increasing time of storage from O week to
3 weeks, increased to 6 weeks and then decreased to 9 weeks,
whilst that of the roots and of the whole seedlings was similar
for all periods of storage. The phosphorus % of the root was

lower than that of the tops.
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Percentage content of nitrogen, phosphorus and potassium in rice
seedlings grown in soil 1 which had been kept at two moisture
levels for different lengths of time before cropping.

NITROGEN %
Moisture levels
Length
of time 50% mawehece Water-logged
(vics. ) Tops| Roots|Whole seedlings [Tops |Roots | Whole seedlings
0 2,09 1.09 1.66 1.91 0.87 1.31
3 0.53] O.71 0.67 1418 | 0.63 0.85
6 0.591 Qeb5 0+50 0.86 | 0.74 0.78
9 0-49 0085 0-65 0076 0185 0'80
P205% |
0 2.55] 0.39 1.64 1.06{ 1.75 143
3 1.991 Cu34 1.22 0.68 1.2 1.02
6 2.61 0.36 1.35 0.30 1.03 0.80
9 1.781 0.36 1.08 0.45 1.56 0.82
qu%
0 402 1,06 2.75 5.01 0.48 242
3 3.2 1.47 2.4 3.61 1632 223
6 3.16] O.74 179 1.06 1 0,96 0.99
9 3.05 1.98 «52 3.50 | 0.66 2,55
LeS.Ds for . 7 9205% KZO%
at 5% [ot 14 [at 6k |ot 1% at 54 ot %
Tops and Roots | 0.46 | 0.58] 0.571 0.79| 0.54 | 0.74
Whole seedlings| 0.31 | Ou46] 0u34| 0.49} 0.52| 0,91
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Under water-logging, the phosphorus % of the tops and

of the whole seedlings decreased generally with increasing time
of storage to similar levels for 6 weeks and 9 weeks storage.
That of the roots was lowest for 6 weeks storage and was higher
than that of the tops.

The phosphorus % of the tops was lower whilst that
of the roots was higher under water-logging than under "upland"
moisture level, but that of the whole seedlings was similar under
both moisture levels.

The potassium %, is shown as part of Table 43 and in
Fig. 63.

Under "upland" moisture level, the potassium % of the

tops decreased with increasing time of storage from O week to

3 weeks and remained constant with a further increase in time of
storage to 9 weeks. The only significant decrease in the
potassium % of the roots and of the whole seedlings was for 6
weeks storage when the potassium % of the roots was lower than
that of the tops.

Under water-logging, the potassium % of the tops was

higher for O week storage than for all other times of storage
for which a decrease in potassium % occurred only at 6 weeks.
A similar decrease at 6 weeks storage also occurred in the
potassium % of the whole seedlings whilst the potassium % of
the roots first increased with increasing time of storage

from O week to 3 .weeks and then generally decreased to 9



weeks storage. The potassium % of the roots was lower than
that of the tops, and that of the whole seedlings under water-
logging was similar to that under '"upland" moisture level except

for 6 weeks storage when the former was'lower than the latter.

(ii) Discussion.

The general decrease in the nutrient content of the
whole seedlings with increasing time of storage prior to
cropping could not be due to dilution since in fact dry—métter
vields tended to increase in the opposite direction. It must
therefore be connected with the availability of nutrients, and
the ability of the seedlings to take up the nutrients.

The first idea may apply to the "upland" moisture
condition where due to the leaching of nutrients from the top
layers of the soil in the pot to the lower layers, nutrient
availability was diminished in the vicinity of the young roots
for the short time they grew (ﬁ weeks) .

‘ The second idea may apply to the water-logged con-~
dition where due to increased degree of reduction in the soil,
the metabolic activity of the seedlihgs were probably reduced
and thus reduced the nutrient content.

It may also be argued that since the soil was kept
air-dry for different lengths of time before the moist storage
treatments were given, these different periods of soil drying

might have some effects on nutrient availability. Birch (1958),
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(1959) and (1960) has shown that the length of air-dry storage
prior to wetting increased nitrogen mineralization.

The general similarity in nitrogen and in potassium
contents of the tops under "upland" moisture and water-logged
conditions might be'due to the ease with which these nutrients
were translocated from the roots to the tops. This was con-
firmed by the lower content of these nutrients in the roots than
in the tops.

In the case of phosphorus %, however, phosphorus was
translocated easily to the tops from the roots under the "upland"
moisture condition, whilst it was largely retained in the roots
under the water-logged condition. This was probably due to the
fact which has been discussed before that under Water—logging,
iron and phosphorus were mobilized and both elements reacted in
the roots (Ohira (1955) and Foster and Russell (1958)) or on:
the outer wall of the roots (Greene (1960)) as ferrous iron was
oxidized to ferric by thé oxygen supplied through root

aerenchyma.
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General Conclusions.

In the present chapter (A) under different heights
(O;5cm.) of water of submergence in soil 1 and soil 2 and (B)
under "upland" (50% m.w.h.c.) moisture and water-logged (5 cm. of
water) conditions in soil 1 maintained for 0, 3, 6 and 9 weeks
prior to cropping and the same moisture regimes maintained during
cropping, the dry-matter yields and the uptake of nitrogen,
phosphérus and potassium by rice plants grown in pots were
studied. The pefcentage content of the nutrients in the plant

tissues was also determined.

1. . The dry-matter yields and the uptake of the nutrients
by rice plants increased with increasing height of water of
submergence. This was presumably due to increased degree of
reduction in the soil which transformed the nutrients to forms

best utilized by rice.

2. The dry-matter yields and the uptake of the nutrients
by rice seedlings increased with decreasing'time of wet main-
tenance prior to cropping. Leaching under "upland'" moisture
condition and detrimental effects of the degree of reduction prior
to cropping on the plant metabolism under water-logging were

suggested.

3. Water-logging improved total dry-matter yields and
the nutrient uptake compared with "upland” moisture condition

but most of the improvement was through yields and nutrient
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uptake by the roots. The relative increase in the root
contribution to total performance was presumably thought to be
a growth response to anaerobic conditions to combat oxygen

deficilency.

b Generally, with increasing height of water of

submergence and at water-logging compared with "upland" moisture
‘regime, the phosphorus uptake by and content of, ihe roots increased
This was thought to be due to the precipitation of iron and
phosphorus inside and outside the root as mobilized ferrous ipon

was oxidized to ferric with oxygen supplied by the roots.

5 Thus it might be concludeé that water-logging soils
under rice would improve the crop performance even when there
were no weeds 1o contrql. This effect of water-logging was
much more pronounced when the height of water of submergence was

5 cm. than when it was less.

6. The results observed indicate that it might not be
advisable to water-log the soil for tco long a time before

transplanting the rice.sszedlings.



CHAPTER VIII

THE EFFECT OF LENGTH OF PERIOD OF AIR-DRY STORAGE OF
SOILS PRIOR TO (A) WETTING AND INCUBATION ON CARBON
AND NITROGEN MINERALIZATION AND (B) CROPPING ON THE
PEEFORMANCE OF RYE-GRASS
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Introduction.

Before 1920, much work was done on the effects of
heating and drying of soils on their nutrient status. The
drying or heating temperatures were usually higher than those
which might be expeqted under natural field conditions. The
results obtained under such abnormal conditions could not con-
fidently be related to actual field observations.

More recently, studies of the effect of air-drying
soils prior to wetting (a condition which obtains Seasonally or
periodically under natural field conditions) on the subsequent
organic matter decomposition and nutrient status have become
important. All these studies were done by wetting the soils to
about field capacity moisture regime and most of them in in-
cubation experimen¥s. Results generally showed that.air-drying
prior to wetting increased organic matter decomposition compared
with no drying , anA that this effect was accentuated by increasing
the time of air-dry storage of the soils. The effects of air-

dry storage prior to water-logging on soil nutrient metabolism

have not been studied up to date; neither have the effects of air-
dry storage of soils prior to cropping on the performance of crops
been widely studied.

In the present chapter of this wdrk, (A) carbon and
nitrogen mineralization is studied in five soils of different
organig carbon and nitrogen contents which were incubated at
"upland" moisture level or water-logging after air-dry storage

for different lengths of time and (B) the effects of air-dry
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storage of three soils for different lengths of time prior to

cropping on the performance of rye-grass plants are studied.

(A) The effect of length of period of air-dry storage of soils

prior to wetting and incubation on carbon and nitrogen
mineralization.

Materials.

Soils 3, L, 5, 6 and 1 (decreasing order of organic
carbon content) whose characteristics are shown in Table L and in
Fig. 1, 3, hnd 4 (Chapter II) were used. They were sampled from
the top 6", air-dried and ground to pass a 2 mm. sieve.

Experimental method.

10 g. samples of the soils were weighed into test-tubes
(6" x 1" internal diameter) and were brought to 50% of the
meximum water-holding capacity. A suspension of barium peroxide
contained in a glass vial was placed in each tube and all the tubes
were incubated for 2 weeks at 2880¢ This preliminary incubation
was done to eliminate the effect of the different air-dry storage
periods of the different soils since sampling.

After the preliminary incubation four samples of each
soil were taken, one duplicate was left at 50% of the maximum
water-holding capscity and the other duplicate was water-logged
(133% m.w.h.c.){ " These represented no drying or O week air-
dry storage. Thé other samples of each soil were air-dried in

a greenhouse (30-35°C).
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After every three weeks up to twelve weeks, four
" samples of each soil were taken, one duplicated brought to 50%
m.ﬁ.hac. and the other duplicate water-logged. Thus ofter 0,3,6,
9, and 12 weeks air-dry storage the soil samples were brought to
50% miw.h.c. or to water-logging, a suspension of barium peroxide
in a glass vial was placed in each test-tube for carbon dioxide
determination, and all samples were incubated at 28°¢ for 3 weeks.
Mineralized carbon and nitrogen were then determined.

(N.B. All increases and decreases in carbon and
nitrogen mineralization mentioned in the following results and

discussion are significant at 5% level).

(1) Results.

Carbon mineralization.

The carbon dinxide (mg. COz/lO g. soil basis) evolved
when the different soils were wetted and incubated after different
periods of air-dry storage is shown in Table 44 and in Fig. 6L,

For all soils and periods of air-dry storage prior to
wetting, carbon dioxide evolution was significantly higher when
incubation was done at 50% m.w.h.c. than at water-logging.

For soil 1 with organic carbon content of 1.32%,
during incubation at both moisture levels, carbon dioxide
evolution was very similar for all periods of air-dry storage
except for a slight increase at water-logging for 3 weeks air-

dry storage compared with the other periods.



299...

TABLE L.

Mineralization of carbon (mg.C0,/10g: soil) in soils wetted
and incubated for 3 weeks after different periods of air-

dry storage.

carbon content).

(Soils arranged in decreasing order of organic

Soil| Total N| Moisture level Period of air-dry storage (weeks)
y during
incubation 0 3 6 9 12
3 13,90 .
' 50/ mew.hece 48.7 | 50.6 | 56.1 77:0 | 100.1
Water-logging 8.7 | 4.7 19.7 301 45.1
L 7.00
502 m.w.h.c. 15 | 17.3 20.0 26.0 | 40.7
Water-logging 5.1 7.0 8.8 8.8 9.9
5 3,90
50% MeW.heCo 1208 11}-.0 111..5 1605 20-9
Y‘."a‘ber-logging 1}--0 : 8.8 6.6 1006 13-0
6 2,93
50/ m.w.h.c. 11.0 | 12.7 12,9 15.2 16.5
Water-logging 4.0 5.5 6.7 7.9 8.8
1 1.32
507 mewshecs 9.2 9.2 9.5 9.2 9.2
Water-logging 3.7 5.7 4.8 bely Loly
LeSeDe = 1,3 at 5% and 1.7 at 1% levels.
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For all the other soils the significance of the
differences in carbon dioxide evolution for the different periods
of air-dry storage may be summarized as follows: where weeks air-
dry storage represent the respective values of carbon dioxide
evolution in descending order of magnitudes and all figures above
the same horizontal line are not significantly different from

each other but are significantly different from all others.

For soil 3 at 50% m.w.h.c.: 12, 9, 6, 3, O
For soil 4 at " " 12, 9, 6, %, 0
For scil 5 at oo 12, 9, 6. %, O
For soil 6 at " " -2, 9, 6, 3, 0

For soil 3 at water-logging: 2, 9, 6, 3, 0

For soil 4 at ¢+ * " —2, 9, K, 3, 0
For soil 5 at noo " ...;23_2!._.1’__6..:..9
For soil 6 at ® w ¢ =2, 9, 5, 3, 0

Sr——

For soils with 2.93% or more of organic oarboh, carbon
dioxide evolution increased with Increasing time of air-dry storage
prior to wetting whether the soil was incuhated at "upland
moisture level or at water-logging.

Carbon dioxide evolutior for all jeriods of air-dry
storage also increased generally wish increaszing organic carbon
content, especially when the subsequent incubation was done at

"upland" moisture level.
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Nitrogen mineralization.

The total nitrogen mineralized (NHLL-N + NOB-\T) in the
soils stored air-dry for different periods prior to wetting and
incubation is shown in Table 45 and in Fig. 67.

For =cils 3, 4, 6 and 1, more nitrogen was mineralized
at 50% m.w.h.c. than at water-logging subsequent to air-dry
storage. For soil 5, however, the reverse was the case except
for 3 and 12 weeks storage, where the differences in nitrogen
mineralization at the two moisture levels were non-significant.

At 50% m.w.hec. the nitrogen mineralization increased
with increasing time of air-dry storage for 2ll soils except soil
5 where increases were non_significént until 12 weeks air-dry
storage.

At water-logging, the significance of the differences

in nitrogen mineralization m2y be summarised as follows: where
the periods of air-dry storage represent the'respective values

of nitrogen mineralization in descending order of magnitudes.

Soil 3: 12, 9, 6, 3, 0
Soil L: 12, 9, 3, 6, 0
Soil 5: 12, 9, 6., 0, 3
Soil 6: 12, 9, 6, 0, 3
Soil 1: 12, 9, 0, 6, 3
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TABLE 45.

Mineralization of nitrogen (p.p.m. soil basis) in soils
wetted and incubated for 3 weeks after different periods
of air-dry storage.

Soil( Total N | Moisture level | Period of air-dry storage (weeks)
during
incubation 0 3 6 9 19
3 2.27
50% mewshece 994.0 |1288.0 |1552.0 |2156.0 |2380.0
Water-logging | 950.0 [1218.0 {1596.0 {1722.0 [1852.0
L 1.01
50% m-Woho Ce 21]-3-5 317.8 450-0 521.0 588.0
Water-logging 73.5 | 159.5 | 156.8 | 165.0 | 189.0
5 | 0.50
50% maWeheCo 125.3 | 126.0 | 129.5 { 134.0 | 175.0
Water-logging | 156.3 | 116.2 | 151.9 | 173.0 | 184.0
6 0.33
50% mewsheCe 125.0| 149.0 | 161.0 | 168.,0 | 175.0
Water-logging 28.0 0.0 40.0 45.5 48.0
1 6.14
507 mewoh.cCe 7l Thok 93.0 | 103.6 | 127.0
T"Vra.":veI‘-:l.oE",{'?'_Jin.g 30 . 8 O OO 23 » 8 38 . 5 60 'O

LeSuDe = 11.3 at 5% and 15.1 at 1% levels.
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At 50% m.w.h.c. nitrogen mineralization for 3, 6, and

9 weeks air-dry storage increased with increasing total nitrogen
content from 0.14% (soil 1) to 0.33% (soil 6), decreased to 0.50%
(soil 5) and then increasedeith a further increase in nitrogen
content to 2.27% (soil 3). For O and 12 weeks, a similar trend
in nitrogen mineralization was observed except that it was éimilar
for 0.33% (soil 6) and 0.50% (soil 5).

| At water-logging, the significance of the differences
in nitrogen mineralization between the different total nitrogen
contents (soils) may be summarized as follows where the percentage
reprcsents the total nitrogen content and the figure in parenthesis

represents the soil.

0 week air-dry storage: 2.27%(3), 0.50%(5), 1.01%(L), O.lu(l). 0.33%(6
3 weeks M o 32,27(3), 1.01%(L), 0.50%(5), 0.33%(6), 0.1L%(1)
6 weeks " " :2.27%(3), L.B1(L), 0.50%(5), Q.33%(6), Q.UH1)
9 weeks " "o 32,27%(3), 0.50%(5), 1.01%(L), 0.33%(6), 0.14%(1)

12 weeks Mo 12.27%(3), 1.01%(L), 0.5@®5), Q. UK1), 0.33%(6)

Thus there was a general tendency for nitrogen mineralization
during wetting and incubation of soils to increase with increasing
time of air-dry storage prior to wetting and with increasing total
nitrogen content of the soils except for soil 5 (total N = 0.50%)

for which this general tendency was broken.
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(ii) Discussion.

| The general'tendency for carbon and nitrogen mineral-
ization to be higher when the soil was incubated at 50% :1.w.h.c.
“han at water-logging agrees with the results obtained in the
previous chapters of this work. At the aerobic moisture level
of 50% n.wehecCo, conditions were at about optimum for organic
matter decomposition whilst at water-logging anaerobic con-
ditions slowed down organic matter decomposition and might have
stimulated nitrogen loss through ammonia volatization or de-
nitrification {Bremner and Shaw (1958)).

Generally, the carbon and nitrogen mineralization
increased with increasing period of air-dry storage prior to
wetting and incubation. The importance of the effect of the
period of air-dry storage on carbon mineralization during sub-
sequent incubation at 50% :.1.h.c. was shown by the regression
line in Fig. 65 of the logarithm of the increase (mean for the
five soils) in €O, evolution due to air-dry storage compared
with no drying on the period of air-dry storage. The regression
equation was Log Y = 0.13x - 0.26 (r = 0.999 significant at
0.1% level). This indicated that with a given increase in
the period of air-dry storage prior to incubation there was a
more than proportionate increase in carbon mineralization
during incubation.

Birch (1960), however, obtained a less than
proportionate increase in carbon mineralization with a

proportionate increase in the period of air-dry storage.
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Since, however, the increase in organic matter decomposition

on subsequent incubation due to air-dry storage compared with

no drying was supposed by Birch (1960), Cooke and Cunningham
(1958) and several others, to be due to the effect of partial
sterilization of the soil and to an increase in the surface area
of the organic gel composed of a labile fraction of the soil
organic matter, during air-dry storage, it must be imagined that
these effects increased with increasing period of air-dry storage.

As microbial populastions increased more than proportionat
1y compared with time when optimum conditions were provided after
a spell of adverse conditions and as the ratio of the surface area
‘to mass increased rapidly as particles became smaller, the more
than proportionate increase in carbon mineralization with the
proportionate increase in the period of air-dry storage observed
in this study might be justified.

From the regression line (Fig., 65) and equation, by
extrapolation (if this is justified) and calculation, it would be
found that for carbon mineralization to increase by 1 mg. 002/10 e
soil compared with no drying, the soils must be stored air-dry for -
~at least 2 weeks prior to incubation.

The regression line of the increase during incubation
in mineral nitrogen (mean of the five soils) due to air-drying
compared with no drying of soils on the logarithm of the period
of air-dry storage prior to incubation is shown in Fig. 68 and
the regression equation was Y = 501l.1llog.x — 17L.6«(r = 0.987,

significant at 2% level).
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Unlike the increase in carbon mineralization, there
was a less than proportionate increase in nitrogen mineralization
compared with the increase in the period of air-dry storage prior
to incubation. The difference between carbon and nitrogen
mineralization relationships with the period of air-dry storage
prior %o incubation must be due to the fact that whilst CO2 derived
from carbon mineralization was evolved from the soil system,
mineral nitrogen derived from nitrogen mihiralization was retained
in the system or immobilized by micro-organisms. Thﬁs whilst the
carbon metabolic process moved continuously to the right of the

equation

Micro~- co

Organic G + Oy Grganigms 02’

nitrogen metabolic process tended towards an equilibrium thus:

: Micro- - 4 WO =7

lBy extrapolation and calculation it was found that the
number of weeks for which the soils must be stored air-dry prior
to incubation before any increase in mineral nitrogen compared
with no drying, can be obtained was 2.3 weeks, 0.3 week longer
than the minimum period for increase in carbon mineralization.
This indicated that for this difference in the periods of air-

dry storage carbon mineralization proceeded without nitrogen

mineralization. A similar result has been obtained by Birch
(1960) 2nd may be due to the fact thet nitrogen immobilization

was greater than mineralization.
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The regression line of the increaSe in 002 evolution
(mean of periods of storage) during incubation at 50% m.w.h.c. due
to air~drying compared with no drying of the soils on the per-
centage carbon of the soils is shown in Fig. 66. The regression
equation was ¥ = 1.75x - 2.00 (r = 0.996, significant at 1% le#el).
It was therefore evident that the soil carbon content was a very
important factor in determining the amount of extra carbon dioxide
evolved as a result of air-dryihg prior to incubation. A
similar resul’ was obtained by Birch (1958).

The lowest carbon content beluw which no increase in
carbon mineralization would occur during incubation after air-
dry storage was about 1l.35%. It seemed that when the organic
carbon content of the soil was 1.35% or below, the organic gel
fraction of the organic matter which Birch (1960) sup.osed was
affected by air-dry storage might be so small that air-dry
storage even for a long period produced no extra surface area
compared with no drying. Thus it was observed that in soil 1
having an organic carbon c;ntent of 1.32%, there was no increase
in carbon mineralization as a result of drying.

The relation between the increase in nitrogen
mineralization (mean of periods of storage) caused by air-
drying compared to no drying and the total nitrogen content
of the soils was not as regular as that between increase in
carbon mineralization and the total organic carbecn content

of the soils. The former relationship is shown in Fig. 69,
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and while there were jncreases in nitrogen mineralization as a

© result of air-dry storage of all soils, these increases remained
more or less constant for soils 1, 6 and 5 and then iacreased with
increasing total nitrogen content. This trend has been influenced
by the general lack of increase in nitrogen mineralization with

. increasing period of air-dry sccrage in soil 5 until 12 weeks
storage.

When however other characteristics of the soils
(3, 4, 5, 5 and 1) such as pH were considered, it was seen that
80il 5 had a pH of L.E8. It seemed that this low pH excerted an
influence on nitrogen mineralization which overshadowed the
influence of air-dry storage. It might also explain why it was
in this particular soil 5 that nitrogen mineralization was
generally higher under water_logging than at 50% m.w.h.c. during
incubation after the different petiods of air-dry storage. A
similar result was obtained in chapter IV of this work in which
mineralizetion of nitrogen was higher at water-logging than at
50% m.w.h.c. only when the soil pH was as low as L.72.

Birch (1958) obtained a regular increase in the extra
organic matter decomposition produced as a result of air-dry
storage with increasing soil organic matter content despite
differences in so0il pH or type. The results for carbon
mineralization versus total organic carbon of the soil obtained
in this study agreed with this but the results for nitrogen

mineralization versus total nitrogen of the soil did not.
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This was understandable since micro~organisms decomposing organic
carbon are of many types, e.g. fungi, actinomycetes and bacteria
and are actiﬁe at various soil pH levels, whilst nitrifying
bacteria are especially sensitive to soil pH (Waksman (1952)).

Furthermore, a definite minimum organic carbon content
of the soils for increasing carbon mineralization at 50% m.w.h.c.
due to previous air-drying was obtained at 1.35%, thus justifying
the similarity in carbon mineralization in soil 1 (%C = 1.32) for
all periods of air-dry storage. No such threshhold value of
total N was cbtained for nitrogen mineralization. This might be
due to the fact that the organic gel fraction of the soil organic
matter, which was the part affected by air-drying, was very
nitrogenous (Birch (1960)). Thus, even when this fractioh was
too small and so prevented increases in carbon mineralization,
there was enough cxganic nitrogen to ensure increased nitrogen
mineralization on wetting after the soil was air-dried.

The regrescion lineé and equations discussed above
related mainlv to the soils incubated at 50% m.w.h.c. after air-
dry storage. Since there was a general tendency for ¢arbon and
nitrogen mineralization during incubation to increése with
ir.creasing period of air-dry stcrage prior to water-logging,
partial sterilization and increased surface area of the organic
gel fraction of the soil organic matter due to the air-dry
storage must also be operating under water-logging although

in a less marked manner than at 50% m.w.h.c.
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It must, however, be noted that for soils 1, 6, and
5, under water-logging, there was 2 decrease in nitrogen
mineralization for 3 weeks storage compared with O week and 6
weeks storage. This decrease might correspond to a lag in
mineral nitrogen accumulation since under water-logging many
factors such as denitrification and ammonia volatilization
(Wahhab et. al. (1957)) as well as microbial immobilization, were
operating to keep down the value of mineral nitrogen accumulated
from organic matter decomposition. Air-dry storage of the soil
for only three weeks prior to water-logging might well increase
denitrification and nitrogen immobilization after Watér-logging by
increasing microbial numbers through its partial sterilization
effect to an extent greater than the increase in nitrogen
mineralization resulting from its effect on the surface area of
the nitrogenous organic gel fraction of the soil organic matter.
It seemed that air-dry storage of the soils for more than three
weeks prior to water-logging shifted the balance in favour of
nitrogen accumulation. This hypothesis is strengthened by the

fact that it did not apply to soils 3 and L where total nitrogen

| content was comparatively high and mineral nitrogen accumulation
thus increased continuously with increasing period of air-dry
storage prior to water—iogging.

The difference in nitrogen accumulation between
50% m.w.h.c., and water-logging was greatest for soil 4 which

was very calcareous and had a pH of 7.62. This might be due
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to the fact that under water-logging a lot of mineralized
nitrogen must have been lost through ammonia volatilization
(Wahhab et. al. (1957)). It was also possible that ;ater—
logging further increased the soil pH (Kapp (1933)) to a level
detrimental to microbial activity especially as carbon
mineralization was as low as for soil 5, which had a much lower
carbon content than soil L., Conversely, the exceptionally low
carbon dioxide evolution from water-logged soil 4 might be due

to the fact that carbon dioxide produced was retained in the soil
by reacting with calcium carbonate to form bicarbonate thus:

CaCO3~ + €0, + H,0 = Ca(HCOB)Z.

(B) The effect of length of period of air-dry storage of

soils prior to cropping on the performance of rye—grass.

Materials.

Soils 7, 8, and 9, whose characteristics are shown

in Table 4 and Fig. 5 (Chapter II) were used. They were sampled

from top 6", air-dried and ground to pass a 2 mm. sieve.

Experimental method.

The experiment was designed in such a way as to grow
the rye-grass at the séme time in all pots which had received
differential drying period treatments.

The air-dry soils were mixed with acid-washed silver
sand in the ratio of 1 : 3 soil : sand and 300 g. lots of the

s0il/sand mixture (hereafter referred to as !'the soil') were
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weighed into 0.3 litre plastic pots whose drainage holes were
covered with glass cloth. 1 weeks before the cropping, duplicate
pots for each soil were brought to 5C% m.w.h.c. and maintained

by weighing and appropriate watering for two weeks. They were
then air-dried and stored in the greenhouse to give 12 weeks alr-
dry storage before cropping. In the same way, 10 weeks, 6 weeks
and 2 weeks before cropping, duplicate pots of each soil were
wetted for two weeks and air-dried to give 8, L4 and O weeks air-
dry storage before cropping.

Just before cropping, the soil in each pot was poured
out and thoroughly mixed to ensure uniformity in the content of
nutrienfs which might have been washed to the bottom layers in the
pot during the watering before drying.

The two weeks watering period before drying was intended
to eliminate the effect of the drying since the soils were taken
from the field. To reduce the differences in nutrient metabolism
due to the difference in the period of drying since the soll was
taken from the field till the two weeks watering, the soils were
left air-gry for about 50 weeks after removal from the field.

It was supposed that since the effect of period of air-dry

storage tended to level out when the storage was for a long time,
the differences in nitrogen mineralization between air-dry storage
for 50 weeks and for 62 weeks before the two weeks wetting

would be small, (i.e. the difference in nitrogen mineralization
during the two weeks wetting before 12 weeks drying and before

0 week drying would be small).
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Thus after mixiﬁg the soil was put back in each pot
and 0.25 g. of rye-grass seed was sown in each pot and the pots
containing dry soils were placed in a tub of water until the
soils were well soaked. A1l ﬁots were left on the bench in the
greenhouse and the moisture levels maintained at 50% m.w.h.c. by
weighing and appropriate additions of water until the seedlings
were eighteen days old.

The tops were cut and the soil washed off the roots,
roots and tops were dried in a steam oven for 24 hours and weighed.
They were ground in a mill and the total nitrogen, phosphorus and
potassium uptake determined by the salicylic acid modification of

the wet digestion method.

Results.

The dry-matter yields and nut?ient uptake by rye-grass
grown in soils stored air-dry for different periods prior to
cropping are shown in Table L5 and in Fig. 70 (Dry-matter yields),
Fig. 71 (Nitrogen uptake), Fig. 72 (Phosphorus uptake) and Fig. 73
(Potassium uptake).

For soil 7, there were no significant differences at
5% level in dry-matter yields or in nitrogen, phosphorus and
potassium uptake between the different periods of air-dry storage
(0-12 weeks) prior to cropping.

For éoil 8, dry-matter yields and the uptake of the
three nutrients, significantly (5% level} decreased with

increasing period of air-dry storage prior to cropping from



TABLE 46.

Dry-matter yields (mg./pot

by rye-grass

(tops +

rootsg

and nutrient uptake (p.p.m. soil)
grown for 3 weeks in soils stored
air-dry for different periods prior to cropping.

DRY-MATTER YIELDS
. . |
soi1  |Lo T RERATOY stomee  L.S.D.
0 b 8 12 at 54 | at 1%
7 521 | 579 | 563 | 531
8 560 | 387 | 446 | 556 | 124 174
9 426 | 465 | 451 | 521
NITROGEN UPTAKE
7 170 | 160 | 172 | 176
8 120 | 89 | 112 | 132 23 32
9 100 86 98 124
PHOSPHORUS UFPTAKE
7 85 | 0| 95 | 95
8 93 | 69| 75| 95 15 21
9 56 | 73| 76 | 82
POTASSIUM UPTAKE
7 157 | 169 | 178 | 170
8 439 | 240 | 289 | 331 59 83
9 150 156 211 235

31k,
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O to Li weeks and then incréased with a further increase in the
period of air-dry storage to 12 weeks. Each of dry-matter
yield, nitrogen and phosphorus uptake was similar for 12 weeks
and O week air-dry storage whilst the potassium uptake was sig-
nifiéantly lower for 12 weeks than for O week.

For soil 9, there were no significant differences in
dry-matter yields between the different periods of air-dry
storage. There were significant increases in nitrogen uptake
for 12 weeks storage compared with the other periods, but
phosphorus uptake was lower for O week than for all other periods.
Potassium uptake was significantly higher for 8 weeks than for
O week whilst the potassium uptake for 12 weeks was higher than
that for O and 4 weeks air-dry storage.

Thus for all soils, the nitrogen uptake generally
decreased for L weeks air-dry storage compared with that for all
other periods and increased with increasing soil total nitrogen
(soil 9, 0.23%N; soil 8, 0.L0%N; soil 7, 0.63%N). Furthermore,
the phosphorus and potassium uptake from soil 9 (whose original
Morgan's extractable P,0g was 32 p.p.m. and K,0 was 128 p.p.m.)
was higher than the original Morgan's extractable values. In
this soil, the phosphorus and potassium uptake teﬁded to increase
with increasing period of air-dry storage. More phosphorus and
potassium than the Morgan's extractable were released by the drying
of this soil, the release tending to increase with period of

air-dry storage.
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For soil R however, less phosphorus and potassium
were taken up by rye-grass than was extracted by Morgan's
reagent from the original soil (P205 192 p.p.m., and K,0 350
psp.m. s0il). In this soil, the phosphorus and potassium
uptake decreased for L weeks storage compared with the other
periods and in view of the similarity in dry-matter yields for
12 and O weeks and the greater uptake of potassium for O week
than for 12 weeks storage, it was obvious that the air-dry

storage must have caused potassium fixation.

Discussion.

The tendency for the uptake of nitrogen to decrease for L
weeks air-dry storage of the soils prior to cropping compared with
for other periods agrees with the result obtained by Harpstead
and Brage (1958) who fcumd that the nitrate accumulated after 3
weeks air-dry storage was lower than after O weeks but increased
more or less regularly with the increase in length of period of
air-dry storage thereafter. They suggested that this was due to
a lag in biological activity. It was thought here, however,
that there was no evidence to support this suggestion since
sevefal workers including Birch (1958), (1959) and (1960), Gasser
(1961) and Bagle (196]), indicated that air-drying soils increased
microbial activity during subsequent wetting through its partial

sterilization effect.
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It seemed therefore, that the lag in the uptake of
nitrogen observed here for L weeks air-dry storage was not due
to a lag in the microbial activity or nitrogen mineralization
but probably arose from the dynamic nature of mineral nitrogen
accmmulation. It has been earlier observed that under water-
logged incubation of soils previously stored air-dry for a number
of periods and having total nifrogen contents up to 0.5% a lag
in mineral nitrogen accumulation was observed for 3 weeks air-
dry storage. This was supposed to be due to the relatively
greater loss of mineral nitrogen through denitrification, ammonia
volatilization or microbial immobilization than gain of mineral
nitrogen through increased mineralization of organic nitrogen as
a result of the air-drying effect.

Under the rye-grass grown in soils at 50% m.w.h.c.,
losses of nitrogen through denitrification or ammonia
volatilization were probably insignificant. Thus the observed
lag in nitrogen uptake for L weeks air-dry storage might be due
majinly to the relatively greater immobilization than mineraliza—
tion of nitrogen compared with the other periods of air-dry
storage.

Gagser (1961) found that the trend of increasing
mineralizationvof nitrogen with increasing period of air-dry
storage became regular only after the first 12-16 weeks storage.
Harpstead and Brage (1958) showed that the correlation between

the accumulated mineral nitrogen during incubation after
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air-dry storage of soils and the response of oats grown in pots
to equivalent amounts of fertilizer nitrogen was poor until the
soil was stored for 18 weeks. These observations might explain
why the differences in dry-matter yields and in nitrogen uptake
By rye-grass obtained in this study, and by Wagner and Smith
(1960), between the different periods of air-dry storage (up to
only 12 weeks) were non-significant (except for the lag for L
weeks only in soil 8).

The observation of Harpstead and Brage (1958) might
also explain the fact that whereas in soils incubated at 50%
mewshsc. in section (A) of this chapter nitrogen mineralization
generally increased with lncreasing period of air-dry storage,
in soils cropped with rye-grass at *he same moisture level, the
nitrogen uptake not only econsistently decreased (though non-
significantly) for L weeks air-dry storage compéred with other
periods, but also generally was not significantly different between
all the periods.

This difference in the trends of nitrogen metabolism
versus period of air-dry storage prior to wetting between
incubation and cropping might be due to the fact that growing
crops might inerease nitrogen immobiliéation by ﬁioro—organisms
by increasing the numbers of heterogenous micro—-organisms through

the rhizospheres.
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The increase in phosphorus and potassium uptake from
the soil 9 with increasing period of air-dry storage prior to
cropping might be due to the greater release of these nutrients
as a result of air-drying as compared with no drying. This agrees
with results obtained by Shioiri and Aomine (1940), Aderikhim
(1960) and Thermlitz (1953) for phosphorus, and by Rouse and
Bertramson (1950), Ayres (1949) and Scott and Smith (1957) for
potassium,

The decrease in phosphorus uptake from soil 8 for L
weeks compared with other periods of air-dry storage seemed to be
due to the similarly decreased dry-matter yields, whilst the lower
potassium uptake for L4, 8 and 12 weeks than for 0 week air-dry
storage might be due to the fixation of potassium as a result of
air-drying. The latter result agrees with those of Volk (l93h),
Grissinger (1957) and Piper et. al. (1960).

The lack of significance in the differences in phosphorus
and in potassium uptake from soil 7 between the different periods
of air-dry storage might be due to the similarity in dry-matter
yields for all the periods and showed that air-drying compared
with no drying had no effect on the availability of these nutrients
to rye-grass.

It would seem therefore, that in soil 9 in which the
Morgan's extractable potassium was low air-drying compared with

no drying, increased the availability of potassium to rye-grass,
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In soil 8, in whiéh Morgan's extractable potassium was high,
air-drying compared with no drying, decreased the availability of
potassium to rye-grass. This general trend in the behaviour of
potassium availability to the plant might follow the principle of
equilibrium of all forms of potassium suggested by Bray and
DeTurk (1939), Cook and Hutcheson (1960) and Matthews and
Sherrell (1960), that potassium fixation and release depended on
whether the initial exchangeable potassium of the soilwas high or
low; 1if it was high fixation occurred but if it was low release
was obtained.

The phosphorus uptake from the three soils closely
followed the dry-matter yields and may be said to be affected by
periods of air-dry storage through the amount of growth.

In soil 7, it seemed that the available form of soil
potassium has already attained the equilibrium status since air-
drying had no =2ffect on potassium uptake. The pH of this soil
(pH 5.Cp) might contribute to the attainment of the equilibrium
status., Alternatively, it might be thought that the nitrogen
content of this soil (0.62%N) was so high that dilution with
sand was unable to bring out the differential effects of air-
dry storage periods on the general perforrance of the rye-grass.

The nitrogen uptake by the rye-grass increased with
increasing nitfogen content of the soils. This agrees with
results obtained by Birch (1958) -and Gasser (1961) in

incubation studies, emphasizing the importance of the total
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s0il nitrogen in determining the availability of nitrogen to

CTrops.

Conclusions.

(A) Carbon and nitrogen mineralization was determined
in soils 3, L, 5, 6 and 1 after three weeks incubation at 50%
m.w.hic. or at water-logging subsequent to air-dry storage.for o,
3, 6, 9 and 12 weeks. (B) The dry-matter yields and nitrogen,
phosphorus and potassium uptake by rye-grass (tops + roots)
grown in pots for 18 days at 50% m.W.h.c. in soils 7, 8 and 9
which had been stored air-dry for O, 4, 8 and 12 weeks were
detefmined.
(4) l. At 50% m.w.h.cC. incubation, carbon and nitrogen
mineralization generally increased with increasing period of
air-dry storage. This as supposed to be partly due to the
partial sterilization effect produced in the soil as a result of
air-dry storage, and also partly due to the exposure of a greater
surface due to drying of the organic gel fraction of the soil
organic matter which was easily decomposable.

2, At 50% m.w.,h.c. incubation, the minimum air-dry
storage period required for increased carbon mineralization was
2.0 weeks; for increasing nitrogen mineralization the minimum
period was 2.3 weeks.

The difference in the minimum periods between carbon
and nitrogen mineralization might be due to greater immobiliza-
tion than mineralization of nitrogen for the air-dry period

upto 2.3 weeks.
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3. Under 50% msw.h.c. incubation, carbon and nitrogen
mineralization generally increased with insreasing organic
carbon and total nitrogen contents except for soil 5 which ha#é
a low pH (4.58) and did not conform to the pattern as far as
nitrogen was concerned.

L., The minimum organic carbon content of the soil at which
there was an increase in carbon mineralization due to drying
compared with no drying was 1l.35%. There was no such minimum
level for total nitrogen effect on nitrogen mineralization for the
soils used in this study. The difference in the results for
carbon and nitrogen mineralization might be due to the very
nitrogenous nature of the easily decomposable organic gel fraction
of the soil organic matter.

5. Although carbon and nitrogen mineralization was .
generally higher at 50% m.w.h.c. than water-logged incubation due
to differences in oxygen availability, trends of carbon and nitro-
gen mineralizetion increasing with increasing period of air-dry
storage and increasing organic carbdn and total nitrogen content
obtained at 50% m.w.hec. applied to a less marked degree to water-

logged incubation.

B. 1. Air-dry storage compared with no drying 4id not affect
the performance of rye-grass grown in soil 7 nor the dry-matter

yields and nitrogen uptake in soil 9.
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2. Phosphorus and potassium uptake by rye-grass in soil
9, however, increased with increasing period of air-dry storage.
This might be due to the release of these nutrients as a result
of air-drying.

3. In scil 8 the crop performed worst for L weeks air-dry
storage compared with all other periods and there was a definite
indication of potassium fixation as a result of air-dry storage
compared with no drying.

Air-dry storage compared with no drying caused a release
of potassium to the grass from the soil originally Jow in
exchangeable potassium (soil 9) and caused a fixation dfﬁpctaséium
against crop uptake in the soil originally high in available
potassium (sdil 8).

L. Nitrogen uptake by the rye-grass increased with
increasing soil total nitrogen content.

Whilst nitrogen mineralization significantly increased
with increasing period of air-dry storage of soils during
incubation at 50% m.w.h.c., there were usually no significant
differences in the nitrogen uptake by rye-grass from soils
between the different periods of air-dry storage. The results
indicate that in the field periods of soil dryness lasting for
up to 12 weeks would have no effect on subsequent nitrogen uptake

by crops although nitrate logses in fallow =zoil may b increcsed

-with increczsing period of dryness.



CHAPTER IX

(A) THE EFFECT OF ALTERNATE WETTING AND ATIR-DRYING
SOILS ON THE MINERALISATION OF NITROGEN AND AVAILABTLITY

OF PHOSPHORUS AND POTASSIUM
(B) THE EFFECT OF ALTERNATE RAISING AND LOWERING COMPARED

WITH MAINTAINING CONSTANT MOISTURE LEVELS ON THE PER-
FORMANCE OF RYE-GRASS
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Introduction.

In all soils, the moisture regime is in a dynamic
state; the soil may be dry in one period or season and wet at
another. When the soil is wet the moisture regime varies‘
according to the balance in soil moisture content between
moisture loss through surface flow, drainage, transpiration and
evaporation, and moisture gain through rain, irrigation or
ground water,

It may therefore be thought that the most natural
moisture condition whirh obtains in the field is in a state of
alternate wetting and drying or of alternate rising and falling of
the moisture level. This dynamic state exists under fallow
prior to cropping as well as under growing crops. Thus the
effect of soil moisture on nutrient metabolism is best studied
under conditions of alternate wetting and drying of soils.

In the present chapter of this work, (4) the effect of
alternate wetting to three moisture levels and air-drying of two
soils, one of low nutrient status (soil 9) and one of high nutrient
status (soil 2), oﬁ the accumulation of mineral nitrogen and the
availability (Morgan's extract) of phosphorus and potassium, is.
described. (B) The effect of alternate raising and lowering
the soil moisture levels between or continuously maintaining the
moisture levels at 20%, 50%, and 80% m.w.h.c. while the crop

is growing in soil 2 on the performance of rye-grass is described.
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(A) The effect of alternate wett d air-drying of sol
on the mineralization of nitrogen and the availabilit
(Morgan's extract) of phosphorus and potasgium.

Materials.

Soils 9 and 2 whose characteristics are shown in Table
L4 and in Fig. 5 (for soil 9) and Fig. 2 (for soil 2) in Chapter II
were used., They were sampled from the top 6", air-dried and ground
to pass & 2 mm. sieve.

Experimental method.

10 g. samples of the soils were weighed into flat-
bottomed test-tubes (4" x 1" internal diameter) and for each soil,
one third of the tubes were br&ﬁght to 20% m.w.h.2. another third
to 50% m.w.h.c. and the other to 133% m.w.h.c. or water-logging.
Vials containing a suspension of barium peroxide were placed in
the tubes after mixing the soll and added water with®hin glass
rod. From then, they were incubated at these moilsture levels
for three weeks, air-dried for another three weeks and wetted to
the original moisture levels and incubated for the next three
weeks. This alternation of wetting and air-drying was done for
a total of 18 weeks gilving three cycles,

At each change of the moisture regime from wet to air-
dry or air-dry to wet, duplicate samples of each moisture
treatment of each soil were extracted with Morgan's reagent

apd NHA-N, NOB—N, P2O5 and K2O determined on the extract.
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N.B. All decreases and increases in the nutrient status
mentioned in the following results and discussions are sig-
nificant at 5% level and percentage maximum water holding
Capaciﬁy (m.w.h.c.)‘is expressed as a percentage e.g. 50% =

50% MeWa hq Ce

(1) Results.

The NHu—N and NOB—N accumulation in the soils
alternately wetted to three moisture levels and air-dried is
shown in Table 47 and Fig., 74. The original values of NHu_N

and NOB—N have been substracted,

N§!—N.

During the alternation of 20% and air-drying, the
NHL—N in both soils decreased’on wetting the soil and increased
on air-drying. During the alternation of 50% and air-drying,
NH&—N in soil 9 increased up to the end of the first drying and
then decreased continuously whether the scoil was wetted or dried.
In soil 2, however, during the alternation of 50% with drying,
the NH&-N increased on drying and decreased on wetting until the
last cycle when it was at the same level on both wetting and
drying. During the alternation of 133% with drying, the NHL-N
in so0il 9 remained constant in the first cycle, increased to

constant levels in the second cycle and in the third cycle,



TABLE 47.

NHL[;N and NO3-N (p.pem. soil basis) accumilation in soils alternately wetted to 3
moisture levels and air-dried at 3 weekly intervals.

SQIL 9
Moisture level Wet ' DI‘Y Wet DIy Vet ny
(% m.wohec. ) :
NH l;."N NO 3-N NH Z;."N NO 3-N NH l;."N NO 3-N NH l;.'N NO 3-N NH L,."N NO 3—N NH 14-N NO 3.N
20 15 21 37 30 18 37 26 21 15 L7 28 5
50 11 2l 25 20 21 66 6 % -2 | 120 -2, | 109
133 21 3 | 2 -4 51 7 u7 12 y2 | 18 56 | 13
SOIL 2
20 =21 63 6 61 =21 171 7 111 =21 125 13 102
50 21 101 39 5. ~21 238 L2 104 ~21 100 -21 91
133 69 4 70 11 57 =26 64 -34 39 -8 29 -10
NH, -N:

5 at 5% and 6 at 1% levels.
8 at 5% and 9 at 1% levels.

SOIL 9: L.S.D.
SO0IL 2 L.S.D.

6 at 5% and 8 at 1% levels.
13 at 5% and 17 at 1% levels.

SOIL %: L.S.D.
SOIL 2: L.SeDe

[

*lae
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decreased on wetting and increased on drying. In soii 2, the
NHu—N during the alternation of 133% with drying was constant in
the first oycle, decreased on wetfing and increased on drying in
the second cycle, and then decreased éontinuously in the third
cycle.

Generally, in sodl 9, NH&—N was similar for alternations
of 20% and 50% with air-drying in the wet phases of the first and
sernd cycles, and increased for the alternation of 133% with air-
drying; In the dry phases of all cycles and in the wet phase of
the third cycle, the NH,-N decreased in the order 133% > 20% >
50% alternéted with airldrying.

| Generally, in soil 2, NHh~N was similar for aiternations
of 20% and 50% with air-drying in the wet phases of all cycles
but was higher for 50% than for 20% alternated with air-drying
during the dry bhases of the first and second cycled. During both
phases of all cycles, NHh_N was highest for the alternation of
133% with air-drying.

NO.-N.
NO5-N

. During the alternations of 20% and 50% with air-
drying in both soils, the NOB-N generally increased during the
wet phase and decreased during the dry phase being always higher
for 50% alternated with air-drying than for 20% in soil 9.

In soil 2, however, the NO,-N was higher for 50% alternated with

3
ailr-drying than for 20% only in the wet phase of the first and
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second éycles whilst in all dry phases and in the we't phase
of the third cycle the reverse was the case. The maximum value
of N03;N was attained for alternations of 20% and 50% with air-
drying during the wet phase of the third cycle in soil 9 but
during the wet phase of the second cycle in soil 2.

During the alternation of 133% with air-drying, NO5-N
was generally low in both soils compared with the alternations
of 20% and 50% with air-drying, Despite this; the NOB—i\T tended
to increase continuously from the dry phase of the first cycle
to the wet phase of the third in soil 9, and then decreased in

the last dry phase. In soil 2, however, NO,-N was similar during

3
the first cycle, decreased in the second cycle and increased to
similar levels for both phases of the third cyole;

In general, as HHﬁ~N increased during the dry phase for
alternatioﬁs of 20% and 50% with air-drying, N03~N decreased and
as NHM—N decreased during the wet phase NOB—N increased. Increases
and decreases in NH&-N were generally less pronounced than increases
and decreases in NOS—N‘ For alternations of 133% with air-
drying, changes in NHA~N and NOB_N as the soils were wetted and
alr-dried were generally independent of each other, NHu—N being
continuously relatively high and NOB-N low, and were less pronounced
than for alternations of 20% and 50% with air-drying..

(ii) Discugsion.
The general increase in NHﬁ—N during the dry.phasés

for alternations of 20% and 50% with air-drying agrees with
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results obtained by Robinson (1957) and (19%0) that during
periods of very low soil moisture regimes up to the permanent
wilting percentage, ammonia built up in the soil. The
simultaneous decrease in NOB—N during the dry phases might be
due to miecrobial immobilization during the drying process.
| The results obtained in this study may therefore, be
justified in view of the fact that Calder (1954) found that
streptomyces were predominant over fungi and bacteria during
alr-drying phases of the soil moisture regime. This plus the
fact that Davis and Owen (1954) found that ammonification of organic
nitrogen added to steamed soils occurred without nitrification
indicates that micro-organisms which bring about ammonification
without nitrification are active under the partially sterilized
conditions caused by air-drying or steaming. Thus as the degree
of partial sterilization increased during the drying process,
ammonia accumulation increased because of reduced nitrification
and the ammonifying organisms are probabhy immobilizing nitrate.

The general decrease in NHM—N and increase in NOB_N
in the wet phases during alternations of 20% and 50% with air-
drying may be due to the nitrification of the ammonia
accumulated during the dry phase by bacterial nitrifiers which
are active at soil moisture levels between wilting point and
field capacity (Robinson 1957).

The fact that there was a more pronounced change

in NOB-N than in NH&-N as the soil moisture regimes were
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alternated between 20% c¢r 50% and air-drying indicated that during
drying, the NO;-N did not directly revert to NH, -N and strengthens

the case for supposing that the NO,-N was immobilized by micro-

3
organisms, especially since denitrification was most unlikely.
It might also be supposed from this fact that in addition to
NOB—N derived from the NHM—N which disappeared during the wet
phase, NOB_N was glso derived from mineralization of soil
organic nitrogen.

Before the maximum values of NOB-N were attained, for
alternations of 20% and 50% with air-drying, after the wet phase
of the third cyele in soil 9 and after the wet phase of the
gecond cycle in soil 2, each wetting gave an increment in NOB-N
higher than the previous one. This might be due to the partial
sterilization effect of the air-drying phase and the minerali-
zation of nitrogen contained in the cells of dead micro-organisms
of the generations of the previous wet phase. Birch (1958)
found constant increments for each wet phase after air-drying.

In soil 9, (low total nitrogen content) for
Aalternations of 20% and 50% with air-drying the attainment of
the maximum value of NOB—N was slower and the maximum value of
NOB-N was lower than in soil 2 (high total nitrogen content).
This was probably due to the influence of total nitrogen content
on the mineralization of nitrogen. Thus in soil 2, after

the maximum NOB—N value had been attained in the wet phase

of the second cycle, the NOB—N decreased to a more or less
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constant level despite the alternafions in the third cycle.

This might be due to the fact that the NO,-N had reached such

3
high levels that during the last phase immobilization became
more important than nitrification. Simpson (1960) stated that
when the nitrate was high, micro-organisms tended to immobilize
it and reduced it to lower levels. It would seem that whilst
this obtained in soil 2 in the second phase, the NO;-N was not
yet high enough in soil 9 to warrént a predominance of nitrogen
immobilization over mineralization within the period of the
experiment. It is possible that NOB-N would have increased
further with a fourth cycle for soil 9.

For the alternation of 133% with air-dry, the genefally
high level of NH&-N, which did not vary in any regular fashion
with changes in the phases of soil moisture regime in both soils,
may be due to the fact that during the wet phase, the water-
logged condktion stimulated ammonia accumulation (Kapp (1933))
and Gerretsen (1921)) and during the dry phase, the air-dry
condition similarly stimulated ammonia accumulation (Shioiri and
Aomine (1940) and Robinson (1957)). It was .no wonder therefore
that'NOB—N was continuously low despite the changes in the two
soil moisture regimes.

It would seem generally that micro-organisms

responsible for ammonifization are active at all moisture

levels from near air-dry to water-logging but those responsible
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for nitrification are apparently inactive at near air-dry and
water-logging soil moisture regimes; thus ammonia accumulates and

nitrate disappears.

2. Phcsphorus.
(1) Results.

The available (Morgan's extract) phosphetus in soils
alternately Wefted and air-dried is shown in Table 48 and Fig. 75.
The available phosphorus in soil 9 when 20% was alternated
with air-drying was similar in both wet and dry phases of the
first cycle, in the second decreased to similar levels for the
two phases, and in the third cycle decreased during the wet and
increased during the dry phases. ~When 50% was alternated with
air-drying, the available phosphorus was sindilar in both phases
of fhe second cycle but decreased during the wet and Increased
during the 4ry phases in the first and third cycles.
| The available phosphorus in soil 2 when 20% was
alternated with air-drying, was similar in both wet and dry
phases of the first cycle, increased to similar levels in both
phases of the second cycle and then decreased continuously in
the third cycle. When 50% was alternated with air-drying the
available phosphorus also decreased continuously in the third
cycle but increased in the wet and decreased in the dry phases

of the first and second cycles.
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Thus, while in soil 9 with a low original avallable
phosphorus (32 p.p.m.) alternate wetting to 20% or 50% and
air-drylng caused s release of phosphorus after three cycles,
in soil 2 with a high original available phosphorys (118 p.p.m.)
it caused a fixation of phosphorus.

In both soils, when 133% was alternated with air-drying,
phosphorus was greatly mobilized durihg the wet phases and was
fixed below the original soil levels during the dry phases. In
.both soils mobilized phosphorus values were highest during the
wet phase of the second cycle. Whilst the values of phosphorus
after fixation were similar during all the dry phases of soil 9,
they tended to increase as the number of cycles increased in
soil 2.

The available phosphorus was generally similar when
20% and when 50% were alternated with air-drying in soil 9 bub in
goil 2, during the first and second phases available phosphorus
was generally lower when 50% than when 20% was alternated with
air-drying exnept in the wet phase of the first cycle when the
reverse was the case. Duying the wet phases of all cycles, the
availablc phosphorus in both soils was highest and during the
dry phases wasg iowest for the alternation of 133% with air-
drying compared with the alternation of 20% and 50% with air-

drying.
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(1i) Discussion.

The general decrease in the available phosphorus
during the wet phases and increase during the dry phases in
goll 9 alternately wetted to 20% or 50% and air-dried agrees
with results obtained by Tendille and Eynard (1959) and Khanna
(1960),  This might be due to the reduction of the activities
of hydrated iron and aluminium oxides as a result of the drying
thus reducing their reactions with and fixation of phosphates
(Ryzhov and Machigin (1939)). In the wet phase the reverse
process occurred and some of the phosphorus was fixed.

In soil 2, alternating 20% with air-drying did not
have much effect on the availability of phosphorus in the first
two cycles whilst alternating 50% with air-drying caused
phosphorus fixation during the dry phase and release during the
wet phase. The latter result might be due to increase in the
mobility of phosphate ions when the soll was wetted hence an
increase in the extractable phosphorus (Mmller (1954) and
Reitemeier (194K)). During the dry phase the reverse process
occurred and phosphorus wag fixed, This would be strengthened
by the fact that during drying the soil colloidal surfaces
were degraded and phosphate ions enabled to penetrate the soil
particles (Rydky (1938)).

Since the two soils were sandy loams and their pH

values were not very different (between 6.0 and 7.0), the
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Available (Morgan's extractable) phosphorus (PZO
alternately wetted to 3 moisture levelsg and aig—
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psDsm. s0il basis) in soils
dried at 3 weekly

intervals.
SOIL 9
Moisture level | Wet |Dry | Wet | Dry |Wet |{Dry
(% m-‘W.h. c-)
20 33 | 35| 29| 32! 26| 39
.50 28 37 33 33 1 24 | 4O
133 130 | 26 | 12 | 24 [120 | 24
SOIL 2 |
20 113 | 110 | 117 | 117 }109 [100
50 120 | 101 | 144 | 107 {102 | 9
133 154 34§ 240 L3 1232 | 47

Soil 9: L.S.D. =
Soil 2: LUS‘D. =

5 at 5% and 6 at 1% levels.
5 at 5% and 7 at 1% levels.

TADLE

9.

Available (Morgan's extractable) potassium (K0 p.p.m. soil basis)
in soils alternately wetted to 3 moisture levels and air-dried
at 3 weekly intervals.

'
-S0TIL 9
Moisture level |[Wet |[Dry | Wet | Dry |Wet |Dry
(% m.w.hec.)

20 128 128 | 126 | 102 | 96 | 97
50 121 135 [ 126 | 108 | 87 | 91
133 114 142 {126 | 102 | 87 | 89

S01L 2
20 341 ) 364 | 343 | 282 | 264 (240
50 341 | 391 | 332 | 294 {288 1248
133 33Lh [398 | 322 | 306 | 270 |248

Soil 9: L.S.D

Soil 2 L.S.D.

0o

I at 5% and 5 at 1% levels.
12 at 5% and 16 at 1% levels.
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release of phosphorus by alternate wetting to 20% or 50% and
air-drying in soil 9 for 3 cycles and the fixation of phosphorus
under the same conditions in soil 2 may lie in the difference
between their original available phosphorus status. It would
seem that alternate wetting and air-drying released phosphorus

in soil 9 of low original available phosphorus while fixing
phosphorus in soil 2 of high original available phosphorus.
Barbier and Tyszkiewicz (1951) found some soils fixing phosphorus
and others releasing it when they were subjected to alternate
wetting and drying.

The mobilization of phosphorus during the wet phases
when both soils were alternately water-logged and air-dried might
be due to the reduction of iron and hydrolysis of aluminium
phosphates under anaserobic conditions (Shapiro and Armiger (1958)
and Gasser and Bloomfield (1955)). The fixation of phosphorus
during the dry phases to levels lower than the original soil
available phosphorus might be due to the precipitation of the
iron and aluminjum as phosphate compounds as the iron was
oxidized and the soil dehydrated. Since compounds of iron
other than iron phosphate were mobilized during the water-logging,
the precipitation of the mobilized phosphorus plus some of the
original soil available phosphorus during the oxidation of the

reduced iron would be expected.
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3. Potassiunm.

(1) Results.

The available (Morgan's extract) potassium in the
soils alternately wetted and air-dried is shown in Table 49
and Fig. 76.

The available potassium in soil 9, when 20% was
alternated with air-drying, remained constant until the end of
the wet phase of the second cycle after which it decreased
continuously to constant levels during both phases of the third
cycle. When 50% or 133%% was alternated with air-drying, in
so0il 9, and when all moisture levels were alternated with air-
drying in soil 2, the available potassium, decreased in the wet
phase of the first cycle compared with the original soil
available potassium of 128 p.p.m. for soil 9 and 350 p.p.m. for
soil 2, In the dry phase of the first cycle, the available
potassium increased to exceed the original soil available
potassium. T1 both phases pf the second and third cycles, the
available potassium decreased continuously in soil 2 but to a
constant level for the third cyeleAin soil 9.

Thus generally, the dry phase of the first cycle
caused potassium release and after that, potassium fixation was
caused by both wet and dry phases until the end of the
experiment. For both soils, alternate wetting and drying for
three cycles caused a fixation of native original available

potassium.
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Within the first cycle in both soils fixation of
potassium during the we't phase and potassinm release during
the dry phase increased with increasing moisture level of the
wet phase. At the end of the third cycle, potassium was Tixed
by alternate wetting to 50% and 133% and air-drying soil 9 than
by alternate wetting to 20% and air_drying. In soil 2, the
amount of potassium fixed at the end of the third cyclé was

similar for alternations of all moisture levels with air-drying.

(11) Discussion.

The release or non-fixation of potassium at the end of
the first cycle of alternating all moisture levels with air-
drying and the fixation of potassium in both soils in the second
and third cycles agrees with results obtained by Mick and Lynd
(1957). It has already been established by several workers
that potassium fixation and release took place mostly in the clay
fraction of the soil. Karim and Malek (1957) suggested that
potassium fixing capacity was a specific property of minerals of
expanding lattice type. I% would seem therefore that the
fixation of potassium during the wet phase of the first cycle
obServed here might be due to the swelling of such minerals
which may be present in these soils thus allowing potassium
ions to enter the lattice voids and become fixed.

In the dry phase of the first cycle, the release

of potassium might be due to a reversion of the process since
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Tend 11le et. al. (1956) showed that potassium fixation in some
cases was a reversible process and Carter (1961) observed a
release of potassium when soils containing montmorillonite, a
clay mineral with an expanding lattice, were dried. |

It might be thought that since montmorillonite might
be converted to illite (a clay mineral whose lattice expanded
but little on hydration) by the trapping of potassium ions between
the lattices, a process similar to this was taking place after
the first cycle of alternate wetting and drying in this study.
Thus in the first cycle, the reversible process of fixation and
release took place due to the expansion and contraction of the
expanding lattice mineral. From the end of the first cycle
onwards, lack of expansion and contraction tended to reduce the
reversibility of the fixation process and fixation was continuous
til11l the end of the experiment.

The increase in the amount of potassium fixation and
release during the wet and dry phases respectively of the first
cycle with increasing moisture level of the wet phase might be
gsaid to emphasize the importance of the roll of minerals with
expanding lattices in the fixation and release of potassium in
the first cycle. This would be especially so since the amount
of expansion and contraction of the lattice would increase with
the increase in the amount of water present in the soil.

Karim and Malek (1957) also observed similar results.
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The lack of significance in fhe differences in the
amount of potassium fixation at the end of three cycles between
the different moisture levels of the wet phases might emphasize
the suggestion tyet at that time the roll of minerals whose
lattices expanded but little was predominant in determining the
irreversibility of potassium fixation since the amount of water in
the soil in the wet phases no longer had any differential effect

on the fixation of potassium.

(B) [The effect of alternate raising and lowering soil moisture

compared with continuously maintaining moisture levels
under growing crop, on the performance of rye-grass.

Materials.

Soil 2 whose characteristics are shown in Table L and
Fig. 2 (Chapter II) was used. The soil was sampled from the
top 6", air-dried and ground to pass a 2 mm. Sieve.

Experimental method.

75 g. lots of the soil were wmnixed with 225 g. of acid—
washed silver sand. The so0il/sand mixture (hereafter referred
to as 'soil') was placed in 0.3 litre plastic pots whose drainage
holes were covered with glass cloth. 0.15 g. of rye-grass seeds
were sown in wach pot and the pots were placed in a tub of
distilled water until the soil was well soaked. The pots were
kept in the greenhouse and watered twice daily until the seeds

germinated and the seedlings were two weeks old.
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The tops of the seedlings were then cut and discarded.
Thereafter, the following soil moisture treatments were given to
the samples in the pots and maintainéd by weighing and appropriate
watering; the soil moisture continuously maintained at 80% (high),
50% (medium) and 20% (low) of the maximum water holding capacity;
80% (high) was alternated with 50% (medium) or with 20% (loﬁ) and
50% (medium) was alternated with 20% (low).

The tops of the rye-grass were cut after 2, 4, 7, 10 and
13 weeks since the differential soil moisture treatments began.

In those treatments where moisture levels were alternated, the
change in moisture level was made after each cutting, starting
at the beginning of the differential moisture treatments with the
high r moisture level in each case.

Each cutting of the tops was seperately steam oven-
dried, weighed and analysed for total nitrogen, phosphorus and
potassium using the salicylic acid modification of the wet

digestion method.

(i) Results.

Cumulative dry-matter yields and nutrient uptake by
rye-grass tops grown with the different treatments are shown in
Table 50 and in Fig. 77 (Dry-matter yields), Fig. 78 (Nitrogen
uptake), Fig. 79 (Phosphorus uptake) and Fig. 80 (Potassium
uptake).
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Dry-matter yields (Fig., 77).

There were no significant differences in +the total
dry-matter yields befween the different soil moisture treatments
until the cutting done after 10 weeks, when the dry-matter yield
in the soil continuously maintained at the low moisture level only
was significantly lower than those in the soil continuously
maintained at the high moisture level. In the last cutting
done after 13 weeks, the significance of the differences in total
dry-matter yields between the different soil moisture treatments
may be swmmarised as follows where H represents high, M medium
and L low soil moisture levels and these letters or combinations
of them also represent the relevant dry-matter yields in a
descending order of magnitudes. A1l letters above the same
horizontal line are not significantly (5% level) different from

each other but are significantly different from all others.

H, WM, M, ®1L, WI, L

1. Among the treatmenﬁs where the moisture levels were
alternated only the alternation of high and low mocisture levels
caused pronounced change in dry-matter yields with change in
moisture level, the dry-matter yields in the low moisture phases
being higher than the dry-matter yields in the high moisture phases.

2. Nitrogen uptake (Pig. 78).

There were no significant differences in total

nitrogen uptake between the different moisture treatments until
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Dry-matter yields and nutrient uptake by rye-grass
tops grown in soll 2 maintained continuously at or
alternately irrigated and dried between three
moisture levels.

DRY-MATTER YIEIDS (mg./pot)

Soil moisture level Weeks after which cuttings
were token and moisture
levels changed.

P L 7 ;10 13

Continuous High oL | 160 | 280 | 442 | 619
"o Medium 88 | 153 | 265 | 356 | 456
n w Low €5 93 | 165 | 236 | 292
Alternated High/Medium | 102 | 180 | 263 | 377 | 463
" " High/Tow 99 | 145 | 206 | 321 | 394
" Medium/Low 93 | 128 | 204 | 286 | 386
NITROGEN UPTAKE (p.p.m. soil basis)
Continuous High 2l L6 77 | 116 | 158
" Medium 23 | 46 | 74 |.100 | 128
roon Jow 25 L2 6L 83 | 100
Alternated High/Medium 27 | 53 | 83 | 117 | 147
" " High/Low 26 | 48 | 69 | 106 | 130
"7 Medium/Low 29 L7 79 99 | 131
PHOSFHORUS UPTAKE (PgOg pepem. soil basis)
Continuous High o1 36 5l 84 | 108
"M Medium 22 | 38| 5 | 72| 86
"o Iow 18 26 37 50 53
Alternated High/Medium 21 381 52| 73| 8.4
" High/Low 20 | 3 o | 58 | 68
" v Medium/Low 19 | 27 | 48 €2 | 81
POTASSIUM UPTAKE (K50 pypem. s0il basis)
Continuous High 66 | 104 | 168 '} 258 | 339
" Medium 67 | 102 | 155 | 200 | 242
toon Tow 51 65 | 113 | 144 | 159
Alternated High/Medium 6. | 112 | 193 | 274 | 321
mov High/Tow 64 g2 | 421 | 201 | 226
" v Medium/Low 67 88 | 158 ' 200 | 249
Dry-matter yields | N |P,05 | K0
at 5% 1 11 | 21 21
L.S.D. , [
at 1% 239 15| 28 29
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the cutting done after 4 weeks at which the nitrogen uptake in
the soil maintained continuously at the low moisture level was
lower than that in soil alternately maintained at the high and
at the medium moisture levels.

Thereafter, the significance of the differences in
nitrogen uptake between the different moisture treatments may be
summarised as follows using the notations as used for dry-matter
yields above.

At %he third cutting done after 7 weeks:

/M, WL, H, M, HI, 1L

At the fourth cutting done dfter 10 weeks:

WM, H, ®1, M, WL, 1L

et

At the fifth cutting done after 13 weeks:

H, ®/M, WI. ®I, M, L

Among the treatments where the moisture levels were
alternated only the élternations of medium and low and of high
and low moisture levels showel pronounced changes in nitrogen
uptake as the moisture levels were changed. Alternation of
medium and low insture levels showed a greater uptake of
nitrogen during the medium moisture phases than during the

low moisture phases while the alternation of high and low
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moisture levels showed a greater uptake of nitrogen during the

low moisture phases than during the high moisture phases.

3. Phosphorus uptake (Fig. 79).

There were no significant differences in the phosphorus
uptake between the different soil moisture treatments until the
fourth cutting done after 10 weeks from which time the significance
in the differences in phosphorus uptake between the different soil
moisture treatments may be summarised as follows using the usual
notations: |

At the fourth cutting done after 10 weeks:

H, ®/M, M, W1, H1, 1L

At the fifth cutting done after 13 weeks:

H, M, ¥V, WL, #/1L, I

All treatments in which the moisture levels were alternated

showed pronounced changes in phosphorus uptake as the moisture
levels were changed. Alternation of the high moisture with the
medium showed greater uptake of phosphorus during themedium moisture
phase than during the high moisture phase. The alternation of

the medium moisture with the low showed greater uptake of

phosphorus during the medium moisture phases than during the

low moisture phases. But when high moisture level was

alternated with low, there was a greater'uptake of phosphorus
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during the low moisture phases than during the high moisture

phases.

L. DPotassium uptake (Fig. 80).

There were no significant differences in the potassium
uptake between the different soil moisture treatments in the first
cutting after two weeks. Thereafter, the significance of the
differences in potassium uptake between the different goil
moisture treatments may be summarised as follows, using the
usual notations:

At the second cutting done after L weeks:

BE/M, H, M, ¥I1, Wi, L

m—

At the third cutting done after 7 weeks:

/M, H. WL, M, EI. L

At the fourth cutting done after 10 weeks:

/M, H, M, /1L, W1, L_

At the fifth cutting done after 10 weeks:

H, /M, WL, M, BL, L

Among the treatments where moisture levels were alternated,
only the alternations of the high and the medium moisture
levels with the low showed any pronounced change in potassium

uptake as the soil moisture levels were changed. Alternation
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of high with low moisture levels shcewed greater potassium uptake
during the low moisture phases than during high moisture phases.
Alternation of medium with low moisture levels showed greater
MﬁggiZ?%ﬁgléggﬁﬁg than during the low moisture phases.
Generally, rye~grass perfofmed better during the low
than the high moisturc phases when the high soil moisture level
was alternated with the low moisture level. The performance
of the rye-grass at the end of the experiment was generally best
at the continuously high moisture level and worst at the con-
tinuously low moisture level. The performance of the rye-grass
was equally good when the soil moisture level was maintained
continuously at the medium or alternately raised to high or
medium and reduced to low. When the high moisture level was
alternated with the medium, rye-grass generally performed as well
as when the high moisture level was continuously maintained,
except in the case of phosphorus uptake where the performance

under continuously high moisture level was much better than when

the high moisture level was alternated with the medium.

(ii) Discussion.

The general increase in total dry-matter yields and
nutrient uptake by rye-grass tops with increasing soil moisture
level up to 80% m.w.h.c. when moisture levels were continuously
maintained, agrees with results obtained by Schumaker and Davis

(1961), Jenne et. al. (1958) and Low and Piper (1960).
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Finn et. al. (1961) explained this by supposing that grasses
tended to respond negatively to‘increased oxygen availability.
This explanation might be valid for moisture levels up to 80%
m.w.hsc. because Schumaker and Davis (1961) and Low and Piper
(1960) found that dry-matter yields of western wheat-grass and
rye-grass decreased as the soil moisture was further increased to
levels higher than 80% meWehoc,

The similarity in the dry-matter yields and in total
nitrogen and potassium uptake at the end of the experiment between
continuously maintaining the high moisture level and alternating
it with the medium moisture level may be due to the fact that in
the cycles of alternations, the high moisture phases stimulated
the performance of the rye-grass through the moisture effect
while the medium moisture phases stimulated it through the
possible greater availability of nitrogen than during the high
moisture phases. This was possible since nitrification would be
greater at the medium moisture level than at the high as shown
in Chapter TII. Thus during the alternations of high with medium
moisture levels, the dry-matter yields and nitrogen and potassium
uptake were each similar whether the phase was of the high or of
the low moisture level.

The above observation may also explain why the rye-
grass generally performed better~whén the high moisture level

was alternated with the medium than when the medium moisture
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level wag continuously maintained. Whereas nitrification rate
falls off with time at a constant soil moisture level, (Birch
1958) changing a high moisture level, which is unfavorable to
nitrification, to a medium moisture level would stimulate greater
nitrogen mineralization as shown in Chapter III during the

medium moistiure phases. The effect of this in stimulating the
growth and performance of rye-grass coupled with the better
performance during the high moisture phase would ensure better
performance of the grass than when the soil moilsture level was
continuously maintained at medium.

This whole concept may also explain the similarity in
the performance of rye-grass when the soil moisture was continuous-
ly maintained at medium and when it was alternated between
medium and low. Since the nitrification during the medium
phases of the cycles would be increased due to the drying effect
of the low phases, compared with the corresponding nitrification
when the moisture level was continuously maintained at medium, it
would compensate for the reduced nitrification during the low
phase. Thus better performance of rye-grass in the medium and
worse performance in the low moisture phases during alternations
than in the corresponding periods when the soil was continuously
maintained at the medium moisture level would ensure equal
performance uhder the two treatments by the end. This would
also result in a better performance than when the soil was

continuously maintained at the low moisture level.
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The performance of the rye-grass during the alternation
of the high and the low moisture levels was as good as the per-
formance when the soil was continuously maintained at the medium
moisture level. This might be expected since during the
alternations, the ¢rop has altérnate phases of growth stimulating
and retarding conditions. . Their summation produced'an overall
performance which was as good as the performance at the con-~
tinuously maintained medium moisture level. Since the low
moisture phases stimulated performance more than the high moisture
phases, factors other than the moisture itself must be operating.
It might be that the sudden changes in the redox potential
involved here had a bearing on the physiological activity of the
rye-grass plants, and through this on the uptake of nutrients.

In this connection it is observed that it was only in
phosphorus uptake that continuously maintaining the moisture level
at high was better than alternating high with medium moisture
levels, which was in turn as good as all other treatments except
continuously low moisture level. It would seem that during the
medium moisture phases (high redox pbtential) the iron and
phosphorus mobilized during the high moisture phases were pre-
cipitated whilst under continuous-
ly high moisture level, (low redox potential) phosphorus was
always mobilized (Shapiro and Armiger (1958)). This alternation
of mobilization and precipitation probably caused a reduction in

phosphorus uptake compared with a eontinuous mobilization.
Since differences in nutrient uptake became sig-

nificant much earlier than the differences in dry-matter yields,
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it would seem that the soil moisture treatments affected the
performance of the crop more through the metabolism of nutrients
than through the growth of the rye-grass. The results may
explain why continually varying soil moisture conditions (short
dry and rainy periods) may not substantially affect the growth of
crops in the field. They also show that when nutrient uptake by
the crop is hampered by the adverse soil moisture conditions of
one phase, there is an increased uptake of nutrients by the crop
during the favourable soil moisture conditions in the following
phase. The crop may thus perform as well as if it had been
grown under continuously favourable soil moisture conditions.

This general behaviour of the crop may be compared to the
behaviour of micro—organisms whose population and activities
increase on their being returned to favourable soil conditions
(including moisture) after having been éubjected to adverse con-
ditions. The crop thus seems to recover from a 1lull in metabolic
activity when favourable soil moisture conditions replace adverse
condiions just as micro-organisms more than recover their activities

after a partial sterilization treatment.

Coneclugion. i

(A) The effect of alternate Wetting (to three moisture
levels , 20%, 50% and 133% of the maximum water holding capacity)
and air-drying on the mineralization of nitrogen and the

availability (Morgan's extract) of phosphorus and potassium
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in so0il 9 and 2 was studied with incubation during the wet phase.
(B) The effect of alternate raising and lowering the soil moisture
levels compared with maintaining them continuously at 20%, &0%
and 80% of the maximum water holding capacity on the performance
of rye-grass in soil 2, was also studied.
‘A) 1. When 20% or 50% was alternated with air-drying NHu-N
hecreased during the wet phase and increased during the dry phase.
This was probably due to the nitrification during the wet phase
and the accumulation of ammmonia during the dry phase when
nitrifying bacteria were inactive.

2. Also, when 20% or 50% was alternated with air-drying
. NOB-N increased during the wet phase and decreased during the dry
phase until a maximum value was reached at the end of a wet phase.
The increase was probaily due to nitrification of accumulated
ammonia and thaf derived from organic matter decomposition during
the wet phase. Duwing “he dry phase the decrease in NOB_N was
probably due to microbial immobilization.

3 After a maximum NOB—N level had been reached in soil
2, NOB—N decreased and remained constant degpite further wetting
and drying. This may be due to the high level of mineral
nitrogen causing nitrogen immobilizafion to predominate over
mineralization.

L., (fhen 133% was alternated with air-drying, NHL—N
remained high and NOB—N remained low despite wetting and

drying. This was probably due to the fact that nitrifying
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bacteria were inactive at both water-logging and air-drying.-

5.  NO;-N was generally higher at 50% than at 20% during
the wet phases but similar during the dry phases. This was
probably due to a greater microbial activity at 50% than at
20%.

6. Each wet phase increased NOB—N more than the previous
one until the maximum NOB—N was attained, when 20% or 50% was
alternated with air-drying. This was probably due to the partial
sterilization effect of the intervening air-dry phases and the
decomposition of the dead cells of the micro-organisms of the
previoﬁs wet phase.

7. When 20% ar 50% was alternated with air-drying the
available phosphorus increased during the dry phases and de-~
creased during the wet phases in soil 9 (low original available
phospherus). Ia soil 2 (high original available phosphorus),
the reverse was the case. The three cycles of alternate wetting
and air-drying caused ultimate phosphorus release in‘soil 9 and
phosphorus fixation in soil 2. This might be due to an
equilibrium state in soil phosphorus.

8. When 133% was alternated with air-drying, phosphorus
was greatly mobilized during the wet phases and fixed during the
dry phases. This might be due to the reducing conditions under
133% causing a reduction of insoluble ferric phosphates

to soluble ferrous phosphates. The reverse process occurred



35L.

during the dry phases but becaiuse ferric compounds other fhan
phosphate were reduced during the wet phases; more phosphorus
was fized than mobilized.

9. When each of the moisture levels 20%, 50%; or 133% was
alternated with air-drying, available potassium decreased in the
wet phase and increased in the dry phase of the first cycle, but
thereafter, the available potassium decreased continuously despite
Altérnate wetting and drying., This might be due to the presence
ihi%iélly of ¢lay minerals with expanding lattices which were
later changed to those whose lattices did not expand as a reewlt
of trapping potassium ions within the lattices.

10. In the first cycle, the fixation during the wet phase
and the release during the dry phase increased with increasing
moisture level of the wet phasé but thereafter the differences in
potassium fixation between the moisture levels of the wet phases
were non-significant. This strengthened the argument for the
possible presence initially of clay minerals with an expanding
lattice later being converted to those whose lattices did not

expand on hydration.,

(B) 1. When the high or medium moiskure;level was alternated
with the low, rye-grass performed as well as under continuous
medium moisture level better than under continuous low moisture
level and worse than when the high moisture level was alternated

with the medium. Under the last condition, rye-grass performed
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as well as under continuous high moisturé level except for
phosphorus uptake where the latter treatment was betterﬂ

2. A greater proportion of the effects of thesefmoisture
treatments on rye-grass performance was due to thelr influence on
nutrient uptake rather than on dry-matter yields.

3. Even so, when the nutrient uptake was hampered by
unfavourable soil moisture ¢onditions of any phase during the
alternations of the moisture levels, there was an increasge in
nutrient uptake during the favourable condtions in the subsequent
phaseg, thus compensating for the deficit obtained in the un-
favourable phase. This effect is similar to the recovery of
micro-organisms given favourable conditions after their activity
has been reduced by an unfavourable treatment e.g. partial

sterilization.



CHAPTER X

GENERAL SUMMARY AND FINAL CONCLUSIONS
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GENERAT, SUMMARY

Carbon and nitrogen mineralization, and the Morgan’s
extracted phosphorﬁs and potassium were determined at three-
Wéekly intervals in so0il 2 maintained at constant moisture levels
between air-dry and 133% m.,w.h.c. during incubation for 12 weeks
and in the same sbiil whose moisture levels below and above 50%
n.w.h,c. were changed to 50% and moisture levels up to 50% were
changed to 133% m.wih.c. half way through the 12 wecks.

When the soil moisture was maintained at constant ‘
levels, carbon and nitrogen mineralization increased with increas-
ing moisture level up to about 60% m.w.h.c. for carbon and L0%
to 50% m.w.h.c. for nitrogen. Therecafter, carbon and nitrogen
mineralization decreased generally with increasing soil moisture
level. This was supposed to be due to the effect of the deficit
in soil moisture limiting microbial activity for the lower moisture
levels and to the effect of excess soil moisture in limiting
microbial activity through the restriction of the availability
of oxygen.

Moist fixation of phosphorus and potassium was observed
for ﬁoisture levels up to 70% m.w.h.c. Thereafter phosphorus was
mobilized with a further increase in soil moisture level whilst
pofassium was fixed further. The phosphorus fixation at
vaiéture levels up to 70% m.w.h.c. were probably due to the

presence of hydrated iron and aluminium oxides which would fix
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phosphorus under moist conditions whilst the mobilization of
phosphorus at the higher moisture levels was due to the re-
duction of insoluble ferric compounds including phbsphates to
soluble ferrous compounds. The moist fixation of potassium
was probably due to the fact that the soil was limed annually .
prior to sampling and moist fixation of potassium is known to
be caused by lime additions.

When the original soil moisture levels were changed
to 50% from below and above 50% m.w.h.c., carbon and nitrogen
mineralization increased compared with that in soil left at the
original moisturé level. This was thought to be due to the
partial sterilization effect of the adverse moisture levels
below and above 50% m.w.h.c. prior to the change in moisture
levels. Phosphorus and potassium did not change much when
moisture levels below 50% were changed to 50% m.w.h.c. but when
moisture levels above 50% were changed to 50%, the fixed potas-
sium was released and the mobilized phosphorus fixed.

Following this, carbon and nitrogen mineralization
was determined at'three—weekly intervals when soil 1 was
brought to different pH levels (L.7-7.8) by the addition of
aluminium chlqride or calcium carbonate, and maintained at
different moisture levels during incubation. It was found
that as before the carbon and nitrogen mineralization

increased with increasing moisture level to

between 50% and 70% and then decreased with a further increase
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in soil moisture level only when the soil pH was above 5.80.
At the low pH (L.72) the soil moisture level had no
differential effect on carbon and nitrogen mineralization.
Micro—organisms functioning at this low soil pH were probably
not affected by moisture levels used.

When carbon and nitrogen mineralization and
available (Morgan's extracted) phosphorus and potassium were
determined in so0il 1 in the presence of added oat strgg%compost,
differences between the different soil moisture levels (20%,.
50% and 133% mew.heoc.)) in carbon mineralization were sig-
nificant only in the presence of oat straw, which contained
a high proportion of easily mineralizable organic carbon com-
pared with soil humus or compost. Under anaerobic conditions
(133% mewoh.c.) the mineralization of carbon was however
similar and low for the straw, compost and soil alone
indicating that even when easily mineralizable organic carbon
is present respiration may be low under anaerobic conditions.

Under the organic matter treatments, lag periods
occurred before nitrogen accumulation was obtained at all
moisture levels. This lag phase might be due to immobiliz-
ation of nitrogen at the aerobic moisture levels, and
immobilization plus possible denitrification under water-
logging. Also at the aerobic moisture levels phosphorus,

and at all moisture levels potassium, derived from the
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organic matter were fixed probably by micro-organisms whilst
at 133% phosphorus was as usuval mobilized, more so in the
presence of the added organic matter than in the soil alone.
More organic acids derived from anaerobic decomposition of the
added organic matter was probably responsible for this result.

Total nitrogen balances were studied at 20%, 50%
and 133% during incubation of soil 1 with added orgenic matter
at different soil pH levels (L.7-8.0) and added inorganic
nitrogen. In the absence of added inorganic nitrogen, addition
of organic matter stimulated atmospheric nitrogen fixation
presumably by providing energy material. When the added
organic matter was low in total nitrogen (oat straw) atmos-
pheric nitrogen fixation increased with increasing moisture level
but when high in total nitrogen (composted oat straw), atmos-
pheric nitrogen fixation decreased with increasing moisture
level. In the presence of added inorganic nitrogen, loss of
nitrogen from NH,-N increased with increasing pH and at the high
pH increased with moisture level and was further stimulated by
organic matter addition. Loss of nitrogen from NOsz-N however
increased with moisture level, was further stimulated by the
addition of organic matter (more so by straw than by compost)
and tended to be at a maximum at a pH 6.L0.

Under growing rye-grass and rice plants, the

nitrogen lost in the early part of the growth of the rye-grass
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was recovered in the later part when algae had developed on the
surface of the soil. The extent of nitrogen fixationvby these
algae increased with increasing soil moisture level during the
crop growth.

When no nitrogen was applied rye-grass and rice tops
performed nearly as well at all moisture levels (20%, 50% and
80% m.w.h.c. for rye-érass and "upland" and water-logged
moisture conditions for rice). When nitrogen was applied,
dry-matter yields and nitrogen, phosphorus and potassium uptake
increased with increasing moisture level, NOg«N application
resulting in a better performance by rye-grass than did NH,-N.
NOs~N stimulated higher dry-matter yields but a lower phosphorus
uptake by rice tops than did NH,-N.

Since the rice tops performed equally well, when no
nitrogen was added, at the "upland" and water-logged moisture
levels (submerged under 1 cm. of water) the possibility of
greater heights of submergence producing a better performance of
whole rice plants was examined in soils 1 and 2. It was found
that the performance of whole rice plants became progressively
better as the height of the water of submergence increased up
to 5 cm. It was further found that as height of water increased
the contribution of the roots to the performance of the whole
plant also increased. Thus under this height of water of
submergence, rice seedlings were found to perform better

under water-logging than under "upland" soil moisture level
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provided the soil was not in a very advanced state of re-
duction during water-ldgging prior to the tfanSplating of the
seedlings. |

Attention was fhen turned to the effect of soil
drying on nutrient metabolism during subsequent wetting. It
‘was found that carbon and nitrogen mineralization increased on
wetting and incubation of soils 1, 3, L, 5 and 6, when the soils
were previously air-dried compared with no drying and this
increase in carbon and nitrogen mineralization increased with
increasing period of air-dry storage prior to wetting. This was
probably due to the partial sterilization effect of the drying.

Under growing rye-grass in soils 7, 8 and 9, however,
this effect of air-dry storage was not manifested in the uptake
of nitrogen by the grass although potassium seemed to be re-
leased to the crop by the air-drying of soil 9 (low Morgan's
extractable potassium) and seemed to be fixed against crop up-
take in soil 8 (high Morgan's extractable potassium).

The partial sterilization effect of air-drying might
also explain the greater nitrification obtained in each
successive wet phase when soils 2 and © were alternately in-
cubated wet at aerobic moisture levels and then air-dried.

Thus the partial sterilization efféct arose from the intervening
air-dry phases., Under these alternate wetting and air—drying
treatments, NH,-N decreased and NO4z-N increased during the wet

phases whilst during the dry phases, the reverse was the case.
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This, plus the fact that when water-logging was alternated
with air-drying NH,-N remained continuously high and NOsz-N
low, indicated that nitrifying bacteria were inactive at
both air-dry and water-logging moisture regimes whilst
ammonifying micro-organisms were active at all moisture
regimes from air-dry to water-logging, thus causing ammonia
to accumulate whenever it could not be nitrified.

| Furthermore, when the aerobic moisture levels were
alternated with air-drying, phosphorus was released from the
s0il 9 (low phosphorus status) but was fixed in the soil 2
(high phosphorus status). Phosphorus was greatly mobilized
during the wet phases and fixed during the dry phases when
water-logging was alternated with air-drying. Alternate
wetting and air-drying at‘the end of three cycles however,
caused a fixation of‘potassium in soils of both low and high
potagsium status.

Following this, rye-grass was grown in soil 2 under
constant soil moisture levels of 20%, 50% and 80% m.w.h.c. and
under regimes where moisture was alternated between these levels.
The grass performed progressively better as the constant
moisture levels increased. This was in contrast with results
obtained ecarlier with soil 1 where the performance of rye-
grass was similar at all moisture levels and confirmed the
suggestion that the low nitrogen status of soil 1 was
responsible for the lack of difference in the performance of

rye-grass at the different moisture levels.
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The performance of rye-grass when the high was
alternated with the low moisture levels was as good as when
a constant high moisture level was maintained and better than
when a constant medium moisture level was maintained. The
latter was better than when a constant low moisture level was
maintained and was as good as when the medium or high was
alternated with the low moisture levels. During the
alternations of the moisture levels, rye-grass performed better
during the mcre favourable phages than during the corresponding
period at the constant favourable moisture level, thus com-
pensating for the deficit in the performance during the less
favourable moisture phases. This effect of unfavourable moisture
conditions is similar to the partial sterilization effect of

air-drying soils on subsequent microbial activity.

FINAL, CONCLUSIONS

After studying the effect of soil moisture on nutrient
metabolism in incubation and pot tests, the main conclusions
reached were as follows:

Microbial activity, as measured by organic matter
decomposition in soils occurred even below the permanent
wilting moisture percentage. Carbon and nitrogen mineral-
ization increased with increasing moisture level up to about

60% m.w.h.c. and then decreased with a further increase in



365.

moisture level. So0il moisture was thus a controlling factor
in organic matter decompositionrup to about 60% m.w.he.c., whilst
its effect at higher moisture levels was mainly through its
restriction of oxygen availability.

In the presence of added organic matter (oat straw
and compost) there was always a lag before mineral nitrogen
accumulation occurred in the soil, the lag period being shortest
at about field capacity and longest under water-logging. The
lag was probably due to microbial immobilization.

In soil of low pH (L.70), soil moisture levels between
20% and 133% m.w.h.c. had no differential effect on carbon and
nitrogen mineralization but as the soil pH increased up to 7.70,
carbon and nitrogen mineralization increased with moisture level
to about 60% m.w.h.c. and then decreased as usual with further
increases in soil moisture level,

In the absence of added inorganic nitrogen, addition of
organic matter of low nitrogen content during incubation
generally stimulated atmospheric nitrogen fixation, more so at
the higher than at the lower moisture levels and especially at
a soil pH around 6.50. When inorganic nitrogen fertilizers |
were applied it was observed that nitrogen losses from added
nitrate-nitrogen became serious only when the soil moisture
level and nitrate and organic matter additions were high,
whilst losses from added ammonia nitrogen became serious only at
soil pH levels; at high pH ammonia losses were stimulated by high

goil moisture levels and the presence of added organic matter.
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Under rye-grass and rice crops, losses of added
nitrogen at higher moisture levels in the early stages of
growth might be mitigated by the development of algae which
are capable of fixing atmospheric nitrogen.

Although there were variations in the Morgan's
extracted phosphorus under aerobic soil moisture conditions
and in extracted potassium under all moisture conditions during
iﬁcubation, these variations were not clearly reflected in the
uptake of these nutrients by rye-grass or rice under similar
soil moistufe conditions. Instead, their uptake tended to
follow trends similar tb that of dry-matter yields. During
incubation at high soil moisture levels, phosphorus was generally
greatly mobilized. The lack of a luxury consumption of this
mobilized phosphorus by rye-grass or rice compared with the
luxury consumption of potasgium where it was added in nitrate
nitrogen treatments would indicate that the mobilized phosphorus
was not all available to the plant although it might prevent
phosphorus deficiency.

When rye-grass was grown at soil moisture levels
between 20% and 80% m.w.h.c. and rice at "upland" and water-
logged soil moisture regimes, the crops performed better at
the higher than at the lower moisture levels provided the
general nutrient status of the soil was adequate. Thus
where rye-grass was grown in a soil of low nitrogen status,

it performed better at the higher than at the lower moisture
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levels only when nitrogen fertilizers were applied but where
it was grown in a soil of high nitrogen status it performed
better at the higher than at the lower moisture levels without
nitrogen application.

In the case of rice, however, the performance became
progressively better as the height of the water of submergence
increased, the roots contributing more to the whole plant
performance under water-logging than under '"upland" so0il moisture
condition. This led to the suggestion that the secret of the
general better performance of rice plants under water-logged
than "upland" moisture conditons might lie in the greater root
development in response to the low oxygen pressure or some
growth promoting substances derived from the complex anaerobic
processes, bearing in mind that the development of rice seedlings
might be hampered by a very advanced state of reduction in
water-logged soils prior to transplanting.

When a soil moisture condition which hampered microbial
activity or crop pverformance was changed to a more favourable
one, microbial activity or crop nutrient metabolism increased
compared with that prevalent under a continuously favourable
moisture condition. Thus raising the soil moisture level from
"below 20% and lowering it from above 50% to 50% m.weh.c. caused
greater incrcases in carbon and nitrogen mineralization than

maintaining the moisture level continuously at 50% m.wWehecCe
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Air-dry storage of soils prior to wetting and incubaﬁion caused
greater increases in carbon and nitrogen mineralization than

no drying and when soils were alternately incubated at aerobic
moisture levels and air-dried, every wet phase increased
nitrification more than did the previous one. When rye-grass
was grown under alternating moisture conditions, it performed
better during the favourable phases than in the corresponding
period under the continuous favourable condition.

The above observed results were possiblyidue to a
partial sterilization effect of the adverse moisture condition
as far as incubation tests were concerned. An effect similar
to this seemed to apply to the rye-grass as well and may apply
to other crops since Forward (1953) showed that the respiration
of potato tubers increased on restoration of aerobic conditions,
compared with that prevalent under continuous aerobic conditions,
after storage under an atmosphere of nitrogen. It would seenm
therefore that variations in the soil moisture regime including
spells of unfavourable moisture conditions affected the
metabolism of nutrients in the soil and in plants through this
phenomenon.

In general, useful as soil chemical analysis might
be as a method of evaluating the availability of nutrients
to crops, the soil nutrient stétus determined under the

various moisture conditon by chemical tests did not truly
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reflect the availability of the nutrients to rye-grass and

rice. In this connection the study of the partial sterilization
effects of air-dry storage of soils prior to wetting compared
with no drying on the availability of nitrogen did not seem to

have a practical applicability.
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