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FOREWORD

Asian lowlands have for many centuries produced enough rice

for very large populations. Recently, food production has
increased slightly more rapidly than population growth.

Increases were through combinations of expanded irrigation,

high yielding varieties, chemical fertilizers, and cropping
intensification. However, they will not necessarily con—
tinue. The recent increases were primarily from lands with
fertile soil and favorable climate. There are few opportuni —
ties for developing new land. Rice and other crops must now
be grown where water is not well controlled, soils are less
fertile, or there are physical constraints such as compacted
soil layers. To increase production in these areas will be
difficult.

In Africa and parts of South America, population growth
exceeds increases in food production. Governments in those
continents are looking increasingly to rice and rice—based
cropping systems for the extra food that they need now and
shall need more pressingly in the future. As in Asia, there
are soil physical constraints to rapid, large—scale expan—
sion of production from rice—based systems.

Thus, with a world demand for rice that is expected to
grow by an annual 3% for the next 15 yr, it is essential
that improved soil and water management methods be developed
and adopted for ricelands, both to increase food production
and to avoid soil erosion and degradation.

These issues and problems were addressed in the Work—
shop on Physical Aspects of Soil Management in Rice—based
Cropping Systems at IRRI 10—14Dec 1984. It was attended by
55 participants from 21 countries and by several IRRI staff
members.

IRRI wishes to thank for their support the Agency for
Cooperation in Development of the Belgian Government, which
provided a large part of the needed funds, the United Na—
tions Development Programme, the United Nations Environment



Progranme, the International Board for Soil Research and
Managenent, and the national governnments that sponsored
i ndi vi dualparti ci pants.

T. Wodhead was wor kshop convenor and scientific edi-
tor. He was assisted by a conmittee conprising S.|. Bhuiyan,
C. W Bockhop, G Boje-Klein, S K De Datta, D.P. Garrity,
D.J. Greenland, R A Mrris, H Mrray- Rust, H U Neue, L.R
A deman, J.C. O Tool e, F.N. Ponnanperuna, V.M Segovia, and
E. A. Tout. The proceedi ngs were edited by E. A, Tout assisted
by G S. Argosino. The proceedings include 26 papers, 19
poster abstracts, and recommendations for future research,
trai ni ng, and coordi nati on of prograns.

Partici pants concl uded that there is significant poten-

tial to develop practical technologies that will increase
food production fromlow and rice- based croppi ng systens.
Essential to these increases will be applied research on

t hose physical aspects of soil managenment that now limt
f oodpr oducti on.

M S. Swam nat han
Di rector Ceneral
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PHYSICAL ASPECTS OF SOIL MANAGEMENT
FOR RICE-BASED CROPPING SYSTEMS

D.J. Greenl and
Internati onal Rice Researchlnstitute

ABSTRACT

Food production fromthe tropical wetlands of Asia and the
worl d nmust be increased. There are physical problens of
wet | and soi | and wat er managenent that restrict rice produc-
tion. Drainage and soil strength determ ne appropriate soil

managenent, and structural alterations caused by puddling
and redrying affect rice and upl and crops grown after rice.

The hydrol ogy of ricelands should be studied and related to
soil characteristics. Mire trained physicists are needed to
tackle these tasks, and ways nust be found to facilitate
greater collaboration anbng the few physicists and agrono-
nm sts conducting research on physical aspects of wetland
soi | managenent.
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PHYSICAL ASPECTS OF SOIL MANAGEMENT FOR
RICE-BASED CROPPING SYSTEMS

For centuries, rice has been grown on Asian wetl ands where
soils are flooded, usually to depths of 5- 10cm of water,
t hroughout the growing season. In the relatively fertile
alluvial soils of the river floodplains and estuaries of
Asia, and in the vol canic soils of Indonesia and the Philip-
pi nes, this nanagenent systemis very productive, and has
supported |arge popul ations for many years. Rice also is
grown where water is less well controlled. About half the
rice in the tropics endures drought, short periods of total
subnmergence, or rice grows in water that can be several
netres deep.

Ri ce demand has grown at an annual rate of approxi mate-
ly 3% for the last 20 yr, and is expected to continue at
that rate until the end of the century. Better water manage-
nent, inproved varieties, fertilizers, and organi c manures
have hel ped production keep pace with demand. In sone envi -
ronnents, production has been increased by growing two or
three rice crops per year, or an upland crop before or after
one or two rice crops.

Alnost all rice is consunmed near where it is grown.
Wrldtrade inrice isonly 12 mlliont annually, and pro-
duction is alnbst 450 million t. In China, which produces
one- thirdof the world's rice, national average crop yield
exceeds 4 t/ha, and 2 annual crops are often harvested.
Serious concern exists about the ability of the soils of
China to support nore intense cropping, and cropping inten-
sity has been reduced in several areas. In parts of Bangl a-
desh and eastern India, the problemis different. Rice in
these stagnant water areas still yields less than 1 t/ha,
despite many efforts to rai se yi el ds.

Only a part of the irrigated rice areas can rely on
year - aroundwat er from storage systens. Mst rice is grown
in areas that receive nonsoonal rainfall supplenmented by
water diverted from seasonal streans and rivers. In dry
season, when irrigationwater i s unavailable, the |l and often
lies idle. If adrylandcrop is sown, seed establishnment in
the cloddy soil left after growing rice is poor and yields
are low. Neverthel ess, many of these soils are deep, |oany
clays that contain enough water at the end of wet season to
grow a short- durationcrop of |egune, sorghum wheat, or
mai ze, but crop establishnment is difficult unless the soils
canbe tilledto a favorabl e physi cal condition.

More food fromAsian ricelands is vitally needed, but
many soil managenent probl ens nmust be solved if the neces-
sary production is to be obtai ned and sustai ned. Managenent
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probl ens include those related to physical properties such
as perneability and aeration, soi | strengt h, wat er
retention, and structural condition for adryland crop to be
establ i shedfollow ngrice.

LAND WHERE RI CE | S GROMN

Most illustrations of rice cultivation inAsia showterraced
fields with standing water and transplanted rice. Soil -
physi cal properties largely determ ne the energy necessary
for and success of tillage operations. Surprisingly little
attention has been paid to the physical properties of rice
soils. Research also has neglected the hydrology of I|and
systens whererice i s grown.

Moor mann and van Breenen (13) summarized much of the
exi sting know edge of the relationship between |andform
water, and soils used for rice production. Their work pro-
vi des val uabl e background for studying | and use and nanage-
nent for rice- basedroppi ng systens.

They divide ricelands into pluvial, phreatic, and fl ux-
ial (Fig. 1). Most rice is grown on phreatic |ands in non-
soon areas where the water table is close to or above the
soi|l surface throughout wet season, and where bunding re-

tains surface water. There are 85 mllion ha of phreatic
riceland, about 35 million ha of fluxial |and, and about 20
mllion ha of pluvial land used for rice- based cropping

systens (Fig. 2).

—
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1. Terminology to describe riceland by topography and water supply (5).
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2. World riceland by water regime (million hectares). The horizontal extent of each class is approxim-
ately proportional to the area (10).

On nost pluvial land, rice is grown as a dryl and crop,
in much the sanme way as wheat or barley. Sone originally
pluvial lands in nbnsoon areas have been terraced and irri -
gated for rice production, creatingthe anthraquic ricel ands
with perched water tables described by Mormnn and van
Breenen (13). Soils of anthraquic ricelands resenble the
European pseudogleys that are dominant in many phreatic
ar eas.

In contrast, fluxial soils may be true gleys that are
nore or |ess permanently reduced throughout the profile.
Where fluxial ricelands are difficult to drain, and subject
to flash or extended fl ooding for much of the year, they can
be used for specially adapted rice varieties, although
yields often are low. Sonetines a dryland crop is grown
after rice when fl oodwat ers recede.

The typical sequence of soil profiles at different
t oposequence positions on phreatic and fluxial ricel ands was
descri bed by Kanno (11) and others (Fig. 3). Mst phreatic
rice soils are medium- to heavy- texturedand occupy |ow
| andscape positions. They generally are poorly drai ned, and
the water table is at or near the surface for much of the
rice season. \Were soils at higher elevations are terraced
for rice production, they nmust be well - puddl edto inpede
percol ation and all ow easy | evelling. Correspondingly, the
bunds that hold water in the rice field nmust seal easily to
nm nimze water | osses by seepage. This problemis simlar to
t hat of sealing earthen dans (2). Thus, the physical proper-
ties of soils that deternmine water retention characteristics
and ease of puddling are i nportant.
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In fluxial |ands, seepage and percolation are seldom
problens, but rice often yields poorly because of other
adverse soil physical properties or because the crop is
subrmerged. Thus in fields that may be relatively dry when
rice isplanted, it is inportant that the soil retains anple
wat er and has a structure that encourages root prolifera-
tion.

DRAI NAGE AND AERATI ON

Al t hough rice grows well in flooded soils, proper drainage
is very inportant. Farnms on fluxial |ands and at the tail
end of irrigation systens suffer frequent floodi ng because
of inadequate surface drainage. Although sonme rices can
tol erate subnmergence for 10 d, nost die after 1 or 2 d. Thus
if water depth exceeds 30- 35cm even for a short tine,
yields may be very lowor nil. A fewrices can elongate up
to 10 cmd to keep above rising floodwater, but they are
nei t her highyielding nor of the sem dwarf stature preferred
by nost farners.

Irrigation raises the water table and reduces internal
drai nage at the tail end of the system often changi ng pseu-
dogleys into gleys. Swanp |lands are used extensively for
rice, but yields usually are | owor very | ow.

Surface water type Intermedate *ype Groundwater type

= v - = z

Ne. -drained

VA

Average
water table

Very poorly drained

3. Catenary sequence of five fundamental families of mineral rice soils (13, modified from 11).
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The Chinese categorize rice soils as perneable, side
bl eachi ng, stagnating, waterl ogged, or percolating (16). The
soils are distinguished by the intensity and position of the
gley horizon (Fig. 3). They also distinguish between high
and low yielding rice soils: stagnating and waterl ogged
soils are | owyi el di ng.

According to Chen Ji an- fongand Li Shi- ye(l), "farners
frequently take the proper percolation rate of the surface
wat er over ricefields as an inportant criterion in eval uat -
ing the fertility of rice soils."” Percolation rates for
fertilerice soils are considered to be 9- 15Mmid for Ji ang-
su Province (17) and Shanghai (6) and 7- 20mi d on the Zhu-
jiang River Delta (6, 7). These soils produce 15- 20t
rice/hain?2or 3 crops. Maintaining this cropping intensity
for several years is likely to increase gleying and reduce
yi el ds unl ess the soil dries betweenrice crops (12).

There is little reported evidence that 10- 20mmper co-
lation/d is needed for highrice yields in the tropics. At
IRRI, 3 crops of rice have been grown i n each of 22 consecu-
tive yr where percolation rate is less than 1 nmmd.

Yield {t/ha,
- -
10 r ~,
M ~,
! N
9 ! \e—Ds
! \
! \
- \
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7 AN / '\
., 3
5 Early WS —————s
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[\
\
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' )
- -
~ 4 LY Ve 5
4}\ 4 \ -~ I, \\
5 ,/' S’ A
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4. Yields of the best rice variety in dry season (DS). and early and late wet season (WS) in an
IRRI continuous cropping experiment (8), 1968-82.
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Al t hough yi el ds have slowy declined (Fig. 4), annual yield
still exceeds 14 t/ha. Miuch nore information is needed to
rel ate yi el d, dr ai nage regi e, and ot her soi |
characteristics.

Oxygen- saturatedsurface water, which enters the soil
t hrough vertical percol ation, prevents | owreduction poten-
tial and consequent soil toxicities. Wentoxicities occur,
t hey are nost conmonly caused by high | evel s of ferrous ions
and very high | evel s of manganous ions inthe soil solution,
by certai n organi ¢ aci ds, and occasional ly by sul fide.

Figure 5 shows the redox potentials at which iron and
manganese are reduced. Sulfide only fornms if redox potenti al
falls below - 200nV, and then it oftenw | pronptly preci-
pitate as ferrous sulfide. If some nmanganese di oxide i s pre-
sent, then close to the oxide and possibly el sewhere the
redox potential remains above +400 nV so that the soil is
buf f ered agai nst serious reduction. Reduction processes are
caused by microbial action, and depend on the presence of
sui tabl e organi c substrates. Mdst comonly, the substrates
cone fromresi dues of present or previous crops. As Ponnam-
peruma (14) showed, the rate of decrease of redox potenti al
di ffers considerably between soils, and is affected by pH,
tenperature, avail abl e organi c material, and ot her factors.

Oxygen al so enters the soil through the aerenchyna of
rice and ot her plant roots. However, this oxygenis |largely
used for root respiration and affects only the soil in the
imediate vicinity of the roots. Thus, deposits of ferric
hydroxi de are commonly observed on rice root surfaces in
strongly reduced soils. If this channeling of oxygen does
not occur, the plant probablyw |l suffer fromFe toxicity.

The drai nage of waterl ogged soils nay be i nproved arti -
ficially, but usually at considerable cost, particularly if
the soil is only slowy perneable. |If the natural water
t abl e renmai ns bel ow about 50 cm and surface water is intro-
duced, infiltration depends oninherent soil profile charac-
teristics. Most lowand rice soils are fine- to medi um- tex
tured, and therefore wet cultivation induces a very open
structure inthe plowlayer (Fig. 6). However, wet cultiva-
tion also induces clay translocation and may forma denser
| ayer. Percolation rate is determned either by this |ayer
or the | ess perneabl e Bt horizonbelowit.

Pans are an al nbst universal feature of |lowand rice
soils. The extent to which they and the Bt horizon restrict
percol ati on probably depends as nuch on annual soil drying
as on soil texture. Drying causes soil to shrink, and fis-
sures and transm ssi on pores to devel op. This dryi ng usual ly
is nmore intense when a crop is grown -- as with a dryland
crop grown on resi dual water after nonsoon rice. Such drying
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Ep (V) 5. Relations between redox potential and the
~ composition of important redox couples in
A soils (15).
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may affect the soil horizons beneath the cultivation pan if
the wat er tabl e recedes bel ow 1.5 mdept h.

Soils swell when they are refl ooded. The fissures and
transm ssion pores then tend to close, but they normally
persist sufficiently long to allow sone percol ati on. Were
the fissures devel op al ong root channels, their walls may be
stabilized by root exudates and products of root decay. d ay
novenent into transm ssion pores and fissures may bl ock
them but may al so stabilize their walls.

The length, density, and stability of fissures and
pores depend on soil texture and mineral characteristics.
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6. Porosity of a flooded rice soil after puddling (data of Dr. H. U. Neue, IRRI).

Heavy soils with 2:1 lattice clays of large specific sur-
face area tend to be cohesive, and form nmassive, cloddy
structures when they dry after flooding. They al so are easi -
Iy puddled. Soils with lowactivity clay are | ess cohesi ve,
nore difficult to puddl e, and have high percol ation rates.
Furt her studies are required to determ ne howbest to manage
such soi | s to devel op appropri at e drai nage condi ti ons.

STRUCTURAL CHARACTERI STI CS AND CRCP ESTABLI SHVENT

Many soils that have been planted to rice have enough wat er
for adryland crop after rice. However, their seedbed struc-
ture usually is unsuitable, and dryland crops after rice
often have lowyields. Simlarly, seedbeds may be difficult
to establish for direct- seededrice at the onset of nmonsoon.
Direct - seedingis becom ng nore w despread because short -
duration rices nowpermt the growing of two rice crops in
wet season (Fig. 7). Soil structure nust be mani pulated to
al | oweasy crop establishment, rapid early growth to conpete
wi th weeds, and sufficient available water despite erratic
early rains.
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7. Timing of cultural practices in relation to rainfall in traditional single rice crop and direct-
seeded rice - transplanted rice systems. Depending on the soil physical characteristics, it may
be possible to establish a successful upland crop after the single or the second rice crop
(From "An approach to rainfed farming: the Philippine case", Philippine Council for Agri-
culture and Resources Researchand Development, and Bureau of Agricultural Extension).

Texture and mneralogy largely determine the soil
structure after flooded rice. Cohesion between soil par-
ticles is determned by interparticle forces, which depend
on t he physi cocheni cal properties of the particle surfaces,
the ionic conposition of the soil solution, and on organic
materials associated with domains and nicroaggregates. A
detailed literature review of factors determning soil
structural behavior is given el sewhere (4).

Those soils with stable donmains and mnicroaggregates
resi st dispersion when cultivated in flooded conditions.
They tend to behave like coarser textured soils (loans or
sandy | oans), are less cohesive, and dry to a granular
structure. Establishing a dry- seededcrop in these soils is
relatively sinple. The cohesi veness of sone soils with 2:1
lattice clays also can be reduced by organic matter. More
information is needed about this phenonenon. Studies are
needed also of the effects of Fe and Al on fl ooded soil.
There, these elenments formorgani c conpl exes and i nfluence
clay fl occul ati on and aggregati on.
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Soil animals also influence soil structure. Many soi
ani mal s cannot survive flooding: they therefore do not dis-
turb soil physical consolidation after puddling, except in
the few nillinetres of aerated soil in contact wth
oxygenated water. Mre information is needed about animals
that live in flooded soils and their effects on soil porosi-
ty.

Y Conventional tillage before a dryland crop after rice
general |y produces lower yield than if the crop is seeded
using zero, mnimum or striptillage, probablybecause | ess
water is lost froman undi sturbed soil (18). However, when
rice is direct- seededin soil npistened by early nonsoon
rains, tillage normally is essential toreduce weed conpeti -
tion.

Traditionally, farmers wait until the rains saturate
the land, then plowand harrow to puddle the soil, presum
ably mexi m zi ng weed destruction and perhaps allow ng the
soil to settle to a condition suitable for transplanting.
Such | and soaki ng often persi sts during several weeks when a
crop could be growi ng; noreover, it appears to be very
wast ef ul of water.

Puddling and its effects on soil structure have been
wi del y studi ed. Destruction of transm ssion pores to reduce
percolation is inportant in phreatic |ands, but not in flux-
ial ands where the water table is at or above the surface.
Puddl i ng neverthel ess is the normal practice onmany fl uxi al
| ands, presumably because it reduces weed i nci dence, softens
the soil for rapid transplanting, and allows | evelling that
hel ps control the depth and fl owof surface water.

PANS, TRAFFI CABI LI TY, ROOTI NGDEPTH, AND
WATER STORAGE

Cultivating a wet soil always forns a pan. The pan | ayer may
be denser, or may have hi gher clay content than the overly-
i ng soil because of clay dispersion and transl ocation during
cultivation. The depth to the panis related to cultivation
net hod. Where rice has been grown for many years, the pan
usually is readily apparent in the profile norphol ogy. Even
after short periods of cultivation, pans are easily detected
wi th a cone penetroneter (Fig. 8).

The influence of pans on root devel opment and soi
trafficability is not clear. The relation between wet
strength and root penetration suggests that pans hi nder root
devel opnment. However, there are varietal differences in the
ability of roots to penetrate a conpacted |ayer, and pan
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Depth (cm) 8. Resistance (shear strength) measured with a
0 cone penetrometer for previously flooded soil
at field capacity (data of S. G. Maghari and T.
Woodhead).
20—
40—
60 |—
80 f i
0 2 4 6

Shear strength (MPa)

strength differs considerably between soils and |ocations
(Fig. 9). Puddling the surface soil should all ow adequate
root proliferation, providedthe soil renains saturated; but
it may al so hel p create a pan that inhibits deep rooting.

Bearing strength is inportant during | and preparation.
Where the water table is perched, as in a pseudogley, and
overlies an unsaturated soil, bearing strength may not be
important. In stagnating and waterl ogged areas, strength
oftenis inadequate. Inthese | atter areas, |and preparation
nust be with | ow- pressurenachinery or animals or manual .
Drai ning or seasonal drying may inprove soil consistency,
but presently available information is not related to speci -
fic soil and drai nage characteristics, and results cannot be
general i zed(4).

Inrainfed and partially irrigated systens, the rela-
tions between water retention, soil strength, and root de-
vel opment are very inportant, particularly for rice, which
has roots whi ch usual | y cannot deeply penetrate a rel atively
dry soil. Soil water retention is inportant where rice is
dry- seededfor early establishnent or to avoid transpl anting
innore than 10- 20cmof water in deep water areas.

More data are needed on the effects of puddling on
different soils. Specific information is needed on the | oss
of storage and transm ssion porosity, and on possibilities
for tillage methods that could elimnate transm ssion pores
but | eave storage pores intact. Childyal (3) has vigorously
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argued that soil conpaction may be used i nstead of puddling.
There may be certain soils for which conpaction is the nost
sui tabl e | and preparation for rice.

CONCLUSIONS

Rice is the nobst inportant food crop in the devel oping
wor | d. About 90%of world production is harvested fromthe



14 SOIL PHYSICS AND RICE

wet | ands of Asia. Until now, production has kept pace with
demand in nost areas except Africa and the Mddl e East. But
by 2000 at |east 30%nore rice production wll be needed --
nost of it fromAsia, where there is |little suitable land to
expand the farmng area. The increased production nust
therefore conme fromexisting ricelands. Better rice varie-
ties and increased use of fertilizers and organic manures

wi || undoubtedly contribute to increased production, but
their contribution will only be realized if soil physical
properties are properly managed.

Wat er managenent is of primary inportance. It will be

necessary to develop newirrigation systens, and i nprove and
expand existing systens. Estimates for the costs of such
i nprovenents and expansions have steadily increased and

predictions for the systens' useful life have fallen. The
useful ness for rice production of underdrai nage and of in-
creased water use efficiency has been questioned. It is

t herefore doubtful whether the proposed investnments in new
irrigationsystens will be forthcom ng.

Better water use and nmanagenent can be encouraged by a
better understanding of the physics of |lowand soils. The
pertinent research has receivedtoo little attention, as has
research into soil cohesion, workability, and trafficabil -
ity, which deternmine ease of cultivation and crop
establi shnment. Studies also are needed of the processes of
siltation of water distribution channels and reservoirs.
Such siltation can considerably reduce the working life of
anirrigationsystem

Many rainfed ricelands are planted with dryland crops
after rice. Crop establishment and nmanagenent to ensure
opti mumuse of residual soil water are critical. Understand-
ing the relevant soil physical conditions could help in-
crease production.

There are fewphysical scientists working w th physical
probl ens of wetland crop production. Mich needs to be done
to train senior and junior researchers so that rapid sol u-
tions may be found. O oser collaboration between the few
scientists already studying wetland soil physical topics
shoul d hel p achi eve sooner the needed sol uti ons.
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INTERPRETING PHYSICAL ASPECTS
OF WETLAND SOIL MANAGEMENT
FROM SOIL TAXONOMY

H. Eswar an
Soi | Managenent Support Services
Washi ngton, D.C., USA

ABSTRACT

The gui di ng princi ples for devel oping the United States soi

t axonony cl assi fication system (published in Soil Taxonony)
wer e nor phogenetic. However, paraneters to define taxa were
sel ected, wherever possible, on the basis of soil use. The
taxa nanes allow several interpretations. This paper de-
scribes the relations of soil physical characteristics and
managenent .

The soil taxonony system does not reflect detailed
surface soil characteristics. There is an urgent need to
devel op for wetl and soil managenent a technical classifica-
tionbased on surface soil characters.
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INTERPRETING PHYSICAL ASPECTS
OF WETLAND SOIL MANAGEMENT
FROM SOIL TAXONOMY

Wetl and soil managerment ains to mani pul ate soil particles
into configurations that retainwater for the rice crop and
pronbte extensive rooting, good aeration, and effective
storage and rel ease of water for dryland crops in a rice-
based sequence. The soil to 25— to 50- cndepth is nobst im
portant. The physical properties of this zone can be drasti -
cally altered through managenent, use, or nmsuse. Conse-
qguently, the physical properties are tenporal. O her surface
features, suchas roughness, clodfragnentation, dispersion,
and surface sealing, are transient properties. They are
neasurabl e and crucial to crop performance, but are unsuit -
abl e paraneters for a classification system Little has been
done to eval uate and characterize them

The United States soil taxonony classification system
(6) primarily addresses deeper layers with nore pernmanent
properties, but surface soil attributes are not conpletely
i gnored. For exanple, the definitionof the argillic horizon
requires a conparisonwith the clay content of the surface
hori zon. Sone subsurface features, such as pans or other
i npernmeabl e layers, directly or indirectly affect surface
soil characterization

Thi s paper discusses sonme of the physical paraneters
used by Soil Taxonony (6), and the rationale for selecting
the differentiatingcriteria inrelation to use and nanage-
nment of wetland soils. Sonetines, because of a |ack of re-
search or supporting data, criteria are arbitrary and were
i ncl uded in Soil Taxonony by consensus favoring the criteria
or their limts. The classification systemw || be refined
over time.

SOIL TAXONOMY

Soi | Taxonony was devel oped to describe soils using objec-
tivecriteria, to facilitate comunication anong soil scien-
tists, and to enable the determ nation of soil response to
managenent practi ces.

The systemdivides soils into hierarchical classes. The
hi gher categories (Fig. 1) are abstract, with definitions
based on genetic concepts. The | ower categories are pragmat -
ic and include properties relevant to soil use and nmanage-
nent. The 10 orders, which are defined by najor diagnostic
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features, each relate to a substantial area of the world's
soil (Table 1). The suborders are differentiated by factors
that control mmjor processes inthe soil. Soil noisture and
sonme tenperature regines are considered in nost of the or-
ders.

Table 1. Estimate of area of orders of soils in the world.

. Land area Area
Soil (%) (ha x 108)
Alfisols 13.2 17.1
Aridisols 18.8 24.4
Entisols 8.3 10.8
Histosols 0.9 1.2
Inceptisols 8.9 115
Mollisols 8.6 11.1
Oxisols 8.5 11.1
Spodosols 4.3 5.6
Ultisols 5.6 7.2
Vertisols 1.8 2.3
Soil in mountain areas 19.7 25.6

Miscellaneous 1.6 2.1
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Di agnostic properties, or other major controls of ge-
netic processes, are used to define the great groups. Sub-
groups are defined through i nportant subordi nate properties
(Table 2). The family and series are the fifth and sixth
categories of the system They are distingui shed by proper -
ties selected to create taxa that are successively nore
honogeneous for practical soil uses. Famlies provide class-
es with relative honogeneity in properties inportant to
pl ant growth. Series are subdivisions of fam lies that give
t he greatest honobgeneity of properties inthe root zone, but
yet occur in sufficiently large areas that they nay be
mapped at scales used in detailed soil surveys. Figure 1
illustrates the increasing information content and accuracy
of predictions as one noves fromorder to series.

Soi | Taxonony's nonenclature is one of its unique fea-
tures. Each part of the name is taxononmic and also allows
several interpretations. The properties available for inter-
pretation increase toward the | ower categories (4) (Table
3). The category of famly gives groupings with specified
ranges in

. particle size distribution in horizons of mgjor
bi ol ogi cal activity bel owpl owdept h,
. m ner al ogy of the hori zons,

Table 2. Relationships among categories in Soil Taxonomy.

Basis for Example of Main features

Category differentiation class name of the class

Order Dominant soil process Ultisol Clay accumulation;
that developed soil depletion of bases

Suborder Major control of Udult Soil moist most of time;
current process humid (udic) climate

Great group Additional control of Tropudult Fairly constant soil tem-
current process perature all year; tropical

environment

Subgroup Blending of processes Aquic Tropudult Temporary wetness in
(intergrades or extra- rooting zone
grades)

Family Internal features that Fine loamy, Texture and mineralogy
influence soil-water-air mixed iso- in a control section, and
relations thermic, Aquic  soil temperature

Tropudult

Series Nature of materials Cerrada Soil forming in

that affect homogeneity weathering diabase

of composition and
morphology
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Table 3. Derived properties from soil names.

Category Derived properties

Order:  Oxisols The soil has an oxic horizon. It has low CEC, traces
of weatherable minerals, no rock fragments, and at
least 15% clay.

Suborder: Ustox The soil has an ustic soil moisture regime, indicating
moisture stress during some of the year but not as
severe as in the Torrox. Because it is not an Aquox, it
is well drained; as it is not a Humoyx, it has a low
organic carbon.

Great group: Acrustox The soil has very low effective CEC and nutrient
retention capacity. This and a possible high P
fixation capacity are major constraints.

Subgroup: Typic Acrustox The Typic subgroup implies a net positive charge and
a high propensity to fix anions like phosphates.
Family: clayey, The soil has more than 3.5% clay; the clay mineralogy
oxidic, is dominated by oxides and oxyhydrates. Soil tem-
isohyperthermic petature is high throughout the year.
. t emper at ur e regine,
. thi ckness of soil penetrable by roots, and
. ot her properties inmportant for plant growh.

The response to managenent of conparabl e phases of all soils
withina famly are thought to be al nost sinilar enough for
nost practical interpretations of suchresponses (1).

EVALUATING CONSTRAINTS TO MANAGEMENT

The derivation of soil properties fromsoil names is enpha-
si zed. Know edge of these properties can be used to signal
potential constraints or beneficial attributes of a soil.
Table 4 illustrates some of the soil attributes that could
be inferred fromthe prefixes used to devel op the suborder

and great group nanes in Soil Taxonony. For exanple, in ACR
UST OX:

OX i ndi cat es the order Oxi sol s,

UST is the prefix for suborder Ustox, indicating
seasonal noi sture stress, and

ACR is the prefix for the great group Acrust ox,
i ndi cating high potential phosphate fixation and
| ownutrient hol di ng capacity.

The inclusion of soil noisture and tenperature regines
is an innovation in Soil Taxonony. Soil noisture generally
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Table 4. Formative elements in names of suborders and great
groups and their general implications.

Formative General soil attributes
element
For suborders

Alb Pale and sometimes coarse textured
And Anion retention, low bulk density
Aqu High water table
Ar Deeply plowed and mixed horizons
Arg Presence of a finer-textured subsurface horizon
Bor Low temperature is a constraint
Ferr Large Fe mottles; some moisture saturation
Fibr Poorly decomposed organic matter
Fluv Stratified soil material
Fol Undecomposed organic matter
Hem Partially decomposed organic matter
Hum Humus enriched
Ochr Almost without organic matter
Orth The typifying soll
Plagg Man-made surface soil; soil is poor
Psamm Sandy; low water and nutrient retention
Rend Shallow soil on limestone
Sapr Highly decomposed organic matter
Torr Hot and dry; severe moisture stress
ud Low probability of moisture stress
Umbr Acid; humus-rich surface horizon
Ust Seasonal moisture stress
Xer Moisture stress in hot season

For great groups
Acr Anion fixation; low nutrient holding capacity
Agr With high biological activity; good medium for

roots

Arg Finertextured subsurface horizon
Calc Carbonates present
Camb Usually a young soil
Chrom Pale colors; low organic matter
Cry Very cold; very short growing period
Dur Impermeable duripan
Dystr, dys Acid with possible Al problems
Eutr, eu Base-rich environment
Frag Root-restricting fragipan
Fragloss As Frag with a fluctuating water table
Gibbs Root-restricting sheets of gibbsite
Gyps High gypsum content
Gloss Fluctuating water table
Hal Salt concentration; salinity
Hapl Usually no problems
Hydr May dry irreversibly
Luv Leached

Continued on opposite page
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Table 4 continued

Formative General soil attributes
element
Med Cool climates
Nadur Alkaline soil with a root-restricting layer
Natr Alkaline conditions
Pale Deep soil or has abrupt textural change
Pell Dark soil with high humus content
Plac Root-restricting placic horizon
Plinth Soft red concretions with potential to harden
irreversibly
Quartz No weatherable minerals
Rhod High P fixation
Sal Saline conditions
Sider High Fe; water stagnation
Sombr Burried organic-rich horizon
Sphagn Paltially decomposed organic soil
Sulf Acid sulfate conditions
Trop No temperature constraint
Verm High biological activity
Vitre Undecomposed volcanic material
is included at the suborder level, and sonetines at the

great group and subgroup levels. Soil tenperature is a de-
fining criterion for the famly level and sonetines is used
at higher levels. A conbination of soil tenperature and
noi sture regine stratifies the environment into classes, the
signi ficance of which (5) is shown in Table 5. Sone crops,
particularly those bred to withstand certain soil con-
straints, may straddle class limts or nbve into another
cl ass.

Family

Soil particle size and mneral ogical characteristics are
used to distinguish famlies of mneral soils within sub-
groups. In Soil Taxonomy, families and |ower categories,
particularly series, serve |argely pragmati c purposes. Fam -
ly differentiae for mineral soils are the classes: particle
si ze, mneral ogy, cal careous or reaction, soil tenperature,
soi | depth, soil slope, soil consistence, coatings (sands),
and cracks. The differentiae are used where rel evant; Soil
Taxonony gives the differentiae i nportant for each order.

Soi | Taxonony defines particle size inrelationto the
entire particle size distributionof asoil, whereas texture
refers only to the fraction finer than 2 nm Table 6 lists
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Table 5. Relation between crop and soil characteristics (5).

Crops for each moisture regime

Temperature Aquic Udic Ustic Xeric Aridic
regime
Thermic Wheat
Rice
Hypelthermic Irrigated rice Irrigated rice
Isohyperthermic ~ Flooded rice Cassava Irrigated rice Irrigated rice
Cocoyam Cassava
Maize Sorghum
Upland rice  Pigeonpea
Soybean Groundnut
Yam
Beans
Isothermic Potato Potato
Isomesic Potato Potato
Wheat Wheat

Table 6. Particle-size classes for afamily grouping.

1.

2.

Fragmental. Stones, cobbles, gravel, and very coarse sand parti-
cles, Too little fine earth to fill interstices larger than 1 mm.
Sandy-skeletal. Particles coarser than 2 mm are 35% or more
by volume, with enough fine earth to fill interstices larger than
1 mm. The fraction finer than 2 mm is that defined for parti-
cle-size class5.

. Loamy-skeletal. Coarse fragments are 35% or more by volume,

with enough fine earth to fill interstices larger than 1 mm. The
fraction finer than 2 mm is that defined for particle-size class 6.

. Clayey-skeletal. Coarse fragments are 35% or more by volume,

with enough fine earth to fill interstices larger than 1 mm. The
fraction finer than 2 mm is that defined for particle-size class 7.

. Sandy. The fine earth includes sands and loamy sands, exclusive

of loamy very fine sand and very fine sand textutes. Coarse
fragments are less than 35% by volume.

. Loamy. The fine earth includes loamy very fine sand, very fine

sand, and finer textures with less than 35% clay. Coarse frag-

ments are less than 35% by volume,

6a. Coarse-loamy. Loamy particle size with 15% or more by
weight fine sand (0.25-0.1 mm) or coarser particles, in-
cluding fragments up to 7.5 cm, and with less than 18%
clay in the fine earth fraction.

6b. Fine-loamy. Loamy particle size with 15% or more by
weight fine sand (0.25-0.1 mm) or coarser partrcles, in-
cluding fragments up to 7.5 cm, and with 18 to 35%
clay in the fine earth fraction,

Continued on opposite page
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Table 6 continued

6cC.

6d.

Coarse-silty. Loamy particle size with less than 15% fine
sand (0.25-0.1 mm) or coarser particles, including frag-
ments up to 7.5 cm, and with less than 18% clay in the
fine earth fraction. (Carbonates of clay size are not consi-
dered to be clay, but are treated as silt.)

Fine-silty. Loamy particle size with less than 15% fine
sand (0.25-0.1 mm) or coarser particles, including frag-
ments up to 7.5 cm, and with between 18 and 35% clay
in the fine earth fraction.

7. Clayey. Fine earth contains 35% or more clay by weight, and
coarse fragments are less than 35% by volume.
7a. Fine. Clayey particle size with 35-60% clay in the fine

7b.

earth fraction.
Very-fine. Clayey particle size with 60% or more clay
in the fine earth fraction.

In three situations, particle size hames are replaced by other
modifiers. Psamments and Psammaquents are by definition sandy
soils, so a particle size class name is redundant. For soils with ap-
preciable amounts of amorphous gels, such as Andepts and Andic
subgroups, no particle size class is used. Particle size class names
are not used if the organic content is high and patrticle size has
little bearing on chemical and physical properties.

In the second and third of these situations, the following
terms may replace particle size class names, and reflect and sub-
stitute for both particle size and clay mineralogy:

1.

Cindery. More than 60% volcanic ash, cinders, and pumice
by weight, and 35% or more by volume is 2 mm or larger,
(Weight percentages are estimated from grain counts.
Usually a count of one or two dominant size fractions of
conventional mechanical analysis is enough to classify the
soil.)

Ashy and ashy-skeletal.

Ashy. 60% or more volcanic ash, cinders, and pumice by
weight and less than 35% by volume is 2 mm or
larger.

Ashy-skeletal. Coarse fragments are 35% or more by
volume and fine earth is ashy.

Medial and medial-skeletal.

Medial. Less than 60% volcanic ash, cinders, and pumice
by weight in the fine earth, less than 35% by volume
is 2 mm or larger, and the fine earth fraction is not
thixotropic. Dominated by amorphous material.

Medial-skeletal. 35% or more of coarse fragments by
volume, and the fine earth fraction is medial.

Thixotropic and thixotropic-skeletal.

Thixotropic. Less than 35% by volume is 2 mm or larger,
and the fine earth fraction is thixotropic.

Thixotropic-skeletal. 35% or more by volume is coarse
fragments, and the fine earth fraction is thixotropic.
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the current particle size classes. Particle size classes in
vertical sequenceswithinaprofile that differ significant-
ly inporesize distribution, and hence substantially affect
infiltration andwater retention, are recogni zed as strongly
contrasting. There are 44 such differential conbinations.

Exanpl es are sandy over cl ayey, | oany- skel etal over fragnen-
tal, and fine-siltyover sandy.

Assessing constraints from taxa

Tabl e 7 shows sone of the constraints that can be interpret-
ed fromsoil taxa (2, 3). Sinilar tables can be constructed
for all other taxa, and other limting factors may be added.
Such tabl es are gui des for predicting potential constraints.

Physi cal aspects of soil managenent are | ess well indi-
cated by soil nanes. Sone few physical aspects are infer-
able fromthe taxa names for the following rice grow ng
soil s.

Entisols. In Entisols, the suborder with greatest po-
tential use for flooded rice is Aquent. The nbst recent
deposits, which have not yet ripened, are Hydraquents. They
have an nval ue hi gher than 0.7, indicating very | owbearing
capacity. These soils occur on tidal flats and are subject
to flooding. Like nmost Aquents, they are reduced and sel dom
dry.

Sul faquents have sulfidic materials (essentially py-
rite) within 50 cmof the soil surface. Drainage causes
sul furic acid formation and changes the salt concentration
of the soil solution, thereby adversely affecting osnotic
potential, As a result, crops may show drought synptons
al t hough t hey ar e wat er | ogged.

Psanmaquents are sandy soils with a high water table.
They may be stratified but the strata are not contrasting
enough to cause water perching or to have marked inpact on
perneability. Draining these soils can create noisture
stress because there is no buffering effect on noisture
content.

Tropaquents generally are confined to valley bottons
and may have a hi ghly variabl e particle-sizedistribution.

I ncepti sols. The Aquept suborder is the wet | nceptisol.
Physi cal properties are simlar to those of the great groups
of the Entisols. The wetness stage is expressed i ndifferent
ways

Aquepts are very wet | nceptisols;

Typi ¢ Tropaquept wetness is fromthe groundwat er tabl e;



Table 7. Direct or inferred limiting conditions in selected Oxisols taxa.

Soil Direct or inferred limiting conditions®
category in USDA
Taxonomy
Oxisols
Aquox
Gibbsiaquox
Plinthaquox
Ochraquox
Umbraquox

G H | J K

X X X
X X X X X

Humox
Acrohumox, Typic
Petroferric
Gibbsihumox
Haplohumox
Sombrihumox

Orthox

Acrorthox, Typic
Haplic
Plinthic X
Eutrorthox, Typic
Haplohumic
Sombrihumic
Tropeptic
Gibbsiorthox, Typic X
Haplorthox
Aguic X
Epiaquic
Plinthic X X
Quartzipsammentic X
Tropeptic
Ultic
28X indicates presence of the constraint. A = root restrictive layer, B = texture, C = hydraulic conductivity, D = reducing conditions, E = moisture Stress, F = low

CEC, G = high Al, H = acid sulfate, | = anion fixation, J = N mineralization, K = vertic properties, L = low mineral content, M = carbonates, gypsum, N = salinity,
alkalinity, O = soil temperature, and P = type of charge.

X X

XXX X XXXXX X XXXXXX
X X X X X X

XX XX XXX XXXXXXXX X XXXXX X XXXXXX| T

XX XX XXX XXXXXXXX X XXXXXX XXXXXX

XX XXX XXXEXXXXXXX X XXXXXX XXXXXX| ™
x

XX X X XX X X
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Aeric Tropaquept wetness is confined to the upper part
of the soil because of a perched water table,
i ndi cating an inperneabl e |ayer ;

Aqui c Dystropepts are noderately well - drained soils;

and

Typi ¢ Dystropepts are well-drained soils.

The best- drainedInceptisols are the Tropepts and the
Cchrepts -- the latter being nontropical. The three great
groups of Tropepts on which rice is growm are the Hum tro-
pepts, Ustropepts, and Dystropepts. A water table in the
| ower part of these soils is identified by the aquic sub-
groups. The Ustotropepts are the npbst drought- prone because
their noisture control section is dry or partly dry for at
| east 90 cumul ative days in a year. Depending on the textur-
al famly, the surface soil can be puddled for one rice crop
in rainy season. Rice followed by a dryland crop or fallow
is the nornmal cropping system The other Tropepts can be
planted with nore than one rice crop each year.

Vertisols. Vertisols have adverse physical properties.
By definition, they have at |least 30%clay, and that clay is
dominated by nontnorillonite. The nmineralogy causes high
shrink- swell| potential, and the soils are deeply cracked
when dry and have very low workability when wet. Wen dry,
surface clods are hard or very hard, and growing an off-
season crop requires carefully timed |and preparation.

Most Vertisols are npisture- saturatedin parts of the
profile sonetine in the year. Puddling requires nore effort
than for Aquepts or Aquents. Moreover, because of their
cracking properties, Vertisols do not formplow, traffic, or
dasyk pans.

Mol lisols. Mllisols have a nollic epipedon. They gen-
erally have the best tilth conditions of all orders. The
mol l'ic epipedon or surface horizon cannot by definition be
hard or very hard when dry, and therefore is optinal for
tillage. The Aquolls and Aquic subgroups are wet Mdllisols.
Many of these soils have few physicochemical constraints for
crop production.

Utisols and Alfisols. Utisols and Alfisols have a
subsurface horizon with a clay accunulation. This argillic
hori zon has good npisture and nutrient storage capabilities.
The surface horizons are light textured and encourage root
penetration.

The Aquults and Aqualfs are wet Utisols and Alfisols.
They have a groundwater table or sonetines a perched water
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table. Exanples are the Al baquults or Al baqualfs. They are
used for rice cultivation and pose fewphysical constraints.

The better drained Utisols and Al fisols are planted to
rice, as in Thailand. Puddling and retaini ng water are sone-
times difficult. Farmers try to create a pan, generally just
above the argillic horizon, that perches the water. This can
take several years, and crop failure fromdrought in the
first years is a recurring problem Sustaining a wetland
crop on these soils requires much nore wat er because of high
percol ati on.

i sols. Managenent of Oxisols is simlar to that of
Utisols and Alfisols. Sone wet Oxisols have plinthite,
which if close to the surface can harden irreversibly to
i ron- stone. These soils arerare.

Sone Oxisols (and U tisols) have a petroferric contact
that is an i mperneabl e | ayer of iron-stone. The t hi ckness of
soil material above the contact determines the use of the
soil. The contact causes water to perch, and rice may be
grown i nwet season.

H st osol s. Subsi dence and chemical constraints are the
greatest problens inthe organic Histosols. |Innmany tropical
Hi stosols, logs and ot her partially deconposed pl ant materi -
al s inhibit I and use.

Aridisols. Misture availability is the greatest crop
constraint of Aridisols. If irrigation is available, howev-
er, sone of these soils can be cropped as wetland soils.
Salinity or alkalinity is a recurring problemin nost Aridi-
sol s, and al so may cause physi cal probl ens.

Wthin specific limts, sodium concentration induces
clay mgration. The clay accunul ates at specific depths and
forms a natric horizon. In soils where the horizon is well
devel oped, hydraulic conductivity is very |l ow, and water can
perch for | ong peri ods.

CONCLUSIONS

Taxa devel opnent in Soil Taxonony was gui ded by norphoge-
netic principles but, wherever possi bl e, the paraneters that
define taxa or classes have been criteria inportant to soil
uses. Thus, useful interpretations canbe inferred fromtaxa
nanes. Most managenent information is presented at the |evel
of soil series or of phases of the series.
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The system has not been rigorously tested in tropical
wet | and conditions. Because the system is norphogenetic,
surface soil characteristics, whichare so critical to crop
performance, receive |least attention. There is nmuch to be
| earned of them Fromthese properties, a technical classi-
fication coul d be devel oped for rice soils.
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EVALUATION OF
THE PHYSICAL ENVIRONMENT
FOR RICE CULTIVATION
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ABSTRACT

Thi s paper di scusses climate, |andscape, and soil conditions
for unbunded rainfed rice, bunded rainfed rice, rice grown
under natural flooding, andirrigatedrice.

Climatic paranmeters include grow ng season, nean rai n-
fall, nean tenperature at crop devel opnent and ripening
stage, nmaxi mum tenperature of the warnest nmonth, average
sunshi ne duration, and relative hunmidity at different crop
stages. Landscape is discussed in terns of slope and mcro-
relief.

Met hods of classifying natural flood conditions and
dr ai nage are suggested. Soil characteristics are grouped by
physi cal and fertility paraneters and by sal i ne and al kal i ne
conditions. The paraneters are quantified and cl asses are
suggested for the maj or types of rice cultivation
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EVALUATION OF THE PHYSICAL ENVIRONMENT
FOR RICE CULTIVATION

The Food and Agricul ture Organi zation (FAO (1) defines | and
utilizationby crop and managenent | evel, farmsize, capital
i nput, and farner know- how. Ri ce cultivation techni ques can
be grouped by broad I and utilization patterns. In this paper
we di scuss unbunded rainfed rice, bunded rainfed rice, rice
grown under naturally flooded conditions, and irrigated
rice.

Mbst unbunded rainfed rice is cultivated |ike other
cereals -- under dryland conditions wthout flooding. For
bunded rice, which often is grown on terraced |ower and
noderate sl opes, land is |evelled and puddl ed. Most water is
fromrainfall accunulation within the bunded fields, but
near by springs may provi de suppl enent ary wat er.

Rice cultivationonnaturally flooded | and predoni nat es
i nmany countries. The rice is transplanted into the puddl ed
floodplain soil. Irrigated rice is grown under fully con-
trolled irrigation, and canbe grown inhot, dry climates.

For each water regine there are specific cropping re-
qui renents based on |l andform flooding, and soil physical

characteristics. In the FAO system (1) wused here, |and
characteristics are quantified at class level. Cass is the
nost inportant limtation level, and the evaluation is

thereforequalitative.
The systemcl assifies | and as

O der S. Suitable land.
ClassSl. Suitable.
Cl ass S2. Moderatel ysui tabl e.
Class S3. Marginal | ysuitable.
O der N. Unsui tabl e | and.
Class N1. Actually unsuitabl e but potentially
sui tabl e.
Class N2. Actually and potentially unsuitable.

CLIMATE

Rice grows only in warmclimtes on land with sufficient
wat er supply (Table 1). The major rice produci ng countries
are between 30°N and 30°S. Exceptions are Japan and Kor ea.
In the tropical and subtropical regions, rice is the nost
productive cereal. It is grown in Asia on |land frombel ow
sea level to 2,700 mel evati on.
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Table 1. Agroclimatic evaluation for rice cultivation.

Agroclimatic land class
Climate characteristics

S1 S2 S3 N1 N2

Mean rainfall (mm) for rainfed rice during >1,400 >1,000 >800 <800 <800
growingseason

Mean temp at crop development stage (°C) 24-36 1842 10-45 any
Mean temp at ripening stage (°C) 25-38 2042 17-45 any
Mean minimum temp at ripening stage (°C) 17-25 10-28 7-30 any
Average daily maximum temp, warmest 30-40 26-45 21-50 any
month (°C)
Relative humidity at tillering (%) - 55-90 any
Relative humidity at vegetative stage (%) 50-90 any
Relative humidity for rainfed rice after 40-90 >30 <30
milk stage (%)
Relative humidity at harvest (%) <60 <80 >80
Growing season sunshine duration >0.75 >0.45 < 045

2851 = suitable land, S2 = moderately suitable, S3 = marginally suitable, N1 = actually unsuitable but
potentially suitable, N2 = actually and potentially unsuitable.

Al t hough consi dered a tropical crop, rice is extensive-
ly grown in subtropical and |lowtenperate latitudes. It can
grow al nost anywhere t hat average tenperature exceeds 20°C,
and m ni numtenperature exceeds 10°C for 4- 610. Rice needs
generous rainfall or irrigation.

Rainfall

In many tropical countries, rice growi ng areas receive high
rainfall. Wth 1000 to 1400 mmof evenly distributed rain-
fall, rice can grow as an upland crop wi thout standing wa-
ter, or on level, bunded fields that have standi ng water for
nost of the season. Sonetimes rice can grow i n these condi -
tions with only 800 mmof rainfall during the grow ng sea-
son. Onnaturally flooded or irrigated | owl ands, rainfall is
not a constraint.

Temperature

Rice grows well when nean tenperature varies between 20 and
38°C, with ideal tenperatures between 30 and 32°C. Warm
tenperatures at germination pronote faster growth and ear-
lier flowering. Performance is marginal if tenperature is
above 42 or below 18°C. Wen nmaxi num nean, and m ni mum
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tenmperatures are | ower than 25- 26°C, 21- 22°C, and 17°C, the
per cent age of ri pened grai ns decreases rapidly. ldeally, the
nean tenperature at ripening is 30 to 33°C.

Most data on tenperature and rice growh are fromcon-
troll ed, glasshouse experinents. Little information is a-
vai |l abl e for natural conditions. Results fromcontrolled | ow
t enper at ure experi ments have been successful ly extrapol at ed
to natural conditions. For high tenperatures, glasshouse
studies do not always agree with those in natural condi -
tions, probably because field tenperatures are actually
hi gher t han t hose i nneteorol ogi cal screens.

Relative humidity

Rel ative humidity may affect grain formation after mlk
stage, ripening, and di sease incidence. Highrelative hum d-
ity favors crop grow h through the vegetative stage. During
grainformation, lowhumdity may cause grain to shrink, but
hi gh humi dity favors di sease, particularly inrainfedrice.

Radiation intensity and sunshine duration

Radi ation intensity influences potential yield, and where it
i s not neasured, it can be determ ned approxi mately fromthe
fraction of actual to maxi mumpossi bl e sunshi ne hours.

LANDFORM

Eval uati on of slope and l|andform for rice cultivation de-
pends on the type of rice culture.

For upland rice, slope criteria are simlar to those
for other cereals, but may depend upon managenent practices.
For intensive managenent, |and should be flat or have |ong,
regul ar, snooth, 2- 4%slopes. Four percent is recommended
only for heavier soils. Gentle slopes pernmt a w de choice
of field design, and econom cal cultivation and harvesting
techni ques. Sl opes greater than 8%severely limt rice cul -
tivation. Wth | owmanagenent on snall fields, rice my grow
well on slopes up to 8% and marginally on 16 to 30%sl opes.

For bunded rice, fields must be levelled. In deep
soils, 10- to 20- nibasins can be built on slopes up to 4%
Ei ght to 12%sl opes are marginal. Sl ope influences avail abl e
soi|l depth because terracing cuts may expose inperneable
substrat a.
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Naturally flooded rice requires |level ground. Even
slight sl opes require sone bunding to control floodwater and
tomaintainuni formfieldwater depth. Usually, floodedrice
is grow onnaturally flat | and.

For irrigated, intensiverice farm ng, |and shoul d have
| ess than 1%sl ope so uni formwat er depth can be mai nt ai ned.
A slight slope helps water distribution. Irrigated rice can
be grown on slopes up to 4% but levelling is required for
opti mumyi el ds. Level ling and the consequent water distribu-
tionrequirenents may restrict field size.

MOISTURE REGIME

Moi sture regine is determined by flooding and drainage.
Dr ai nage al so det erm nes soi |l oxidati on- reducti orpotenti al,
whi ch affects rice growth and yi el d. Sone drai nage or |ater-
al water novenment generally is desirable to prevent exces-
sive soil reduction and consequent undesirable chem cal
changes. Poorly drained, heavy soils becone strongly re-
duced, while lighter, better- drainedsoils may retain an
oxi di zi ng root zone for | ong periods. Sonetines, sandy soils
produce superior yields, but excessive drai nage can use too
nmuch wat er and waste applied fertilizers.

Fl oodi ng influences soil redox potential, which also
depends on soil depth, organic matter content, and ion bal -
ance. Sonetinmes an oxi di zed hori zon may occur because air is
trapped inthe soil by flooding. Nitrate is the first nutri -
ent to beconme reduced after flooding, and nitrate is |ost
fromthe soil mainly throughdenitrification.

Moi sture regi ne, as determ ned by drai nage and durati on
and depth of flooding, vary for different systens of rice
cultivation. Flood duration canbe classifiedinrelationto
the I ength of the ri ce- grow ngseason (Appendi x 1):

1. flood duration is shorter than the m ni mumgrow ng
season,

2. flood duration is near the m ni mumgrow ng season,

3. fl ood duration equal s the opti numgrow ng season,

4 flood duration exceeds the opti mumgrow ng season
and the crop nmust be harvested from fl ooded
fields.

Fl oodi ng depth (Appendi x 1) is cl assified as:

1. | ess than i deal ,

2. i deal ,

3. nore than i deal, but permts grow ng common rices,

4 margi nal for growing common rices and floating

ri ces arerecomended,
5. too deep for all but floating rices.
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In addition to flooding depth, irregular, sudden increases
in flood level may influence the suitability of land for
rice cultivation. Upland and bunded rice are considered to
be grown as upl and crops on | and not susceptible to flood-
i ng.

Tabl e 2 summari zes the flood cl asses and indicates the
| and cl ass of highest capability for different types of rice
cultivation. Drainage class (Table 3) also determ nes the
hi ghest capability that | and nay have for rice culture. For
upl and rice, drainage classes are simlar to those used for
ot her cereals.

Cultivation of rainfed bunded rice usually is invalley
hol  ows and on | ower sl opes where drainage often is poor.
Thi s i nperfect drainage hel ps retai nwater and creates opti -
mal conditions for bunded ri ce.

Simlarly, for irrigated rice, inperfect drai nage and
noderately wel | — drai nedsoil s seem ideal. Water uplift will
be slight and drai nage at harvest is easy. Only very poorly
drai ned soils are consi dered margi nal (S3) because of diffi-
culties of flood control, drainage, and secondary saliniza-
ti on.

Thi s eval uation of drainage classes for rice cultiva-
tion is tentative, and is nmde realizing that there are
probably rel ati ons bet ween dr ai nage and fl ood cl asses.

PHYSICAL AND CHEMICAL SOIL CONDITIONS

St andi ng wat er nust be maintained for wetland rice cultiva-
tion. Soil texture and structure and the presence of shall ow

Table 2. Highest capability of land class for rice cultivation 2as related to depth and dura-
tion of flooding® for natural floods (A) and for irrigated conditions (B).

Highest capability land class for rice at indicated flood duration

Flood 1 2 3 4
depth
AB AB AB AB

1 F11 N2 S1 F21 S3 S1 F31 S1 S1 F41 S2 S2
2 F12 N2 s1 F22 S3 S1 F32 S1 S1 F42 S2 F2
3 F13 N2 S2 F23 S3 S2 F33 S2 S2 F43 S3 S3
4 F14 N2 S3 F24 S3 S3 F34 S3 S3 F44 N2 N1
5 F15 N2 N1 F25 N2 N1 F35 N2 N2 F45 N2 N2

831 = suitable land, S2 = moderately suitable, S3 = marginally suitable, N1 = actually unsuitable but
potentially suitable, N2 =actually and potentially unsuitable. P F32 = flood duration 3, flood depth 2,
etc; Fo = no floods.
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Table 3. Highest capability of classes? in relation todrainage.b

Unbunded

Drainage rainfed Bunded Naturally Irrigated
class rainfed flooded

A B
Good S1 S3 S3 N2 S2
Moderate S2 S2 S2 S3 S1
Imperfect S3 S1 S1 S2 S1
Poor N1 N1 S2 S1 S2
Very poor N1 N2 N2 S2 S3

231 = suitable land, S2 = moderately suitable, S3 = marginally suitable,
N1 = actually unsuitable but potentially suitable, N2 =actually and poten-
tially unsuitable. bA = fine loamy and clayey families, B = coarse loamy
and sandy families

groundwat er det erm ne whet her standing water can be easily
mai nt ai ned on a field.

Naturally flooded rice usually is underlain by shall ow
groundwat er during floodi ng and can be cul tivated on a w der
soil textural range than irrigated rice grown on soils
wi t hout shall ow groundwater. On these latter soils,
infiltration rate is influenced mainly by texture and
structure.

For soil nmanagenent, surface texture is nore inportant
than subsurface texture. Surface soils with predonm nantly
coarse fragnents are difficult to puddle. Surface stoniness
can limt nechani zation. Land evaluation criteria for dif-
ferent rice cultures are suggested inTables 4, 5, 6, and 7.

Soil depth also should be considered. Depth is nost
i mportant inbunded rice where | evelling nay expose i nperne-
abl e substrata or barren saprolite on steeper sl opes.

In arid areas, calciumcarbonate content affects soil
physi cal and chem cal characteristics. H ghlinme concentra-
tion may not severely restrict water nmovenent, but can pre-
vent root penetration. Rice is noderately tolerant of soil
cal ciumcarbonate: a content of 25-30%is narginal for rice

gr ow h.
When gypsumis present in hot, dry areas it affects
the cation balance of the soil. Because it is easily sol-

uble, it releases Ca and may disturb Ca: My and Ca: K. 1t al so
i mproves soil structure and prevents sodi umsaturation. Up
to 3% gypsumcontent serves as a plant nutrient and favors
rice growth. Root zone gypsumcontent higher than 15%linits
gr ow h.



Table 4. Land classes for rainfed unbunded rice.?

Land characteristics

Landclasses

S1 S2 S3 N1 N2
Climate (C) According to separate evaluation
Topography (t)
% slope (1) <4 <8 <16 <25 >25
2 <8 <16 <30 <30 >30
Wetness (w)
Flooding none none none to slight none to slight any
Drainage(3) good moderate imperfect poor or better very poor
or better or better or better
4) imperfect imperfect or good, moderate, poor or better very poor
moderate or imperfect or better
Physical soil characteristics (s)
Surface texture/structure (X) C-60v to L C+60v to LfS C+60v to cS C+60v to cS CmtocS
Surface coarse fragments (%) <15 <35 <55 <55 >55
Surface stoniness, m apart >100 >30 >10 >1.5 any
Rockiness (%) 0 <2 <10 <10 >10
Subsurface texture (x) Co to SCL C+60 to LfS C+60v to fS C+60v to fS CmtocS
Subsurface coarse fragments (%) <35 <55 <55 <55 >55
Depth to impermeable layer (cm) >90 >50 >20 >20 <20
CaCO, (%) <6 <15 <25 <25 >25
Fertility limitations (f)
Apparent CEC (meq/100 g) >16 >0, -charge >0, +charge
or —charge
Base saturation (%)
(0-15 cm) >50 >35 <15
Organic carbon (%) (5) >1.5 >0.8 <0.8
(0-15 cm)
>0.8 <0.8

(6)

a(1) Intensive fully mechanized agriculture, (2) Primitive farming, (3) Fine loamy or clayey families, (4) Coarse loamy and sandy families, (5) Soils with low acti-

vity clays, (6) Calcareoussoils. (x) For textural sequence, refer to Appendix II.
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Table5. Land classesforrainfed bunded rice.

Land characteristics

Landclasses

S1 S2 S3 N1 N2
Same as rainfed upland rice, except for:

Topography (t)
Slope (%) 0-4 4-8 8-12 12-25 >25
Wetness (w)
Flooding Fo to F32 Fo to F42 Fo to F43 Fo to F44 Fo to F45
Drainage imperfect poor to moderate poor to good poor to good very poor to good
Physical soil characteristics (s)
Surface texture Cm to SiCs Cm to Si Cm to SC Cmto SC CmtocS
Surface coarse fragment (%) none <15 <35 <35 >35
Subsurface texture Cm to Si Cmto SC Cm to LfS Cm to LfS CmtocS
Subsurface stoniness (%) none <15 <35 <35 >35

Note: Depth to be considered after levelling and grading. Flood sequence as for irrigated rice.
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Table 6. Land classes for

rice cultivation under natural floods. 2

Land characteristics

Landclasses

S1 S2 S3 N1 N2

Topography (t)
Slope (%) no <2 <4 <6 >6
Wetness (w)
Flooding F32-F31 F32 to F42 F32 to F24 F32 to F24 F32 to Fo
Drainage poor very poor to very poor to very poor to very poor to

imperfect moderate moderate good
Physical soil conditions (s)
Surface texture Cm to SiCs Cm to SCL Cm to fS Cm to fS CmtocS
Surface coarse fragments (%) <15 <35 <55 <55 >55
Surface stoniness
Rockiness
Subsurface texture Cm to LfS CmtocS
Subsurface coarse fragments (%) <35 <55 >55
Depth to impermeable layer (cm) >90 >50 >20 >20 <20
CaCOg3 (%) <6 <15 <25 <25 >25
Gypsum (%) <3 <10 <15 <15 >15
Fertility limitations (f)

As in Table 4

Salinity and alkalinity (n)
EC (mmho/cm on saturated extract) <2 <4 <6 <6 >6
ESP(%) <20 <30 <40 <40 >40

@ Flood sequence: F32-F31-F33-F41-F42-F34-F22-F21-F23-F43-F24-F44-F35-F25-F45-F11-F12-F13-F14-F15-Fo

(for definition of

flood classes - see Table 2).
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Table 7. Land classes for irrigated rice.

Land characteristics

Land classes

S1 S2 S3 N1 N2
Topography (1)
Slope (%) <1 <2 <4 <6 >6
Wetness (w)
Flooding Fo to F32 Fo to F42 Fo to F43 Fo to F44 Fo to F45
Drainage moderate to good to poor good to
imperfect very poor
Physical soil conditions? (s)
Surface texture (1) Cm to SiCs Cm to Si Cm to SC Cm to SC Cmto cS
) Cm to SiCs Cm to SCL Cm to fS Cm to fS CmtocS
Surface coarse fragments %) (1) no <15 <35 <35 >35
(%) (2) <15 <35 <55 <55 >55
Surface stoniness
Surface rockiness
Subsurface texture (1) Cm to Si Cm to SC Cm to LfS Cm to LfS Cm tocS
) Cm to LSf Cm to Sc
Subsurface coarse fragments (%) (1) no <15 <35 <3H >35
(%) (2) <35 <55 > 55
Depth to impermeable layer (cm) > 90 > 50 > 20 > 20 <20

CaCO; and gypsum as in Table 6
Fertility requirements as in Table 4
Salinity and alkalinity as in Table 6

a(1) Soils without groundwater within a depth of 30 cm from the surface (same as bunded), (2) soils with groundwater near or at the surface (same as under
natural floods). Flood sequence:  Fo-F11-F12-F21-F22-F31-F32-F13-F23-F33-F-42-F14-F24-F34-F43-F15-F25-F44-F35-F45.
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SOIL FERTILITY

The nost inportant soil characteristics related to natural
fertility are weathering as expressed by cation exchange
capacity, base saturation, and organic matter content. At a
certain |level of generalization, these characteristics can
be deduced fromfanily- 1| evel taxonom c soil classifications.
For | and cl ass evaluation for rice, fertility categories are
listed inTable 4.

Many rice soils have pHbetween 4.5 and 6, but sone are
al kali. However, the pHof | ow and puddl ed rice soil may not
be reliably derived from dry soil sanples. Wen soil is
fl ooded, the soil solutionis inequilibriumwth floodwater
and takes its pH Sys and R quier (2) suggest that pH
5.5-7.5 is optimumfor rice. pH lower than 5.2 and higher
than 8.2 are nargi nal for rice growh.

SALINITY AND ALKALINITY

Rice is sensitiveto salinity. It will not growwhen salini -
ty expressed as conductivity of the saturated extract is
hi gher than 6 nrho/cm Salinity of 4— 6mrho/cmis marginal .
Less than 2 mmho/cmi s optimal .

In contrast, rice tolerates high alkalinity. Yield is
not affected at 10-20% sodi um saturation, but is decreased
at 30 to 40% saturation. Table 6 shows the val ues for con-
ductivity and exchangeabl e sodi um percentage that nmay be
used inricel and eval uati on.
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APPENDIX 1

Tentative classes for duration of floods

Class Duration range (mo)
1 <2
2 2-3
3 3-4
4 >4

Tentative flood depth cl asses

Class Depth range (cm)
1 <10
2 10-20
3 20-40
4 40-80
5 >80
APPENDIX 2

Textural - structural range

Cm cl ay nassive

Si Cm silty clay massive

C+60v clay with more than 60%clay fraction on
vertisol structure

C+60s clay with nore than 60%clay fraction and a
strong to noderately devel oped bl ocky
structure

Si Cs siltyclay, structured

Co clay with weak structure and consistence of
the oxic horizon

Si CL silty clay | oam

CL clay | oam

Si silt

SiL silt | oam

SC sandy cl ay

L | oam

SCL sandy cl ay | oam

SL sandy | oam

LfS | oany fine sand

LS | oany sand

LcS | oany coarse sand

fS fine sand

S sand

cS coar se sand
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ABSTRACT

About 90%of the world rice area is in South and Sout heast
Asia, mainly in marine and fluvial |ow ands. A few mgjor
| andf orms i ncl ude nost soils onwhichwetland rice is tradi-
tionally growmn. Inmarine | owl ands, the | andforns are rapid-
|y aggradi ng coastal plains and sl ow y aggradi ng or station-
ary coastal plains. In fluvial lowands, rice grows in in-
| and val | eys, on alluvial fans and fan conpl exes, in nmeander
floodpl ains, and on (recent and older) river terraces. In
this paper, the nost common rice soils are typified using
Soi |l taxonony, which classifies soils by inherent and stable
properties. Appropriate | and use-inducedsoil properties are
briefly nmentioned. Regional distribution of rice soils is
di scussed in terns of typical physiographic settings. The
paper concludes with a figure where the nbst common rice
soi|l suborders for each | andformare arranged by degree of
pedogeneti c devel opnent.
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SOILS ON WHICH RICE-BASEDCROPPING SYSTEMS ARE PRACTICED

Thi s paper describes the major |andforns and soils on which
low and rice is grown. Eighty- ninepercent of rice is grown
sout h and east of the Hi nmal aya Mountains, mainly between 70
and 150 Eand 10 S and 40 N. The rest is in equatorial Afri-
ca and the Mediterranean region (4% and in the Anmericas
(7%, roughly between 30 S and 30 N. Between 20 S and 20 N,
ricewill growall year if there is enough water (5, 6, 9).
Most rice is grown on level lowand alluvial deposits in
river basins and conti guous coastal plains that are periodi -
cally waterlogged and receive nore than 1,000 nm annual
rainfall. About one- thirdof all riceland is irrigated,
nmaking it possible to user drier and/or steeper land for
rice cultivation and to intensify |and use where crop per-
formance woul d ot herwi se be Iimted by water stress.

Wthin its tenperature zone, rice can thrive on al nost
any soil if there is enough water for periodic inundation of
the land. Thus, rice- basedcroppi ng systenms are associ ated
with |andscape features rather than soil properties. W
briefly di scuss nmaj or | andforns of rice- grow ngareas before
provi di ng a taxonomni ¢ characterization of comonrice soils.

MAJOR LANDFORMS IN RICE-GROWINGAREAS

Most rice- grow ngareas are associ ated with present or past
al l uvi al deposition. Several authors (7, 9) have successful -
Iy grouped nost rice areas in a fewelenmentary | andforns. In
mari ne | andscapes, the | andforms nost frequently associ at ed
with rice- based cropping systens are rapidly aggrading
coastal plains and stationary or slowy aggradi ng coastal
plains. In fluvial I|andscapes, they are inland valleys,
river fans and fan conpl exes, river floodplains, and river
terraces.

A brief discussion of the geogenesis of marine and
fluvial | andscapes will hel p place their | andforns and soils
i n proper perspective.

Marine landscapes

The geogenesis of marine | ow ands began in the Pl ei stocene
Era when sea |evel changes, concurrent with glacial and
i nterglacial periods, caused |large fluctuations in erosion
and sedi mentation. Verstappen (12) estinmated that rainfall
intoday's tropics was 30%Il ower in glacial periods and that
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tenperatures were 3 to 5 K lower. The drier, cooler condi-
tions made vegetation generally less luxuriant. The |ower

erosion base of the rivers and the sparse savannah- |ike
veget at i on encour aged physi cal weat heri ng of hinterlands and

formed | arge areas of coarse- texturedold alluviumon top of

the Tertiary | and surface.

After the last regression, which ended about 11, 000 yr
ago, the seas rose slowy to their present |evel which sta-
bilized about 5,400 years ago (1). As tenperature and rain-
fall increased, chenical weathering of rocks intensified and
sedi ments becane finer. Wiile the sea |l evel was still ris-
ing, this sedinentation probably did not |ead to wi de- scal e
accretion of coastal l|and. There is pedol ogical and other
evidence that, in many regions, sedinentationbarely kept up
with the rising sea; shorelines therefore remained stabl e or
shifted very slowy. Accretion of coastal floodplains accel -
erated only after the sea |l evel stabilized.

This general pattern was worldw de, but there were
| ocal exceptions. Wiere a deep trench occurs near the shore
as a consequence of plate tectonics, as near the Sunderbans
i n Bengal and Bangl adesh, further accretion of coastal |and
i s inmpossible. Local tectonic nmovenents and differences in
the intensity of tidal fluctuations also interfere wth
accretion or can |l ead to coastal abrasion.

It is inportant to realize that river gradients de-
crease whil e coastal accretion progresses. The | ow gradi ent
of rivers traversing extensive coastal plains is associated
wi th wide, shallowriver beds and | ow streamvel ocity. Such
rivers carry only a |ow bedl oad of fine- grainedmaterial.
Consequent |y, sedinmentation rates decrease wi th progressing
accretion. This also is why rivers on extensive coastal
| owl ands have | ow, fine- textured,vaguely defined | evees.

Accretion may be rapid where rivers incise Pleistocene
alluviumor older formations close to the shoreline. Mst
coastal ricelands are recent aggrading plains traversed by
smal | and large rivers. Because of variations in sedinenta-
tion, consecutive coarser - texturedformer beachridges some-
times occur but the plains are otherwise silty or clayey and
flat. Apart from tidal fluctuations, which affect water
novenent near the shore or at npst a few kilonmetres from
creeks and rivers, the swanpy basins between rivers are
st agnant .

In the equatorial zone, inland parts of such basins
often are covered with freshwater peat under dense swanp-
forest vegetation. On the seaward side, the plains are
seanmed by narrow mangrove belts that shift with the coast-
line. Where aggradation is slowor absent, for exanple as a
consequence of lowriver sedinment |oads, a wide, dendritic
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tidal creek systemcan devel op, and nmangroves col oni ze vast
tracts of and. Remmants of the Pl eistocene alluvial conplex
still are intact inplaces, but they are nuch | ess inportant
ri ce areas than t he Hol ocene fl oodpl ai ns.

Fluvial landscapes

A fluvial l|andscape, in our context, is an aggregation of
| andfornms within a watershed. By following a river fromthe
source toward its nouth, one often can identify one or nore
of the foll ow ng | andscape conponents: inland valley, river
fan or fan conpl ex, the neander floodplain, and remains of a
former river floodplain (river terrace).

Most mmjor rivers begin in hilly or nmountainous inland
areas where drainage gullies collect excess precipitation
fromadjacent hillsides. As nore and nore gullies converge,
erosi on and redeposition of soil material forma true river
bed. If the drainage base is sufficiently low, the river
incises deeply into the land to forman inland valley. The
physi ographi c appearance of inland valleys cannot be de-
tail ed here because there are wide variations in character-
istics due to inequalities of terrain slope, conposition and
structure of rock formations, kind and intensity of weat her -
ing, soil detachnment, erosion, etc. However, npst inland
val | eys have flat bottom ands with soils that reflect the
nm neral ogy of adjacent drylands in their parent material,
but ot herw se have characteristics that devel oped under the
specific hydrologic regine of the valley. Large areas of
recent and very recent valley bottom soils are planted to
rice.

River fans formwhere rivers |eave the uplands. The
abrupt transition froma narrow, inland valley streambed to
a wide bed or conplex of stream channels causes a sudden
dropinriver flowvelocity and transportabl e bedl oad. Thus,
i nduced sedi ment deposition by one or nore regularly shift-
ing stream channels fornms a classical alluvial fan with
coarse- textured sedi nents near the apex, becom ng gradually
finer toward the base as sl opes becone gentler and fl oods
less irregular. A fan conplex or piedrmont plain fornms where
adj acent fans overlap. Rice is grown on many alluvial fans
and pi ednont plains, particularly onthe fine-textured]| ower
parts.

Meander fl oodpl ains are nbst common along the mddle
and | ower tracts of rivers. Some of the floodplain is occu-
pied by the river bed and adjacent |evees but, normally,
nost of it consists of low, wet basinswith relatively fine-
t ext ured hydronorphic soils. As nmeandering rivers gradually
change course, basin areas often include remants of former
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| evees and riverbeds that are wholly or partly filled with
| ater sedinments. Lacustrine conditions nmay prevail. River
basins are traditional rice- grow ngareas, and the higher
parts of present and former |evees are comonly planted to
dryl and crops or used as dwel ling sites.

A sharp | owering of a fl oodpl ain's base | evel of drain-
age, for exanple by orogenetic land lifting or a drop in sea
| evel , causes the river tocut intothe existing floodplain.
Accel erat ed erosion and redepositionw Il forma new conpl ex
of | evees and basins at a |lower elevation, but remants of
the former floodplain may remain intact to form alluvial
terraces. Nearly all mgjor rivers have alluvial terraces,
and they represent a | arge area of world ricel and.

TAXONOMIC INVENTORY OF RICE SOILS

Soil formation is influenced by differences in physiography
and age of landform It is therefore logical tobase a first
inventory of soils on properties that are a recognizable
consequence of soil history in a certain physiographic set-
ting. As taxonom c discrimnators, such inherent soil prop-
erties are not very selective. Rather, they are diagnostic
of soil taxawi th considerable internal variation. Such taxa
can be further subdivided by attributing diagnostic value to
profile characteristics that reflect processes with a short -
er history, such as | and use.

Wetland rice cropping is invariably associated with
natural or artificial hydronorphic conditions. Rice soils
can be placed within an overall genetic context by consider -
i ng mor phorretri ¢ and anal yti cal soil properties that reflect
past soil use for wetland rice cultivation together wth
i nherent, fundanmental, profilecharacteristics. Were fl ood-
ing and rice growi ng add no new, quantitatively neasurable
properties to the soil, as in many naturally hydronorphic
| owl ands, taxonomic classification is based entirely on
i nherent soil properties (8).

Maj or soils within each of these elenmentary | andforns
will be discussed in terns of their inmportance for rice-
based cropping systens. The soils are characterized using
t he concepts and t erm nol ogy of Soil Taxonony (11). Although
such a general inventory cannot possibly be exhaustive, the
soil taxa encountered include nost rice soils.

Soils of rapidly aggrading coastal plains

Rapi dl y aggrading coastal plains all are wet and young.
Many of their soils are hydronorphic and | ack di stinct signs
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of pedogenetic devel opnent (Aquents). The youngest soils are
close to the shoreline where, in the tropics, tidal flats
are colonized by nmangroves. They often are Hydraquents,
whi ch are grayi sh or bl ui sh because of their peraquic nois-
ture regine. Upon ripening, either through drai nage or fol -
lowing further accretion of the plain, they becone nore
densely packed, with inproved trafficability, and devel op
i nto Tropaquents or -- where tenperature fluctuati ons exceed
5 Kroughly north of the 17th parallel -- into Haplaquents.
Rice is of mnor inportance on the slightly elevated,
coarser - textured former) beachridges.

Sedi ments close to the shifting coastline normally are
low in pyrite, and potentially acid sulfate soils (Sulfa-
guents) are relatively rare because the short residence tine
of the (shifting) mangrove belt allows little organic matter
to accunul ate. Because organic matter fuels the sulfate-
reduci ng bacteria involved inpyrite formation, rapid coast -
al accretion generally is inconpatible with w despread oc-
currence of sulfidic soil material (10).

Further inland, soils are increasingly older, and hori -
zon differentiation is nore and nore conspi cuous. G ound-
water |level normally is shallow, and matrix colors are gray-
ishwith adarker surface horizon. Superficial ironnottling
reflects water table fluctuations. Such soils are Aquepts,
and constitute |large areas of recent and sem recent coastal
fl oodpl ai ns. Tropaquepts and Hapl aquepts are dom nant. De-
vel oprent fromAquent to Aquept often takes only a few dec-
ades, and the process reportedly is reversible. Were |and
is too freely drained for Aquept devel opment, aquic sub-
groups of Tropepts and, at higher |atitudes, Cchrepts may be
expect ed. Dependi ng on base status, these soils are Eutro-
pept s/ Eutrochrepts (relatively rich) or Dystropepts/Dystro-
chrepts (poor). Onthem rice is planted on bunded, rainfed
fields.

Soils in depressions in the inner coastal plains where
pedogeneti c devel opnent is counteracted by peraqui c condi -
tions often still are Aquents. Were sedinents are ol der
than 5,500 yr, they may have been deposited near a station-
ary or slowy noving coastline. Those sedi nents can contain
substantial quantities of pyrites (10). In the w de coastal
pl ai ns of equatorial Southeast Asia, nost of these sedinents
are covered with up to 10 m of onbrogenous forest peat
(Tropofibrists). However, they sonetines are exposed. Upon
aeration. Sulfaquents rapidly change to very acid Sulfa-
guepts, which are common on the cultivated deltas of nmjor
Asian rivers and al so on the west coast of Africa. They are
not ori ous probl emsoi | s.
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Most coastal rice soils are hydronorphic. Hydronorphic
surface soil characteristics are | and use- i nducedonly where
soils are above the floodplain. This occurs locally in ma-
rine terraces or on higher beach ridges but is of limted
i mportance forrice.

Soils of slowly aggrading or stationary coastal plains

Soils of slowy aggrading or stationary coastal plains are
simlar tothose just discussed, but have several differenc-
es. For these soils, the greater extent and duration of
mangr ove occupation and nore intense flushing of sedinents
by tidal creeks often have caused accunul ati on of substan-
tial quantities of pyrites in sedinments near the shoreline
(10). The resulting Sul faquents and Sul faquepts constrain
agriculture, but are nonethel ess planted to rice by farm ng
conmuni ties that use sophisticated water control and culti -
vation to keep the pyritic material reduced and nontoxic
(3). Elongated depressions filled with bracki sh mangrove
peat and alternating with low (Il ess than 1 m clayey ridges
of saline Hal aquepts al so occur frequently on stationary or
sl ow y aggradi ng coastal plains. These unfavorable condi-
tions limt devel opment of ricel ands.

Soils in inland valleys

Inhilly and nount ai nous areas, lowand rice is grown on the
bottonms and | ower sl opes of inland valleys. Soils of inland
valleys differ widely in parent material and pedogenetic
devel opment but have a few simlarities in regional vari-
ability. Valley bottons have a | ongi tudinal gradient that is
nornal | y steepest near the top of the valley and | ess at the
bottom The | ongitudi nal slope may be stepped by hard rock-
sills. Rice is grown on bunded fields, with field size de-
term ned by gradi ent. Wiere sedi nents are added faster than
hori zon di fferentiati on devel ops, Aquents and Fluvents are
found, but nost valley-bottomsoils are devel oped soils and
i ncl ude Aquepts and Aqui ¢ subgroups of Tropepts or Cchrepts.
Aqual fs, Ustalfs, and Vertisols occur where there is a pro-
nounced, extended dry season. In equatorial regions, the
nearly |l evel bottons of lower inland valleys sonetines are
covered with shallow, clayey valley peat (Tropohenists and
Troposaprists) that isplantedtolowandrice (2).

In many inland valleys, rice cultivation has extended
fromthe bottomto lower hill slopes, and sonetines even
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steep slopes have been terraced and planted to irrigated
rice. Inceptisols dom nate the | ower sl opes, but where soils
have remained in situ for along tine, there are pedons with
inherited clay redistribution (Alfisols and Utisols). Man-
nmade Entisols occur on bottomland with irrigation covers
(sedi nent from stagnant, nuddy irrigation water) nore than
50 cmdeep, and al so on sl opes where terraci ng has renoved
the original horizondifferentiation.

Many freely drained rice soils show signs of superfi-
cial gleying (inverted gley) caused by man- madeaqui c condi —
tions. Dudal and Mbornmann (4) coined the termanthraquic to
descri be this phenonenon. Although an anthraquic noisture
reginme is not recognized in Soil taxonony, the termis used
inthis paper. Anthraquic soils differ fromsoils with in-
herent (aquic) wetness in that matri x chromas are hi gher at
sonme depth than in the superficial gley zone. Downward m —

gration of Fe?* and Mh2* ions fromthe gl eyed surface | ayer,
and subsequent oxide precipitation in aerobic subsurface
strata, may occur inrice soils of |evel ed and bunded fi el ds
wher e groundwat er is quite deep. Wiere iron- enrichedsubsur -
face horizons indurate, hard iron pans (padas) can devel op
that are norphol ogically conparable to the placic horizons
of Soil taxonony.

Anot her land use- induced phenonenon comobn to nost
puddl ed ri cel ands, both with aquic and wi th ant hraqui ¢ noi s-
ture reginmes, is the formati on of a dense, shallowcultiva-
tion pan. Such pans have no di agnostic significance in soil

t axonony.

Soils of river fans and fan complexes

River fans differ widely in sedinentol ogical and m neral
conposi tion and age. Consequently, their soils canbelong to
a variety of taxononic orders, ranging fromvery young Enti —
sols to well — devel opedAlfisols and Utisols. There are,
however, some clear trends in the regional arrangenent of
different fan soils. These are maminly due to fundamental
differences in soil material and devel opment between the
upper and | ower sectors of fans.

The intensity of sedinment deposition often is greater
and sedi nents coarser near the apex of a fan than in the
nore gently sloping |ower parts. Rejuvenation of fan soils
also is nore intense and soil horizons |ess conspicuous in
the upper parts of fans and piednont plains than further
downhill. Additionally, water regines differ. Seepage from
hi gher parts and generally | ower hydraulic conductivity in
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downsl ope areas often cause marshland to devel op where the
fan or piednont plain grades into an adjacent |acustrine or
fluvial floodplain. Accordingly, there is a trend toward
different |and uses. Smmll, |eveled, and bunded seasonal
rice fields domi nate upper fan areas, and |larger, wetter
rice fields are common near the base.

A few general statenents can be nade about the distri-
bution of fan soils, but there are nunerous exceptions.
Fluvents, Tropepts, and Cchrepts are common in upper fan
sectors, often with anthraquic noisture regines. There nmay
al so be soilswth structural hydronorphy, including Aquents
and Aquepts. Entisols and Inceptisols may occur in |ower
sectors of young fans, but Aqual fs and Aquults and, slightly
nore uphill, Udalfs and Udults are nore conmmon.

In the lower parts of well - developedfans there are
Tropaqual fs and Tropaquults, OCchraqualfs where there are
pronounced seasonal tenperature fluctuations, and aquic
subgroups of Ustalfs and Ustults in drier climtes. Al ba-
quul ts sonetinmes formin puddled fields onlower fans in the
wet tropics. Natraqualfs often occur in seasonally dry
climates, where Vertisols also may be found, particularly
where the parent material is of basic origin.

Soils of river floodplains

Ri ver floodpl ai ns conprise three mai n conponents: riverbed,
| evee, and basin. River terraces (not always present) are
above t he fl oodpl ai n and are di scussed separately. Riverbeds
are used for rice in seasonally dry climtes, but the total
area of suchriceland is small.

Levees are not widely used for low and rice, except
adjacent to river basins where rice is grown on |evelled,
bunded fields. Upstreaml evee deposits are coarser—textured
than those downstream and becorme finer with increasing
distance fromthe river bed. Psaments, sandy Tropaquents
and, inmddlelatitude ricelands, Psammaquents occur | ocal -
ly in sandy |evee formations. Mre often, however, |evee
soils are Fluvaquents, Tr opaquept s/ Hapl aquept s, and
Tropepts/ Cchrepts with aqui ¢ or ant hraqui c properties. Were
| evees grade into adjacent basin areas, Aqualfs or Aquults
with a shal |l ow cover of nore recent | evee material sonetines
occur. Basin soils are typically fine- texturedand hydronor -
phic, but soil devel opnent varies considerably, evenwthin
ariver basin.

So many different taxa can be found in river basins
because of differences in sedinent nineral ogical conposi-
tion, rates of sedinentation, the occurrence of remants of
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f or mer stream channel s, etc. Fl uvaquent s,

Tr opaquept s/ Hapl aquepts, and Tropepts/ Cchrepts (aquic sub-
groups) are dominant in rice areas in young river basins.

Where soil formation could advance, Aqual fs and Aquults may
be expected. Aquolls occur locally in depressions inricher
pl ai ns, and Vertisols (Uderts/Usterts) may develop in parts
of basins with a lacustrine character where seepage water
fromadj acent, hi gh base status, uplands enters. Rice fields
in depression areas such as filled-in oxbows comopnly are
peraquic with clayey and occasionally peaty soils. Oxbow
soils are poorly devel oped (Aquents) because t hey are young,

per manent | y wet sedi nents.

Terrace soils

Terraces vary in age, mneral conposition, height above
erosi on base level, and topography. Wthin a given river
system the lowest terraces are the youngest. They have
soils simlar to those of the adjacent active floodplain.
However, terrace soils are not flooded, unless irrigated,

and rice depends nostly on rainfall. Tropepts/Cchrepts with
ant hraqui c properties are found on Hol ocene river terraces,
and, in the poorly drained parts, also Tropaqual fs/Cchra-

qual fs. O der, Pleistocene terraces are higher and have
soils that reflect their age and degree of pedogenetic de-
vel oprent. Rel atively |ow upper Pleistocene terraces that

acconpany many rivers, particularly in Southeast Asia, are
i mportant rice areas. Their soils are Tropaqual fs and, nore
often, Tropaquults and Tropudults. Were there are pro-
nounced seasonal rainfall patterns there also are aquic
subgroups of Haplustalfs and Haplustults. Rice on terraces
often receives supplenental irrigation and soils may show
signs of inverted gley, Mddle terraces al so are w del y used
for rice. The ol dest Pleistocene terraces often are so dis-
sected that the land is undulating and unattractive for
rice. Mddle and high Pl ei stocene terraces have soils with
advanced profil e devel opnment including Pal eudults, Plinthu-
dults, and Plinthaquults or, in seasonally dry regions,

Pal eust al fs and Pal eustul ts.

COMMON SOIL SUBORDERS

Figure 1 sunmmarizes the occurrence of the nost common soil
suborders in the | andforns di scussed. In addition to those,
there are soils and | andforns that are of |ocal inportance
for rice. Sone are productive ricelands such as those on
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many vol canic slopes. Qthers are inherently poor, particu-
larly those associated with old, stable surfaces that are
not influenced by rejuvenation due to erosion or influx of
newsoil material .
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ABSTRACT

To increase cropping intensity, upland crops often are
pl anted after | owl and rice. However, |ow and rice and upl and
crops have different soil physical requirements. Puddlingto
decrease soil perneability is essential for lowand rice
culture, but adversely affects upland crops follow ng rice.
This article discusses the conflicting requirenments of
low and rice and upland crops, changes in soil physical
envi ronment caused by puddling as affected by soil physical
characteristics, effects of those changes onrice and upl and
crops, andways to limt the adverse effects of puddling.
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PHYSICAL PROPERTIES OF MINERAL SOILS AFFECTING
RICE-BASED CROPPING SYSTEMS

Constantly increasi ng demands for food require that nore be
harvested from the sanme land. Cropping intensity of rice-
based systens can be i ncreased by growi ng nore rice crops or
by pl anting upl and crops before or after rice. Rice usually
is grown in wet season when water is plentiful. Pre- and
post nonsoon peri ods may be relatively dry and favor upl and
crops. Sone rice- basedcroppi ng systens are

. rice-rice - fallow,

. rice- cereal (mmize, wheat, sorghum etc.),

. rice - pulse (mung, black gram green gram
soybean, cowpea, etc.),

. rice- oilseed (nustard, groundnut, etc.).

Because optinmum soil physical conditions for |ow and
rice and upland crops differ substantially, cropping se-
guences that include both require special managenent.
Moreover, soils react differently to nanagenent, depending
on soil characteristics. Wen crops within a sequence have
dissimlar soil physical requirements, an understandi ng of
the soil properties influencing the type and nagnitude of
the soil reactions is inperative to the choice of suitable
managenent practi ces.

SOIL NEEDS OF RICE AND UPLAND CROPS

Rice is the only cereal that germinates and thrives in
water. Toretain i mpounded surface water, soil nust have | ow
perneability, whether naturally so or as a product of
nmanagenent. However, intenperate climtes, 5- 10mmpercol a-
tion | oss/d seens desirable (15) to |each toxic substances
produced when the soil is subnerged.

Ri ce roots have a cortical structure sinmlar to that of
many water plants, and low and rices develop |arger root
systens in dense, subnerged, puddled soils than in upland
soils. Because their root systemis shallow, seldonmextend-
ing below30 cm |ow and rices can grow on shal |l ow, unstruc-
tured soilswith fewl arge pores.

Upl and crops, including upland and wild rices, devel op
better root systenms in dry soils. They need a well aerated
seed zone and rooting mediumw th oxygen in water- freesoil
pores for root respiration. Inwell- drained, | oamy sand and
sandy |loam soils without restricting layers, wheat (12),
nustard, and barley roots can grownore than 180 cmdeep.

Seedbeds nust have proper tilth for good seed- soil
contact so seeds can absorb water and soil nutrients and for
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aeration during germnation. Upland crops do not grow well
on continually subnerged soils (2), nor on soils with dense
| ayers at shal | ow depth. Because water conmes to theminter -
mttently, they depend onwater stored in the root zone for
survival between wettings. Deeper wetting and deeper root
systens t heref ore are desirabl e.

SOIL MANAGEMENT FOR RICE

Managenent of rice soils seeks to pond water, and usually
i ncludes diking, levelling, and puddling. Diking checks
runoff and levelling ensures uniform water |evel on the
field. Puddling is the nbst inportant soil managenent
practice. It reduces water | osses t hrough percol ati on, which
limts | eaching of plant nutrients, and preserves aquatic
conditions that favor lowland rice growth (5, 8, 22).

Puddl ing destroys soil structure, decreases |arge
pores, and increases small pores in the surface |layer (8).
I ncreased microporosity and decreased nmacroporosity | ower
perneability and increase soil water retention at |ow
t ensi ons. Changing soil porosity also influences the diffu-
sion rate of nutrient ions to plant roots, which may be of
maj or inportance for Pnutrition. Puddling has been reported
to increase rice yield even in soils with less than 10 mid
perneability.

Puddling markedly increases soil- water retention in
soils dominated by 2:1 swelling clays. The effect is less in
soils dom nated by kaolinite clays (22). Increasing water-

hol di ng capacity of rice soils is particularly inportant
because it hel ps to keep surface soil wet and reduced during
brief water shortages. If clay soils dry |ong enough, the
soft mud cracks and dries to a stiff paste. Wen the soil
floods again, the cracks do not conpletely close and nay
cause water and nutrient | oss through percol ation.

For upland crops, tillage provides a seedbed of fine
tilth to ensure adequat e seed- soilcontact, especially when
the seed zone is dry. Sonetines it is necessary to conpact
the soil with a roller to establish better seed- soil con-
tact. Deep tillage also breaks up natural or induced
restricting layers and stimul ates rooting for opti mumgrowth
of upl and crops.

EFFECTS OF PUDDLING ON SOIL PHYSICAL PROPERTIES

Texture and type of clay mineral, structure, organic natter
content, and sesqui oxi de content determine the effect of
puddl i ng on soi | physical properties.
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Structure

Long- terneffects of puddling on soil structure are not well
docurment ed. Sone scientists report rapid structural regener-
ation after puddling. Qhers indicate puddling causes
conparativelyirreversibl e changes (27). Generally, puddling
causes massi ve or blocky and platy structure in the upper 10
to 20 cmof the soil (6). Tilth after puddl ed, flooded rice
usual |y i s unfavorabl e for foll owi ng crops. Soil breaks into
hard, medium- to- |argel ods, particularly in fine- textured
soils. If the soil does not dry, it nay be a tough paste
after tillage. Incontrast to awell - aggregatedsoil, such a
paste is difficult to convert into a soft nud for the next
ri ceseason.

The effect of puddling on surface soil structure
depends on soil texture and aggregate stability. Aggregate
stability is determned by the anmpunt and type of clay
fraction; organic matter and hydrous oxi des, which nmay form
interparticle bonds; and the electrolyte concentration of
the soil sol ution.

Al though puddling wusually affects soil structure
adversely for upland crops, rice culture sonetinmes inproves
subsoi |l structure. For exanple, Mdtomura et al (18) reported
that marine clay sedinments in Japan devel oped a prismatic
structure with associ ated vertical fissures during inpol der -
ing and ri pening. Inthose soils, puddling increased subsoi
perneability.

Stratification

Stratification after puddling is comon, especially in
medi um- texturedsoils. The sand fraction settles first from
the muddy water and gradually is covered by finer silt and
clay. The thickness of the l|ayers depends on the origina

texture. In sandy soils, the clay cover, if any, isthin. In
fine clay soils, there may be no coarse layer. In nedium
textured m neral soils, as innorthernThailand, stratifica-
tionis well devel oped, with a fine-texturedsurface | ayer a
fewmmthick that overlies 1- 2cmof al nbst pure sand (17).

Developing a traffic pan

Moi sture conditions during tillage and puddling probably are
optimal for destroying the structure of and conpacting the
soil just under the soft puddled |ayer. Animal and human
traffic add to the conpaction. If not |oosened, a dense
| ayer of reduced perneability may devel op over several years
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at 10- 25cmdepth, and the soil’s characteristics of water
transm ssion, retention, andrechargew |l change (17, 23).

Atraffic panis inportant to preserve surface water in
rainfed and irrigated rice on perneable soils without a
natural or induced high groundwater table. It is especially
i mportant if the puddled surface |ayer dries and cracks or
where the puddled topsoil is coarse- texturedor has high
aggregate stability.

Traffic pan devel opnent and soil conpaction depend on
soi|l texture, structure, and swelling and shrinkage charac-
teristics. Fine loany soils favor conpaction (16). Hydro-
nor phic soils or soilswth high clay and sodi umcontents do
not .

Curfs (4) found that in fine loany sands in |badan,
Ni geria, incipient pans forned in 3 yr of nechani cal | ow and
rice cultivation. Inpolder lands with fine, clay sedinment,
in Shiroishi, Kyushu, Japan, no pans formed during 10- 12yr
of rice culture. Incipient pans forned after 50 yr and
wel | - devel opedpans after nore than 200 yr (13, 18). Crack-
i ng and sel f— mul chi ngoreak up incipient pans in Vertisols.
Pans also formslowy in soils with stable structures such
as Andepts, Oxisols, and highly organic soils.

Traffic pans help nake lowl and fields accessible to
man, animal, and machine. If the traffic panis renmoved from
some internediate- textured soils, the soil becones deep,
soft, and nuddy, which limts tractor use. Breaking the
traffic pan by deep, nechanized plowing of dry land in
nort heast Thailand caused serious tillage problens in the
foll ow ngwet season (17).

Repeat ed puddl i ng where continuously hi gh groundwat er

prevents dryi ng of the subsoil, or where there i s continuous
year - roundirrigation and poor drai nage, can nake the soil
so soft that it isdifficult tocultivate. |nJapan, poorly

drai ned rice soils have | owbul k densities (<0.9 t/m’) (24).
Drying themfor a year or creating a conpact |ayer by using
aroller at appropriate noisture content to pack the soil
facilitates traffic.

Permeability

Traffic pans in puddled soils have been reported to have
very | ow hydraulic conductivity (7). Moreover, it may be the
puddl ed | ayer, not the traffic pan, that reduces perneabili -
ty. The magni tude of the decline in perneability depends on
soil texture and structure, clay mneral ogy, organic natter
content, etc.
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Qur experience with sandy |oam and | oanmy sand soils
i ndi cates that puddling drastically reduces surface pernea-
bility and that | ow and conditions can be mai ntained easily
after a fewyears of rice cultivation. |In noderately perme-
able, freely drained soils plantedto | owl and rice, percol a-
tion dimnished to 20%of the initial rate in 4 yr, stabi-
lizing at about 12 mmid (19). In nore perneable soils, it
took 6 yr of rice cultivation to reach an equilibrium rate
of 20 mid. In a sandy loamin northern India, 1 yr after
puddl i ng, percolation had declined to 20 mmd (21). Mbre
i ntense puddling of |aboratory colums reduced hydraulic
conductivity of a | oamy sand from340 to 7 nmm d (20).

Low perneability saves water and reduces nutrient
| osses by | eaching. Soil conpaction al so reduces percol ati on
rates (8, 20) and saves water, as does |owering the depth of
st andi ngwat er .

Because puddl ed soil cracks when it dries, thus accel -
erating percol ation | osses, drying should be avoi ded during
rice gromh, unless specifically needed to inprove subsoi l
drai nage when water supply is plentiful. Tsutsui (27)
reported that rice land converted to upland crops and then
back to rice needed several years to recover | owpercol ation
rates. Puddling w thout soil subnmergence restricted root
devel opment and decreased rice yield after irreversible
shri nkage

EFFECT OF PUDDLING ON CROP GROWTH

Al t hough puddling favors rice growh, it adversely affects
grom h of upland crops following rice because it changes

seedbed tilth and nodified soil - waterand soil - plantrel a-
tions.

Tilth

Pl owi ng soils previously puddled for rice breaks soil into

hard, nmediumto- | arge cl ods that provi de poor seedbed tilth
and seed- soil contact for upland crops. Large clods permt
greater water loss from the surface |layers and may cause
seed- zonenoi sture to fall below the | evel needed for seed
germ nation. Under such conditions, it nmay be inpossible to
grow an upl and, rainfedcrop after rice.

Proper soil noisture and tillage are necessary to
achieve a desired tilth. Fine- texturedsoils, especially
those with 2:1 expanding clay nmnerals, are nuch nore

difficult to restructure after puddling than coarse soils.
Mor eover, turnaround time between rice harvest and upl and-
crop seed- plantingmay be long if the puddled soil is slow
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to dry to a cultivable wetness. Such del ay may be di sadvan-
t ageous for the croppi ng sequence and its productivity.

In I oany sand and sandy | oamsoils in Ludhi ana, |ndia,
conventional tillage after puddling produced the sane pl ant
popul ati on of wheat following rice as that fol |l owi ng nai ze.
In Hyderabad, tillage after rice harvest restored aggregate
size distribution to its prepuddled conditionin coarse-
textured, but not infine- texturedsoil.

Soil-water relations

The | east perneable layer in a soil profile controls water
i ntake and wat er recharge in the root zone. Belowthe slowy
perneable layer the flow is unsaturated. Sur et al (23)
observed that during water infiltration in contiguous
puddl ed and unpuddl ed sandy | oampl ots, pore water pressure
i n subsurface | ayers was negative in puddl ed and positive in
unpuddl edplots (Fig. 1).

Simlarly, the shallow, [|ow perneability, high bulk
density | ayer that devel ops after repeated puddli ngs changes

Soil water pressure (cm)

-80 -6C -40 -2C (0] 20 40 60 80 100 120

Puddled —» -«+— Unpuddled

1. Soil water pressure in puddled (planted to rice) and unpuddled (bare) soil at constant infiltration
rate.
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a profile’ s water transm ssion characteristics. After 6 yr
of sequential cropping ina sandy loamsoil, a nmaize- wheat
profile was better charged than the ri ce- wheatprofile (Fig.
2), and there was a consequent increase inwheat yield (14).

Puddling also changes soil npisture retention and
rel ease characteristics. At low tensions, puddled soil
retains nore water than unpuddl ed soil and remains wetter
| onger. This may have a favorable or unfavorable effect on
crops. Wth heavy rain or irrigation, puddled soil has poor
aeration | onger than unpuddl ed soil. But during early- season
drought, higher surface soil water content may sustai n young
seedlings longer. Figure 3 shows the effect of puddling on
water retention and crop growh in rice- wheat and nai ze-
wheat rotations (23). Early in the season, wheat follow ng
rice grew faster than that follow ng nmai ze because surface
soil remmined wetter inthe rice- wheatplot. As the season
advanced, wheat follow ng nmai ze grew faster because of the
better subsoil npisture regi ne. The conpact | ayer at shal | ow
depth in rice- wheat plots retarded water recharge and
af fected soil - plant rel ati ons.

Soil-plant relations

Root systemdevel oprment is adversely affected by dense soil
| ayers at shal |l ow depth. Water absorption and root growh

Depth {(cm) 2. Soil water profiles after 24 h of redistrib-
0 ution following infiltration in rice - wheat
and maize -wheat plots after wheat harvest.
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3. Dry matter production of wheat in rice Zry matter yeid g plant™!)
- wheat and maize - wheat rotations on a 2?’:‘
sandy loam sold. '

2act-
210}~

180¢-

Maize - wheat

are restricted when soil is even mldly conpacted. Root
elongation rate is inversely related to soil strength (25,
26). Consequently, root developnent is retarded by traffic
pans. Figure 4 shows that after 40 d growt h, wheat foll ow ng
ri ce devel oped roots nore sl ow y than wheat foll ow ng mai ze.

REDUCING THE EFFECT OF PUDDLING

To successfully grow upland crops after rice, it usually is
necessary to restructure the soil. Soil texture and organic
matter content deternmine if that can be done.

Texture

Medi um- to slightly fine- texturedsoils favor upland crops
because they till well, have high water- hol dingcapacity,
good dr ai nage, and good nutrient supplying capacity. Simlar
or slightly heavier soils such as fine loam fine silt, and
fine clay soils favor rice growh. Soils with 25— 50%l ay in
the topsoil and a sim |l ar or sonewhat higher cl ay percentage
i nthe subsoil produce the highest rice yields (9).

Coarse- texturedsoils do not favor rice because they
have hi gh percolation rates, poor water econony, and high
solubl e nutrient |osses. They also are not well suited to
upl and crops because of |low cation exchange capacity,
nutrient content, and water- hol di ngcapacity. However, the
negative effects of coarse surface texture dimnish with



66 SOIL PHYSICS AND RICE

Root dry mass (mg cm=3) 4. Wheat root growth in a sandy loam soil
0.5 in rice - wheat and maize - wheat rotations
(rootsin 1 cm? x 60-cm-deep soil sample).
——
| &
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o} i | I 1 ]
O 20 40 60 80 100 120 140 160
Days
finer subsoil. Therefore, darke (3) suggested using a

textural value for the conplete soil profile rather than
surface texture alone to classify rice soils. Harwood (11)
devel oped a texture- basedsoil classification systemthat
defines multiple cropping potentials of puddled rice soils
(Tablel).

Organic matter

In addition to supplying nutrients, organic matter pronotes
soi| aggregation. Under subnmergence, however, it helps
create a reduced zone that may favor rice growh, and
general |y i ncreases wat er hol di ng capacity of m neral soils.
Moor mann and Van Breenen (17) reported that high organic
matter content reduced drought stress on sandy or coarse
| oampluvial rice | ands with dom nantly kaolinitic clays.

Fine- textured soils, especially those wth nontnor-
illonitic clay, break into large, hard clods that nake a
poor seedbed for upland crops after rice. Mreover, the high
bul k density of such soils affects subsequent growth and
yield of the upland crops. Organic natter content is espe-
cially inmportant insuch soils.

Restoring good tilth after a lowand rice crop is nore
difficult in soils low in organic carbon (<0.6% than in
hum c soils with simlar texture and clay mneral ogy (17).
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Table 1. Soil classification categories that indicate multiple cropping potential in puddled
soils with limited and adequate water (11).

Soil texture
2:1 clay Sandy Silt Clay Clay
loam loam loam
1:1 clay Silt Clay Clay
loam loam

Percentage increase in bulk density by puddling

<4 48 812 >12

Crop Water supply Crop potential after rice

Peanut  Limited Good Intermediate  Poor Poor
Adequate Good  Good Intermediate  Poor

Maize Limited Good Intermediate  Poor Poor
Adequate Good  Good Intermediate  Poor

Sorghum Limited Good  Good Intermediate  Poor
Adequate Good  Good Good Intermediate

Soybean Limited Good  Good Good Intermediate
Adequate Good Good Good Good

Mung Limited Good  Good Good Intermediate
Adequate Good  Good Good Good

Cowpea Limited Good  Good Good Good
Adequate Good  Good Good Good

Very high organic matter content reduces iron oxide, which
di ssol ves and | eaches fromthe topsoil. Toxic |evels of H,S

and organi c aci ds al so accunul ate and reduce rice yields if
they are not | eached fromthe root zone.

Tillage

Tillage kills weeds, breaks clods to forma snpot h seedbed,
and facilitates root growh by | ocoseni ng surface and subsur -
face soil. Looseni ng puddl ed, fine-textured, swelling soil
may require special tillage. Breaking clods manually wth
iron rods to prepare a seedbed for wheat is common in the
hills of northern India. Large tractors with rototillers
that pul verize hard soil are beconing avail able, but they
are too expensive for small farners. |nexpensive, effective
tillage equipnment to elimnate drudgery and ensure proper
seedbed preparati on are badl y needed.

Deep tillage has generally been advocated to break up
hi gh bul k density root- restrictingpans to increase water
i ntake and storage, root growth, and utilization of subsoil
wat er. Considerable research has evaluated the effect of
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Table 2. Effect of tillage on yield of wheat after rice in
farmer fields in the Punjab.

Grain yield (t hal)

Soll

Conventional Deep tillage
Silt loam 3.8 4.4
Sandy loam 3.7 4.2
Sandy loam 3.5 4.0
Silt loam 3.4 3.7

deep tillage on crop yields (1, 28), but little has been
done to determine the effect of breaking puddling- induced
traffic pans on yield of wupland crops following rice.
Resul ts of sone recent experinents (10) with irrigated wheat
on sandy and silt loans in the Punjab are in Table 2. Weat
yield increased by 0.3-0.6 t/ha with deep tillage. Sinilar
studi es need to be undertaken for rai nfed upl and crops after
rice.

CONCLUSIONS

Rice cultivation in India has spread to soils on which
traditionally rice was not grown. Previously, these soils
supported two upl and crops a year; now, rice is grown in wet
season and there has been a congruent decline in yields of
the following irrigated upland crop. Sone reasons for this
decline are known, but further research is needed. Sinmlar-
ly, studies are needed to determi ne effective and efficient
net hods for restructuring puddl ed soils for nonrice crops.
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Abstract

Ri ce- basedcroppi ng on peatlands is conplicated by the spe-
cial physical properties of peat soils. Peat- soil matrix
geonetry differs greatly from that of mnmneral soil and
changes with soil - noisturecontent, mneral content, and
bul k density. Matrix properties are abruptly altered when
virgin peats are drai ned and cr opped.

Semienpirical relations are used to explainthe | oss of
peat mass and vol une that occurs after a one- tinelowering
of the groundwater |level. The | owbearing capacity and traf -
ficability of peats and the relations between their matrix
conposi tion, soil - noisturecontent, and thernmal properties
al so are di scussed.

Because of the peculiar npisture regi nmes and nmechani cal
characteristics of peat soils, each rice- based cropping
systemhas its specific managenent requirements. These re-
qui renents intensifywith increased mechani zation and cul ti -
vation. Mtching peat characteristics and cropping system
requi rements suggests that traditional rice nonocropping on
shal | ow or clayey peat soils is the optinmum |and use for
peat conservation. Gow ng upland crops accelerates |and
subsi dence and peat | oss. The potential for intensive, nech-
ani zed, rice- basedcropping on peat soils is limted.
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PHYSICAL PROPERTIES OF PEAT SOILS AFFECTING
RICE-BASED CROPPING SYSTEMS

Tropi cal peatlands cover an estimated 32 mllion ha, |ess
than 10% of the world peat area. Mbst tropical peats fornmed
in lowands, mainly in Southeast Asia where 18 million ha of
coastal swanps are covered with deep oligotrophic forest
peat.

Al though rice is by nature a swanp grass, it can be
grown successfully in only a small part of the tropical
peatl ands. Deep oligotrophic peats invariably are associated
with sterility in lowand rice, which elimnates about 80%
of tropical peatlands as potential rice grow ng areas.

The reasons for the frequent failure of rice on deep
peat soils are not entirely clear, but there are strong
indications of soil chemcal constraints (4). Wwere rice
will grow on peat, soils have low chemcal fertility and
there is a variety of soil physical constraints. Neverthe-
less, there is continuing interest in rice- basedcropping on
commonly idle peatlands.

PEAT SOIL CHARACTERISTICS

Lowand rice usually is the major crop in rice- basedcrop-
ping systems, but selection and cultivation of other crops
in the systemnay vary substantially. In this paper, rice-
based cropping systens are:

. nmonocropped |ow and rice (single),

. lowand rice sequentially alternating with upland
crops (conmpound), or

. lowmand rice interspersed with upland crops (mul -
tiple).

Each system has special soil requirements based on the
needs of all crops planted. Compound and nultiple systens
i nclude upland crops that do not grow well on virgin, water-
| ogged peats. Rice nonocropping also requires periodic |ow-
ering of the water table. Therefore, forced drainage of
peats is a first reclamati on neasure.

System requirenents increase when traditional cropping
is replaced by advanced cultivation nmethods. Irrigation and
drainage facilities and. heavy nmchinery require stable,
coherent soils. For sustained productivity, the total re-
qui rement of a cropping systemnust be nmet by the land char-
acteristics. Systemrequirements can be regarded as static,
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but peat characteristics change. W di scuss physi cal charac-
teristics that decisively influence the suitability of peat-
| ands for sustainedrice- basedcroppi ng.

Matrix geometry

Natural peat, like other soils, is a three- phasesystem An
aliquot of peat, volune V,, can be divided into solid, Ii-

qui d, and gaseous conponent s:

(VARERVANRVARAVA (1)

Its dry mass W, is obtained by rnultiplying the total

sanpl e vol ume by the bul k density (p) of the peat. pis the
dry mass of unit vol unme of undi sturbed soil. Dry sanpl e nass
al so can be expressed as the product of solid matter vol une
and solid matter density (pg):

W = Vixp= VsXps (2)

of a soil depends on its conposition. Pure peat (peat
S

wi t hout mineral admixtures) has atypical p; of 1.43 t/n®
M neral soil material is nore dense. A common value is

2.66 t/m’ p, of any peat material can be approxi mated
usi ng:

ps = [{(1- ASH)/1.43} + {ASH 2.66}] *
=1/(0.7 - 0.32 ASH) (3)

where ASH is the fraction by mass (wei ght) of mineral adm x-
tures. Conbining Egs. 1, 2, and 3, it is possible to approxi -
mate the total porosity of peat materials as a function of
ps and ASH:

e =1-p/lpg=1-p(0.7 - 0.32 ASH (4)

where ¢is the total porosity.

The ratio p:ps equals Vg V,, the volunme fraction oc-
cupied by solidmatter. It is called the density of arrange-
ment and is an inportant indicator of the physical quality
of peat. pand p; can be determ ned using the sanme sanple.
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r i s obtained by drying and wei ghing a known vol une of un-
di sturbed peat. If unit mass of the dry peat is burnt to
ash, and the ash wei ghed, rg can be approxi mated with Eq. 3.

For virgin peat, rnormally is between 0.05 and 0.25 t/n?.
Recl ai ned peats are slightly nore dense, with r between 0.1

and 0.4 t/n?,

rincreases with mneral content or wth decreasing
average particle size. The latter is largely a function of
the botanical conposition and the degree of biochenical
deconposition of the peat. Particle size is nmeasured by the
content of recogni zabl e peat fibers. e is highest in poorly
deconposed fibric peats and nmay exceed 0.95. It is |ower,
but still over 0.8, in nbst well - deconposedsapric peats.
Simlarly, pore size distribution varies with ash content
and degr ee of deconposition.

Fibric peats have many wi de pores, and correspondi ngly
hi gh saturated hydraulic conductivity K that typically ex-

ceeds 1.6 nid, and nmay exceed 30 md. Well - deconposedsapric
peat has finer pores and |ower K, However, these general -
i zations are not al ways true. Wody peats nearly al ways are
very perneable to water. Conpacted peats have |owe and nay
bevirtually i nperneabl e (stratifiedpeats), irrespective of
their fiber content.

Subsidence after drainage

Peat | and subsi des after drai nage because of a | oss of vol une
(consolidation) and matter. Subsidence deforns canals,
roads, and buil di ngs, causes uneven | and surface, interferes
with water control, and causes top- heavycrops to | ean and
treestofall.

Loss of volune is the main short- terncause of subsi-
dence of recl ai ned peatl and. Reports fromlndonesi a i ndicate
surface el evation | osses as high as 100 cmduring the first
year of drai ning.

Consolidation results fromsettling after the buoyancy
force of the groundwater is renmpved, and from structural
shri nkage caused by increased capillary force on the fiber
wal | s. Consolidationoftenis divided into primary and secu-
| ar phases. The primary, hydrodynanic, phase is largely a
function of the rate of water escape from and through the
peat mass. Primary consolidation is initially high because
of the generally high perneability of raw peat, but becones
nore nearly constant, at a |ower value, as perneability
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decreases with consolidation. Secul ar consolidation contin-
ues long after the hydrodynam c phase has becone uni npor-
tant. It is nore gradual, and may eventually account for
hal f the total |oss invol une.

Because of the conplexity of the settlenent process,
its effect on land subsidence is described by enpirical
rel ations. The npost wi dely used are the rel ati ons suggest ed
by Ostronmecki (Eg. 5a) and Hall akorpi - Segeberg (Eg. 5b).
Both predict the ultimate | oss in surface el evation due to
settling Sg after a one-tinelowering of the water table
2)1/3 (5a)

S = A(Hh
s

S
s

a[(0.08 Hh/q) + rl (5b)

where Sgis inmetres, His total peat depth (m, his

drai ning depth after subsidence (m, qand r are constants:
g=1.2m r =0.066 m and a, Aare enpirical factors with
a =5.5 A Values for the enpirical factor a were published
by Segeberg (9) and suggest that a can be approxi mated with
sufficient accuracy using

a = (os - p)/yp2 (6)

where the experinental factor y=80 m3/t Soi | shrinks only
above the phreatic |l evel, and shrinkage depends on draining
depth and peat properties. Auseful analytical or enpirical
relation to approximately quantify shrinkage has not been
identified. Schothorst (7) studiedrecords of 50 yr of sub-
sidence in a Dutch polder and concluded that the loss in
surface el evati on due to shrinkage was 1.7 tines hi gher than
that caused by settling. In another study (8), he reported
that during 5 yr, elevation |oss to shrinkage was 2.2 tines
hi gher thanloss to settling.

Subsi dence through loss of matter accel erates when
peats are drained. Normally, peat loss is caused | argely by
bi ocheni cal disintegration of organic matter (mneraliza-
tion). Controlled burning, oftenused in | ow input agricul -
ture to inprove the chenmical fertility of the remaining
surface soil, is forced mneralization and will not be dis-
cussed in this paper. Peat | osses to w nd and water erosion
are pronoted by reclamation but are rarely serious in tropi-
cal peat| ands.

Peats wusually form when near-pernmanent waterl oggi ng
i nhi bits deconposition of plant debris. The constraint to
deconposition is abruptly renoved by artificial drainage,
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whi ch al ways i s foll owed by i ncreased m crobi ol ogi cal oxi da-
tion of organic matter. Mneralization rate depends, anbng
ot her factors, on soil tenperature, noisture, pH, and over-
all nutrient status. Stephens and Stewart (10) approxi mated
the rate of biochem cal mineralization as a function of
aver age soil tenperature and drain dept h:

(T-T )/10
o

S!n = (~0.001035 + 0.0169h)x2 (7)

where S, is subsidence rate due to mneralization (myr), h

is draindepth (n), Tis nean annual soil tenperature (°C),
and T, is the threshold tenperature for nmicrobial activity
(°0O.

T, commonly is 5°C. Wth 0.9 mdrain depth, the esti-

mat ed subsi dence due to mineralization during 1 yr after
drai nage would be 0.018 m for peat in a cold climte with
T =28°C, and 0.08 min a tropical regionwith T= 30°C. Be-
cause Eq. 7 is semenpirical, it has limted validity. Its
constants were obtained in a Florida experinent where peats

had less than 15% mineral matter and rwas 0.22 t/nmf. In
peat soils with higher r and m neral content, expected sub-
sidence woul d be 50 to 75%of that predicted by Eq. 7.

Subsi dence after drainage or reclamation is the sumof
the partial effects of settling, shrinkage, and m neraliza-
tion. Murashko (6) described total subsidence over tine as a
function of peat and wat er tabl e dept hs:

St = alH(1 - exp{-h(0.07 + 0.06t)}) (8)

where S; is total subsidence (n) during a drai nage period of

t yr, ais adensity factor (equal to that in Eqg.5b), Hthe
peat depth (m,and h the drain depth (m. Eg. 8 also is
semenpirical. It was calibratedw th data fromByel orussi a,
USSR, and is not readily applicable to tropical peat areas.
However, because settling and shrinkage are i ndependent
of climate, subtracting expected m neralization under Byel o-
russian conditions (calculated via Eq. 7) from estinmated
overal | subsidence (via Eq. 8) will predict partial subsi-
dence due to consolidation as a function of peat and water
tabl e depths. Total subsidence under tropical conditions can
t hen be approxi mat ed by addi ng tropi cal mineralization | oss-
es to the climate-independent consolidationestinate.
Figures 1 and 2 show the conmputed total subsidence of
an imagi nary tropical peat formation (H=2.0m T = 26°C)
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1. Computed total subsidence of tropical peat in relation to bulk and particle densities.
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2. Computed total subsidence of tropical peat in relation to initial draining depth.
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over 20 yr of drainage inrelationto soil density and ini-
tial draining depth. The figures show that initial subsi-
dence rates are high because of high (primry) consolida-
tion. Later (secular) subsidence is al nbst steady and | ar ge-
ly dictated by mineralization. Figure 3 shows concurrent
consol i dation and mineralizationrates cal cul ated for an ar-
bitrary situation. Figure 4 shows conputed mineralization
and consol i dation | osses over 20 yr for peats with different
pand pg. The figure suggests that, with the defined system

paraneters, consolidation stops whenp/p s " 0.15, after

whi ch subsidence is from mineralization. Draining depth
decreases slow y under these circunstances and mnerali za-
tion rate becones nearly constant. This well-knowntrend in
recl ai ned peatl ands also is apparent in Figure 1, where the
sl ope of curve a is alnpbst constant over tine. If pis |low
(curvec, Fig. 1), consolidation|losses are initially high,

and near - const ant subsi dence rate occurs only after several

years.

Bearing capacity and shear strength

Beari ng capacity and shear strength are inportant character-
i stics of peatland. They respectively indicate trafficabil-
ity and ease of tillage.

Bearing capacity of peats is relatively |low. Standard
penetronet er readi ngs are between 0 and 40 kPa, conpared to

(St-Sm), S (myr=1} 3. Computed partial subsidence rates (con-
010 y solidation and mineralization) for tropical
peat.

Consolidation

£=012t m-3,5,=155tm=3
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\
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4. Computed loss of surface elevation and partial effects of consolidation and mineralization for tro-
pical peats of different bulk and particle densities.

10, 100, or even 1000 kPa for mi neral soils. Lowpenetration
resistance nakes it difficult to use farm machinery. The
ground pressure of nobdern machinery often is 50 kPa, and
even nuch |ighter equipnent nay get stuck because of high
rollingresistance and slip.

Bearing capacity is a function of soil npisture poten-
tial, internal friction, and effective nornmal stress --
stress transmtted through the peat skeleton. Effective
nornmal stress is influenced by r; bearing capacity therefore
depends on peat deconposition and ash content.

Shear strength nornmally is very |l owinwood- freepeats.
St andard vane test readi ngs vary between 5 and 20 kPa. Peaty
cl ay val ues are between 50 and 120 kPa. Shear strength is a
functionofr, fiber and matri x strength, and water content.
Penetration resistance and shear strength increase with
conpaction, additionof sand, or drai nage.

Thermal properties
Thermal inertia and thermal diffusivity determ ne heat stor-

age and heat and tenperature transmission in bulk soil.
Thermal inertia is defined asvMC, and diffusivity as 1/C,
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where L is thermal conductivity and Cis volunetric specific
heat capacity.

Cis determ ned by soil composition and the volunetric
speci fic heat capacities of the conponents:

V,C = V,C + V,C+ VG (9)
where C,, C;, and Cg are the volunetric specific heat capa-

cities of soil solids, soil liquid, and soil air. De Vries
(3) suggested the following values for Cfor the soil com

ponents: organic matter 2.6 Ml m3K? mineral matter 2.0

M m3 K1 water 4.2 MIm3K:, and air 1.3 kJ m3K?2
FromEq. 9, apure (virtually ash-free) peat withe of

0.93 and 0.64 volunetric water content has C =2.9 MIm?3 K1

The sanme peat, water-saturated, would have C=4.1 Ml mé K1
Drai ned peats have | ower heat capacity than saturated peats
and warmfaster. |ncorporating sand | owers the heat capacity
of peat soils.

Thermal conductivity | of a peat soil depends on conpo-

sition, p, and water content. pvaries from0.04 Wm!K-?!for
fairly dry peats with low p and mineral content to nore than

0.5 WnlK! for saturated, densely packed peats.

Thermal inertia is much lower in dry than in wet peat.
Consequent |y, diurnal and seasonal tenperature fluctuations
are nore pronounced in reclained than in waterlogged virgin
peat soils. Low thermal inertia and diffusivity of drained
peats al so account for the rapid rise in peat surface tem
perature under direct solar irradiance. Inthe tropics, high
(70°C) tenperatures inthe top fewcmof the soil may cause
colloidal transformation of organic conpounds and change
peat structures irreversibly to desiccated hydrophobic gran-
ul es and dust. | ncorporating sand in drai ned peats increases
t hermal conductivity and preserves them(5).

SOIL PHYSICAL CONSTRAINTS TO RICE-BASED CROPPING

As indicated, peats are physically unstable and differ
greatly fromnineral soils. Misture regine directly influ-
ences their subsidence rate, pore geonetry, bearing capaci -
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ty, and thermal properties. Possible rice- basedcropping
systens for peatl and need specific npisture regi nmes:

. ri ce nonocroppi ng needs near - pernmanent wat erl og-
gi ng;
. conpound rice- based cropping systenms (in which

rainfed lowland rice alternates with upland crops
on each specific farm but neighboring farnms may
concurrently have rice and upland crops) need
subst anti al periods of deep drai nage;

. multiple rice- basedcropping systens (in which a
few el evated ridges with upland crops are culti-
vated between the preponderant Ilowand rice

fields) need considerable differences in water
regi ne over short di stances.

Croppi ng systemrequi rements increase with the | evel of
applied technology. Traditional agriculture uses sinple
per manent structures, |ightweight equi pnent, and crop vari -
eties with proven suitability under suboptiml conditions.
When agricul ture advances, |and stress increases because of
deeper drai nage, nore rigorous |and preparation, the use of
heavi er structures and equi pnent, shorter crop cycles, etc.

Most cropped peatlands suffer an annual net |oss of
peat because of a highmneralizationrate. This is particu-
larly obvious with intensive |land use and deep drai nage.
Consi dering the serious managenent probl ens of farm ng peat
soils, one m ght ask whether peat |oss ought not to be pro-
not ed, e.g. by regul ar burning or topsoil renoval.

Thi s action has been advised (2), and could be reward-
ing where there is good quality mneral soil at shallow
depth. However, many peats that qualify for rice- basedcrop-
ping are on recent coastal sedinments that are wholly or
partly pyritic. Those m neral materials would strongly acid-
i fy under artificial drainage. In such situations, there is
every reason to conserve the peat cover.

Mai nt ai ni ng a permanently high water table is the best
way to m nimze | and subsi dence (Fig. 2). Rice thrives under
prol onged wat er |l oggi ng, yields satisfactorily at pH3.5, and
has a shallow, fibrous root systemthat anchors it even on
| oosel y packed peat. |f peatlands nust be used for agricul -
ture, rice nonocropping is an attractive possibility froma
conservation point of view Practice has shown it can be
econonmic. Farners in South Kalinmantan, |ndonesia, produce
good yields (up to 3 t/ha) on 60- cm deeforest peat over
pyritic sediments. Cultivation is alnpbst entirely by hand.
Traditional |ong- strawarieties are planted and the straw
is left onthe field after harvesting, which may conpensate
for mneralization |osses.
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Areas with peat soils suitable for cultivation usually
are small. They are within |agoonal peat formations, e.g.
al ong the Ml aysi an east coast, and, nore inland, anopng
val | ey peats (1). They are shall owor clayey or both.

Basin peats, the mgjority of all tropical peats, nor-
mal |y are deep, oligotrophic, and unsuited to cultivation.
Smal | areas of shallow basin peat may be found along the
fringes of deep donme- shapedpeat bodies. They often are
i nfluenced by groundwater and can be planted to |ow and
rice. However, if the source of irrigationwater is a nei gh-
boring elevated rai n- dependent peat, then there wll be
drought and sterility problens in dry years.

The smal|l extent of suitable peat soils and the rel a-
tive inaccessibility of renpte peat swanps are reasons for
the traditional character of rice cultivation on peat.
Advanced, nechanized rice farmng is rare on organi c soils.
Where it occurs, lowtrafficability, |and subsidence, and
peat | oss are problems. These are sel f - correcting, however,
as the surface soil becones nore shal |l ow and densel y packed.

Conpound rice- basedcroppi ng on (shallow) peat occurs
on avery small scale in settler communities where agricul -
ture is largely subsistence- oriented.It is not a true sys-
tem and one wonders why a few rain- dependent rice fields
are inan area that is otherw se used for upl and crops. Soil
physi cal constraints are serious. Rapi d subsi dence causes an
uneven |and surface and protruding trees and stunps mnake
| and preparation difficult. Rapid subsidence occurs, not so
nmuch as a consequence of rice cultivation, but of upland
crop cultivation. Upland crops often are cultivated on these
peats for only a few years because natural soil fertility
decreases rapidly or because severe acidity devel ops where
underlying pyritic mneral sedinents are allowed to oxi di ze.

Mul tiple rice- basedcroppi ng on peat usually is a com
bi nati on of nonocropped rice fields and elevated ridges
planted to fiber crops, tuber crops, and fruit (banana,
pi neapple). Limted | abor availability for the construction
of the ridges probably explains why the systemis not nore
wi dely practiced. The systemconserves the peat by mai ntai n-
ing a high groundwater table over nost of the area and al -
|l ows a diversity of crops to be grown. It is found intidal -
Iy influenced areas where it mght be called an inproved
traditional system Farnmers rely heavily on hand | abor. They
use noderate amounts of fertilizer and pesticides, and are
changing to nodern high- yieldingrice varieties introduced
by ext ensi on of fi cers.

We concl ude that rice- basedcropping onpeat is linmted
to shallow or clay peats and is characterized by snall
fields, |ow physical inputs, and high hand |abor inputs.
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Under such conditions, land stress is low, peat is con-
served, and soil physical constraints remainwthin accept-
ablelimts.

If mechanized rice farming were practiced on peat,
buried | ogs woul d have to be renobved. Even then, nechani za-
tion woul d be hindered by poor trafficability. Peat bearing
capacity could be inproved by tenporary deep drai nage, but
drai nage i s associ ated with severe subsi dence and peat | oss.
Al t hough that m ght not be prohibitive where shallowpeat is
above nonacidic mneral subsoil, deep drainage cannot be
recommended where pyritic sediments occur near the surface
and water control is |ess than perfect.
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ABSTRACT

Geostatistical techniques can be used to characterize the
spatial variability of soil physical properties through
structure recognition and optinmal interpolation. Data from
publ i shed soil physical variability studies were exan ned
with respect to structure recognition. Many soil physical
properti es had hi gh short - rangevariability, as indicated by
| arge nugget variances. To limt short- rangevariability,
neasurenent nethod and sanple volunme nmust be carefully
chosen.

A study is described i nwhich soil - physicalinterpreta-
tions were made froma soil map and from interpolation of
i ndi vidual borings. Both interpretations were testedw th 60
i ndependent test borings. There was no significant differ-
ence between the two interpretation naps.
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GEOSTATISTICAL TECHNIQUES AND SPATIAL VARIABILITY
OF SOIL PHYSICAL PROPERTIES

Soil varies with location, and generally the greater the
di stance between two soil observations, the greater the
differences are likely to be. Over relatively large dis-
tances (nmore than a few hundred netres) soil changes often
are associated with | andscape patterns. Wthin shorter dis-
tances, soil changes are | ess easy to predict.

Soil spatial variation may be gradual or abrupt. Wth-
inaparticular area, variation depends |largely on the soil
property being studied. Variation of dynamc and well -
buf fered properties such as groundwater |evel or noisture
potential tends to be nore gradual than, for exanple, tex-
tural changes inalluvial deposits.

If variations of soil properties are small, the soil is
honogeneous. |f variations are large, the soil is hetero-
geneous and conplex. Conplexity and its spatial scale of
variation are inportant to the use and behavior of soils.
Knowl edge of the spatial structure of soil properties also
hel ps predict properties of identical soils occurring el se-
where, as shown on soil maps.

The variability of soil properties may be statistically
expressed by averages and standard deviations. A review of
soil variability studies follow ng classical procedures is
present ed by Beckett and Webster (1). This way of descri bing
soil variability, however, neglects the spatial dependency
bet ween nei ghbori ng observati on poi nts.

In the last 10 yr, geostatistical techni ques have been
devel oped to describe the spatial dependency between indi -
vi dual observation points. They are based on the theory of
regi onal i zed vari abl es devel oped by Matheron (16). Although
the theory is fromm ni ng engi neeri ng, and was devel oped to
estimate ore reserves, it isused inneteorol ogy, hydrol ogy,
and soi | science.

It is not my intention to thoroughly review the theo-
retical background of geostatistical techniques. Only sone
basi ¢ concepts will be presented. My goal is to showhowthe
t echni ques can be used to descri be spatial variation of soil
physi cal properties and for optimal interpolation.

SPATIAL ANALYSIS

Spatial structure or dependency between observation points
can be geostatistically described by autocorrel ati on, sem -
variance, and intrinsic randomfunctions (IRF). Some sta-
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tionarity of data is necessary for application of geostatis-
tical procedures. The npbst commobn assunptions for data sta-
tionarity are expressed inone of the followingcriteria.

A. Existence of second order stationarity, which im
plies that the mean (n) does not depend on the |ocation x
(the expected value E[Z(x)] of variable Z at location x
equal s t he mean):

E[Z(x)] = m (1)

and that t he existing covariance (C(h)) is identical for the
area being investigated, and depends only on the separation
di stance h bet ween data points, and not on their | ocation:

C(h) = E[Z(x)*Z(x+h)] - m2 (2)

Wth second order stationarity, anautocorrelation function,
di scussed | ater, can be defined. Inpractice, these assunp-
tions often are too restrictive, and the weaker intrinsic
hypot hesi s may be adopt ed, as foll ows.

B. The intrinsic hypothesis inplies, as before, that
the mean does not depend on location x, but second order
stationarityislimtedto first order differences:

2 v (h) = E[{Z(x)-Z(x+h)}2] (3)

where Y (h) is the senivariance. Sem variance is graphically
presented as a sem vari ogram(for exanple, Fig. 1).

C. Autocorrelation and senivariance cannot be used to
describe the spatial relationship between nonstationary
data. Nonstationarity occurs when a drift is present in the
data, and | ocal average or nean val ues are a function of the
| ocation of data points. In this situation, Mtheron (16)
and Delfiner (11) describe the data as intrinsic random
functions of order 0, 1, or 2w th generali zed covari ances.

Autocorrelation

The autocorrel ation function (r(h)) defines spatial depen-
dency bet ween observation points (see A) and i s defined by:

r(h) = C(h)/C(0) (4)

where C(h) is estimted autocovariance of sanples h |ags
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1. Theoretical semivariogram
Indicating the range a, the sill
Cy+ C, and the nugget variance

C

o

apart, and C(0) is the estimated variance of the sanple set
(14). The lag concept, which defines rel ations between ob-
servation points at different distances, is illustrated in
Fi gure 2.

When h = 0, autocovari ance reduces to vari ance, and the
autocorrel ati on has a maxi mumof 1. At |ags greater than 0,
autocorrel ati ontends to decrease with i ncreasi ng separati on
or lag. An autocorrelogramis a plot of r(h) as a function
of distance or the lag h. In autocorrelation, values are
nornmal i zed to the range -1to 1, nmaking themeasier to in-
terpret. However, autocorrelationrequiresrelatively strong
stationarity.

Several variability studies (9, 12, 20, 23) use auto-
correlograms to express spatial variation over distance.
Gajemet al (12) give a nore detailed description of auto-
correl ograns.

Semivariance
Semivarianceg (h) is defined (14) as:

Y (h) = 1/2 Var[Z(x)-Z(x+h)] (5)
where Z(x) is the value of Z at point x, Z(x+h) is the val ue
of Z at a distance h frompoint x, and h is the |ag.

For second order stationarity, semnivariance equals
vari ance m nus covari ance:
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g(h) =C(0) - C(h) (6)

where C(O) is variance and C(h) is autocovariance at |ag h.
Seni vari ance i s commonl y esti mat ed by:

N-h 2
Y (h) = [1/20vB)] 7 [Z(x)-Z(x +h)] )
i=1 ’

where Nis the nunber of pairs of data points at a distance h
and Z(x) is the value of variable Z at point x.

A graph of y (h) against his a semvariogram Sem var-
iograns reveal the nature of the spatial variation of the
property of interest. Figure 1 is a theoretical semvario-
gram Sem variance usually increases with distance hupto a
maxi mum The maxi numsem vari ance i s known as the sill: Co+C
inFigure 1. The distance a, where the sill is reached, is
call ed the range. Points closer together than the range are
spati al | y dependent. Points farther apart are i ndependent.

Theoretically, v (O = O but a sanple semvariogram
frequently shows a discontinuity or nonzero value at h = 0.
This is the nugget effect and represents neasurenent error
and soil variationw thinthe shortest sanpling interval.

Senmivariance is an inportant tool for describing spa-
tial variation in data because it is easy to cal cul ate and
denmands |ess stationarity than other nethods. It has two
mai n applications: structure recognition and optimal inter-
pol ati on.

2. Schematic illustration of the I—
lag concept Lag 1 considers dif-
ferences between adjacent points. Observaton
Lag 2 considers differences be- points—® ® ® & o o © @ ® @
tween points separated by 2 inter-
vals. Lag 3 considers 3 intervals, Lagi— L L1 1. | 9combinanons
etc.
Lag2z— L ) 8 combinations
- ] |
Lag 3— 1 4 7 combinations
T
efc

Intrinsic random functions

Wth nonstationary conditions, data are split into a drift
conponent m(x) and a residual conponent Y(x), according to
regi onal i zedvari abl e t heory (16):

Z(x) =m(x) +Y(x) (8)
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Drift is a systematic increase or decrease inZinapartic-
ular direction. Drift m(x) at point x is the expected val ue
of Z at x:

m(x) = E[Z(x)] (9)

The residual Y(x) is characterizedby a seni vari ogram

According to Matheron (16), nonstationary data can be
described by intrinsic randomfunctions of order k (I RF-K).
Del finer (11) found that alnost all practical data sets can
be described as intrinsic functions of order 0, 1, or 2w th
general i zed covari ances:

K(h) = ¢ §(h) + aolgl
K(R) = cs(b) + alnl + aglhl3
K(R) = c6(h) +alnl + a3|1_1|3 + aglnl® (10)

respectively, where d (h) isDirac's delta function. The | RF
can be used in the interpolation technique called universal
kriging(22).

STRUCTURE RECOGNITION

Inthis section, sone properties of senivariograns will be
di scussed inrelationtodata structure.

Types of semivariograms

Very snoot h variations, such as may be found i n groundwat er
| evel s, produce parabolic sem variograms (Fig. 3a). Simlar
sem vari ogranms can be deterni ned for data snoot hed by novi ng
aver ages.

Data with abrupt boundaries at a given distance have
i near sem variograns with an abrupt change of slope at the
sill (Fig. 3b). If trends are present, senivariograns nove
upward wi t h an increasing slope (Fig. 3c). If periodicvari-
ations are present, they appear (8) as periodic fluctuations
inthe semvariogram (Fig. 3d). If short-range variations
domi nate, nugget effect takes up the entire sem vari ogram
(Fig. 3e).

More i nformation about sem variogramtypes in relation
to the spatial structure of data is given by Burrough (7)
and Hui j bregts (13).
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Semivariograms of soil physical data

Semi variograns may be used to identify the honpgeneity of
the sanpling field by studying nugget variances. Nugget
vari ance represents neasurenent errors and the variation of
a soil propertyw thinthe shortest sanpling interval.

I f nugget variance conprises the entire sem vari ogram
the field is honbgeneous for the chosen sample size and
neasur enent techni que. Nugget vari ances cal cul ated for sone
publ i shed soil physical data (Table 1) are quite large for
certain variabl es. Because npbst of the sem variograns were
based on reliable data, nugget effects due to nmeasurenent
errors are a relatively small part of these nugget vari-
ances

For instance, bulk density has a relatively snmall nea-
surenent error, yet TenBerge et al (17, and Table|l) re-

ported 100% nugget variance when 100- chcores were sanpl ed
at 4- nspacing. This neans that for bul k density a consi der -
abl e part of nugget vari ance was caused by short - rangevari -
ability of the property itself. Oher soil properties have
sim larly highshort- rangevariability (6).

To mnimze high short- rangevariability, attention
nust be paid to neasurement nethod and, particularly, to
sanmpl e vol unme. Sonme nethods yield results directly and do
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Table 1. Nugget variances of some published semivariograms of soil physical data.

Nugget Max ;
Property Reference I(‘;E)] vari%%ce transect Observations
) (m) (ne.)
Moisture supply capacity 18 50 50 a 530
Infiltration rate 20 1 13 a 1,280
Bulk density 12 0.20 15 20 100
Available water content 19 10 46 a 38
Moisture content at pF 2.5 19 10 23 a 38
Saturated hydraulic conductivity
X-Y-plane 9 0.15 b a 200
X-Z-plane 9 0.15 100 a 170
Y-Z-plane 9 0.67 100 a 170
Moisture tension
transect 1 17 4 100 200 50
transect 2 17 4 100 200 50
Surface temperature
transect 1 17 4 6 200 50
transect 2 17 4 16 200 50
Bulk density 17 4 100 200 50

aNot measured on a transect. °Cannot be calculated from published data.

not require elaborate cal culations that may be a consi der -
abl e source of variation (2). OQher nethods may not be suit-
able for particular soil types or conditions (3). In such
circunstances, their use introduces variability that is not
related to soil properties, but sinply reflects incorrect
procedur es.

Additionally, sanple volunme is very inportant. Each
sanmpl e shoul d have a m ni numRepresentative El enentary Vol -
ume (REV) that accurately represents the soil horizon to be

characterized. A REVmy be 100 cn® in a honbgeneous sand,

but 15,000 cn? in a clay soil with clearly devel oped peds
(2). There is very high short-range variability when a

100- cisoil core is used to nmeasure physical characteris-
tics in such a clay soil. Sone cores contain cracks, others
don't. In this case, incorrect sanple volunme wll nake
short — rangevariati on very hi gh. A neaningful reflection of
spatial variability can only be obtai ned when sanpl es have a
m ni rumREV, an aspect often ignored invariability studies.

OPTIMAL INTERPOLATION
Theory

There are several nmethods for spatial interpolation between
point data (18, 21). One is kriging. Kriging is based on the
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t heory of regionalized variabl es, and produces estimates for
unneasur ed positions that are optimal in that they are unbi-
ased and have m ni nrumvari ance. Mat hematically, these condi -
tions are expressed as:

E(Z(x)-Z(x)] = 0
VAR E[i(x)—Z(x)] is a minimum (11)

where Z(x) is the observed val ue and /ﬁ(x) is the predicted
val ue. An inportant advantage of krigi ng over other interpo-
lation methods is that variance of the estimates can be
determi ned. The interpol ated values can therefore be used
wi t h known confi dence.

In kriging, the interpolated value for an unneasured
position is a weighted average of nei ghboring observati ons.
The val ues for unneasured positions can be mathematically

estimated by solving the foll owi ng n+tl |inear equations:
N
_Z aj Y(xi,xj) + p = (xi,xo) (i =1 toN)
j=1
N
r a, =1
j=1 ! (12)

where N is the nunber of values used to estimte the unnea-
sured value, a; is the weight of thejth neighboring value,

mis alLagrange nultiplier, andg (xi'xj) is the semvariance
between the ith and jth val ue.

It is necessary to know the formof the sem variogram
to solve the kriging equations (12). The formis estinated
by fitting a nodel semvariogramto the experinmental sem -
variogram(14). Journel and Huijbregts (14) describe several
sem variogramnodel s. Fitting the nodel to the experinental
sem variance is the weakest part of the kriging procedure
because there is little theory that rel ates these mat hemati -
cal nodels to the physical reality of soil variation.

A sem vari ogramcannot be used to describe the spatial
structure of nonstationary data (refer to section C, page
87). Instead, we can use intrinsic random functions to
describe the structure of such data. This nobre general
nodel is called universal kriging, and can be used where
there is drift.
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A case study

The fol |l owi ng case study i s an exanpl e of uni versal kriging.
Hydrol ogi cal interpretations were nade froma soil map, and
by kri gi ng the individual borings. The resulting interpreta-
tion maps are referred to as simulation maps. Both sinul a-
tion maps were eval uated by conparing their predictions with
neasurenents nmade by independent borings at the 60 chosen
sites.

The study area of 125 ha was part of e 650 ha site that
had been the subject of a detailed soil survey to provide
soi | physical data for a sinulationnodel of water reginme in
the unsaturated zone. The 125 ha area is underlain by M o-
cene clay sedinments that start between 20 cmand 10 mdept h.
A aciers deposited boulder clay in an early Pleistocene
period. Later, aeolian sands were deposited over the area,
formng a surface relief that is quite different fromthe
under | yi ng boul der cl ay surface.

The simul ation map, derived fromthe soil map. The soil
survey was at 1:5000 scale, with an average observation
density of 1.6 borings/ha. The Dutch soil classification
systemnmi nl y concerns properties of horizons near the soil
surface. However, for this survey intended for hydrol ogi cal
i nterpretations, addi ti onal sanplings were made in
appropri ate subsurface horizons. Inparticul ar, observations
wer e made of the starting depths of gravel and boul der cl ay.
These, wi th observations of the thickness of the A horizon,
wi Il be used to devel op the sinulation map.

To denonstrate that the three soil horizons delineated
by the pedol ogical classification did indeed differ in soil
physi cal properties, replicated neasurenents of hydraulic
conductivity and noisture retention curves were made (24)
for each horizon. Statistical conparison of the curves
showed that there were significant differences in soil phys-
i cal properties.

The thickness or starting depth of the horizons were
conbi ned and cl assi fi ed and di spl ayed on the simul ati on nap.
For any location on the map, a sequence of thickness and
depth of physically significantly different major horizons
was defi ned.

The simul ati on map, derived bv kriging. Akriged simul a-
tion map was devel oped by kriging the soil profile data of
the survey borings, using soil horizons that were, as for
the soil map sinulation, physically significantlydifferent.
Detailed results are reported by Bregt and Bourma (4). The
dat a were nonstationary, so |IRF instead of sem variance was
used to describe spatial structure. After interpolating
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val ues for A horizon thickness and for starting depths of
gravel and boul der clay, the results were conbi ned and cl as—
sified in the same way as for the sinmulation map derived
fromthe soil map.

Kriging of the three thicknesses and depths was t hrough
t he AKRI P conputer program (15). For each property, kriging
t ook f our st eps.

1. Identifying the order of the intrinsic random
functi on.
2. Determining the coefficients of the generalized

covariance nodels that are appropriate for the
al ready determ ned order of the intrinsic random
functi on.

3. Sel ecting t he best general i zed covari ance nodel .

4. Appl yi ng poi nt kri gi ng.

After kriging the single properties the results were visual -
i zed by the CELPLOT program (5). The kriged map for the
starting depth of boulder clay is given as an exanple in
Fi gure 4.
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Table 2. Validation of the simulation maps derived from the soil map and by kriging.
Assessments of purity are based on data from 60 independent borings.

Purity (%)

Property Simulation map Simulation map
derived from the by kriging
soil map
Thickness of A-horizon 80 83
Starting depth of gravel 83 86
Starting depth of boulder clay 68 61
All data 77 77

Validation. The purity of the two maps was tested
agai nst 60 i ndependent borings, using statistical procedures
described by De Guijter and Marsman (10). The percentage
purity (Table 2) indicates the degree of agreenent between
the predictions of either simulation map and true val ues
det erm ned through independent borings. Both maps have a
purity of 77% The sinulation map, based on the delineated
areas of the soil map, does not differ significantly from
t he kri ged si mul ati on map.

In earlier studies, van Kuilenburg et al (18) also
found no significant difference between the purity of pre-
dictions for soil noisture availability derived froma soil
map or fromkriging. Mre investigations are needed to com-
pare the nmerits of these techniques for characterizing soil
spatial variability.
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ABSTRACT

The paper reviews nethods for nmaking soil physical neasure-
ments. Also discussed are nethods for sanpling and for de-
term ning soil consistency, cohesion, shear strength, struc-
ture, porosity, and water novenent and their applicability
for puddled low and rice soils. St andar di zati on of measure-
ments is considered difficult because nethods are not always
suited to all soil conditions and because too few data are
available from conparative studies of neasurenent tech-
ni ques.
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PHYSICAL MEASUREMENTS IN LOWLAND SOILS:
TECHNIQUES AND STANDARDIZATIONS

The suitability of land for lowand rice is determned pri -
marily by climte, topography, and hydrology. Soil charac-
teristics, suchas drainage, perneability, texture, fertili-
ty, chemical conposition, pH, and salinity, are of secondary
i mportance, although they often determne rice yield poten-
tial, and may even preclude | ow and rice cultivation.

Furthernore, lowand rice tillage practices tend to
al l eviate probl ens caused by adverse soil characteristics.
For exanple after tillage, perneability usually decreases,
nutrient availability and organic matter increase, and pH
tends toward the optinum It therefore is not surprising
that lowand rice is grown on a wide range of soils. Only
coarse sandy soils, deep peats, extrenely acid soils, and
al kali and saline soils are unsuitable.

Al t hough hi gh yi el ding varieties and extensi ve research
to inprove soil fertility have produced substantial yield
increases, little research has focused on t he physi cal char -
acteristics of lowand rice soils. Wth enough water, cur-
rent yield targets (4-5 t/ha) in tropical rice producing
areas apply nore or | ess regardl ess of soil physical charac-
teristics (21). However, it is generally accepted that phys-
ical characteristics do have sonme inportance: " The surface
| ayers of the soil nust have a nbderate clay content, a
reasonabl e depth, and a noderate degree of perneability
(39)."

The rel atively slight inportance ascribed to soil phys-
ical effects onrice growh contrasts sharply with the pro-

found effects of tillage. Traditionally, lowand tillage
consi sts of flooding and repeatedly plowi ng and harrow ng
very wet soil. This reduces soil stability, destroys soil

aggregates, partially disperses the clay fraction, and al -
ters pore sizedistribution.

Wetland till age creates a soft, noncohesive, nonsticky
pl ow | ayer with reduced perneability and makes it easy to
transplant rice seedlings. Puddling is considered essenti al
to successful rice cultivation. Wiere there i s enough wat er
and power, puddling is alnbst always practiced on near-
i mper meabl e soils with high expandi ng clay content, and al so
on nonpl asti c sandy soils.

It isdifficult to quantify the changes in soil struc-
ture caused by puddli ng. Most studi es of puddl ed soils or of
effects of puddling on soil and yield have linmted val ue
because the degree of puddling usually is inadequately de-
fined. Apart fromchanges in soil physical properties caused
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by lowl and till age, soil changes during and after rice crop-
ping need to be considered, especially where dryland crops
follow rice.

We di scuss neasurenents of soil physical characteris-
tics and indicate their inportance inlow andrice cultiva-
tion.

SOIL SAMPLING

A soil sanple is a specinmen of soil taken to represent a
body of soil. Its size and formdepend on purpose. Sanples
for measurenents that are sensitive to changes in soil
structure, as are nost soil physical neasurenments, shoul d be
taken wi t hout di sturbance. If the properties to be neasured
are prone to sudden changes, sanpling shoul d be under care-
fully defined conditions. For conparative studies, sanpling
t echni ques nust be st andar di zed.

Core sanmples are normally taken for physical neasure-
nents, although aggregates or peds sonetines can be used if
they are not altered during handling and transport. The best
core sanpl es are taken when soil water potential is near the
wet limt of the plowing range. For sandy soils, the wet
limt is about - 5kPa and for clayey soils about - 100kPa.
At lower soil noisture potentials, soils are either too
| oose or too hard to be sanpled. At higher soil noisture,
soi | s becone pl asti ¢ and def ormeasily.

There are many core sanplers available for dryland
soils. Wen correctly used, they performwell as long as
soi | moisture content is belowthe liquidlimt. At npoisture
contents between liquid limt and flocculation limt, a
partial vacuumi nsi de the sanpling cylinder usually is need-
ed to prevent the soil core fromslipping out of the sanpler
(31).

Undi sturbed sanples fromnewly well - puddl ed, fl ooded
soils are al nbst inpossible to take. The soil particl es nove
freely and the soil acts as a viscous liquid or a gel. Al —
t hough sanmpling is unlikely to significantly influence gen-
eral particle arrangenent, it may be difficult to lift a
sanmple fromthe fieldw thout inducing sone restructuring by
drai nage os pressure. Thus, cores of 0.078 x 0.040 m taken
at a 45° angle froma newy puddl ed Verti sol and closed with
flat plastic lids when still imersed, had a bulk density
that agreed to within 10%w th the val ue determ ned by dig-
ging soil froman enclosed area in the field. Mreover, re-
produci bility was good: the coefficient of variation was
| ess than 10% However, the sanples were structurally dis-
turbed by transport and mani pul ation and they were unfit for
physi cal neasurenent.
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Met hods to reproduce the field tillage process in the
| aboratory nust be devel oped to overcone sanpling, trans-
porting, and handling problens. Inthe |aboratory, the soil
should be puddled simlarly, with equal specific energy
input, andto a simlar degree as inthe field.

SOIL CONSISTENCY, COHESION, AND STRENGTH

Consi stency indicates the soil state that results fromthe
apparent internal forces of adhesion and cohesion. Water
content is the mmin determ nant of consistency. Typically,
soi | consistency varies fromhard when dry, to friable when
noi st, plastic when wet, and |iquid when saturated. Al —
t hough transition between states is gradual, Atterberg de-
vised sinple tests to determ ne water content at transition
fromfriable to plastic, plastic limt, and fromplastic to
liquid, liquid limt. Those tests, and procedures to deter -
m ne shrinkage limt and sticky point, are described in
appropri at e handbooks (2).

Al t hough consistency limts can be used to classify
soils for workability or puddlability (4), swelling and
shrinkage (26), conpressibility (36), and perneability (15)
and correlate well with clay content and nature (16), they
have been little used for characterization and suitability
classificationof |owl andrice soils.

The cohesive forces between particles not only deter-
nm ne soi|l consistency but al so strength. Koenigs (22) exten-
sively discussed the relation between soil cohesion and
strength and the puddling of clay soils. Soil strength af -
fects trafficability, machi ne perfornance, and root prolif-
eration (20, 34). It is related to soil cohesion and the
coefficient of internal friction by the Mbhr- Coul onbequa-
tion.

There are two wi dely accepted nmethods for determ ning
soi|l shear strength: the direct and triaxial shear tests.
Bot h require accurate equi pnent and skills normally unavail -
able inagricultural soils |laboratories. For rice soil stud-
ies, the sinple vane shear test (1) is quick and can be done
inthe field at any desired depth. The torque necessary to
rotate the vane, and thus shear the soil, is directly pro-
portional to soil cohesion.

An indirect but extensively used tool for characteriz-
ing soil strength is the penetration of a probe fittedwith
different tips. There are three groups of penetroneters:
those that record the pressure necessary to push the tip a
specific distance into the soil (static-tip), those that
neasure the pressure required to nove the tip through soil
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at a constant rate (noving- tip), and those that record the
nunber of blows required to drive the tip to a specific soil
depth (inpact) (33). Apenetroneter reading is an integrated
i ndex of shear strength, conpression, netal - to- soiffric-
tion, etc. Nevertheless, it is highly correlated with cohe-
si on det ernmi ned usi ng a vane shear test (34).

The nmodul us of rupture, a neasure of tensile strength

of dried soil, is particularly useful in studies on crust
formation and seed germination following lowand rice. In
the method, a small beam is centrally loaded with a

special |l y prepared soil until the beamruptures. The nodul us
of rupture of a crust on a given soil results fromconpl ex
physi cal and physi cochemni cal processes and does not corre-
late with any sinple soil characteristic (5).

SOIL STRUCTURE

Soil structure is the arrangerment of primary soil particles
intoclusters. Clusters are discrete fromadj oi ning clusters
and have properties different froman equal nmass of unaggre-
gated primary particles (35). The arrangenent of soil parti-
cl es in aggregates, and aggregate size and strength and sta-
bility, result fromthe nature of the primary particles,
fromthe forces acting between them and fromthe external
forces acting on the soil body. The nunber, shape, and sta-
bility of the voids in a soil are a direct consequence of
the soil’'s structure. Soil structure influences many pro-
cesses inthe soil - plant - at nrosphersystem such as storage
and transport of fluids and heat, water and nutrient uptake,
seed germ nation, androot proliferation.

Soi |l structure has | ong been recogni zed as i nportant to
crop growt h and production, but objective nethods to present
soil structure as a single quantitative val ue have not been
devel oped, al though many t echni ques have been devel oped for
neasuring aggregate stability. Usually, nmeasurenents are
made of one suitable physical or mechanical soil variable
that isrelated to soil structure. The precise nature of the
relationship, provided it exists, isdifficult toestablish.

Met hods based on an analysis of the aggregate size
di stribution of dried soil, and the stability of the aggre-
gates when they are imersed in water, are numerous. Sone
use the difference in the wei ght of aggregates of a sel ected
size before and after sieving in water as a neasure of ag-
gregate stability. In others, the nean weight dianeter of a
range of aggregate sizes inthe soil is nmeasured before and
after sieving in water and the difference is used as an
i ndex of (in)stability (37).
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Dry and wet sieving cannot determine soil structure in
the field because results depend on the procedures foll owed

to store and dry the soil, break it into selected aggre-
gat es, sel ect aggregate sizes, wet the aggregates, and sieve
the soil. However, if standardized, these nethods can be

useful for conparing the effects of soil managenent and
cultural practices on aggregation (6, 9, 13).

The structure of puddled soils cannot be eval uated by
dry and wet sieving because the procedure involves drying,
and thus restructuring the soil, before aggregate distribu-
tion and stability can be determ ned. The nethod, however,
can be used to study the evolution of the structure of pud-
dl ed soils subject todrying and rewetting (Table 1).

Met hods that sinulate a destructive force or a conbi na-
tion of destructive forces have been used to study aggregate
stability, but their suitability for evaluating puddled
soi |l s has not been tested.

The turbidineter technique (12) could be nodified to
study the effect of sesqui oxides, organic matter, or a com-
bi nation of both on aggregate stability. Instead of dry
aggregates, the whole puddled soil could be subjected to
nechani cal shaking in a water- glycerolm xture, after which
the turbidity of the suspension coul d be neasured

The air- waterperneability ratio nmethod (29) is based
on the degree of slaking when soils are saturated. It may
indicate the puddlability of soil. The classification of
aggregates based on their coherence in water, proposed by
Enmerson (14), al so may be useful.

There is no standardization in neasuring nethods or
reporting of measurenents of soil structure. Methods have
been continuously nodified to suit the particular problem
under study. Wirk is needed to devel op techni ques in which

Table 1. Effect of drying and rewetting on the structure of a Vertisol and an Ultisol that
initially were puddled.

] Vertisol Ultisol
Drying cycle % aggregates Stability % aggregates Stability
<2mm index < 2mm index

Upland soil 78 137 71 56
Puddled soil 9 Water stable 2 52 Water stable @

1 78 233 43 28

2 79 196 48 35

3 86 128 20 43

4 82 108 13 -

5 83 115 9 -

3percentage of aggregates was determined by sieving under water.
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the nature and nmagni tude of the forces acting on aggregates
or the whole soil can be quantified. The measurenent of
shear strength at different soil water potentials and the
det achment of soil particles under the inpact of water drops
(11) showproni se.

SOIL POROSITY

Soil structure inplies the existence of cracks or pores
bet ween soi | aggregates. The size, spatial distribution, and
| ongevity of those pores that are |arge enough to be, but
are not, filledby other soil particles distinguisha struc-
tured froma structurel ess soil.

Total soil porosity relates directly to bulk density
and to soil particle density. Bulk density generally is
determned by finding the mass of dried soil of an undis-
turbed core sanpl e of known vol une. Probl ens in determning
bul k density are associated with sanpling problens. Bulk
density of an individual clod is determ ned fromthe nass of
the dried clod and fromits volune neasured by imrersion in
nercury or inwater after coating it with paraffin wax. For
cohesive soils, sand- funnel and ball oon techni ques can be
used inthe field (2).

In lowand rice soils, where swelling and shrinkage
nearly al ways are encountered, the doubl e- sourceganma ray
absorpti on net hod may be particul arly useful when the diffi-
culties incollimtion, discrimnation, and al i gnnment of the
probes are solved. The nethod permits sinultaneous nmeasure-
nent of bul k density and soil water content, but presently
is inmpractical for fielduse.

Pores in soils have different functions according to
their size. They can be classified accordingly (17). Pore
size distribution is an inportant soil characteristic but
few data are avail abl e because of neasurenent difficulties.
For arigidpore system pore size distribution, character-
ized by the radii of the pores, is usually deternined froma
wat er desorption curve. The rel ati on between pore radi us and
the pressure required to renove water fromthe pore can be
wittenas:

r = -2T cos 6/hp g (1)

where r is the radius of the pore, T is surface tension of
water (0.07 NNm, g is contact angle (0O innobst soils), his
wat er potential in height units, r is water density, and g
is the acceleration due to gravity. The difference in volu-
netric water content of a soil at two different water poten-
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tials is equal to the space occupied by pores of which the
maxi mumand m ni mumequi val ent radii correspond to the hi gh-
er and |ower water potential. The required water desorption
curves can be determned by a tension plate assenbly or
sandbox apparatus and by a pressure plate or pressure mem-
brane apparatus. But interpretations are conplicated by
hysteresis. In one study, Bouma (7) conpared results ob-
tained from desorption and absorption curves with results
froma nor phonetric point count techni que. He concl uded t hat
the desorption curves, which mght be expected to relate
directly to the actual pore size distribution, did in fact
give erroneous results in all the soils tested. Because
nor phonetric techni ques are governed by probability, they
shoul d yield results internediate between those of absorp-
ti on and desorpti on.

In swelling soils, determining porosity and pore size
distribution is much nore difficult because both properties
are functions of water content. Mreover, in puddled soils,
drying irreversiblynodifies soil structure (10).

Three ranges of water content can be recognized in
swel lingsoils (27):

. The nornmal range, where a decrease in water con-
tent causes an equal decrease in soil volunme. The
soi | cracks, but the aggregates renmai n sat urat ed.

. The residual range, where the decrease in water
content is not matched by an equal decrease in
soil volume. Air enters the soil aggregates and
the soil |l oses plasticity.

. The zero range, where a decrease in water content
does not change soil volume. The soil systemhas
beconerigi d.

Bul k density and npi sture content nust be nmeasured to deter -
mne total porosity in the normal or residual ranges. This
can be done with the double source gamma ray absorption
techni que. Porosity at the lower Iimt of the residual range
can be determ ned by the absorption of nonpolar I|iquids,
such as benzene or carbon tetrachl oride, which do not cause
significant swelling.

Law ence (24) and Geenland (17) reviewed sone tech-
ni ques for determ ning pore size distribution in swelling
soils. Morphonetric techniques are best suited to study of
pores with an equivalent «cylindrical radius |arger than
30 um In this nmethod, pore sizes and shapes are determ ned
fromthin sections of resin- inpregnatedsoil using electro-
opti cal i mage anal ysi s.

To a limted extent, Nsorption at - 196°C, and nercury
intrusion after evacuating water from swollen soils by
freeze- drying, have been used to neasure pores down to an
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equi valent cylindrical radius of 5 nmin noist soil (28).
These net hods show prom se but still have many difficulties.
Probl ens have included volume changes resulting frompre-
dryi ng the sanpl es, and bul k density i ncreases caused by t he
pressure needed to inject nmercury into the snaller pores.
Furthernore, results relate mainly to intra- aggregated
porosity, because of the smmll sanple size used in these
t echni ques. However, it is cracks and interaggregate pores
that play a donminant role innmany physical processes such as
wat er storage, aeration, andinfiltrationinswelling soils.

WATER MOVEMENT

One of the major reasons for puddling rice soils is to de-
crease hydraulic conductivity (30). Decreases nay be of
several orders of magnitude in clay soils, but are less in
sandy and nontnorillonitic clay soils. Reorientationof soi
particles in puddled soils oftenis anisotropic. Thus in
rice fields with horizontal hydraulic gradients, both the
hori zontal and vertical hydraulic conductivities should be
det er m ned.

Rates of water |oss through soil (percolation plus
seepage), and the influence of soil properties and manage-
nent practices on themdepend not only on soil type. A —
t hough they do rel ate strongly to many soil properties, they
depend al so on factors related to | andscape position, prox-
imty of drainage ways, field nmanagenent, and groundwater
tabl e I evel .

Laborat ory net hods for neasuring the hydraulic conduc-
tivity of saturated soil have been reviewed (2) and per-
nearmeters for routine determ nations on soil cores are com
nercially avail abl e. However, val ues obtained with | abora-
tory nmet hods rarely equal field val ues.

Data fromconparative studies (18, 23) indicate that
| abor at ory net hods soneti mes overesti mate hydraul i ¢ conduc-
tivity by nmore than an order of nmmgnitude. Preferential
percol ation along the walls of the sanple holder and an
i ncreased nunber of continuous pores and channels in the
sanpl e have a significant positive effect on hydraulic con-
ductivity. There are snal |l er, negative effects of structura
changes during sanpl e mani pul ati on, snearing of the sanple
surface, and enhanced bl ocki ng of the pores by m croorgan-
isms and their products. Anderson and Bouna (3) observed an
exponential decrease in hydraulic conductivity with sanple
| ength. Laboratory nethods should only be used in conpara-
tivestudies.

Wen rel i abl e absol ut e val ues of hydraul i c conductivity



108 SOIL PHYSICS AND RICE

are needed, field techniques should be used. Conmonly used
field techni ques were discussed by Bouwer (8), but these
are difficult to apply inthe plowlayer of rice soils. Wth
sonme precautions, the piezoneter nethod can be used to de-
term ne vertical and horizontal hydraulic conductivity al -
though it may be difficult to obtain and maintain a cavity
i npuddl ed soil. ThroughDarcy's | aw, the vertical saturated
hydraulic conductivity of the puddled plow |layer can be
easily obtained from flux and hydraulic potential at two
depths. Flux can be neasured with an infiltrometer and the
potential s withpiezoneters.

In flooded rice soils where the water table remains
bel ow the plow |l ayer, the difference between the hydraulic
conductivities of the plowlayer and the subsoil frequently
causes the subsoil flowto be unsaturated. The steady state
downfl ow of water in a layered soil was anal yzed by Takag
(32) and Bouna (7) and others, but field experinments have
not been done.

This probl emand problens related to water redistribu-
tion in the soil after irrigation ceases require know edge
of hydraulic conductivity as a function of matrix potenti al .
The i nternal drainage nethod (9) probably is the nost widely
used. It requires the sinmultaneous nmeasurenent of soil water
content and matrix potential by, for exanple, a neutron
noderati on noisture nmeter and tensioneters. Libardi et al
(25) assumed an exponential relationship between soil water
content and hydraulic conductivity. They concluded that
simple field nethods, which only require a neasurenent of
soi | water content profiles, thus all ow ng nore observati ons
at a |l ower cost, are better than fewer, nore exact observa-
tions that are less anenable to statistical analysis over
| arge | and ar eas.

STANDARDIZATION

These t echni ques for physical neasurenents in soils are only
a sanple of the techniques that have been devel oped. Re-
searchers continuously devi se new techni ques or nodify ex-
isting nmethods to obtain data in a form suited to test
hypot heses. Hence conparison of results from different
sources is difficult. For exanple, determ ning aggregate
stability depends very much on the size of the aggregates
studi ed because the forces responsible for stability may
di ffer accordingly.

St andar di zed t echni ques rmust be uni versally applicabl e
but few techni ques have been used on different soils and on
soils in different conditions. Rigorous studies conparing
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soi | physical neasurenments are scarce and nost studies | ook
for correl ati ons rat her t han expl anati ons.

Lowl and rice soils usually are thought of as puddl ed
soils and their physical characteristics are al nbst invari -
ably conpared to those of corresponding dryl and soils using
techni ques suitable only for dryland soils. Inthis respect,
the puddl ed state of the soil is considered to be unique,
which it nost definitely is not.

Presently, standardization of techniques for |ow and
rice soils is hardly feasible. The possibilities, advan-
t ages, and di sadvant ages of the different techni ques should
first be fully established.
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Abstract

We relate hydrologic classifications of ricelands to rice
cultural types at several scales, e.g. Asia (schematic), a
large river basin (1:4nmllion), alarge delta (1:250,000 or
500, 000), an internountainbasin (1:100,000 or 250,000) and
the riceland of one village (1:10,000 or 20,000). Physio-
gr aphi ¢ and geonor phol ogi ¢ control of hydrologic regimes in
ricelands is discussed. A schene is proposed to inventory
Asianrice cultural (land) units on a nesoscal e (1: 50, 000 or
250, 000) usi ng LANDSAT i nagery and extensive field surveys.
Its adaptive approach and its adaptability to the Chiang
Mai — Lanphunval | ey are di scussed.
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HYDROLOGY OF RICELANDS

Classification of rice environnments has progressed substan-
tially inrecent years. |In nmany of the proposed classifica-
tion schenes, rice cultural types are defined inrelationto
hydrol ogy, but a scale factor for hydrol ogi c environnment is
not explicitly expressed. Factors that affect hydrol ogy and
the rice environment may differ with the size of the area
and the map scal es used to delineate the boundaries of hy-
drol ogi c conditions (Table1).

Thi s paper reviews studies onrice environnment classi-
fication as related to hydrol ogi c condi ti ons, and proposes a
new net hod of riceland i nventory for tropical Asia.

ASIA

Rice cultural characterizations in Asia are specified pre-
dominantly inrelationtoclimte (particularly tenperature)
and wat er bal ance (dom nated by rainfall). Physiography can
be used to nodify the water bal ance cl assification by all ow
ing for the lateral novement of surface and subsurface wa-
ter, irrigationpotentiality, anddrai nage.

Kyunma (6) divided South and Southeast Asia into nine
climatic regi ons based onwater balance inriceland (Fig. 1,
Table 2). His sinple schene is a general indicator of
stability of rice production, rice cropping seasons, water
availability, andreliability of available irrigation.

Table 1. Factors that determine riceland hydrology.

Area Map scale Primal factor Secondary factor
Asia Schematic Climate Physiography
Large basin 1:4 000 000 Geomorphology Hydrologic

modification
Delta 1:250 000 Geomorphology Hydrologic
or 1:500 000 modification
Intermountain basin 1:100 000 Water resource Irrigation
or 1:250 000 availability management
Village (rainfed) 1:10 000 Microtopography Bunding
or 1:20 000 and toposequence Soil-water
relations
Village (irrigated) 1:10000 Water resource Irrigation
or 1:20 000 availability management
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| Straits - Sunda Regior Vi Middle Vietnam Region
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(Il Oceanic Sumatra-West Java Region Indochina Region
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/ Southern Indochina — Southern IX Lower Indus Region
India Region

1. Climatic regions in South and Southeast Asia (6).

The agroecol ogi cal zone schene proposed by Panabokke
(8) and refined by many scholars fromAsian countries in-
cludes rainfall regine and soil groupings as classifiers.
The schene provi des useful zoning maps, nainly by country,
that clearly indicate present croppi ng systens and sequenc-
es, and also can suggest possible new cropping systens.
However, because uniformclassification criteria are used
for the whol e Asi an regi on, |ocal characterizationis sacri-
ficed for sinplicity and uniformty and the naps | ack vi sua
conpr ehensi veness.

Large River Basin: The Chao Phraya River Basin

A map of rice cultural types in the Chao Phraya Basin in
Thai | and was generated by integrati ng maps of physi ography,
hydrol ogy, soil norphology, rice cultural nethods, yield
per formance, and average | andhol ding (1) (Fig. 2, Table 3).
There are sixrice cultural regions, each representing hono-
geneity in rice culture. Regions are naned by hydrol ogic
characteristic: traditionally irrigated area, wat er —
deficient foothills, inland flood area, barrage irrigation
area, canalled!| ow and, and | ess- fl oodedlel t a.
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Table 2. Climatic regions in South and Southeast Asia (6).

Group Characteristics of climate and water balance

| Straits-Sunda Region; Humid equatorial climate with very small
temperature fluctuation; minimum rainfall 100 mm in Aug and
maximum 250 mm in Jan.

1] Malay-Northern Borneo Region. Humid to perhumid equatorial
climate with very small temperature fluctuation; minimum rain-
fall 150 mm in Jul and maximum 400 mm in Nov-Dec.

1] Oceanic Sumatra-West Java Region. Perhumid equatorial climate
with  very small temperature fluctuation; minimum rainfall
200 mm in Sep and maximum 400 mm in Nov-Jan.

\% Southwest-facing Coastal Region. Tropical monsoon climate
with small temperature fluctuation; minimum rainfall less than
10 mm in Jan-Feb, and maximum over 550 mm in Jul.

\% Southern Indochina-Southern India Region. Tropical monsoon
climate with small temperature fluctuation; minimum rainfall
less than 20 mm in Feb and maximum 200 mm in Sep-Oct.

\i Middle Vietnam Region. Tropical monsoon climate with mod-
erate temperature fluctuation; minimum rainfall 50 mm in Mar-
Apr and maximum 500 mm in Oct-Nov.

i Central India-Northern Indochina Region. Tropical to sub-
tropical monsoon climate; minimum rainfall less than 10 mm in
Dec and maximum 300 mm in Jul-Aug.

Vil Tongking-Assam Region. Subtropical monsoon climate; mini-
mum rainfall 30 mm in Dec and maximum 300 mm in Jul-Aug.

IX Lower Indus Region. Subtropical arid climate. Slightly mon-
soonal with maximum rainfall 60-70 mm in Jul-Aug; for the rest
of the year rainfall does not exceed 30 mm.

The hydrol ogic classification in this study was based
onirrigationandwater control:
. gravityirrigation
gover nnment, communal (effective)
conmunal (i neffective)
punp irrigation
i wat er conservati on
control | ed( pol der ed)
uncontrol | ed.
This classification systemgives a conprehensive picture of
t he hydrol ogi c environment that is useful for specialists in
wat er resource planning and irrigation devel opnent, rice
variety inprovenent and ri ce- basedcropping systens. It al so
is easy to delineate and conprehend because the systemdi -
rectlyreflects | ocal physiography.
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2a. Physiography of the Chao Phraya River Basin, Thailand (1).

Delta: The Chao Phraya Delta

Kai da (4,5) subdivides the Chao Phraya Delta into five agro-
hydr ol ogi ¢ regi ons based on hydrol ogi c records for the main
rice growing season. The classification distinguished
bet ween transpl anted and broadcast rice, and allowed for
transplanting date, inundation period, maxinum depth of
i nundati on, maxi muminundation date, rising water rate, and
drainability. Themap (Fig. 3) delineates
. the ol d delta,
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Gravity irrigation

D Governmental
Communal
(effective)
cul Communal
(ineffective)
Pump irrigation

Water conservation

29 Controlied
& (poldered)

Uncontrolled

2b. Hydrology of the Chao Phraya River Basin, Thailand (1).

. chai ns of depressions,

. t he ret ardi ng basi n,

. t he pol dered fl at delta, and

. the ranmifiedriver area of the coastal zone.
Al though the major classification criteria are related to
wat er regi me, the classificationincludes some agronom ¢ and
physi ographic factors, and nethods of water control and
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2c. Rice cultural regions in the Chao Phraya River Basin, Thailand (1).

irrigation. The nanes of the agrohydrol ogic regions refl ect

t hese additional factors.

In a huge delta with diverse, uncontrolled water re-
gi nes, hydrology is best classified inrelationto the geo-
nor phol ogy. Based on a semi det ai | ed geonor phol ogi c cl assifi -

cation of the Delta (Fig. 4), Takaya and
i nventoried 10 hydrologic units (Fig. 5).

Thi ramongkol (9)
Their cl assifica-



Table 3. Rice cultural regions in the Chao Phraya River Basin (1).

Rice area
) Rice cult(ir\}g%e q Rice Approximate
Rice cultural - ppysiography ~ Water condition Soil fertility =~ Management Yyield production fice area
region (t ha'l) per farm (t) per (ha x 10%)
family farm family
_Tr_adi‘tional Intermqntane Governmental Medium Transplanted 2.5-3.0 1.2 2.4 320
irrigation area basin Communal
Water- Fan-terrace Effective Low Transplanted  1.0-2.5 34 27 1,310
deficient complex area Ineffective
foothills
Inland Constricted
flood river Uncontrolled Medium  Broadcast 1.52.0 45 6-8 200
area channel area
Barrage Old delta Governmental
irrigation area Medium  Transplanted 1.8-2.2 3-4 57 80
Uncontrolled High Broadcast 1.82.2 35 6-8 310
Uncontrolled
Canalled Delta flat Low Broadcast 1.0-1.5 5-7 6-10 750
lowland
Less-flooded Deltaic )
Controlled High Transplanted 1.8-2.5 34 712 280

delta high
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{5331 Main Area of the Old Delta
E=3 Chains of Depressions

(I} Reterding Basin of Delta
[Z27] Poldered Flat Delta

EZ5] Ramified River Area of Coastal Zone

3. Agrohydrologic regions of the Chao Phraya Delta, Thailand.

tion criteria resenble Kaida's, and are a conbi nation of
geonor phol ogy ( physi ography), water control, andirrigation.
The 10 hydrol ogic units are

rai nfed fan- terraceconpl ex,
irrigatedfan- terraceconpl ex,

irrigated old delta,

fl oodpl ai n as a water conservation area,
pol dered fluvi al delta,

irrigated east bank,

pol der ed west bank,

unirrigated delta,

prot ect ed coastal zone, and

unpr ot ect ed coastal zone.

RICELAND INVENTORY -- A DESCRIPTIVE ATLAS

We tried to devel op a nore useful inventory of rice land in
Riceland inventory -- a descriptive atlas. The schenme seeks

to inventory rice cultural units on a nesoscale (1:50,000 to
1: 250, 000, depending on the size of the region to be inves-

tigated),

usi ng LANDSAT i nagery and ext ensi ve fi el d surveys.

The st eps fol | ow

1.

2.

Tentative delineation of land units by interpret-
i ng LANDSAT i nages for di fferent seasons.
Extensive field survey and interviews with farners
to collect information on rice cultural environ-
nent, agricul tural practices, andperfornmances.
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(@ Chainat (A) Ayutthayo ® Ratburi {:E\‘ Naknor Nayok
@ Suphanburi @ Nakhon Pathom Saraburi 8 Bangkok
@ Lopburi ® Konchanaburt @ Chachoengsao

I Tidal zone 6 Yourg T

2 Young delta with acid marin: clay 7 Upper -2 zec

2' Young delta with r.eutral marine ciay 8 lLowercc ze o

3 Young delta with acid brackish clay 9 (g for

3' Young deita with neutral brackish clay
4 Young delta with fluvia: nature
5 Floodplain

4. Semidetailed geomorphologic classification of the Chao Phraya Delta, Thailand.

Revi ew of avail able reference material, including
t opogr aphi c maps, thenatic maps, researchreports,
gover nnment docunents, etc.

Revi sion of tentative unit boundaries and final
i nventory of landunits.

Tentative description of each land unit based on
LANDSAT i nages and fi el d surveys.

I ncorporationof thereference i nfornmation.
Correlation of agricultural performance in the
| and units, and |and features such as | andform
soil, climate, hydrology, and irrigation; and
soci oeconom ¢ aspects.
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Description of land units is very inportant to this
cl assification schene. The description should be brief and
pi npoi nt the essential and specific features of each unit.
Al t hough the description depends upon the investigator,
typical itenms might include landform soils, water condi -
tions, and agricultural practices and perfornmance. Brief
notes on the history of |and devel opnent, | andhol ding sta-
tistics, transportation and marketing of products, and vil -
| age | andscapes may i nprove the description. The land units
i nventoried may be nunbered, but it is better to nane them
for specific characteristics and locations, e.g., Lanphun
rainfed terrace.

Not e that the schene is not equi pped with solid classi-
fication criteria, although it is largely based on LANDSAT
interpretation. The schene seeks to inventory, not to clas-
sify, riceland. Land unit eval uation should be |eft open to
potential users, who may be specialists in water resource

7O chanat ©) Lopbun
@ Suphanburt @ Ayutthaya

(N) Nokhon Pathom
® Kanchanaburt
) (®) Retbur
Saraburs
{Cn) Chachoengsao
(Nn) Nakhon Nayok

B Bangkok

1 Rainfed fan -terrace complex 6 Irrigated east bank
2 Irrigated fan - terrace complex 7 Poldered west bank
3 Irrigated old delta 8 Unirrigated delta
4,4' Floodplain as a water—conservationarea 9 Protectedcoastal zone
5 Poldered fluvial delta 10 Unprotected coastal zone

5. Hydrologic units of the Chao Phraya Delta, Thailand.
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and irrigation devel opnment, rural devel opnent, rice breed-
i ng, or cropping systemns research.

W inventoriedthe Chao Phraya Delta (119 bl ocks, about
1.2mllion ha, were delineated [9]), the Chiang Mai — Lanphun
Valley (30 land units, about 165,000 ha [7]), other inter-
nount ai n basins and riverine plains in north Thailand (ten-
tatively 30 I and units, about 200, 000 ha) (Lunpaopong et al,
in preparation), and part of the Philippine Central Luzon
Plain (23 land units, about 150,000 ha [2]).

Intermountain Basin: The Chiang Mai-Lamphun Valley

The Chi ang Mai - Lanphunval | ey has the nbst advanced mul tiple
croppi ng systens in Thailand. About 30%of the riceland is
irrigated by communal or governnent gravity irrigation sys—
tems, and the rest is rainfed. There are substantial differ-
ences in crops, cropping intensity, and crop sequences,
particularly inthe irrigated areas.

Using the riceland inventory schene, we identified 30
land units in the 165,000- havalley (Fig. 6, Table 4). Six
broad groups of land use were recognized: single rainfed
rice, single irrigated rice, dry seasonrice or other crops
after floods recede, one upland crop after rice, intensive
garden cul ture after rice, and rice mxedw th tree culture.
Cropping was related to landform soils, natural hydrol ogy
(soil drainage and flooding regines), and irrigation (reli-
ability of irrigation systens, dependability of river water,
and sour ces of suppl enentary water) (Table 5).

Single cropped rainfed and irrigated rice are planted
on lowterraces or the fan terrace conpl ex, which we cl assi -
fied as water- deficient foothills. The major constraint to
nore intensive land use inthe rainfed area is limted water
availability early indry season. Inirrigated areas, it is
poor operation of state irrigation projects. Landform and
soils donot limt intensified |land use, except where soils
are fine- texturedcl ays that harden and crack i n dry season.
Inthe floodplain, suchland has irregul ar shall owto noder -
ately deep floodi ng, which may be prol onged in high rainfall
years.

Dry season rice and upland crops following rice also
are grown on the floodplain, but ingreatly differing soils
and mi crot opography. Mrre than half of the dry season rice
area is in the depression. Soil profile is |ess devel oped
and fields are subject to a w de range of flooding regi nes.
Soil is poorly drained, and nost of the area is used for
rice or other annual crops only after floods recede. Mich of
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6. Riceland units in the Chiang Mai-Lamphun Valley, Thailand.
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Table 4. Riceland units in the Chiang Mai-Lamphun Valley.

Land Area
unit Name ha %
no.
1 Chao Lae basin 4,260 2.6
2 Upper Mae Taeng 1,550 0.9
3 Mae Taeng irrigated 5,860 3.6
4 Mae Rim valley 1,600 1.0
5 Mae Yuak terrace 1,100 0.7
6 Hang Dong fan and terrace complex 9,740 5.9
7 PaTun terrace 7,150 4.3
8 Mae Khan basin 6,350 3.9
9 Lower San Pa Tong terrace 2,260 1.4
10 Thung Pui terrace 3,250 2.0
11 Doi Noi floodplain 6,260 3.8
12 Chom Thong valley 5,850 3.6
13 Upper Ban Hong valley 3,550 2.2
14 Lower Ban Hong valley 3,100 1.9
15 Southern rainfed terrace 5,810 3.5
16 Mae Tha fan 5,700 3.5
17 Mae Tha valley 3,300 2.0
18 Lamphun rainfed terrace 23,950 14.5
19 Ban Nong Chang Keun orchard 6,100 3.7
20 Mae Ping kao plain 4,590 2.8
21 Saraphi plain 7,340 4.5
22 Chiang Mai suburban 4,750 2.9
23 San Kam Phaeng fan 7,300 4.4
24 Mae Kuang irrigated 9,060 5.5
25 San Khao Khaep klang 4,500 2.7
26 San Um-Mae Kuang irrigated 2,610 1.6
27 San Sai fan 7,250 4.4
28 SanPhee Sua 2,800 1.7
29 Mae Jo terrace 2,850 1.7
30 Mae Faek irrigated 5,060 3.1
Total 164,860 100

the rice- uplandcrop area is on the plain. The w der plain
and | evee conplex is planted to rice and fruit trees. The
land is less subject to severe flooding, and has better
dr ai nedsoil s.

About 10% of the valley is used for intensive garden
culture after rice. Triple cropping is conmmon. The third
cropisgrowninalimted area where individual farnmers use
dug or tube wells for supplemental irrigation inadditionto
conmunal , weir irrigation systens. Readily usabl e groundwa-
ter generally is available where the ratio of catchnment to
rice (C.R) exceeds 10.

Ri ce— upl andcropping and rice plus intensive garden
culture are found in aw de range of physiographic units and



Table 5. Agricultural land use as related to land and hydrologic characteristics in the Chiang Mai-Lamphun Valley, Thailand.
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Table 6. Microphysiography units and related hydrologic regimes
inthericefields of asmall samplevillage in northeast Thailand.

Hydrologic regime during

Physiographic
unit Flood Normal Drought
years years years
Hill-valley system
Valley
Hollow Flood Poor Good
Bottom Flood Good Good
Headslope Fair Good Poor
Sideslope Fair Fair Drought
Washout Good Good Poor
Top Fair Poor Drought
Plain-trough system
Channel Flood Good Fair
Trough
Hollow Flood Poor Good
Bottom Flood Good Good
Headslope Poor Good Fair
Sideslope Fair Fair Drought
Washout Poor Fair Fair
Remnant flat Flood Fair Poor
Shallow trough Flood Fair Fair
Elevation
Levee Good Fair Drought
Flat Fair Fair Drought
Ridge Fair Poor Drought

soils. A common feature is poorly drained soils that are
subject torelativelybrief, shallowfl ooding.

Irrigationreliability determ nes the diversity of |and
use in the valley. Stability of irrigation generally is
governed by the river flowinthe early dry season and oper -
ation level and maintenance. C.R is a rough, but useful
i ndicator of stability. If the ratio is larger than 10,
diversionirrigation is dependable well into the early dry
season, and shall owand readi |y avail abl e groundwat er can be
used. If CRis less than 10, surface and groundwat er may be
undependabl e i ndry season.

A village or equivalent small area

Cl assification schenes for the hydrol ogy of small rice areas
at a large map scale may vary with the specific characteris-
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tics of the area. Cassifications of irrigated and rainfed
ri cel ands canbe quite di fferent.

The hydrol ogy of rainfed |land generally is controlled
by | ocal mi crophysi ography, or toposequence. Table 6 shows a
nm crophysi ography cl assification schene in relation to hy-
drology in a small village in northeast Thailand (3). The
village rice fields are located in the plain- troughland
system al ong the Chi River, which occasionally floods, and
inthe hill- valleyl and system The fields are predom nantly
rai nf ed.

Different rice field water reginmes are likely to be
reflected by variety, plowing tinme and |and preparation
timng, transplantingandfloweringdate, yield, drought and
fl ood hazards, and in | andhol ding and division of Iand for
i nheritance. Villagers nay have a special schedule for rice
growi ng, and use different rice varieties dependi ng upon the
el evationof their fields. Inthe sanple village, many farm-
ers own a long, narrow tract of land stretching fromthe
hi ghest elevation to the lowest. Apparently, this |and-
hol di ng pattern facilitates scheduling of famly |abor and
nodi fies the ef fect of severe water regine, including flood-
i ng and drought. Farmers expect to harvest rice at |east on
the higher land in flood years, and in the lower tracts in
drought years. The systemis neant to nminimze risk, not
maxi m zeyi el ds.
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ABSTRACT

Soil -water relations affect rice-based cropping systens at
two | evels, Water content in the plow | ayer deternines cul -
tural operations. Soil that is too dry delays tillage or
exceeds the work capacity of conmmon farmpower units. Soil
that is too wet reduces tillage quality and affects tineli-
ness of cul tural operations.

Soi |l water al so determ nes crop growth. The paper gives
an exanple of the effect of water status on cowpea yield.
The close relation between evapotranspirati on and cowpea
yield is used to examne long-termyieldvariability at four
sites in northwest Sri Lanka. Effects of npisture on crop
establ i shnment and early growth are discussed. Excess npis-
ture is inportant to dryland crops, especially during ener-
gence and early crop devel opnent.
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SOIL-WATERRELATIONS IN RICE-BASEDCROPPING SYSTEMS

There are many opportunities to increase cropping frequency
intropical, rice- growingAsia (10, 11). As scientists and
farmers add dryland crops to cropping sequences that are
domi nat ed by nonsoonal lowand rice, rainfall andits inter-
action with soil properties and terrain features becone
i mportant. Although rainfall and transpiration directly
i nfl uence crop physiol ogy, there also are inportant effects
of rainfall on field operations and tenporary flooding. A
simpl e decision diagram (Fig. 1) based on 4 yr of research
in 5 villages in Central Luzon, Philippines, shows that
before field crops can use soil water, they nust first be

pl ant ed.
In this paper we describe and illustrate inportant
soil - waterrelations inrice- basedroppi ng systens.

SOIL WATER AND FIELD OPERATIONS

The maj or soil physical factors that affect the quality of

and energy required for tillage are cohesion, adhesion,

shear, and conpression. They are strongly affected by soil

water content. Draft resistance is |owest sonewhere bel ow
the plastic limt, but as soil dries, the shattering action
of tillage dimnishes. Conversely, if a soil is puddled
bef ore pl owi ng, cohesion increases as soil dries. H gh cohe-
si veness nmakes dry pl owi ng of previously puddl ed soil diffi-
cult, bothinterns of operation and achi evenent of quality.

Al t hough we are nore concerned about soil being too dry,

wetness also is inmportant, especially to dryland crops and
wher e heavy rai ns are possi bl e.

Dry field conditions

Because the farner's capacity to prepare |land and to pl ant
isrelatively fixed, fieldnmoisture is inportant. Figure 1,
based on a croppi ng systens project in Manaoag, Pangasinan,
Phi i ppines, illustrates howtillage and pl anti ng operati ons
for crops in a two- or three- cropsequence are influenced by
soil moisture. Tineliness also is inportant for effective
weed control .

The practical inmportance of soil noisture is illustrat-
ed in Figure 2, which shows how depth of penetration of a
static— tippenetroneter increased with soil nbisture con-
tent. Most farners in this region grow tw crops, although
fewgrowtwo rice crops. Soils were especially hard late in
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1. Schematic diagram for determining which cropping sequence can be planted. Based on a project conducted in Manaoag, Pangasinan, Philippines. DSR =
dry seeded rice, TPR = transplanted rice, RY = yield relative to 3 highest yielding entries in researcher-managed variety trials (22).
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Penetration depth (cm) 2. Effect of soil moisture and preceding
15 season tillage intensity on depth to pene-
¥Y=4.7-1.8D) -4 5D» +C 28X trometer resistance of 0.8 MPa, Manaoag,
r2 2079, n=30 Pangasinan, Philippines (22). D, and D,
ok gfﬁ\ 32’5?&? PY are dummy variables for preceding season

tillage intensity.

High

Fallow

I I |
10 15 20 25 30

Soil moisture content (% by weight)

dry season if they were not fallowed throughout the dry
season.

Inthe study year, farmers waited for rain before pl ow-
ing with ani mal - drawnequi pment, but researchers used a hand
tractor to prepare | and and pl ant-before the rains (Fig. 3).
Because farners waited until rain reduced soil strength,
harvest was l|ater than when a hand tractor was used. Wen
the first crop was planted late, second rice crop fields
were | ow (Table 1).

Figure 4 shows early wet season soil noisture condi -
tions for extrene years in a drought - and subnmergence- prone
environment. The fields are on nearly level terrain, with a
gradient of less than 1 mMkm Constraints of water manage-

Harvest date Rainfall (mm)
@ Farmer - cooperators' fields ®
20 - ¥ Research-managed experiment L ]
10 Oct | )
®_ o 7
® ’ ﬁ.
30 ~ LY :’f — 60
‘0
20 Sep ovvvvv “ dao
10 — — 20
0 l 1 | 1 0
20 30 10 20 30 9 19 29 9 9
Apr May Jun Jul

Planting date
3. Dry seeded rice planting and harvest dates in 48 farmer-cooperator fields and in an experiment on a
farmer's field, and daily rainfall during the planting period, 1977, Manaoag, Pangasinan, Philippines
(19).
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Table 1. Mean yields of dry seeded rice (DSR) and transplanted
rice (TPR) by period of DSR seeding, 1977 (21).

Rough rice
DSR sgeding yield (t/ha) na
period
DSR TPR

21 May and earlier 5.3 4.0 6
22 May-31 May 4.8 2.4 18
1 Jun and later 4.1 15 24
n = number of observations.

Soil moisture status (%)
1980 81 _Stratum | (upper)
7Y

100
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40
20

OI? 9 21 23 25 27

0 2 2 L
I7 19 21 23 256 27 29 31 33 35 37 39 4 43 45 47 439 51 1 3 5

MAY JUN JUL AUG SEP oCT NOV DEC JAN
1981-82

100
80
60
4

Stratum {upper;

27 29 31 33 35 37 39 4

S mum9 cwer,

st

{E RN

[m wz;'\ilf S 9‘: Q‘Y; ﬁ;%“,‘\_‘ ]l
0 g 1 I,_AL_JLL.ALJL_JLJL_JLJ l |

i
5 17 19 21 23 25 27 29 31 33 35 37 39 4l 43 45 47 49 5]
APR  MAY JUN JuL AUG SEP ocT NOV DEC

Ory EEMoist 5 Wet 77 Saturatea . Standing water

4. Surface soil-moisture status as percent of observed fields (16/stratum) in 2 wet seasons (1980-81
and 1981-82). Solana, Cagayan, Philippines. Moisture states were scored as follows: dry =too dry to
be filled for upland crops; wet = too wet to be tilled for upland crops but free water is not visible in
footprints, buffalo tracks, or other shallow depressions; saturated = free water is visible but flooding is
not continuous across the field; standing water = flooding is continuous across field; moist = wetter
than dry but drier than wet. Numbers in open bars Indicate mean standing water in fields on which
flooding is continuous across the field (10).
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nent in this environment usually prevent farners from suc-
cessfully follow ng experinental doubl e- croppingcal endars
(8). Although mungbean comonly was planted on schedul e
(early inwet season) inthe upper stratum crops oftenwere
danmaged by periods of excess noisture. Fields were too dry
for direct- seedingrice on schedul e. When nodern rice vari —
eties were seeded late, flooding in Septenber or Cctober
of ten rui ned t he crop.

In this environment, a conbination of dry conditions,
whi ch del ayed pl anting, followed by increasing flood hazard,
created a 3- to 4- noperiod (May- Aug) when the cultivation
of nodern varieties was ri sky.

Wet field conditions

Al t hough soil seldomis toowet totill for rice, fields can
be too wet to till for dryland crops. Wen soils are wet,
pl owi ng has no shattering action and | ong, nearly continuous
furrow slices (ribbons) of soil are turned over. They dry to
| arge, massive, hard clods that are hard to break by secon-
dary tillage. Such tillage conditions encourage farners to
del ay | and preparation for dryland crops follow ng | ow and
rice.

For example, the tine interval between successive rice
crops in Iloilo, Philippines, averaged 22 d, but dryland
crops were planted an average 61 d after rice (Fig. 5).
Rainfall is quite heavy during this tine, and even wi th good
tilth, aerationprobably is too lowin many years for satis-
factory germ nati onand seedli ng grow h.

Soi | bearing capacities and rolling resistances neces-
sary for nechanized tillage are adversely affected by high
soi|l water content. Interrow cultivation also is hanpered.
Mor eover, nmany weeds grow well with excess noisture, and
weed pressure can destroy a dryl and crop.

Rainfall (mm, mc 5. Mean turnaround period between crops

500 in rice - dryland crop and rice - rice - dry -
land crop sequences, and mean monthly

i rainfall. lloilo, Philippines, 1975-76 crop
year. The numbers indicate days from
harvest to planting (21).
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Yield{t/ha)
1
®
1.5 r—~
Y =0.136-0.1770,-0.073D, +0.051X
r2:0.89
10
L Planting dates
05 ® 16 Nov
\% . V 29Nov
O 14 Dec

0 Q.O © I 1 1 1 1

V 40 80 120 160 200 240

Plant density {(no/m 2)

6. Effect of planting date on plant density and grain yield of mungbean, Manaoag, Pangasinan, Philip-
pines, 1979 (21).

SOIL WATER AND CROP PRODUCTIVITY
Crop- soil-waterrelations influence gernination, seedling

emergence, root and | eaf devel opnent, potential seed size,
and phot osynthetic rate during seed filling.

Crop establishment

Figure 6 gives an exanple of the effect of planting delay on
pl ant density and rmungbean yield. Only 33 mmof rain fell
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duri ng growi ng season, nobst on 16 Nov (10 nn) and 22- 23Dec
(15 m). Even the 22- 23Dec rain had little effect because
the soil surface was very dry and hot. Sow ng del ay reduced
pl ant emergence. There was, however, anple water inthe soil
profile, as denonstrated by 1.5 t/ha nungbean yields. These
crops grewal nost entirely on residual soil water.

Aspects of soil - waterrel ations and seed i nbi bition and
germ nati on processes were di scussed by Hadas and Russo (9).
and Col | i s— Georgeand Hector (6), Choudhary and Baker (5)
di scussed seed environnent inrelationto seed furrow shape
and soil noisture. However, because of the noisture regine
and tillage used for rice cultivation, careful diagnostic
studies of soil - water- seednd soil - water- fiel dperation
rel ations for a range of crops and soil - envi ronnmentconbi na—
tions will be necessary before significant advances are nade
inland preparation and seedi ng techni ques for dryl and crops
grown before or after low and ri ce.

Transpiration

Maj or processes of water | oss inrice- basedcroppi ng systens
are transpiration fromcrops and weeds, water consunption in
| and preparation, percolation and seepage during rice crop-
pi ng, and soil evaporation between crop phases or during the
dryl and crop. Because crop yield relates closely to seasonal
totals of transpired water, nmaintenance of transpiration at
the potential rate by a fully devel oped, healthy crop canopy
is the goal of both farners and sci enti sts.

Croppi ng systens researchers seek to devel op cropping
patterns that are acceptable to farners and i ncrease produc-
tivity withinthe limts of water available for transpira-
tion. Although productivity may i ncrease, year- to- yeayield
variability may al so increase. Field testing of alternative
cropping patterns lasts only a fewyears. Rel ations between
soi|l noisture and yields are therefore sought so long- term
ri sks associ ated wi th vari ous sequences can be assessed.

Briggs and Shantz (3) and | ater, others, denonstrated a
relationship between crop water requirenent and wheat
yields, and noted that it was independent of variety and
fertility. The essence of this relationship is parallelism
bet ween transpiration and bi omass production (7).

The actual evapotranspiration (ETa)- yieldrelationship
is effective for practical cropping systens research because
ETa is relatively easy to estimate fromsoil npisture data.
Fromthe rel ati onshi p and fromnet eorol ogi cal records, it is
possible to reconstruct the water balance for years when
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soi |l noisture depletion is not neasured. The sumof ETa can
be used to predict crop yields.

This procedure was used to predict rainfed cowpea
yields for northwest Sri Lanka in a manner sinmilar to that
previously used to predict rainfed rice yields (1, 2, 25).
Dom nant cropping patterns inthis regionare irrigatedrice
in both seasons, and rainfed rice in wet season on poorly
drai ned Gurmusol s (Vertisols) and yell ow Latosols. Sesaneg,
cowpea, black gram banana, cashew, and mango are grown on
red and soneti nes onyel |l owlLat osols. Were tubewel|l irriga-
tion is available, high- valuecrops such as chili, onion,
potat o, aubergine (brinjal), and grapes are grown (21).

Research on soybean, nmize, and cowpea currently is
proceedi ng on the poorly drained, drought- proneRed- Brown
soi |l s of the Mahawel i Devel opnent Systemin east - central Sri
Lanka. Cowpea is a dominant dryland crop inthis zone. It is
grown as a slash and burn crop and as a dryland crop with
irrigated rice. Because cowpea is drought tolerant, it was
considered also to be the best indicator crop for rainfed
agriculture in newy settled areas in the northwest dry
zone.

Field trials were conducted at Vananthavillu Agricul -
tural Research Station (8° 12'N, 79° 53'E) in the northwest
Sri Lankan dry zone on yell ow Latosols (Unesco- FAQAchroic
Luvi sol s) sandy- | oamsoils of CEC 3.4 nmeqg/ 100 g, 0.04% N,
0.26% C, and 26 ppm P (Bray). Rainfall was binbdal wth
maj or rains from Cctober to January and minor rains from
March to May. Rainfall is 900- 1500mm yr.

Cowpea cultivars M- 35(75 d) and EE— 90 d) were
planted early— ,m d- , and | at e- seasonto produce a range of
yields. Crops were irrigated for 10 d after planting to
ensure good stands. The first two plantings were there after
rainfed. Half of the third planting and all March- Maypl ant -
ings were irrigated. Irrigation was applied to return soil
noi sture to field capacity from75%depletion in the root
zone (in both seasons), 75%depletion inthe top 30 cm and
50%depl etion in the top 30 cm (i n March—- Mayonly).

Soi |l noisture was nonitored to 3- ndepth with a neutron
noderati on noi sture meter (Mallingford IHII) and gravinet -
ric soil noisture sanples were taken fromO to 15 cm

A nethod by which parallelismof ETa and dry matter
accurmul ation is used to predict crop opportunity, failures,
and yields in a rice-rice- grainegune pattern has been
described (1, 2, 18). By carefully nonitoring soil water,
especially during the unsaturated phase, ETa was esti nated
and used to predict rice yields. Evaporation fromthe water
surface was al so neasured, so that transpiration (rather
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than ETa) could be directly related to total dry matter at
har vest.

Inestimating ETa, assunpti ons were:

. no surface runoff -- soils had high infiltration
rates and fi el ds wer e bunded;
i ETa was equal to pan evaporation during brief

peri ods of drai nage when estimates fromthe nois-
ture profil e change were i npossi bl e; and

i no capillary rise into the root zone because the

wat er table was nore than 10 mdeep.

The data points in the yield- ETarelationships for
plots with inconplete stand were well off the line (Fig. 7).
Their deviation fromthe line suggests that water require-
nment prior to crop planting should be included in the re-
gr essi on.

The starting point for yield predictionwas the WATBAL
simul ati on of Keig and McAl pine (13) as used by Reddy (20).
The nodel was used to predict ETa for the study area with
only rainfall and Penman ETrc (reference crop) inputs. ETa
val ues were then validated agai nst nmeasured val ues. Agree-
nent was good for ETa near naxi mum and zero noisture, but
limted data at internediate val ues prevented proper nodel
validation. On these soils, transition fromnmaxi numto zero
avai |l abl e water is rapid.

The WATBAL nodel was augnented by including the rela-
tion between ETa and yield: no yield up to 112 nmETa, and
0.0040 t/ha per mmthereafter. The rainfall requirenment for
adequat e st and al so was i ncl uded.

Tabl e 2 shows that the highest predicted failure rate,
0.2 or once in 5 yr, occurs in Mrichchakkudai, in the
nm ddl e of the dry zone. The risk of crop failure was | east
inthe north (Paranthan), and internediate i nthe west (Put-
talan). Mst failure was caused by poor rains at planting,
whi ch reduced est abl i shnent .

I n Vanant havi |l | u under farnmer managenent, yields were
0.36 t/ha. Recomended crop nmanagenent was used in the sinm-
lation, and yields were 1.23 t/ha. Wth farnmer nmanagenent,
cowpea cultivation may only be justified in the north where,
wi th adequate noisture at planting, yield, would increase
consi derabl y because rainfall generally is adequate to pre-
vent subsequent crop loss. This information is pertinent to
the rice-— cowpeasystemwhere there i s opportunity for cowpea
to be planted when the profile is at field capacity.

To deternmine the water requirenents for adequate crop
stand, 5, 10, 15, 20, 30, or 40 mmwater was applied to soil
near to permanent wilting. The trial at Vananthavillu was
repeated with the sane water quantities applied in 2 equal
doses 2 d apart. Cowpea was planted on four dates, each
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7. The cowpea yield-evapotranspiration relationship for 2 cultivars, 3 planting dates (sufflxed), and 2
seasons. Vananthavillu Agricultural Research Station, Sri Lanka, 1981-82. *Plots with incomplete
stand were excluded from the regression. AWC = avaliable water-holding capacity, FC =field capacity,
L = long duration, S = short duration.

after an early nobnsoon shower, to corroborate findings from
the first trials. Crop stand was neasured 20 d after sow ng.
Responses to irrigation showed that for a 90%stand to sur-
vive at least 20 d, 20 mmof irrigation (or rainfall) is
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Table 2. Simulated rainfed cowpea yields and frequency of crop
failure for the Sri Lankan northwest dry zone.

Frequency (%) of

Meteorological Record Yield Standard

station (y)  (t/ha) deviation Crop Poor Crop
(/ha)  failure stand loss
Puttalam 29 0.86 0.37 14 7 7
Marichchakkudai 24 0.79 0.43 21 21 0
Murunkan 29 0.88 0.36 10 7 4
Paranthan 31 1.07 0.31 7 7 0

necessary within 3 d of planting. This was consistent wth
esti mat es made for West Africa (22, 23).

During the field trials, data were collected for |eaf
area index, leaf transpirationrate, |eaf diffusive resis-
tance, |eaf water potential, canopy tenperature, and dry
matter partition, but the only data required for the nodel
was the neteorol ogical record for Penman ETrc or pan evapo-
ration data, yield, and the soil nmpisture profile. The col -
| ected data were adequate for a conpl ex nodel that m ght be
used for Reddy's |CSWAB sinulation (20) of single- crop,
doubl e- crop, and rel ay- cropsystens. However, the sinple
nodel served t he i nt ended pur pose.

Excess moisture

Al though rice grows well in soils that are largely without
oxygen, dryland crops do not. The chem cal and physical
conditions created to growlow and rice are hostile to ot her
major field crops. Puddling elimnates transm ssion pores
t hr ough whi ch gases woul d be exchanged i n unpuddl ed soils.
Cannel | and Jackson (4) reviewed aeration stresses of crop
pl ants. Wthout good drainage, there is |limted oxygen for
roots and soil organi snms. Lack of oxygen restricts nutrient
and wat er uptake and interferes with plant hornone formation
and translocation. Plant growth is directly affected by
m crobial transformation of nutrients, formation of phyto-
t oxi ¢ subst ances, and chem cal reductionof nutrients.

An inportant objective of rice- basedcropping systens
research is to devel op nethods to reverse these soil condi -
tions for 3- 8nmo/yr without | essening rice yields.

Tillage can overconme the problem but there are also
ot her net hods. Crop species, and cultivars wthin species,
have different abilities to cope with inhospitable root
environments (Table 3). Another strategy is to create a
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wel | — aggr egat edpl ow | ayer with hi gh organic matter content
that is easily converted to an aerobic soil suitable for
dryland crops after rice. This strategy is used in Japan,
Chi na, and Korea. Because percol ation rates are high, abun-
dant water may be necessary for the strategy to be practi-
cal .

Water tables and interflow

After rice is harvested and dry season begins, water tables
recede. If the surface soil is not reduced, or persistent
perched wat er tables do not devel op, crop roots extend rap-
idly as the water table recedes (14). Stuff and Dale (24)
estimated that 17% of the ETa of a nmmize crop grown in a
silt |l oamwas fromshal |l ow groundwat er. The fracti on was 27%
duri ng ext ended peri ods w t hout precipitation.

An evapotranspiration nodel that gives an index of
excess noisture damage sinmultaneously with estimted ETa
during the nmaize grain- fillingperiod has been devel oped
(16). An air- filledpore space of less than 12.5% is the
criterion for excess noisture. The excess noi sture index was
wei ghted for crop age and fraction of the root zone with
| ess than 12. 5%air- fill edorosity.

Perched water tables, like that in Figure 8, present
difficult problens. Wiere water tables recede slowy or

Table 3. Shoot mass and root length and mass of 4 crops under
controlled waterlogging (15).

Shoot Root Root

Crop Position? mass length mass
@ (cm) (@

Sorghum H 1.9 15 0.27
| 1.9 17 0.27

L 17 12 0.20

Maize H 2.9 19 0.46
| 2.3 14 0.52

L 1.9 15 0.31

Cowpea H 2.9 19 0.30
I 17 13 0.19

L 1.2 11 0.13

Mungbean H 1.9 19 0.19
| 0.7 11 0.10

L 0.3 9 0.11

a8H = high, | = intermediate, L = low. Plants were grown on a slope, with

standing water maintained at the lower edge of the slope to create a
gradient of decreasing waterlogged root environments going up the slope.
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8. Submergence (positive) and matric (negative) potentials during first phase drainage showing develop-
ment of a perched water table. The perched water table, which formed above the B2tcn horizon, was
detected after 9 d. Potentials were determined by tensiometers (18).

Table 4. Grain yield of crops grown in 3terrace positions. IRRI,

1981-82.2

Grain yield (t/ha)
Terrace
position Rice Sorghumb Mungbeanb Mungbean®
High 1.9 15 0.87 0.68
Intermediate 25 1.6 0.52 0.71
Low 25 2.1 o 0.20

@Rice means over 3 replications and 2 prior tillage treatments, means for
other crops over 3 replications, and 3 planting or surface drainage treat-
ments. PPlanted after rice harvest on 9 and 16 Dec and 13 Jan in the high,
intermediate, and low positions. ®Planted on 19 and 20 Jul after early wet
season rains. “Crop destroyed by powdery mildew.

perched wat er tabl es are persistent, the hazard of tenporary
excess noisture is present. It is greatest where soils are
fine- texturedor fields are low lying. The water that may
be avail abl e above a shal | owwat er table may be both benefi -
ci al and hazardous to dryl and crops.

Interfl owcreates problens for dryland crops simlar to
those fromslowy receding ground water tables. Soil aera-
tion is poor because water occupies the | arge pores. Inter-
fl owmay be advant ageous for rice. Table 4 shows the effects
of terrace position on rice, sorghum and nungbean yi el ds.
The upper position was 43 cm higher than the internediate
and 83 cm above the |lowest. Crop selection and choice of
planting date inrelation to seasonal rainfall patterns are
i mportant when seepage- proneland is cultivated in sequence
withrice.
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UNDERDRAINAGE OF LOWLAND RICE FIELDS

T. Tabuchi
Facul ty of Agriculture, |baraki University
Am , I nashiki, |baraki, Japan

Abstract

Inclay lowand rice fields, rapid underdrai nage is neces-
sary for farm mechani zation. However, wunderdrainage is
difficult infields with inpervious clay subsoils. The first

step is to dry the surface soil until it cracks. Leveling,
nmaki ng small shallow ditches in the field, allow ng anple
time for drainage, and backfilling the drain trench with

hi ghly pernmeable material are essential. Archival weather
data can be used in sinple drainage nodels to determ ne
necessary bund height, precision of field leveling, and
field drain spacing for opti mumfield drying rates.
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UNDERDRAINAGE OF LOWLAND RICE FIELDS

Far mnmechani zat i on began i n Japan in 1960 (Fig. 1). However,
| arge tractors and conbi ne harvesters were difficult to use
in poorly drained lowand clay rice fields in areas where
nont hly autumm precipitation exceeds 150 mm Low and rice
fields nust be drained for cultivation and harvest, and
fl ooded during crop growh. At harvest, rapid drainage is
necessary so fields can dry before conbi nes enter.

Underdrains simlar to those in upland fields were
installed to inprove drainage in the inpervious clay soils
(Table 1), but were ineffective (Table 2) because water
cannot percol ate through to the drains.

Drainage inclayrice fields is conpl ex and est abl i shed
drai nage theory is not adequate to describe it. Field and
soil characteristics should be exam ned carefully before
installing underdrains.

LAYOUT AND STRUCTURE OF UNDERDRAINS

A typical Japaneserice field (6, 7) is 100 x 30 m (0.3 ha)
(Fig. 2). There are an irrigation ditch and a road on one

Machines (106)

Tractor

Transplanter

Combine harvester

l
1960 1970 1980

1. Machines on Japanese rice farms, 1960-82.
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Table 1. Characteristics of underdrains in lowland rice fields and
upland fields.

Lowland rice field Upland field
Purpose of drainage To dry soil for To lower ground-
mechanization water level to pro-

mote better growth
of nonaquatic

plants
Period of drainage Harvest and All cropping season
cultivation
Soll Impervious layered Pervious
soils, but made
pervious by cracking
Soil state changes
seasonally
Water flow Through cracks of Through all the soil
topsoil and backfilled
underdrain trenches
Relief wells Yes No

Table 2. Hydraulic conductivity of soils in clay lowland rice fields.

Soil layer State Magnitude of Ks (cm s%)
Surface soil Puddled ~ 10° - 107
Dried with cracks ~ 102 - 10°%
Subsoil Undisturbed ~ 105 - 107
Backfilled part ~ 102 - 10°%

side, and a drain on the other. The underdrain pipes are
plastic or tile and nore than 5 cmin dianmeter. They run
| engthwi se, 80 cm below the soil surface at 10 m drain
spaci ng. Each underdrain has a val ve, called a sui ko, at the
farmdrain. The suiko is closed when fields are irrigated,
and opened for drai nage.

If the pipes do not provide sufficient drainage, they
are supplenented by nole drains. Ml e channels are at 5 m
spaci ng and ori ented 90° to the direction of the pipes. This
drai nage systemis called a conbination drain. In certain
ill-drainedrice fields, groundwater flows up from the
subsoil. Vertical drains are used inthose fields.
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Relief well and valve
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2. Typical Japanese lowland rice field with an underdrain. Positioning of the underdrain is shown in
the cross section (1).

MANAGEMENT OF DRAINAGE IN CLAY LOWLAND RICE FIELDS

Soils in clay lowand rice fields conprise the topsoil
(surface soil or cultivated soil), a hardpan, and the
subsoil. Topsoil is 10- 20cmthick and is regularly tilled
(puddl ed, plowed). Puddling makes it inmpervious. Wen the
topsoil dries, it becones pervious as cracks devel op.

The subsoil is alnbst inpervious. But, with inproved
drai nage, cracks that allow percolation gradually devel op.
However, it takes several years to dry and crack the sub-

soi | .

Seasonal changes in topsoil

Seasonal changes in topsoil structure and noisture reginme
are shown in Figure 3. Rice fields are floodedwith irriga-
tion water in spring and topsoil is puddled, making it
i mpervious. Fields are drai ned of surface water for about
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3. Seasonal changes in surface conditions of clay lowland rice fields.

10 d in mdsumer, then reflooded, and then drai ned again
before the autum harvest. If the field has effective
surface- drai nageand underdrai nage, the topsoil dries and
cracks and rainwater flows easily through the cracks to the
drai n pi pes.

It is al nost i nmpossible to drainwater through puddl ed,
i mpervious topsoil. Therefore, surface drainage, which
al l ows evapotranspiration to begin drying the topsoil, is
the first drai nage step.

Surface drainage

Gbservations on a sanple field showed that when drai ns were
opened, surface outflowcontinued for 2d (Fig. 4), releas-
ing 70% of the applied floodwater. The remaining 30% was

4. Surface outflow from a lowland rice  intensity of outflow Cumulative outflow in
field (1). (m3n cm depth
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Days from drain  {Omm rainfall
opening

1 8§ —= 99— 10—l —= 13— 15

N
Drain
Flooded Smal! pools E No surface water

5. Surface water conditions of a clay lowland rice field during draining (2).

retai ned by the uneven field surface. Figure 5 shows pro-
gressive changes in surface water conditions of the rice
field during this draining. Mich of the field still was
covered by standing water when the surface drains stopped
flowing on day 2. Subsequently the water- covered area

decreased and the area of cracked soil increased. However,
substantial surface water persisted for 8 to 10 d and there
were still small pools after 11 d (Fig. 5 6). Only 10 nmof

rainfell during those 11 d, which is nuch | ess than nornmal .
Pool s woul d have renmai ned | onger under normal rainfall.

Figure 6 shows the | evel of surface water decreased by
no nore than 4— 7mm d during the 11 d of draining. The rate
of decrease may be ascribed to evapotranspiration, inplying
t hat percol ati on was al nbst zero.

Good surface drainage of clay fields is inportant.
Drai ning shoul d be started as early as possible, and fields

Daily decrease in 6. Daily decreases of surface water level in
water depth (cm) a flooded clay lowland rice field (2).

!
10}

10 mm rainfal:

12 3 4 5 6 7 8 9 10
Days from drain opening
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shoul d be carefully level ed so water drains quickly. Addi-
tionally, drainage can be speeded by di ggi ng shal | owditches
that | ead to the surface drain.

Underdrainage

Ef f ecti veness of underdrai ni ng depends on | evel i ng, drai nage
period, perneability of backfill, evaporation, and rainfall
duration and intensity. A profile of a clay lowand rice
field with underdrains is shown in Figure 7. Water flows
hori zontally, thenvertically, throughcracks inthe topsoil
and into the drain. To allow free water percolation, the

conposition of the fill in the drain trench is inportant.
The trench must be backfilled with |loose, dry soil. In
Japan, rice husk instead of soil has been used as fill to

obt ai n hi gh perneability.

Underdrainage and trafficability

We studied the effect of underdrainage on rice fields in
Niigata, a rainy area in central Japan. Rice fields with
underdrains were surface-drained for 1 nb. Cracks in the
soi | devel oped at harvest, when water content was | ess than
100% of gravinetric value (Fig. 8). Rice fields wthout
underdrains did not drain well. A tractor noved easily in
fields with underdrains, but sank nmore than 20 cmin poorly
dr ai nedfi elds.

When drains were open for 1 wk only (Fig. 9), the soil
did not crack and there was little drai nage. Underdrains
were simlarly ineffective inpoorly leveledfields.

7. Profile of a clay lowland rice field with Water level Cracks
underdrains.
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Water content (%)

180 — @—@ VWithout underdrain
Flooded O—(Q With underdrain
Under snow
140
100 |~
60 — Harvest Cultivation
| | | 1 ] I 1 ] | ] | |
Sep Oct Dec Feb  Apr Jun  Aug Oct Dec Feb  Apr Jun
1966 1967 1968

8. Effect of underdrainage on soil-water content of lowland rice fields in Niigata (3). Water content is
represented as percentage fraction of gravimetric value for the topsoil layer.

A DRAINAGE MODEL

Calculating the water balance

Drai n performance depends on several factors, especially
rainfall duration and intensity, which differ annually. W
devel oped a fornul a, based on a sinple tank nodel (Fig. 10),
to calculate drain performance and intensity of drying for
clay rice fields.

Water content (%) 9. Soil-water content of lowland rice fields

- as affected by drainage duration in Niigata
©—@ 1 wk drainage (3). Water content is represented as a
140 - O=—=0O 1 mo drainage percentage fraction of volumetric field

capacity value for the topsoil layer.

100 —

60

oLl 1 1 1 1
Aug Oct Dec Feb Apr Jun
1966 1967
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10. A drainage model for a clay lowland Evapotranspiration Rainfall
rice field (4). A

Surface overflow

S

=N

ET R

1S

Underdrain

D

H is the depth of surface water; H' is the depth
equi val ent of the water content of surface soil; R ET, P,
S, and D are daily total rainfall, evapotranspiration,
percol ation into surface soil, surface overflow, and drain
di scharge. After S stops, water remains inthe field to a
depth of H,;,which is influenced by bund hei ght and by the

unevenness of the field.
Water depth on the nth day is

[ — ' - -

Hn Hn—l M Rn Pn Dn (HI’I < Hiim) (1)
and D,is nearly zero until cracks develop in the surface
soil.

Wat er content of the surface soil is

1 L1

H = H _ +P_ - ET_ (2)
and for H,>0, with saturated soil, H",is constant so:

Pn = ETn. (3)
When there is no water on the surface (H =0), soil- water

content H' decreases. When H' decreases by 30 or 40 mm the
surface soil cracks and becones pervi ous.
The influence of leveling, as manifest in H;, wase-

val uated using Eqs. | and 2 and data fromKashi wazaki dis-
trict for 1957-67 and for a 1- nodraining period. First,

H,imwas set to10 mm a value that corresponds to optinum
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| eveling. Results (Fig. 11) showthat soil dried thoroughly
in all years but 1958 and 1964, when there was heavy rain-
fall. Conversely, for H, set to 30 nm fields dried well

only in 1960, 1965, and 1966.

By using this rainfall - drivennmodel, it is possible to
calculate the effects on soil drying of such factors as
drai ni ng period, | eveling, and underdrai ni ng.

Mathematical analysis by Datcy's Law

For saturated vertical flow through a backfilled underdrain
trench (Fig. 12), where

L i s drai n spaci ng,

Dis the length of the drained area,

wis the width of the backfilled trench,

K, is the saturated hydraulic conductivity of backfill -

ed parts,
K; is the hydraulic conductivity of topsoil,

Pis the percolationrate, and
g,and g,are the volume flow rates in the topsoil

and t he backfilled trench that derive fromarea A:

|
¢
o

—60

Water content within surface soil H"

1957 58 59 60 6l 62 63 64 65 66 67

Year

11. Calculated values of H" for 11 successive yr in the Kashiwazaki district with a I-mo draining
period (4).
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12. Flow analysis of a drained field by Darcy's Law. The one drain shown drains a total area twice that
of A.

dy = KsDM Y + h1 - ho)/2Y (4)

and noting that (hi - hg) <<Y
t hen

dp, = KsDw/ 2 (5)

The drained area Ais DL/?2.
Unit area drai nage di scharge Hb i s cal cul ated as

Hp= ap/A = Ksw'L (6)

1

If we use the values, Ks = 0.01 cms -~ and w= 15 cm then

Hy/ cmd™ & 13, 000/ L (Lincm (7
Hence for L = 10 m we calcul ate HO: 13 cmd, or 130 nm d,

or 5 mh. This value of unit area drainage will thus be
sufficient to drainrainfall of intensity upto 5 mih, and
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daily rainfall totals of 130 mm For horizontal flowthrough

the saturated topsoil, the equationof continuity gives
sh _ 9y PD (8)
EFTS “x 864000

where h is porosity and Pis rainfall (mid). In a steady
state, fh/ft = 0,and applying Darcy's | aw

d dh PD
S (=k iy = PY
o KPP T 864000 (9)

After integration and substitutionof boundary conditions:
K, (h* - 1)) + P(x” - L%/4)/864000 = 0 (10)

and noting that h=h, at x = 0:

2 _ 12y - pL?%/3456000 K, . (11)

(hy — b}

| f we assume h?<<h,!, then:

h2 = h = (L/1859)V' P/K (cm) (12)
max t

For the values L =10 m K, =0.01 cmls, and P =10 mmd, we

obtain hp, =17 cm For a value so high, surface soil would

not dry. It may therefore be concluded that drain spacing
shoul d be reduced. If the spacing is reduced to5 m as is
usual | y done in highrainfall areas, then Eq. 12 determ nes
hpax @s 8.5 cm

This drainage nodel has necessarily involved many
sinmplifications. There has for exanpl e been no al | owance for
nonuni form and time-varying hydraulic conductivity of the
topsoil, nor for varying rainfall intensity. Consequently,
t he nodel ' s predictions may not be sufficiently accurate for
dr ai nage schene desi gn. Thus, before designing and install -
i ng underdrains in previously undrai ned fields, perfornance
should be evaluated for simlar drains in fields wth
conpar abl e soi |l and wat er conditions.
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ABSTRACT

The mi neral conposition of the clay fraction is discussed in
terms of crystal structure and of chemical and physica

properties related to mneralogy. The mmin transformation
processes affecting the clay fraction and the conditions in
whi ch they occur are briefly described. Exanples are given
of rel ations between | andscape position, domi nant transfor-
mati on process, and clay mineralogy. D fferences between
surfaces of clays and their bulk conposition nmay devel op
naturally, as external conditions change, and through nman-
agenent. Although it generally is inpractical to change the
conposition of the clay fraction, some changes in surface
properties are feasible, These, may mask or alleviate unde-
sirabl e characteristics of the clay fracti on.
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MINERALOGY AND SURFACE PROPERTIES OF THE CLAY FRACTION
AFFECTING SOIL BEHAVIOR AND MANAGEMENT

Changing the fertility of a soil is relatively sinple, al-
t hough tenporary. It is nore difficult to change the physi-
cal or hydrological characteristics of a soil, although

cultivation, drainage and irrigation, or nulching make de-
sired changes for a season or | onger.

The clay m neral conposition of a soil generally cannot
be economically changed within a human |ifetine. The user
nust live with the mneral ogy of the clay fraction.

In rare cases, rapid changes may occur in the clay
fraction of soils. For exanple, halloysite, a crystalline
clay mineral, may formin an anmorphous clay fraction within
a fewyears if the soil periodically dries. This happens in
young vol cani c soil s when arabl e crops repl ace a rai nforest.

In 1934, Edel man (14) hypot hesized that the clay frac-
tion of soils could consist of mxed gels containing Si, A
and bases, and crystalline layer silicates of different
kinds, and that the clay fraction could be forned from
weat hering products of the primary mnerals in coarser
fractions. He also postulated that crystalline clays could
consi st of conplicated m xed crystals: both as m xed-1ayer
structures and as solid solutions containing a range of
maj or and trace constituents.

Thi s bal anced, npbdern view contrasts with views that
negl ect structure or base contents, and consider the clay
fractionto consist of an inorganic, colloidal, hypothetical
soi|l acid (ternmed pyrophyllic acidbecause of its simlarity
i nconpositionto pyrophyllite).

We need to consider the crystalline nature of the bul k
of the clay fraction in many soils, the presence of anor-
phous or x-ray anor phous material that may determ ne surface
properties of the clay fractions, and the inportant, rapid
changes that may occur in the surface of the clay fraction,
al t hough nost of the material may remain substantially
unchanged i n conpositionor structure.

Di xon and Weed (12) have conpiled an excellent survey
of available informati onon the clay fractions of soils.

MINERAL COMPOSITION OF THE CLAY FRACTION

The properties of a soil are largely determ ned by the pro-
portion and the nature of the clay fraction. In nbst soils,
the clay fraction consists of
. layer silicates (clay mnerals in the strict
sense);
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. crystalline mnerals such as quartz, anatase, or
pal ygorskite (a M- Al silicate with a fibrous
structure);

. Fe and, sonetines, A oxides and hydroxi des, which
may be crystal | i ne or anor phous;

. anmor phous or paracrystalline alumnosilicates
(al | ophane, inogolite); and

. or gani ¢ conpounds associated with the mineral part

of the clay fraction.
Sone properties of the mneral materials are sunmarized in
Tabl e 1.

Most plains soils contain a conbination of clay mner-
als. Upland soils tend to have a sinpler clay mneralogy. In
either case, one or a few clay mnerals nmay dom nate the
soi | properties.

There are two broad groups of clay minerals: a group
wi th permanent charge that have a noderate or high cation
exchange capacity (CEC) at all pHvalues of interest, and a
group wi t h pH- dependentchar ge.

Clay minerals with permanent charge

Clay minerals with permanent charge have |ayers consisting
of two tetrahedral sheets (mainly silica) enclosing an octa-

Table 1. Some chemical and physical properties of soils with clay fractions dominated by
different materials.

Dominant Properties?

material in

clay fraction CEC K or Phosphate Swell-shrink Physical

or on surface NH 4 fixation ratio stability
fixation

Vermiculite Very high High - Moderate Moderate

Beidellite High High - High Moderate

Montmorillonite, High - - High Moderate

nontronite

lllite Moderate Low - Moderate Moderate

Kaolinite, Low* - High - Low

halloysite

Allophane, Very high* - Very high Moderate/ Moderate**

imogolite low

Fe, Al oxides, Very low* - High,Very high High

and hydroxides

Al-interlayered Low* - High Moderate/- Moderate

clays

2#pH-dependent. - not significant. **high against rainfall or water erosion; allophane soils low under
load.
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hedral sheet (mainly AL or My oxide). Substitution of Al or
Fe(lll) for Si in the tetrahedral sheets, or of My, K or
Fe(ll1) for Al in the octahedral sheet causes the pernmanent
charge. Swelling clay mnerals or snectites such as nont nor -
illonite, beidellite, and nontronite are exanples of clay
nm neral s wi t h permanent charge.

The exchangeabl e cations that conpensate the pernmanent
charge are electrostatically bound to the clay surfaces.
Sone of them Al in particular, are closely attached to the
surface. The remainder are inadiffuse |ayer. There are few
anions within this layer near the clay surface because of
el ectrostatic repulsion, and water nol ecul es near the clay
surface are firmly oriented by the electric field. The
diffuse layer is thin where the exchangeable cations are
largely trivalent (A) and divalent (Ca, Mj), and where the
soil solution is concentrated. Wth increasing dilution, or
an increasing proportion of monovalent cations (Na), the
di ffuse | ayer thickens.

Such clays can contain rmuch water in their diffuse
| ayers that is unavailable to plants. In the snectite clay
soils of the Sudan Gezira, for exanple, npisture depletion
by pl ants stops at about 25 nass percent, while soil satura-
tion is at about 36 mass percent (17). Although water can be
transported throughthe di ffuse |l ayers, albeit slowy, salts
cannot because of the exclusion of anions fromthem (33).
This process, called salt sieving, reduces efficiency of
salt renmoval from saline heavy clay soils. Salt concentra-
tionis lower indrainage water than in the soil solution.

This is not the only reason for relatively low effi-
ciency of salt removal fromclays with high CEC. Most swel | -
ing clay soils are structured, wth peds surrounded by
cracks from shri nkage. Many al so have tubul ar pores caused
by biotic activity. As Bouma and coworkers showed in several
studies (6), part of the irrigation water applied to a
structured clay soil flows through the |large voids without
renmoving nore than a small fraction of the salt within the
peds. This is called bypass flow. If soluble plant nutrients
are applied to the soil surface in such a system part of
themw || be carried belowthe rooting zone by rainor irri-
gation water. This water will nove through | arge voids, and
the nutrients will make insufficient contact with cation
exchange siteswithinthe soil structure.

The salt- sievingeffect can be minimzed, but not
avoi ded, by keeping the salt concentration high for as | ong
as possi bl e and by increasing the proportion of dival ent and
trival ent cations. Bypass fl owcan be minimzed or elininat-
ed by avoiding water saturation of |arge pores, e.g. by



MINERALOGY AND SURFACE PROPERTIES OF THE CLAY FRACTION 165

applying low rates of irrigation water or by puddling the
sur facehori zon.

Swelling clay soils may becone virtually inpervious
t hr ough wat er saturation, for exanple under | owl and rice, or
t hr ough excessive or frequent irrigation. Shrinkage by dry-
ing generally restores the structure of the surface horizon
and the hydraulic conductivity of the subsoil horizons by
formng an i ntersecting systemof cracks. This is useful for
dryland crops after lowand rice. In soils with high
shrink- swell ratios, bulk density probably does not limt
root penetration (24), as it does inother soils.

On slopes in water- saturatedconditions, soils wth
mainly snectite are subject to slow creep of the surface
mat eri al or sudden deep slunping along a rotational plane

22).
(22) Swelling clay minerals have a noderate proportion of
substituted atoms, hence a relatively |ow charge density.
Therefore, the exchangeabl e cati ons are bound onl y noder at e-
ly strongly, and spread out in a diffuse |ayer. Each |ayer
of the clay structure contributes to CEC and swel ling char -
acteristics.

O her clay minerals with a simlar structure, such as
illite and vermiculite, have nuch higher proportions of
substitution, hence a high charge density. These minerals
bind certain cations with enough energy to fix thembetween
adj acent |ayers in nonexchangeable form Particularly ions
such as K, which fit neatly in holes in the clay structure,
produce a rigid stack of clay layers. Only the outer sur-
faces and, to a varying extent, inmperfectly fitting layers
within the stacked structure, then contribute to cation
exchange. These clay mnerals swell and shrink nuch |ess
t hansnectites.

On the one hand, they contain nmuch K within their
structure, which during weat hering becones slow y avail abl e
to plants. On the other hand, parts of the clay structure
that are depleted of Kcanvery readily fix fertilizer K (5,
13) when it is present at tenporarily high concentration.
Because the ammonium ion is physically very sinmlar toK

NH, * also can be fixed by vermiculite or K- depletedillite
(1), but sonewhat |ess strongly. At |east some of it appears
to be available to lowand rice (25). One swelling clay mn-
eral, beidellite, has astructure inwhichNH,*fits parti-

cularly well. Soils containingbeidellite fix amoni umand K
very strongly (2).
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Clay minerals with pH-dependentcharge

Clay mnerals with vari abl e charge have | ayers of alternat -
ing tetrahedral silica and octahedral Al hydroxi de sheets
and very little substitution charge. Kaolinite and hall oy-
site are primary exanples. Kaolinite normally occurs as
hexagon- shapedor rounded fl akes about 1 pmin di aneter that
are nuch coarser than swelling clay mnerals. Halloysite
occurs in a hydrated formwith water |ayers between clay
layers and in a dehydrated formthat is simlar to, but
| ess wel | ordered than kaolinite. Halloysite often occurs as
curved or rolled plates (tubular) or as gl obul ar aggregates
and i s much finer than nost kaolinites.

The Al at the edge of the sheets is positively charged,
particularly at |owpH, and produces a snall ani on exchange
capacity. Chloride and nitrate i ons are exchangeabl e on such
sites, but phosphate and silica are bound tightly and remain
fixed (11, 30). Kaolinites generally have rel atively coarse
particles, which causes fixation to be small. Fine- grained
kaolinites, and halloysites — which are extrenely fine-
grained with large edge areas, can fix |arge amunts of
appl i ed phosphate (3).

Clay mnerals of pH- dependent charge have very | ow CEC
that increases with pH through dissociation of OH groups.
Changes in water content cause al nbst no swelling or shrink-
ing. Soils dominated by kaolinite or halloysite generally
have no or only weak ped structure. Jones (24) estimted
that root penetration in those soils is inpeded above a
critical bulk density, givenby (1.2 + 0.005 x sand %).

Soils on steep slopes with a clay fraction with snall
wat er holding capacity, for exanple, mainly kaolinite or
dehydrated hall oysite, do not creep or slunp, but may form
debris avalanches in very wet conditions where bedding
pl anes of the rock runparallel to the slope (22).

When soils dom nated by kaolinite or halloysite becone
dense after land clearing, through rain inpact, or by wheel
or bullock traffic or plowpressure during cultivation, they
do not regain their structure and hydraulic conductivity by
wetting and drying like swelling clay soils, but need to be
biologically or nechanically restored. Restoration nmay be
acconplished by nmulching to stinmulate wormactivity, or by
ripping or cultivator treatnment if the soil is not too
noi st. The sanme probl emoccurs where such soils are puddl ed
for lowand rice and subsequently used for a dryland crop.
Vi erhout (36) gives procedures for safe managenent of such
soil s.
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Al-interlayeredmaterials

In certain soils containing clay mnerals with pernmanent
charge, the interlayer spaces of the clay nminerals are
bl ocked by sheets of partly neutralized Al ions. These in-
conpl ete and general |l y poorly ordered sheets consist of ring

structures such as Alg(OH),53*. They are not exchangeabl e,

neutralize a considerable part of the CEC, and restrict
swelling. Fairl’y conplete Al interlayers thus convert cl ays
wi t h permanent charge intomaterials simlar tokaolinite.

Even noderate Al interlayering greatly affects clay
stability agai nst dispersion, as experinmentally verified by
Mur anyi and Bruggenwert (31). At lowsalt concentrations, an
illite material dispersed and collapsed into a virtually
i mper neabl e mass at an exchangeabl e sodi umpercent age (ESP)
of about 30 and above. The partly Al - interlayeredmateri al
was perneabl e at all ESP val ues tested up to 80.

This may be relevant to reclaimng sodic or saline-
sodic soils. Acid fornmed after applying S or finely ground
pyrite, as in parts of India, or waste acid fromchem cal
i ndustries, as used locally in the US S R, presunmably
di ssolves sone Al fromclay nmnerals besides Ca fromline
that way be present. This produces Al interlayers and dis-
sol ved cal ci umsul fate, both of which aid recl amati on.

Fe(l1l) and Al oxides and hydroxides

Soils with low activityclays (clay fractions with | ow CEC)
often contain gi bbsite [AI(O—I)B] as wel |l as kaolinite, gen-

erally as discrete clay- sizedparticles. G bbsite aggravates
t he managenent probl enms because its CEC and noi st ure- hol di ng
capacity are essentially zero and because appli ed phosphat e
is fixed nore severely by gi bbsite than by kaolinite.

Fe(ll11) oxides also may occur in the clay fraction as
di screte, crystalline particles of goethite or hematite.
They generally have relatively low specific surface and
properties simlar to gibbsite, at least in well- drained
soil s.

Fe oxi des or hydroxides al so formgeneral |y di sconti nu-
ous coatings on kaolinite and other clay mnerals. They
of ten are anor phous, have a very hi gh specific surface, and
drastically nodify the charge and physical properties of
such soils. CEC is very |low Phosphate fixation is severe
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and remmi ns so except after very |large phosphate applica-
tions. Structural stability is much higher than i nkaolini-
tic soils with Iow proportions of Fe oxides. Infiltration
rates remain high even after conpaction by rainfall, and
traffic does not readily col | apse pores.

In surface soils with high organic matter content, the
associ ation of organic matter and Fe oxides to sone extent
counteracts all these effects. Wetl and conditions al so nodi -
fy the effects of the finely distributed Fe(l11) hydroxides.
Reduction of Fe(lll) phosphates increases phosphate avail -
ability. Reductionof Fe(lll) oxides toFe(ll) increases CEC
directly and there is an additional indirect increase be-
cause of the associated rise inpH

Amorphous aluminosilicates

Anor phous al umi nosilicates and related materials that have
only short- range order include allophane and inogolite.

These occur in many young volcanic soils. Such soils have
very high noisture retention and phosphate fixation and | ow
to very high pH- dependent CEC. They may have very high or-
ganic matter content that is presumably protected against

rapid mcrobial deconposition by association with |arge
armount s of Al.

These soils are quite stable against rain inpact and
are not erodible, but may fail under |oad. Failure may occur
as | andslides, slunps, or creep (36). Soils with anorphous
clay constituents and hydrated halloysite may turn liquid
and sl ow- novi ngeart hfl ow over consi derabl e depth may occur
frequently, even where sl opes are not steep (22).

Al'l the kinds of failure nentioned for clays occur when
soils are water - saturated. Preventing failure on a sl oping
or steep | andscape with wetl and terraces depends on drai nage
at the bottomof the terrace walls and, where possible, on
careful terrace construction, with the | east perneabl e mat e—
rial near the surface. These techniques were raised to the
level of a fine art by the |fugaos of Banaue, Philippines

(29).

ORIGINS OF THE CLAY FRACTION: TRANSFORMATION PROCESSES

The clay fraction in soils may be transported and deposited,
along with other fractions of the sedinent; it may be inher-
ited froma weat hered sedinmentary rock; or it may have been
formed by weathering of mnerals in coarser fractions, or
transformed fromot her cl ay m neral s.



MINERALOGY AND SURFACE PROPERTIES OF THE CLAY FRACTION 169

On young | and surfaces, such as recent alluvial plains
or slopes with noderate or high erosion, the nature of the
clay fraction is largely determ ned by the original materi-
al . Because many sedi nents have a wi de source area, their
clay fractions are a nmixture of, for exanple, illite, nont-
norillonite or vermculite with or without some Al inter-
| ayering, kaolinite, and sone cl ay-sized quartz. The mi xture
tends to be constant within an alluvial plain but nmay vary
fromone river plainor estuary to anot her.

On ol der | and surfaces, for exanple onriver or coastal
terraces or inuplands with little erosion, weathering and
clay transformation are nore inportant. A few mgjor clay
transformati on processes, acting on a variety of original
materials, can explainthe different clay mneral ogi es that
occur. The processes, discussed by Brinkman (8), are sunma-
ri zed bel ow, in order of decreasing areal inportance.

. Hydrol ysis by water containing carbon dioxide,
whi ch renpves silica and basic cati ons.

. Chel uvi ation, which dissolves and renbves espe-
cially Al and Fe by chel ating organi c aci ds.

. Ferrolysis, a cyclic process of clay transforma-

tion and di ssolution influenced by alternating Fe
reduction and oxidation, which |owers CEC by Al
i nterlayering.

i Di ssol ution by strong mneral acids, which attack
all clay minerals, producing acid Al salts and
anmor phoussi |l i ca.

i Clay transformation under neutral to strongly
al kaline conditions (reverse weathering), which
creates mnerals such as nontnorillonite, or in
ext rene cases pal ygorskite or anal ci ne.

Hydrolysis by water containing carbon dioxide

Hydrol ysis by water containing carbon dioxide, also called
desilication, and sonetinmes weathering, is a dom nant pro-
cess of clay formation and transformation, particularly in
the hum d tropics, and also in part of the tenperate zone.
Water in equilibriumw th atnospheric carbon dioxide
has a pH about 5.6, the sanme as uncontam nated rain water.
When excess rain water passes through a soil, clay mnerals
begin to dissolve congruently (proportionately) until the
solubility product of gibbsite, A (OH) 5 is reached. This

happens at an Al concentration of about 1 nnmol/litre at pH

5.5-6. Thereafter, gi bbsite precipitates, while clay
m nerals continue to dissolve and silica is renoved by per-
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colating water. Thus, gibbsite is forned in, for exanple,
kaolinitic soils under perhunm d conditions.

Where leaching is less rapid and the clay fraction
contains mnerals such as nontnorillonite or illite, which
contain a high proportion of silica and basic cations, con-
tinued di ssolution increases silica concentration to above
about 100 nnol/litre. Then, kaolinite is stable over gibb-
site. Kaolinite may formfrom for exanple, nmontnorillonite
or feldspars under hum d conditions. In both cases, any Fe
that is released fromthe mneral structure precipitates as
hydroxi de or as goethite (FeOOH) because of its extrenely
| ow sol ubility.

Where concentrations of My or other structural cations
are relatively high during weathering, nontrnorillonite or
vermculite may change into their A -interlayered equiva-
| ents because these are stable over kaolinite and gi bbsite
under those conditions. Even when kaolinite is stable over
Al -interlayeredmaterial, the latter may still be forned as
an internediate step inthe transformati on sequence.

The stability rel ationshi ps di scussed here are based on
t hernbdynam cs, but can be visualized nbst sinply in terns
of solubility products that determ ne whether a given com
pound di ssol ves or precipitates.

Hydrol ysis of clay mnerals (or of feldspars or other
weat herabl e minerals in coarser fractions) is slow Silica
i s removed by percol ati ng water in concentrations of about 1
to 10 ng/litre, and basic cations in simlar or |ower con-
centrations.

Where K concentrations in solution are kept very | ow by

pl ant uptake, dissolutionof Kfromillite may proceed fast -
er than desilication of the material. Then, illite my
change to K-depleted (swelling) illite, and with further

m nor changes into vermiculite or a swelling clay m neral
simlar to beidellite. These, in turn, would be subject to
t he sl ower transformati ons previously di scussed.

Decomposition by strong acids

When pyritic clays, which occur in nmany mangrove areas, are
oxi di zed by drai nage, sulfuric acid fornms. The acid rapidly
di ssolves clay mnerals, at pHbetween 2.5 and 3.5, until
silica concentration is about 2 nmmol/litre (about 120
ng/litre). Then, anorphous silicaprecipitates.

If My and K concentrations are hi gh enough, for exanple
in saline conditions, nontnorillonite and illite may be
stable with respect to kaolinite. Then, the direction of
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clay transformation is away fromkaolinite, in contrast to
hydrol ysi s.

Di ssolution by strong acids results in Al concentra-
tions ranging froml to several hundred ng/litre, which is
several orders of nagnitude higher than in hydrolysis by
wat er with carbon dioxide, and to silica concentrations of
about 100 ng/litre, about 10 tinmes higher (34). The process
can therefore proceed nmuch faster than hydrolysis if the
reaction products are renoved, as for exanple in drainage
wat er .

Reaction products that are not renoved may form anor -
phous silica and Al interlayers in swelling clay nminerals
when pHrises to about 5 or higher.

Cheluviation

During chel uvi ation, organic acids specifically dissolve Al
and Fe and renove them as chel ates. The direction of clay
transformation is simlar to that during dissolution by
strong acids, but no Al interlayers form

Ferrolysis

Cl ay deconposition and transformation by ferrolysis require
two alternating sets of circunstances. |n water- saturated
conditions with sone | eaching, the soil is reduced and pH

rises slowy as Fe(OH); changes to Fe2* , which becones ex-

changeabl e and soluble. Leaching renpbves part of the ex-
changeabl e base cations. Water saturation alternates with

drying and oxygen entry. Then, exchangeabl e Fe?* oxi di zes,
produci ng Fe(OH); and exchangeabl e h. The latter attacks the

clay mnerals, as do other strong acids, but the Al and
ot her cations released fromthe clay structure beconme ex-
changeabl e, not soluble. The silica fromthe clay may remain
as unsupport ed edges of the former clay structure.

During the next period of water saturation, Fe(lll) hy-

droxi des are again reduced to Fe?* |, part of which displ aces
exchangeabl e Al and other cations into the soil solution.
Part of the silica in the unsupported edges al so di ssol ves.
Leaching may renove sone silica, bicarbonate, and part of
the Al and ot her cati ons.

Because pHrises during reduction, the remaining AL is
partly neutralized, and polynerizes intoring structures
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such as Al 4 OH) ;3% These forminconpl ete octahedral sheets

inthe interlayer spaces of swelling clay mnerals. Such Al
interlayers are not exchangeable. They neutralize part of
the CEC, and block other, originally exchangeabl e, cations
i ninaccessible cavities of the inconplete | ayer structure.

Ferrolysis thus creates Al -interlayered materials with
low CEC, fornmed fromswelling clay minerals with originally
hi gh CEC, and al so anorphous silica -- the latter in con-
trast to hydrol ysis by water containing carbon di oxi de. The
rate of clay transformation by ferrolysis is probably an
order of magnitude higher than that of hydrolysis by water
wi t h car bon di oxi de.

Clay transformation under alkaline conditions

Where concentrations of silica and structural cations are
relatively high, mneral synthesis rather than dissolution
can occur. This process sonetines is called reverse weat her -
i ng.

In alkaline or neutral conditions with nbderate My
concentrations in solution, nontnorillonite is stable over
clay mnerals such as kaolinite and vermculite. Mntnoril-
lonite forms inplains or valleys inhumd to semarid trop-
ical climates, with enough My and silica inflowfromadj oin-

i ngupl ands.
Where My concentrations are high, as in sone semarid
and arid environments, a fibrous nmineral, palygorskite,

forms that contains nore My than montnorillonite.

In strongly al kal i ne conditions with high Na concentra-
tions in solution, analcine forns, generally inaclay frac-
tion dominated by nmontrnorillonite. Because the Na in the
structure of this mineral is partially exchangeable, such
soi | s have anonal ousl y hi gh exchangeabl e sodi umper cent ages.

CLAY MINERALOGY AND LANDSCAPE POSITION

Different clay transformati onprocesses tend to domnate in
different climtes: desilication in perhumd clinmtes, re-
verse weathering in arid conditions, or ferrolysis on |evel
sites in climates with strongly constrasting wet and dry

seasons. In many climtes, however, soils on crests or
sl opes have clay m neral ogy very different fromthat in the
valleys or plains -- not because of different parent

mat eri al s but because the soil hydrol ogy produces different
clay transformati on processes, even over short di stances.
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The rel ati ons bet ween | andf orm hydrol ogy, soil fornng
processes, and clay mneralogy of lowand rice soils were
sunmar i zed by Moor mann and van Breenen (29).

Kaolinite and smectite

Red or brown kaolinitic soils on upland slopes alternate
with black snectite clay soils in valleys or plains over
large areas inhumd to semaridAfrica and Asia. The upl and
soils, formed by hydrol ysi s by wat er contai ni ng carbon di ox-
ide, are strongly to weakly acid with | ow or noderate base
saturation, and have amainly kaolinite clay fraction, often
sonme illite, and Fe(lll) oxides, quartz, and feldspar. The
CEC of the clay fraction is uniformy | ow.

The valley soils were fornmed by clay transformation
under neutral or alkaline conditions, with silica and base
cations |eached fromthe uplands. The surface horizons of
these soils may have a clay fraction containing smectite,
with kaolinite and illite transported fromthe upl ands. The
deeper horizons have mainly smectite. Smectitic valley soils
general ly are base saturated, tend to have neutral pH, and
have hi gh CEC.

Mohr (28) described an early exanple of such a soil
association in a nountain |andscape on Java. An anal yzed
exanpl e (19) fromWst Africa is the Shepeteri toposequence.
Managenent aspects of upland Alfisols and valley Vertisols
of the Deccan Pl ateau were studied by Krantz et al (26). In
t he Deccan Pl ateau, however, the soil differences are at
| east partly due to very different parent materials (gra-
nitic and basalt- derived, respectively), not only to |and-
scape posi tion and hydr ol ogy.

Al-interlayered and interstratified minerals

Where sl opes are nore gentle and soils on | ower slopes are
periodically water-saturated, Planosols (e.g. Al baqualfs),
or less extrene surface-water gley soils, may be found be-
t ween upl and and val | ey soils.

Such soils may have Al-interlayered material in the
clay fraction, or interstratified nminerals: these may have
the sanme general structure as snectite but show i nconpl ete
swel | i ng because of Al interlayering of part of the materi-
al. These periodically wet soils, which are subject to
| eaching rather than the accunmulation that occurs in val-
| eys, have lowclay content and lowCEC in the clay fraction
of upper horizons. They generally are nore acid than well -
drai ned soils on steeper or higher parts of the | andscape.
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Ferrolysis presumably is the mmin process that has
formed the seasonally wet soils on gentle slopes and |ow
ri ses, as opposed to hydrolysis on uplands and clay forna-
tion under neutral or alkaline conditions in valleys or
depr essi ons.

Two such toposequences were studied by Bocquier (4).
One extends fromgranitic upland through a gentle slope into
a nearly level plain (Fig. 1). The other appears to be vir-
tually flat, but in fact has elevationdifferences upto 1l m
and slopes up to 1% Even these have been enough to cause
maj or soil and clay m neral differences.

In flatter |andscapes, for exanple, the older river
plains and | owterrace | andforns of Bangl adesh (7), season-
ally wet soilswithlowclay content in surface horizons and
Al -interlayeredclay fractions cover nost of the |andscape.
Perennially wet, heavy clay soils w thout evidence of clay
destruction, occur inthe depressions.

Clay-sized biotite mica and kaolinite

present throughout the toposequence

)
\

\

\g-\ Interstratified minerals present

% Kaolinite
\\ dominant
\
by

Montmortllonite dominant
<10 % of total soil
/’—.\\

~
~——— ’,4
100 m SN

1. Mineralogy of the clay fraction and CEC (mmol/100 g soil) in the Kosselili toposequence, Chad.
Generalized from Bocquier (4).
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Amorphous clay minerals

In areas with recent volcanic activity, particularly on
tuff, soil forms rapidly because of the | arge proportion of
easi |y weat herable material. Initially, this material sup-
ports high silica and base cati on concentrati ons even during
i ntensive |l eaching. If pHalso is high, snectite fornms. High
runoff on steep slopes may decrease the | eaching rate, and
extend t hi s stage.

Al | ophane forns rapidly fromdi ssol ved silica and pol y-
neric octahedral Al conpounds, presumably at somewhat | ower
pH and | ower base cation concentrations than does nontnor -
illonite. After continued | eaching renpves nost of the base
cations and readily dissolved silica, their concentrations
inthe soil solutionbecone solowthat kaolinite or halloy-
site is stable over montnorillonite. Anorphous al um nosili -
cates tend to crystallize and forminbpgolite, then halloy-
site, and eventually kaolinite, with the effects of tine
bei ng ai ded by t hose of periodic drying.

In a wel |l — drai nedt oposequence on basi ¢ vol cani ¢ rocks
in aperhumd climte, fromnear the crater of Quoin Hll,
Sabah to the bottomof the slope, Eswaran and Sys (15, 16)
showed a t oposequence trend. There were nmgj or proportions of
al | ophane or rel at ed anorphous material inthe clay fraction
on the steep upper slope. These gradual ly decreased to zero
in the oldest soils on the nore gentle downhill sl ope.
Smectite predom nated on the upper slope, and decreased to
near zero at mdslope. Kaolinite and halloysite increased
from m nor proportions upslope to domnate in the ol dest
downhi I | soils.

A simlar toposequence can be found fromMunt Mkiling
to Los Bafios, Philippines. The hi ghest part of the slope has
typical Andisols, with mainly anorphous materials in the
clay fraction. Alahar (a forner nmudflow) of the sanme origin
constitutes the upper part of the IRRI farm It has soils
simlar to the mdslope soil at Quoin H Il, but the adjacent
plain where the lower part of the IRRI farm is |ocated,
whi ch contains materials of the same origin, has inperfectly
drai ned swelling clay soils -- presumably the result of clay
transformati on under high silica and basic cation concentra-
tions in drainage water fromthe adj acent upl and.

SURFACE VERSUS BULK COMPOSITION OF CLAY FRACTIONS

The m neral conposition of aclay fraction generally results
from |l ong- ternprocesses and does not change quickly with a
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change i n circunstances. However, the surface properties of
particles inthe clay fraction are not necessarily in equi-
libriumwi th the bul k conposition. Surface properties change
relatively quickly when external circunstances change, and
surface rather than bul k properties are generally of primry
i mportance for fertility, toxicity, and other physical and
chem cal aspects of soil managenent. Herbillon (20) summa-
ri zed the nature and properties of clay and oxi de surfaces.

Iron oxides

Soils with kaolinitic clay fractions containing |ess than
about 12% Fe,O; generally have the properties associated

with kaolinite: |ow, pH-dependent CEC, nopderate phosphate
buffering capacity and fixation, low structural stability
with consequent erodibility, and tendency to becone dense
when nechani cal ly di sturbed by traffic or rain inpact.

In kaolinitic soils with nore than 12% free Fe oxides
inthe clay fraction, the clay tends to have an oxi de sur-
face. Such soils have very | owCEC, high structural stabili-
ty and generally severe phosphate fixation. The percentage
qgquoted varies depending on the nature and distribution of
t he oxi des.

Insnmectite soils, too, thereis amjor distinctionin
structural stability and in degree to which a granular or
fine bl ocky surface structure can be restored by drying. The
Chromic Vertisols, withrelatively high free Fe oxide con-
tent, have favorable properties in this regard, while at
| east sone Pellic Vertisols do not. There may be ot her caus-
ative factors beside the content and distribution of Fe
oxi des

Other substances or bonding agents

Structural stability in sone soils may be due to surface
features of the clay fraction besi des organic matter, oxidic
surfaces, or pol yval ent exchangeabl e cations. In Australi a,
stabilizing features identifiedbyButler et al (9) included
finely dispersed Fe oxides and also a fine clay fraction
strongly bonded or cenented into silt-sized aggregates,
probably mainly at the edges of clay packets rather than on
pl anar faces. Silica cenentation in these soils is possible
but not proven. Intergrowth of clay mneral crystals may
al so be a factor, as may the large el ectrostatic interaction
bet ween cl ay | ayers of hi gh charge density.

Anonal ously high structural stability in certain Oxi-
sols may result from kaolinite corrosion and subsequent
cenentation (10, 21).
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In clay fractions of Kenyan soils w th anorphous nat e-
rial, Welemaker (37) found indications that CEC at a gi ven
pH is higher with even mnor increases in the ratios of
extractabl e anorphous Si to AL and Si to Fe. He al so nodi-
fied the charge characteristics experinmentally by applying
anmor phous silica. Simlar anorphous silica- Feconpounds with
some Al, cover the surfaces of crystalline clay mnerals in
clay soils over large areas in Quebec and Ontario, Canada.
These soils are very stiff in place, but may becone virtual -
ly liquid when extensively sheared (27), even though the
content of anorphous material is only 10- 12%

Rapid changes in surface properties

The nost rapid changes in surface properties and physi cal
chem stry of soils are caused by alternating reduction and
oxi dati on. Reduction processes were extensively dealt with
by Ponnanper una (32).

During reduction, Fe(lll) oxides change into soluble

and exchangeable Fe2+*, with a concurrent rise in pH In
neutral soils with snectite or vermiculite inthe clay frac-
tion, this may cause synthesis of materials with a structure
simlar to smectite and containing Fe(ll) inthe octahedral
sheet. Where such soils are perennially wet, Zn tends to be
fixed ina formunavailable to | owl and rice: perhaps because
it canbe built into the octahedral positions in the synthe-
sized material. Upon reoxidation, Zn is again avail able,
whi ch suggests that the nmaterial is stable only in reduced
condi tions -- presunmably because of its highFe(ll) content.

Inacid soils, particularly those with kaolinitic clay

m nerals, soluble Fe2tconcentrations tend to rise to high
| evel s because of | ow CEC and because conditions are unfa-
vorable for precipitation of Fe(ll) oxides or carbonates or
for synthesis of silicates. Then, Fe toxicity may be ob-

served in low and rice, depending on the Fe2+concentration
inrelation to the concentrations of nutrient cations and
phosphate availability.

When a reduced soil is oxidized, Fe2+changes into
Fe((]-|)3. The original Fe oxides are thus distributed differ-

ently, and with a generally higher specific surface and
activity. Inhigh-activityclay soils, this may increase the
stability of a structure established before inundation, as
in flood-fallow ng of sugarcane |and in the Guyana coast al
plain, or of a structure established just before oxidation,
as in land preparation for wheat after rice in the Jangtze
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Delta, China. In low activityclay soils, the effects of
alternate reduction and oxidation are |ess clearly benefi -
cial, partly because |eaching of nutrient cations tends to
accel erate inperiodicallyreduced conditions.

In soils with high anpbunts of active Fe or A, for
exanple with anorphous, halloysitic or oxidic clay frac-
tions, phosphate fixation is severe and CEC nay be |ow or
very | ow. Phosphate or silica onthe surface of such materi -
al s drastically changes their properties. Al though very high
phosphate applications to decrease or elimnate phosphate
fixati on may not be economc in nost cases, they are effec-
tive and rapid. Using silica or finely ground silicates may
be nore economic, and also tends to |lower the severity of
phosphate fixation and rai ses CEC at a gi ven pH Substances
that couldbe tried include woll astonite (Ca silicate), used
as asilicafertilizer in some |low and rice areas, or ground
fel dspar, or basic slag, which contains phosphate and sili-
cat e.

Inpractice, Ca silicate applications on a G bbsi hunmox
in Hawai i gave di sappointing results, but the high P- fixing
capacity in Oxisols was reduced by long- termrrigationwth
water containing 30 ng Si/litre (18). This tripled water-
soluble Si from 1.6 to 5.3 ng/litre, increased poorly
crystalline soil Si from730 to 1,360 ng/kg, and reduced P
sorption (at 0.2 ng/litre solution concentration) from235
to 100 ng/ kg, conmpared with the soil that received |ow Si
irrigati on water.

Jepson et al (23) showed that Si reacts with a gibbsite
[Al (OH) 3] surface in quantities fromless than a nonol ayer

at pH4 to rather nore at pH9, with an increase in CEC and
decreases in ani on exchange capacity and Al solubility at a
gi ven pH.

These findings can probably be summarized in the hy-
pot hesi s that silication of oxidic surfaces is feasible, but
that the process is much slower in the field than in the
| aboratory. It may be that in the field there is inperfect
m xi ng and slow diffusion of silica to oxidic surfaces --
and the process may need several crop seasons for its com
pl eti on.
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Abstract

There are millions of hectares of salt- affectedsoils on
ot herwi se productive land on all continents and in nmany
climates and | andl ords. There are two main groups of salt-
affected soils: saline and al kaline. Saline soils have ex-
cess neutral soluble salts. A kaline soils have high ex-
changeabl e sodi umand hi gh pHfromsodi umcar bonat e.

Rice often is planted during reclamation of both soils
and is grown extensively on themin favorable clinmates al -
t hough high salinity or sodicity may be a naj or constraint.

Al thoughrice is not tolerant of highsalinity, |ow and
rice culture with standing surface water significantly re-
duces salinity in the root zone through | eaching 2nd dil u-
tion. Rice grows satisfactorily when electrical conductivity
of the saturated paste extract fromupper soil layers is
20 dS/m It tolerates high sodicity and is an excellent
recl amati on crop t hat under good managenent yi el ds wel | .
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INFLUENCE OF SALINITY AND ALKALINITY ON
PROPERTIES AND MANAGEMENT OF RICELANDS

Excess soluble salts reduce the productivity of several
mllion hectares of otherw se productive lands. There are
salt- affectedsoils on all continents and in many clinates
and |l andforns. Cinmate, |andform and physical and chem cal
characteristics of saline and al kal i ne soils deternine their
use, managenent options, and potential productivity. Riceis
a popular crop for reclaimng salt- affectedsoils and is
grown extensively where climate is favorable even though
high salinity may be a constraint. This paper describes the
i nfluence of excess salts on properties and nmanagenent of
soil s where rice is grown.

CLASSIFICATION OF SALT-AFFECTED SOILS

The physi cal and chemi cal properties of salt- affectedsoils
and their effect on plant growth vary substantially. Salt-
affected soils are generally categorized as saline or al ka-
line, depending on the salts, soil characteristics, and
their effect onplant growth (3).

Characteristics of saline soils

Sal i ne soils have high | evel s of neutral soluble salts such
as chlorides and sul fates of sodi um nagnesi um and cal ci um
If the electrical conductivity of a saturated soil extract
is 4 dS/m the soil is generally characterized as sali ne.
Most sal ine soils have a nuch hi gher salt concentration.

At high soil salinity levels, sodiumchloride usually
is the dom nant salt, but nost saline soils have anpl e cal -
ciumsalts for crop nutrition. Small quantities of boron and
other toxic elenents also nmay be present in the soil solu-
tion. The saturated paste pHof saline soils is nearly al -
ways | ess than 8.2, many have pHless than 7.0, and sone are
extrenelyacidic (e.g. acid- sulfatesoils) (Tablel).

Saline soils generally have physical properties that
favor plant growth. Because of excess neutral salts, they
are wel | aggregated, with hydraulic conductivity equal to or
hi gher than that of sim|lar, nonsaline soils.

Plant growth in saline soils is adversely affected by
| ow soil - wateravail ability because of the soil solution's
hi gh osnoti c pressure. Toxi c concentrations of specific ions



Table 1. Characteristics of typical salt-affected soils (Bhargava, personal communication).

Mechanical composition (%) Composition of saturation extract Sodium
Depth pH ECe (meg/litre) adsorntion
(cm)  Organic  Clay Silt Sand (ds m1) ratiF())
matter (<2 p) (250 pm) (50 pm-2 mm) Na*  (Ca+Mg)™ CI° SO,” COj3”
Coastal saline soil, Canning, West Bengal
0-12 0.4 34 26 40 7.2 27 156 149 213 16 Nil 18
12-28 0.3 45 38 17 7.5 7 38 28 57 8 Nil 10
28-80 0.3 46 38 16 7.5 7 43 36 73 9 Nil 10
80-105 0.3 40 44 17 6.7 8 48 32 75 9 Nil 12
Inland saline soil, Nayabans, Haryana
0-11 0.8 10 19 71 7.2 78 692 612 1360 75 Nil 34
11-29 0.7 15 29 56 7.9 14 88 84 173 17 Nil 14
29-68 0.6 18 34 48 7.8 11 72 60 85 16 Nil 13
68-93 0.5 16 29 56 7.9 10 70 60 88 28 Nil 13
Alkaline soil, Karnal, Haryana
0-5 0.3 22 35 43 10.32 8.2 85 0.4 13 6 67° 97¢
5-24 0.3 29 38 33 10.3 8.0 84 0.4 15 6 68 94
24-56 0.2 33 36 31 9.8 1.9 18 0.6 6 3 12 90
56-85 0.2 31 40 26 9.8 14 14 0.5 3 2 10 85

@ pH measured in 1:2 soil-water suspension. b Represents CO3™ + HCO3™. C Exchangeable sodium percentage values.

ALINI'TVATV ANV ALINITVS 40 9ONINTINI
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al so may accurmul ate. Al though t he response of rice to excess
salts has not been studied in detail, specific ion concen-
trations are likely to have adverse effects on yield when
riceis grownin subnerged fields.

Rice and saline soils

The managenent of rice in saline soils is situation specif-
ic. There are two saline landforns inIndia: coastal saline
soil s and i nl and sal i ne soil s.

Coastal saline soils. On 2.5 to 3.0 mllion ha of
coastal soils onwhichrice is grown, salinity is a serious
producti on constraint. Seawater intrusion through rivers,
estuaries, and creeks and groundwater flow, tidal inunda-
tion, and wi nd spray are nmgj or sources of salt accunul ati on.
Al so, coastal areas are occasionally affected by cyclones
with high tides that severely damage standing crops and may
i nundat e vast ar eas.

Most coastal areas have high rainfall concentrated in
June t hrough Septenber. Land is planted to one rice crop in
wet season, and renmains fallow the rest of the year. The
groundwater table is high, usually 1- 2 m below the soil
surface indry nonths, and at the surface in wet season.

Groundwater salinity is high, varying fromless than
4 dS/'min wet season to nore than 20 dS/min summer. Soil
salinity varies seasonally and is highest in May. It de-
creases as wet season progresses and generally is |lowest in
Sept enber (Fig. 1).

Surface and subsurface drai nage are inpeded. Drainage
of surface water is slow and difficult because of the con-
centration of rainfall, the flat topography, lowinfiltra-
tionrates, and the lack of a well - defi neddrai nage system
Deep subnergence in wet season adversely affects rice
grow h, particularly of highyieldingvarieties.

Managenent to increase rice production includes con-
struction of enbanknents with water control structures to
prevent seawater intrusion and to allow rainwater to drain
fromfields. Bunds, surface drains, and farmponds to store
excess rai nwat er have been suggested to i nprove rice produc-

tion(20).
I n coastal areas, high soil salinity delays rice plant-
ing until rains have |eached accumulated salts from the

topsoi |l . Bandyopadhya and Sen (2) showed that kharif rice
yield was significantly inproved if chilies, cotton, or a
second rice crop was grown during the precedi ng January to
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1. Seasonal changes in salinity of the Ce (dS m-1)
surface 15-cm soil in a typical saline 27 B - -
soil. Canning, West Bengal. ‘]
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May (Table 2, Fig. 2). Nulchingwith 10 t rice husk/ha al so
reduced salinity and increased the yield of the follow ng
kharif rice crop.

Prelimnary field studies (4) showed that 1.75- m- deep
subsurface drains at 15- to 30- nspaci ng effectively | owered
the water table, renoved nost soluble salts fromthe upper

60 cmsoil layer, reduced salt accunul ation after wet sea-
son, and increased yields of the subsequent rice crop.
However, installing subsurface grains is expensive and un-

likely to be undertaken on a | arge scal e.

Inland saline soils. Inland saline soils are comon in
irrigated arid and sem arid regions of India. Because irri-
gation is expensive, rice, which uses water inefficiently,
rarely is a recommended crop. Mreover, innmany irrigation
proj ects drainage is i nadequate, and after several years the

Table 2. Grain yield of kharif rice as affected by land treatment
during the preceding January to May.

Grain vyield (thal)

Treatment
Year 1 Year 2 Year 3
Fallow 3.6 4.9 3.0
Rice 3.6 5.7 4.0
Mulching with rice husk 4.4 5.3 4.1
at 10 t hat

LSD at P = 0.05 0.6 0.5 0.9
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2. Changes in salinity status of the upper 15 cm of soil due to different
cropping sequences: | — rice in kharif followed by fallow (1), chilles (lll),
cotton (IV), and rice (V) in the preceding January to May.

groundwat er tabl e rises, causing waterlogging and salinity.
When ot her crops begin to fail, farmers often plant rice on
suchl ands.

W t hout appropriate drai nage, even rice yields poorly
and in extreme cases nay not grow. Wth proper drainage,
rice can be an inportant crop during reclanmation of saline
Bnd.

Such reclamation involves |eaching and draining the
soils of soluble salts. Because water islinmted inarid and
sem arid areas, |eaching fallowland sel domis justifiable;
thereforerice is grown duringreclamation.

Rice does not tolerate excess salinity: at 6-7dS/m
salinity of the saturated soil paste extract, riceyieldis
hal ved (15). However, lowand rice culture with surface
wat er throughout the growi ng season significantly reduces
salinity inthe rice root zone by | eaching and diluting the
salts. Rice has yielded satisfactorily even when el ectri cal
conductivity of the topsoil saturated paste extract was
20- 25dS/m (25). Table 3 shows changes in salinity in a
heavy- textured,saline soil duringthreerice seasons (25).

It often is feared that if soils with high sodi umad-
sorption ratio (SAR) are |eached, then high sodicity wll
result. However, several studies (8, 13, 14) have shown t hat
| eaching highly saline, high- SARsoils tends to reduce sa-
linity and sodicity (Fig. 3), but it may rai se pH and | ower
perneability. These | atter changes nmay i ncrease rice yiel ds.
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Table 3. Changes in soil salinity during reclamation of a highly saline soil in Peru (25).

ECe? (dS m)

Depth
(cm) Initial Before 1st After 1st After 2d After 3d
rice crop rice crop rice crop rice crop
010 169 34 20 17 12
10-20 130 45 22 16 12
20-40 75 54 32 21 16
40-60 42 47 33 26 21
60-80 34 42 35 29 23
80-100 30 41 36 30 24

@ECe = electrical conductivity of the surface soil extract. Rice yield was about 3 t hal when electrical
conductivity of the surface layers was around 20 dS m.

3. Changes in SAR in relation to depth of
leaching water per unit depth of soils, D,,/Dg
is depth of leaching water per unit depth of
soil, subscripts 0 and eq are initial and equili-
brium values of SAR under existing soil-
irrigation  waterdrainage equilibrium  condi-
tions.

(SAR-SAReq)/(SARs-SAReq)
1.0

T

T

0.0l ! 1

Dw/Ds
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ALKALINE SOILS

Characteristics of alkaline soils

Soils with an exchangeabl e sodi umpercentage (ESP) of nore
than 15 are cl assified as al kaline. They generally | ack neu-
tral soluble salts, but contain substantial anpunts of sodi -
um carbonate. Their electrical conductivity varies, but
oftenis less than 4 dS/m Saturated soil paste pHis 8.2 or
hi gher, and may be as high as 10.0. Studies (9) have shown
that in alkaline soil, pH increases with ESP. Because high
pH af fects the whol e range of physicochenical and surface
soi|l properties (10, 11). its effects on plant gromh are
simlarly nmediated by several processes, of which sodicity
i s only one.

Excess exchangeabl e sodium (ES) and high pH strongly
i nfl uence soil physical properties. As ES increases, soils
becone nore dispersed and | ess perneable to air and water
(Fig. 4). The extent of dispersion depends on particle size
di stribution, organic matter content, clay m neral ogy, etc.
Di spersi on causes dense inperneable surface crusts that
greatly reduce seedling emergence and water penetration.
Figures 5 and 6 show changing infiltration rate and post -
infiltration noisture content for a typical alkaline soil
and an adj acent normal soil.

Excess ES and high pH also strongly influence the a-
vai lability and transformati on of essential plant nutrients.

Toxic | evel s of sodi ummay reduce growth, or kill plants.
Relative hydrauiic conductivity 4. Schematic relationship between soil
100 hydraulic conductivity and exchangeable

sodium percentage (ESP).

60

40




INFLUENCE OF SALINITY AND ALKALINITY 191

5. Infiltration rate-time curve for an alkaline Infiltration rate {mm d~1)
and a normal soil. 200
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Alkaline soils and rice
InlIndia, several mllion ha of alkaline soils inthe |Indo-

Gangetic plains are on ot herwi se productive |and. They have
hi gh sodi um carbonate, ESP, and pH (Table 1). The soils
al nost al ways have cal ci umcarbonate i nvarying quantities ,
and a calcic horizon at about 1— depth. They are nedi um-
texturedwithdomnantly illitic mnerals. Mean annual rain-
fall is 600 to 1000 nm nostly fromJul to Sep. Wth suppl e-
nental irrigation, rainy season rice is the major crop and
wheat is the post- rai nyseason crop.

Al t hough soi |l amendnents and | eaching are necessary to
recl ai mal kal i ne soils, grow ng suitabl e crops during recl a-
mati on can reduce costs. Rice is an ideal crop to growwhile
recl ai m ngal kal i ne soi | s.

Tol erance of exchangeable sodium Data in Table 4 and
Figure 7 showthe effect of different gypsumapplications on
ESP and rice and wheat yields. At ESP of about 50, rice
yield was unaffected, but wheat alnpst died. For other
crops, including | egunes, yields are affected at ESP as | ow
as 8- 10.

Rice tolerates high ES because it grows well in stand-
ingwater, and infiltrationrates usually are sufficient to
| each out toxic substances resulting fromthe reactionw th
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Depth {cm) 6. Postinfiltration moisture distribution in
0 %f@ an alkaline and a normal soil.
25 T J
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O—0 Alkaline
75 i
10 20 30 40

% moisture (g g-1)

ES of applied anmendnents. Also, rice has a shall ow root
systemand so can growwell if sodicity is |Iessened in only
t he upper fewcentinmetres of soil. Qther crops need a deeper
| ayer of | ow- ESPsoil toyield satisfactorily.

Al t hough poor soil physical properties do not seemto
affect rice grow h adversely, excessive uptake of el emental
sodi umcan be toxic at high ESP. Table 5 shows that weat her
and soi | — noi sturecondi tions influence sodi umupt ake. Tol er -
ance of sodicity may thus depend on seasonal weat her.

Table 4. Effect of gypsum on soil properties and yield of rice and wheat in a highly alkaline
soil (26,27).

Infiltration rate Exchangeable sodium Grain yield
Gypsum applied (mmd) percentage? (t hat)
(tha™) — , P
Initial During 0-15 cm 15-30 cm Rice Wheat
leaching rice growth

0 2 3 76 92 3.8 0.02

7.1 11 7 33 75 6.7 15

14.2 15 9 32 79 6.9 3.8

21.3 20 12 19 59 7.4 3.6

28.4 21 12 14 57 7.2 4.2

LSD at P = 0.05 4.6 1.8 0.6 0.6

@Determined on samples after harvest of the rice crop.
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7. Fractional reduction of rice and wheat Yield reduction (%)
yields as affected by soil acidity (ESP).

00— 1 1 | L B
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Rice as a reclamation crop

Inaddition to tolerating sodicity, rice involves cultura
practices that result ina decline in ESPduring the grow ng
season (Tabl e 6). These practices facilitate the renoval of
ES by increasing the cross- sectional area of conducting
pores and hence the perneability (16). Oher studies (5)
have shown that ES decreases when native insoluble cal cium
carbonate is nobilized by increased hydrolysis and carbon
di oxi de liberation by plant roots. Long termfield studies
(unpubl i shed) showed that rice in a crop sequence gradually
reduced sodicity. After about 10 yr, the top nmetre of soi
was nearly free of sodium although the whole profile was
initially highly sodic.

Because 120- 150mm of rai nwater can be stored on the
surface of bunded rice fields, drainage needs are |ess and
groundwat er recharge i s encouraged (17).

Table 5. Sodium content of 30-d-old rice seedlings in a wet
and a relatively dry year as affected by gypsum application
in a highly alkaline soil (4).

) Na content (%)
Gypsum applied

(t hal) Wet year Dry year
0 1.6 2.3
5 11 21

10 0.8 1.8
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Table 6. Effect of rice cultivation and gypsum application (ESP)
Q.

ESP
Gypsum applied Before rice After rice
(t ha?l)
Depth/cm Depth/cm
0-15 15-30 0-15 15-30
0 87 94 50 63
7.5 67 87 29 63
15.0 33 83 26 56
225 16 64 16 33
30.0 14 57 13 36

Nutrient management

Hgh ESP and pH of alkaline soils affect the transfornation
and availability of sever al essenti al pl ant nutrients. Al —
t hough rice tol erates hi gh sodicity, speci al fertilizer
managenent is necessary for optinum production.

Nitrogen. AlKkali soils have low organic matter content

and generally Jlow available N In laboratory studies, Rao
and Batra (21) found that as nuch as 62% of wurea- N applied
to alkaline soil was lost through volatilization. Losses were

only 30% in waterlogged (laboratory) soil s.

Nitant and Bhunbla (18) reported that hi gher sodicity
increased the tine needed for nearly conplete wurea hydroly-
sis from about 3 d in soil with pH 8.6 to about 7 d for soil
with pH 9.8. Sever al field studies have shown that rice
grown in alkaline soils responds to higher levels of N ap-
plication than rice grown in simlar normal soils. There s
thus a general reconmmendation that rates of N application
for rice should be 25% higher for alkaline soils than for
normal soi ls.

Phosphorus and potassi um Soils with high pH and high
sodicity have high extractable P (7). Consequently, rice and
wheat crops on some alkaline soils did not respond to
applied Pfor 4-5yr (6). K uptake for nost crops, including
rice, is less when sodicity 1is high (27); however, this
ef f ect has not been investigated thoroughly. Lack of crop
response to K applied to some sodic soils was attributed to
naturally occurring K- bearing mnerals t hat supplied suffi-
cient K for plant requirements (19).
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Table 7. Effect of Zn on the yield and composition of rice grown
in a gypsum-treated alkaline soil (22).

Zn content (ugg?)

ZnSO, Rice yield — -

(kg ha') (kg hal) At tillering Grain Straw
0 5.1 13.3 10.9 15.8

10 6.0 25.1 12.3 20.4

20 6.0 29.3 12.3 22.3
40 6.0 34.0 12.6 25.1
LSD at 0.6 5.6 0.9 21

P =0.05

M cronutrients. High pH |ow organic matter content,
and cal ciumcarbonate strongly limt mcronutrient avail a-
bility to plants grown in alkaline soils. Zn deficiency is
conmon and is accentuated by submergence and by gypsum ap-
plication. Several field studi es have shown that Zn applica-
tion significantly increases rice yield. Singh and Abro
(22) showed that applying 10 kg ZnSO,/ ha elinminated Zn de-

ficiency in rice grown on gypsunm- treated, highly alkaline
soil (Table?7).

Fe deficiency also reduces rice yields in alkaline
soils. But applying Fe salts to correct the deficiency
generally is not useful unless it is acconpanied by pro-
| onged subnergence and organi c matter anendnents that change
the soil oxidation status (12, 23, 24). Table 8 shows the
effect of various amendments on extractable Fe and Mh in a
hi ghly al kaline soil after varying periods of subnergence.
These and ot her changes in sodic soils after subnmergence are

Table 8. Effect of submergence and amendments on extractable
iron and manganese in a highly alkaline soil planted to rice (24).

Submergence Extractable Extractable

Amendment period? Fe (ppm) Mn (ppm)
d S —

@ b c b c

Control 0 3 14 2 12

30 13 16 12 12

Gypsum, 12.5 that 0 3 17 3 14

30 15 21 15 16

Farmyard manure, 0 3 60 3 63

30 t hat 30 60 66 66 69

aBefore planting rice, ® = at planting, © = 30 d after planting.
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reflected in the yield of rice grown in soils with varying
sodicities (Table 9). Subnergence was nore beneficial in
hi ghl y sodi ¢ soi | s.

Table 9. Effect of presubmergence on the yield of rice grown in soils of different sodici-
ties (23).

Duration of Rice yield (t hat ) at ESP of
subrnergence @
(d) 35 65 72 82 Mean
0 5.41 3.59 3.26 1.46 3.42
15 5.61 4.01 4.00 2.01 3.92
30 5.71 4.68 4.50 2.58 4.36
Mean 5.57 411 3.92 201

LSD at P = 0.05. ESP = 0.16, submergence = 0.15, ESP x submergence = 0.30.

@ Before planting.
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ABSTRACT

Soi | nor phol ogy can be used in two ways to characterize the
fl owof water and air through soils. Mrphol ogi cal features,
such as nottling or cutans, indicate particular flow pro-
cesses. Pore patterns allow quantitative characterization
and predictionof these processes in heterogeneous soils.

In this paper, the various nottling features di scussed
may be used to extend interpretations beyond the usual con-
sideration of chromas. Free- drainingconditions are distin-
gui shed fromthose with very | owhydraul i c gradi ents.

Because nottling features are only indicators, soil
physi cal and hydrol ogi cal nonitoring al ways i s needed. Soil
pores can be observed and neasured to define optimal sanple
sizes for neasurenents in different soils. Using dyes to
stai n wat er — conducti ngpores adds essential norphol ogi cal
informati on and i s described in four case studies. Newfield
net hods that use large, undisturbed soil sanples are de-
scribed, as are four studies that used norphol ogi cal data
for simulationnodels of water noverment in biporous soils.
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MORPHOLOGY OF LOWLAND SOILS AND FLOW OF WATER AND GASES

The relation between norphology of lowand soils and the
transport of water, solutes, and gases can be studied intwo
ways: by physical interpretation of soil norphol ogical fea-
tures such as nottling and cutans, and by norphol ogical
observation and neasurenent of soil pores. Both nethods can
be used to define transport phenonena in field soils, which
of ten have a wi de range of pore sizes.

Physical interpretation of soil nottling has been used
for many years, but nore specific interpretations based on
nodern fi el d measurenent techni ques are needed. Morphol ogi -
cal pore neasurenents have been | ess used, probably because
of limted interactionbetween soil physicists and norphol o-
gi sts. However, natural pore patterns nust be considered
when defining flow systens in heterogeneous, anisotropic
field soils if measurenments and sinul ation nodels are to be
realistic. This paper di scusses the two nmethods, wth enpha-
si s on nor phol ogi cal observati on and por e neasur enent .

Fl ow of water and gases through soil is a dynamic pro-
cess governed by physical |aws with characteristic variabl es
and paraneters. Morphol ogical features or pore patterns,
such as | arge nacropores, nmay suggest certain fl owprocess-
es, but their actual occurrence can and should only be es-
t abl i shed by physi cal neasurenents.

Soi |l physical flowtheory, as presented in many text-
books, assunes soils are isotropic and honpbgeneous. Few
field soils are. Quantitative norphol ogi cal data to charac-
terize the true nature of soils are indi spensabl e.

MORPHOLOGICAL FEATURES THAT INDICATE FLOW PROCESSES
Mottling phenomena

Mottling phenonena are wi dely used to indicate soil noisture
reginmes (6, 26, 30,). Mdttling phenonena, defined by the
USDA (28) in terns of colors with chromas of two or |ess,
i ndicate reducing conditions. Reducing conditions are de-
fined as corresponding to pressure heads nore than -1 kPa
29).

(29) There are two nmaj or nottled- flowsystens. Both reflect
the flow of water and gases through soil. One has high hy-
draulic gradient, the other low The flow processes are
directly governed by natural precipitation or irrigation.
Fl ow systens wi th high hydraulic gradient occur in two soil
situations:
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1.1 Soils with low saturated conductivity Ksat in the

surface soil and a very deep water table or a
per neabl e subsoi|l fromwhi chwater drains rapidly.
1.2 Soils with a very deep water table or perneable

subsoil with high Ksat in the surface soil that

declines sharply when the soils desaturate. This

is common in soils wth continuous nacropores.

Four subtypes occur in soilswth|owhydraulic gradient:
2.1 Soils with lowKsat and very | ow hydraulic gradi -

ents that do not cause significant l|ateral or
vertical water nmovenents. The soil beconmes satu-
rated with water that can be renoved only by eva-
potranspiration.

2.2 Soils with high Ks;t+ but with very |ow hydraulic

gradients that do not cause significant |ateral
wat er nmovenent. Water can be renbved by evapo-
transpiration and there i s sone drai nage.

2.3 Soils with lowKsat and | ow, but significant, hy-

draul i c gradi ent where natural drai nage and evapo-
transpiration | ower the water table.
2.4 Soils with high Ksat and | owbut significant hy-

draul i c gradi ent, where evapotranspiration, natu-
ral drainage, and possibly tile drainage | ower the
wat er t abl e.

Type 1.1 is in surface water gl eys or pseudogl eys where
wat er noves slowy down through a pernmeable soil horizon
i nto an unsat ur at ed subsoi| where a deeper, real water table
may occur (2, 26, 27). Type 2 flow systenms are in groundwa-
ter gleys where the real water table, at zero pressure,
forms the upper surface of the aquifer.

Visible nottling is fornmed by solution of Fe and M
conpounds during reduction (30). As redox potential decreas-
es, M conpounds reduce first, followed by Fe. The reverse
occurs when a reduced solution containing both compounds
oxidizes (Fig. 1[4]).

The formof Fe and Mh concentrations after oxidation
(Fig. 1) and the reduced color of the soil matrix can indi -
cate annual water flowpatterns, as illustrated by the fol -
| owi ng descri ptions of fl owsystens.

Intype 1.1. flowsystem water input is higher thanthe
Ksat of soil horizons in the upper part of the colum. Mt -
tling types 4 and 5 (Fig. 1) dom nate. Reduced conpounds are
renoved vertically or laterally and are likely to be oxi-
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Fe(ferrans +
nodules)
e ——— Mn (mangans +
nodules)

1. Schematic representation of redox regimes and associated soil moisture regimes and mottling
features. red. = reduced, ox. = oxidized.

di zed again in the unsaturated, aerated subsoil. Fe precipi-
tates first.

Neoal bans are bl eached zones around nacropores that
formwhen water infiltrates through the nmacropores into a
relatively dry soil matrix when wet season begins. Organic
matter fromroots encourages reduction. Fe and Vh precipita-
tion inside the still - aeratedpeds follows reduction (type
4, Fig. 1). Inposing this flowreginme induced neoal bans in
soi | sanpl es (31).

Later, conplete saturation and reduction may occur
i nside the peds, causing |low chromas in the soil matrix.
Such chromas al so can occur without macropore flow (type 5,
Fig. 1). Inthis situation, nottling patterns indicate ver-
tical flow through the horizon and lateral flow inside and
bet ween peds.

Type 1.2 flow systemoccurs in soils wth continuous
nmacr opor es where K drops sharply upon desaturation (Fig. 2).
The crust test (10) allows distinctionof these K curves.

Soils are saturated for short periods, but may be wet
for extended periods (32). Wetness may reduce Mh conpounds
only, or it may also reduce Fe. Flow is lateral and toward
air— filledracropores. M and, sonetines, Fe coatings (nman-
gans, ferrans) formon peds or along the walls of channels
(rmottling patterns 2 and 3, Fig. 1). Mangans were induced in
soi | sanples by inposing this flowregi ne (33).

Intype 2.1, reduced conpounds are not renpved by wat er
flow Mttling types 4 and 5 (Fig. 1) may occur, but they
may be associated with nore ferrans and mangans no ped faces
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than in 1.1. Ferrans and mangans formwhen the soil dries
and precipitationoccurs along larger air— filledoids.

Type 2.2 is here distinguished only to allowfor renov-
al of reduced conpounds by artificial drainage, which is
possi bl e because of a relatively high K,,,. Drainage often
isinmpossibleinl. 1systens.

Types 2.3 and 2.4 are internedi ate- flowtypes, and
include the possibility for enhanced renoval of reduced
conpounds fromt he system

Careful |l y describing soil profiles, including nottling
features, helps understand conplex flow processes. Such
processes often are very difficult to characterize by random
physi cal nonitoring. However, nottling features cannot be
used as concl usi ve di agnostic features to predict soil satu-
rati on or wet ness. Sone soils neither shownottling nor have
relict nottles, and others inherently have low Fe and M
content (24). Descriptions of nottling best serve when they
conprise part of a broader physical and hydrol ogi cal charac-
terization.

Expandi ng tradi ti onal descriptions, whichnote only the
occurrence of chromas of two or less (28), can significantly
i ncrease the val ue of nottling descriptions.

2. K-curve for a heavy clay showing sharp K (cm d-!)
drop of K upon desaturation and a Kyacro TA2
curve (see Fig. 5), for which 3 cubes of 10
soil were tested. O Crust test

* Hot-gir method

W Reduced K-values

1073

1074

10'5 N | ! |
-1 -10 102 103
h(kPa)
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Cutans

Cutans composed of clay, silt, and/or organic matter also
indicate flow processes. They occur along the walls of
wat er - conducting nacropores and may i ndi cate fl ows
associated with deposition. The conposition of the cutan
indi cates the associated flowregine (18).

In Alfisols, cutans of very fine clay develop al ong ped

faces, indicating low water flow rates. Silt and even sand
particles may be nmoved at higher flows, which may occur
after intense rainfall. Cutan conposition should be conpared

with soil material in overlying horizons to docunent possi-
bl e displacement of soil materials within the profile.

DESCRIBING SOIL PORES FOR PHYSICAL FLOW MODELS

Al t hough nor phol ogi cal features hel p predict flowprocesses,
ri gorous physi cal neasurenents are necessary. There is in-
creasing use of soil norphology to define flow systens in
field soils in ternms of physical boundary conditions that
are crucial indevel opi ng wat er — novenentsi nul ati on nodel s.

The sand nodel s of water flow, as defined in soil phys-
ical theory for isotropic, nonswelling, and honbgeneous
porous nedia, often are inadequate for anisotropic, swell -
i ng, heterogeneous fieldsoils.

Fl ow systens in those soils may be characterized by
defining pore patterns through norphol ogical descriptions
that distinguish nacropores occurring between peds or as
channels in a soil matrix with or without peds. Such charac-
terizations also can be used to define representative el e-
nentary vol unmes for sanpling purposes. This application of
soil norphology is particularly useful because the data
of ten coul d not have been ot herwi se obt ai ned.

Observing and measuring soil pores

Various schenes have been proposed to describe soil pores
(18). Pores can be described as pl anar voi ds (cracks), chan-
nels (made by soil fauna or roots), as single or conpound
packi ng voi ds between elenentary soil particles or aggre-
gates, and vughs. Vughs are irregul arly shaped voi ds | arger
t han t he si npl e packi ng voi ds bet ween el ementary soil parti -
cles. Pores are describedby type, size, shape, and arrange-
nent, and by nunber of pores per unit surface area.

Much information can be gai ned by exam ning pore con-
figurations of large, fresh soil sanples inthe field. Exam
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ining thin soil sections by mcroscope provides further
data. However, relating pore configuration to the flow of
wat er and gases through soil is difficult because fl ow pro-

cesses depend on continuity of |large pores, which is diffi-
cult to establishby examning a small soil sanple.

Except for sands, where all pores transport water and
gases, nost soils have bi porous systens. Bi porous soils have
| arge pores, through which water and gases nove, and snal |
pores in the natural soil aggregates (peds) through which
there is little gas or water novenent.

Functional characterization

Mor phol ogi cal met hods describe all pores, irrespective of
their effect on fl ow processes. To determ ne specific pore
fl owprocesses, dyes such as net hyl ene- bl ueand ot her chem -
cal tracers have been used to stain the walls of water-
conducting pores (1, 22, 25). Gypsumhas been used to deter -
nmne the volume of large pores in dry cracked clay soils
(17). The foll owi ng studi es are exanpl es of functional char-
acterizationof macropores (8).

Saturated flow in a heavy clay soil. Undisturbed sam-
ples of a clay soil that was nearly saturated for several
nonths were percolated with a 0.1% sol ution of nmethyl ene-
blue and water (15, 16). Horizontal slices of soil were
freeze- dried. Thin sections of the slices were studied to
establish pore- continuitypatterns (Fig. 3). Observations
i ndi cat edt hat

1. Ksat Was governed by small, 30- um- di anet epore
necks. Slight changes in pore neck significantly
affected K . For exanple, a 22- upnpore neck
gave a K, - of 50 mmd, and a 30- pnpore neck gave
250mm d.

2. Larger, water- conducting (stained) pores usually
occupi ed less than 1%of the soil volunme. There-
fore, they shoul d be described by nunber per unit
area rather thanby rel ati ve vol urne.

3. Fl ow occurred nainly along planar voids, contra-
dicting the assunption for Dutch clay soils that
swel | i ng conpl et el y cl oses cracks.

4. Ksat Of six different clay soils could be cal cu-
| at ed f romnor phoi ogi cal data (16).
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3. Thin section image of a wet clay soil in which water-conducting, continuous planar voids are stained
with methylene-blue.

4. Vertical ped face of a prism at 50
cm depth, showing blue bands that re-
present vertical infiltration (bypass
flow) of water after sprinkler irriga-
tion of a dry clay soil.
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Infiltration of sprinkler irrigation in a dry clay

soil. Vertical infiltration of free water through unsatu-
rated soil horizons is called bypass flow To determne
bypass flow in a Dutch clay soil, five sprinkling inten-
sities were i nmposed on four clay soils (11). Methyl ene- bl ue,
inwater, was sprinkled on cracked, dry clay soil in 1.0 x

0.5 mexperinental plots. Soil was excavated frombel ow t he
plots to observe infiltrationpatterns. These consisted of 5
to 7 mmwi de vertical bands on the ped faces (Fig. 4). The
number and surface area of bands were recorded at 10-cm
i ncrements to 100- cmdept h.

The total (vertical) surface contact area Sdefines the
area available for lateral infiltrationinto the dry peds. S

increased up to 200 cn? as sprinkling intensity increased,
but the stained fraction remained low. A coarse prismatic
structure wthpeds of 10 cm cross section has an S of

20,000 cn? per 10 cmdepth ina 0.5 n? plot. Therefore, the

maxi mum st ai ned S of 200 cn? represents only 1%of avail able
vertical surfaceof infiltration.

Effects of horizontal cracking on upward, unsaturated
flow As vertical cracks may cause bypass flow, so soil
shrinkage also mamy cause horizontal cracks that inpede
upward water flow in unsaturated soil (14). The follow ng
nmet hod was devised to stain air-filled horizontal cracks at
different npisture contents and corresponding negative
pressur es.

A 30-cmcube was carved fromthe soil (Fig. 5), encased
ingypsum and turned on its side. On the turned cube, the
gypsumseal was cut away fromthe upper and | ower surfaces,
and the sidewal | s were kept seal ed. A sol ution of nmethyl ene-
bl ue and water was poured into the cube to stain the air-
filled cracks. The surface area of the stained cracks was
determined after returning the cube to its upright position.
A separ ate cube was used for each (negative) pressure.

The K-curve for the peds (Fig. 2) is normalized for
each pressure sanpl ed. Wen, for exanple, 50%of the hori-
zontal cross sectional area is stained, K for upward

unsat

flowis 50%that of K,,s5+ at the sanme pressure in the peds.

The normalized K-curve is ternmed K o-
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Tensio~

meters /)( /o

5. Method for measuring the area of air-filled horizontal cracks as a function of hydraulic pressure.

Large— pore continuity in disturbed and undisturbed
pl owpans in sandy |oamsoils. Plowpans in a sandy | oam soil
were disturbed by deep rototilling (23). After 2 yr the
di sturbed pl owpan had | ower hydraulic conductivity, higher
pore vol unme, and | ower bul k density than the remaini ng pl ow-
pan. The difference in hydraulic conductivity was expl ai ned
by observing | arge- porecontinuity, made visible by stained
channels, in thin sections of a conmpact groundmass (Fig.
6A). The disturbed plowpan had di sconti nuous, (unstained)
conpound packi ng voi ds bet ween aggregates (Fig. 6B).

The study showed that |arge aggregates, nmde by deep
tillage of this sandy |oam soil, were unstable. They col -
| apsed and closed the conpound packing voids between the
aggregates. Aggregate instability was a consequence of the
soi|l mcrostructure conposed of elenentary sand, silt, and
clay particles.

Till age under wet conditions may puddl e the soil, caus-
ing the clay particles to swell (3) and fill the pore space
between the sand grains (Fig. 7A). The result is a soft,
plastic soil with relatively high porosity that consists
only of fine pores. Its hydraulic conductivity is relatively
| ow.

Upon drying, the fine soil particles concentrate al ong
the sand grains to formbridges (Fig. 7B). Wen rewetted,
t he bri dges do not di sappear, and the soil is slightly hard
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6. Horizontal thin-section images of stained samples of a plowpan in a sandy loam soil (A) and of a
disturbed plowpan (B). Lack of continuous macropores in B is indicated by the absence of stained
pores (23).

RE. SN __, h., . &g

7. Thin-section images of samples of a puddled sandy loam (A) and an air-dired sandy loam (B) on a
gypsum plate show parallel orientation of clay paticles to sand grains. In the puddled soil, fine parti-
cles are dispersed between the sand grains. In the dried soil, they concentrate around the grains (voids
are red) (3).
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at that noisture content at which the puddled soil is soft
and pl asti c,

M cr onor phol ogi cal data on mcrostructure, as shown
here, hel p understand physi cal and mechani cal soil processes
and hel p fornul at e hypot heses.

USING MORPHOLOGY FOR SOIL PHYSICAL CHARACTERIZATION
Methodology

It is inportant to choose proper physical nethods and appli -
cati ons when eval uating soil structure. It also is essential
to describe soil structure before taking sanples. At |east
20 el enentary units of soil structure shoul d be represented
in a good sanmple (7). The following are sone exanpl es of
appropri ate physical nethods, applications, and sanpling
t echni ques(8).

Measuring hydraulic conductivity. Large soil sanples
are necessary for representative hydraulic conductivity
neasurenents. Dyes can be used to determne |ocal flow pat-
terns in soils with natural peds, as in the previously de-
scri bed study. Col umm, cube, and crust nethods require 15 to
20 litres of soil carved fromthe experinental plot. The
bl ock of soil nust be encased in gypsum (4, 5, 10). Auger-
hol e sanpl i ng net hods are unreliabl e because the wall of the
hol e puddl es (16).

Measuring by pass flow To neasure bypass flow, undis-
turbed sanples of surface soil are taken in plastic cylin-
ders and sprinkle- irrigated.Bypass fl owis neasured direct -
ly ineight 6- litresanpl es. Although the sanples are | arger
than normal, they often do not contain 20 peds. Correct
cylinder placenment inthe soil is essential, and should be
gui ded by structure descriptions made before sanpling (13,
19).

Measuring water content and pressure. Variations in
field noisture should be consi dered when neasuring noi sture
content (as with a neutron noi sture nmeter) or pressure (wth
a tensionmeter). Soil structure should be studi ed before and
after neasurenment devices are installed. Misture distribu-
tions and preferential flow patterns also should be ob-
served. Carefully recorded observations can expl ain sone of
the variability anong replicate neasurenents.

For exanple, Bouna et al (9) reported different read-
i ngs when using 8- cnmand 5- mt ensi oneter cups to determ ne
infiltrationpatterns inasilt |loamsoil. Study of the soil
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structure showed that the large cups intercepted water-
conducti ng macropores al ong which water entered the soil by
bypass flow. They showed a brief period of saturation that
was not shown by the small cups. The snmaller cups only con-
tacted the unsaturated soil matrix, which represented, in
fact, the overall condition of the horizon.

Simulation models

Conpl ex flowprocesses in biporous soils w th macropores can
be sinplified by subnodel s devel oped usi ng soil norphol ogi -
cal data. Three infiltration subnbdels are shown in Figure
8:

1. vertical infiltration between macropores at the
soi |l surface (i1);

2. water flow fromthe surface into the nmacropores
after mcrodepressions on the soil surface are
filled; and

3. partial or conplete filling of the macropores and
lateral infiltrationintothe unsaturated soil

matrix (i2).

A separ at e subnodel for upward fl ow t hrough unsat urated soil
(izinFig. 8) is based onthe dye nethod to show the effect

of hori zontal cracks.

Conput er sinul ation, based on Darcy's Law and the con-
tinuity equation, and using CSMP or other user- friendly
subroutines, facilitates infiltration subnodeling, as shown
i nthe foll owi ng exanpl es.

8. Schematic representation of water infil-
tration in a biporous soil, showing surface
ponding, vertical infiltration (i1), lateral

infiltration along ped faces into peds (i2),
and upward flow (is). “/w

Surface ponding




212 SOIL PHYSICS AND RICE

Sprinkler—irrigatinga clay soil. A nodel with three
subnodel s was used to predict water infiltration during
sprinkler— irrigatiomf a dry, cracked soil (21). Functions
K- h, D-q, and h-g were neasured, as was contact area S at
two sprinkling intensities, and surface ponding. The ob-
served hi gh bypass fl ow (expressed as a percentage of sprin-
kling rate) was caused by low S values and relatively |ow
surface ponding. Simulated conditions inwhichall vertical
ped faces were available for lateral infiltration

(S = 20,000 cn?) predicted no bypass fl ow because water was
absorbed within 2 cmof the surface.

Flooding a dry, cracked clay soil. In the previous
exanpl e, cracks were not filled with water, and water noved
in narrow bands along the vertical walls of air-filled
cracks. Flooding a dry soil causes water to pond and fill
the cracks. The wi dth, depth, and nunber of cracks per unit
surface area determ ne avail abl e vol une for storage. Infil -
tration occurs inthe upper soil surface, and laterally from
filled cracks.

Afield study (17) showed that the volune of air- filled
cracks available for water storage could be estimated by
counting gypsum- filledcracks. In a sinulation, |ateral
infiltration into the peds was cal cul ated using a neasured
D—q function and the total |ength of cracks within a given
hori zont al cross- secti onalar ea.

Fl ooding of soils with wormchannels. Wen soils with
worm channels are flooded, water penetrates rapidly to
depth. A field and simulation study was nade of vertical
infiltrationat the soil surface, worm- channelfilling, and
lateral infiltration into the soil matrix fromthe filled
channel s (9). Because wor mchannel s have irregul ar nor phol o-
gy, nmeasured rather than calculated infiltration rates were
used because the latter assunme channels to be perfectly
cylindrical (20).

Upward, unsaturated flowin a cracked clay soil. Using
the dye nethod, a Ky, curve (Fig. 2) was used to cal cu-

| ate water - tabl e- to- root - zbhexes in a heavy clay soil in
the growi ng season. Sinulated data and field neasurenents
agreed well (14), but predictions were unrealistic when a
K- curvefor the peds was used to cal cul ate upward fl uxes.
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EFFECTS OF PUDDLING ON SOIL
PHYSICALPROPERTIES AND PROCESSES

P. K. Sharna and S. K. De Datta
International Ri ce Researchlnstitute

Abstract

Puddl i ng processes and their effects on soil physical envi-
ronnent, rice production, and succeeding upland crops are
reviewed. Soil aggregation, bulk density, soil strength,
pore- sizedistributions, gas exchange, water retention and
transm ssion, soil thermal regines and formati on of subsur -
face hardpans are di scussed.

Puddl i ng destroys soil aggregates, and thus changes
ot her soil physical properties. Bul k density may i ncrease or
decrease depending on soil structural status before pud-
dling. Soil strength decreases with puddling and water
transm ssion pores are elimnated. Storage pores are |ess
af fect ed but residual pores are markedly i ncreased. Puddling
decr eases gas exchange, hydraulic conductivity, and percol a-
tion losses and soil drying. Water retention at suctions
hi gher than 10 kPa increases and soil tenperature in the
root zone declines. The influences of these changes on rice
producti on are di scussed.

Al so described are the formation and effects of hard-
pans in lowand rice soils. The necessity of devel oping
i ndices for evaluating puddl ed soils is stressed and atten-
tionis directed to unresol ved questi ons concerni ng physi cal
aspects of rice- basedcroppi ng syst emns.
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PUDDLING

In nost Asian countries, puddling is al mbost synonynous with
rice culture, although in other parts of the world -- the
United States, Australia, and parts of Europe and even in
some Asian countries -- riceland is cultivated dry and then
fl ooded.

Puddl i ng general ly refers to breaking down soil aggre-
gates at near saturation intoultinmate soil particles. Bod-
man and Rubin (3) defined puddling as the nechanical reduc-
tion of the apparent specific volune of soil. For a farner,
puddling is mxing soil with water to make it soft for
transpl anting and i npervious towater (8). It control s weeds
and reduces percol ation | osses of nutrients. The advant ages
and di sadvant ages of puddling inrice- basedcroppi ng systens
were wel | docunented by De Datta (8).

Duri ng puddling, soils undergo two deform ng stresses:
nornmal (load) stress, associatedw th conpression, and tan-
gential stress causing shear. Conpression is nost effective
bel ow, and shearing ef fects dom nate above the upper plastic
limt. The work done during puddling can be expressed by

(3)

Tot al = work done - work done + work done by tan-
work in by nor mal by nor mal gential stress
puddl i ng stress be- stress dur - duri ng shear

fore shear i ng shear

The ease and degree of puddling depend on soil type, npis-
ture content, tillage inplenent, and cul tural practices.

Maxi mum puddl i ng occurs at npisture contents between
field capacity and saturation (3, 21). At such noisture
contents, the cohesionw thin soil aggregates i s nmininmum so
shear planes may easily form Mreover, when aggregates of
dry soil are wetted, uneven swelling and explosion of
trapped air al so hel ps formshear planes. At noisture con-
tent bel ow saturation, cohesion between the aggregates and
clods is maximum and novenent of aggregates along each
ot her and along the inplenent is therefore restricted. Con-
sequently, the energy of the puddling inplement is effec-
tively transferred to shear and destroy the aggregates.

Soils with high cohesion within aggregates, caused by
stabilizing agents sucn as Fe and Al hydrous oxi des, cal ci um
carbonates, and organic matter, need a |larger energy input
for puddling. Highclay content favors puddling, but kaoli -
nitic clays are nore difficult to puddl e than nontnorillon-
ite clays. Simlarly, Na- saturatedclays puddl e nore easily
t han Ca- saturat ectl ays.
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Degree of puddling also depends on tillage inplenent
and on intensity of puddling. Rotary inplenents generally
are better for puddling than plows because their rotary
notion continual ly changes the direction of the shear stress
and hence nmat ches the weakest fracture plane within a cl od.
Nevert hel ess, country pl ows, nol dboard pl ows, disk harrows,
angul ar puddlers, and rototillers also are effective. In
guantitative studies of puddling, results oftenare variable
because of influences of soil type and of the particular
choi ce of puddling i ndex.

EVALUATING THE SOIL PUDDLE

Bodnman and Rubin (3) neasured the degree of puddling as the
decrease in apparent specific volune of soil after puddling.
Tanej a and Pat nai k (32) used the fractional vol une shrinkage
of puddl ed soil, centrifuged at 2000 rpm to characterize
degree of puddling. Bhole (2) used viscosity of puddl ed soi
as an i ndex. Sinha (31) devel oped an i ndex of puddling based
on soil particle dispersion, calculated as the ratio of the
vol ume of (puddl ed) soil after and before settling for about
48 h. A higher value indicates a greater degree of puddling.
Aggregate size distribution and decrease in saturated hy-
draulic conductivity and percolation rate also have been
used as i ndi ces.

However, no single index can satisfactorily describe a
puddl ed soil. For exanple, puddling does not al ways decrease
apparent specific volunme. It may cause a decrease or an
i ncrease, depending on soil aggregation status, the nature
of colloids and ionic concentrations in the soil solution
(14). For soil dispersion, there are strong influences of
el ectrol yte concentration. Moreover, if soil dispersion on
puddling is low, |oss of volune during settling alsow |l be
| ow, falsely indicating a high degree of puddling. Further-
nore, percolationrate for this soil may remain high

Decline in hydraulic conductivity or percolation rate
may not be an unanbi guous index of puddling, because soi
conpaction (w thout pul verization) also can decrease perco-
lation (11). It may therefore be that for applications in

rice research one should use a conbination of indices that
characterize both softness (for ease of transplanting) and
perneability to water (for econony of water and nutrients).
A joint index of bulk density and percol ation rates may be
effective. For routine work, the ratio of water- dispersible
silt plus clay in puddled soil to the actual silt plus clay
may be useful to determ ne the degree of puddling.
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EFFECTS OF PUDDLING

Puddl i ng i nfl uences physi cal, chemnical, and m crobi ol ogi cal
soi|l properties, which in turn influence rice growh. Pud-
dling has both short- and long- terneffects on soil and on
rice growh. This paper reviews only the physical effects of
puddling inrelationto rice growh and yi el d.

Short—termeffects of puddling

Soil structure. Puddling destroys aggregates and peds.
Wetting dry soil causes uneven swelling in aggregates and
expl osi on of trapped air. The aggregates are sl aked. Aggre-
gates, depending on their stability, will be partially or
conpl etely destroyed if they are, subrmerged and subjected to
repeated plowi ng, harrowing, or other puddling. A well-
aggregated, porous soil is converted into amssive, plastic
mud.

The puddl ed | ayer is neither structurally nor chenical -
ly uniform but there is little information on stratifica-
tion within puddl ed soil. A Japanese study showed that the
upper 0- 15 mmof the puddl ed | ayer is conposed of fine par-
ticles, the mddle layer is thin and porous w th sandy shi n-
gles, and the lowest layer is massive without particle dif-
ferentiation(26).

Chaudhary and Ghildyal (5) reported that puddling re-
duced nmean wei ght di aneter of aggregates from 1.70 to
0.36 M In a laboratory study (11) using aggregates snaller
t han coarse sand, puddling broke about 40%of the aggregates
into fractions less than 0.05 mMmm | n an experinment in China
(35), a change from doubl e- croppedrice- wheatto triple-
cropped rice- rice- wheatreduced m croaggregate content by
50%bet ween 1965 and 1976 (35).

Bul k density and soil strength. The effect of puddling
on bul k densi ty depends on soil aggregation before puddling.
If puddling produces a parallel, closely packed structure
froma wel | - aggregat edopen structure, bulk density increas-
es. But puddling can al so produce a nore open structure, and
hence decrease bulk density. Strong interparticle forces

general |y favor well - orientedstructure, and weak interpar-
ticle forces favor open gel structure (14).
Puddl i ng a wel | — aggregat ed, porous soil creates a nas-

sive structure with highbulk density (3, 11) that increases
wi t h dryi ng because of soil shrinkage. Adried, puddled soil
is conpact and hard, and devel ops broad, deep cracks, de-
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pending on clay nature and content. Puddling such a soil
di sperses particles and | owers bul k density.

Table 1 shows that as a result of puddling, surface-
| ayer bul k density of a |ow and clay declined from0.83 to

0.53 t/nP, and of a clay loamfrom1.16 to 0.81 t/m3, But as
particles settle, bul k density of a submerged soil increases
with tine. Settling and consolidation my be due to refloc-
culation of .dispersed clay, and would depend on clay
conposition and on ionic concentrations of the soil solu-
tion. Sandy or kaolinitic soils settle faster than others. A
report from Surinam (24) suggests that bulk density of a
puddl ed soil wunder continuous submergence declines over
time, with a consequent decrease in soil- watercontent at
saturation fromover 90%to as | owas 20%

Puddl i ng decreases the shear strength of the surface
| ayers. In general, shear strength decreases with noisture
content and i ncreases with bul k density (22).

Bul k density and shear strength are negatively corre-
lated with growth and grain yield of transplanted rice (15,
17). In a field experinent, decrease of bulk density of a

clay loamfroml1.16 to 0.81 t/m® and decrease in cone pene-
trometer strength in the 0- 10cmlayer froml.1 MPa to zero
increased rice grainyield from3.6 to 5.5 t/ha. Rice yields
in dense soils probably are | ow because seedling roots are

i njured at transpl anti ng and because the strong soil inpedes
root gr ow h.
Soi|l porosity. In a puddled soil, individual clay par-

ticles or particle clusters are in parallel rows within
wat er — saturatedcapillary pores. Gas either is nonexistent
or trapped in storage and residual pores. Aom ne and Shiga
(1) studied the structure of several Japanese rice soils
after harvest. They identified a massive layer Ap 1 with

Table 1. Effect of puddling on bulk density of two soils (29).

Bulk density? (t m)

Depth (cm) Clay Clay loam
NP P NP P
010 0.83 0.53 1.16 0.81
10-20 0.91 0.68 1.23 1.09
20-30 1.00 1.02 1.29 1.27

NP = nonpuddled, P = puddled.
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very fewpores in the top 1- 2cm followed by a relatively
nore porous layer Ap 2 to about 10 cm wunderlain by a nas-
sive | ayer Ap 3.

The effect of puddling on porosity depends on the soil
particle orientation in the puddled layer. If a parallel
structure develops from an open gel structure after pud-
dling, total porosity decreases. |f a nore open structure
results frompuddling, total porosity will have increased.
Bodnman and Rubin (3) reported 90- 100%reduction in the non-
capillary porosity in a silty clay |oam Jami son (18) ob-
served about 80% reduction in pores >10 ymin a clay soil,
wi th a correspondi ng increase inwater- fill edpores. However
inour study, puddling a dry, low and clay increased total
porosity from69 to 80% and in a clay |loamsoil from56 to
69%

There are few studies on pore- sizedistribution in
puddl ed soils because accurate neasurenents are difficult.
The capillary rise equation, normally used in rigid, porous
systens, is difficult to apply inanonrigid, swelling sys—
temwhere structure changes as soil dries and shrinks. O her
net hods of nmeasuring pore- sizedistribution also have weak-
nesses (14).

Figure 1 shows a conparison of pore- sizedistribution
i n puddl ed and nonpuddl ed clay and clay |l oamsoils at IRRl.
In each soil, puddling decreased pores >30 pm (transmi ssion
pores) by about 83%and increased pores of 0.6-30 um (stor-
age pores) and (0.6 pm (residual pores) by 7% and 52%
Changes in pore- sizedistributions strongly influence gas
exchange, water retention and transm ssion, and soil evapo-
ration.

Gas exchange. Diffusion coefficients of gases in water

are about 10 4of those inair. Insoil water, the diffusion
coefficient is further reduced by the solid matrix and by
tortuosity. The effective diffusioncoefficient insoil wa-
ter (D,,) relates to the diffusion coefficient in pure water

(Dy)as:

Dsw B Dw w0 Vw
where tis the tortuosity factor, ¢ a factor accounting
for interaction between gas and soil (usually = 1), and V,
t he vol unetri c noi sture content.

In a subnerged, puddl ed soil, gas exchange, especially
of oxygen, between soil and atnosphere is severelyrestrict-—
ed. Oxygen concentration declines and carbon di oxi de concen-
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Pore volume (%

[

Clay = Clay loam

Ml Puddied
% Nonpuddled

~otg. | >30 0.6-3C <36 Tota >30 06-30 <06
porosity poros,

Pore sue(pm)

1. Effect of puddling on pore-size distribution of 2 soils (P. K. Sharma and S. K. De Datta, unpubl.).

tration increases. Sonme soils may generate 2.5 t carbon di —
oxi de/ ha in 3 wk of submergence (12). |n puddled soils, car-
bon di oxi de concentrations usually are not toxic to rice be-
cause the required oxygen is transported inthe roots by in-
tercel l ul ar gas spaces. For nost upl and crops, critical oxy-

gen diffusion rate (ODR) is 18 x 105 kg m?h%, and for

rice (22) is 2.4 x 105 kg m?h?t. But in soils
receiving high amounts of easily deconposable organic
matter, carbon di oxide | evel s mi ght becone toxic.

Water retention and transm ssion. Elim nating noncapil -
lary pores in puddled soils usually |owers water retention
for potentials above - 0.01Mua. At lower (nore negative)
potentials, and hence over the range - 0.0l1to - 1.5 MPa,
water retention in puddled soils always exceeds that in
nonpuddl ed soils (33, 35). Figure 2 shows noi sture desorp-
tion curves for a clay soil under two crop rotations: pud-
dl ed rice- puddl edrice, and puddled rice- (mai ze+ soybean).
Drying brings soil nmoisture characteristics of puddl ed soils
cl oser to those of nonpuddl ed ones (Fig. 3); nbreover, resa-
turation does not restore to a dried puddl ed soil its origi-
nal highwater retentioncapacity (33).
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Volumetric water content (%/)

@ .
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Matric suction (MPa)

2. Effect of puddling on water retention in a clay soil at different matric potentials (P. K. Sharma and
S. K. De Datta, unpubl.).

Volumetric moisture content (%)
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B3 Sieved,puddied, oven—dried
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Soil matric suction (MPa)
3. Effect of different predrying treatments on water characteristic curves of a silty clay loam soil (33).
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Puddl ed soils dry nore sl ow y t han unpuddl ed soils (15,
16), probably because the hi gher unsaturated hydraulic con-
ductivity of puddl ed soils can keep surface soil wet during
evaporation by supplying water from |lower |ayers. Also,
because of increased water retention at a given suction,
nore energy i s needed to evaporate the sanme anobunt of water
froma puddl ed than from an unpuddl ed soil. Thus a puddl ed
soi|l may take several weeks or nonths to dry and to reach a
wor kabl e noi sture content (Fig. 4). Rice grown on a puddl ed
soil may be less affected by drought than rice grown on a
granul ated soil (10). Under severe drought, however, when
soi | begins to shrink and crack, restricted root devel opnent
nmakes rice performworse in puddled than in well - aggregat ed
soi | under the same evaporative demand (27).

Cl osel y packed parallel particles in puddled soils re-
duce saturated hydraulic conductivity and percol ation (8,
15, 34). Subsurface hardpans (13) or a constant shall owwa-
ter table further limt percolation (34). Cheng (35) found
that percolation rate declined from9-15 nmto 2- 10mid
when a cropping system changed fromrice- wheat to rice-
ri ce- wheat

Reduci ng percol ation inproves water and nutrient effi -
ciencyinrice fields. Inpuddledsoils, increased solubili-
ty (25) and decreased |eaching (10, 28) naximze nutrient
efficiency. Increasing percolation adversely affects water
and nutrient econony and grainyield ([Table 2] 10, 12, 20,
30). However, somre percol ation may be essential for higher
grainyields in soils that regularly receive high anmounts of
easi | y deconposabl e organi c matter.

Thermal properties. Puddling af fects thermal properties
of soil by changing bulk density, npisture content, and
percol ation rate. Thermal conductivity (1) and volunetric
heat capacity (C increase with bulk density and soil -

4. Time drying curve of the top 5 cm of L0 urmerr 2 mastare content (%)
puddled and nonpuddled soil at rice harvest - e e e e e - -
(15). :

3
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Table 2. Effect of puddling on leaching losses of nutrients (29).

Percolation Leaching losses (kg ha'l)
Treatment rate

(mmdl)  NOg NHg P K Fe Mn Zn

Clay soil
Puddled 1.8 1.1 0.43 0.27 23 0.85 1.86 0.18
Nonpuddled 2.2 15 0.37 0.29 25 0.60 1.02 0.13
LSD - 0.3* ns ns ns ns ns ns
Clay loam soil

Puddled 2.2 1.6 0.33 0.21 14 1.07 184 0.12
Nonpuddled 8.5 8.7 1.62 0.86 71 1.28 1.13 0.40
LSD - 2.6** 0.34* 0.19** 30** ns ns 0.07**

noi sture content. Thermal diffusivity (1/C), which deter-
nm nes the rate of change of soil tenperature, also increases
with increasing noisture content, reaching a maxi mum at
noi sture contents correspondi ng to about - 0. 1MPa and t here-
after declining, Hi gh percolation rates may increase or
decrease root zone tenperature depending on irrigationwater
t enper at ure.

We studied tenperature profiles (Fig. 5) in subnerged
puddled and in submerged nonpuddled clay and clay |oam
soils. (Wt could find no published informtion on such pro-
files.) For the clay |oam tenperature was hi gher for non-
puddl ed than for puddl ed soil, but for the clay soil tenper-
ature was unaffected by puddling -- although bul k density,
about 30%hi gher in nonpuddl ed soils, differed simlarly for
both soils. Indeed, soil tenperature appeared to be influ-
enced nore by percolation rate of the hot irrigation water
than by bulk density. Thus in the clay |oam percolation
rate in the nonpuddled soil (8.5 mid) was significantly
hi gher than in puddled soil (2.2 nmmfd). For the clay, perco-
lationrates (1.8 and 2.2 nm d) were the same in puddl ed and
nonpuddl ed soil. Additionally, irrigation water was 2- 3K
cooler inthe clay than in the clay | oam |nfluence of per-
colation rate on the tenperature profile in a puddl ed soil
is shown al so indata froma greenhouse experinent (Fig. 6).
Because soil tenperature affects rice throughout the growth
cycle (6), nmore research is needed into the thermal proper-
ties of puddl ed soils.

Long-term effects of puddling

Long- ternpuddling fornms a hardpan in the subsoil bel ow the
puddl ed layer. It nmay take 3 to 200 yr for a hardpan to
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5. Temperature profiles in puddled and I - T ]
nonpuddled clay and clay loam soils (29). X

® 1430+h
Puddled
——=— Nonpuddied

Soil depth {cm)

30 R - -
0 24 26 28 30 32 34

Temperature(°C)

form depending on soil type, climte, hydrol ogy, and pud-
dl i ng frequency (24). Subsurface hardpans devel op fromphys-
i cal conpaction and precipitation of Fe, M, and Si.

Conpact, 5- to 10- cnthick layers which occur in | ow
land rice soils between 10 and 40 cm depth and that have
hi gher (dry) bul k density and | ower total porosity and water
perneability than the over- and underlying soil horizons
were cal |l ed pl owpans by Koenigs (in 24) and traffic pans by
Moor mann and van Breenen (24). Tables 3 and 4 show sone
physi cal properties of a hardpan in a lowand clay |oam
(35). Hardpans are associated with the use of machi nery and
wi th conpaction caused by farners and animals during till-
age, transplanting, andweedi ng (13).

Chemically cenmented pans are formed in the oxidized
subsoil, wusually 15- to 20- cndeep, by precipitation of Fe,
Mnh, and Si fromupper, reduced soil layers. Soils wth sl ow
| y perneabl e subsurface hori zons, oxidized subsoils, |owpH,
hi gh concentrati ons of easily reduci bl e Fe and Mh, and easi -
| y deconposabl e organi c matter favor chem cal precipitation.
Because continuously subnerged soils have excessively re-
duced conditions, Fe- and M- pansformvery slowy. Under
favorabl e condi ti ons, M- and Fe- pansnay develop in 8- 40yr
(24). Ferrolysis (4) is another | ong- terneffect of puddling
that may | ower soil productivity.
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6. Effect of percolation rate on the temperature profile in a submerged silty clay soil (P. K. Sharma
and S. K. De Datta, unpubl.).

Table 3. Bulk density, total porosity, aeration porosity at field capacity, and saturated
hydraulic conductivity of a typical lowland soil (35).

Soil property Plow layer Plowpan Below plowpan Substratum
Bulk density (tm-3) 1.2 1.4 - 1.6
Total porosity (%) 53 44 - 42
Aeration porosity (%) 15 2 4 Negligible
Saturated hydraulic
conductivity
(cm dh 1038 1.7 3.1 1.0

Table 4. Pore-size distribution in a typical lowland soil (35).

Pore diameter

Plow layer (29 samples)

Plowpan (28 samples)

(mm) % 9% of total % % of total
>0.2 115 +3.1 22 55+23 11
0.2 -0.1 0.9 +0.5 2 0.4 +0.1 1
0.1 -0.05 1.1 £0.3 2 0.5+0.1 1
0.05-0.01 2.6 £0.9 5 1.7 £0.7 3
0.01 -0.005 1.6 +0.4 3 1.3 £0.5 3
<0.005 345 +3.1 66 40.9 £ 3.2 81
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A conmpact subsoil |ayer shoul d benefit | owl and rice be-
cause it Ilimts percolation of water and | eaching of nutri -

ents. Mallick et al (23) wote that a layer of 1.65 t/n?
bul k density at 20 cmdepth reduced the water requirenment of
arice crop by 20 to 40% There are other simlar findings
(16). However, we can find no data on the effect of hardpans
on the growth and yield of puddled rainfed rice, either for
condi ti ons of water sufficiency or water shortage.

Such effects may vary with soil texture as well as bulk
density. Pore- sizedistribution, which is influenced by
texture, has nore effect on root growh and distribution
thantotal porosity (19).

Subsurface conpact |ayers have many nanmes -- pl owpan,
traffic pan, hard | ayer, conpacted | ayer, restricting |l ayer,
i npermeabl e | ayer -- that sonetinmes indicate cause and sone-

times effect. They should be characterized by |ocation,
shear strength, and porosity. Suitable term nol ogy shoul d be
est abl i shed.

IS PUDDLING ESSENTIAL?

Because puddling is |abor- and capital - i ntensive, and be-
cause it creates soil physical conditions detrinmental to
upl and crops in rice- basedcropping systens, it is |ogical
to ask whether puddling is essential for rice culture and,
i f yes, under what conditions.

Zero and minimumtillage have produced grain yields of
transplanted rice simlar to those frompuddling (7, 9).
Sanchez (28) concluded that puddling reduced percol ation
| osses of water and nutrients, but found no evidence that
puddling inproved nutrient uptake by rice. Qur field data
gave simlar results. These findings inply that the only
rel evant benefits of puddling are the creation of soft
tilth, reduction of water and nutrient |osses, and weed
control. Therefore, other tillage operations that can create
t hose conditi ons shoul d produce sim lar rice yields,

In subnerged, nonpuddled soils, seedling roots are

danaged at transplanting, and strong soil limts root
grom h. Seedling growh is slower and crop stand poorer than
in puddled soil. Direct seeding may be a substitute for

transplanting i n such soil s.

Crop establishnent and weed control problenms encoun-
tered under zero tillage are lessened if mninumtillage is
undertaken, and the field then subnerged (9). Hence, in
soils that disperse easily onwetting or that have an i nper -
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Table 5. Grain yield of transplanted lowland rice in zero-
tillage, minimum-tillage, and conventionally puddled plots
(P. K. Sharmaand S. K. De Datta, unpubl.).

Treatment? Grain ¥i1e|d

(t ha™)
Zero tillage 4.3
Minimum tillage 5.5
Conventional puddling 5.5
LSD (5%) 0.5

@Minimum tillage = 1 dry rototiling + submergence, conventional
puddling = 2 wet plowings (carabao) + 3 harrowings.

neabl e subsoil that limts water perneability or that expe-
rience a constant shallowwater table, mnimumtill age may
be substituted for puddling (Table 5). Mnimmtillage fol -
| owed by subnergence nay not only save noney and energy but
may reduce turnaround tinme for the subsequent upl and crop.
More research i s needed to test this hypothesis.

In highly perneabl e soils, however, such as those with
sandy to nedium textures, or well-aggregated Oxi sols and
Andepts, puddling is essential for | owl and rice producti on.
Soi | conpactionmay be a useful alternative (11).

RESEARCH GAPS

Al t hough some information is available on the effects of
puddling on rice growh and yield and its consequences in
ri ce- based croppi ng systens, researchon the foll ow ng top-
i cs i s much needed:

. identificationof soils and croppi ng systens that
do not require puddling for rice production;

i devel opnent of suitable indices to characterize
puddl ed soi | s;

. thermal reginmes of puddled soils in relation to
ri ceproduction;

. effect onrainfed | ow and rice of subsurface |ay-
ers of various pore-size distributions and shear
strengt h;

. | ong-termconparison of mnimmtillage and pud-

dling in ternms of nodifications in soil physical
envi ronment and production of lowand rice and
succeedi ng rai nf ed upl and crops; and
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10.

11.

12.

13.

. alternative tillage techniques for upland crops
following lowand rice with the objective of re-
duci ng turnaround ti me.
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AGGREGATE CLASSIFICATION
AND SOIL PHYSICAL PROPERTIES FOR
RICE-BASED CROPPING SYSTEMS
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ABSTRACT

Sinple tests are described for dividing soil aggregates into
seven cl asses. Possible treatments for reduci ng the hydrau-
lic conductivity of a soil layer to a satisfactory | evel for
rice production are discussed in ternms of these aggregate
cl asses. Reconmendati ons are based on experience in reducing
seepage through subsoils for dams. The ease of creating
tilth for a subsequent dryland crop is also related to the
cl ass of aggregates and the tillage used for rice.

Attention is drawn to sonme possible beneficial effects
on soil structure of organi c conpounds rel eased during rice
farm ng as shown by ultrastructural exam nati on
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AGGREGATE CLASSIFICATION AND SOIL PHYSICAL PROPERTIES
FOR RICE-BASED CROPPING SYSTEMS

For efficient rice production on flooded soils, saturated
hydraulic conductivity should be snmall enough to prevent
rapid | oss of ponded water, yet |large enough to allow any
toxi ¢ substances to | each away. A seepage rate of 1- 5mid
i s necessary, indicatinganaverage soil hydraulic conduc-

tivity of 1- 5x10° nm's for unit hydraul i ¢ gradi ent.
Soil commonly is puddled for lowand rice. Puddling
usual | y reduces hydraul i c conductivity by destroyi ng surface

aggregat es and conpacting the underlying soil. Further com
pacti on occurs during planting and weedi ng. However, if a
surface soil is puddled and remai ns di spersed, dense cl ods

or crusts formwhen it dries, making it difficult to prepare
a seedbed for a subsequent dryland crop. Additionally, any
subsoi|l conpaction will inpede root growth of the dryland
crop and shoul d be avoi ded.

On certain soils puddling may be unnecessary. Either no
treatment is required or conductivity can be reduced suffi -
ciently by conpacting the soil at a water content that is
| ess than the maxi mumwater content that can be attained in
the fieldw thout puddling, i.e. field capacity.

Changes in the hydraulic conductivity of a soil |ayer
due to an applied stress depend on the nagnitude of the
stress, the strengths of the bonds between the clay parti-
cles, and the surface area of the clay. The ease w th which
the hydraulic conductivity of a soil |ayer can be changed is
largely determ ned by the strengths of bonds between clay
particles, the surface area of the clay, and the nmmgnitude
of applied stresses. The average strength of the bonds de-
pends on factors such as pH, and organic matter content and
conposi tion.

Sinple tests that integrate these properties have been
devel oped by observi ng t he coherence of aggregates inwater.
Based on the tests, soil aggregates have been divided into
seven classes. A simlar classification has hel ped di agnose
structural problens indrylandagriculture (10).

Thi s paper considers possible relations between the
m ni rumtreat ment necessary to reduce the hydraulic conduc-
tivity of a soil to the required | evel and the class nunber
of aggregates fromthe surface and i nmedi ate subsoil. The
consequences of soil structural alteration for a subsequent
dryland crop are discussed for each treatnent and class
nunber. The last section draws attention to the possible
beneficial consequences of rice culture on bondi ng between
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clay particles by organic conpounds released during crop
growt h, and on pore space devel oped by root activity.

AGGREGATE CLASS AND HYDRAULIC CONDUCTIVITY
OF SOIL FOR RICE

The appendi x describes an aggregate classification system
and gi ves practical details for using it,

Suggestions for treating a subsoil to reduce hydraulic
conductivity to the level required for rice are based mainly
on | aboratory experinments on the conductivity of conpacted
beds of subsoil aggregates typical of a given class. The
results have hel ped predict the severity of seepage |osses
fromdarns (4, 5).

Excl udi ng soils that disperse under an osnotic stress
only (classes 1, 2), it is useful to define a water content
for dispersion (gp). It is the maximum water content at

whi ch a soil can be renol ded and then a portion i mediately
i mersed inwater without the subsequent appearance of dis-
persed clay (5, 6). Inthe field, a soil must be stressed at
a water content >qpif the clay present is to be disag-

gregated and so cause the conductivity to be severely re-
duced. W thout puddling, the maxi mrumwater content at which
a soil can be conpacted is field capacity. The water uptake
of unsheared soil at 10 kPa suction (qi0) is a useful ap-

proxi mati on of this state. when a surface soil is puddled,
the underlying soil will be conpacted at a water content
greater than qio

The ability of organic matter to act as a dispersant in
wet - shearedsoil nust be considered for surface soils (3,
6). Bonding by organic matter may be sufficient to prevent
aggregate slaking, yet conplete dispersion nay occur in
water after renolding the soil at its gio val ue

Table 1 lists suggested procedures for reducing the
conductivity of soils to suit rice. Subsoil classes 1 and 2
i nclude many soils used for rice- growingin Australia (for
exanple, the soil used for Fig. 1, 2). The subsoil swells
enough when the soil is flooded that seepage |osses are
usually small. Cass 3 soils usually do not need to be pud-
dled. It only is necessary to apply a nechanical stress to
t he aggregates when the soil water content is greater than
go- For exanple, pulling a ducksfoot cultivator through the

subsoi|l when the soil is near field capacity shoul d produce
a |l owconductivity |l ayer
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Table 1. Possible treatments to reduce the hydraulic conductivity
of a subsoil to ~ 10> mm/s. Treatments are suggested according
to the numerical (1-7) classification of aggregates. Consequent
effect on the surface aggregates are listed in the final column.

Aggregate class

Mechanical treatment Resultant condition
Surface  Subsoil required on subsoll of surface soil
1.2 None Unchanged
Shearing at q > qp Unchanged

Puddling at plastic limit Flocculated paste
Puddling at q >> 0, Part dispersed
None available No change

None available -

>0 s wd
<
N O g A WS

To conpact class 4 soils, awater content greater than
the plastic limt is required. For such soils, the plastic
limt is greater than 6,5; therefore puddling is needed.

After puddling, the surface soil will flocculate due to the
di val ent ions present, so that the reduction inconductivity
is confined to the subsoil. For class 5 soils al so, conpac-
tion at water contents greater thanf,,and the plastic

limt is necessary to reduce conductivity. Puddling surface
soil also will sonmewhat reduce conductivity, depending on
t he actual degree of dispersion. The conductivity of class 6
subsoi |l s can be reduced to the required | evel by conpacti on,
but the effect is tenmporary, and conductivity increases
rapidly with time. Cass 6 surface soils are not dispersed
by puddl i ng.

Layers of class 7 aggregates have the perneability of
gravel . Such subpl astic |l ayers (13) occur in the subsoils of
rice soils inthe Riverina and cause excessi ve seepage | oss-
es(17).

AGGREGATE CLASS AND SOIL STRUCTURE
FOR SUBSEQUENT DRYLAND CROPS

The soils characterized inline 1 of Table 1 are ideal for
rice but may present difficulties for a subsequent dryland
crop because crusting reduces water entry. A snall surface
dressing of gypsumto | ast through the dryland crop coul d be
useful (11).

If class 3 soils are puddled, the surface soil will be
di spersed. On drying, dense clods or crusts form depending
on the degree of soil shrinkage. Even if the suggested na-
ni pulati on of the subsoil reduces hydraulic conductivity
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1. Ultra-thin section of the rhizosphere of a 4-wk-old rice plant. The root came from the saturated top
10 rnm of a Pellustert. The rice was seeded onto flooded, unpuddled soil. Note the outer wall of the
root epidermis (W), the network of fibrils (F) surrounding the bacterium (B) and clay tactoid (T).

2. As for Figure 1, but illustrating the alignment of the tactoids.



240 SOIL PHYSICS AND RICE

sufficiently for rice, care nust be taken to preserve the
fragile structure of the surface soil. A small dressing of
gypsum or carbonate would again help prevent structura
deteriorati 6B).

Puddling may not be too harnful to the structure of
class 4 soils. Wen they dry the surface soil should self-
nmul ch and forma good seedbed. Because of a hysteresis ef-
fect, cracks that formwhen the conpacted subsoi 1l dries wll
not close when the soil is rewetted, and root penetration
shoul d be satisfactory. Irreversible cracking is a problem
with dams constructed of class 4 soil because if the soi
dries, puddling nust be repeated to reduce hydraul i c conduc-
tivity. Cdass 5 subsoils are simlar. The status of class 5
surface soils after rice cannot be predicted because it
depends on organic matter transformations that may take
pl ace during rice grow h.

EFFECTS ON SOIL STRUCTURE OF
ORGANIC COMPOUNDS PRODUCED UNDERRICE

Under the anaerobic conditions that prevail (except near
livericeroots) inarice soil, avariety of |ownolecular
wei ght conpounds devel op from incorporated organic matter
(16). If these conpounds are adsorbed by the clay, the
clay’s ease of dispersion increases, thus decreasing the
cl ass nunber or the aggregates and al so the hydraulic con-
ductivity.

On the other hand, Foster (8) denonstrated, through
hi st ochemical tests onultra- thinsections of the rice rhi-
zosphere, that polysaccharides are released both fromthe
roots and associ ated bacteria. In sections cut fromthe sane
material, networks of fibrils about 20 nmin dianeter are
very evident (Fig. 1). They are nuch larger and nore
el ectron- denset han the usual fine granular staining due to
pol yuroni des. The fibrils surround the clay tactoids (7) and
bacteria (Fig. 2). Simlar structures were found on a sec-
tion of a rice root fromIRRl (Foster, unpublished). The
fibrils probably are carbohydrates inpregnated mainly with
Fe, because they disappear if the ultra- thinsection is
briefly treated with dithionite in a citrate buffer (14),
but cavities do not form The general alignnent of the tac-
toids in Figure 2 probably is caused by radi al expansion of
the root (9). If pores with stabilized clay cutans devel op
to the size of rice roots (400- 1000 pnm), every attenpt
shoul d be nmade to preserve these pores for the succeeding
crop.
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CONCLUSIONS

In rice- basedcropping systens, the |ow- perneabilitysoil
structure necessary for rice nust be changed for the subse-
qguent dryland crop to all ow easy water entry and free drai n-
age. The aggregate classification systemoutlined here is a
simpl e way of indexing the ease with which the structure of
a soil can be mani pul at ed by nechani cal and osnptic stress-
es.

The effectiveness of the treatnents suggested for re-
duci ng hydraul i ¢ conductivity nust be verified through field
experinments, as nust the predictions for the structural
state of the surface soil after rice.

Little work has been done to determine the effect of
organi ¢ conpounds generated during rice growth on bonding
between clay particles. A useful start would be to observe
changes over time in the class nunber of the various soil
| ayers, both near and away fromroots.
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Appendix. Aggregate classification (after Emerson, 1967)

Immerse a 3-5 mm diam air-dry? aggregate in water?

Observe SLAKING (immediate breakup of aggregates)

l

Some None

o |

-

No swelling,
low O. M. contentC
CLASS 7

Observe DISPERSION, classify after 16 h

! ]

Completed Some€ None
CLASS 7 CLASS 2

Remold wet soilf, immediately immerse in water.
Observe DISPERSION, classify after 16 h

|

Some None
CLASS 3

Test for CARBONATE/GYPSUMY

Absent Present
CLASS 4

Make up 1:5 soil water suspension, stand for 5 min.
Observe FLOCCULATION/

Some Complete
CLASS 5 CLASS 6

Expl anat ory Not es

a. Aggregat es nmust be air- dried, not field noist or oven-
dri ed.

b. Fifty ml of water in a squat 100- nml beaker. The beaker
shoul d be on a stable surface. The surface shoul d be
bl ack to make observati on easier. The beaker shoul d be
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covered with a watch glass to reduce evaporation and
shoul d not be disturbed. For initial testing, the water
should be distilled or deionized, or rainwater. The
tests can be repeated using irrigation water, where
appropri ate.

Aggregates are stabilized by i norgani c cenents.

Wth conplete dispersion only sand grains renmain and
are surrounded by a cl oud of cl ay.

The degree of dispersion of air- dryaggregates is fre-
quently variable due to soil heterogeneity. Tests.
shouldbe intriplicate (12).

Spread 5 g of <2 mmair- drysoil as a thin layer on a
sintered gl ass funnel containing distilledwater at
10 kPa suction. After 24 h, renove an aliquot, renold
for 30 s using a spatula and quickly make two 3- mm
cube aggregates using a square section brass nold.

| ner se one aggregate imediately inwater as in (b) to
avoi d any thi xotropic increase in strength; neasure
wat er content of the other. An alternative is to bring
soil toits plastic linmt and roll balls of about 3 mm
di aneter (1).

Check for carbonate/ gypsumusing HO /acetone (15).
Place a 2 g air- drysoil sanple in a test- tubeand add
10 M distilled water. Shake vigorously for 10 mn.
Stand for 5 min. and note whether suspension has floc-
culated conpletely, .i.e. sone clear supernatant is
vi si bl e.
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ABSTRACT

Soils under rice cultivation have distinct physical and
chem cal properties and norphologies. The structure of
pl owed |ayers of artificial hydronorphic soils undergoes
repeat ed dynani ¢ changes with alternate fl oodi ng and drai n-
ing. Soil aggregates are destroyed and soil floccul ates when
cenenting agents becone floccul ating agents under reducing
condi ti ons.

Al ternate floodi ng and drai ning reduce ped devel opnment
in plowed | ayers, Typical peds are massive and bl ocky after
dr ai nage and massi ve under flooding. The aggregate content
of these soils is thought to be an index of the strength of
interparticle bonds. Rice cultivationr restructures the sub-
soil and forns a distinct plowpan with illuviated Fe and Mh
oxi des and dense, blocky, or prismatic peds in horizons
bel owt he pl owpan.
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STRUCTURE, STRUCTURAL STABILITY, AND
NATURAL RESTRUCTURING OF LOWLAND RICE SOILS

There are two groups of lowand rice soils, based on pedo-
genesis. Groundwater soils are naturally hydronorphic and
poorly drained. Surface-— irrigationsoils are artificially
hydr onor phi ¢ and wel | -drai ned.

Artificial hydronorphismis caused by alternate fl ood-
ing and draining inrice cultivation, and gives soils spe-
cial physical and chenical properties. Artificial hydro-
nor phi smusual |y occurs in soils with | owgroundwater tables
where irrigation water seeps through the soil profile. It
does not occur when the groundwater table is high, as in
gley soils, because rice cultivation does not then greatly
change the water regine and soils retain their natural char-
acteristics (16).

STRUCTURE OF PLOWED LAYERS
Seasonal changes

Seasonal fl oodi ng and drai ni ng cause repeat ed dynani ¢ chang-
es inthe structure of plowed | ayers in well - drai nedl ow and
ricesoils (4, 12, 13, 14, 21).

Saito and Kawaguchi (21) studied a clay |oany brown
low and rice soil. Mist 10- to 15- mmcl ods were taken from
core sanples and shaken with water for 15 min. Content of
aggregates larger than 0.25 mmand the dispersion ratio of
particles finer than 0.02 mmwere neasured in a 4% suspen-
si on usi ng wet — si evi ngand pi pette techni ques.

Till age, flooding, and puddling break up the aggregates
and increase the dispersionratio (Fig. 1). Interparticle
bondi ng gradual | y weakens and reduction | eads to destruction
of aggregates. Reduced soils flocculate, with flocs of 0.04-
to 0. 05- nmequi val ent spherical di aneter, during measurenent
of the dispersion ratio. Aggregate content and dispersion
ratio remain very lowuntil the soil is drained.

Bul k density decreases with flooding and puddling,
reaching a mninumin early July. At that time, gas content,
whi ch decreases greatly at puddling (Fig. 1), is highest.
Fl occul ati on, gas evolution, and swelling reduce bul k densi -
ty. As gas escapes and solids settle, bulk density gradually
i ncreases. Gas content decreases with increasing water con-
tent, but not to so low a value as persists in puddled
soils, indicating that some of the occl uded pores retain gas
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1. Seasonal changes in pH, Eh, and some physical properties of plowed layers of clay loamy brown
lowland rice solL. Flooding and puddling, 31 May; draining, 22 Sep 1966 (21).
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rial that was locally and irregularly absorbed by the
surface of clay particles bound theminto a fibrous network
(Fig. 2). In rice soils derived from Andosols, fibrous,
nm croaggregated allophanes were observed, as were
m croorgani sns (Fig. 3) and their nmetabolic products. The
latter are thought to have little effect on flocculation
under reducing condi tions. Many 0. 1- mm- di anet efl ocs f orned
ext ended networks (Fig. 4). Coarse sand or silt particles
with active parts that react with finer particles and their
fl ocs became conponents of the flocs (Fig. 5).

When soil sanpl es were reduced by fl ooding, those sam-
pl es taken fromwet fields were floccul ated. Those sanpl es
that were air- driedbefore flooding were fairly well dis-
persed (26). Air- dryingbefore flooding increases the con-
tent of water - sol ubl e, readi |y deconposabl e, organic nmatter,
which is thought to inhibit the action of flocculating
agents. The effect is simlar to that of floccul ated kaoli -
nite di spersed by aqueous | eaf extracts (3).

G ey soils also flocculate because they are reduced
even after drainage (23). However, the poor flocculation
sonetimes observed is attributed to excess water - sol ubl eand
readi | y deconposabl e organic matter. A ey soils have jelly-
i ke massi ve peds with owbul k density and large, primarily

2. Micromorphology of soil flocs of a brown lowland soil. Scale = 2 pm.
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o

3. Micromorphology of soil flocs — fibrous and aggregate allophane in rice soil derived from an
Andosol. Scale = 2 um. Notice the bacteria absorbed on the aggregated allophane.

4. Micromorphology of a network of soil flocs. Scale = 0.5 mm.
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5. Micromorphology of soil flocs binding sand grains. Scale = 0.05 mm.

water— filled, pores. There is a slight seasonal fluctuation
inthe three- phasedi stributionthroughthe horizons.

Fl occul ati on of reduced soils explains the gradually
| essening perneability in well- drainedrice soils after
flooding and puddling (16, 18). It explains also the high
wat er hol ding capacity (27), and very |ow perneability of
gley soils, despite their highporosity (19).

Morphological features

In the plowed layer of rice soils that are alternately
fl ooded and drai ned, fewpeds devel op, but those that devel -
op are peculiar torice fields.

Six types of peds are observed in drained, puddled
systens: massive, single- grained,blocky, granul ar, porous,
and open. Porous and open peds are specific to rice soils

1).
(1 Inthe plowed | ayer, three subhorizons generally can be
recogni zed on the basis of ped arrangenent. The first has
nmassive peds and the third has nmmssive or weakly bl ocky
peds. The second subhorizon is determ ned by texture, clay
mnerals, applied organic matter, and puddling intensity
(1), and is influencedby field topography and climate. This
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ped cl assification conbi nes characterizations based on ag-
gregates with those based on pores. Porous and open peds are
massi ve wi t h pores of unusual shape and si ze.

For the pl owed- soil  ayer considered in Figure 1, de-
scriptions (24) of the subhorizons were prepared foll ow ng
nmacr o— and m croscopi ¢ observation. Typical m cronorphol ogy
of drained soils is shown inFigures 6, 7, and 8 and that of
a flooded soil inFigure 9.

Figure 6 shows the top, 15- nmdeep, nassive subhorizon
of fine particles differentiated by puddling, and the sec-
ond, thin subhorizon of single, sand grains. Because of the
dense soil|l suspension caused by puddling, nodifferentiation
occurred inthe third massive subhori zon.

Pores created by gas evol ved during fl oodi ng persist in
the dried soil (Fig. 7) because of the fine texture and
floccul ati on under reducing conditions. Soil around cracks,
pores, and the single- grai nedsubhori zon oxi di zed and dehy-
drated nore rapidly after draining. Wak aggregation oc-
curred around t he singl e- grai nedsubhori zon (Fig. 8).

6. Top massive and thin single- .
grained subhorizons.  Oriented }
specimen under polarized light.
Scale =5 mm.




252 SOIL PHYSICS AND RICE

7. Pores created by gas evolved in the reduction process. Oriented specimen under polarized light.
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9. Micromorphology under flooding. Oriented specimen a) under plain light, b) under polarized light.
Scale = 5 mm. Fine laminar pores were formed by freeze-drying the moist sample to avoid shrinkage
prior to resin fixation.
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Soi | under reducing conditions is macroscopically ms-
sive because the existing aggregates are enbedded in nuddy
subst ances that devel oped fromaggregate degradati on during
puddl i ng and r educti on.

Subhori zons and aggregates also were mcroscopically
exam ned. Figure 9 shows two types of aggregate in the
si ngl e- grai nedsubhori zon. The | arger degrade into massive
and si ngl e~ grai nedsubhori zons. There are few pores (right
side of Fig. 9), except for pores created by gas evol ution.
Simlar pores only are found in the third subhorizon and in
gl eysoils.

Typi cal peds are massive under flooding, but regenerate
during dryi ng. Massive or weakly bl ocky peds are comon, and
granul ar peds are found in soils where nuch organic natter
has been applied and rice productivity has been high (4, 13,
29). Those peds appear to be a conplex of two structura
types: one reaggregates fromnmud after draining, and one
remai ns degraded under reducing conditions because of high
stability in water.

Granul ar peds do not necessarily favor rice cultiva-
tion. Soil structure- ricegrowh rel ati ons depend on degree
of percolation, soil fertility, tillage (4, 13), andclimte

(6).

Water—stable aggregates

Perform ng an aggregate anal ysis on reduced soils is diffi-
cult. Because of its jelly— |likemssive state, a wet - sieved
clod remains on the net of the sievewith little disintegra-
tion (15). The clod nust be crushed into 10- to 15- mparti -
cles, and fine clods need to be shaken in water before si ev-
ing(12).

For the soil considered in Figure 1, which was nassive
to weakly blocky after draining, the aggregate size rela-
tionship of Figure 10 was obtained (22). The linear correl a-
tion between the two sizes of aggregates is statistically
significant. The intercept on the horizontal axis is close
to the content (9.5% of primary particles |larger than
0.25 mm Thus, wet clods, whether from fl ooded or drained
soils, are gradually destroyed when shaken in water. True
aggr egat es were not obtai ned, which suggests that aggregate
content is only an index of the strength of interparticle
bonds.

Several scientists have studied the water- slakingof
air— driedsanples of drained rice soils. Aggregates from
granul ar soil had higher water stability than those from
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10. Correlation between contents of ag- =2 mm aggregate content (%)
gregates larger than 2 mm and those larger T T
than 0.25 mm.
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massive to bl ocky soils (13), and fromfertile soils higher
than fromless fertile (10).

In massive to blocky soils, cenenting agents concen-
trate indifferent- sizedwater- stabl eaggregates (7, 9, 10,
11, 30). Generally, organic matter, Fe, Mh, and clay content
and CNratio increase with aggregate size. Concentration
seems to occur during drying because flocculating agents
change into cenenting agents during oxidation, One may cite
in support that aggregation of air- driedsoil sanples under
reducing conditions is simlar to that under oxidizing con-
ditions (22). Formation of water- stable aggregates, and
their stability agai nst puddling and reduci ng conditions, is
not wel I under st ood.

SUBSOIL STRUCTURE

Cultivation of rice soils changes subsoil and plow |ayer
structure. Particularly susceptible to change are drained

pol der soils (gleys) (8) -- where a series of soils with
di fferent ages after reclamati on forns a hydrochronosequence
-- and wel | - drai ned,brown | owl and soils (16, 17).

Polder soils

I npol der soils, puddling, and alternate flooding and drain-
ing during rice cultivation greatly nodify soil structure
(8), and do not favor ripening. A distinct plowpan without
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Bux density {t m-3) 11. Bulk density curves for rice
cultivation in  Kojima Polder,
Japan (8). Age after reclamation,
rice yield, and texture are as
follows: a = 14 yr (8 yr rice,
45 t hal, silty clay; b = 43 yr,
51 t ha'l, clay to silty clay; ¢ =
130 yr, 48 t ha'l, silty clay; d =
240 yr 4.5 t hal, clay; e = 300 yr,
4.2 t ha'l, sandy loam to loam.

Depth {cm)

100 — |

illuviated Fe and Mh oxi des begins to formimmedi atel y bel ow
the plowed layer. Over time, as after 8 yr of rice cultiva-
tion (Fig. 11), prismatic peds develop in the horizons bel ow
t he pl owpan.

Those peds pernit percolation that favor rice growh
when there is a | ess- devel opedpl owpan. Soil horizons dif -
ferentiate as the peds devel op. The plowpan hardens as Fe
and Mh oxi des | each fromthe pl owed | ayer and deepens as the
i lluvial horizon falls. The pl owpan i nhibits root growth and
percol ation, and reduces rice productivity.

Brown lowland soils

M tsuchi (16, 17) studied structural changes caused by rice
cultivation inbrown | ow and soi|l where subsoil s becane gray
and dense- blocky or prismatic as a result of alternate
flooding and draining. Adjacent soils under nonirrigated
cultivation remai ned brown and nassi ve or weakl y bl ocky.

On soils of |ower inherent perneability, the subsoil
ext ends deeper and a distinct plowpan forns. It forns nost
easily in loam soils. Table 1 shows that, conpared to an
adj acent area cropped with vegetables, rice cultivation
i ncreased bul k density, decreased nmacropores, and |essened
conductivity in the 0- to 53- cnl ayer. The upper horizons
stayed wet.



Table 1. Changes in the physical properties of loamy brown lowland soils after 52 yr rice cultivation (17), 27 Oct 1981.

Crop Rice Vegetable

Horizon Apg  Ag, Bgyir  Bg, Bgsmn  Cy C, Ap Cy Cy Cs
Depth (cm) 010 1019 1925 25-36 3653 5384  84-100¢ 023 2335 3565  65-100*
Bulk density (tm=S) 1.17 1.37 1.37 1.29 1.26 1.24 111 1.08 1.13 1.07 1.09

Three-phase
distribution (vol %)

Solid 443 513 506 472 457 43.9 39.3 39.1 400 37.7 38.3
Liquid 51.3 463 435 398 346 271 36.6 263 263 26.3 33.7
Gas 4.4 2.4 59 130 197 200 241 346 337 36.0 28.0
Pore distribution
(vol %)
Large (<pF2) 5.2 2.2 59 160 224 236 213 23.0 222 25.8 23.3
Medium (pF2:3.9) 31.8 253 220 168 16.9 211 26.2 25.4 264 24.7 26.7
Fine (>pF3.9) 187 212 215 200 150 1.4 132 125 1.4 11.8 11.7
koo (X10®° cm sy 2.0 1.2 35 50 160 200 250 400 570 380 210

LST  STOS ANVTIMOTAOONNALINYISTY TVINLYN ANV ALITIEVLS ‘TINLONYLS
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Abstract

Basi ¢ soil mechanical properties are considered in terns of
principal stresses and critical state soil nechanics. The
recent hydraulic history of a soil and its present soi
wat er content influence its mechani cal behavi or.

Soi |l nmechanical properties that affect penetroneters
are described in sone detail, and the forces and pressures
that affect tillage inplenents and el ongating root tips are
di scussed. Mechanical factors that influence the ability of
roots to penetrate hardpans are exam ned.
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SOIL MECHANICS IN RELATION TO TILLAGE, IMPLEMENTS, AND
ROOT PENETRATION IN LOWLAND SOILS

STRESSES AND STRAINS

Soi |l mechanical properties are very conplex. They differ
greatly between soils and also for the sanme soil at differ-
ent water contents. Mechanical properties relate stress
(force/unit area) to strain (deformati on or change i n shape
or size) of avolunme of soil.

Stresses can be described i n several ways, but the nost
consistent way is to use principal stresses. Principal
stresses ari se because at any point in a volune of soil that
is subjected to any systemof external or internal stresses
there exi st three nutual |y perpendicul ar pl anes on whi ch t he
shear stresses are zero. The stresses acting normally on
t hese pl anes are known as princi pal stresses, and are ranked
01. > 02, > g wher e Oqs  Oys and 73 are the ngjor,
i nternmedi ate, and m nor principal stresses.

A Mohr circle gives the value of the shear stress act-
ing inany directionrelative to the principal stress axes.
The maxi mum shear stress acting in a nmediumis given by
the radi us of the Mohr circle:

Oy = (0 = 03)/2 (1)

max

The nmean conpressi ve stress or pressure i s

P=1(0y +0,+ G4)/3 (2)

2

At depth z, the weight of overlying soil contributes an
overburden pressure Ygz, to P, where Y is the density
of the wet soil. In swelling soils, part of the pressure
constitutes the overburden conponent @ of the water poten-
tial (33).

SHEAR STRENGTH

The shear strength of a soil is the value of the shear
stress at which that soil fails by shear. Shear strength can
be determined using a triaxial cell apparatus in which o
and oy are equal and usually are set to sone arbitrary val'uée

and olis increased until the soil fails (21). Prined val ues

(e.g. cl) i ndicate stress values at failure. The angle of
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1. Soil failure under a system of principal stresses. A. Brittle failure along a shear plane at angle q.
B. Plastic failure throughout the sample.

the failure plane, q= (p/4 + f/2), is shown in Figure 1A,
where fis the angle of internal frictionof the soil. Fail -
ure occurs when t he Mohr circle touches the failure envel ope
(Fig. 2). As a result of internal friction, the shear
strength t'is slightly less thant gy for £>0. The failure
envel ope can be identified by producing a set of Mohr cir-
cleswithvariouss', =s'; and s';. The slope of the failure

envelope is tan fand its intercept Cis the shear cohesion
of the soil.

Failure envelope

Principal
stresses

Shear stress T

Mohr circles

2. Mohr circles givirig shear stress at any angle g relative to the principal stress axes. Shear failure
occurs when the Mohr circle touches the failure envelope.
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A sinpler, quicker nethod to estimate C is the uncon-
fined conpression test, inwhichacylinder of soil is |oad-
ed to failure by a stressco! onits ends with g} = g2 = 0.

. . 1 2 3
Thi s gi ves

C = 0,/(2 tanln/4 + ¢/2]) (3)

which can be used to estimate Cif ¢is known. Values of f
range from0O° for saturated clays to 45° for sands. |n noist
conditions, soilswithinternediate textures, such as silts
and | oanms, often have values ¢= 35- 40°. Shear strength
usual | y decreases sharply as soil - water content increases

(Fig. 3).

COMPRESSIVE STRENGTH
Soi |l response to conpression al so can be investigated using
a triaxial cell. The external pressure P =01 T 0y T O3 is

varied and changes in volune of the soil sanple are nea-
sured. Test soils usually are fully drained to allow pore

160 — Density

L4 tm >

2tm™3 T
| ! i ! J | | |

22 24 26 28 30 32

o
@
N
(]

Gravimetric water content w *%)

3. Effect of water content and density on maximum shear stress at failure (si/2) in unconfined com-
pression tests (27).
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fluids (air and/or water) to escape. Results can be ex-
pressed in terns of the voids ratio e of the sanple:

e = Ve/Vs (4)

where V, is the volume of pores and Vg is the volume of sol -

id particles. The voids ratio is related to porosity and
speci fic volune v by

n=-e/(1+e), and Vv = (1+e)/p (5)
s

wher e 0 isthedensityof the solidparticles.

If the soil is loose, then aplot of e against log,Pis

called the virgin conpression line (VCL). Exanpl es are given
inFigure 4AB. The rel ationship is:
e =e - 1oge(P/Pa), (6)

where the suffix a refers to sonme reference point a. The
paraneter is aneasure of soil conpressibility. Soil cannot
exist in states to the right of VCL in Figure 4B. VCL varies
wi thwater content (Fig. 4A).

voids ratio, e

1ol a B
05 PL a
sl =
X
X
0.2 PL
y
Lol N csL
o8PL Y
veL
0.7 L - { i
10! 102 10° 0% 1o 10% 10° 0%

Isotropic stress, P ( kPa)

4. Response of soil to isotropic stress: A. At different water contents (as fraction of plastic limit water
content) for a loam (25% clay). B. Without shearing (VCL) and with continuous shearing (CSL). PL =
plastic limit.
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ELASTIC DEFORMATIONS

For smal | stresses, straining may be el astic and reversi bl e,

and the strain energy may be recoverable. For exanple, wth
smal | shear stresses, renoving the stress may allow the
sanmple toregainits original shape. Inthis elastic region,

the stress:strainratio is called the shear nmodul us Gof the
soil. Simlarly, applying small stresses in the unconfined
conpression test enables the uniaxial or Young's nodulus E
t o be det er mi ned.

G = E/3 (1)

Simlarly, a bul k nodul us may be defined for small isotropic
stresses P. For soils, the response is not perfectly |linear
and there is sone hysteresis. Farrell and Greacen (6) gave E
val ues from5 to 25 MPa, depending on soil water content and

density. Such val ues were of order 103x the shear cohesion C
of their nol ded soil sanpl es.

TENSILE STRENGTH

Tensile failure can occur when s3 is negative. Tensile fail -
ure results in the cracking of soil when it dries, and in
the fragnentation of dry or brittle soil during tillage.
Tensile strength is neasured by the indirect tension, or
Brazilian, test. Inthe indirect tensiontest, a cylinder of
soil of length L and dianeter D is | oaded across a dianeter
by a force F (Fig. 5). Elastic straining causes tensile
stress T=s,; in the center of the cylinder at right angles

to the direction of application of F. Fis increased until
T=Y, where Yis the tensile strength of the soil, and the
sanpl e breaks into two parts. Tensile strength is given by:

Y = (2F'/nDL) g(x) (8)

where g(x) accounts (7) for any flattening along the |ines
of applicationof F. For negligible flattening, g(x) =1.

For spherical aggregates of dianeter D, the same rea-
soni ng appl i es, and

Y = 0; - o; = 0.576(F'/D%) h(x). (9)

Met hods for determining Y for aggregates were discussed by
Dext er and Kroesbergen (4).
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5. A. Soil cylinder for Brazilian test. B. Force F applied to a sphere or cylinder creates a tensile stress
T which can cause a crack, C.

Tensile strength is a sensitive nmeasure of soil struc-
tural condition because it responds to mcrocracks within
the soil mass that usually are cl osed and i nactive under the
positive stress conditions that occur intriaxial and pene-
trometer tests. This sensitivity pronpted the devel opnent of
a neasure of soil friability k. Friability is "thetendency
of a mass of unconfined soil to break down and crunbl e under
applied stress into aparticular size range of snaller frag-
nments" (37). Friabilityis

= -dog.Y dlog.V, (10)

where V= D% 6 is the aggregate volume, k =0 for a nonfri -
able, classical soil, andk=0.4 for avery friable soil.

CRITICAL STATE SOIL MECHANICS

If soil is continuously sheared or nolded while it is com
pressed, it will followa different but equally well - defined
line, known as the Critical State Line (CSL) (Fig. 4B).
Critical State Soil Mechanics aims to predict the shear and
volumetric strains produced in soil by conbinations of im
posed stresses. The Critical State theory was outlined by
Kurtay and Reece (23) and Hettiaratchi and O Cal | aghan (16).
Soil in states to the left of CSL in Figure 4B is
brittle, and soil in states between CSL and VCL is plastic.
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Brittle soil tends to deformwi th a wel | - defi nedshear pl ane
(Fig. A, andplastic soil tends to deformuniformy (Fig.
1B).

When soil is deforned or sheared, its voids ratio e
changes in the shear zone until it lies onthe CSL appropri-
ate to its water content. and the acting stress level P. In
dense soil, a shear plane forns. It nay be only 10 particle
di aneters across. Wthin that shear zone the soil becones
| ess dense (path X in Fig. 4B) and hence weaker. Therefore,
shearing continues along the initial shear plane, and the

bul k of the soil is unaffected. Wth | oose soil, shearing
i ncreases density (pathY in Fig. 4B). The sheared zone is
then stronger than the bulk of the soil, and shearing noves

to anot her shear plane. This process continues until shear-
i ng has occurred throughout the soil volune and the new,
denser state is uniform

These reasons explain why it is easy to conpact, but
difficult to loosen, a soil uniformy. The principal nmecha-
nisns for uniform soil |oosening are nolding or repeated
shearing indifferent directions at |ow stress | evels P and
natural processes such as wetting and dryi ng cycl es (15).

RESISTANCE TO PENETRATION

Penetroneters neasure soil strength rapidly. A standard
probe for field use is conical (Fig. 6A) with sem angle
a = 15° and maxi numdi aneter, D, = 20.27 nm A conmon design

for |aboratory studies of root penetration has a= 30° and
Do =1.00 M Readings fromthe two types of penetroneters

cannot be equat ed because there are effects of D (40) and a

(22). Penetroneter readings are best taken at depths z >4Dp,
where soil surface effects are negligible.
Results usual | y are gi ven as the penetroneter pressure

qp = 4F/nDi (11)

The pressure that the penetroneter exerts onthe soil (Fig.
6A) is given by

o =q /(1 + tan § cot o), (12)
n p

where dis the angl e of soi 1: probe friction.
Penetroneters with large a and finite d tend to com-
press the soil ahead of them(13). Cbservations of soil par-
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6. Penetrometers. A. Force F produces normal stresss, on soil. B. Spherical mode of soil displacement.

ticle novenent indicate that soil strainaround a penetrone-
ter tip is spherical (Fig. 6B). Therefore, the pressure sp

on the penetroneter surface has been equated with the pres-
sure required to expand a spherical cavity in soil. This
pr obl emwas consi dered by Greacen et al (13) and Vesic (39).
The main concept is that plastic strain or failure occurs
around the penetroneter out to sone radi us R, which depends
on soil conpressibility, and that beyond Rel astic straining
occurs. The pressure Py required to expand a cavity is given
by Vesi c:

Pu = CQ + PQy (13)
where Cis shear cohesion and P is isotropic stress in the
soil (Eg. 2) beforepenetration. & and @ are dinensionless

spherical cavity expansionfactors. For an inconpressible
(1=0), frictionless (f=0) soil such as a saturated cl ay
undergoing rapid straining, @ =1, and

Q = (4/3)[10ge(F t') + 1] (14)

where t' is the shear strength (Fig. 2) and Gis the shear
nodul us (Eq. 7).

Figure 7 is an exanple of a strength profile of a rice
soi|l obtained with a penetronmeter (43). The main limtation
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Depth (cm) 7. Penetrometer strength, q,, as a func-
o} i tion of depth, for plot F12 (40% clay),
IRRI, Jun 1983 (43).
20 ~
40 [—
60 —
80 J ! L L
0] t 2 3 4

Strengtn, q, (MPa)

of penetrometers is that the sanme g, value can be obtained

froma wi de conbination of soil properties C ¢ , G A.
Therefore, penetroneter readings nust be carefully inter-
preted. Sonme other problens associated with penetroneters
wer e di scussed by Mul queen et al (25).

EFFECTS OF SOIL-WATER CONTENT

The Atterberg limts provide reference water contents at
whi ch freshly nol ded soil has defi ned nechani cal properti es.
The plastic limt, PL, marks the transition between brittle
and plastic consistency. The liquid [imt, LL, marks the
transition between plastic and |iquid consistency (Fig. 8).
There are standard nmet hods for determining PL and LL (2).

In sone soils, a gravinetric water content near w =
0.9 PL provides maximumfriability (37). Tillage at this
opti mum water content nmaxinizes the proportion of snall
aggregat es (26).

]
- i
Increasing water content
Dry PL LL
L | ]
' LI '
"Brittle” "Plastic" "Liquid"

8. Changes in soil consistency with increasing water content.
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The matric potential Y, of the pore water affects the

soil stress systemand hence soil strength. Y, is negative
inunsaturated soil and tends to pull soil particles togeth-
er. A negative Y, is therefore equivalent toapositive ex-
ternal pressure on a soil sample. In unsaturated soil, Y,

only acts on sonme of the internal surfaces and only part, f,
of Yo is effective; f varies fromO in dry soil to 1 in

saturated soil. Internediate values of f were consi dered by
Greacen (11) and Towner and Childs (36). The total effective
principal stresseswi thina soil volune therefore are

o, =0, - fV¥ (15)
for i =1, 2, 3.

Croney and Col eman (3) studied the drying of saturated,
puddl ed clays (Fig. 9). The water characteristic of the

Matric potenhai, \I/m (kPa)

i

LL?

- (Q‘I - | i : 1
0 20 40 60 80

Gravimetric water content, w (%)

9. Matric potential- water content curves for drying of a heavy clay soil in its natural state, N; after
being puddled and allowed to dry with no further disturbance, U; or with continuous disturbance, M

@3).
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drying material was on curve U for the undisturbed puddl ed
clay and on curve Mwhen the clay was disturbed during dry-
ing. Curve Mnet, at PL, the water characteristic curve N of
t he natural (nonpuddled) soil. PLwas close to the air- entry
poi nt and the start of the residual shrinkage region. Curves
U and Mare exactly anal ogous to the VCL and CSL of Figure
4B, except that the stress is inposed internally by the
water matric potential instead of by external mechanical
stress.

Greacen (10) showed there is an approximate |inear re-
ation between log.(¥Y,) andwinthe range PLto LL, and

that for several soils ¥Y,,0 - 65kPa at PL, and ym@ -1 kPa

at LL. Thus, the effective stress P inacontinuously nol d-

ed, shrinking clay at any water content w can be estinmated
as

loge (Pé/kPa) = 4,19 (LL-w)/(LL-PL) (16)

wher e P'eis equi val ent to the Pof Eq. 2.

EFFECTS OF HYDRAULIC HISTORY

When a soil dries, it shrinks with a correspondi ng increase
in bulk density. Figure 10 shows an exanple of this for a
rice soil with 40%clay (43). As the soil shrinks, tensile
stresses T are generated parallel to the soil surface. \Wen
T equals soil tensile strengthY, vertical cracking occurs.
The cracks usual ly form hexagonal patterns on the surface.
Their spaci ng depends on the ability of the soil to deform
under stress: that is, onsoil elasticity (24). Asoil with
a large elastic nmodulus will not readily deform and will
forma nore cl osely spaced crack pattern.

Water extraction by plants al so causes soil to shrink
and crack. Plant spacing can be varied to control crack
spacings and widths in the field (20). Generally, the dense
peds defined by shrinkage cracks are too large for structure
generation by drying to be considered a useful tillage oper-
ation(44).

However, soil stresses generated during rapid wetting
are inportant in soil structure regeneration. Dexter et al
(5) showed that wetting artificial aggregates of about 10 mm
di aneter caused them to weaken or nellow (Fig. 11). Such
reductions in Y depend on the wetting rate, which depends on
wetting potential. |If wetting potential is nobre negative
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10. Profile of dry bulk density in puddled rice soill(-) and in dry soil after the rice crop (--) for
plots F12 and F13, IRRI, 1983-84 (43, including personal communication, H. U. Neue).

t han - Yoo the critical nellow ng potential, aggregates do

not weaken; \yc is -2to - 3kPa. Wakening happens when

cl osely spaced m crocracks formduring rapi dwetting.
Sato (29) indicated that weakening through wetting op-

erates only if the soil is initiallydrier than‘{’m:—ll\/Pa,
and that the effect is greatest if the soil is drier than
- 10MPa. Sanchez (28) also found that puddled soil nust be
t horoughl y dri ed before wetting and drying cycles will cause

structural regeneration. The nellow ng induced by wetting
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Tensile strength,Y 11. Reduction in tensile strength of dry
soil aggregates caused by previous wet-
ting from a wate source at potentials
T between 0 and y...

Wettngpeters2 . — v

dry soil also increases friability (37) and soil fragnenta-
tionduringtillage (38).

MECHANICS OF TILLAGE

Soi |l mechanics techniques can predict the draft force and
the regi ons of soil disturbance produced by sloping, flat,
narrow tines (9). A tine conpresses the soil ahead of it
until the stresses cause soil passive failure. Two basic
types of failure occur at | ow i nplenment speeds, dependi ng on
whet her the depth is greater or less than a critical depth,
d. (Fig. 12A). Above d., failure depends on the presence of

12. Crescent failure produced by simple tines. A. Dimensions B. Successive blacks sheared off.
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the soil free surface. Belowd,, the soil flows laterally
around the tine. d, depends on the rake- angl eb but usually
is conparable with tine width, b. Successive soil blocks

shear off above d_ as the tine noves forward (Fig.12B). The

spaci ng bet ween t he bl ocks depends on soil conpressibility.
Applying plasticity theory to this problemis diffi-

cult, but the total horizontal draft force can be determ ned

as the sum Fy F, of the forces acting on the portions of
the tine respectively above and bel owd.. Hettiaratchi and

Reece (17) presented a sinplified nethod to cal cul ate F, as:

F =b(Yd2N + CAN +CdN +qd N) sin (8 + &) (17)
c O cc ac a c q

H
where g is the density of the wet soil, C, is the adhesion
bet ween the soil and the tine, and q is the surcharge on the
soil surface. Hettiaratchi and Reece present charts for

rapidly determning the dinmensionless N- factors. Stafford
(31) pointed out that the cohesion (second) termin Eq. 17
usual 'y accounts for 90%or nore of F.

For depths bel owd., where lateral flowoccurs:

F, = bC(d-d )N’ + bP_(d-d )N’ (18)
h c ¢ h c q

where P, is the effective horizontal pressure acting in the

soil, andd is the tine working depth (Fig. 12A). G aphs of
N, and N, as functions of fare given by Godwin and Spoor

(9).

Speed dependence of draft force is caused by accel era-
tion of the disturbed soil and speed dependence of sone of
the soil properties. Stafford (31, 32) noted atransition a-

bove ~3 ns -1 from crescent to flow failure. In crescent
failure, shearing occurred al ong well - defi nedshear pl anes
(Fig. 12) simlar to those obtainedwithbrittle failure in
atriaxial cell (Fig. 1A) and associated with states to the
left of CSL in Figure 4B. Flow failure occurred throughout
the soil volume, as for plastic failure ina triaxial cell
(Fig. IB), and usually occurred between CSL and VCL in
Figure 4B. The boundaries of the flow failure region were
not clearly defined. Flow failure requires high speeds and
energy inputs, but may apply in soil puddling that requires
uni f ormener gy di ssi pati on throughout a soil volunme (1).
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Soi |l mechanics can predict draft forces and zones of
soi | disturbance for sinple inplements. Mdire conpl ex shapes
cannot yet be treated analytically. Enpirical studies still
are necessary in such cases (e.g. 30). Soil mechani cs cannot
predi ct howthe soil blocks produced by tillage shatter and
crunble as they are pushed past and agai nst each other by
the inplement. Soil structure after tillage probably depends
nore onthe soil's initial mechanical, hydraulic, and m cro-
structural state thanonthe tillage inplenent.

MECHANICS OF ROOT GROWTH

I nternal and external stresses on a root nust be bal anced:
Y.=Y¥Y +W+o0 (19)
1 S

where y; and ygare the potentials of the water inside the

roots and in the surrounding soil, Wis an effective stress
caused by tension in the cell walls, ands is the pressure
exerted by the root agai nst the surroundi ng soil and depends
on soil strength. Roots can osnoregul ate by nodi fyi ng ‘PI in

response to changes in the right hand side of Eq. 19 by
varying the content of osnotically active conpounds, such as
sucrose, intheir cells, Greacen and Ch (14) observed corre-
| ati ons between y, and soil strength.

Maxi mum axi al growh pressures are around 1 MPa (35,
19); mexi mumradi al growt h pressures are around 0.5 MPa (8).
Roots tend to deformthe soil radially (Fig. 13). The
pressure required for that deformation can be considered as

13. Cylindrical displacement of soil by
an elongating root tip.

-« | | —»
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the pressure required to expand a cylindrical cavity (13,
39). The pressure is as given in Eq. 13 except that the fac-
tors are the di nensionless cylindrical cavity expansion fac-
tors, Q. and Q,;. For inconpressible (A=0) and frictionless

(f =0) soil, Q =1, and:
QG =1+1log (G7). (20)

For root growh, the rate of soil strainis low, and there
is tine for water drai nage and consequent soil conpression.
This makes the assumptions of A = ¢ = 0 |l ess applicable than
for a penetrometer. Vesic (39) tabulated Q; and Q. for com-
pressible, frictional soils.

The di fferences in soil straining node i nduced by roots
and penetroneters and the fact that root:soil friction is
| ess than penetroneter:soil friction together account for
the differences between root and penetroneter penetration
pressures (Fig. 14A). Effects of soil strengthonroot el on-
gati on rate have been neasured by several researchers. Typi -
cal results are given inFigure 14B. Qearly, g, > 3 MPa se-
verely affects root elongation. Soil layerswthqg, >3 Ma

have been noted inrice fields of several countries (Fig. 7
andJ. C. O Tool e, personal communi cation).

Root pressure, R, ViPa) Relar.ve e crgaton rate
05 1LO]
A
.4 0.8
0.3+ 0.6
[ ]
024 o 04
O.l = 0.2
0 l 0 L l . i
o] | 2 o] 2 3 4 5

Soil penetrometer strerg-n, 3 MPa)

14. A. Root penetration pressure (42). B. Relative elongation rate of peanut roots (34) as functions of
soil strength, Ao
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Percentage of roots entering 15. Percentage of pea roots entering a
roo[ block of soil of strength o which they en-
i counter at various angles of incidence
J from soil of strength g; (12).
80;-
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A very inportant case is that of roots encountering a
sharp soil discontinuity, such as a hardpan. The percentage
of roots entering the pan depends on the angle of incidence
of the root to the pan, and on the strengths of the pan and
the overlying soil (Fig. 15). If the overlying soil is weak,
then the roots may buckle nore easily and be deflected al ong
the top of the pan. In general, a root is deflected when its
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buckling strength (41) is | ess than the maxi mumgrowt h pres-
sure(18).

Limtation of root penetration by |ayers of high soil
strength may account for the dependence (Fig. 16) on depth
to such layers of the yield of mung bean at I RRI (43).
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TILLAGE IN LOWLAND RICE - BASED
CROPPING SYSTEMS

R Lal
International Institute of Tropical Agriculture
| badan, Ni geria

ABSTRACT

Seedbed requirenents for rice and dryland crops are dis-
cussed inrelation to soil physical properties. Puddling a
clay soil with high percolation rate benefits rice growh
but reduces the yield of follow ng dryl and crops because of
soi|l structural deterioration, shrinkage, drought stress,
and i npeded root grow h. If weeds are controlled, rice grows
as well on unpuddl ed, |ow perneability soils as on puddl ed
soil. Dry tillage and nbderate drying are suitable for rice
on heavy- textured, poorly drained, floodplainsoils. Mechan-
i cal conpaction may reduce percol ati on on a coarse- textured
sandy soil nore effectively than wet tillage. A tentative
rating table is proposed as a tillage guide for |ow and
ri ce— basedroppi ng syst ens.
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TILLAGE IN LOWLAND RICE-BASED CROPPING SYSTEMS

Low and rice culture is a sustainable systemthat has sup-
ported the high popul ati on density of Southeast Asia wi thout
causi ng t he severe ecol ogi cal inbal ance and soil degradation
probl ens that have limted intensive agricultural utiliza-
tion of tropical uplands. There is, however, a pressing
denmand to increase productivity of rice- basedcroppi ng sys-
t ens.

It is therefore inportant to identify soil and water
managenent constraints to rice production and to devel op
technol ogi cal systens to alleviate them Food production
fromwetl ands can increase substantially if technol ogy fa-
cilitates nmultiple cropping. Wetland soil and water re-
sources shoul d be nmanaged to neet the edaphic requirenents
of rice and follow ng dryland crops that use residual soil
noi sture. Turnaround tines between successive rice crops and
the foll owi ng short - seasondryl and crop nust be shortened to
facilitate intensive |land use. Tillage and wat er managenent
play avital role in intensifying | and use.

PHYSICAL PROPERTIES OF RICE SOILS

Maj or rice soils include suborders Aqual fs, Aquults, Udults,
Ustults, Aguents, Aquepts, Cchrepts, and Tropepts. Suborders
of local inportance are Udal fs, Ustalfs, Fluvents, Humults,
Uderts, and Usterts. Sone Aridisols are used for irrigated
rice, for exanmple, in Peru. The best soils for rice have
hi gh wat er retention capacity and | owperneability.

Texture

Al t hough rice grows on soils with a wide range of texture,
fine-textured soils are the nobst suitable. Kawaguchi and
Kyuma (17, 18) reported that 40%of rice soils in South and
Sout heast Asia contain at | east 45%clay. Soils w th coarse,
| oany texture are planted torice in Thailand and Sri Lanka.
The coarse soils are sandy sedinments with a clay subsoil.
Loany soils are innarrowinlandvalleys (24). Rice soils of
West African floodplains are simlar to those in Sri Lanka.
In Surinam rice soils are heavy- textured (30). Coarse-
textured soils are generally less productive than clay
soil s.

Subsoil texture is as inportant as surface texture. The
adverse effects of sandy surface horizons can be di n ni shed
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if subsurface horizons are rich in clay. Aprofile with a
nedi um- texturedsurface horizon and a clay subsoil is par-
ticularly good for rice. Provided they occur at depths
greater than 50 cm sandy subsoils generally cause no prob-
| ens for rice production. Yahata (35) applied sinmlar soil,
water, and nutrient nmanagenent to several Japanese rice
soils of different texture (Table 1). He found that clays
produced better rice yields than coarse- textured soils,
except gravel ly soil.

Mineralogy

Soils with a predonmi nance of 2:1 lattice clays are nore
productive than those with low activityclays. De Datta et
al (5) found that soils with high- activityclays yielded
about 36% nore than those with |low- activityclays. Shoji
(31) reported that nost fertile Japanese rice soils have a
hi gh nontnorillonite content. Kawaguchi and Kyuma (17, 18)
had simlar findings. Soil mneral ogy influences rice pro-
duction through its effect on soil physical properties and
nutrient availability.

Structure

Traditionally, soil physical properties and structure have
not been consi dered i nportant for rice production. In fact,

Table 1. Soil texture and rice yield (35).

Grain Relative ~ Straw Relative

Soil@ Bxperiments  jelq @) vield %)
(no.) (tha) (tha)
Muck soil 9 3.7 100 8.1 100
Clay 4 4.1 8.8
Loam 5 3.3 7.5
Strong gley soll 6 3.4 94 6.8 84
Gley soil 8 4.0 109 9.0 111
Clay 5 4.2 9.6
Gley soil 8 3.7 100 8.8 108
Loam 3 3.5 8.4
Grey brown soil 7 3.7 100 7.5 97
Loam 4 3.8 7.1
Dark soll 3 3.7 100 7.9 98
Gravelly soil 8 4.4 119 9.6 110

N = 1.2, P=0.49, K = 1.15 kg/ha.
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soil structure is deliberately destroyed by tillage for
rice. These attitudes are changing in response to the need
to increase | and- useintensity and nul ti pl e cropping.

Recent studies in China and el sewhere showthat fertile
rice soils should have a good structure and a proper ratio
bet ween noncapillary and capillary porosity. Jia- fangand
Shi - ye (12) showed that high- fertilityrice soils have a
ratio of air- filledporosity to total porosity of 0.22 at pF
2 as conpared with 0.13 for low- fertilitysoils (Table 2).
Adequate air- filledporosity facilitates |eaching of toxic
conpounds, inproves oxygentransport toroots, and i ncreases
Nutilization and efficiency (12).

Less rigid soil structure and nore total porosity and
nmacroporosity are as inportant for lowand rice growmh as
for dryland crops. Research in India by Kar and associ at es
(13, 14, 15) indicated that root penetrati onwas greatest in
soils with large total porosity and a high proportion of
pores with radii exceeding 75 mm Root growh was |ess with
strong, conpacted soil layers (Table 3). There also was
i nteracti on between bul k density and soil tenperature. Soil
t enper at ures exceedi ng 37° Cadversely affected rice grow h.
Opti mumporosity and pore size distribution vary anong soils
of different particle size distribution.

Permeability
Sone percol ation of water throughrice soil is essential to
regul ate soil tenperature, inprove N- useefficiency, and

| each away toxins produced by anaerobic deconposition of

organic matter during rice growh (9, 35). Five to 20 mm
percol ation/d is necessary for high yield. Percolation ex-
ceeding 20 mmd causes rapid leaching of nutrients. In
China, Jia- fangand Shi - ye(12) reported higher Nassimla-
tion rates in perneable soils than in inperneable soils.

Opti mumperneability rate varies anong soils and with dif-
ferent wat er managenent and fertilizer inputs.

Table 2. Soil porosity in the surface layer of high- and low-
fertility rice soils (12).

Porosity (%) Air porosity +

Fertility ] — total porosity
Water-filled Airfilled at pF 2

Low 411 21 6.4+0.9 0.13 + 0.02
High 40.2+ 1.9 112+ 28 0.22 £ 0.05
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Table 3. Effect of bulk density and soil temperature on root growth of rice (16).

Bulk Root dry mass (Q) Depth of root penetration (cm)
density
(tm3) 27/15°C 37/25°C 42/30°C 27/15°C 37/25°C 42/30°C
Clay
1.0 0.79 1.54 0.52 15.5 19.8 135
1.2 0.87 1.18 0.60 13.0 14.3 11.0
1.4 0.50 0.78 0.36 8.7 7.0 7.0
LSD (.05) 0.06 15
Loam
14 0.59 1.07 0.41 135 16.7 11.5
1.6 0.74 0.67 0.46 9.8 9.2 9.0
1.8 0.44 0.40 0.31 6.0 5.7 5.3
LSD (.05) 0.08 11
Sandy loam
1.6 0.62 1.44 0.45 14.3 235 13.3
1.8 0.72 0.87 0.56 10.7 12.8 9.5
2.0 0.37 0.50 0.28 5.5 5.2 4.5
LSD (.05) 0.07 1.0
Soil depth

Deep rooting is inportant for rainfed rice during prol onged
rainl ess periods and for dryland crops grown on residual
soi|l moisture. Fertile soils pronote deeper effective root -
ing than less fertile soils. Wth adequate water, however,
deep rooting is unnecessary for high rice yields. Adequate
rooting depth also varies with soil texture -- 10- 14cmfor
a clay soil, 14- 16cmfor loam and nore than 16 cmfor a
sandy soil (35). Riceyieldalso is influencedbythe inter-
action of rooting depth, surface soil conpaction, and sub-
soi|l properties. Jia- fangand Shi- ye(12) found that rice
root mass increased linearlywth depth of the surface soil.

TILLAGE FOR RICE

Usual ly, both dry and wet tillage are necessary to prepare
soil for rice. Tillage changes soil porosity and pore- size
di stribution and hence perneability and percolation, and
water retention capacity of the surface layer. The type,
net hod, and frequency of tillage vary with soil texture,
nm neral ogy, and ant ecedent soil physical properties.
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Puddl i ng
Puddl i ng chahges soil into a honbgenous suspension of prim-
ary particles. Puddling is easiest when soil is near field

noi sture capacity or the lento- capillarypoint. Puddling
destroys aggregates, i ncreases porosity, noisture retention,
and reducing conditions, and |essens bulk density and
perneability. The process is nore thorough in soils with 2:
clays than in coarse- texturedsoils with | ow activityclays.
Swel | — shrinkcharacteristics are inportant in puddling, and
sonme soils therefore puddle nore effectively than others.
The first step in puddling is to decrease cohesion anpbng
soi |l units by regul ating noi sture content.

Puddling a clay soil increases pore volune, at |east
tenmporarily, but the volune of interaggregate or transm s-
sion pores substantially di mnishes. Incontrast, the vol une
of storage pores increases (2, 34) (Fig. 1).

Ef fective puddling drastically reduces a soil's pernmea-
bility as conpared to its aggregated state. Sanchez (29)
recorded a large decrease in drainage rates of puddled
Phil i ppine rice soils. Puddling decreased percol ation | osses

1. Comparison of soil-water retention characteristics of structured and slurried clay soils (34). Unsat'n
= unsaturation.
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Table 4. Effect of puddling on drainage rates of 6 Philippine rice

soils (29).
Drainage (cm/d)
Soil Clay
(96) Aggregated Puddled
soil soil
Psamment  Siliceous 9 267 0.45
Fluvent Mixed 24 215 0.17
Aquept Montmorillonitic 30 183 0.05
Aqualf Montmorillonitic 40 268 0.05
Ustox Kaolinitic 64 155 0.05
Andept Allophanic 46 214 0.31
Mean 217 0.18

by a factor of 1,000 regardless of soil properties (Table
4). |If a soil has been puddl ed for many years, a | ow pernea-
bility 5- to 10-cmthick plow pan that reduces perneability
probabl y has devel oped i medi at el y beneat h t he puddl ed | ayer
(12). Yun-Sheng (37) found that although bul k density and
total porosity of the plowpan were not drastically differ-
ent fromthose of the cultivated | ayer, hydraulic conductiv-
ity oftenwas considerably | ess (Tabl e 5). Hydraulic conduc-
tivity of the plow pan is |ower because the transmn ssion
pores have been changed to capillary pores. De Datta and
Keri m(6) found that puddling reduced percol ati on and t here-
fore reduced wat er consunpti on.

Wet tillage effects on soil physical properties are
greatest for easily puddled soils, for exanmple, fine-
textured soils, withhighactivity clays, that are aggregat -
ed when dry. Puddling has little or no effect on coarse-
textured soils, or on soils that are easily di spersed, such
as fine-textured soils with high exchangeabl e sodi um per-
centage (ESP), or sodic soils. To save tinme and expensive

Table 5. Comparison of soil physical properties of the cultivated
layer and of the plow pan of a rice soil in tne Taihu Lake region
of China (37).

Soil property Cultivated Plow pan
Bulk density (t/m3) 1.20 £ 0.07 1.35 + 0.09
Total porosity (%) 535 +26 500 +34
Pores > 0.2 mm diam (%) 115 =31 54 +23
Pores 0.2-0.01 mm diam (%) 4.6 2.6

Pores < 0.005 mm diam (%) 35 +3 41 +3

Hydraulic conductivity (cm/d) 1040 1.7
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inputs, it is inportant to identify soils that canbe nmanip-
ulated by wet tillage fromthose that cannot or should not.

Long-term effects of puddling

Soils that are repeatedly puddl ed over nany years undergo
drastic structural changes. These changes differ with soil
texture and m neral ogy. When puddl ed soils dry, they shrink
and devel op weak structures with smaller proportions of
wat er — st abl e aggregates. Terasawa (33) described physical
properti es of some Japanese rice soils and observed that the
plowpan is invariably harder than the surface | ayer. He al -
so found that aggregation index increased with bulk density
inorganic soils but decreased in inorganic soils (Fig. 2).
When a puddl ed soil dries, water retention capacity decreas-
es nore than for an aggregated soil. During prol onged rai n—-
| ess periods under rainfed conditions, a rice crop in
puddl ed soil may therefore experience nore drought stress
than in an aggregated soil.

Rice response to puddling

Ef fects of puddling on crop growth are hard to generali ze.

They vary anong soils and are influenced by soil and crop
managenent . Puddling general ly benefits rice growthin soils
where wet tillage causes radical changes in physical proper-
ties. Inother soils, riceyieldis hardly affected.

Wel | — structuredcl ay soils. Destroying the structure of
a wel | — aggregatedcl ay soil or of a soil wth a high propor-
tion of water- stabl eaggregates often increases rice yield
in conparison to yields when such soils renmain aggregat ed.
Puddling thus inproves yields in soils with structural or
i nt eraggregate transm ssion pores that cause hi gh perneabil -
ity (Table 4). Table 6 shows how | oweri ng percol ati on on a
wel | — structuredsoil intanks increasedrice yield.

Mabbayad and Buencosa (21) conpared rice grain yields
on Maahas clay with conventional puddling and with zero and
mnimumtillage and with different rates of paraquat for
weed control. They found that rice yielded well on unpuddl ed
soil with adequate chem cal weed control (Table 7). For
rainfed rice, De Datta and Keri m(6) concl uded that puddling
does not significantly increase yield on clay soils. The
foll owi ng upl and crop, however, nmay benefit fromthe struc-
ture of unpuddl ed soil.
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2. Relationship between aggregate index and soil bulk density for inorganic and organic soils (33).

Table 6. Effect of puddling Maahas clay on rice yield and N use
efficiency (6).2

Grain Plant N
Pianting method  Tillage method yield content (%)
(t/ha) at flowering
No N
Transplanted Puddled 3.0 de 09 b
Broadcast Puddled 3.5 bcd 08 b
Row-seeded Nonpuddled 2.2 f 09 b
75 kg N/ha
Transplanted Puddled 4.0 abc 1.2a
Broadcast Puddled 4.1ab 1.3a
Row-seeded Nonpuddled 2.8 ef 1.1ab
Transplanted P Puddled 46a 1.2a
Row-seeded P Nonpuddled 34 «cd 1.2a

@ Separation of means in a column by Duncan’s multiple range test at the
5% level: bFlood-irrir‘:]ated to 5-cm depth.
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Table 7. Effect of tillage method on lowland rice yield on Maahas
clay (21).

Grain yield (t/ha)
Tillage method

Wetseason Dry season
1966
Plowed and harrowed 3.3 6.4
No-till (0.4 kg paraquat/ha) 2.0 6.7
No-till (0.8 kg paraquat/ha) 2.9 6.9
Plowed and rototilled 2.9 6.4
Plowed only 2.0 7.2
LSD (.05) ns ns
1967
Plowed and harrowed 3.0 4.9
Rototilled (0.4 kg paraquat/ha) 3.0 4.6
Rototilled (0.6 kg paraquat/ha) 2.7 4.4
Rototilled (0.5 kg PCP oil/ha) 2.6 4.5
No-till (0.6 kg paraquat/ha) 2.9 -
LSD (.05) ns ns

Easily dispersed clay soils. Soils that are easily
di spersed on wetting do not need tillage to destroy their
structure. They are self - puddlingand have little deep per-
colation and slight or no leaching. Wt tillage does not
alter their physical properties, and therefore has little
effect onrice growh andyield. Vertisols, especially those
wi t h hi gh ESP, are such soils. Because these soils are self-
nmul chi ng, they al so do not need dry tillage. Croon (3) stud-
ied the effects of three tillage methods on rice grown on a
Vertisol in Kenya, H's data (Table 8) show no significant
yield reduction in unpuddled plots, nor was bulk density
affected by tillage method. Tractor bogging in flooded
fields was a maj or hazard in these soils.

Fl oodpl ai n soils of nixed mineralogy. Floodplain soils
are poorly drained and have | ow perneability. Unless drain-
age i s i mproved, toxins accumul ate and adversely affect rice
grow h and yi el d. The heavy, fluvio- marineclay soils of the
Central SurinamPl ains are an exanple. They contain 65%cl ay
(32), and that clay fraction conprises 40% kaolinite, 20%
nontnorillonite and chlorite, 20% illite, and 20% quart z.
Their structure and perneability can only be inproved by dry
tillage followed by thorough drying. Puddling did not im
prove yield over that withdry tillage (Table 9). Wt or dry
tillage did not affect perneability at 45-100 cm depth.
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Table 8. Effect of tillage methods on rice yield on a Vertisol
(Aeric Grumagquartz) in Kenya (3).

Grain Soil
yield Productive ~ bulk
Season Tillage method (t/ha) tillers/hill  density
(t/me)
1975 Long rains  Zero tillage 4.9 12 1.03
. Paraquat 5.1 12 1.01
Standard tillage 5.4 10 1.02
1975 Short rains  Zero tillage 3.2 18 -
Paraquat 34 18 -
Standard tillage 3.4 19 -

Surface perneability for both tillage treatnents was bel ow
optimumfor rice (Table 10). In these soils, dry tillage is
nore suitable thanwet tillage or puddling.

Coarse— texturedsoils with low activityclays. Poorly
structured soils or those with single- grainl oose structure
are highly perneable. Wen flooded, |eaching of applied
fertilizer is high. Plowing, harrowing, or rototilling often
have little effect on physical properties or consequently on
yi el d. Exanpl es are the vall ey bottom coarse- texturedsoils
used for rice cultivation inWst Africa and Sri Lanka.

An international coordi nated project of the University
of  \geni ngen, Net her | ands, evaluated the effect of
tillage nethod on lowand rice yield in Senegal, Nigeria,
and India. Neither the intensity nor type of wet or dry
tillage over 2- 3yr significantly affected rice yield in

Table 9. Effect of tilage method on rice yield in Surinam at
different fertilizer rates (30).

Tillage Mean yield (t/ha)
56 kg N/ha
Wet 3.3
Dry/wet 35
Dry 34
Zero 3.2
84 kg N/ha
Wet 3.9
Dry/wet 3.8
Dry 3.8

Zero 3.4
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Table 10. Effect of tillage method on physical properties of a clay floodplain soil in
Surinam and on rice grain yield (30).

. Wet Dry/wet Dry Zero
Soil proper . - .
property tillage tillage tillage tillage
Available moisture (%)
up to pF 2.7 28 19 21 15
pF 2.7-4.2 40 34 30 30
Range of water permeability 0-3 4-15 8-70

(15-45 cm depth) (mm/d)
Range of dispersion ratio®(%) 31-78 (43) 52-72 (56) 16-48 (37) 33-45 (32)

Water stable aggregates 2 (%) 64-72 (69) 67-75 (70) 71-74 (73)  70-76 (74)
Rice grain yield (t/ha)
at 56 kg N/ha 3.7 35 3.4 3.2
at 84 kg N/ha 3.9 3.8 3.8 34

@Figures in parentheses are mean values.

Senegal (Table 11). In N geria, tillage ona sandy soil al so
had little effect onrice grainyield (Table 12). On a clay-
loam soil in India, however, disc harrowi ng produced
somewhat hi gher yi el ds than pl owi ng (Tabl e 13). Lack of rice
yield response to wet or dry tillage also was reported for
Sri Lankan soils (23).

The effect of no-till and puddling on rice yield from
sandy | oam and sandy- clayloam soils was studied for 15
consecutive crops at |IITA, Ibadan, N geria. Maurya and Lal
(22) and Rodriguez and Lal (28) found that both tillage
net hods gave sinilar yield if weeds were control | ed.

Fi gure 3 shows-effects of no- tilland puddling on grain
yi el d for seven consecutive rice crops on a sandy | oamsoil.
The lowyields for crops 4— 6in the no- tilltreatnent were
because of poor seedling establishment. Rice strawwas al -
ways | eft on the surface, and anaerobic straw deconposition

Table 11. Effect of wet and dry soil tillage by a 2-wheel tractor-mounted rototiller on
grain yield and weed mass density in Senegal (7).

Main season 1974 Off-season 1974
Tillage method Yield Weed Yield Weed
(t/ha) mass density (t/ha) mass density
(kg/20m?) (kg/20m?)
Dry 25 4.7 24 14.0
Wet (1 pass) 2.3 3.8 2.1 8.5
Wet (2 passes) 25 2.8 2.5 7.0
Wet (5 passes) - - 2.5 8.5

Significance ns ns ns 0.5%
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Table 12. Effect of wet and dry tillage on yield of IR20 on
sandy soil at International Institute of Tropical Agriculture,
Nigeria (7).

Rice grain yield (t/ha)

Tillage method

With Without
fertilizer fertilizer
No-tillage 5.5 5.4
Rotary tillage (1 pass) 5.7 4.8
Rotary tillage (4 passes) 5.9 5.4
Japanese reversible plow 6.0 4.3
Mean 5.8 5.0
LSD (.05)
Fertilizer 1.4
Tillage ns

Table 13. Effect of bullock-drawn tillage on rice yield on a
clay loam soil at Cuttack, India (7).

Grain yield (t/ha)

Wet tillage With dry No
primary tillage primary tillage
Plowing 3.9 3.5
Disc harrowing 4.3 4.0
3. Rice grain yield on puddled and notill Ricegre- 22 - rz

sandy loam soil with and without nitro- 71
genous fertilizer. ’

With N

€0}
o
@
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produced toxic conpounds that nmay have reduced seedling
establ i shnment. Seedling establishment and rice yields im—
proved when crop resi dues were renmoved. Simlar results were
obt ai ned on a sandy- clayloamsoil (Fig. 4). Crop residue
reduced yield | ess on the heavy- texturedsoil.

I1 TA data indicate that tillage nmethod affects soil
physi cal properties only slightly. The surface 0- 1cml ayer

Rice grain yield {t/ha)

——@ No-*#
3 O—=—0 Puddiec

1978 ’ 1979 1980 o8l 1982 1983

Crop no

4. Rice grain yield on puddled and no-till sandy-clay loam soil with and without nitrogenous fertilizer.
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Table 14. Effect of tillage method on textural proportions of a
coarse-textured soil in western Nigeria (Lal, 1981,unpubl. data).

Textural proportion (%)

Soil Puddled Noxtill
constituent

0-lcm 12cm 25cm 0lcm 12cm 25cm

Sand 32 30 31 28 28 30
Silt 33 33 32 34 34 33
Clay 35 37 37 38 38 37

of puddl ed plots had less clay and silt and nore sand than
the no-tillplots (Table 14). The surface | ayer of no-till
plots retained nore water at all suctions than on the pud-
dled plots (Fig. 5). These effects were pronounced only in
the O- 1cmlayer. Bulk density in no-tillplots was low in
the surface horizon and increased between 2 and 6 cm In
contrast, the high bulk density of puddled soil at 0- 1cm
decreased between 1 and 4 cmand increased between 4 and 8
cm(Fig. 6).

These data and those by Curfs (4) indicate sonmewhat
different features of rice profile devel opment in coarse-
textured and clay soils. Curfs observed that the plowed/ -
puddl ed | ayer in a sandy soil can be divided into four sub-
| ayers. The 0.5- 2.0mmtop |ayer usually consists of clay
and silt. The 5- 20mm subl ayer is nbstly sand. The second
subl ayer extends to plow depth (12- 13cm. The third sub-
| ayer corresponds with a pl owpan but is poorly devel oped.

Mechanical compaction of
coarse—textured soils and effect on rice yield

Al t hough puddling does not reduce percolation in coarse-
textured soils, conpactioncan. Ghildyal (8) reportedthat a

soil at 1.7 t/n? bulk density had substantially |ower cumi-

lative water intake than a soil with 1.5 t/nf bul k density.
Increased rice grainyield on a conpacted soil, especially
in a pot experiment, is difficult to interpret because of
the differences intotal soil weight. Sorme increase infield
grain yield has been observed where water availability was
not |imting.

InNigeria, Ogunrem et al (25) conpared alterations in
soi | physical properties and rice grainyield froma sandy
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5. Soil moisture retention properties of a no-till and a puddled sandy loam soil during the off-season.

| oamsoi |l follow ng puddling, no- till,and conpaction. Their
data (Tabl e 15) showthat rice yield fromthe conpacted soi
was hi ghest. Conpaction probably decreased | eaching of ap-
plied fertilizer (Table 16). Inrainfedrice, however, rice
grown on conpacted soil is likely to have severe drought
stress during rainless periods because conpaction nay de-
crease wat er storage capacity i n sone soils.
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6. Bulk density profiles in a notill and a
puddled sandy loam soil during the off-
season.
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Table 15. Effect of soil compaction on rice yield on a sandy loam soil in western Nigeria

(26).
Grain yield 2 (t/ha) Bulk Void Transmission Air-filled
Tillage density ratio  pores > 50 ym  porosity at
method I I Il (t/m3) (%, volfvol) 0.1 bar
suction (%)
Compacted 7.9 4.1 7.6 1.68 0.95 7.4 9.2
Puddled 6.6 3.5 5.1 1.50 0.97 7.9 9.5
No-till 5.9 3.3 5.6 1.46 1.04 8.2 10.1
LSD (.05) 1.1 0.5 1.9 0.10 0.04 0.3 0.4
&1, 11, Il are consecutive rice crops.

Table 16. Effect of tillage method on cumulative water infiltra-
tion of a sandy loam soil (26).

Tillage method

Cumulative water infiltration (mm)

10 min 50 min 90 min 120 min
Compacted 25 42 47 55
Puddled 29 48 57 57
No-till 34 61 73 87
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Effects of puddled soil on following dry season crops

Use of lowand rice fields for post- rainyseason dryland
crops is increasing. Gowh and yield of the dryland crops
are influenced by soil nechanical properties, soil tenpera-
ture, and noisture regines after rice. Lowsoil bul k density
and favorabl e pore size distributionare necessary for roots
to penetrate the subsoil and use residual noisture. Dryland
crops grow badly on poorly structured, puddled soils. Soil
physi cal constraints created by puddling can be alleviated
by appropriate tillage, but the necessary operations require
hi gh energy inputs, are capital intensive, and often are
i mpossi bl e for smal |l | andhol di ngs i nthe tropics.
Anuntilled, puddled soil adversely affects root pene-
tration of upland crops. For exanple, Hundal and De Datta
(10) found that while mungbean yield was unaffected by dry
season tillage, sorghumyield was higher in tilled than in
untilledplots. Dry seasontillage inproved sorghumwater -

use efficiency, for exanple, 0.56 kg/nf of dry matter pro-
ductionwith 17 cmof water for a tilled seedbed conpared

with 0.33 kg/nm? of dry matter with 22 cm of water for an
untill ed seedbed. This was attributed to different nutrient
avai l ability under the two till age met hods.

Dry season soil nmanagenent also influences establish-
nent and yi el d of the follow ng rai ny—- seasonrice crop. Dry,
hard soil requires considerable tinme and energy to prepare a
seedbed for tinely establishment of rice. Aweed- freeseed-
bed protected fromultra- desiccatiorby a crop resi due mul ch
benefits the followingrice crop (11).

Rice seedling emergence and
establishment under anaerobic conditions

Ri ce seedling establishment often is adversely affected by
organi c chem cal s rel eased duri ng anaerobi ¢ deconposi ti on of
crop residues. The effects are particularly severe in un-
tilled fields with coarse- texturedsoil. Low toxin concen-
tration insandy soil sproduces the sane effect as high con-
centration in clay soils. The problemcan be partially over-
cone by dry tillage, wet tillage, or by burning or renoving
crop residue. Tillage often is expensive and adversely af -
fects the foll owi ng dryl and crops.

Oxygenat i ng conpounds have produced encouragi ng results
inalleviating the adverse effects of anaerobic conditions.
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Table 17. Effect of calcium peroxide application on seedling
emergence and yield of IR36 (36).

Calcium Emerged Grain
Sowing method peroxide seedlings yield
coating (no./m?) (t/ha)
Machine seeded With 174 5.5
Without 8 0.6
Broadsast, flooded With 216 54
Without 30 2.7
Broadcast, drained Without 259 5.6
Transplanted 25 5.4

Experinents at |IRRI by Yoshida and Parao (36) showed that
rice seedling establishment under anaerobic conditions can
be inproved by applying calcium peroxide (Table 17).
Japanese studi es showed that peroxide seed coating inproved
germ nati onunder subnerged condi tions (27).

The adverse effects of puddling and structural deteri-
oration on of f - seasondryl and crops al so can be m ni m zed by
appl yi ng oxygenati ng conpounds. Dryl and crops, such as cow
pea, grown on poorly drained soils often suffer fromanaero-
bic conditions. Tillage can oxygenate the soil, but oftenis
expensi ve and sel f — negating.Ogunrem et al (25) found that
cal ci um peroxi de application i nproved crop energence, | eaf
area, dry matter, and grain yield of cowpea grown in a poor -
|y drai ned soil (Table 18).

Table 18. Percent emergence and grain yield of cowpeaand soybean as affected by water
tabledepth and calcium peroxide application (25).

Water table Calciqm Emergence (%) Grain yield (g/plant)
depth (cm) perQX|dg
application Cowpea Soybean Cowpea Soybean
0 (saturated) Without 44 8 0.1 0.0
0 (saturated) With 72 19 1.4 0.7
15 Without 83 44 18.9 2.9
15 With 92 36 24.3 5.4
40 Without 48 25 26.5 4.5
40 With 81 19 27.8 5.6
LSD (.05)
Water table 15 19 4.2 2.3

Calcium peroxide 12 16 3.4 1.9
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Trafficability of rice soils

Heavy clay soils are very hard when dry and very sticky when
wet. Their trafficability, workability, and soil - inpl enent
interaction are not well understood. The scanty avail abl e
i nformati on indicates that puddling decreases the range of
soi|l moisture content for efficient workability. Tractors
and buffal o often bog down in a clay soil that is plowed at
field noisture capacity or near saturation. This frequently
occurs in old rice fields. Soil workability progressively
deteriorates, nmaking it necessary to drain and dry the
fields.

Plowing a dry, puddled soil is equally difficult be-
cause the hard, structurel ess soil has undergone consider -
abl e shrinkage, Plowi ng a hard- setsoil that has broken into
| arge, massive clods often is beyond the capacity of anim
power, which comonly is the only power available in South
and Sout heast Asia. These difficulties in wet and dry pl ow-
i ng of heavy clays are caused by tillage- i nducedal terations
in soil structure. Unnecessary or excessive tillage of clay
soil s al so causes trafficability probl ens.

Kisu (19) related machi ne perfornmance during wet till-
age with soil properties. Traction perfornmance or traction
rati o (drawbar pull divided by tractor weight) is related to
soi |l resistance. Wth progressive soil structure deteriora-
tion caused by successi ve puddling, the tractor sinks deeper
and deeper into the soil. Sinkage depends on tractor weight
per unit area and soil strength (30). Kisu (19) devel oped a
tentative rating index to assess the ease of different till-
age operations in a wet soil in relation to cone index
(Tabl e19).

SOIL PROPERTIES AND TILLAGE FOR
RICE-BASED CROPPING SYSTEMS

The need for nmore food has necessitated agricultural diver-
sification on the rice soils of South and Southeast Asia.
The dryl and crops usually grown on rice soils in double- or
nul ti pl e~ croppi ngsystens are vegetabl es and pul ses such as
nungbean, cotton, tobacco, peanut, andnustard (18). Till age
of heavy- texturedsoils for dryland crops nust facilitate
seedling energence and increase water- holding capacity.
Dryland crop enmergence is poor on puddled soils, and crops
suffer fromdrought. On sandy fan terraces, soil structure
and wat er — hol di ngcapaci ty are poor

Appropriate tillage matches requirenents for grow ng
rice and the following dryland crop with the soil proper-
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Table 19. Relation between cone index and trafficability of a wet
soil for different tillage operations (19).

Cone index (MPa) at given

trafficability
Tillage operation
Easy Possible Impossible
Rotary tilling > 05 0.3-0.5 < 03
Plowing > 0.7 0.4-0.7 < 04
Plowing (with griddle) > 04 0.2-0.4 < 0.2

ties. Adesirable rice soil should have | owperneability, 10
to 20 mid, and high water retention capacity in the surface
layer. Additionally, soil nanagenent nust ensure adequate
crop stand by inproving seedling energence in direct sown
rice, andfacilitaterice transplanting. Soil structure al so
nust ensure an econom ¢ yield froma foll owi ng dryl and crop.

Tillage type and intensity depend on the antecedent

soi | physical conditions. Apparently controversial results
reported inthe literature regarding the ef fects of puddling
onrice growth can be explainedinterns of soil properties.
It is difficult to generalize tillage recomrendations for
rice without regard to soil conditions. Land- usehistory is
equal ly i mportant to this eval uati on. Thus:

i On soils with predom nantly high- activityclays,
on soils that are easily di spersed when subner ged,
and on soilswithnaturally | owperneability, with
adequate weed control, rice grows successfully
wi t hout puddling. If puddling is at all necessary,
it can be done every 3 or 4 yr rather than for
every crop. Under these conditions, elimnating
puddl i ng woul d i nprove growt h and yi el d of foll ow
i ng dryl and crops, as woul d nul chi ng.

. I n unpuddl ed coarse- texturedfields with predom -
nantly low activity clays, yield is reduced be-
cause of high percolation and nutrient |eaching,
and because of nutrient inbalance and toxicities.
Crop residues should either be renpved or burned.
Soil perneability should be reduced. Because ef-
fective puddling is inmpossible in poorly struc-
tured soils, they respond better to soil conpac-
tion than to wet or dry plowing. Dry tillage may
be necessary if a dryland crop is grown after
rice.

. Conpacted soils with poorly drained subsoil and
surface horizons of low air- filledporosity re-
spond nore to dry than to wet till age.
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. On well - structuredclay soils with high percol a-
tion, puddling is necessary. The frequency and
intensity of puddling nmay be | essened when a | ow-
perneability pl ow pan devel ops. Dry tillage may be
required if structural conditions do not inprove
enough for a dryland crop in dry season. However,
usi ng oxygenating conpounds nmay be a prom sing
techni que for inproving crop stand and growt h.

It is inmportant to develop scientific criteria for
choosi ng appropriate tillage systens. Consi derabl e basi c and
applied research is needed to devel op such guidelines. |Im—
portant considerations in developing the criteria will be
clay content and m neral ogy; perneability, conpaction, and
i nternal drainage; trafficability; days avail able for seed-
bed preparation; and crop rotation. Lal (20) devel oped a
tentative systemfor assessing soil tillage requirenents for
arice- basedsystem(Table 20). It can be inproved by addi ng
i ndependent variables such as soil conpaction and soil
strength. Rice grown on soils with low tillage rating is
likely to respond to conpaction. Soils with ratings of 2- 3
may require varying intensity of puddling, depending upon
| and use history and the presence of a slowy perneabl e pl ow
pan. Wet tillage should be avoi ded on soils with ratings of
4- 5. Sonme soils with high ratings may require periodic dry
tillage toincreaseair— fillegorosity.

CONCLUSIONS

Puddl i ng decreases perneability, increases water retention
capacity, facilitates transplanting, and eradi cates weeds.
Heavy- texturedsoils with high- activityclays puddl e nore
ef fectively than coarse- texturedsoils. Puddling may benefit

Table 20. Tentative rating table as a guide to tillage requirements for rice-based cropping
systems (20). Rating is cumulative.

Clay Cation Soil Enduraf?ce Days available
content exchar)tge permeability for t\(:/(::atilllcage for seedbed Rating
o capacity mm/s reparation
) (mmol/kg) (mm/s) prep
<10 <50 >70 Very good <15 1
10-25 50-100 35-70 Good 15-25 2
25-40 100-150 17-35 Fair 25-35 3
40-55 150-200 1-17 Poor 35-45 4
>55 >200 <1 Very poor >45 5
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rice growth in soils with high percolation rates. Dryland
crops grown on puddl ed soils may, however, suffer frompoor
soi |l structure and drought stress because of soil shrinkage
and root growth inpedance bel ow t he pl ow pan. Puddling does
not benefit rice growh and yield on naturally dispersed
soils, such as Vertisols. Poorly drained soils, however,
respond better todry thanto wet tillage. Percolationrates
of coarse- texturedsoils may be nore effectively decreased
by nechani cal conpaction than by wet till age.
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Abstract

Thi s paper exam nes the basic tillage inplenent requirenents
of a lowl and rice- basedcroppi ng system Basic cultivation
operations and the types of soil disturbance needed for each
are identified. Soil and i npl ement factors i nfluencingdraft
and power requirenents are considered, and the action and
type of soil disturbance caused by the different inplenent
types is described. Anethod of choosing the basic inplenent
types necessary for specific field situations is suggested,

and appropriate tool s and t echni ques are reconmended.
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IMPLEMENT DESIGN FOR
LOWLAND RICE-BASED CROPPING SYSTEMS

Preci se knowl edge of necessary soil conditions and of the
transformati ons needed to achieve themis a prerequisite for
ef ficient equiprment design and selection for any cropping
system For inplenent design, it is convenient to define the
requi red soil mani pul ati ons based on cultivati on operations
needed to change the existing to the desired soil state (4).
Several basic cultivation operations can be identified for
| oWl and ri ce- basedroppi ng syst ens.

After basic cultivation operations are identified,
i mpl ements can be designed and perfected (2). Inplenents
nust produce desired results under prevailing soil and nois-
ture conditions, require mninmnmpower and draft, and match
avai |l abl e power units and farmand field size and shape.

BASIC CULTIVATION

At the beginning of the rice phase in a low and rice- based
cropping system the soil often is conpacted and covered
wi th weeds or trash. Tillage nmust | oosen the soil and con-
trol weeds through incorporation by mxing or inversion.
Loosening is followed by puddling to nove the organic mate-
rial deeper and reduce soil perneability at the bottom of
t he puddl ed | ayer.

Perneability can be reduced by mechani cal soil manipu-
lation and by forcing soil particles down to decrease pore
size at the bottom of the puddled |ayer. Leveling may be
needed before transplanting. Were upland crops wll be
planted after rice, soil |oosening, clod breaking, and soi
conpacti on may be necessary.

NATURE OF SOIL DISTURBANCE

During tillage, forces applied by the inplenent make cl ods
or aggregates slide over each other into new positions.
Three types of disturbance occur, depending on soil condi-
tion and i npl enent type and force (3).

. Loosening or brittle disturbance. Soil slides
along a few well - definedpl anes and soil density
decl i nes.

. Conpacting or conpressive disturbance. Particles
nove al ong many pl anes and soi|l density increases.

. Critical state disturbance. Particl e novenent does

not change soil density.
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Table 1. Type of soil disturbance for basic cultivation

operations.

Operation Required disturbance
Loosening Brittle

Mixing Any @

Inversion Any?

Compaction Compressive

Leveling Any @

Clod disintegration Brittle

a Type depends upon the required change in density.

The success of any tillage operation depends on noving the
soil inthe right way. Table 1 shows the necessary novenents
for basic cultivationoperations.

Looseni ng often becones nore difficult as soil becones
wetter or | ooser. Conpression is less |likely at higher com
pacti on and at saturation.

| mpl erent shape determ nes soil novenent, and the type
of soil disturbance. Loosening occurs when soil is noved
toward the surface or to a cavity where it can expand. |Im
pl enents nove soil along the path of | east resistance. Myv-
ing soil into soil causes conpression.

SOIL RESISTANCE TO DEFORMATION

Moi sture content and packing state substantially influence
soi|l resistance to deformation. Figure 1 shows how noi sture
content and soil density affect bulk shear strength in a

| arge mass of well - structuredor nedi um- to coarse- textured
soil. Shear strength increases withdrying and density.
1. Soil bulk shear strength - moisture i “
content relation. mcre‘osmg
T ' bu!kdlensny
!
I
; |
I
T Bulx shear
g ‘ - strength
' |
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Drying also rapidly increases defornmation resistance
(clod shear strength) of individual clods or aggregates
(Fig. 2). Clods are nost easily broken at high noisture
cont ent, which is the ideal state for puddling, but the

nost vul nerable state for soil - structuredeterioration in
the non- ricephase of the cropping sequence. In this non-
rice phase, it is best to break clods when the soil is fri-

able and drier thanthe plastic limt.

Bul k and clod shear strengths in poorly structured,
fine- texturedsoils react simlarly to drying: both becone
exceptional ly highat | owsoil - npi sturecontent.

The sliding resistance of a soil over inplenents is
greatest near the liquid|limt, where scouring may be i npos-
sible infiner textured soils.

IMPLEMENT FORCES AND POWER REQUIREMENTS

| mpl erent forces and power requirenments relate directly to
soi |l condition, deformationresistance, and i npl emrent geone-
try and working depth. Figure 3 shows the sensitivity of
hori zontal and vertical forces acting on tines or blades to
changes in horizontal inplement inclination at the same
wor ki ng dept h.

Draft (horizontal) forces can be mnim zed by using the
smal | est possible tine inclination for the appropriate soil

2. Clod shear strength - moisture content
relation.

T
|
|

Shear strength——m—————m

|
I

Plastic Liquid
limit limit

Moisture content -
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Direction of travel
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3. Influence of tine inclination on soil forces. Draft force is lowest and penetration highest at low in-
clinations.

di sturbance. Tines with |low inclination should be sel ected
for soils with penetration problens. Large inclinations are
needed when penetration is unnecessary or when heavy down-
ward |loads are required to break clods or to snear or to
puddl e t he soi | .

Tillage depth should always be nininized because of
draft and power penalties for deeper cultivation (Fig. 4).

4. Influence of tine working depth on f— ]
draft force.

Draft
force

Working depth —
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IMPLEMENT ACTION ON SOIL

| mpl emrents can be grouped according to patterns of soil
di st ur bance.

G oup Exanpl e
Wde tines Level i ng bl ades
(wor ki ngw dth greater W de chisel tine plows
t han wor ki ng dept h) Angl ed di sk harrows
Subsur f ace sweeps and
bl ades
Narrowt i nes Cultivationtines
(workingwi dthless Tiller tines
t han wor ki ng dept h) Narrow chi sel tine pl ows
Very narrowtines Harrowti nes
(wor ki ng wi dt h much Mol e pl ows
| ess t han wor ki ng
dept h)
Si deways angl ed bl ades Mol dboar d pl ows
Di sk pl ows
Di sk harrows
Weel s/rolls Pl ai n, peg tooth,
crunblerrolls
Presses
Powered ti nes Hori zont al - and verti cal -

axi s powered rotary
cultivators

The initial action of the inplenents and the resulting soil
di sturbance are shown in Figure 5. In addition to initial
soi | disturbance, further breakdown may occur if the inple-
nent throws the |oosened soil. The degree of subsequent
br eakdown depends on the soil's inpact velocity.

Al though tined inplenents are separated in Figure 5
into three general groups, the disturbance caused by a gi ven

tined i npl ement could fall into any category, dependi ng upon
soil conditions. As tine working depth increases in a given
soil, the nature of the soil disturbance changes fromthat

of awide to a narrowto avery narrowtine (5).
The transition fromnarrow to very narrow tine distur-
bance at the critical depth is particularly inmportant. As
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e. Wheels /rolls
Rear view
% A
A\Compucfion ﬁ z \
Straight disk
Surfocec e
IS N e PR P T Broker cizz
f. Powered cultivators
L-blade Power harrow
Side view Plan view
Soil surface

5. Action of various implements and resulting soil disturbances.

the tine noves belowcritical depth, the soil disturbance at

and bel owcritical

dept h changes frombrittle,

whi ch | oosens

soil, to conpressive,

whi ch conpacts it.

The position of

wor ki ng depth relative to critical

depth is a mgj or determ -

nant of effective cultivation.

Critical depth and hence maxi num and m ni nrum usef ul
wor ki ng depths for | oosening and conpressi on are i nfluenced
by inplenent design and soil factors. Critical depth in-
creases wWith increasing tinewdth, decreasing tine inclina-
tion, and decreasing soil - noisturecontent. Loose, weak
surface soil over stronger, denser soil at working depth

tends to

i ncrease critical

dept h.

Conversel y,

strong, com

pact soil above weaker

| ooseni ng at depth (Fig.

| ooser soil
6).

at wor ki ng dept h reduces
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EFFECT OF TINE SPACING AND POSITION
ON SOIL DISTURBANCE AND FORCES

The uniformty of soil disturbance withmultiple- tineinple-
nents depends on tine spacing (6). Wth narrow ti nes worki ng
above critical depth under upland conditions, tine spacing
less than 1.5 tinmes working depth is necessary for conpl ete
soi|l breakout at depth. Wder spacing causes inconplete
br eakout and uneven soil surface (Fig. 7).

Critical depth for given tines can be increased by
first | oosening the surface |layers. Shallower | oosening can
be a separate, preparatory, operation or shallow working
tines can | ead the deep tines on the sane tool - frame. Addi ng
appropriately positioned shallow tines (Fig. 8) does not
i ncrease draft force. Separate shall owand deep cultivations
can halve the maximum pull required, as conpared to deep
cultivationw th no preparatory shallowcultivation.

a. Increasing tine inclination

I I /

L/_ __‘“Z —/ _____ Critical depth

b. Decreasing tine point width

Increasing soil-moisture content

|| ||

|
lL/ ___45_ ﬁ——t————cm‘icol depth

c. Soil surface condition

Loose Very compact

U _;_ﬁ _____ Critical depth

6. Factors influencing critical depth.
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7. Influence of tine spacing on soil disturbance at depth.

SOIL SORTING AND TRASH HANDLING

Smal |l clods and aggregates settle and coarse clods rise
during tillage. The greatest separation occurs with narrow
tines and the least with powered rotary cultivators, and
wi t h nol dboard and di sk pl ows.

Forward- inclinedtines tend to nove trash toward the
surface and are easily blocked unless they are well-
staggered with the |egs swept back fromthe working tips.
Backward- i nclinedtines and rolling press or disk- typei m—
pl enents nove trash to depth and are |ess easily bl ocked.
Powered rotary cultivators tend to produce nore uniform
m Xi ng.

8. Soil disturbance with multiple-depth

Direct:ior o* travel X .
- tine combinations.

| J I Soll surface
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IMPLEMENT SELECTION FOR BASIC CULTIVATIONS

An inplenment classification for basic cultivation is as
foll ows:

Task | npl ement characteristic
Looseni ng Forward- inclinedines at
single and mul ti pl e dept hs
Pl ows

Powered rotary cultivators

M xi ng (on previ ously Di sk har r ows
puddl edsoi |) Powered rotary cul tivators
Chi sel tines
Pl ows
Peg toot h and crunbl er
rolls
Presses
I nver si on Mol dboard pl ows
Di sk pl ows
Conpacti on by Di sk har r ows
sneari ng (bottomof Backwar d- i nclinedi nes
puddl edl ayer) Powered rotary cul tivators
Seedbed conpacti on Vertical tines
(upl andsoi |) Rol | s
Presses
Level i ng (puddl ed Backwar d- i ncl i nedand
soi l) vertical tines
Cl od di si ntegration Rol I's
(drysoil) Di sks

Powered rotary cul tivators

POWER AND DRAFT CAPABILITY FOR TILLAGE

Al inplements have mninmum draft and power requirenents
that are deternined by soil conditions, inplement geonetry,
wor ki ng depth, and speed. Sone inplenents are unusable in
certain situations. Aninmals, representing |lowdraft power,
can sustain an average continuous pull of 10-15%of their
body wei ght. For short periods, with adequate rest, they can
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pull upto 5 tines that. A single, nmedium- sizedbuffal o can
sustain a draft force of about 1 kN
On dry upland soil conditions, tractors can pull about

hal f their weight. In rice fields, where tractors obtain
support and traction fromthe pan at the base of the puddl ed
zone, the pull my be less. This is because the pan's

support capacity limts tractor weight and pressure, and
therefore, traction. Additionally, the pan may be destroyed
by excessive tractor- wheel slip or by drivewheel penetra-
tion, thereby causing serious problens. Mreover, powered
i mpl ements that develop a forward thrust do hel p overcone
traction probl ens.

Where the m nimumdraft requirenment exceeds avail able
draft or tractive force, tillage sonetines can be conpl et ed
i n stages that each have sufficiently lowdraft requirenent.
I mpl erents that can work progressively deeper at each pass
al so can hel p.

In lowand rice fields, substantial thrust can be
achi eved only by using the strength of the base pan or com-
pact ed zone. |nplenents such as seeders, planters, and fer-
tilizer applicators are frequently ground- driven; therefore
the drive wheels nust develop a thrust force at constant
wor ki ng speed. This can be achieved using a wheel wth
spi kes that extend t hrough the puddl ed soil into the under-
lying conpact |layer. Wien very little forward thrust is
needed, paddl e- wheelsworking in the puddled soil nmay be
adequat e.

IMPLEMENT DESIGN AND SELECTION

Land preparation systens for low and rice have been de-
scribed by De Datta et al (1). The follow ng are exanpl es of
one approach to selecting the nbst appropriate inplenents
for specific soil manipulations. The chosen inplenent not
only should produce the desired result, but also should
m ni mze draft and power denmand of the avail abl e power unit.

1. Initial |oosening and weed control indry soils.

Field requirement: to loosen soil to a specific
depth and i ncorporate trash and resi dues.

Basic cultivation requirenents: |oosening, and
i nversi onor m xi ng.

Soil working conditions: soil nmoisture may be
close to plastic limt or drier, Draft requirenent
i ncreases wi t h decreasi ng noi sture content, particul ar -
ly infiner- texturedsoils. Varying anounts of organic
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matter: sonme of which is | oose, sone attached to soil
aggr egat es.

| mpl eent requirenment: nol dboard or disk plows,
whi ch can | oosen the soil and bury al nost any anobunt of
trash. However, they have a high unit draft require-
nent, and di sk plows are not particularly suitable for
ani mal operation. Forward- inclinedtined cultivators
are suitable for | oosening and for handling small quan-
tities of short trash; their unit draft force is | ow

Puddl i ng.
Fieldrequirenent: to puddl e soil to the appropri -
ate depth, giving a conpact, |lowperneability |ayer at

its base that mninm zes percol ati on and supports field
traffic.

Basic cultivationrequirenent: mxing and i ncor po—
ration of organic matter; conpaction of pan by snear-
i ng; hydraulic sealing, wthout increasing pan depth.

Soi |l working conditions: very wet soil, withlit-
tle strength, easily disintegrated and di spersed when
| oaded by al nost any i npl enent.

| mpl erent requirenents: inplenents that readily
penetrate the puddled layer, carry organic materi al
downward, and conpact and srear at depth. Backward-
inclined narrowtines, disks, and presses performwell,
but need large forces. Powered rotary cultivators are
al so effective and have fewer draft problens. Forward-
inclined tines increase the risk of excessive penetra-
tion, and incorporate organic matter poorly. Heavier
i mpl ements require accurate depth control and shoul d be

used in conbinationw th crunbler or paddle roll inple-
ment s.
Seedbed preparation and deep soil |oosening for crops

following rice inpuddled soils.

Fieldrequirenment: to alleviate soil conpactionin
deeper soil layers, and to prepare an appropriate
seedbed. Tillage nmust be achi eved with m ni mumnoi sture
| oss.

Basic cultivation requirenents: |oosening, clod
di si ntegration, and seedbed conpacti on.

Soil working conditions: high noisture content,
particularly below the conpacted pan at 200- 300 mm
depth. Surface layers dry rapidly, causing increasing
bul k and cl od strengths that make cl ods hard to break.
Deep- | ooseni ngi npl enents nmay be working below their
critical depth.
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| mpl erent requi renents: deep- worki ngwi de tines,
or shallow tines giving a preparatory |oosening of
surface layers in a two— stagenarrow- ti nedeep | oosen-
ing that has | ower draft requirenent. Conbi ned shal | ow
and deep | oosening is better, and the shall ow | ooseni ng
should be with tines or a powered rotary cultivator.
The main target in the shall ow- | ooseningstage is the
pan, which linmts | oosening by preventing upward nove-—
nent of the wetter, deeper soil.

Traffic for seedbed preparation after deep | cosen-
ingwi |l rapidlyreconpact noist, |oose soil. One sol u-
tion is to prepare the seedbed, deep- |oosen, drill
seeds, and conpact the seedbed in one pass, thereby
avoi ding subsequent traffic. Alternatively, traffic
m ght be controlled and, if possible, restricted to
sacrificial traffic |anes between which the crop is
growmn. In upland soils the drier traffic |anes allow
access to cultivate the .cropped soil at much higher
noi sture contents than with randomtraffic access. In
consequence, brittle | oosening and cl od di sintegration
with a powered rotary cultivator can be undertaken at
t hese hi gher noi sture contents.
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Abstract

The obj ecti ves of nodeling tillage operations and soil phys-
ical variables are discussed, Existing nodels and theories
suitable for use in nodeling are revi ewed. Methods for nmea-
suring soil propertiesrelevant to tillage and for obtaining
suitable data for future nodels are outlined. The devel op-
nent at the University of Mel bourne of a tillage/water bal -
ance nmodel for wheat cropping is described.
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SIMULATION MODELS FOR TILLAGE AND
SOIL PHYSICAL VARIABLES

In alnost all tillage and soil research, the paraneters
bei ng studi ed are conpl ex and dynam c. Soil properties vary
substantially over depth, tinme, and with different manage-
nent practices and sites. Therefore, tillage research has
concentrated on the overall effect of different options on
crop performance. Controlled plot experinments have predonm -
nated and yield differences have been assessed as if only
tillage i nputs were rel evant.

The results of plot trials are site- specificand con-
flict at different locations (20). Hence it is difficult to
extrapol ate the results of plot experinments to other areas
or even to apply themunder different weather conditions at
t he sanme site.

A mat hematical nodel for a wide range of sites and
conditions can be developed. By using suitable, process-
based computer nodels, the extent and duration of plot
trials can be reduced, They also allow the extrapol ati on of
research resul ts across geographi cal areas. Mdel s al so hel p
interpret and understand plot results. The need to under-
stand the processes to be sinulated also ensures that re-
search prograns are efficiently pl anned.

Thi s paper describes conputer sinulation nmodeling as a
conpl enmentary tool to plot experinents that avoids sonme of
their limtations. Conputers al so have potential for passing
results of research and technol ogy to farnmers. These points
are illustratedby the SI RAGCROP project for irrigated agri -
cultureinAustralia (6).

SIRAGCROP is being established to advise farmers on
nmanagenent systens and associ ated i nfornation nodels to help
them i nprove yields and water use efficiency through better
managenent. The systemoperates froma central conputer with
t el ephone connections to individual farnms. Advice includes
optimumtinmng for preplanting irrigation, fertilizer and
herbicide requirenents, disease prediction, irrigation
scheduling, and financial returns on water and application
cost s.

Surveys of farmng practices and research projects
provi de data for the nodels. The research projects include
work on required |and slopes, irrigation scheduling, root
zone limtations to plant growh, carbon bal ance and wat er
use, diseases of irrigated wheat, efficiency of Nuse, geno-
types and sow ng dates, wheat breeding, crop rotations,
LANDSAT studies, and farm and market econom cs. Although
SI RAGCROP has a wi der scope than a tillage- soil nodel, it
does illustrate the potential of nodeling.
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Separately, a conposite nodel for dryland wheat is
bei ng devel oped (15). Its core nbodel consists of daily water

bal ance and crop growth conponents. Subprograns wll be
appended when nore detailed sinulation of site- specificor
particular conditions are needed. Subnodels wll include

routines for N, P, soil tenmperature and frost, erosion,
tillage, root growth, weed growt h, and di seases.

Atillage- waterbal ance subrmodel, the Mel bournne Uni ver -
sity Tillage Simulation (MJTS) nodel, also is being devel -

oped. It will simulate soil tenperature, infiltration and
redistribution of soil water, and soil physical properties
as influenced by tillage, and will stand alone or act as a

subprogramto t he core nodel,

Al t hough MUTS is for wheat, with appropriate nodifica-
tions the processes would be applicable to rice and rice-
based croppi ng syst emns.

OBJECTIVES OF TILLAGE MODELING

bj ectives nust be clearly identified before a nodel can be
sel ect ed or devel oped. Suitabl e objectives of tillage nodel -
ingareto

i reduce the nunber of plot trials needed to eval u-
ate the effect of different tillage options on
soi | properti es;

. extrapol ate existing plot results to other soil
and weat her condi ti ons;

i identify tillage processes that require further
resear ch; and

. eval uate quickly optimumtillage requirenents for
crop growt h under specific soil and weather condi -
tions.

Additionally, the npbdel output nust be specified. For
tillage nodeling, soil condition usually is of primary in-
terest, andvariables that influence plant growth and devel -
opnent should be selected for output. Parameters |isted by
Col l'i s— Georgeand LI oyd (5) were noi sture, aeration, tenper-
ature, and bul k shear strength; they should all be sinul ated
in relation to the cultivated |ayer. Because soil macro-
structure directly affects root and shoot growth, it should
be an out put paraneter.

A nodel shoul d al so

. be reliable and user friendly;
. have wi de applicati on;
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. be based on physi cal processes rather than enpiri -
cal rel ati onshi ps
i require little field data to operate; and

be versatile and account for varying crop nmanage—
nent practi ces.

Sone till age research enphasi zes the dynam c processes
occurring between the inplenent and the soil. These studies
eventual ly should enable the final soil condition to be
simul ated t hrough the actual failure mechani snms. Meanwhil e,
enpirical relationships between the tillage operation and
the resulting soil conditions nust be used. At least two

ways of simulating tillage fulfill these requirenents:

. sinmulated soil properties can be altered on a
gi ven day by anounts preset for each tillage oper-
ation; or

. exi sting soil conditions and tillage variabl es can

be used to predict the final soil condition for
each tillage operation based on previously devel -
oped rel ations.

The second approach has greater potential in tillage nodel -
i ng because the rel ati ons becone | ess site- specificas they
are inmproved. Field work at the University of Melbourne is
pl anned to provide sufficient data to devel op the rel ations
for MJTS.

Regardl ess of the simulation approach, a nodel also
nust allow for weather—- caused soil changes. Effects of
weat her are best adjusted at daily intervals. Shorter inter-
vals may be necessary during major changes such as high
intensity rainfall

EXISTING MODELS

The following are exanples of tillage nodels or theories
from which good nbdels could be developed. Porter and
McMahon (20) and McMahon (15) provide nore extensive treat -
ment s.

Composite models

The nost conprehensive nmodel of crop growth, water bal ance,

and tillage is the Nitrogen- ,Tillage- , Resi due- Managenent
nodel (NTRM, developed for maize in the United States. The
nodel simul ates physical, chem cal, and bi ol ogi cal processes
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inthe soil - water—- cropontinuumusi ng i ntegrated subnodel s
for crop residues; soil tenperature; soil carbon and N
transformations; interception, infiltrationandunsaturated
flowof water; evaporation and transpiration; solute trans-
port; crop and root growh; chem cal equilibria processes;
and tillage. There are 111 interrelated subroutines in the
program

The tillage conponent of NTRM i ncorporates 14 subrou-
tines that allownodificationof soil physical, biological,
and chem cal properties that affect crop yield (Table 1).
The properties are transforned in either of the follow ng
ways to sinmulate a tillage operation.

. The user specifies changes in soil properties by
feeding intillage date and type, depth, and soil
properti es.

i Only tillage date and type and depth are fed in.
The till age subnodel s then estinate the changes in
soi | properties using appropriate equations.

NTRMis simlar to SIRAGCROP in that it conbines the
results of work in many disciplines for use in research,
extension, farnmer, or engineering applications. NTRMhas a
broader base than SIRAGCROP and is much larger than the
proposed SI RAGCROP nmodel. Its size and conplexity nake it
unsuitable for sinple nodification for other crops and for
research or extension use in an abbreviated form

DeCoursey (7) described a conposite nbdel for cotton.
Unfortunately it was devel oped only to denonstrate the capa-
bility of conposite nbdels and was not docunented for subse-
guent users (DeCoursey, pers. comm).

Table 1. Tillage-associated soil properties used in NTRM

model (21).
Physical properties Biological properties
Soil bulk density Carbon and nitrogen trans-
formation rates
Soil water characterization Microbial mass and
curves distribution
Soil water holding capacity Root mass and distribution

Soil infiltration rate

Random roughness Chemical properties

% Residue cover Organic matter
Soil strength Residues NO4-N and NH,-N
Soil water content Major cations and anions

Cation exchange capacity
Solid phase salts
Exchangeable ions
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Soil-water modeling

Soi | - wat er nodel i ng has been examined in detail. The infil -
tration process can be described by the enpirical equations
of Kostiakov (14), Horton (12), and Holtan (11), or based on
the theoretical equations of Philip (19), or Green and Anpt
(9). Infiltration in Philip's equation is expressed as a
function of tine. Green and Anpt express infiltration as a
function of soil - npisturecontent. Many process- based nodel s
use one of these equations.

A larger nunber of available enpirically based water-
bal ance nodel s assign a water- hol ding capacity to the soil
bei ng studied. But they are unsuitable for a process- based,
tillage-sensitive nobdel of soil moisture where the tine
i nterval of nodeling may be much shorter than 1 d.

Mein and Larson (16) developed a two-stage nodel to
simulate infiltration before and after surface pondi ng. The
first stage predicts the volurme infiltrated to the noment at
whi ch pondi ng begi ns. The second stage is a nodification of
t he Green- Anpt nodel that allows for the infiltration vol unme
bef ore pondi ng. Moore et al (17) eval uated this nodel, naned
it GAML, and concluded that it perforned well although sone
of the paraneters, such as air entrapment and surface seal -
ing, had to be nodified for field conditions. I|dike et al
(13) conpared GAM. to Holtan's nbdel and with experinentally
determined infiltration rates. Both nbdels produced good
results, but the Holtan nodel did not correctly predict the
time to pondi ng.

GAML allows for the effect of surface nicrorelief
(roughness) on infiltration and runoff, making it particu-
larly adaptable for tillage nodeling. It has been adopted
for MUTS. Field work is underway to establish suitable
mcrorelief predictive relations for several tillage op-
ti ons.

Redi stribution of soil water after infiltration has to
be simul ated. This nay be done through Darcy's equation for
unsaturated fl ow conbined with the equation of continuity to
give Richard's equation. Anerman (1) devel oped t he net hod of
finite differences for solving the steady-state, two-
di nensional form of this equation using the successive
over-rel axation nethod. He found the nethod suitable for a
wi de range of geonetric shapes, hydraulic boundary condi-
tions, and soil -water di stributions. Unsaturated or saturat -
ed fl owregions, or those containing phreatic surfaces. al so
can be nodel ed using this technique. It is, however, conpli-
cat ed and requi res conmputi ng experti se.
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Soil-structure modeling

Soil structure significantly affects root growth. Slack et
al (23) devel oped a nodel to describe soil - wateruptake by
plant roots as a function of plant and soil paraneters. It
perforned satisfactorily, althoughdifficultieswere report-
ed inestimting soil — watercharacteristics and conductivity
for dry soils. Al though techniques are avail able for esti-
mati ng these paraneters (3), the effect of soil structure on
pl ant growt h needs to be better nodel ed.

The neasure of soil macrostructure devel oped by Dexter
(8) isuseful for tillage nodels. It quantifies soil struc-
ture nore readily than traditi onal nethods that use associ -
ated properties such as bulk density or penetration resis-
tance.

The net hod i nvol ves inpregnating aninsitutilled soil
wi th epoxy resin. Wien the resin sets, the resulting block

of soil is sectioned with a di anond saw. At 1- mmi nterval s,
the voids are coded as 1 and the aggregates as 0 to eval uate
the soil structure at different layers. The resulting

strings of codes are analyzed to determine a statistical

di stribution of the macrostructure. The nethod i s expensive
because each sanple requires 2 to 3 kg of epoxy resin. In
Australia, the resincosts about US$5/kg. However, the nmeth-
od does provide a quantitative nmeasure of soil macrostruc-
ture at distinct depths in the plowed profile, and is poten-
tially useful in tillage nodels. This soil - mcrostructure
paraneter will be included i n MJTS.

Evapotranspiration modeling

Evaporation and transpiration usually are incorporated in
crop growmh rather than tillage nodels, and as such are
out si de the scope of this paper. However, evapotranspiration
does affect water bal ance and should be an integral part of
any tillage nodel. For rice fields intropical Asia, Yoshida
(27) proposed a sinple evapotranspiration nodel based on
sol ar radiation:

E =0.0105 S
where E is cunmul ative potential evapotranspiration inmand

Sis cumulative incident solar radiation in cal/cnf This
nodel 's predictions agree with measuredevapotranspiration
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fromrice fields in tropical Asia; the nodel is presumably
ef fective because of the lowprevailing wind conditions in
t hat r egi on.

Thi s reviewof avail able simulations, particularlywth
respect to soil - noisturesinulation, shows there are anple
dat a avai |l abl e to devel op a useful tillage- soilmathemati cal
nodel . The inadequately defined paraneters such as bul k
density, soil strength, and soil macrostructure, which are
dynamic infield situations, canbe simulatedw th enpirical
rel ations derived fromexisting data until nore exact proce-
dures are avail able. To develop suitable relations, a data
bank for soil and tillage shoul d be establ i shed.

BASIC DATA REQUIREMENTS

A data bank should contain those variables needed to de-
scribe the actual tillage operation, soil conposition and
physi cal properties, other soil factors that affect plant
growt h, andcli mate.

Tillage

| mpl erent draft, speed, working width and depth, and soil

di sturbance achieved are required to classify a tillage
operation. Measuring draft and speed is straightforward.

Draft usually is nmeasured by a | oad cell between the inple-
nent and the traction device. If available, a sinple mcro-
processor — basedi ntegrator and data | ogger nay be connected
to the load cell to calculate and record average | oads.

Speed can be neasured by timng the inplenment over a set

di st ance.

Measuring working depth and soil disturbance is nore
difficult because of surface nmicrorelief and lack of a
preci se depth control on nost inplenents. Al though sophisti-
cat ed net hods such as radar are being investigated to accu-
rately nmeasure depth, they still are devel opnental. There-
fore, working depth should only be used to indicate the type
of operation. Draft, unit width, and speed shoul d be suffi -
cient to develop enpirical relations between tillage opera-
tionand soil properties.

Soil physical variables

Surface and subsurface soil properties must be quantified
before the pre- and posttill age processes can be sinul at ed.
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The surface is represented by its microrelief. Subsurface
properties, defined for the whole profile, should include
nechani cal conposition, noisture- characteristic curves,
infiltration behavior, macrostructure, bulk density and
porosity, andbul k shear strength

O these variables, nechanical conposition can be ob-
tai ned using well - establishedl aboratory tests. Misture-
characteristic curves can be determ ned over a range of soi
suctions fromO to 1.5 MPa (pF = 0 to 4.2) using porous
ceram c plates inpressurizedcells. Hanblin (10) tested and
advocated the use of No. 42 Whatman filter paper to deter-
m ne the noisture characteristic curve for soils in situ
Where many soil sanples are taken, this nethod provides a
satisfactory alternative toother nethods. Unfortunately, it
takes nore tinme than the pressure cell nethod.

Infiltration parameters are difficult to quantify de-
spite the availability of suitable equations. One approach
is to calculate infiltration using a |aboratory value for
saturated hydraulic conductivity. Although this approachis
particularly suited to sinulationbecause of its mathemati -
cal nature, it ignores the effects of surface crusting and
trapped air. Some equations are better able than others to
accomopdate these effects. GAM. does so by nodifying the
val ues used for hydraulic conductivity, average suction at
thewetting front, and initial noisturedeficit (17).

Soil bulk density and bul k shear strength often are
represented by cone penetroneter readi ngs on the assunption
that the force required to push a probe into the ground is
not only sone neasure of the soil strength but also repre-
sents the forces exerted by a growi ng root tip.

Infact, the penetroneter neasures a conbi nati on of the
cohesive and frictional properties of the soil. Ml queen et
al (18) found penetroneter results anbi guous for field soils
where noi sture content, bulk density, shear strength, and
structural state vary sharply with depth. The effects of
conpacti on ahead of the probe and soil — shankfricti on caused
t he cone index neasured at a particular depthto differ from
the true index at that depth. They concluded that
penetroneters only are useful for conparing strengths of
soils of similar noisture content and structure. Were a
particul ar strength variabl e such as shear strength or bul k
density is needed, it should be obtained by direct nmeasure-
nent. This finding is especially relevant to tillage nodel -
i ng, where structure, density, and noisture content all can
varywidely with time and depth. Consequently, penetroneters
shoul d not be used to obtain data on bul k density and soi
strengthfor till age nodeling.

Many nethods have been used to neasure bulk shear



332 SOIL PHYSICS AND RICE

strength. They include the triaxial cell, direct shear box,
t orsi onal shear box, shear annul us, and shear vane. Stafford
and Tanner (25) conpared these nethods for six different
soil types and found that they gave different values of
cohesion and friction angle. They concluded that the proper
test nmethod depends on the particul ar purpose for which the
shear strengthis required. For insitusoils, a shear annu-
lus should be used. They gave a design for an apparatus
oper abl e by one person.

The torsional shear box was successfully used in Aus-
tralia by Collis- Georgeand Lloyd (4) to classify the soil
strength profile in seedbeds. Their hand- hel dbox is easier
to use than the Stafford and Tanner annulus (25)and accu-
rately measures the shear strength of the surface soil |ayer
where nornmal stress is negligible. The torsional shear box
is better than a shear vane because the friction angle can
be obtained to give a full Mhr- failureenvelope for the
soil. If the friction angle must be calculated for many
soils, the annulus design (25) would be easier to use and
woul d provide nore reliable results than the shear box. The
hand- hel dshear box was adopted for MJTS because neasure-
nents only are taken in the cultivated | ayer.

Most nethods for neasuring mcrorelief depend on a
series of drop- pinsthat show a surface profile transect
(2). If arowof drop- pinsis noved along the plot, a two-
di nensi onal grid of the surface is obtai ned. The hei ghts of
the pins for each profile can be recorded nanual |y, photo-
graphically, or electronically. Surface mcrorelief is com
puted, usually as a function of the standard deviation of
the pin heights, although Burwell et al (2) reconmended
using the standard error of the logarithm of the pin
hei ght s.

At the University of Mel bourne a drop- pi nconfiguration
simlar to that described by Burwell et al (2) is being used
to photograph the effect of different tillage operations on
grey clays. A 50- nmgrid over a 1— mquare is adequate to
neasure surfacemcrorelief.

Other data

O her data necessary for devel oping or operating nodels of
tillage- soilinteractions include neteorol ogical data, soil
noi sture, and soil tenperature. O these, nmeteorol ogical
data usually are the nost readily avail able. Daily val ues of
rainfall, maxi mumand m ni mumair tenperature, and pan evap-
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oration are a mninmum data set. Sone nodels nay need
shorter- intervalrainfall information. |f plaviograph data
are unavail able, there are techniques to synthetically gen-
erate short - intervalrainfall (24).

Dai ly average w ndspeed, radiation, and wet and dry
bul b tenperatures are used i n conbi nati on equations to esti -
mate actual daily evaporation. These estimtes are nore
realistic than pan evaporation neasurenents. Soil noisture
val ues are needed to validate noisture- bal ancesubnodels.
These val ues usually are neasured gravinetrically by drying
and wei ghing sanples, or with a neutron noisture neter at
regular intervals.

Soil tenperature affects seed germ nation, plant ener-
gence, root growth, nutrient uptake, and plant devel opnent.
Because soil tenperature is affected by tillage, it is an
i mportant variable in tillage nodeling. There are severa
nodel s that sinmulate soil tenperature fromother neteorol og-
ical and soil property inputs, but they need actual data for
val i dati on.

Soil tenperature often is recorded with mercury-in
gl ass thernmoneters at neteorol ogical sites at set times of
the day. It is better to record hourly val ues using therno-
couples or transistor probes and el ectronic data |oggers.
Such probes nmust be placed at precise depths: especially in
the top soil layer where there are strong tenperature gradi -
ents. Inthe top 50 mmof soil, a 1 mmerror in placing the
probe can cause a large error in recorded tenperature (26).
It is also necessary to use enough probes at each depth to
estimate the spatial variation in tenperature, which is
i nfluenced by the variability of soil physical conditions
and crop cover.

DATA VARIABILITY

Variability in measured val ues of soil properties depends on
the particular soils and on the instrunents and methods
used. Measurenents of shear strength are subject to both of
t hese sources of variability. To be widely applicable, the
nodel should use reliable data. Tillage researchers should
nonitor as many as possible of the pertinent variables to
establish a suitable data base, and nethods of neasurenent
shoul d be standardi zed. Al neasurenments should be suffi-
ciently replicated to all ow cal cul ati on of confidence |im
its. For some soil properties, a |log- nornal rather than a
normal distributionnay be nore appropriate (22).



334 SOIL PHYSICS AND RICE

CONCLUSION

Thi s paper argues that nathematical nbdels can be used in
tillage research to reduce the extent and duration of plot
trials and to assist in interpreting and extrapolating re-
sults. Their desired characteristics can be identified in
exi sting nodels. Moreover, basic data still are needed to
val i date nodel s for specific |locations and to devel op enpir -
ical relations topredict soil properties. Appropriate vari -
abl es have been listed, and comments nade on nethods for
t hei r measur ermrent .

Future tillage work relating to rice should be planned
to allow results to be used in determnistic sinulation
nodel s. The foll owi ng vari abl es shoul d be nonitored: inple-
nent draft, speed, working width and depth and soil distur-
bance achi eved, soil type and textural conposition, noisture
characteristic curve, infiltrationcapacity, macrostructure
(and surface glazing), bulk density (and porosity), bulk
shear strength, surface microrelief, soil noisture and tem
perature, and weather data. At |east one trial site should
be established to nonitor these variables on a representa-
tive soil using arange of tillage nethods.

Additionally, a research programshoul d be established
to collect and collate tillage research results fromrice-
growi ng countries. The programwoul d need to be undertaken
by an organi zati on havi ng adequate conputing facilities and
the capability to develop tillage- soil - weathersi nul ati on
nodel s for rice- basedcroppi ng systens.
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Abstract

Soi | — wat ermanagenent is crucial torainfedrice- basedcrop-
pi ng systens because of uneven nonsoon rains. An integrated
strategy for maximzing crop production in drought- prone
areas nust consider agroclimtic conditions and a conbi na-
tion of soil and agronon c managenent practices. Crop sched-
ul i ng based on rainfall pattern determ nes cropping intensi-
ty and drought and fl ood avoi dance. Bundi ng, puddling, soil
amendnent, and subsurface barriers help reduce water re-
qui renents for lowand rice. Ridge- furrowcultivation sys-
tems can save dryland crops from excess water danage, and
rain harvesting and runoff recycling can mininize the risk
of drought. Appropriate tillage, mulching, and fallow | and
managenent significantly reduce evaporati on. Agronom c prac-
tices suited to individual crops in a cropping pattern can
increase water use efficiency of both rice and dryl and
crops.
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SOIL-WATER MANAGEMENT IN RAINFED
RICE-BASED CROPPING SYSTEMS

Nearly 60% of the world rice area is in South and Sout heast
Asia. Three- fourthsof the Asian ricelands are rainfed. In
I ndia, 65%of therice area is rainfed (10) and 89%is rai n-
fed in Bangl adesh (Table 1). On nbst of this land, drought
is a mpjor hazard. Lack of drainage and appropriate water
nmanagenent al so are serious problens. Rains are so uneven
that a single crop may experi ence bot h drought and fl oodi ng.
Knowl edge of |ow and soil - waterretenti on and novenent is
necessary for proper soil managenent, yet little such infor-
mation i s avail able for soils of rice— basedroppi ng systens
(13). Information also is | acking oncrop- avail ablenater in
different soils, and on soil water depletion patterns for
di fferent crops (22).

RAINFED RICE-BASED CROPPING SYSTEMS

There are three categories of rainfed rice systens: upland,

| owl and, and deep water. About 75%of rice is grown on | ow-
| ands, and 30%of that is rainfed. Upland rice conprises 10%
and deep water and floating rice 15% of world rice area.

Upl and (dryland) rice is grown on unbunded fields with dry-
| and preparation. The fields are never flooded artificially.

Low and (wetland) rice is bunded. Land is prepared wet or
dry and flooded with l ess than 1 mof water. Deep water rice
i s grown where fl oodi ng depths exceed 1 m Seeds are usual ly
broadcast on dry soil.

Upland rice—basedcropping systems

The | argest areas of upland rice are in India, |ndonesia,
Thai | and, Bangl adesh, Burma, and the Philippines. G ow ng-
season rainfall in these areas varies fromless than
600 nm to nore than 2000 nm  The npbst conmmon range is
1, 200- 1, 500mm Sone upland rice areas support a single
rice crop, but npbst are planted to one or nore dryland
crops. They are mixed- cropped, rel ay- cropped, or sequen-
tially cropped with upland rice. Commobn cropping patterns

(- = sequential cropping, + = intercropping, / = relay
cropping) are rice - nmize, naize + rice - maize, cassava +
nmai ze + rice - legune, rice - nmaize / peanut.

Most Asian upland rice is planted on Utisols and Al —
fisols. Soils usually are |ight- texturedand have poor wat er
hol ding capacity. |In tropical Africa and Latin Anerica,
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Table 1. Irrigated and rainfed rice area in some countries of South
and Southeast Asia (10).

Rice area (million ha) Rainfed

Country area

Total Irrigated Rainfed (%)
India 39.0 135 255 65
Bangladesh 10.0 1.1 8.9 89
Thailand 8.7 1.2 75 86
Indonesia 8.2 5.2 3.0 37
Burma 5.3 0.9 4.4 83
Philippines 3.5 1.5 2.0 57

upland rice is comonly grown in shifting cultivation sys-
tenms on sl opi ng, coarse- texturedsoils. Shiftingcultivation
| eaves soil inadequately covered during rainy season, thus
causi ng excessi ve soi | erosion.

Upl and rice commonly suffers fromdrought in Asia and
especially in Latin Anerica and Africa. On sloping |and,
poor wat er hol di ng capacity of the unbunded, coarse- textured
soils favors drought stress soon after rains stop. On flat
areas and | ower slopes, noisture conditions are nore satis-
factory for upland rice. In Africa, upland rice grows well
on hydronorphic land primarily because of the favorable
noi st ureregine.

Lowland rice—based cropping systems

Rai nfed | owl and rice areas have four rainfall regi nes: pre-
nonsoon noi st, wet nonsoon, postnonsoon noist, and dry sea-
sons. Lowand rice is grown in the main nonsoon when wat er
i s nost abundant. Dryland crops are grown in pre- and post -
nonsoon when rai nfall is unpredictable. Some conmon croppi ng
patterns are rice - fallow, rice - rice, nmmize (or beans) -
rice, rice - wheat, rice - mungbean (or cowpea, chickpea,
lentil), and rice - wheat - mmi ze.

In prenbnsoon periods, crops are prone to drought
stress at early growth stages. Drought is caused by l|ate
rains and an initially dry soil profile. Crops nmay be fl ood-
ed at later growh if heavy rains are early and soil is
poorly drained. Lowland rice grown on well - drainedsoils
(such as Udalfs and Udults) often suffers alternating
drought and fl oodi ng during the nonsoon. Postnmonsoon upl and
crops frequently are damaged by excess water at crop estab-
I i shment and drought stress at | ater growt h stages.
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CLIMATIC FACTORS

Variabilities of onset and duration of rains, and of length
of wet and dry periods within the cropping season, are im—
portant torainfed rice- basedcropping. Innost rainfedrice
areas, average total rainfall is anple for crop growth. But,
rainfall distributionnmay be amajor linmting factor to crop
production. Rainfed |lowland rice grows best on land that
receives not |less than 200 mmof rainfall/nmo for a mninum
of 3 nb. There should not be nore than 7- 10d between rai n-
fall. The 200 m np estimate assumes 6- 7nmpotential evapo-
ration/d. Daily rainfall is actually nore critical for up-
land rice than nonthly or seasonal rainfall. Misture stress
can damage or kill plants in an area that receives 200 nm of
rain inl d, and receives none for the next 20 d. An evenly
di stributed 100 mino is better than 200 in 2 or 3 d. Match-
ing duration of crop and variety with the appropriate rain-
fall reginme increases productivity per unit area and ti ne.

SOIL MANAGEMENT FOR WATER CONSERVATION

Soi | nmanagenent practices to mnimze water |oss include
bundi ng, puddling, conpaction, creating a plow pan or sub-
surface barrier, and addi ng bul k materi al s.

Bunding

Farmers in rainfed rice areas stabilize bunds to reduce
seepage. Wen the nonsoon begins, bunds are repaired or
rebuilt and the inner faces are lined with clay nud to re-
duce | eakage. Bund and spillway hei ght usually are increased
to inpound extra rainwater. In a simulation study with 11 yr
of daily rainfall data for Cabanatuan City in Central Luzon,
Phi |'i ppi nes, Bhuiyan et al (1) observed that each increase
in spillway height from2 to 5, 8, or 12 cmincreased field
wat er depth and consequently reduced the nunber of water
stress days during crop growh (Fig. 1). They also found

that, with less than 10 mmdaily rainfall, all rainfall was
kept within the bunds with spillways 2- 12 cm high. Wen
rainfall intensity increased above 10 mm d, however, effec-

tive rainfall decreased for all spillway heights. The de-
crease was | ess with higher spillways.

WAt er conservati on neasures such as bundi ng, deep till-
age, and nul ching increase upland rice yields. Traditional -
ly, however, farners |eave their |and unbunded, unstunped,
and unfertilized, and follow inproper tillage practices.
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Mahapatra and Patnaik (16) reported that in Sierra Leone,
upland rice yields tripled when soil and water conservation
neasures were adopted on sloping land (Fig. 2). They also
found that plow ng increased yield on bunded fields on sl op-
ing land. On unbunded fields, no- tillagetreatnents yiel ded
better, perhaps because soil erosionwas | ess than on pl owed
fields. Erosion is a major problemin Africa and Latin Aner -
ica. Bunding and |eveling can substantially reduce erosion
i nthose areas.

2. Mean grain yield of upland rice with Grar yied n.rg
and without soil-water conservation 6 o 1
measures on a farmer's field at Mkassa, "B v soil water ‘
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Puddling

Puddl i ng breaks down | arge soil aggregates, destroys noncap-
illarypores, reduces apparent specific volunme, and i ncreas-
es mcrovoids (6). Apuddled soil retains nore water than an
unpuddl ed soil at similar soil noisture tension. Because
puddl i ng reduces noncapillary porosity and increases bulk
density, hydraulic conductivity and percol ati on substanti al -
Iy decline. Evaporation and drainage from puddled soil is
markedly | ess than fromthe sane soil in an aggregated state
(3). Puddling lowmand rice fields is beneficial in rainfed
ar eas wher e drought commonly reduces yi el d.

However, puddl ed soil is unfavorable for dryland crops
following rice. The slowwater |oss frompuddl ed soil limts
early seedbed preparation and establishnment of dryland
crops. Wen puddled soil dries, bulk density increases,
infiltration rate decreases, aeration declines, and soil
i npedance to root growth rises (20). The adverse effects of
puddling are nore severe in |light- texturedsoils because
they tend to conpact nore easily. Sur et al (21) reported
that a restrictive plowpan with increased bul k density and
reduced hydraulic conductivity forned at 15— 20cmdepth in a
puddl ed sandy |loamafter 6 yr of a rice - wheat rotation.
Root growth and wat er storage were | ess on that soil than on
the same soil planted to a nai ze - wheat rotation. Puddling
usual | y does not formpl owpans on clay soils. In soils with
pl ow pans or where shal | ow hardpans occur, deep pl ow ng and
subsoi ling may increase soil water storage and pronote root
penetration.

Soil amendments and subsurface barriers

Various subsurface barriers and soil amendnments have been
tried to control percolation inlowand rice fields. Bento-
nite has been incorporated in the top 25 cmof soil to re-
duce percol ation (5). The necessary anount and frequency of
such anmendnents vary with their residual effect and soil
characteristics. Rao et al (19) used subsurface barriers of
bi tumen and cenent and found that water required for grow ng
rice was substantially less than in the control (Table 2).
Simlarly, Pande (18) observed that percolationonlateritic
sandy clay soils was negligible with subsurface barriers of
asphal t, bitunen, cenent, or pol yethyl ene sheets, but was as
hi gh as 100- 120nmf d wi t hout subsurface barri ers.
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Table 2. Influence of subsurface barriers on crop and percolation
water requirements of dry season and wet season rice crops (19).

Water used (mm)
Subsurface barrier treatment

Dry season Wet season
No subsurface barrier 3173 706
Bitumen (80/100) 5 mm 965 485
at 30-cm depth
Bitumen (80/100) 5 mm at 869 472
40-cm depth
Cement layer (5 mm) at 854 472
30-cm depth
LSD (.05) 165 56

Water harvesting and erosion control

Dependi ng on soil and rainfall characteristics, 10-14% of
total rainfall canbe |ost as runoff. Water can be harvested
in dugout ponds and used to prevent crop failure during
critical water stress periods. Runoff recycling is very
i mportant indry— wetrainfed |low and ricewhere it is neces-
sary to mnimze noisture deficiency in the dry- seededcrop
and convert the land to a wetland systemlater in the sea-
son. Ridges and furrows formed before sowing, or cultura

operations after seeding, can be used for in situ water
harvesti ng

Sorjan

A ridge- furrowropping systemcalled Sorjan is popular in
Java and tidal Indonesia, particularly near cities. Raised
beds about 3 m wide alternate with furrows that vary in
depth and wi dth depending on flooding depth during rainy
season. The rai sed beds provi de adequate drai nage for hi gh-
val ue upl and crops. Rice is grown in the ditches, which act
as water reservoirs during drought. Land preparation and
rice planting can be advanced because water accumnul ates
quickly in the snmaller area. On poorly drained | ands where
dryl and crops predoni nate, raised beds, ridges, or nounds
are commonl y used for root crops (4).
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Evaporation control

WAt er conservation involves maxim zing rainfall infiltration
and storage while mnimzing evaporation not related to crop
yield. Soil - waterconservation practices include tillage,

crop resi due managenent, mul ching, and fall ow ng.

Evaporation froma saturated soil occurs in three phas-
es (15), and the particul ar evaporation phase determ nes the
appropri ate met hod of reduci ng bare soil evaporation (9). In
constant rate evaporation, neteorol ogi cal and surface condi -
tions dom nate. Surface nmul ches can be used to retard evapo-
ration.

In falling- rateevaporation, water supply to the sur-
face is deternined by profile transni ssion characteristics.
Deep tillage nodifies the soil- water diffusivity of the
profile and hence reduces this second stage drying. Tillage
of ten speeds drying of the tilled | ayer, but al so can reduce
wat er novenent from subsurface |ayers. The net effect of
tillage on storage depends on the duration of the process;
the depth, degree, and frequency of tillage; subsequent
rainfall anpbunt and timng; and the influence of rainfall on
reconsolidation (9). Atwo- |layersystemwi th a coarse |ayer
of large pores overlying a finer profile is ideal for con-
trolling evaporation and infiltration. Hllel and Hadas (8)
recommended surface aggregates of 0.25- 2.0mmdianeter to
retard evaporation frombare soil.

In the slow rateor vapor- diffusionstage of evapora-
tion, water transm ssion through the dry surface |ayer oc-
curs primarily through vapor diffusion.

Tillage. Zero and mininmum tillage reduce crop turn-
around tine and provide better residual noisture for crop
establishnent in rainfed areas. Valuable soil noisture for
t he post — rai nyseason crop is lost if fields are thoroughly
tilled. For mungbean under lowrainfall, Herrera et al (7)
observed highest yield on a zero-tilledtreatnent. Wth
post energence rains, however, conplete tillage outyi el ded
the no-till treatment. Hundal and De Datta (14) reported
t hat sorghumgrown after low and rice in a clay soil yielded
simlarly under zero tillage and conplete tillage at three
wat er tabl e dept hs.

Resi due nul ches. Residue mulches on the soil surface
i nfluence soil - waterand tenperature regi nes. Mil ching is of
little use in rainy season, but benefits dry season dryl and
crops. Miulching with 5 t rice straw ha significantly in-
creased water use efficiency, grain yield, and nutrient
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uptake (Table 3) in rainfed naize grown after low and rice
(11). Residue nulching al so conserves water by controlling
stormwater runoff, increasing infiltration, reduci ng weed
growt h, anddecr easi ng evapor ati on.

Fallow land management

Land managenent during the dry season fallowis critical to
early establishnent of the first crop of dry seeded or
transplanted rice and annual cropping intensity. In dry
season, the prinmary objective is soil water conservation
t hr ough evapotranspiration control. An IRRl study (Fig. 3)
showed that all weed- freefallow soil managenment practices
conserved significantly nore profile water than farners'
practices (12). As nuch as 25 cmof soil water was lost in
t he conventi onal weedy- fall ow.The weed- freereatnents | ost
not nore than 5 cmof water fromthe 1.05- m- deepoil pro-
file. There were no significant differences between soil
nmul ching by plowing and rototilling, residue mulching with
rice straw, or chem cal weed control. However, soil mnulch by
tillage during the fallow period was preferabl e because it
requires no seedbed tillage at the onset of rains and hence
allows early seeding of dry seeded rice or an upland crop.
Bolton and De Datta (2) reported that tillage at the end of
the previous wet season enabled crop establishment 3 wk
earlier than soil preparation at the beginning of the
fol |l om ngwet season.

AGRONOMIC PRACTICES
Agronom ¢ practices for rainfed crops should be based upon

t he annual soil noisture reginme. Mst |owl and ricelands in

Table 3. Effect of rice straw mulch on grain yield, water use efficiency, and nutrient up-
take 2 by rainfed maize grown after lowland rice (11).

Maize Water use Nutrient uptake (kg ha-1)
Treatment yield efficiency

(t hal) (kg hal d"Ymm) N P K
No mulch (control) 2.0 0.39 46 9 55
Rice straw mulch 2.5%* 0.51* 58** 11* 65**

at 5t hatl

a Significantat5% (*) and 1% (**) levels.
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3. Soil water depletion in 6 wk (3 Apr - 15 May) under various dry season soil management systems (12).

I ndi a, Bangl adesh, Thailand, Mal aysia, |ndonesia, and the
Phi | i ppi nes have the potential to growtwo crops. Rice crop-
pi ng schedul es shoul d be adjusted to nmake the whole system
nor e producti ve.

Time of sowing is crucial inrainfed farm ng. In east-
ern India, early planting (md- Junto early Jul) of short-
duration upland rice at Ranchi and Varanasi facilitates
successful cultivation of post- rainy season |inseed or
chickpea crops. Innorthindia, lentil, linseed, safflower,
nustard, gram barley, or wheat successfully followl ow and
rainfed rice. Lentil and linseed are broadcast in the
standing rice crop just before harvest. The other crops are
growmn after tillage following rice harvest. In Ml aysia,
mai ze and soybean followrainfed lowand rice. In the Phil -
i ppines, a dry seeded rice - transplanted rice sequence is
replacing the traditional practice of growing only a single
transpl anted crop. An analysis of rainfall data for Panga-
sinan and Iloilo, Philippines, indicated that a dry- seeded
rice crop would have 20- 30d of growh before 200 nm of
rainfall could accunul ate to begi n puddling for transpl ant ed
rice(17).

Seeding depth in relation to precipitation is another
i mportant consideration in growing rainfed crops. Seeds
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pl aced too shallow may germ nate froma small rain shower,
but die unless enough rain falls to noisten the root zone.
Deeper seeding usually is best in adry seedbed.

O her crop managenent practices for efficient rainfall
use include adjustnents of planting density and crop geone-
try, weed control, and efficient fertilizer use. Optinum
pl ant density for rainfed systens is |likely to be | ess than
for irrigated crops. Hi gher plant density produces nore
foliage and qui cker | oss of soil noisture through transpira-
tion. Water use efficiency in rainfed areas can also be
i ncreased by careful selection of crops for intercropping
and r el ay cr oppi ng.

Wth only 500- 600nmm annual rainfall, only one crop is
possi bl e. However, intercropping is possible where there is
625- 800mmof rain. Were rainfall exceeds 800 nmand water
st orage capacity exceeds 200 nmavail abl e water, sequenti al
cropping of 2 crops is possible: rice - lentil on the Bihar
Pl ateau, rice - chickpea in the Gangetic alluvial belt, and
rice - horse gramon the subhumd red soils of Orissa, In-
di a.

FUTURE SOIL-WATER MANAGEMENT RESEARCH

Water is a limting factor on rainfed | and, and drought and
fl oodi ng, which often occur in the same season, are a chal -
| enge to soil - wat er managenent specialists working in the
rainfed rice- basedcropping systens. Drainage of excess
wat er, storage of rainwater for supplenentary irrigation,
soi | - wat erconservati on measures, desirabl e crops, and agro-
nom ¢ techniques to increase water use efficiency are sone
key neasures to be exploited in rainfed Sout heast Asi a.

An anal ysis of long- termainfall data should provide a
regionw th predictions of the timng, extent, and frequency
of drought and flooding. Crops and varieties that mature
appropriately with the growi ng season need to be identified
or devel oped for different agroclimatic regions, and runoff
avai |l abl e for storage and irrigati on shoul d be det erm ned.

Soi | managenent for water conservation in different
regi ons shoul d be identified. Erosioncontrol practices need
to be identified and eval uated. Crop managenent practices
such as tinme of sowi ng, seed placenent, plant density, crop
geonetry, weed control, and efficient fertilizer use are
i mportant to naximize productivity per unit of water use.
I ntercroppi ng, relay cropping, and sequential croppingwth
short turnaround tines should be evaluated for maxim zing
wat er use and for providi ng stabl e food producti on.
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SUBSURFACE DRAINAGE OF LOWLAND
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Abstract

Characteristics of lowand rice fields and the use of sub-
surface drainage for rice and upl and crops aredi scussed, as
is the effect of drai nage onrice yields. Various subsurface
drai ns, drainage configurations, and valves for regulating
drai nage are discussed. The paper includes a brief cost-
benefit anal ysi s of drai nage syst ens.
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SUBSURFACE DRAINAGE OF LOWLAND RICE FIELDS IN CHINA

Ri ce has been cultivated in China for nearly 7,000 yr and is
the nation's maincereal crop. It is planted fromthe tropi -
cal island of Hainan in the south to tenperate Heilongjing
Province in the north and fromTai wan and t he eastern coast -
al plains to the deserts of the west.

The main rice belt is south of the Q nling Muntains,
along the Huai and Bailongjing Rivers. However, the rice
area i s expanding as newirrigation projects are conpl eted,
particularly in the North China Plain and | nner Mongolia. In
Xinjiang and t he nort heastern provi nces, rice is increasing-
ly inportant. In 1982, 33.06 mllion ha of rice was pl anted
on 29. 1%of the cropped area in China, representing 45. 6% of
cropproducti on.

The low and rice areas are the Northeast Plain, the
Two- | akePlain, along the mddle and |ower Yangtze River,
the Pearl River Delta, and the western coast of Taiwan. Nbre
than 10 mllion ha of these areas suffer poor drai nage and
wat erl ogging. On these |ands, water and aeration regineg,
i nadequat e or inappropriate fertilization, and | owt enpera-
ture can lower rice production. Additionally, wheat is
planted after rice and its cultivation and growth require-
nment s must be consi der ed.

Subsurface drainage systens were developed for the
ri ce— grow ngarea based on research conducted in the 1950s.
Practical experience shows that subsurface drai nage systens
can effectively increase rice production.

CHARACTERISTICS OF LOWLAND RICE FIELDS AND THE
EFFECT OF SUBSURFACE DRAINAGE

Much of the lowand rice is planted along rivers and | akes

on poorly drained, lowelevationor reclainmed land. Soil is
| ake and river sedinent, fieldwater |evel is high, and the
cultivated soil layer is continuously saturated. The soil is

sticky, heavy, and reduced with |l ow cultivation potential.
Fertilizer is not applied and productivity decreases over
tine.

At the China National Rice Research Institute (CNRRI)
experinment station in Hangzhou, the soil is a fertile sedi -
nentary clay (Table 1). The groundwater |evel fluctuates
between 30 and 100 cmdepth. Annual productionis 8.2 to
9.0t/ ha.
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Table 1. Properties of soils at the China National Rice Re-
search Institute, Hangzhou, China.

Depth
Property
0-20 cm 20-38 cm
Organic matter content (%) 3.42 2.35
Total N (%) 0.233 0.154
Total K (%) 1.68 1.92
P, 05 (%) 0.103 0.183

Inother areas, lowandrice is planted in eroding val -
| eys and along creeks in mountains and hilly areas. Fields
are frequently fl ooded by heavy runoff and cool spring water
percol ates through them Natural drainage is | owand ground-
wat er |evel is high. Subsurface percol ation and aeration a-
bility are low, as are soil and water tenperature. There are

hi gh concentrations of organic acids, HS, Fe2*, and Mh2+ |
and pHis 5- 6.

Subsurface drai nage effectively renbves excess ground-
and soil - water. In early- seasonexperinments at CNRRI, sub-
surface drainage increased rice yield by 5 to 10% Results
in other parts of China indicated that subsurface drai nage
could increase yield by 5 to 15% Followi ng are the effects
of subsurface drai nage.

Controlling and reducing groundwater level

During rice growh, the groundwater table always is within
10 to 20 cmof the surface. In rainy season, it may be at
the surface. Wth subsurface drains, the groundwater table
can be lowered to 40 to 60 cm Different rice growh stages
require different groundwater |evels. Data from Kwangtung
Province (Table 2) indicate suitable groundwater |evels for
various crop stages, Goundwater |evel can be regul ated by
managi ng t he drain gate.

Regulating percolation
Percol ationrate at different growh stages influences water

and nutrient supplies, aeration, and soil tenperature. Ex-
perinments in different parts of China show that optinum
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Table 2. Suitable groundwater depth for rice fields. Kwang-
tung Province, China.

Growth stage Depth (m)
Between transplanting and tillering 0
Tillering 0.2:0.3
Sun-drying 0.5
Booting, shooting 0.30.4
Milk, maturity 0.40.5

percolationrate for rice is 8 to 10 mmd at tillering, 15
to 20 mmduring booting, and 10 mmat m | k- and soft - dough
st age.

An experiment at the Shanghai Acadeny of Agricultural
Sci ence showed that adequate percol ation renoves toxic and
reduced substances fromthe root | ayer. Renpval rate was 6.2
neq/ 100 g soil with percol ation versus 0.62 meg/ 100 g soil
wi t hout subsurface drai nage, or 20%renoval versus 6% After
7 irrigations inearly season, subsurface drai nage i ncreased
oxygen reduction potential (Eh) by 30- 100nV at 1 and 10 cm
depth. Wth subsurface drains, it was possible to keep Eh
above 100 nV at 10 cm depth, thus encouraging rice root
gr ow h.

Increasing sun—dryingof the soil

Sun- dryingthe soil is inmportant to rice field managenent,
and can substantially i ncrease grainyield.
After maxinmum tiller devel opnent, fields nust be

drai ned and sun- driedto linmt growth of ineffective tillers
and to strengthen rice stens. Sun- dryinghas the follow ng
advant ages.

. It controls ineffective tillering, thus inproving
ventilation and sunlight penetrati on.

. It favors deep, strong roots, and increases white
roots whil e reduci ng bl ack roots (Table 3).

. It inmproves soil aeration and oxidation, thus

renovi ng toxi ¢ substances and encour agi ng organic
matt er deconposition (Tabl e 4).

. It controls excessive stemand |leaf growh, thus
st rengt heni ng mat ure stens and preventi ng | odgi ng.
. It increases differences between day and night

pl ant tenperature, and reduces relative hunmdity,
t hus decr easi ng di sease i nci dence.
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Table 3. Effects of sun-drying on the rice root system.

Sundrvi Black roots Depth (cm) of
un-arying (%) root system

Yes 7.3 2333

No 22.0 10-20

Wth subsurface drainage, fields dry in 3-5 sunny days.
Wt hout drainage it takes 7- 8d.

Rapidly reducing the groundwater level

CNRRI experiments in 1984 showed that groundwater | evel ina
field with subsurface drainage falls an average 4- 1mid,
twice the rate of an undrained field. |In undrained fields,
irrigation nmust stop 7- 10d before harvest; in drained
fields, 2- 3d before. Wth subsurface drainage, fields dry
thoroughly and quickly for harvest, then can be planted
imediately to wheat. Planting wheat in properly dried
fields can i ncrease yield by 15-20%

KINDS OF SUBSURFACE DRAINS

There are two ki nds of subsurface drains used in China: one
with vertical ditches, called vertical drains, and one with
buried pipes, called horizontal drains. Both are used to
remove excess water and salt fromthe soil.

Table 4. Effects of sundrying on available N and phosphoric acid

insoil.
Available phos-
Available N phoric acid

(mg/100 g of soil) (mg/100 g of soil)
Time

Light Heavy Light Heavy

dry dry dry dry
Before sun-drying 1.8 2.9 10.6 10.9

After sun-drying 2.7 3.1 10.7 15.9
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Vertical drains

Vertical drains are nbst common in the |arge saline and al -
kaline | owl ands of North China. Waterlogging and salinity
and alkalinity are particularly serious in the diked, |ow-
lying fields along the Yellow River. Rice is planted as a
reclamation crop and irrigated with water fromthe river,
whi ch has a high silt content. FromJuly to Septenber, sus-

pended solid content averages 24 to 29 kg/n?. The sedi nment
may contain as much as 0.8 to 1.5 kg N, 1.5 kg P, and 2 kg
K; and organic matter is 0.9 - 1.0%

Twenty years of experience show that reclaimng these
| ands t hrough rice cropping requires vast anounts of irriga-
tionwater, which my raise the groundwater |evel and water -
log the soils. Inthese areas, vertical, gravity- flowlrains
have been augnent ed by t ubewel | punped drai nage.

In the Yellow River irrigation district, one, 35- to
40- ndeep, 1- m- dianetewvertical well is drilled for each
5.5 to 7.5 ha of riceland. Irrigationwater is punped from
these wells to suppl enent that diverted fromthe river, and
at the sane tine reduces the groundwater | evel.

The suppl enental wel |l water, delivered through a series
of canals, serves specific crop needs at specific tinmes. For
exanpl e, seedlings are irrigated fromthe wells to keep the
groundwat er | evel 1.8 mbelowthe surface and prevent salt-
ing. Wen fields are flooded with river water for trans-
planting, nutrient-richsilt settles on the soil. In the
nm ddl e of the cropping season, fields are irrigated with
river water and nore silt is deposited. Later inthe season,
fields are irrigated with well water, which guarantees high
riceyield and | owers the groundwat er tabl e for planting the
foll ow ng wheat crop. Wth a conbi nation of gravity and punp
irrigation, groundwater and salinity can be controlled and
ricewll yieldnore than 4.5 t/ha.

The 51.5 ha cultivated area of Xial Zhao Village in
Yuan Yang County of Honan Province is a good exanple of this
well irrigation system The land is just beyond the Yell ow
River dike. It is low, waterlogged, and the groundwater
level is 0.3 to 0.5 mdeep. In 1970 vertical tubewells were
drilled. The groundwater |evel has dropped to 2.5 m and
salinity has declined frombetween 0.3 and 0. 7%to 0.074%in
the tilled layer. In 1976, conbined rice and wheat yiel d was
5.3 t/ha -4 tines that in 1967.

Horizontal drains

Buried pipe drains are used primarily in the |ow ands of
sout hern Chi na, where nost irrigation projects date fromthe
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1950s. Planting rice in heavily irrigated fields for many
years has raised the groundwater |evel. Now, especially in
wet years, the high groundwater |evel decreases rice yield
and adversely affects the foll owi ng wheat crop. Subsurface
dr ai nage has becon® i ncreasi ngly i nportant.

Pl anni ng a hori zontal subsurface drai nage system Ahorizon-
tal subsurface drai nage systemis conposed of drai nage pi pes
and col | ecting pi pes. Drai nage pipes are buried in the |ast
rowof a field. They drain the water directly fromthe field
and regul ate groundwater |evel. Drainage pipes enpty into
buried collecting pipes that feed into large open drain
di tches. Drai nage and col | ecting pi pes usually are buried in
a single layer at the same depth. However, in clay soils
with | owperneability, or in soils with an inpervious upper
| ayer, two layers of buried pi pes have been used.

Dr ai nage pi pes can be ceranmic, concrete, asbestos ce-
nent, or plastic. Water enters through the joints and sone
pi pes are perforated. Instead of tiles, earthen ditches,
nol e drains, and earthen ditches filledwith filter materi -
al al so have been used.

Figure 1 shows how drainage pipes are installed to
collect fieldwater and enpty it into open ditches. Drai nage
pipes begin 5 or 6 mfromthe irrigation ditch to prevent
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irrigation water from percolating into them and the upper
end always is closed to keep the drains fromsilting up. The
4 or 5 sections of pipe near the drainage outlet also nust
be sealed. These joints are filled with plaster or cohesive
clay or line so they will not leak. There is a valve at the
outlet that controls drainage flow.

For field- draininstallations, spacing nmust be closer
if drain depth is shallower to provide the same degree of
drainage. Rice roots grow 50 to 60 cm deep; therefore,
drains should be 70 to 90 cm deep. If wheat, which has deep-
er roots, is grown, drains nust be 100 to 120 cmdeep. Deep-
er installation also protects tiles fromheavy surface |oads
during tillage and harvest, prevents tile novenent, and in
northern China prevents freezing.

Proper depth of installation also is determ ned by soil
pernmeability, depth to the inpernmeable subsoil, and the
equi pment available for installation. Appropriate installa-
tion depth varies considerably in different soils (Table 5).

In manual installation of buried pipes, drain lines are
first plotted, then an open ditch is dug, wth top wdth
about 0.4 m bottomw dth 0.1- 0.2m depth 1.2- 1.4m and
grade about 0.1- 0.2% The ditch bottom is snpothed gently,
and individual pipes laid (pipe length 0.3- 0.5 m inner
diameter 8 cm outer dianeter 10- 12cm. The gap between
successive pipes is 3 nm except in sandy soils, where the
gap should be as snall as possible to prevent inflow of fine
sand particles.

The top and sides of the pipes are covered by a |ayer
of dry straw or rice husks as a filter. The dug- outearth is
crushed and backfilled. Al earth should be replaced or
heaped over the trench so that after settlement the trench
can be crossed with tillage equi pnment.

TYPES AND CONSTRUCTION OF SUBSURFACE PIPELESS DRAINS

In China there are various types of subsurface, covered,
pi pel ess drains.

Backfilled pipeless drains

After rice harvest, while soil is still wet, trenches 0.2 m
wi de and 0.2 mdeep are dug by spade at 4- 8m spacing paral -
lel to the line of crop tillage. The excavated soil is
placed as snull enbanknents along the trench sides. The

trench bottomis snoothed, and a 6- cm w dehannel excavated
to 60- cndepth along the middle of the trench (Fig. 2). The
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Table 5. Spacing and depth of installation of horizontal
drains on different soils.

Soil Spacing (m) Depth (m)
Clay 8-12 1.0-1.2
Loam 15-17 1.0-1.2
Sandy loam 20 10

bottomof the main trench is then covered with 20- cm- wi de,
straw- rei nforcedcl ay bricks, and the trench backfilled w th
| oose earth gently conpacted. Such drains have a life of 1
or 2 yr.

Backfilled pipeless drains with filters

A tapered trench (Fig. 3), wth bottom w dth0.2- 0.3m and
depth 0.7- 1.0m is backfilled wi th sand, gravel, and soil.

Mole (rat hole) drain

Anole plow (in China, a rat- holecutter), pulledby a trac-
tor, cuts a nole channel (rat hole) parallel to the field

2. Earth ditch.
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T T "1 3. Earth ditch with filter.
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surface (Fig. 4). Channels are spaced 2- 4mapart, and their
outlets are connected to nobre permanent ditches or pipe
drai ns. Ml e channels are best created just after rice har-
vest when topsoil is dry enough to support tractor weight
and give traction and the subsoil sufficiently wet and pl as-
tic to produce a snmooth channel behind the nole plug and
expander. |n such conditions, nole channels can be created
at 0.6- 0.9mdepth using draft power of 20- 50kW In drier
condi ti ons, power requirenent is higher, soil fracture takes
pl ace, and stabl e channel s are not forned.

Mol e channel s can be used for rice and wheat. They can
persist usefully for 2- 5yr in heavy clay soil, but readily
bl ock and col | apse on silt or sandy soils.

Shallow mole drains

Mol e channels are at 0.35- 0.40mdepth and 1- 2m spaci ng.
They are intercepted at right angles by narrowditches that
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col l ect both nol e and surface drai nage and feed into a w der
and deeper open ditch. The depth and spaci ng of the ditches
depend on whet her the nole channels are parallel to or per-
pendi cul ar to the length of the field. For noles parallel to
the length (Fig. 5a), ditches are 0.40- to 0.45 mdeep at

5. Configuration of shallow mole drains.
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30- to 60- nmspaci ng. For nol es perpendicular to the length
(Fig. 5b), ditches are 0.40- to 0.50- mdeep at about 10-m
spaci ng.

Medium and deep mole drains

Mol e channel s are at 0.6 mdepth, and the interceptor ditch
is about 0.7 mdeep. A sinple regulating valve is fitted to
the outlet of each nmole channel. Such drains are efficient
inlowering and controlling water table depth.

Narrow subsoil drains

In soils with inpervious plowpan |ayers, drainage can be
i mproved through subsoil |oosening and pan di sruption by a
trenching plow (Fig. 6). Soil disruption is to 0.3-0.4m
depth at lateral spacing of 0.3- 0.8m Cutting of the soil

is acconplished by a rotating disc. Power requirenment is of

the order 40 kW -— similar to that required to create a
subsoi |l nol e channel that achieves conparabl e drai nage. In
field experinments of the Shanghai Acadeny of Agricultural

Sci ence, narrow subsoil drai ns reduced soil - wat ercontent in
the 0- 20and 20- 30cm layers by 6 and 10% and increased
rice or wheat yield by 0.4 t/ha.

Combination drainage systems

Mol e drains nay be installed in conbinationwth, and over-
lying, a deeper array of pipe drains (Fig. 7). The nole
channel s usual ly are at 0.5- 0.6mdepth, and the pipe drains
at 0.8- 1.0m The two sets of drains may either be nutually
perpendi cul ar or parallel. The conbination system renobved
40- 60%re water than the pipe drains alone -- with nole
drains constituting 20- 40%f the renoval. Wen rice fields
were sun- driedthoroughly at maximum tillering, drainage
rate of conbination drains was 1.0-1.8 nmid hi gher than for
pi pe drains alone. Rice yields fromearly and | ate pl antings
correspondingly rose by 11.6 and 6.5%

REGULATION OF RICE FIELD DRAINAGE

Effective regulation of rice field water | evel and of sub-
surface drainage can help increase rice yields. By such
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regul ati on, fields canbe kept fl ooded when necessary, aera-
tion and tenperature regi nes can be nmani pul at ed by adj usting
percol ation rates, and soil - dryi ngat m dseason drai ni ng and
at rice harvest and wheat planting can be expedited. There
are five or nore types of regulatory valves currently used
inChina (Fig. 8).

Vertical well valve
The vertical well valve conprises a precast concrete pipe or

alime- soilwall. The valve at the bottomof the pipe is a
sinmpl e cenent stopper (Fig. 8a). This regulatory systemis
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suitable for nole drains and for steep and slight field
sl opes.

Slotting slab valve

In the slotting slab valve, valve action is provided by a
concrete slab that slots with a matching block (Fig. 8b). It
is suitable for shallow slopes and is inexpensive and easy
to use, provided that the slab fits tightly but snoothly
intoitsblock.

Orifice valve

The orifice valve is constructed of short pi pes connected by
sticky clay to each other and to the drain pipe (Fig. 8c).
The open pi pe end has a plug of clay and strawand is cl osed
by a brick held in place by a wooden stake. This design
wor ks rel i ably on shal | ow sl opes.

Overflow valve

An overflow pipe is incorporated in a vertical well (Fig
8d); setting of the overflowlevel, determ ned by groundwa-
ter height, is usuallyjust belowsoil - surfacel evel. Drain-
age is automati c when groundwater rises above the overflow
| evel .

Control ditch

Subsurface drainage is controlled by an open ditch. Mle
channel s connect directly to each side of the ditch, at the
end of which is a gate valve (Fig. 8e). The systemis inex-
pensive but requires that fields be small and level. Tota
area shoul d not exceed 10- 15ha.

ECONOMICS OF SUBSURFACE DRAINAGE

Twenty years of subsurface drai nage of rice fields in China
have shown benefits of inproved soil aeration and of oppor -
tunities for mechani zati on. Econoni c benefits of subsurface
drai nage by plastic pipes have been assessed from experi -
nents on the Pearl River Delta in Kwangtung Provi nce. Sub-
surface drainage with drain spacings of 10, 15, and 20 m
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gave rice grainyield increases of 1.6, 1.2, and 0.8 t/ha,
respectively. The costs of drain purchase and installation
(respectively US$549, $403, and $306/ha at the 3 drain
spaci ngs) could be recovered within 3- 5yr. For concrete or
ceram c pi pes at drain spacings of 10- 20m costs were  $4-
$44/ ha recoverabl e within 10 yr.

Mol e drai nage in the |ower area of Zhangshow County of
Ki angsu Provi nce increased wheat and rice yields by 0.4 and
0.7 t/ha. Costs for ceranic pipes at 7 and 16 m spaci ng were
$219 and $104/ha, and for earthenware pipes at 10 and 20 m
spacing were $115 and $58. Both systens would repay their
outlay within 1- 2yr. For plastic pipes at 10 mand 15 m
repaynment woul d require 2- 4yr.

The conbi nati on system of nedium and deep nol e drains
has been adopted by farners in Kia- singCounty of Zhejiang
Provi nce. Costs are $48 or $63/ ha when 7 or 8 persons under -
take the nol e operations. Weat and rice production rose by
20- 40% and by 10% giving a refund of investnent within

2yr.
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ABSTRACT

Lowl and soils differ in pore size distribution and noisture
status fromupland soils of simlar texture. Pore size and
noi sture status strongly i nfl uence ot her physi cal properties
of the soil that affect plant growth. A predom nance of
smal | pores increases noisture retention, decreases aera-
tion, alters heat relations, and causes arigid soil struc-
ture.

Favorabl e tenperature and good seed- soil contact to
ensure adequat e water supply are necessary for germ nation.
Proper aeration and low soil strength are necessary for
seedl i ng energence. Root growth and function also require
suitable reginmes of air, water, and tenperature. If root
gromh is efficacious, so also may be aboveground plant
growt h and yi el d.

In rice- basedcropping systens, the successive crops
may require differing soil physical environnents, and soils
nust be nanaged accordi ngly.
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PHYSICAL ASPECTS OF THE ROOT AND SEED ENVIRONMENT IN
LOWLAND SOILS

Plants growin two different environnents. Leaves and stens

grow in sunlight and air. Roots growbeneath the soil, from
whi ch they abstract water, nutrients, and oxygen. The two
environments interact at the soil — at nospherei nterface, but

retaintheir individual characteristics.

Shoots grow i n a gaseous at nobsphere of al nbst constant
conposition, but drastic changes occur in the soil atnmo-
sphere under cropped soils. Conversely, roots experience
only small changes inrelative hum dity and tenperature, but
shoot environnents vary diurnally and seasonally. The soil
envi ronment must favor seed gerni nation, seedling energence,
opti mumroot systemdevel opnent and function, and water and
nutrient transport and storage. Modreover, optinmal root envi -
ronnents and t heir physical and chemical characteristics may
be crop-specific.

PHYSICAL ASPECTS OF LOWLAND SOILS

The nature and size distribution of mneral particles are
the only stable soil characters. Organic matter and bi ol ogi —
cal life vary with the environnent. Soils inherit nost of
their physical properties fromthe arrangenent of primary
and secondary particles constituting the soil fabric. The
particl es pack toget her, |eaving snall open spaces that form
a systemof different sized pores that perneate the soil. If
soil particles were uniform and spherical, the tightest
packi ng woul d have 20% porosity. Wth particles in cubic
packi ng, very high porosity is possible. Loosely packed,
wel | aggregated soils may be twice as porous as densely
packed, di saggregatedsoils.

Pore size distribution is nore inportant to plant
grom h than total porosity. Pore size distributions for sonme
undi st ur bed sanpl es of Punjab soils, calculated fromSur and
Singh (26), reflect the influence of texture and managenent
(Table 1). Indunal Bhanra coarse sand, nost pores are | arg-
er than 30 nmdianeter. For the finer- texturedsoils nuch
nore of the porosity is contributed by the smaller pores.
Samana and Fat ehpur soils are fine sand, but | ow and Samana
soil has a larger proportion of snall pores than the Fateh-
pur i nterdunal upland soil.

Changi ng a pore size distribution alters soil strength
and soi | - rootcont act dynam cs, and changes soil - heat, soil -
water, and soil - airrelations, all of which strongly influ-
ence pl ant grow h.
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Table 1. Pore size distribution from undisturbed samples of surface horizons of some
Punjab soils.

Percentage fraction of total pore space

Poresize
(um equivalent

sphericaldiameter) Bhanra Fatehpur Samana Tulewal Chatehra
coarse sand  fine sand fine sand  sandy loam silt loam

>30 90.1 78.8 58.6 14.2 24

9-30 1.6 8.9 11.6 7.6 14.7

39 3.0 2.6 10.0 28.7 35.8

13 1.0 2.3 4.6 9.9 15.8

0.6-1.0 0.6 1.9 2.0 3.6 2.8

0.2-0.6 0.5 1.8 1.0 14.4 0.8

A soil's shear strength is a manifestation of inter-
particl e bondi ng and of the shape, size, spatial arrangenent
and orientation of soil particles, which affect the parti -
cles' resistance to displacenment. Seed germ nation and root
ext ensi on both require particl e di splacement, which only can
happen when particl es nove past each other and there is pore
space avail abl e to absorb the di spl aced particl es.

The extent of particle interlocking depends upon soil
texture and packi ng. The strength of interparticle bonds is
a function of attractive forces, including cenentation.
Friction is determ ned by the shape, size, and orientation
of particles to each other and to the angl e of di splacenent.
Low and soils cropped in rice- based systens tend to be
cl osely packed. A higher density layer usually devel ops
bel ow t he pl owi ng depth that restricts root penetration and
reduces air and water novenent. Upland soils nmay or may not
have a | ayer of higher density (Fig. 1).

= - _—
_owland rice soll £ and rice soil
Low Kg Low x¢
puddled ia,er pudded ayer
Low Kqg —igh Kg layer,
dense layer, ‘ow resistance

high resistance
to rocts

*Crocts

1. The high density layer below puddled surface soil.
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Pl owi ng wet soil increases bul k density and penetronet -
er resistance. A penetroneter neasures resistance to com-
pr essi on, friction between soil and netal, and shear

strength. Resistance to root penetration is rather differ-
ent. Roots exert both axial and radial pressure, have |ess
frictionwith soil particles, and bend to pass obstructi ons.
Root di aneter in annual plants ranges from0.5 nmto 50 um
with root hairs as thin as 10 um Roots therefore cannot
penetrate rigid pores |less than these sizes; nor can they
penetrate systens with shear strength greater than 3 Mra.
Shear strength of dry | ow and soil nmay be greater.

Thermal properties of soils are related to soil conpo-
sition and water content. In dense soils, nore particle con-
tacts increase thermal conductance. Soil water al so i ncreas-
es conduct ance by acting as a bridge between particles. Soil
air is a very poor heat conductor. At very |ow water con-

tent, thermal conductivity may be less than 0.5 WnlK1
because heat is transmtted through direct particle contact.
But at saturation, thermal conductivity may range between

1.5 and 2. 0 Wnr K1
Baver et al (3) showed that thermal conductivities of
dry soil increased by 30, 65, and 110%as soil bulk density

increased from1.1 to 1.2, 1.3, and 1.5 t/n?. Wen soil
noi sture increased from25 to 50%of soil saturation, con-
ductivity increased severalfold. Thermal conductivity is
greater in low and soils than in upland soils w th conmpara-
ble texture because |ow and soils are nore densely packed
and have hi gher noi sture content.

Surface and subsurface soil tenperature depend on the
i nput and partitioning of net radiant energy, on thernal
conductivity, and on heat capacity. Shortwave radiation
absorbed at a surface is dissipated through vari ous process-
es. Miuch of the absorbed energy may be used to evaporate
water if the surface is wet soil or a dense crop cover. Part
of the energy heats the soil and/or the crop tissues. The
remai nder is convected fromthe surface. For the bul k soil,
heat capacity increases withwater content.

The physi cal paranmeter that determnes the tine rate of
change of tenperature is thermal diffusivity, defined as
thermal conductivity divided by volunetric heat capacity.
Both these |l atter parameters change with water content in
the sane sense so that diffusivity and soil tenperature are
relatively |l ess affected by changes in water content. None-
t hel ess, because of their nuch higher noisture content,
| owl and soils do have nore stable tenperatures than upland
soil s.



ROOT AND SEED ENVIRONMENT IN LOWLAND SOILS 371

Both at the surface and in the bulk soil, tenperature
changes are roughly sinusoidal, wth diurnal and annual
periodicities. The anmplitude of the tenperature wave de-
creases with soil depth, and for diurnal variations has a
magni tude at 0.3 m depth of about 1/25th of the surface
anpli t ude.

Soil tenperature affects seed germination, seedling
enmergence, root extension, water and gas fluxes, nicrobial
activity, solubility and flux of nutrients and soil sol utes,
and other processes and interactions that influence plant
gr ow h.

Water rel ations of | owl and soils under rice- basedcrop-
pi ng systens often are deternined by a pore systemin which
smal | pores predominate, and in which continuity of the
| arger pores is broken by conpact subsurface |ayers. During
puddling, |ower |ayers are conpressed and soil particles and
i norgani ¢ and organic soil constituents forma denser sub-
surface soil structure. Mreover, when |low and soils are
tilled for crops after rice, the subsurface soil noisture
content may be appropriate for particle reorientation. Water
retention and noverrent in lowl and soils cropped with rice-
based systens are influenced by this two- |ayer system
(Fig.1).

In rice culture, required |low water percolation is
achi eved through effective puddling of the surface soil.
Conversely, for upland rice conditions and for nonrice crops
following lowand rice, the subsurface layer and its pore
size distribution have increased i nportance. A conpact sub-
soil layer obstructs root penetration and prevents free
surface drainage, thus increasing water retention in the
surfacesoil .

In a conpact subsoil layer with a feww de pores, root
gromh is less restricted and there may be | ess drai nage and
hi gher noisture retention as conpared to a uniformsoil of
the same porosity but in which pores are continuous and of
equal si ze.

Aeration, tenperature regine, and soil strengthall are
af fected by water content. These effects are not so inpor-
tant for lowand rice, but are inportant for crops grown
after rice. High noisture content after irrigation or rain-
fall can cause oxygen stress in upland crops. Shallowroot-
ing encouraged by dense subsurface |ayers often exposes
crops to drought - i nducednoi sture stress inlow and soils.

Soi |l air occupies pore space not occupi ed by noi sture.
Air content is determ ned by pore size distribution: |ow and
soils with many small pores have less air porosity than up-
| and soils. The conposition of soil air varies in time and
space. Spatial variation is caused by differences in nbis-
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ture, respiration, gas exchange rates, and pore continuity.
Tenporal variationresults fromtenperature and noisture in-
honogenei ti es that change the netabolic activity of the rhi -
zosphere and the rate of gas exchange between soil and at -
nosphere. Under average conditions, carbon di oxi de produc-

tion in the root zone is 0.2- 0.6ng m3s-!, which corres-

ponds to oxygen consunption of 0.15-0.45 ng m3s-! for
aerobic respiration. The relative contents of oxygen and
carbon dioxide are determ ned by the rates of oxygen con-
sunpti on and carbon di oxi de production and by the rates of
di ffusion of the gases to and fromthe soil surface. (Mass
flowof air contributes very little to the gas exchanges.)

In summer in tenperate |atitudes, oxygen flux into

wel | — drained porous soils can be 0.01 nfd'm? land sur-
face. Wnter values are about 1/10th of this (5,8). In |ow-
| and soils, |lowcross- sectionalarea available for gas flow
and | ow di ffusion coefficient because sone pores are water-
filled, reduce gas fluxes. Results of Currie (6) and of
earlier scientists showthat coefficients for gaseous diffu-
sion in soil have a roughly fourth- powerdependence on air -
filledporosity.

A high renewal rate of soil oxygen does not guarantee
an adequate supply of oxygen to the roots. Water filns be-
tween soil pores and root surfaces resist oxygen supply to

roots because oxygen diffuses 104 tinmes nore slowy through
water than air. Wen soil is water- saturated, the oxygen
dissolved in soil water may be depleted in a few hours,
causi ng anoxi a.

Soi | - seedand soil - root contacts are inportant during
germ nation and seedling energence, and in root growth. The
processes that depend on these contacts are governed direct -
Iy or indirectlyby soil density, npisture, and tenperature.

Soi | - seedcontact depends on the seedbed and postseeding
soil treatnent. Loose soil - seedcontact in a dry bed may
| ower germ nation. Seeds absorb water, swell, and push soil

particles away, even in densely packed soils. Swelling pres-
sures of 40 MPa have been reported for dry wheat and naize
seeds. Pressures are less than 1.0 MPa at visible germ na-
tion. Those pressures are |arger than the 0.12 MPa reported
for normal mechanical soil stress (11). Good seed- soilcon-
tact al so is needed for anchorage as the radicle pushes its
way through the soil. This factor also is inmportant for
emergence from otherw se | oose seedbeds that develop thin
surface crusts following alight rainfall after seeding.

Root — soil contact anchors the seedling while roots
exert pressure during extension. It determ nes the amount of
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root surface available for water and oxygen uptake. In
cl osel y packed soil where nbst of the root is in close con-
tact with soil particles, the area available for gas ex-

change is limted (Fig. 2). Inadequate contact with a rel a-
tively dry soil may di sconnect the absorbing roots fromthe
water filnms that adhere to the soil particles. Oten, in

clay soils that crack extensively ondrying, roots are |eft
dangl i ng i n space.

THE SEED AND ROOT ENVIRONMENT IN LOWLAND SOILS

Seed germination

A seed nust have favorabl e environnental conditions to ger-
nm nate. Water transfer to the seed, gas exchange, and appro-
priate tenperature are particularly inportant. Water absorp-
tionby dry seeds has three phases: inbibition, seed activa-
tion, and germ nation. |In each phase the absorption process
is controlled by seed- waterpotentials and seed diffusivi-
ties towater, soil- waterpotential, hydraulic conductivity
of the soil surroundi ng the seed, and seed- soil - waternter -
face hydraul i c properties (11).

During inbibition, water enters the seed in response to
differences in seed- and soil - water potential. Air- dried

2. Root-soil contact and aeration status in ’
compacted soils.

—
)‘
|

LCCse packng Dense packing
Mary grf ed pores Few airfilled pores
Locse rco*-soif contact Close root-sail contact

Short 9.%f.son path Long diffusion patr
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seeds have extrenely | ow (- 50to - 100MPa) water potential .
Wth good soil contact, dry seed can absorb water fromsoils
at wilting point (- 1.5MPa), but may gernminate slowy. The
nunber and area of soil - seedcontacts increase as seed size
increases relative to that of soil particles. At |ow nois-
ture content, water enters seeds through these contact ar-
eas.

Wat er novenent through the soil - seedsystem invol ves
flux inthe soil and into the seed, and water transfer with-
in the seed. In studying these water transfers and their
dependence on total soil- waterpotential, the osnmotic and
matri c conponents of potential cannot be conbi ned because
nmenbranes all ow solute transport both into and out of the
seed. Values for critical matric potential at the seed sur-
face have been conputed for nmai ze, sorghum clover, cotton,
and chi ckpea, respectively, as - 1.4,- 2.0,-0.5,-1.1, and
- 1.5MPa.

Seedbed characteristics are nodified by tillage and
conpaction through effects on soil density and on
transm ssion and concentration of water, oxygen, and heat.
Tenper at ure, oxygen, and carbon di oxi de concentrati on aff ect
respiration differently, depending upon the germnation
st age.

Oxygen upt ake varies with species, cultivar, and germ -
nati on stage. Weat seeds cannot germ nate wi thout oxygen;
ri ce seeds can, but their subsequent growth i s abnormal. The
col eoptil e becormes unusually long and the first |eaf and
radicle and nodal roots nay not grow at all (34). Kordan
(14) studied coleoptile energence of rice seedlings germ -
nat ed under oxygen defici ency and found no visible evidence
of primary root energence. Atwell et al (1) reported that
germ nation and early col eoptile growh inrice were inhib-
ited by | ow oxygen concentration, but elongation was unaf -
fected by | ow oxygen or anoxi a. Some indicas need nore oxy-
gen than japonicas to germnate, root, and grow (19, 27).
Thus, for rice inlow and soils, shoot projection and seed-
ling establishnent usually are | ess than optinmal because of
| ack of oxygen.

Seeds have different tenperature ranges for germ na-
tion, Optimum tenperature allows maxi mum germnation in
mnimum time. H gh tenperatures cause nmetabolic failure
duri ng germ nati on and decrease energence. Low tenperatures
sl ow or stop germ nation.

Opti mumt enperatures for germ nati on and seedl i ng ener -
gence have been reported for various species. Singh and
Dhal iwal (23) found that wi nter crops |ike wheat germ nated
inawde tenperature range. Rice germ nates only between 10
and 40°C, and germ nates best (34) between 20 and 35°C.
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Pr obabl e percent energence was nore sensitive to tenperature
than final seedling energence (23), but 30°Cwas optimumfor
bot h germ nati on aspects. At 41°C. germi nati on al nost stops.

Root growth response to the soil physical environment

The soil physical environnent influences root growth and
function. Roots also influence the soil environnent, but
their effect may be overshadowed by those of water and tem-
perature. As soon as the radicle energes fromthe seed coat
it must penetrate the soil, as nust roots that devel op and
extend indifferent directions.

Primary roots grow down, elongating 1- 20mid. Secon-
dary roots nay grow horizontally for several cmbefore turn-
ing down. In the surface layer of well- structuredupland

soils, root concentrations may be 25- 50cm cm’ 3 (2). In
dense | owl and soils, root growth and function are restricted
by | ow porosity and smal |l pores, which affect the novenent,
cont ent, and availability of heat, air, water, and
nutrients. Gowmh also is restricted by high soil strength,
particularly if the soil dries.

Conpaction linmts root growh because it reduces the
| arge pores needed for root penetration. Patel and Singh
(20) reported that conmpact, sandy soil reduced rice root
growt h but increased water use efficiency by | esseni ng deep
percol ation |osses (Table 2). Goss (9) denobnstrated that
roots cannot decrease their dianeter to enter snall pores.
When roots encounter small pores, they nust exert force to
enl arge them

Gowm h studies indicate that roots exert pressures of
about 1 MPa and that maxi mum pressure usually correl ates
with the osnotic potential of root cells. In small, rigid
pores, radial growh of roots increases fromthe base to the
tip. Shierlaw and Alston (22) found rye and maize roots
coul d not penetrate soil layers of bulk density greater than

Table 2. Effect of soil compaction on root growth and water use efficiency in rice.

Soil bulk Root density (mg cm=) in depths (cm) Water use
density efficiency
(t m?) 0-5 510 10-20 20-30 (kg ha' cm?)
1.66 9.0 1.8 0.4 0.2 26
1.75 11 14 0.3 0.1 32

Puddled 7.3 1.6 0.2 0.1 26
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1.55 t/m?. Taylor and Ratliff (28) showed that root growh
rat e decr eased when penetroneter resistance increased beyond
0. 5 Mra.

The effect of high soil density in raising nechanical
resi stance to root elongation may be conpounded by hypoxi a.
Roots | ose salts under anaerobi osis. Falling osnotic poten-
tial and | oss of turgor may reduce the ability of roots to
overcone soil resistance, Wersum(32) enphasized the diffi -
culty of ascertaining the inportance of nechanical resis-
tance in the field because its effect is simlar to that of
excess wat er and i nadequat e oxygen.

Figure 3 shows ranges of soil - water content in which
hi gh soil strength or poor aeration |imts upland- croproot
el ongation rate in low and and in upland soils. |If adequate
root elongationrate is defined as 90%or nore of the maxi -
nmum rate, then the optiml soil- water suction range for
| owl and soi | s begi ns and ends at | evel s higher than those in
upl andsoil s.

In lowand soils, elongation of rice roots is also
af fect ed by oxygen concentration. Oxygen supply to roots is
by radi al diffusion across the root surface and by internal
transport froml eaves and stens. Pl ants adapt netabolically,

Limiting factors Limiting factors

Lowland soil
| | ———— Upland soit

(for upland crops)

/  High
4 soil moisture
stress
High

soil strength

Relative rate of root elongation

Poor
aeration

High Low
Soil moisture suction

3. Relationship between soil water suction and root elongation rate in upland and
lowland soils.
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Root porosity (%)

40
30
Flooding
I
20 — AHernate\roodmg

No flooding

Days after flood:ng

4. Effect of flooding regime on aeration porosity in rice roots.

anatonmically, and structurally to | owoxygen conditions, and
die only under conplete root- zoneanoxia. Das and Jat (8)
found that aeration porosity inroots increased with fl ood-
ing up to the nbst active rice growmh stage (Fig. 4). Howev-
er, root aerenchyma is not always associatedwith the abili -
ty to survive | ow and conditions. Evenrice roots are sensi -
tiveto anoxia (31).

Pl ants ot her than rice often experience in|ow and soil
hypoxi a and, occasionally, conditions near anoxia. Stolzy
and Letey (25) neasured oxygen diffusionrate (ODR) using a
pl ati nummi croel ectrode. They found that ODRbetween 6 and 2

x 10°* kg m? h'! slowed or prevented cereal root growh.
However, there are doubts about the validity of using oxygen
el ectrodes in soil, where hydrogen di ssociation |ikely aug-
nents the induced el ectrical current (16). Cautionis there-
fore needed in relating root growth to ODR It may be that
flux density of oxygen flowto the root should nore causally
relate toroot grow h.

Bl ackwel | and Wells (4) nmeasured soil oxygen flux in
winter oats and found that root extension rate did indeed
correlate nore strongly with flux than with ODR Root exten-
sion stopped when the flux reached zero. Mreover, determ -
nations of growh- linitingODR nmay be affected by intensity
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of soil microbial activity. Field measurenments (15, 29) show
that carbon dioxide production, and oxygen consunption, by
r hi zosphere microorganisms nay be as nuch as 1/3 the total
of root plus soil microbial respiration.

Both root and microbial respiration increase with soil
tenperature. Therefore, oxygen available to roots can de-
cline because of decreased oxygen supply or because tenpera-
ture has increased respiration and oxygen demand. Sojka et
al (24) studied the effect of oxygen and tenperature on
wheat roots (Table 3). Root mass increased with soil oxy-
gen, but over the range 9- 21°Cwas little affected by tem
per at ure.

There is nonetheless for each plant species a mninum
soil tenperature below which roots do not elongate (18).
Wal ker (30) showed that above a mninmum tenperature of about
10 °C, nmmize- root elongation rate increased linearly wth
tenperature to about 26°C and declined slightly between 26
and 32°C and rapidly above 32°C. Moorby and Nye (17) ob-
served a curvilinear relationship between the elongation
rate of rape roots and tenperature, with a nmaxi numat 23°C.

Low tenperature may prevent developnent of rice radi -
cles following germnation (21). Yi and Chang (33) found
root nunber and nass increased with tenperature to an
optimum at 27.5 to 29.9°C, depending upon the cultivar.
M ni num tenperature for root production was 14.2 to 17.8°C.
Kar et al (13) reported an interactive effect of bulk densi-
ty and subnerged soil day/night tenperature reginme on root
and shoot growth of rice grown in a sandy |oam soil. The
results (Table 4) show that root: shoot ratio increased with
tenperature but decreased with increasing bulk density.
Bul k density had a strong effect on root growh when soil
tenperature was optinal .

Nutrient supply is much influenced by soil physical
properties. The available pool of each nutrient is strongly
influenced by tenperature, soil- water content, and concen-

Table 3. Effect of soil temperature and oxygen concentration on
root dry mass in wheat.

Root dry mass (g plant™)

Temperature
(°C) Air 0,-depleted air N,
(21% 0Oy) (4% O,) (0% O5)
21 0.70 0.47 0.21
15 0.84 0.65 0.09

9 0.76 0.55 0.19
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Table 4. Interactive effect of bulk density and day/night soil tem-
peratures on root and shoot growth in rice.

Soil temperature regime (°C)

Bulk density
(t m3) 27/15 32/20 37/25 42/30
Root-shoot ratio
15 0.39 0.41 0.42 0.47
1.8 0.35 0.38 0.41 0.43
Root dry mass (g plant™

15 15 3.1 35 1.2
1.8 1.6 1.8 1.9 15

trations of carbon di oxi de and organi c solvents. The avail -
ability of a nutrient to a particular plant is determ ned by
the plant's rate of root extension, the diffusion coeffi-
cient of the mineral ion, and the uptake rate. The diffusi-
vities of ions in soils are thenselves influenced by

porosity (bul k density), soil - watercontent, and tenperature
(Tables 5 [10] and 6 [12]). In the mpjority of cases the
soi|l physical condition that will pronote the best crop
nutrition will also be that which supports the npbst exten-

siveroot growth (7).

CONCLUSIONS

In low and soils, physical variables such as porosity and
tenmperature can influence biological, physiological, and
chemi cal processes in ways that have opposing effects on
crop growth and yield. The soils nust therefore be nanaged

Table 5. Self-diffusion coefficient of ions as affected by soil
bulk density and temperature (10).

Diffusion
BuII.( Temperature coefficient
density °C) of Rb
(tm=) €m? s1 x 108)
1.34 35 0.28
1.34 21.0 1.80
1.64 35 5.80

1.64 21.0 8.10
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Table 6. Selfdiffusion coefficient of ions as affected by soil
bulk density and water content (12).

Bulk Gravimetric Diffusion
density water coefficient
tm?3) content , HglPO4 o

(%) (em? stx 1019)

1.25 14 0.08
1.25 25 2.60
1.60 14 0.12
1.60 25 6.20

to create and conserve that physical environment that gives
t he maxi mumor the econom cally nost favorable yield. It is
the task of | ow and- soil physical researchers to deternine
what is the desired physical environnent; and anticipating
that the optimal environment shall be site-specific, re-
search nmust also deternmine how soil characterization and
cl assificationcan hel p generalize these site-specificfind-

ing.
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ABSTRACT

In subnerged rice fields, nmeasurenments showed that the root
system was nearly constant 30 d after transplanting and

that, if soil nmechanical inpedance was not inhibitory, 90%
of root length was in the 0- 20cm soil layer at all growth
stages. |In a greenhouse experinent, w thholding water for

16 d increased soil nechanical inpedance at 0- 20cmfromO
to 2.5 MPa. Rice root growth was 47% | ess than in a conti -
nuously flooded treatment. In a field experinment sinulating
rainfed | owl and conditions, root growth decreased for soil
nechani cal inpedance as | ow as 0.05 MPa. Wen soil nechani -
cal inpedance reached 0.3- 0.5MPa, root growth and extension
were 75%Il ess than in a fl ooded control .

Soi | mechani cal inmpedance was nmeasured in rice fields
at 35 sites in South and Sout heast Asia. The data suggest
that except in the 0- 10cml ayer, nechanical inpedance does
inhibit root growth in flooded fields. Soybean roots did not
penetrate subsoils of converted rice fields. However, if
roots grow into the subsoil through cracks caused by dryi ng,
the soybeans can extract significant anmounts of subsoil
wat er .
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ROOT BEHAVIOR:
FIELD AND LABORATORY STUDIES FOR RICE AND NONRICE CROPS

Root growth of rice and upland crops is strongly affected by
soi | physical properties such as nmechani cal inpedance, water
content, texture, structure, and pore space. In subnerged
fields, rice root growmh and yields also are affected by
percol ation rate.

Tayl or (19) revi ewed effects of mechani cal inpedance on
root growh and enphasi zed the necessity of pertinent re-
search in the tropics. Mst studies on effects of soil phys-
ical properties on rice root growh have been snall - scal e
(6, 11, 15, 18).

Devel opnent of traffic hardpans at various depths in
lowand rice fields is well - docunent ed. However, little is
known about their effect onrice root growh. Inrainfed and
underirrigated low and fields, riceroots oftenare inhibit-
ed by drought and increased nechani cal inpedance that is a
function of soil bul k density and soil - wat ercontent. Howev-
er, there is limted information on the effects of soil
physi cal properties on root growh and yield of tropical
irrigatedandrainfedrice.

When cl ay soils dry, cracks often devel op and extend to
t he subsoil. Thus, although drying can adversely affect root
grom h of upland crops after rice, because of high soil
strength, the consequent cracking hel ps roots growinto the
subsoi | fromwhere they may extract water.

RICE ROOT DEVELOPMENT IN LOWLAND FIELDS

Ri ce roots profusely and shallowy. Tables 1 and 2 sunmari ze
neasurenents of root and foliage growth for IR36 grown in a
lowl and field. The crop was seeded 17 Cct 1978 and trans-
planted 29 Oct at 20- x 20- cmspaci ng. Root and shoot sam-

Table 1. Growth behavior of IR36 grown in a lowland field.  IRRI, 1978.

30 DT 42 DT 65 DT 92 DT
Plant height (cm) 64 81 102 105
Shoot mass density (g m?) 206 465 747 1079
Root mass density (g m2) 72.2 78.5 82.0 81.9
Root length density (km m) 17.7 17.5 16.5 14.7
Leaf area index 3.0 6.3 50 1.0
Root-shoot ratio (%) 35 17 11 8

apT = days after transplanting.
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Table 2. Vertical distribution of root density at different stages of growth for IR36 grown
in a lowland field. IRRI, 1978.

Depth (cm
Days after pth (cm)

transplanting 0-5 5-10 10-15 15-20 20-25 25-30 30-40 40-50 50-60

Root length density (cm cm'3)

30 22.7 7.9 1.8 0.9 0.7 0.5 0.3 0.1 -
42 22.2 6.4 2.3 1.6 1.0 0.7 0.2 0.2 -
65 21.6 5.0 1.6 1.2 1.1 1.2 0.4 0.2 -
92 19.0 4.7 1.5 1.0 0.9 0.8 0.5 0.2 —
Root mass density (x 104 g cm™)
30 11.85 1.79 0.64 0.13 0.09 0.05 0.03 0.1 -
42 13.00 1.42 0.51 0.35 0.2 0.11 0.04 0.02 -
65 13.46 1.54 0.49 0.30 0.24 0.19 0.07 0.03 -
92 13.01 1.56 0.66 037 0.34 0.27 0.07 0.07 -

pl es were taken 30, 42 (panicle initiation), 65 (heading),
and 92 (ripening) d after transplanting (DT). Root |ength
was greatest at 30 DT, but plant height increased thereaf -
ter. Sixty- fiveand 90% of the root length were within the
0- 5and 0- 20cmsoil layers, and 80%of the root mass was in
the top 5 cm Root:shoot ratio was 35% at 30 DT and de-
creased to 8%at maturity.

Soi | nmechani cal inpedance between O and 20 cm neasured

by a cone penetroneter (of 30° cone angle, 3.23 cnt base ar-
ea), was bel ow that which inpedes rice root penetration. W
infer that the shallowroot systemis an i nherent character-
istic of IR36, and was not caused by nechani cal inpedance.
There are reports that root nmass and length are greater at
headi ng (14) and that superficial roots, whichdevel op after
panicle initiation, elongate and branchuntil maturity (12).
In our experinent, the root systemwas fully devel oped at
30 DT. Defining effective rooting depth as the depth above

whi ch root | ength density exceeds 0.5 cmcms, the effective
rooting depth of IR36 in this flooded soil was 30 cm This
is shallower than that of wheat, maize, and upland rice
varieties but alnost the sane as for IR36 grown in upland
fields (5, 21). Surface rice roots often break when soil
cracks during mdsumer draining in Japan. However, rice
yield is not reduced, and appropriate water nmanagenent after
drai ni ng pronotes highyields. Therefore, rice may have nore
t han enough roots for water extraction in the thin surface
soil .

In fl ooded, |low and fields, percolation and soil nme-
chani cal inpedance are mmjor determ nants of root grow h.
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Root - boxexperi ments showed t hat under subnerged conditi ons,
percol ati on favored deep root growh. Simlarly, inafarm-
er's field where proximty to a deep drai nage canal encour -
aged hi gh percol ati on, deep rooting was observed (7).

I shihara (9) foundthat percolation

. has limted effect on vegetative growth, but pro-
notes nutrient uptake in the reproductive stage
and i ncreases percentage of ri pened grai ns;

. pronotes primary root elongation and the devel op-
nent of secondary roots and root hairs; and
. may elimnate fromthe soil toxic substances such

as aceti c aci d.

The optinum percolation rate for root growth and yield is
not known, but for yield to exceed 6 t/ha (hulled rice),
percol ation rate must be 15 to 25 mmid (10, 9), and should
never be less than 1 mmd (20).

Percol ation at late growth stages can be increased by
intermttent irrigation, which also i nproves subsoil struc-
ture. However, high percolation can cause drought stress
when irrigation water is insufficient, and will decrease
yields if fertilizer islinmted.

Kawada et al (12) studied the relation to hulled rice
yield of root growth in the O- 5cmsoil layer. For yields up
to 6 t/ha (such high yields were achi eved by N topdressing)
they found strong correlation between root mass and grain
yield. For yields higher than 6 t/ha, it was necessary to
stimul ate deep root growth by deep plowi ng and inproved
percol ati on.

EFFECT OF SOIL PHYSICAL PROPERTIES ON RICE ROOT GROWTH
Root growth after terminating irrigation

Soi | physical properties affect rice growmh in many ways. W
concentrate on the primary physical factors and their inter-
actions.

Rice fields develop traffic hardpans between 12 and
20 cm depth because of human, animal, and tractor conpac-
tion. Soil conpaction increases bul k density and nechani cal
i npedance to root growth. Little is known about the response
of rice roots to increased bulk density (2, 17) and that
information often is conflicting. In examning root response
to soil physi cal properti es, mechani cal i npedance
neasurenents have been nore useful than bul k density val ues
(6, 11).
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In a 1983 greenhouse experinent in puddled soil we
studied the response of IR36 roots to varying |evels of
drought that m ght occur inrainfed lowand rice culture. In
a water— stresstreatnent, irrigationwas stopped 17 DT. The
control was continuously flooded with 2 cmof standing wa-
ter. Soil and roots were sanpled on alternate days over a
16- drying cycle.

Dawn | eaf water potential declined with soil noisture
content. Soil nmoisture potential differed significantly
bet ween control and stress treatnents after 6 d, and | eaf
water potentials differed significantly after 8 d. Water
stress was maxi mum16 d after stopping irrigation; dawn | eaf
.water potential was then - 1.0 MPa, and stressed plants
showed severe wilting and rol | ed | eaves.

There was strong interaction between root |ength densi -
ty and soil and plant water status. Figure 1 shows changes
inroot length density of stressed and control plants with
time and depth. Wien irrigati on stopped, root |ength densi -
ties were simlar in control and stressed treatnents, and
did not significantly differ until 10 d later. On day 12,
however, root |ength density in the 0- to 10- cml ayer dif -
fered significantly between treatnents. Drought inhibited
root growth inthe 0- to 15- cm ayer on day 14, and in the

Root leng*h denrs.ty {cm em™3)
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1. Effect of water stress on rootlength density of control and water-stressed treatments over time and
at 5 soil depths. Data points are = S. E. (Thangaraj and O'Toole, 1983, unpubl.)
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0- to 20- cnhayer on day 16. At 14 d, root length density in
the stressed treat nent was 37%I ess than in the control, and
47%]1 ess on day 16.

The significant decrease in root length density was
associated with a progressive increase in soil mechanical
i npedance fromO to 2.5 MPa in the 0- 20cmsoil |ayer during
the 16 stress days. Root |ength density at 20- 25cmdi d not
differ between treatnents. We assuned that the decreased
root growth, especially inthe upper soil |ayers, was partly
a consequence of water stress- inducedreduction of photosyn-
thesis. Changes in soil physical structure nust also have
i nhi bited root growth. Soil nmechanical inpedance, averaged
over the 0- 25cmsoil profile, changed fromO0.1 to 1.5 Mra,
and root | ength density decreased 40%

Despite this experinment, westill know little about
changes in bul k density and nechani cal inpedance in | ow and
rice fields during adrying cycle (rainless period) or about
howroots respond in situto those changes.

Al t hough t hese | aborat ory and greenhouse st udi es showed
simlar trends, it was difficult to identify a threshold of
nechani cal inpedance that inhibited root elongation or to
establish a precise quantitative rel ation between treatnent
| evel and root growt h. The experinmental systens and net hods,
and the dynam c nature of root growth cause difficulties of
neasurenent and interpretation. Sonme of these difficulties
are specific to |laboratory and greenhouse experinents and
are nostly overcone inlarge- scal efield experinents.

Rice root growth under drought and reflooding

We evaluated IR54 root growth in a 1984 field experinent
that sinmulated rainfed lowand conditions. A |line- source
sprinkler irrigation systemwas used to create six water
regi nes. For four of them(1,3,5 and 6), root sanples of

20— x 20- x 40- cthwere taken at 9 crop devel opnent st ages.
Three sanplings were nmade during water stress, 42 to 61 d
af t er sowi ng.

The results discussed here represent only the rice
response during the irrigation treatnment period and during
20 d after the field was reflooded. Data are presented
(Fig. 2, 3) only for the upper 10 cm of soil, although
sanpl es were at 5- cmncrenments to 40 cm

Soi | nechani cal inpedance at 0- 10cmwas cl osely rel at -
ed to soil - water content (Fig. 2). For regines 1 and 3,
penetration resistance was nearly constant. For regines 5
and 6, soil nmechanical inpedance gradually increased until
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2. Effect on soliwater content and soil- Zravimetric soit-warer cortent(%) at 0-10cm

mechanical impedance at 0-10 cm of 4 S0 . )
irrigation regimes between 42 and 61 d. \/"\/\ :
Regime 1 was continuously flooded

while regimes 3, 5, and 6 were drained

on day 42, and until day 61 received
decreasing amounts of water applied o
by a line source sprinkler (LSS) irriga-

tion system (Thangaraj and O'Toole, g7 —
1984, unpubl.).
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gravinetric noisture content had declined to about 70% and
i ncreased considerably when soil - watercontent fell bel ow
65% Mechani cal inpedance for irrigationreginmes 5 and 6 was
reduced by reflooding, but not enough to equal the control

| evel s, whichwere close to O.

Inthe flooded treatnent, root | engthdensity increased
exponentially with tine (Fig. 3). For reginmes 3, 5, and 6,
root length density at first increased, then decreased by
the third sanpling, when stress was maxi mum The si gnificant
decrease for reginmes 5 and 6 was t hought to be caused by the
death and decay of fine, fibrous roots in the upper |ayers
of the drying profile. They di ed because of drought and high

nechani cal inpedance. A sinilar decrease in root |ength
density at reginme 3, despite a very | ownechani cal inpedance
there, is presumed to have been caused by the noisture

stress- i nduceddeat h of fine roots.

Root nmass density responded simlarly to root length
density intrend and timng (Fig. 3), but root |ength densi-
ty decreased nore than did root nmss density. Root
nor phol ogy al so changed. This inplies that roots becane
shorter and thicker in response to increased nechanical
i npedance, as has been previ ously observed (1, 3, 8); howev-
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Root mass density (mg /100 em®) at 0,10 ¢m 3. Response of root mass density and
50 | root-length density at 0-10 cm soil depth
3 to 4 irrigation regimes between 42 and
40 61 d. Regime 1 was continuously flood-
5 ed while regimes 3, 5, and 6 received
30F 6 decreasing amounts of water applied by
a line source sprinkler (LSS) system
20+ (Thangaraj) and O'Toole, 1984, unpubl.).
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er, the physical or physiol ogical reasons for this thicken-
ing is unknown (4). Figures 2 and 3 suggest that root growth
and extension were inhibited by decreased assim|ate supply
and i ncreased nechani cal inpedance. The latter is a strong
functionof soil- water content and of shrinkage of the
puddl ed Maahas clay soil. Thus the ability of the root
system to actively expand and to abstract water was
i nhi bi t ed.

Refl ooding the field reduced soil strength and in-
creased root length density, but did not conpletely renedy
the ef fects of water stress.

The finding that increased soil nechanical inpedance
decreased root |length density is consistent with results
fromthe greenhouse experiment. However, it appears that in
the field, soil strength values as |ow as 0.05 MPa are suf -
ficient toinhibit root growth (Fig. 4). Val ues greater than
0.3- 0.5MPa decrease root growth and extension by 75% Ex-
trapol ati on of these results to other soils and water re-
gines is conplicated by many site- specific soil physical
properties, such as structure, texture, bulk density, and
porosity.
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4. Relation between root-length density Relative VOO**‘éﬂs" cers’y 3 > C Com

relative to control R and soil mechanical
impedance q_in a drying puddled and
lowland soil. The equation R = (1.44*
27.3 qp)'l/2 has a correlation coefficient
of 0.95** (Thangaraj and O'Toole, 1984, 0.8
unpubl.).

.0

0.6

Soil mecrar 2a impedance qp(MPo)or Q- 2

Soil mechanical impedance in rice fields

These initial studies illustrate the reaction of the rice
root systemto varyi ng nechani cal inpedance. The inplication
of the studies for the major rice- grow ngregions can only
be assured when the soil nechanical inpedance characteris-
tics are known for the rainfed and irrigated ricefields of
nore regions. | n Septenber and Cct ober 1983, therefore, soil
nechani cal inpedance data were collected at 35 sites from
experinment station and farnmers' |low and rainfedrice fields
i nBurma, India, Nepal, Thailand, and the Phili ppi nes.

Measurenents were made wi th a hand- hel dpenetroneter of
60° cone angl e, 6- nm di anet ebase, and 0- 35cmdept h range.
Measurenents were at various soil depths, either under
standing water or in drained soil. Determ nation of soil -
wat er content was inpracticable, and information was una-
vailable on soil wetting and drying prior to neasurenent.
Therefore, caution is advised in devel opi ng concl usi ons or
ext rapol ati ons.

Nonet hel ess, a prelimnary interpretation is possible.
Data are separated as between fields with standi ng water and
those without. In fields with standing water, nechanical
i npedance in the upper 0- 10cm cultivated |ayer averaged
0.64 MPa. Lower soil zones all had strengths >2.8 MPa: high
enough to inhibit root elongation. In |owand, puddled
fields without standing water, the 0- 10cm zone had a nean
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i npedance of 1.7 MPa, and very high i npedance |evels in the
| ower zones. There were hardpans at several sites. At other
| ocations, penetration resistance increased steadily with
dept h.

These limtations to root systemdevel opnent can cause
many di fferent crop responses. For rainfed rice, the active
root zone appears to be only 10- 15cmdeep, and represents a
soi |l - waterreserve that during rainl ess peri ods woul d qui ck-
|y be exhausted. One may therefore recommend that rice vari -
eties mght be selected or bred to have root systens that
are vertically oriented and abl e to penetrate hardpans (11).
Anot her solution is to break the hardpan by tillage. These
probl ens and t he possi bl e remedi es need nuch nore research.

WATER EXTRACTION BY ROOTS GROWING THROUGH SOIL CRACKS

When puddled lowand rice fields are converted to upland
crop cultivation, the soils (especially clays) usually are
poorly drained; have a thin, plowed layer with a hardpan;
and have insufficient subsoil air porosity for root growh
of upland crops. As a result, upland crops are subject both
to excess soil water and drought. Wen the subsoil dries and
shrinks, roots grow down through the cracks. The cracks
(whet her natural or man- nmade) are inportant for subsurface
drai nage, but their effect on water extraction by roots is
not wel | docunent ed.

A lysi neter experinment at Tsukuba, Japan, estimated the
amount of water extracted by soybean roots grow ng down soi l
cracks (16). The lysimeter plot (30- x 70- nmx 0. 65- ndeep)
was a rice field until 1979, when it was converted to an
upland field. The soil was nore than 50%cl ay. Drai nage was
i mproved by installing a pipe drain with connecting nole
drai ns. Converting frompuddl ed soil to upland changed the
structure of the surface 12 cmof soil fromnmassive to ag-
gregat ed, but did not affect the subsoil.

Two nont hs after seeding, soybean roots had not pene-
trated the bul k subsoil, but had grown into subsoil cracks
and fissures. Walls of cracks that had roots were sectioned
into 10- x 10— cmgrids, and roots in each grid were coll ect -
ed and neasured. Root length densities were fromO to 2.74

and averaged 0.92 cmcm? of cracked wall.

Water extraction by these crack- exploitingroots is
difficult to measure. We therefore estinmated water extrac-
tion using the nodel illustrated in Figure 5. Water extrac-
tionper unit ground area Q(mm d) is given as:

Q=20 HLg/D
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5. Relation between water extraction
rate per unit ground area, crack spacing,
and water uptake rate per unit length of
root, as derived from a simple crack
model.

Jozrerexcrgoticr rete Lo 27

Jrzos spacing {em)

where H is depth of cracks (cm, L is root density in the
cracks (cmcm?), q is water uptake rate by unit |ength of

root surrounded by soil particles (cm® cm! d1), andDis
crack spacing (cn). The relation of water extraction rate
and crack spaci ng was obtai ned by substituting the neasures

for H(45 cm and L (0.92 cmcm?of crack) in the equation.
Wat er uptake was froma root plane experi nent (Hasegawa and

Sato, unpubl.), and taken as 0.01 and 0.02 cn? cm?! dt
Figure 5 shows that for cracks at 10- 15cmspacing, and for

upt ake per unit length of root of 0.01- 0.02cm?® cm?! d}
then water extraction rate per unit ground area is 0.6 to

1.7 nmdL
These values nmay be conmpared with upward fluxes of
soi |l - watert hat may be cal cul ated fromthe nmeasured subsoil

hydraulic conductivities and from hydraulic gradients ob-
tained by tensioneters at 40- and 60- cmdepth. These fl ux



394 SOIL PHYSICS AND RICE

densities were only 0.01 nmfd for nbst prevailing soil-water
condi ti ons. Moreover, daily evapotranspiration of soybean in
central Japan is typically 3.5 mmd. Consequently, water
extraction by roots in cracks m ght be inportant to water-
stressed pl ants.

10.

11.

12.
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Abstract

WAt er — bal anceexperinents are described in which the inter-
nal drai nage nmet hod was used to deterni ne accurate val ues of
unsaturated hydraulic conductivity and the zero flux plane
nethod to determne soil - water flux. The experinments also
i nvestigated the effect of mul ching on water use, water- use
efficiency, andyield for vari ous annual crops.

The neasurenents of water use showed that for Ml aysi an
conditions the corrected Penman Met hod was t he nost suitabl e
of several possible nethods for predicting crop water use
from neteorol ogi cal data. For maize, nmungbean, cowpea,
chili, and grass, seasonal average water use was respective-
ly 3.0, 3.6, 3.0, 4.0, and 4.2 mmi d.

Mul ch at 3 t/ha inproved yield of all crops tested, and
i ncreased wat er — useefficiency by as nuch as 90% It reduced
soi|l tenperature at 5 cmdepth by 5- 10K
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WATER USE AND WATER USE EFFICIENCY
UNDER DIFFERENT MANAGEMENT SYSTEMS FOR UPLAND CROPS

Mal aysi a has hi gh annual rainfall, relative humdity, actu-
al: potential sunshine, and uniformair tenperature. However,
the large rainfall variability and the consequent fl oods and
droughts determ ne the cropping patterns. Were there is no
irrigation, unevenrainfall is amjor constraint to produc-
tivity, both of rice and annual crops (3). Drought is fre-
guent in Malaysia (Il), but water bal ances based on |ong-
termaverages fail to adequately show the effect of short-
termrainfall variability.

Baillie (2) found that npisture stress is likely in
nost years in shall owMl aysi an soils, and that stress | ast -
ing 10- 12d can occur several tinmes a year. Mlik and Fos-
ter (10) reported that |lack of soil water restricts yields
of grain | egunes i n nost of peninsul ar Mal aysi a.

Traditional crop water studies use water bal ances based
mai nly on weat her data, assunme no water novenment within and
bet ween soi |l and subsoil |ayers, and predict soil hydraulic
conductivity as an exponential function of soil - watercon-
tent. Because this function is exponential, the predictions
of hydraulic conductivity or of soil water flux can be
grosslyinerror.

A nore reliable nmethod for determ ning water bal ances
allows for vertical novenment of water in the soil profile,
and uses accurate field neasurenents of unsaturated hydrau-
lic conductivity. These neasurenents are nmade by the inter-
nal drai nage et hod usi ng a neutron noderation soil — noisture
neter and tensioneters to measure soil - water content and
potential. This paper describes the determ nation of water
use and the quantification of paraneters in the water bal -
ance equation for annual crops in Ml aysi a.

MATERIALS AND METHODS
Field site and experimental layout
The experiment was conducted at Puchong Experinental Farm

Serdang, Sel angor, Malaysia. The farmis on a clay soil of
t he Bungor series (kaolinitic, isohyperthermc, Typic Pal eu-

dult); surface soil is sandy clay loam wth a sandy clay
subsoil. Slopevaries from0O- 10%but is generallyless than
5% The top 1 mof soil is nonlateritic.

The site of the water balance study was free of
laterite to 150 cmdepth, was reasonably flat (slope 3- 6%,
and of total area 73 x 20 m (about 1/7 ha). There were 16,
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8- x 8- nplots with 1 minterrows arranged in 2 rows of 8.
The | ower rowhad a runoff coll ection system

Each plot had 1 vertical, 2- m |ongeutron noisture
neter tube at its center, and tensioneters at soil depths of
10, 20, 30, 40, 50, 60, 80, 100, and 120 cm Four plots had
2 sets of tensioneters at 10- cm ntervals to 120- cndept h.
Properly isolated, buried nylon tubing connected the tensi -
ometers to a nercury manoneter installed outside each plot.

Soi | — water contents were determned using a Walling-
ford- typeneutron nmoisture neter with a 50 nCi anericium-
beryllium fast neutron source, a boron- trifluoride slow
neutron detector, and a rate neter.

Determining unsaturated hydraulic conductivity

Hydraul i c conductivity inthe fieldwas determ ned using the
i nternal drai nage net hod (5), as descri bed by Maesschal ck et
al (9). Hydraulic conductivity Kgis calculated from

58 dn
Tar 097 Ky & (1)

where S is storage per unit ground area, qis flux density,
t istime and dH/ dz is hydraulic gradient.

The water balance equation

The field water bal ance equation during tinme At of the soil
underlying unit ground area can be witten as

AS:P+I—ET(orE)—qZ - R (2)

T
where AS is the change in soil - waterstorage, P is precipi-
tation, | is applied irrigationwater, ET is actual evapo-
transpiration from cropped soil, E is actual evaporation
frombare soil, a, is the soil - waterflux density at a depth

r

Z. and R is surface runoff. Al variabl es except ET (or E)

can be neasured in the field. The maindifficulty in solving
t he wat er bal ance equation is in estimating the soil - water
flux conponent, which requires a precise knowl edge of the
profile of soil hydraulic properties.

Determiningrainfall, changes in soil - waterstorage,
runof f, and hydraulic head. Rainfall at the experinent site
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was neasured daily using a gauge in the neteorol ogical sta-
tion just outside the field. Runoff was determned in 8 of
the 16 plots froma 1.83- x 8- marea in each plot. Runoff
was measured after each rain.

Vol unmetric soil water content was neasured at depths of
10, 20, 30, 40, 50, 60, 80, 100, and 120 cmw th a neutron
noi sture meter. Soil - wat erstorage between depths z; and z,
was cal cul at ed as

Zy
§= /%0 az (3)
S

Changes in S between successive neasurenent tinmes and
for each soil |ayer were determ ned graphically. Tensioneter
readi ngs were taken sinultaneously with soil - water content
and at the sanme depths. Promthese readings, hydraulic head
was cal culated and plotted against soil depth. Hydraulic
gradi ent (dH dz), which deternines the magnitude and indi -
cates the direction of water novenent, was then conmputed for
the different depths and ti nes.

Determining soil - water flux. A transitional zone can
exist in the soil profile above which there is an upward
soi |l — waterflux (dH dz > 0) and bel owwhi ch there is a down-

ward flux or drainage (dH dz < Q). The transitional zone is
the zero flux plane ,(dH dz = 0). Fluxes and water bal ances
can al ways be cal cul ated usi ng Darcy's Equation (Eq. 1), but
the existence of a zero flux plane nay neke it possible to
cal cul ate soi | - wat erbal ances wi t hout Darcy's Equati on.

In situations without and with a zero flux pl ane we may
proceed as fol | ows:

* Absence of a zero flux plane. Under these conditions,
there is either continuous drai nage or continuous upward
novenent, and flux density is deterni ned by Darcy's Equati on
as

dai
1, = K@ az (4
r
where Kg is the hydraulic conductivity corresponding to an
averagesoi | — wat er content q during the period considered,

and (dH dz) is the average hydraulic gradient during that
peri od.
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e Existence of a zero flux plane. The position of the
zero flux plane can be determned fromthe hydraulic pro-
files neasured by the tensioneters. The average depth of
the zero flux plane Z, is taken as the arithnetic nmean Z,

during a particular tine period. Determnation of ET by the
zero flux plane nmethod is possible only for uncropped soil
or cropped soil where the rooting depth does not exceed Z,

I n other cases, Eq. 4 must be used to determ ne the flux and
ET or EE In the first two cases, ET can be calculated from
Egs. 2 and 3 as

Z

[o]
ETor E=P+ I -R - [ (9) dz. (5)
0

The drainage flux density at depth z, can be cal cul ated by
either Eq. 4 or as

z
| r

q Z%t'f (8) dz (6)
-

z

[¢]

Potential evapotranspiration,
crop factors, effective rainfall, and water use efficiency

The reference crop evapotranspiration ETgis the rate of
evapotranspiration froma large area of uniform 8- 15cm
tall, green, actively growing grass that conpl etely shades
the soil and has anpl e wat er.

We used 10 nethods to cal cul ate evapotranspiration of
the reference crop fromthe data collected at the neteoro-
| ogical station next to the experinmental field: Blaney and
Criddl e, Jensen and Haise, radiation, Penman (original),
uncorrected Penman, corrected Penman, E- pan,origi nal Turc,
sinmplifiedTurc, and Thornt hwai te.

The crop (k.) and soil (k) factors are defined as

k, = (ETcrop)/ETO and K = (Ebare)/ETO

k. depends on the crop and its devel opment stage. Qur deter-
m nations of k. and k assurmed zero water deficit, but they

did allow for effects of managenent practices. Crop coeffi-
ci ent curves were obtai ned by plotting k., agai nst crop age.
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Effective rainfall was defined as the amount of rain-
fall that coul d be used by the plants and equal s total rain-
fall less runoff |ess drai nage (beyond 1 mdepth). Water use
efficiency is the yield (kg) per cubic nmetre of effective
rainfall.

Crops and management practices

Qur wat er - bal ance studi es concentrated on mmi ze, cowpea,
nmunghean, and chili, which are comon annual crops in Ml ay-
sia, and represent a significant part of the total cropped
area. Bare- soil and grass treatnents were included as con-
trols to eval uate potential evapotranspiration or reference
crop evapotranspiration and to conpare themwi th estimates
based on weat her dat a.

Plots were mulched with 3 t of cut |alang/ha. Lalang
nmul chi ng perforns better than other organic nulches (7), and
3 t/ha is an effective, economical rate of application. In
addi tion to conserving water and | owering soil tenperature,
mul ching inproves infiltration rate and soil structure and
reduces runoff and soil erosion (1, 4, 6, 8, 12,).

RESULTS AND DISCUSSION

Crop water balance

The cal cul ation of water bal ances was based on Eq. 2, and
used hydraulic conductivities determned by the internal
dr ai nagenet hod.

WAt er bal ance of maize. The nmize crop received 574 mm
of rain in 99 d (Table 1). Except for a short dry spell in
the second hal f of the growi ng season, rainfall was evenly
distributed. Total runoff was 40%frommai ze plots and 15%
frommai ze + mulch. For the controls, runoff was 51% from
bare pl ots and 30%fromgrass. Mst drainage occurred in the
first 6 wk, after which drainage was minimal in all treat-
nments. Range of k., was 0.44-1.05 for mai ze and 0.24-0.91 for

mai ze + mulch. Average k. for grass was 1.02 for all ET,

cal cul ations. Average k (for bare plots) was 0.48, and k
varied nore between ET, calculations than between treat-

ments. Effective rainfall was 45, 54, and 75%of total rain-
fall for mmize, maize + mulch, and grass plots. Water- use
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Table 1. Components of water balance for maize and control plots.

Component Maize Maize + mulch Grass Bare
Rainfall (mm) 574 574 574 574
Runoff (mm) 230 83 17 293
Change in storage (mm) - 42 45 23 -7
Total drainage (mm) 88 179 125 97
Total E or ET (mm) 298 267 408 190
Av drainage (mm/d) 0.89 1.80 1.27 0.98
Av E or ET (mm/d) 3.0 2.7 4.1 1.9
Yield (t/ha) 1.13 181 4.04 -
Effective rainfall (mm) 256 312 431 -
% of total rainfall 45 54 75 -
Water use efficiency (kg/ms) 0.44 0.55 0.88 -

efficiency was 0.44, 0.55, and 0.88 kg/n?for mai ze, mmi ze +
nmul ch, and grass.

Wat er bal ance of nungbean. In 75 d, nungbean received
625 mmof rainfall (Table 2), averaging 8.3 nmmd, which
exceeded ET,.Rainfall was unifornmy distributed and no zero

flux plane existed for any treatnent. Mingbean plots had an
average k of 0.81, with a range 0.57- 1.13; for mungbean +
nul ch, average 0.75, range 0.38- 1.24;and for grass, average
1.04, range 0.92- 1.13. For bare plots average k was 0. 46
range0. 34- 0. 55.

Mul ching greatly reduced runoff and substantially in-
creased total drainage. Effective rainfall was 42- 57%f to-

Table 2. Components of water balance for mungbean and control plots.

Component Mungbean Mungbean + muich Grass Bare
Rainfall (mm) 625 625 625 625
Runoff (mm) 222 63 48 322
Change in storage (mm) 18 9 11 3
Total drainage (mm) 115 302 218 147
Total E or ET (mm) 271 251 348 153
Av drainage (mm/d) 1.5 4.0 2.9 2.0
Av E or ET (mm/d) 3.6 3.3 4.6 2.0
Yield (t/ha) 0.83 1.13 4.30 -
Effective rainfall (mm) 289 260 359 -
% of total rainfall 46 42 57 -

Water use efficiency (kg/ms) 0.29 0.43 1.2 -
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tal rain, depending on treatnment. By reducing ET at early
grow h stages, nul ching increased water use efficiency from
0.29 to 0.43 and increased seed production. Water use effi -

ciency of grass was 1.2 kg/n.

Wat er bal ance of cowpea. In 97 d, cowpea received 566
mmof rainfall (Table 3), averaging 6 mmd. The vegetative
(0- 30d) and flowering periods (30- 60d) were fairly dry,
receiving an average 2.6 nmd, but the podding stage was
very wet, with 11 mmd. |In cowea plots, 374 of rainfall was
lost to runoff, nostly inthe last 10 d of the growi ng sea-
son, after the leaves had wilted. Drainage beyond | mwas

mnimal. In cowpea + mulch plots, only 3% of the rainfall
was | ost through runoff, and drainage correspondingly in-
creased to 34% of the rainfall. Average evapotranspiration

was 2.9 mmd, slightly less than the 3.0 nmd on nonnul ched
pl ots. The decrease was due nainly to | ower evapotranspira-
tion during the first 3 wk, because at later growth stages
the better vegetative growth of mulched cowpea increased
transpiration.

Evaporation frombare plots averaged 2.1 mid. Forty
percent of the rain ran off and 14% (80 M) was lost to
drai nage below 1 mdepth. The zero flux plane nethod, when
applicable, gave an average evaporation of 2.1 nmmd, com
pared with 1.9 mid by Darcy's Law. Both nethods may there-
fore be used to calculate soil - water fluxes. For cowpea
pl ots, average evapotranspirati on was | ower when cal cul at ed
by zero flux pl ane net hod, probably because of root penetra-
tion and water extraction belowthe zero flus pl ane,

Table 3. Components of water balance for cowpea and control plots.

Component Cowpea Cowpea + muich Grass Bare
Rainfall (mm) 464 566 566 566
Runoff (mm) 173 17 8 225
Change in storage (mm) 59 78 42 61
Total drainage (mm) -2 193 148 80
Total E or ET (mm) 234 278 368 200
Av drainage (mm/d) - 0.03 2.0 15 0.8
Av E or ET (mm/d) 3.0 2.9 3.8 2.1
Yield (t/ha) 1.71 2.10 5.94 -
Effective rainfall (mm) 291 356 410 -
% of total rainfall 63 63 72 -

Water use efficiency (kg/m3) 0.59 0.59 1.45 -
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Average k¢ for cowpea was 0.71, range 0.46- 1.00.For

cowpea + nul ch, average k¢ was 0.69, al nost equal to that of

cowpea, and range was 0.22- 1.02.Average k for bare soil was
0.5, range 0.36- 0.61. Val ues depended on whether soil was

wet or dry. Water use efficiency of cowea was 0.59 kg/n#,
and effective rainfall was 63%w th or wi t hout mul ch.

Wat er bal ance of chili. The first 3 wk after planting
chili were dry, followed by 3 wet wk, 2 dry, and 2 wet. The
third month was dry, after which it rained al nbst every day
until the end of the experinent.

For chili plots, average ET was 4.1 mm d, and drai nage
0.3 mid; for chili + mulch, ET was 3.2 mm d, and drainage
1.9 mid (Table 4). The chili plants and the nulch signifi-
cantly reduced runoff. Drainage on the nul ched plot corres-
pondi ngly was higher. Yield, on a fresh weight basis, was
about 55%hi gher on nmul ched t han on nonmul ched pl ots. Fresh-
wei ght wat er use efficiency correspondingly increased 4.1 to

7.9 kg/ nt. These benefits of mulch derived froma reduction
i nevaporation, |ower soil tenperature, and inproved water
availability during dry periods. For chili and chili +
nul ch, average kwere 0.94 and 0.74. Average k (bare soil)
was 0. 49.

On bare plots, evaporationwas 2.1 nmid, runoff was 52%
of rainfall, and drainage (the result of a heavy shower just
before planting) was significant only during the first week.
Aver age drai nage was 0.8 mmd (13%of rainfall). A zero flux

Table 4. Components of water balance for chili and control plots.

Component Chili Chili  + mulch Grass Bare
Rainfall (mm) 938 938 938 938
Runoff (mm) 261 143 232 484
Change in storage (mm) 62 66 58 28
Total drainage (mm) 36 275 400 122
Total E or ET (mm) 279 454 249 305
Av drainage (mm/d) 0.3 1.9 2.8 0.8
Av E or ET (mm/d) 4.1 3.2 17 21
Yield (t/ha) 26.5 40.9 - -
Effective rainfall (mm) 641 520 306

% of total rainfall 68 55 33
Water use efficiency (kg/m?3) 4.1 7.9 N
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pl ane exi sted. Average evaporation val ues cal cul ated by the
zero, flux plane nmethod and Darcy's Law were each 2.3 mm d.
Aver age drai nage estimates were 0.4 and 0.5 nmm d.

On cropped pl ots, drai nage beyond 1.0 mwas appreci abl e
only during the last nmonth when the soil was at field capac-
ity after nmore than 300 nmrain. Depth of zero flux plane
ranged from53 to nore than 120 cm Estimates of average ET
and drai nage, when calculated by Darcy's Law and by zero
flux pl ane net hod, were, respectively, 4.0 and 3.8 mmi d and
0.03 and 0. 41 mm d.

Formulas for evapotranspiration

Qur earlier experinents showed that different evaporation
formulas give different results, and that the differences
bet ween their predictions depend on the particul ar weat her
val ues. Because ET, is the reference crop (short grass) eva-

potranspiration, we included a cowgrass Paspal um notatum
Fl ugge treatnent, which was nonitored continuously for over
ayear.

The nost appropriate formula for ETyfor Ml aysian con-

ditions will be that which gives k., values as close as pos-

sible to unity. Table 5 shows that the Jensen and Hai se,
Thornt hwai te, and Turc origi nal nethods overestimate refer-
ence crop evapotranspiration, and the ot her net hods underes-
timate it. The corrected Penman fornula gives val ues that
agree very well w th neasured ET, For our experinental con-

ditions, and particularly because of low wind speed, the
pan- factornmethod, in which E- panvalues are nultiplied by
crop- and weat her- specificfactors, did not give reliable
predictions.

CONCLUSION

For mai ze, nungbean, cowpea, chili, and grass, average water
use during crop growh was, respectively, 3.0, 3.6, 3.0
4.0, and 4.2 nmm d.

The runoff conmponent in the water balance equation
cannot be negl ected, even for alnobst flat areas, because of
the high intensity of rainfall and the rapid slaking of
topsoil. Darcy's Equation is recomended for calculating
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Table 5. Crop coefficient (k.) for grass in 5 experiments, using
different methods of calculating ETj.

Method

| 1] 1] v V Average

Blaney and Criddle 1.03 1.13 1.11 099 1.06 1.06
Jensenand Haise 079 079 081 070 0.86 0.79
Radiation 1.07 112 1.15 100 1.17 110
Penman original 115 115 118 1.02 123 115
Penman uncorrected 1.04 1.08 1.12 095 1.14 1.07
Penman corrected 1.03 103 100 091 112 102
E-pan 156 146 175 134 155 1.53
Thornthwaite 094 087 092 078 095 0.89
Turc original 0.89 097 092 080 099 0091
Turc simplified 1.05 108 1.08 094 1.14 1.06
Average 1.02 104 106 0.92 110 1.03

Table 6. Components of water balance for mulch

and no-mulch treatments for 4 crop

species.
Maize Mungbean Cowpea Chili@
Component _
No Mulch No Mulch No Mulch No Mulch
mulch mulch mulch mulch
Runoff (mm) 230 83 222 63 173 17 261 14
Drainage (mm) 88 179 115 302 -2 193 36 275
Evapotranspiration 3.0 2.7 3.6 3.3 3.0 2.9 4.0 3.2
(mm/d)
Yield (t/ha) 1.13 1.81 0.83 1.13 171 210 26.5 40.9
Effective rainfall 45 54 46 42 63 63 68.3 55.4
(% of total)
Water use efficiency 0.44 0.55 0.29 0.43 0.59 0.59 4.1 7.9
(kg/m?)
aFresh weight basis.
soi |l - water fl uxes and hence water bal ances. The zero flux

pl ane nethod al so gave accurate results,

weat her conditions
peri ods only.
all treatnents, and

nmuch as 90% ( Tabl e 6).
soi|l depth by 5 to 10 K.

i ncreased water

but
the zero flux plane exists for
Lal ang mulch at 3 t/ha inproved crop yield in
use efficiency by as
Mul ching | owered tenperature at 5-cm

for Ml aysi an

short

The corrected Penman Equati on was t he nost suitable for

predi cting ET, under Mal aysi an conditions.
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WATER-SAVING IRRIGATION TECHNIQUES FOR SOYBEAN AFTER RICE

A. Abas and A. M Fagi
Sukamandi Ri ce Research Institute for Food Crops
Sukanmandi , | ndonesi a

Fiel d experiments were conducted at Sukamandi and Mj osari
Experiment Farnms to devel op water- saving techniques for
soybean cultivated in dry season after | owl and ri ce.

Soil texture, CEC, clay content, and pH differed be-
tween the two farns. Sukamandi soil was a nonexpandi ng cl ay
and needed a hi gher soil - watercontent to naintain the sane
soi | - noi stureregi me as the Moj osari soil.

Soi | noi sture equival ent to pF 3.2- 3. 7was adequate for
good soybean yields. Incorporating 8 t aninmal nanure/ha
i ncreased t he wat er - absor bi ngcapacity of Sukamandi soil. On
Moj osari soil, straw mulch had the sane effect, but poor
dr ai nage reduced soybeanyi el d.

WETLAND UTILIZATION RESEARCH PROJECT

W Andri esse
Devel opnent Cooperation Section, Soil Survey Institute
Wageni ngen, The Net her| ands

The Wetland UWilization Research Project (WJRP) seeks to
devel op |l ow input technologies of soil, water, and crop
nmanagenent for intensive utilizationof small inlandvalleys
for smal | hol der rice- based arm ng systenms i n West Afri ca.

Four categories of West African wetlands were distin-
gui shed and inventoried. Based on physical and agrosoci o-
economc criteria, six areas for benchmark sites were iden-
tified in Sierra Leone, |vory Coast, Togo, and Nigeria.
Vall ey sites for research investigations have been identi -
fied in SierraLeone and N geri a.
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Initial findings for Sierra Leone (Makeni- Magburaka
area) showed t hat agrosoci oecononi cs, water managenent, and
soi | managenent were constraints to devel opnent. Soil con-
straints were poor physical performance of mainly sandy
soils, lowinherent fertility, a problematic Nmneraliza-
tioncycle, and Fe toxicity.

WJURP is a collaborative project of the International
Institute of Tropical Agriculture, N geria, andthe Interna-
tional Institute for Land Recl amati on and | nprovenent, the
Net herl ands Soil Survey Institute, and the Royal Tropical
Institute i nThe Net herl ands.

SYSTEMS ANALYSIS AND SIMULATION FOR RICE PRODUCTION:
A RESEARCH AND TRAINING PROJECT

E. Bakema, D.M Jansen, and F. WT. Penning de Vries
Centre for Agrobi ol ogi cal Research
Wageni ngen, The Net her| ands

The use of systens analysis and sinmulation techniques in
agriculture facilitates integration of know edge fromdif -
ferent scientific disciplines, predicts crop growh and
wat er use in untested conditions, and accel erates applica-
tion and transfer of know edge.

Goal s of the project are to conbine rice crop datawth
existing (non-rice) crop growth and wat er bal ance sinul ation
nodel s, and to dissem nate information to agricultural uni-
versities and experinment stations and to train national
programscientists in simulation nodeling.

A training course on rice production nodeling for eight
teams of three participants is scheduled. During the year
followi ng the course, teams will receive continuing scien-
tific and technical support to hel p devel op national program
infrastructures for research that conbines both sinulation
and experinmentation.

RICE RESEARCH IN SRI LANKA

F. R Bolton
Post graduate I nstitute of Agriculture
Uni versity of Peradeniya, Sri Lanka

Agricultural training and research prograns in Sri Lanka are
being carried out by the Postgraduate Institute of Agricul-
ture, Peradeniya. Eighteen of 36 scholars have conpleted
t heir courses and have found enpl oynent .
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Research topics are chosen to suit |ocal devel opnent
projects. Ongoi ng studi es include water requi rements of rice
for three Sri Lankan reservoir irrigation schemes. At each
schene a specific constraint such as salinity or weed con-
trol indry seeded rice has been sel ected for special enpha-
sis. Oher studies include Nfixation of soybean and cowpea
on poor |y drai ned soils.

CHARACTERIZING WATER MOVEMENT

J. Bouma
Net her | ands Soi | Survey Institute
Wageni ngen, The Net her| ands

Si x net hods of neasuring hydraulic characteristics of field
soils are used at the Netherlands Soil Survey Institute.
They are the col um nethod, the cube nmethod, the drai n- cube
net hod, the crust test, and the short- circuiting(bypass
flow) nethod, and a nethod for neasuring effects of horizon-
tal cracks.

There is a need to nake nore field neasurenments using
| arge, undisturbed sanmples rather than small core sanples
that are transported to and neasured i nthe | aboratory.

SEEDING TECHNIQUES AND MACHINERY

M A. Choudhary
Agricul tural Machi nery Research Centre
Massey Uni versity, Pal nerston North, New Zeal and

Devel opnent and use of equi pnent for seedbed preparation and
planting in | ow- noisturesoils usually seeks to inprove the
timeliness of operations for opti mumpl ant establishment and
soi | noi sture conservation. Seedi ng techni ques are needed to
i mprove work rates and to reduce the risk of seed/seedling
failure. The availability of selective herbicides has en-
couraged devel opnent of seeding nmet hods based on conserva-
tion tillage. They provide an alternative to conventional
tillage, whichconsunmes substantial tine and energy.

Fundanental rel ationshi ps between seeds and i n—- groove
soil mcroenvironments during early crop establishment in
untilled soils are reviewed. Machinery specifications are
given for seed groove opening, seed and fertilizer place-
nent, sow ng depth, groove closure, soil and seed firmng,
trash cl earance, and herbicide application for dry and noi st
soil s.
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Seedi ng and rel ated machi nery have been designed and
fabricated based on soil - seed- machi nerynteractions. The
nmachi nery may be suitable for establishing foll ow- oncrops
inrainfedrice- basedcroppi ng systens.

SOIL FRIABILITY AND WETTING AND DRYING CYCLES

A. R Dexter
Wai te Agricultural Research Institute
d en Gsnond, South Australia

Soil friability -- the tendency of a mass of unconfined soil
to break down and crunbl e under applied stress into a par-
ticular size range of smaller fragnents -- can be neasured
by sinple crushing tests on aggregates. Wakest - |inktheory
shows that tensile strengthis rel ated to aggregate di aneter
and friability index.

Friability is due to mcrocracks and other structural
features within the aggregates. Soil in poor structural
condition lacks these features and has friability index
<0.1. Soil ingood condition has an index >0.3. Wtting and
dryi ng cycl es and chemi cal anendnments, such as gypsum can
increase friability. There are critical rates of wetting for
increases in friability to occur. Wetting can induce mcro-
cracks in particular directions, thus causing ani sotropy of
friability.

WATER AND NITROGEN BALANCES OF DRYLAND CROPS
FOLLOWING LOWLAND RICE

P.J. Gregory, K Shepherd, and T. Fyfield
Uni versi ty of Reading
Readi ng, Engl and

Water stress and N cycling are being studied to identify
opti mumnmanagenent for dryland crops. At Reading, Engl and,
root growt h of young mungbean and cowpea plants is being
assessed under controlled conditions in relation to soil
physi cal properties. Field studies at IRRl are evaluating
wat er and N bal ances of rice and dryland crops in relation
to sowing tine and planting density of the dryland crop.
Results of | aboratory and field experinments are being incor-
porated into crop production nodels.
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EFFECT OF RICE-BASED CROPPING SEQUENCES ON
SOIL PHYSICOCHEMICAL PROPERTIES

Luo Zhong- Xin
Institute of Soil and Fertilizer Research
Guangdong Acadeny of Agricultural Sciences
Guangzhou City, China

Effects on soil physicochenical properties of rice- based
croppi ng sequences were tested in four 3- yrrotations in

Guangdong:
* wheat-rice- ricestragalus- rice- ricd,allow rice-
rice;
* wheat- rice- ricestragalus— rice- ricdean- rice-
rice;
* wheat - peanut- ricegstragalus— rice- riceea- rice-
rice; and

* wheat- rice- swegiotato, astragal us— rice- ricefal -
| ow- rice- rice.

Good soil structure, as represented by an enpirical index,
correlated with crop response to applied fertilizer. Yearly
total crop yield also correlated with soil carbon dioxide,
percol ationrate, total N, available P, and al kali - hydroly-
zabl e N. Carbon di oxi de content correlated with crop yield,
perhaps reflecting the | evel of biological activity and the
related soil nutrient supply. Soil aggregation and structure
wer e i nproved by or ganomi neral conpl exes.

INTERNATIONAL NETWORK ON SOIL FERTILITY AND FERTILIZER
EVALUATION FOR RICE (INSFFER)

C.P. Mamaril, R T. Rosales, R R Vill apando,
M B. Sobrevi nas, and V.N. Cacni o
International Rice Researchlnstitute

| NSFFER pronotes research and cooperation to increase fer-
tilizer use efficiency and to inprove and mmintain soil
fertility levels that will sustain highrice yields. Nation-
al programscientists, IRRI, and the International Fertiliz-
er Devel opnent Center (I FDC) collaborate inresearchtrials,
training, andsitevisit tours.

Twel ve col | aborative research trials deal with topics
that include fertilizer efficiency, long- terniertility, P
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sources, acid soils, azolla, and i ntegrated use of inorganic
andorganic fertilizers.

Training, both theoretical and practical, aims to
strengt hen the capabilities of | NSFFER researchers and tech-
nicians. In site tours and wor kshops, cooperators observe
INSFFER trial s and characterize the sites visited. Signifi-
cant findings are tested at |arger scale in farners’ fields.

MICROMORPHOLOGICAL STUDIES OF RICE SOILS
IN ITALY AND MALAYSIA

M Pagliai
Institute of Soil Chenmistry
Nat i onal Research Counci l
Pisa, Italy

Porosity, shape, and size distribution of pores were nea-
sured on thin sections of undisturbed soil sanples by el ec-
trooptical image analysis. Total porosity generally in-
creased, and pore nunber decreased during rice culture.
Total porosity was higher in Ap horizons than in Aps hori -
zons where a densely packed soil |ayer or plowpan was com-
non. Mbdifications of pore shape patterns were observed.
Pl anar (el ongat ed) pores predom nated i n nost soils.

Light mcroscopy of thin sections showed diffusion
organoferrans and ferrans, diffuse Fe-Vh concentrations, and
ferric rings around plant roots. There were sone differences
among soils. These pedol ogical features may relate to fer-
tility and structure of rice soils. Variations of topsoil
t exture al so wer e observed.

NO-TILL SOYBEAN PRODUCTION AFTER RICE

A. SyarifuddinK., Ishar Madi, Adlis G, and A Jugsujinda
Sukar am Research Institute for Food Crops
Padang, West Sumatra, |ndonesia

Large areas of Sumatra remain fallow after harvest of rain-
fed or partially irrigated rice. Those fallow |lands were
evaluated for growing no-till dryland crops after rice.
Addi tional experinments sought to identify optimumcultural
net hods f or soybean.

Fol lowi ng rice, soybean perforned best at 20- x 20- cm
spacing on nmulched, untilled fields with 22 kg Nha and
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20 kg P/ ha. Soybean yields were affected by planting date,
total rainfall, andrainfall distribution. Monthlyrainfall
above 80- 100mmr educed soybean yi el d.

O the varieties tested, sone l|local |and races per-
formed as wel | as national inproved cultivars.

PHYSICAL ASPECTS OF RICE SOILS IN MALAYSIA

J. Talib and A M Mbokht aruddi n
Depart nent of Soil Science, Universiti Pertani an Mal aysi a
Serdang, Sel angor, Mal aysi a

Al t hough few data have been col | ected, physical aspects of
rice soils have increasing inportance for nechani zati on and
wat er managenent in Mal aysi a, especially for direct seeding.

In Mal aysia, rice is grownonmarine and riverine soils
and organi c clays. Marine soils are predom nantly snectitic
and riverine soils are kaolinitic. Rice yields average 3- 5
t/ha on marine soils and 2- 3t/ha on riverine soils. River-
ine soils have higher bearing capacity, with a cone index
val ue of 0.9 MPa as conpared to the 3.5 MPa of nmarine soils.
However, the plowsole in nmarine soils is thicker than in
riverine soils, although the depth of the plowlayer is the
sane.

When smal |, uneconom c fiel ds are enl arged and | evel ed,
fertile organic topsoil is renmoved, sand and gravel |ayers
are exposed, and there is excessive | oss and uneven distri -
bution of standing water. Soil fertility has decreased, and
yi el ds are very | ow.

AGROHYDROLOGY OF UPLAND RICE

T. Wodhead, E.M de San Agusti n,
S.G Maghari, C.G Ante, ME Tenedora, and R T. Cruz
International Rice Researchlnstitute

| R36 was grown on a gently sl oping upland toposequence un-
derl ainby a shall owwater table. Depth to groundwater, soil
wat er content and potential, soil nutrient concentrations,
and pl ant hei ght were nonitored frequently in 1983 and 1984
wet seasons.

In 1983 wet season, which had a relatively long rain-
| ess period, increnents of plant height and final grain
yi el d each showed a dependence on upsl ope position. These
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dependences may have resulted froma systematic variation in
groundwat er contribution to crop water use, or from down-
slope mgrationof Nfertilizer after a typhoon.

In 1984, many nore rain days caused persistently high
soi|l noisture. Soil wetness del ayed essential weeding, and
may have caused substantial nutrient |eaching. O ange | eaf
vi rus was preval ent. Perhaps because of these conplications,
neither growth i ncrenents nor grainyields showed consi st ent
dependence on hillslope position, or on the presence or
absence of wooden, cross- sl opeerosionbarriers.

TILLAGE IN RAINFED LOWLAND RICE-BASED CROPPING SYSTEMS

T. Wodhead, S. G Mghari, M Ariyoshi,
I.C. Manalili, and EM de San Agustin
International Rice Researchinstitute

In field experinents, the dense layer in a puddled Typic
Tropaquept rice soil was disrupted by a chisel tine along
strips 0.5 mapart. Tillage was i medi ately after a simul at -
ed rice harvest, and seeds of dry season crops were pl anted
in the tilled strips. Cohesion and friction coefficients
were less, and roots penetrated nore rapidly to the wet
subsoil inthe tilled strips thaninuntilled or conventi on-
ally tilled soil.

Mungbean roots reached 60- cmdepth 2 wk earlier in
plots cultivated in strips by a single tine (whether pulled
by a tractor or a prototype cable- winchsysten) than in
conventionally tilled plots. Belowtillage depth, root den-
sity was affected by natural horizons of higher shear
strength. For mmize, excavated roots extended nore wi dely
along the tilled strips than at right angles to them

For mungbean planted at minimal (4 d) delay after the
simul ated harvest, grainyieldwas 2.1 t/ha for strip till-
age and 1.9 t/ha for conventional tillage. There was little
rainfall, and crops essentially grewon stored soil water.
The high yields were partly from precision manual seed
pl anting. The uniformy energed crop used sol ar irradiance
and soil water effectively. Crops al so nmade good use of the
avai |l abl e depth of soil above the natural horizon of higher
shear strength. Each 13 cm of additional root depth was
associated with 100 kg/ ha nore grain yield.
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EFFECTS OF GREEN MANURES AND CROP RESIDUES ON SOIL PHYSICAL
PROPERTIES IN RAINFED LOWLAND RICE-BASED CROPPING SYSTEMS

T. Wbodhead, R A Mrris, S.G Mghari,
R E. Furoc, A Villegas, and N. B. Fortuno
Internati onal Rice Researchlnstitute

In two experinents on silty clay |oam soils, neasurenents
were nade of the effects of incorporated crop residue and
| egune green manures on soil physical properties. Legunes
were grown i mediately before rice in the crop sequences,
and were known nutritionally to benefit rice. Measurenents
were made after 1 yr and after 4 yr of the cropping se-
quence.

I ncorporating green manures for 4 yr may have slightly
af fected topsoil porosity and water infiltration rate. But
effects were small inrelationto the i nherent spatial vari-
abilities of soil paraneters. Infiltration rate at |egune
i ncorporation was so high on both manured and unmanured
plots as to inply a need for effective puddling that woul d
i mpound water for the following rice crop.

After one year's incorporation of nmaize and soybean
resi dues, subsoil shear strength (at 2 MPa cone i ndex val ue)
was hi gh enough to i npede rooting of rice and dryl and crops.
Mohr — Coul onbpar anet ers of cohesion and internal friction,
and sat urat ed hydraul i ¢ conductivity were not changed.

LAND PREPARATION FOR DRY SEEDING ON PROBLEM SOILS

Vo- TongXuan and Nguyen Bao Ve
Uni versity of Cantho
Cant ho, Hau- G ang, Vi et nam

In Vietnam nost rainfed saline or noderately acid sulfate
soils are planted to only one crop of |ong- durationtradi -
tional rice a year. Farners wait until heavy rains have
softened the previously puddled soil and flushed away the
toxic salts before plowi ng and harrowing. Growi ng an extra
short - duration, nodern variety by direct wet seeding or
transplanting often is risky because irregul ar rai ns hanper
stand establishment on hard, cracked, puddled soils. Adry
seedi ng procedure canm nini ze that risk.

Land is plowed when it hardens after the wet season
crop i s harvested. That prevents ratooni ng, weed grow h, and
capillary rise of toxic salts. It also helps the soil todry
and speeds organic matter deconposition. Wen the plowed
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soil is dry, fields are harrowed. Shallow drai nage ditches
are constructed at 10- to 15- mntervals to help flush out
toxicsalts.

Short — duration, adverse- soils- tol erantvarieties are
broadcast, row- drilled, or hill - di bbl edand the seeds cov-
ered by harrowing. Drains are kept open during the first
nont h of growt h.

When the crop is harvested, as nuch straw as possible
is renoved to avoid the adverse effect of soil reduction,
the soil is puddled, and a traditional, |ong- durationcrop
i spl ant ed.

EFFECT OF FLOODING DURATION ON RICE SOIL STRUCTURE

Yao Xi an- Li ang
Institute of Soil Science, Academ a Sinica
Nanki ng, Chi na

Soil of triple- cropped(rice - rice - wheat) fields in the
Tai — hul ake regi on of Chi na has been conpacted through pro-
| onged flooding and cultivation for rice. The effects on
rice soil structure of flooding duration and tillage were
studied in an incubation experinment under natural condi-
tions.

Prol onged flooding substantially decreased both soil
aggregation and the >200 nmmpore space. It increased the
nodul us of rupture. These effects were anplified, and the
soi | conpacted, when the fl ooded soil also was tilled.

Changing fromrice - wheat to rice - rice - wheat se-
guences t her ef or e damages soil structure.

SOIL PHYSICAL CONSTRAINTS TO RICE PRODUCTION IN BANGLADESH

Z. Zarimand S. A Ml lik
Bangl adesh Ri ce Research I nstitute
Joydebpur, Dhaka, Bangl adesh

Soil's in Bangl adesh range fromperennially wet, poorly de-
vel oped, and hydronorphic in floodplains to well - drai ned,
deep- red.atosols in upland terraces and hills, Soil physi-

cal constraints to rice growmh include |ow water- holding
capacity and shal |l ow pl owpans that limt water infiltration
and crop rooting in dry season and pronpte erosion in wet

season. A 2- to 3- cm thicklowan at 7- 10 cm depth has

devel oped to sone degree in al nost all puddl ed soils.
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Silty loam and silty clay loam soils of the Ganges
fl oodpl ai n have hi gh hydraulic conductivity at saturation,
whi ch drops sharply with decreasing noisture content. The
silty clay and clay soils have insufficient avail abl e water
for winter crops. Soils of Barind and Mddhupur Cay range
fromclay loamto clay. They have |ow conductivity and are
suited to wet season transplanted rice, but retain insuffi-
cient noisture for wi nter crops.

Till age i n Bangl adesh i s constrai ned by heavy topsoils,
by pl owpans, and by pl owpans underlain by subsoil with | ow
beari ng capacity. Experinments showed that deep tillage (5- 20
cm) pronoted deeper root growth and increased uptake of
resi dual soil noisture by dryl and crops.






RECOMMENDATIONS

Wor kshop participants concluded that there is substanti al
potential for devel opi ng practical technol ogies to increase
food production froml ow ands enpl oyed for rice- basedcrop-
pi ng systens. Applied research on physical aspects of soi

managenent that nowlimt food production is a key conponent
i n devel opi ng t hose technol ogi es. | nworki ng group sessi ons,
wor kshop partici pants drafted the fol | owi ng reconmendati ons.

POLICY AND TRAINING

. To optim ze rice production and maxim ze water avail -
ability for crops grown after rice, applied research on
physi cal aspects of soil managenent shoul d be substan-
tially increased. The research nust be closely inte-
grated with other work on crop production, and nust
include interdisciplinary activities involving physi-
cists, soil scientists, engineers, agronomsts, and
crop physi ol ogi sts.

. The diversity of soils and agroclimates inrice produc-
ing areas requires that research be conducted at many
sites. National research programs in devel opi ng coun-
tries nmust play amjor role in the needed studi es.

. There are too fewscientists withtraining inthe phys-
i cs of soil and crop managenent. Thus:
- i nformati on about physical soil inprovement pro-

grans nust be conpiled and published to increase
awar eness of the need for training;

- assi stance nmust be provided for graduate studies
i n soil physics and physical chem stry of soils;

- in—- country, on- the- jobraining courses and staff
devel opnent t hrough short - termourses are needed.
Training for soil - physics |laboratory and field
t echni ci ans shoul d be enphasi zed.
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. A network system either as an additional conponent in
an existing network or as a new network, is needed to
optim ze use of resources for research and training.
Net worki ng will enabl e pronpt and effective communi ca-
tion of results, techniques, and experiences to re-
searchers inparticipating national prograns.

. Proper characterization and classification of all re-
search sites are essential for interpreting and extrap-
ol atingresults. Therefore:

- a nethodol ogy for the physical aspects of such
characteri zati on shoul d be devel oped;

- a working group should be established to devel op
st andardi zed soil physical neasurements for |ow
land soils and to initiate a systemof interlab-
oratory conparisons; guidelines and results of
conpari sons shoul d be wi del y di stri but ed;

- a classification system should be developed to
neet requirenents for differing |evels of detail
and wi t h enphasi s on physi cal characteristics;

- gui del i nes shoul d be devel oped for interpreting
site characterizationdata inrelationto inplica-
tions for sustained rice production, soil and

- wat er managenent, and producti on of nonrice crops
after rice;

- the influence of soil fauna on physical character-
istics should be further studied and included in
t he characterization;

- existing sites should be selected on which to
eval uat e t he proposed cl assification system

- the cooperation and assistance of appropriate

organi zati ons such as Soil Managenment Support
Services in characterizing and classifying sites
that represent inportant riceland conditions

shoul d be sought to ensure that appropriate |oca-
tions are selected for off- stationfield experi-
ment s;

- there should be a programto train personnel in
site sel ection and characterization.

RESEARCH
Recommendati ons are summari zed according to problens suited

to network- typeresearch, and to problens requiring nore
detail ed and specialized investigations.
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Network—type research needs

Puddl i ng and r el at ed pr obl ens:

- characterize for different soils the physica
conditions that favor plant growh, and determ ne
ways to achi eve t hem

- determ ne nethods of developing suitable soi
structure for dryland crops grown after rice on
puddl ed soi |

- eval uate the potential of zero tillage for rice-
based cr oppi ng syst ens;

- evaluate and conpare different puddling nethods
used by farnmers on different soil types.

Pans, the need for them and their mani pul ati on and manage-
ment :

- study the devel opnent and depth of pans, nodifica-
tion of pans by physical or chem cal nethods, and
effects on perneability, aeration, and on root
devel opnment and yield of rice and dryland crops
grown after rice;

- i nvestigate bearing and shearing strengths of
pans, and their optinmumranges.

Percol ati on- rel at edpr obl ens:

- determine the ranges of hydraulic conductivity
t hat best suit rice crops, and eval uate nethods to
control percol ation and seepage, especially after
dryl and crops;

- devel op strategies to conserve water and contro
wat er tabl e | evel s;

- i nvestigate effects of percol ati on on aeration and
soil structure, on nutrient |osses, and on toxin
renoval and salinitycontrol

Use and managenment of crop residues and other organic re-
sources:

- i nvesti gate managerment methods and soil physica
effects of organic matter -- including effects on
soi lstructure;

- determ ne nutrient value and optimum and harnfu
concentrations of soil organic matter, and the
effects of quality of organic matter on crop

yi el ds and soi | biol ogi cal activity;
- exam ne the potential for exploitation of Hi sto-
sol s.
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Watershed management and toposequence relations:

nonitor at all levels in the topography, water,
soil, and nutrient flows that affect rice produc-
fon;

determne the limts i nposed by t opography, eleva-
tion, and soil type on the practice and practi cal -
ity of floodingterracedfields;

quantify effects of soil erosion and nutrient
| osses by | eaching, and their effects downsl ope.

Specialized research needs

study the devel opnent and renoval of toxic prod-
ucts resulting from organic matter decay under
fl oodeccondi ti ons;

determ ne the relay and cropping sequences that
optimze utilization of seasonal water and radia-
ti on;

det er nm ne, by specialized techniques, t he
vertical and lateral water flows in different
| andscape posi ti ons;

i nvestigate the effects of heat flowand transport
and of other physical properties on germnation
and root growth, and categorize such properti es;
devel op biophysical simnmulation nodels of rice-
based croppi ng systens to eval uate effects of soil
physi cal properties onyields (supported as neces-
sary by lysinetry and control | ed- envi ronnmentst ud-
i es);

i nvesti gate the mechani cs and physi cochem cal pro-
cesses of pan fornmation;

establish guidelines for tillage for rice and
ri ce- based cropping systenms for mmjor riceland
soils;

undert ake controll ed- environment studi es of root
devel oprment (and supplenentary field studies) to
identify inpedinents to growh, and establish
procedur es for managi ng t hose i npedi nent s;

devel op machines, which are suitable for |[ocal
fabrication and mai ntenance, for direct seeding,
m ni rumand other tillage practices, residue man-
agenent, and fertilizer placenent for rice and
subsequent dryl and crops;

i nvestigate the i nfluence of organic matter (quan-
tity, quality, and distribution) on soil physical
properties such as structure, perneability, work-
ability, anderodibility.
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IMPLEMENTATION

To achieve the preceding reconendations, it was agreed
t hat :
1. I RRI shoul d prepare and distribute to all workshop par -

ticipants and interested individuals and organi zati ons
a report of the workshop and its reconmendati ons, and
shoul d pronpt |y publish the workshop proceedi ngs.

A working group, conprising IRRI, the Internationa

Board for Soil Research and Managenent (IBSRAM, and
nati onal program representatives, shall determ ne by

correspondence and, if necessary, through an early
neeting, the strength of interest in coordinated re-
search and information interchange -- especially for

research that requires multilocation experinmentation
across a range of soils.

The working group shall cooperate and comunicate with
t hose donor agencies that have expressed interest in
fundi ng coordi nated research in physical aspects of
soi | managenent .






PARTICIPANTS

Ariyoshi, M, Agricultural Engi neeringDepartnent, |nterna-
tional Rice ResearchlInstitute.

Bentley, C.F., International Board for Soil Research and
Managenent, 13103- 66Ave., Ednmonton, Al berta T6H 1Y6,
Canada.

Bhunbl a, D. R, Vill age Pal nagar, Karnal, Haryana, |ndia.

Bockhop, C. W, Agricul tural Engi neeri ngDepartment, |nterna-
tional Rice Researchlnstitute.

Bolton, F. R, Postgraduate Institute of Agriculture, Univer-
sity of Peradeniya, Peradeniya, Sri Lanka.

Bounma, J., Soil Survey Institute, P.O Box 98, 6700 AB Wage-
ni ngen, The Net her | ands.

Bregt, A K, Soil Survey Institute, P.O Box 98, 6700 ABWa-
geni ngen, The Net her| ands.

Bri nkman, R, Departnment of Soil Science and Geol ogy, Agri —
cultural University, P.O Box 37, 6700 AA Wageni ngen,
The Net her | ands.

Briones, A A, Soil Science Departnent, University of the
Phi i ppi nes at Los Bafios, Phili ppi nes.

Choudhary, M A., Agricultural Machi nery Centre, Massey Uni —
versity, Pal merston North, NewZeal and.

De Datta, S.K., Agronony Departnent, International R ce Re-
search Institute.

Dexter, AR, Departnent of Soil Science, Waite Agricul tur-
al Research Institute, den Osnond, South Australia
5064, Australi a.

Driessen, P.M, Centre for Wrl d Food Studi es, Agricul tural
University, P.O Box 37, 6700 AAWageni ngen, The Neth-
er | ands.

Dua, A.B., Multiple Cropping Departrent, International Rice
Research-Institute.

Enmerson, WW, CSIRODi visionof Soils, Private Bag No. 2,

d en Gsnond, Sout h Australia 5064, Australi a.

Eswaran, H., Soil Managenent Support Services, P.O Box

2890, Washi ngton, D. C. 20013, USA.



428 SOIL PHYSICS AND RICE

Fagi, A M, Agronony Departnent, Sukamandi Research Insti -
tute for Food Crops, Sukamandi, |ndonesi a.

Fauck, R, O fice de | a Recherche Scientifique et Techni que
Qutre Mer, 24 Rue Bayard, Paris 75008, France.

Garrity, D.P., International Rice Testing Program |nterna-
tional Rice Research lnstitute.

Ghil dyal, B.P., Ford Foundation, 55 Lodi Estate, NewDel hi
110003, I ndi a.

Greenland, D.J., Deputy Director General, International Rice
Research I nstitute.

Gregory, P.J., Departnent of Soil Science, The University of
Readi ng, London Road, Readi ng RGL 5AQ United Ki ngdom

GQupta, S.C., Soil and Water Managenent Research Unit, Uni -
versity of Mnnesota, 1529 Gortner Ave., St. Paul,
M nnesot a 55108, USA.

Hasegawa, S., National ResearchInstitute of Agricul tural
Engi neering, 2-1-2Kannondai, Yatabe- machi, Tsukuba-
gun, | baraki 305, Japan.

Hillel, D., Departnent of Plant and Soil Sci ences, Universi-
ty of Massachusetts, Amherst, Massachusetts 01003 USA.

In, Sang Jo., O fice of Rural Devel opment, Suweon 170, South
Kor ea.

Iwata, S., National Research Institute of Agricultural Engi -
neering, 2-1-2 Kannondai, Yatabe- machi, Tsukuba- gun,
| bar aki 305, Japan.

Jamal, T., Universiti Pertani an Ml aysi a, Serdang, Sel angor,
Mal aysi a.

Jansen, D.M, Centre for Agrobiol ogi cal Research, P.O Box
14, 6700 AAWAgeni ngen, The Net herl| ands.

Joshua, WD., Land Use Division, IrrigationDepartment, P.QO
Box 1138, Col onbo 7, Sri Lanka.

Kai da, Y., The Center for Southeast Asia Studies, Kyoto Uni-
versity, 46 Shi npbadachi - cho,Yoshi da, Sakyo- ku, Kyot o,
Japan.

Karim Z., Divisionof Soil Science, Bangl adesh Agri cul tural
Research I nstitute, Joydebpur, Dhaka, Bangl adesh.

Keersebilck, N.C., Rijksuniversiteit, Fakulteit van de Land-
bouwnet enschappen, Coupure Links 533, 9000 Gent, Bel -
gi um

Khan, A. U., Agricultural Engi neeringDepartnent, |nterna-
tional Rice Researchlnstitute.

Lal, R, International Institute of Tropical Agriculture,

P. M B. 5320, |badan, N geri a.

Latham MM, Ofice de | a Recherche Scientifique et Tech-
ni que Qutre Mer, 24 Rue Bayard, Paris 75008, France.

Luou, Zhong Xi n, Guandong Acadeny of Agricul tural Sciences,
Zhi Pan, Guangzhou City, Guandong Province, China.



PARTICIPANTS 429

Ma, Yi Jie, Institute of Soil Science, Acadenmi a Sinica, P.O
Box 821, Nanki ng, China.

Maghari, S. G, Soil Chem stry/Physics Departnent, |nterna-
tional Rice Researchlinstitute.

Mamaril, C. P., Agronony Department, International Rice Re-
searchlnstitute

Manalili, 1.C., Agricul tural EngineeringDepartnent, Inter-
nati onal Rice Researchlnstitute.

McMahon, T.A., Departnent of G vil Engineering, University
of Mel bourne, Parkville, Victoria 3052, Australi a.

Meelu, O P., Multiple Croppi ng Depart nent, |nternational
Ri ce Researchlnstitute.

Morris, R A, Miltiple Croppi ngDepartnent, International
Ri ce Research I nstitute.

Murray- Rust,H., Irrigati onWater Managenent Departnent, |n-
ternational Ri ce Researchlnstitute.

Neue, H. U., Soil Chem stry/Physics Departrment, |nternational
Ri ce Research lnstitute.

A deman, L. R, Miltiple Croppi ng Departnent, International
Ri ce Research I nstitute.

Pagliai, M, Istitutoper |Ia ChimcaDel Terreno, Consiglio
Nazi onale delle Ricerche, Via Corridoni, 78- 56100,
Pisa, Italy.

Pai boon, P., Land Devel opnent Di vi si on, Departnent of Agri —
cul ture, Bangkhen, Bangkok, Thai | and.

Pai nuli, D. K, Department of Agricultural Physics, Birsa Ag—
ricultural University, Ranchi 834006, Bi har, |ndia.

Panabokke, C. R, AgrarianResearchTraining Institute, P.O
Box 1522, Col onbo 7, Sri Lanka.

Pandey, R K., Rice Farm ng Systens Program | nternational
Ri ce Research I nstitute.

Penni ng de Vries, F.WT., Centre for Agrobiol ogi cal Re-
search, P.O Box 14, 6700 AA Wageni ngen, The Net her -
| ands.

Pereira, H C., Peartrees, Feston, Mui dstone, Kent ME18 5AD,
Uni t ed Ki ngdom

Pi npan, J., Departnent of Soil Science, Khon Kaen Universi -
ty, Khon Kaen, Thail and.

Ponnanperunma, F.N., Soil Chemi stry/ Physics Departrment, |In-
ternational Rice Researchlnstitute.

Prihar, S.S., Departnent of Soils, Punjab Agricul tural Uni -
versity, Ludhi ana 141004, Punjab, India.

Raynmundo, M E., Los Bafios, Laguna, Phili ppi nes.

Recel, MR, Soil Research Devi sion, Bureau of Soils, Taft
Avenue, Mani |l a, Phili ppines.

Rosari o, B. del, FarmResources Departnent, Philippine Coun-
cil for Agricultural Resources Research and Devel op-
nent, Los Bafios, Laguna, Phili ppi nes.



430 SOIL PHYSICS AND RICE

Saito, M, G vil Engineering Research I nstitute, Hokkai do
Devel opnent Bureau, Hiragi shi, Sapporo, Hokkai do 062,
Japan.

San Augustin, E.M de, Soil Chem stry/ Physics Departnent,
Internati onal Rice Researchlnstitute.

Sangat anan, P.D., Soil Service Division, Mnistry of Agri —
culture and Food, Iloilo City, Philippines.

Schar penseel, H. W, Universitat Hanburg, Ordinariat fur Bo-
denkunde, Von- Mel | e- Park0, 2000 Hanburg 13, Gernmany.

Seshu, D.V.. International Rice Testing Program |nterna-
tional Rice Researchlnstitute.

Sharma, P.K., Agronony Departnent, International Rice Re-
search I nstitute.

Si ngh, V. P., Training and Technol ogy Transfer Depart nent,
Internati onal Rice Researchlnstitute.

Soong, Si - tu, ChinaNational Rice Research Institute,
Hangzhou, Zheiji ang, Chi na.

Spoor, G Departnent of Agricultural Engi neering, Silsoe
Col | ege, Sil soe, Bedf ord MK45 4DT, United Ki ngdom

Stickney, R E., Agricultural EngineeringDepartnment, Inter-
nati onal Ri ce Research I nstitute.

Swanm nathan, MS., Director General, International R ce Re—
search I nstitute.

Sys, C., Geological Institute, Krijgslaan271, 9000 Gent,

Bel gi um

Tabuchi, T., Faculty of Agriculture, Ibaraki University,
Am , Inashiki, I|baraki 300- 03,Japan.

Tawachai, N. N., Soil Science Division, Department of Agri -
cul ture, Bangkhen, Bangkok, Thai | and.

Thangaraj, M, Agronony Departnent, International Rice Re-
search I nstitute.

Tomar, V.S., Soil Science Departnent, G B. Pant University
of Agriculture and Technol ogy, Pantnagar, Utar Pra-
desh, | ndi a.

Tout, E. A, Conmuni cation and Publicati ons Departnent, |n-
ternational Ri ce Researchlnstitute.

Turner, A K, Departnent of G vil Engineering, University of
Mel bourne, Parkville, Victoria3052, Australi a.

wong, N.C., Soil Science Unit, Ml aysian Agricul tural Re—
search and Devel opnent Institute, P.O Box 12301, GPA
Kual a Lunpur 01- 02, Mal aysi a.

Wbodhead, T., Soil Chem stry/ Physics Departnent, |nterna-—
tional Rice Research lnstitute.

Xu, Fu An, Institute of Soil Science, Acadenmia Sinica, P.QO
Box 821, Nanki ng, Chi na.

Yao, Xianliang, Institute of Soil Science, Acadeni a Sinica,
P. O Box 821, Nanki ng, China.

Zhang, Wi, IrrigationWter Managenent Departnent, |nterna-
tional R ce Researchlnstitute.



	soilphysics&rice_0000.pdf
	soilphysics&rice_0001.pdf
	soilphysics&rice_0002.pdf
	soilphysics&rice_0003.pdf
	soilphysics&rice_0004.pdf
	soilphysics&rice_0005.pdf
	soilphysics&rice_0006.pdf
	soilphysics&rice_0007.pdf
	soilphysics&rice_0008.pdf
	soilphysics&rice_0009.pdf
	soilphysics&rice_0010.pdf
	soilphysics&rice_0011.pdf
	soilphysics&rice_0012.pdf
	soilphysics&rice_0013.pdf
	soilphysics&rice_0014.pdf
	soilphysics&rice_0015.pdf
	soilphysics&rice_0016.pdf
	soilphysics&rice_0017.pdf
	soilphysics&rice_0018.pdf
	soilphysics&rice_0019.pdf
	soilphysics&rice_0020.pdf
	soilphysics&rice_0021.pdf
	soilphysics&rice_0022.pdf
	soilphysics&rice_0023.pdf
	soilphysics&rice_0024.pdf
	soilphysics&rice_0025.pdf
	soilphysics&rice_0026.pdf
	soilphysics&rice_0027.pdf
	soilphysics&rice_0028.pdf
	soilphysics&rice_0029.pdf
	soilphysics&rice_0030.pdf
	soilphysics&rice_0031.pdf
	soilphysics&rice_0032.pdf
	soilphysics&rice_0033.pdf
	soilphysics&rice_0034.pdf
	soilphysics&rice_0035.pdf
	soilphysics&rice_0036.pdf
	soilphysics&rice_0037.pdf
	soilphysics&rice_0038.pdf
	soilphysics&rice_0039.pdf
	soilphysics&rice_0040.pdf
	soilphysics&rice_0041.pdf
	soilphysics&rice_0042.pdf
	soilphysics&rice_0043.pdf
	soilphysics&rice_0044.pdf
	soilphysics&rice_0045.pdf
	soilphysics&rice_0046.pdf
	soilphysics&rice_0047.pdf
	soilphysics&rice_0048.pdf
	soilphysics&rice_0049.pdf
	soilphysics&rice_0050.pdf
	soilphysics&rice_0051.pdf
	soilphysics&rice_0052.pdf
	soilphysics&rice_0053.pdf
	soilphysics&rice_0054.pdf
	soilphysics&rice_0055.pdf
	soilphysics&rice_0056.pdf
	soilphysics&rice_0057.pdf
	soilphysics&rice_0058.pdf
	soilphysics&rice_0059.pdf
	soilphysics&rice_0060.pdf
	soilphysics&rice_0061.pdf
	soilphysics&rice_0062.pdf
	soilphysics&rice_0063.pdf
	soilphysics&rice_0064.pdf
	soilphysics&rice_0065.pdf
	soilphysics&rice_0066.pdf
	soilphysics&rice_0067.pdf
	soilphysics&rice_0068.pdf
	soilphysics&rice_0069.pdf
	soilphysics&rice_0070.pdf
	soilphysics&rice_0071.pdf
	soilphysics&rice_0072.pdf
	soilphysics&rice_0073.pdf
	soilphysics&rice_0074.pdf
	soilphysics&rice_0075.pdf
	soilphysics&rice_0076.pdf
	soilphysics&rice_0077.pdf
	soilphysics&rice_0078.pdf
	soilphysics&rice_0079.pdf
	soilphysics&rice_0080.pdf
	soilphysics&rice_0081.pdf
	soilphysics&rice_0082.pdf
	soilphysics&rice_0083.pdf
	soilphysics&rice_0084.pdf
	soilphysics&rice_0085.pdf
	soilphysics&rice_0086.pdf
	soilphysics&rice_0087.pdf
	soilphysics&rice_0088.pdf
	soilphysics&rice_0089.pdf
	soilphysics&rice_0090.pdf
	soilphysics&rice_0091.pdf
	soilphysics&rice_0092.pdf
	soilphysics&rice_0093.pdf
	soilphysics&rice_0094.pdf
	soilphysics&rice_0095.pdf
	soilphysics&rice_0096.pdf
	soilphysics&rice_0097.pdf
	soilphysics&rice_0098.pdf
	soilphysics&rice_0099.pdf
	soilphysics&rice_0100.pdf
	soilphysics&rice_0101.pdf
	soilphysics&rice_0102.pdf
	soilphysics&rice_0103.pdf
	soilphysics&rice_0104.pdf
	soilphysics&rice_0105.pdf
	soilphysics&rice_0106.pdf
	soilphysics&rice_0107.pdf
	soilphysics&rice_0108.pdf
	soilphysics&rice_0109.pdf
	soilphysics&rice_0110.pdf
	soilphysics&rice_0111.pdf
	soilphysics&rice_0112.pdf
	soilphysics&rice_0113.pdf
	soilphysics&rice_0114.pdf
	soilphysics&rice_0115.pdf
	soilphysics&rice_0116.pdf
	soilphysics&rice_0117.pdf
	soilphysics&rice_0118.pdf
	soilphysics&rice_0119.pdf
	soilphysics&rice_0120.pdf
	soilphysics&rice_0121.pdf
	soilphysics&rice_0122.pdf
	soilphysics&rice_0123.pdf
	soilphysics&rice_0124.pdf
	soilphysics&rice_0125.pdf
	soilphysics&rice_0126.pdf
	soilphysics&rice_0127.pdf
	soilphysics&rice_0128.pdf
	soilphysics&rice_0129.pdf
	soilphysics&rice_0130.pdf
	soilphysics&rice_0131.pdf
	soilphysics&rice_0132.pdf
	soilphysics&rice_0133.pdf
	soilphysics&rice_0134.pdf
	soilphysics&rice_0135.pdf
	soilphysics&rice_0136.pdf
	soilphysics&rice_0137.pdf
	soilphysics&rice_0138.pdf
	soilphysics&rice_0139.pdf
	soilphysics&rice_0140.pdf
	soilphysics&rice_0141.pdf
	soilphysics&rice_0142.pdf
	soilphysics&rice_0143.pdf
	soilphysics&rice_0144.pdf
	soilphysics&rice_0145.pdf
	soilphysics&rice_0146.pdf
	soilphysics&rice_0147.pdf
	soilphysics&rice_0148.pdf
	soilphysics&rice_0149.pdf
	soilphysics&rice_0150.pdf
	soilphysics&rice_0151.pdf
	soilphysics&rice_0152.pdf
	soilphysics&rice_0153.pdf
	soilphysics&rice_0154.pdf
	soilphysics&rice_0155.pdf
	soilphysics&rice_0156.pdf
	soilphysics&rice_0157.pdf
	soilphysics&rice_0158.pdf
	soilphysics&rice_0159.pdf
	soilphysics&rice_0160.pdf
	soilphysics&rice_0161.pdf
	soilphysics&rice_0162.pdf
	soilphysics&rice_0163.pdf
	soilphysics&rice_0164.pdf
	soilphysics&rice_0165.pdf
	soilphysics&rice_0166.pdf
	soilphysics&rice_0167.pdf
	soilphysics&rice_0168.pdf
	soilphysics&rice_0169.pdf
	soilphysics&rice_0170.pdf
	soilphysics&rice_0171.pdf
	soilphysics&rice_0172.pdf
	soilphysics&rice_0173.pdf
	soilphysics&rice_0174.pdf
	soilphysics&rice_0175.pdf
	soilphysics&rice_0176.pdf
	soilphysics&rice_0177.pdf
	soilphysics&rice_0178.pdf
	soilphysics&rice_0179.pdf
	soilphysics&rice_0180.pdf
	soilphysics&rice_0181.pdf
	soilphysics&rice_0182.pdf
	soilphysics&rice_0183.pdf
	soilphysics&rice_0184.pdf
	soilphysics&rice_0185.pdf
	soilphysics&rice_0186.pdf
	soilphysics&rice_0187.pdf
	soilphysics&rice_0188.pdf
	soilphysics&rice_0189.pdf
	soilphysics&rice_0190.pdf
	soilphysics&rice_0191.pdf
	soilphysics&rice_0192.pdf
	soilphysics&rice_0193.pdf
	soilphysics&rice_0194.pdf
	soilphysics&rice_0195.pdf
	soilphysics&rice_0196.pdf
	soilphysics&rice_0197.pdf
	soilphysics&rice_0198.pdf
	soilphysics&rice_0199.pdf
	soilphysics&rice_0200.pdf
	soilphysics&rice_0201.pdf
	soilphysics&rice_0202.pdf
	soilphysics&rice_0203.pdf
	soilphysics&rice_0204.pdf
	soilphysics&rice_0205.pdf
	soilphysics&rice_0206.pdf
	soilphysics&rice_0207.pdf
	soilphysics&rice_0208.pdf
	soilphysics&rice_0209.pdf
	soilphysics&rice_0210.pdf
	soilphysics&rice_0211.pdf
	soilphysics&rice_0212.pdf
	soilphysics&rice_0213.pdf
	soilphysics&rice_0214.pdf
	soilphysics&rice_0215.pdf
	soilphysics&rice_0216.pdf
	soilphysics&rice_0217.pdf
	soilphysics&rice_0218.pdf
	soilphysics&rice_0219.pdf
	soilphysics&rice_0220.pdf
	soilphysics&rice_0221.pdf
	soilphysics&rice_0222.pdf
	soilphysics&rice_0223.pdf
	soilphysics&rice_0224.pdf
	soilphysics&rice_0225.pdf
	soilphysics&rice_0226.pdf
	soilphysics&rice_0227.pdf
	soilphysics&rice_0228.pdf
	soilphysics&rice_0229.pdf
	soilphysics&rice_0230.pdf
	soilphysics&rice_0231.pdf
	soilphysics&rice_0232.pdf
	soilphysics&rice_0233.pdf
	soilphysics&rice_0234.pdf
	soilphysics&rice_0235.pdf
	soilphysics&rice_0236.pdf
	soilphysics&rice_0237.pdf
	soilphysics&rice_0238.pdf
	soilphysics&rice_0239.pdf
	soilphysics&rice_0240.pdf
	soilphysics&rice_0241.pdf
	soilphysics&rice_0242.pdf
	soilphysics&rice_0243.pdf
	soilphysics&rice_0244.pdf
	soilphysics&rice_0245.pdf
	soilphysics&rice_0246.pdf
	soilphysics&rice_0247.pdf
	soilphysics&rice_0248.pdf
	soilphysics&rice_0249.pdf
	Soil Physics and Rice_2.pdf
	soilphysics&rice_0250.pdf
	soilphysics&rice_0251.pdf
	soilphysics&rice_0252.pdf
	soilphysics&rice_0253.pdf
	soilphysics&rice_0254.pdf
	soilphysics&rice_0255.pdf
	soilphysics&rice_0256.pdf
	soilphysics&rice_0257.pdf
	soilphysics&rice_0258.pdf
	soilphysics&rice_0259.pdf
	soilphysics&rice_0260.pdf
	soilphysics&rice_0261.pdf
	soilphysics&rice_0262.pdf
	soilphysics&rice_0263.pdf
	soilphysics&rice_0264.pdf
	soilphysics&rice_0265.pdf
	soilphysics&rice_0266.pdf
	soilphysics&rice_0267.pdf
	soilphysics&rice_0268.pdf
	soilphysics&rice_0269.pdf
	soilphysics&rice_0270.pdf
	soilphysics&rice_0271.pdf
	soilphysics&rice_0272.pdf
	soilphysics&rice_0273.pdf
	soilphysics&rice_0274.pdf
	soilphysics&rice_0275.pdf
	soilphysics&rice_0276.pdf
	soilphysics&rice_0277.pdf
	soilphysics&rice_0278.pdf
	soilphysics&rice_0279.pdf
	soilphysics&rice_0280.pdf
	soilphysics&rice_0281.pdf
	soilphysics&rice_0282.pdf
	soilphysics&rice_0283.pdf
	soilphysics&rice_0284.pdf
	soilphysics&rice_0285.pdf
	soilphysics&rice_0286.pdf
	soilphysics&rice_0287.pdf
	soilphysics&rice_0288.pdf
	soilphysics&rice_0289.pdf
	soilphysics&rice_0290.pdf
	soilphysics&rice_0291.pdf
	soilphysics&rice_0292.pdf
	soilphysics&rice_0292_1.pdf
	soilphysics&rice_0292_2.pdf
	soilphysics&rice_0293.pdf
	soilphysics&rice_0294.pdf
	soilphysics&rice_0295.pdf
	soilphysics&rice_0296.pdf
	soilphysics&rice_0297.pdf
	soilphysics&rice_0298.pdf
	soilphysics&rice_0299.pdf
	soilphysics&rice_0300.pdf
	soilphysics&rice_0301.pdf
	soilphysics&rice_0302.pdf
	soilphysics&rice_0303.pdf
	soilphysics&rice_0304.pdf
	soilphysics&rice_0305.pdf
	soilphysics&rice_0306.pdf
	soilphysics&rice_0307.pdf
	soilphysics&rice_0308.pdf
	soilphysics&rice_0309.pdf
	soilphysics&rice_0310.pdf
	soilphysics&rice_0311.pdf
	soilphysics&rice_0312.pdf
	soilphysics&rice_0313.pdf
	soilphysics&rice_0314.pdf
	soilphysics&rice_0315.pdf
	soilphysics&rice_0316.pdf
	soilphysics&rice_0317.pdf
	soilphysics&rice_0318.pdf
	soilphysics&rice_0319.pdf
	soilphysics&rice_0320.pdf
	soilphysics&rice_0321.pdf
	soilphysics&rice_0322.pdf
	soilphysics&rice_0323.pdf
	soilphysics&rice_0324.pdf
	soilphysics&rice_0325.pdf
	soilphysics&rice_0326.pdf
	soilphysics&rice_0327.pdf
	soilphysics&rice_0328.pdf
	soilphysics&rice_0329.pdf
	soilphysics&rice_0330.pdf
	soilphysics&rice_0331.pdf
	soilphysics&rice_0332.pdf
	soilphysics&rice_0333.pdf
	soilphysics&rice_0334.pdf
	soilphysics&rice_0335.pdf
	soilphysics&rice_0336.pdf
	soilphysics&rice_0337.pdf
	soilphysics&rice_0338.pdf
	soilphysics&rice_0339.pdf
	soilphysics&rice_0340.pdf
	soilphysics&rice_0341.pdf
	soilphysics&rice_0342.pdf
	soilphysics&rice_0343.pdf
	soilphysics&rice_0344.pdf
	soilphysics&rice_0345.pdf
	soilphysics&rice_0346.pdf
	soilphysics&rice_0347.pdf
	soilphysics&rice_0348.pdf
	soilphysics&rice_0349.pdf
	soilphysics&rice_0350.pdf
	soilphysics&rice_0351.pdf
	soilphysics&rice_0352.pdf
	soilphysics&rice_0353.pdf
	soilphysics&rice_0354.pdf
	soilphysics&rice_0355.pdf
	soilphysics&rice_0356.pdf
	soilphysics&rice_0357.pdf
	soilphysics&rice_0358.pdf
	soilphysics&rice_0359.pdf
	soilphysics&rice_0360.pdf
	soilphysics&rice_0361.pdf
	soilphysics&rice_0362.pdf
	soilphysics&rice_0363.pdf
	soilphysics&rice_0364.pdf
	soilphysics&rice_0365.pdf
	soilphysics&rice_0366.pdf
	soilphysics&rice_0367.pdf
	soilphysics&rice_0368.pdf
	soilphysics&rice_0369.pdf
	soilphysics&rice_0370.pdf
	soilphysics&rice_0371.pdf
	soilphysics&rice_0372.pdf
	soilphysics&rice_0373.pdf
	soilphysics&rice_0374.pdf
	soilphysics&rice_0375.pdf
	soilphysics&rice_0376.pdf
	soilphysics&rice_0377.pdf
	soilphysics&rice_0378.pdf
	soilphysics&rice_0379.pdf
	soilphysics&rice_0380.pdf
	soilphysics&rice_0381.pdf
	soilphysics&rice_0382.pdf
	soilphysics&rice_0383.pdf
	soilphysics&rice_0384.pdf
	soilphysics&rice_0385.pdf
	soilphysics&rice_0386.pdf
	soilphysics&rice_0387.pdf
	soilphysics&rice_0388.pdf
	soilphysics&rice_0389.pdf
	soilphysics&rice_0390.pdf
	soilphysics&rice_0391.pdf
	soilphysics&rice_0392.pdf
	soilphysics&rice_0393.pdf
	soilphysics&rice_0394.pdf
	soilphysics&rice_0395.pdf
	soilphysics&rice_0396.pdf
	soilphysics&rice_0397.pdf
	soilphysics&rice_0398.pdf
	soilphysics&rice_0399.pdf
	soilphysics&rice_0400.pdf
	soilphysics&rice_0401.pdf
	soilphysics&rice_0402.pdf
	soilphysics&rice_0403.pdf
	soilphysics&rice_0404.pdf
	soilphysics&rice_0405.pdf
	soilphysics&rice_0406.pdf
	soilphysics&rice_0407.pdf
	soilphysics&rice_0408.pdf
	soilphysics&rice_0409.pdf
	soilphysics&rice_0410.pdf
	soilphysics&rice_0411.pdf
	soilphysics&rice_0412.pdf
	soilphysics&rice_0413.pdf
	soilphysics&rice_0414.pdf
	soilphysics&rice_0415.pdf
	soilphysics&rice_0416.pdf
	soilphysics&rice_0417.pdf
	soilphysics&rice_0418.pdf
	soilphysics&rice_0419.pdf
	soilphysics&rice_0420.pdf
	soilphysics&rice_0421.pdf
	soilphysics&rice_0422.pdf
	soilphysics&rice_0423.pdf
	soilphysics&rice_0424.pdf
	soilphysics&rice_0425.pdf
	soilphysics&rice_0426.pdf
	soilphysics&rice_0427.pdf
	soilphysics&rice_0428.pdf
	soilphysics&rice_0429.pdf
	soilphysics&rice_0430.pdf
	soilphysics&rice_0431.pdf
	soilphysics&rice_0432.pdf
	soilphysics&rice_0433.pdf




