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SUMMARY

The following broad areas are reviewed:

genesis, and deformation <¡f soil s+-ructure,

measurement of soil structure,

titlage, and soil water and ternperature, and

water vapour transPort in soil.

: Technique

A new method of measuring the internal macro-structure of

tilled soil in situ was successfully applied in field investigations of

the effects of tilth structure and meterological factors on tilth water

and temperature. Tilled soils were impregnated with paraffin wax,

sections r¡rere cut through impregnateil tilth block samples, and primary

structural data of the distribution of intercepted aggregates and pores

at I mm intervals were collected from within the top 6 cm of tilled

soils. statistical calculations of the proportions of different sizes

of aggregates and pores were performed. structural parameters including

mean (number - mean) aggregate or pore size, titth structural entropy,

and macroporosity were also derived. At least four sets of primary

structural data were collected for each tillage treatment' rillage

was done to about 10 cm dePth.

Structures Produced bY till-age

progressive decreases in structural entropy, and the proportion

of aggregates and pores smaller than 8 mm were observed from the lower

levels to the rlpper levels of tilled soils'
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Thetilthproclucedbyplor-r'ghingwasmorecloddythanthat

produced. by tillage rvith a rotary cultivator or scarifier. The

scarifier produced the least proportion of clods larger than I mm'

Maximumprod.uctionofsmallaggregatesandporesand'maxinrum

structural entropy by disc ploughing were attained after the seconcl

pass of the implement.

Tillage with a pass of a tined implement after a single pass

of a plough caused increased structural entropy and proportion of small

aggregates and pores, and reduced mean aggregate size and macroporosity'

Tillage with a pass of a tined, implement with wide points alone

or after ploughing produced greater structural entropy, and proportion

of small aggregates and pores smaller than I mm than tillage with a pass

of a tined implement wíth narrow poinÈs (width smaller than 70 mm) '

Repeated tillage with tined implements up to three consecutive

passes caused a proçJressive increase in the proportion of small

aggregates and pores smaller than 8 mm'

Tillagewithtwopassesofadiscplough,orthreepassesofa

tined implement, or a pass of a tined implement after disc ploughing

. produced comparatively smalI proportions of aggregates and voids larger

than I mm.

Factors determininq tilth structure

continuous cropping as opposed to the inclusion of fallow in

rotation led to the production of greater proportions of aggregates

an<l pores larger than I mm during tillage'

The inclusion of pasture in rotation with wheat and fallow

increased the amount of small aggreqates and pores smaller than I mnt

when tillage was done. The same attributes applied to plots that came

out of pasture compared with plots that came out of fallow or wheat'
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Tillage at a water content slightly bel-ow Plastic Limit (0.87

of plastic Limit) or Fieid Capecity (0.94 of Field Capacity) produced

the smallest proportion of clods and voids larger thair B mm compared

with tillage at greater or smaller water contents. The greatest proportion

of clods occurred in the tilth produced at the smallest water content'

Rainfall cluring the cropping season caused a reductión in the

proportion of aggregates and pores smaller than I mm in the top zone of

tilled soils. This effect can be prevented by early crop cover.

Tilrh structure, meteoro loqical factors and t ilth temperature

Tilth structure had no significant effect on mean tilth

temperature. However, titth macroporosity was positively correlated

with daily temperature range and the vertical gradient of tilth

temperature. Multiple regression equations of mean tilth temperature

on major meteorological factors, and of tilth temperature range and

gradient meteorological and tilth struct-ure have been developed'

Tilth temperature was positively correlated with air ternperature

and windspeed. The effect of tilth water content was small compared

with those of meteorological factors. However, increased water content

increased the vertical temperature gradient'

Tílth structure ' meteorolog ical factors' and tilth water content

Regressions of daily mean tilth water content on tillage

treatment effect and on meteorological factors were performed' The void

size distribution was the principal soil structural feature tha*-

effected differences in tilth water content. The porosity in voids

larger than I mm gave the greatest negative correlation with mean tilth

water content.

The drying of til.tecl soils was concluded to occur mainly by

convective transport of heat and water vapour through voids larger than
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8 mm to about 5 cm depth. The nreteorological factor mostly causing

tilth water loss was air temperature, followed by wind speed.

Transportation ancl clistribr:tion of waier in tilled soil

There \^¡as a mean increase in gravimetric water content of I

to 2s. at the bottom of tilled soils during the hottest times of day.

The magnitudes of tilth water loss during the day which varied between

I to 8% were almost the s¿tme as the magnitudes of gain over night.

In laboratory investigations, it was found that evaporation

took place rnost intensely within 2 cm from the soil surface or source of

heat but extended down to 6 cm. Evaporated water condensed mainly

within I cm from the evaporation zor'et while the greatest water content

was detected about 4 cm from the evaporation zone-

Soil temperature gradient and its duration of application were

positively correlated to the amount of water vapour transferred. and how

far it was transferred in soils at water contents between wilting point

and field capacity. Ì¡'Iater contents at different depths in tilled soil

were influenced by their relative positions in relation to the direction

of temperature gradient.

Implications for aqriculture

It is shown that the structure of the tilled layer of soil

influences the physical conditions within it. Structure can be modified

by using different tillage implements and, by tilling under different

conditions.

The physical conditions that can be modified by tillage include

the daily temperature range and the mean water content. Both of these

factors are important for crop growth. Daily temperature rançJe
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influences the germination of seeds, the viability of seedlings

and the mobility of nutrients in the soil'

ahestudyoftheseeffectsisofprimeimportancetothe

overall performance of crops since the majority of plant roots and

the majority of nutrients exist within the tilled layer of soil.
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CHAPTER I

TNTRODUCTTON

1.I Experimental and Method

Planting of crops is normally -initiated by the brealcing up

(or tillage) of a consolidated soil mass to produce a tilth which

forms the seedbed.

The major problem in carrying out reliable ínvestigations on

the physical properties and state of tilled soil fonnerly vras the lack

of a method of evaluating the in situ structure of tilled soil.

Structure in this sense refers to the spatial distribution and arrangement

of aggregates and voids.

A new sensitive method that measures the undisturbed spatial

macro-structure of tilled soil is utilized in this research in the

investigation of major structural properties of, and physical processes

in the seed.bed. In essence, the statistical distributions of intercepted

aggregate and pore sizes at least I mm in diameter in the top zone of

l0 cm thick tilths are evaluated. The top 5 cm of a tilled soil

normally constitutes the seedbed. Paraffin impregnated titth block

samples collected from tilled soils were sectioned. Other parameters

including mean aggregate or,pore size, structural variability or

entropy, and macroporosity ar:e used in the characterisation of the

structures of tilled soils. By the use of the method, the assessment

of the proportion of large voids which is lacking in methods used to

measure soil structure (such as wet or dry sieving) is possible. Dry

or wet sieving for aggregate size distribution j.s not sensitive and

the result depends on the methods of sampling and sieving and in any case

gives no information about void sizes.
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TiIIage mainly affects soil macro-st-ructure; and macro-structure

has been connected (Salter, L94Oi Greenland, 1977¡ Taylor a¡d

Ashcroft, 1972) with adequate aeration and water status and favourable

root-soil relationships in the seedbe<l-

with the method of measuring the internal tilth structure

established, investigations based. on important physical factors and

processes of the seedbed were carried out using replicated experiments-

The sole aim of this exercise, apart from probing into the subject

matter of the physics of the seedbed, is to examine the suitability

of the above new method of evaluating the structure of tilled soil

in p1ace.

The investigations carried out dealt with the structural state

of tilled soil, its creation, and its influence on the major physical

factors of the seedbed especially lvater and temperature. The findings

are expected to assist in efficient land preparation for arable use.

The experimental aspect of this research starts rvith the

descríption of the methods used in evaluating tilth structure. The

reporting of investigrations then follow in sequence.

Tilth structures produced by tillage systems \^/ere measured

to reÌate their differences to basic processes occurring during tillage.

The finilings are expected to assist in providinq basis for choice of

implement for specific seedbed typer and for recommendations concerning

reduced tillage for seedbed preparation-

The major factors which could determine or influence the soil

structure produced by tillage are crcppinq history, soil water content,

and rainfall. The effects of cropping practises and rotations on

tj-Ith structure later produced \^7ere investigated. The tilth structures

that resulted from different initial. soil water contents þ/ere

charactel:ised. Seasonal changes in the st¡--uctures of tilled soils

attributable to rainfall were traced. The observations resulti.ng
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from t-hese investigations may assist in the malìagement of arable

soif to maintain some specific desirable state'

The three principal physical factors affecting seedling

performance are the structure of the seedbed, tentperature, and water

content. vùithin the seedbed, the soil structure indirectly determines

soil water and temperature conditions through its effect on the

influence of meteorological factors on these factors. EssentialJ-y

the soil structure is the independent factor while the soil water and

temperature conditions are the dependent factors. A most important

reason for measuring tilth structure is to be able to relate it with

the dependent factors of water and temperature'

Therefore, different tilth structures were produced by different

tillage systems and structural characteristics and parameters were

related to absolute temperature, temperature distribution, heat and

air transfer into the soil, and water content and its distribution

in the soil.

It will be unrealistic to isotate the effect of t-ilth structure

on temperature and its distribution without due reference to the role

of meteorological factors that have more directeffect on tilth

temperature. A statistical analysis of the dependence of tilth

temperature and its gradient on tilth structure, air temperature.

relative humidity, wind intensity, and soil water was performed.

The analytical and statistical examination of the dependence

of tilth water content and its gradient on structural and metec¡rological

factors r¡üas also Performed.

With assumption of the intermittent nature of rainfall' for

most of the ti:ne water movement within the seedbed is in vapour form.

A thorough discussion of the dependence of tíIth water content on

structural and meteorological factors must refer to the phenomenon of

water vapour transfer in soil. Thermal tr:ansfer of water has long
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been confirmed by laboratory experiments. Its importance, and

the distribution of condensed water vapour in soil have be-en

investigated by Rose (1968) and Gurr et al-. (1952). However' no

known attempt exists to relate findings on thermal water transfer

and its significance to observed distribution and variation of water

content in the seedbed.

Therefore, a laboratory project v/as conducted on the

relationship between temperature gradíent and quantity and distribution

of condensed water vapour. The findings were related to observed

variation in water conÈent at different times of day and at different

depths within the seedbed-

Furthermore, the need for the investigations is based on the

fact that while there exists a considerable body of theoreiical

information on transfer of water' gases, and heat in soilt the

practical application of theory to agricutturally important situations

is not particularly advanced (Smiles , 1977). As a result, there have

been serious criticisms of the direction of research in some areas of

soil physics. According to Smiles, the basic point is that major

problems in many areas of soil physical research appear to lie in

bridging the gap between theoretical expertise and biological practise.

The investigationscovered by this research are mainly directed

at problem areas related to the physical properties of seedbeds.

Findings from previous laboratory and empirical investigations are

related as much as possible to results from field experiments covered

by this research.

The principles, observations and findings generated could

contribute to the control of seedbed physical conditions for the needs

of developing crops. The latter aim in essence connotes a principle

of crop n*s¡anarvr'
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L.2 Review

The interest in the structure of tilled soil, and its

effect on water and temperature necessitate<l a comprehensive literature

review. The.available literature is mainly based. on wolk that has

been done on untilled soils. Hoh¡ever, the principles and observations

in this literature are undoubtedly useful for the explanation of

observatÍons on tilled soils.

The broad areas of generation and disruption of aggrr:gate

and soil structure, soíI structure measurement (wet and drying sieving

techniques especiatly can be used for tilled soils), titlage practises,

the effect of tillage and soil physical properties on soil water and

temperature, and the phenomenon of water vapour transfer in soil are

reviewed.



6

CHAPTER 2

REVTEW OF LITI]RATURE

2.L Introduction

Soil structure is defined as the mutual arrangement of soil

particles, aggregates, and associated voids in a three-dimensional

network. A review of the mechanisms of genesis of constituent soil

aggregates is a useful introduction to the study of soil structure.

The soil mass is broken into various sizes of aggregaÈes

and clods by tillage. After tillage, the soil is exposed to weather

and especially the effect of rainfall and this also changes the

structure.

The measurement of soil structure has been a problem. Many

of the methocls which have been used to measurc soil structure are

reviewed.

It is concluded that soil tillage, not without its problems,

is inevitable in agricultural use of land. the beneficial and adverse

effects of tillage are reviewed. Different tillage implements produce

different tilth structures. The functions of major tillaqe implements'

and tillage approaches concerning conventional, minimum, and zero tillage

are discussed.

The distribution and variation of water and temperature in soil

tilths form a major aspect of this research. The results of previous

research relating tillage with soil lv-ater and temperature are reviewed.

Aspects of water evaporation, and the dynamics of water vapour are

disðussed.
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2.2 f¡actol:S of Agqrectate Fo::mat-ion

2.2.I Flocculation and aqsregation

soit structural units are products of the bonding of primary

particles such as clay and quartz. fonic clay flocculation (Bradfield,

1950) in an absolutely aqueous and colloidal system has been theorised.

However, ín field situation, the necessary conditions for flocculation

do not commonly exist. Quirk (pers. comm. , L976) said that the

process of flocculation does not occur in the subsoil. Floc:culation

is possible on the soil surface when aggregates are broken by raindrops

and the clay fraction is dispersed. Bradfield said that aggregates

are more stable when formed from flocculated particles. In the main,

aggregates are formed by physical forces generated by the presence of

colloids (c}ay particles and cations) and organic pollnners that have

many active çJroups that react with clay particles (Allison' 1968;

Greenland , T}TI). The colloids and pollzmers hold the primary particles

within an aggregate unit and maintain the stabitity of the unit.

The main soil components which interact with each other to

produce aggregates can be classified as organic matter, primary and

secondary clay minerals, cations and oxides and hydroxides of iron and

aluminium. The interaction of these components is consolidated by

dehydration, pressure, and coagulation which finalise the process of

aggregation. Coagulation, dehydration, and pressure are qenerated in

valious degrees by wetting and drying, freezing and thawing, root growth

ancl decomposition. Organic polymers which also stabilise the aggregate

unit are formed as a result of microbial decomposition of plant

residues. Further modification of the structure of the soil- mass is

caused by the actions of soil macro-fauna. Their activities are

usually regarded as beneficial to further developmenÈ and maturation

of the soil structure.



I

2.2.2 Functi-ons of ions and oxides in Lhe formation atrd

S tabilj-zatiou of soil aggregates

calcium and hydrogen ioüs are regarded as being irnportant

in basic floccul-atj.on and ultimate aggregate i-"ormation. The abitity

of calcium ions to compress the clay electric double layer with minimum

water hull and reduce zeta potential has been demonstrated (Emerson'

1959; Fathi et a7.1971) . Calcillm-saturated aggregates were found

(Emerson, 1954) to be metastable in distilted \^/ater. The properties of

calcium have been compared with the high degree of hydrolysis and zeta

potential that characterise the sodium ion and most of j-ts salts'

Calcium, hydrogen, and. some other cations act as bridges between clay

particles, organic matter, $rater, and. other primary soil particles.

The particle-oriented water-cation-oriented \^/ater-particle model based

on electrokinetic relations was discussed bi' RusseII (1934).

No firm conclusion has been reached on the relation importance

of calcium and hydrogen ions in aggregate formation. Some workers

(Baver and Halt, 1937 r Myers, L937) have indicated that clays saturated

with hydrogen ions are more permeable and H+ humates are more stable
II

than their Ca-- equivalents. It was expressed (Mcgenry and

Russell, 1943) that monovalent ions gave better aggregation of puddled

míxtures of sand-clay-silt than did divalent ions which were in turn

superior to trivalent ions. Liming has always been suggested in

connection with attempts to improve structure and aggregation of

impoverished soils (Baver, 1961; Berglund, 1912). But the role of

calcium ions (from lime) ís looked upon as influencing the decomposition

of organic matter (Russett, 1938i Baver et al-., L972). The analysis

of physica1 properties of 4-6 mm diameter aggregates from 147 arabl-e

soils and 37 from grasslands in Britain (Williams, l97O) showed that

there v¡as no detectable association between the cal-cium carbonate

contents and physical properties of the soils.
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It was shown (Baver, 1935) that dehydrated ferr-ic hydroxide

is an important ingredient in the production of s,tabJ-e aggregates.

Hohrever, soil aggregate formation is quite distinct from laterite

formation to which iron is indispensable. Mixtures of i.ron and

aluminium oxides added to clay (Siderí, l-939) hinderecl the aggregation

of clay particles. The presence of oxides in large amounts destroyed

the orienting properties of ctay in respect to humus. It was said

that in this case coagulation occurred with confused distribution of

particles. There is also evidence (Despande et al., 1964) from the

results of permeability, wet-sieving, and mechanical analyses that iron

oxides cement soil particles together. Changes in soils' structural

and physi,cal characteristics were observed with and without iron

extracted. ì

Forms of phosphorous have been shown to increase soil aggregation

and aggregate stability. Pzo5 and organic carbon were highly correlated

(Shankarnarayana and Mehta, Lg67) with percentage of aggregates larger

than 0.25 mm. The feasibility of using phosphoric acid as a soil

antí-crustant was examined (Inman and Ririe, 1969), and the result was

encouraging though it was concluded that more research is needed'

The indication was given (Prummel, l-g75) that a higher phosphate availability

was being required on a soil with poor structure than on a soil with

better structure.

Aggregation depends mostly on cations such as calcium and

hydrogen. The effects of oxides of iron and aluminium are controversial.

The less important role of these oxides is indicated by the statement of

Emerson (1970) that ctay mineral crystals react with organic polymers

of a whole range of composition and molecular weight in the presence of

impurities such as iron, aluminium, and silica to form aggregates-
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2.2.3 CoIIoid and par ticle interactions

Both clay partj-cles and organic potyrners are cementing agents

for sfolvly reversible, irreversj-bIe, and stable aggregate formation

for prirnary particles. Clay is more effective on smaller particles

(Kheyrabi a¡rd Monnier, 1968; Fies, L97L), and its amount determines

the percentage of soit aggregation. A correlation of 0.428 (0'20) being

sígnificant) was found between clay content and the percentage of

mechanical separates larger than O.05 mm that were aggregated into

larger particles (Baver et af., 1972). Clay domains are formed by

mutual electrostatic attraction (Emerson, 1959) and orientation between

clay particles and they may afterward remain separate as micro-aggregates

or be adsorbed on a quartz particle to form a stable aggregate. Both

clay and guartz are the main constituents of soii aggregates. The

orientation of clay particles during dehydra-=ion is significant in

aggregate tormation (llel,fair et al-., 1957) . However, it was irlnted

(Batey and Davies, L?/I) that not all soils with a hígh clay cantent

are stable to water. For example, instability is a marked feature

6,f clay soits with a hjgh content of silt- and sand-sized particles

It \47as shown (McHenry and Russell, 1943)'that aggregation of clay-sand

mixtures increased logarithmically with increased clay content'

participaÈion of organic colloids in soil aggregation is

attributed to the modification of the surface characteristic of clay

and it also stabilizes clay-quartz bond formation. Organic polymers

are bound to clay particles through cations (Peterson, 1947; Kohl and

Taylor, L96I¡ Kohnke, 1968); hydrogen bonding; van der Waal's

forces; and sesquioxides-humus complexes (Escolar and Lopez, 1968).

It is postulated that organic matt-er increases aggregate stability by

reduction of swelling and disruptive forces of entrapped air on \¡retting'

reduction in wettability, and strengthening of the aggregate (Kolodny and

Neal, I94I¡ Emerson' 1959) -
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Many investigations (Browning, t93B; Bertramson and Rhoades'

1939; EJ.son, L94Oi Stauffer et al., I94O¡ Peerlkamp. 1950; Quirk

and Panabokke, L962¡ Biswas et al-., 197I) have confirmed' that organic

matter stabilizes the soil framework and improves the physical

properties of soil. Mechanized production of sugar beet in Belgium

requires an annual manure application (simon, L964) to a total

of 6,OOO-7,000 kgha-I otgu.rric matter. Water stable aggregates larger

than 3 mm diameter amounted to tI.8% of totat aggregates following

organic manurj-ng as compared with I.9% after mir¡eral fertilizing (IIurich

and Sklodowski, Lg62). The fact that undecomposed organic material

reduces aggregation because of its diluting effect (McHenry and Russell'

1943) shows that it is the organic product of decomposition that

stabilizes soil aggregates.

organic and clay colloids and cations interact together in

various ways in an aqueous medium with soil primary particles such as

quartz to form soil aggregates. A possible model of the interactions

involved v¡as proposed by Emerson (1959).

2.2.4 Microbial activitY

Microbes such as fungi, actinornycetes' and bacteria contribute

eÌ? masse to soil aggregation especially because they ensure the

decomposition of organic matter. Their effect depends on the type of

microbe, the amount of growth, the substrate, and the metabolic products

released (swaby, Ig42b; Black, 1968; Aspiras et aL. ' 1972¡ Harris,

Ig72). For example, substrate sugar produces a more rapid growth of

fungus mycelia than cellulose because it is more easily decomposed

(pe Ie and Beale , Ig4O). Fungi are more effective than actinomycetes

and bacteria in the process of aggregation (Martin"and Waksman, 1940) '

rn addition to the mechanical effects of mycelia and other

bodies, microorganisms can produce gums, waxes, and other hydrophobic
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subsÈances. The aggregating effects of the metabolic products

of microorganisms were observed to be many times greater than the

binding effect of microbial cells (Martin , L9451. The complex

organic binding products are the pol.ysaccharides and polyuroni'iles

(KohI and Taylor, 196I; Greenfand, 1965; Reddy and Dal<shinamurti,

ISTI¡ Sarma and Dakshinamurti , L?TI), proteins, lignin-like coll-oidal

materials, and humic and fulvic acids (Greenland -et a-2. ' 1962¡

DeIl'agnola and Ferrari, 1971).

These microbial products adsorbed on soil aggregates rançJe

from 0.1-1% by weight of soils rich in organic matter (Greenland et a7',

1962). The role of organic nratter is incomplete without the degradative

effects of soil microbes (McHenry and RusseII, 1944¡ Martin, 1945'

Ig46¡ Ro inson and Page, 1950), and it is the specific distribution

of components of organic matter, especially the carbohydrates in substrates,

that is important (Cooke and Vlilliams' 197I)

2.2.5 SurrunarY

The main factors of natural aggregation of soil particles

are the cations such as calcium and hydrogen, clay particles, organic

polymers, and soil microbes-

2.3 Agents and Processes Creating Soil Macro-Structure

soil aggregation implies the existence of soil pores. certain

processes such as dehydration, exertion of pressure, and perfora'-ion

of soil bulk are essential to aggregation and crumb formation' The

factors bringi¡g about these processes includc roots; soil fauna such

as earthworms, termites and ants; alternate wetting and drying;

and alternate freezing and thawing. E.W. RusseII (L97l-), delivering

his presidential address to the British Society of SoiI Science, also

enumerated the major mechanisms creating soil structure. They include

the shrinkage which takes place when many soils or soil crumbs are
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dried, for this forms cracks or planar pores through the bodlz of the

soil; secondly, the channels left try pLant roots after they have

dried and begun to decompose; and thirdty, the burrowing and channelling

activit-ies of the larger members of the soil fauna; and finally, the

pulling of til]age implements through the soil. These factors are

reviewed below.

2.3.I Wetting and drying

Alternate wetting-drying induces fragmentation of compact clods

of fine soil materials and it increases subsequent formation of tilth'

Drying within a bulk of a soil clod dried will be uneven, and thís will

lead to formation of fractures. If the same bulk is rehydrated, the

rate of water absorption will not be uniform between drier and moist

sections, and there will be uneven release of strains and resultant

disintegration. In a clay soil, the rate of swelling'is more outside

than inside a soit bulk, and this causes fracture. During a two-year

period (Telfair et al-., 1957), platy structure was developed as a result

of wetting and drying in an experiment to regenerate the structure of a

silt loam. Aggregation was found (McHenry and. Russell, L943) to increase

with alternate wetting anddryingup to 20 cycles. It seemed probable

that each dessication caused further orientation of ÌAiater dipoles so that

water stability of the system was increased. It was further stated thaÈ

increased water content will afford better opportunities for aggregation'

but beyond a certain value which corresponds to l¡rhere all water dipole

linkage bonds are provided, no increase in aggregation will be e>;pected'

Soils at field capacity were better aggregated than when air-dried'

However, irreversible aggregation is caused (Kubota, i973) if an

allophane soil is dried. beyond a critical water level.

clod fracturation or fragmentation j-s also attributed to the

compression of occluded air when water is taken up by soil capill-aries'
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The air is forced to escape when the attractj.ve forces for water

by cohesive soil exceeds the cohesive force between soil particles.

The disruption of a compact soil \nlas shown (Baver et af - , 1972) by

the equation

rc+ci a 2At

where r Ís diameter of the longest capillaries in soil, C is the

apparent cohesion of soil, Ci ís the cohesion of water, and A is the

affinity of soil for water. Alcohol, or detergent (Emerson, 1970)

may be added to reduce factors Ci and 2A thus eliminating explosive

disruption of soil aggregate. Another equation was also proposed

(Robinson and Page' 1950) to explain disruption of soil aggregate by

the escape of entrapped air. The equation is

F = 2nrYCos0 (I)

where F is dísruptive force generated, r is radius of capíl]ary pore,

Y is surface tension of entering liquid and 0 is the wetting angle of

liquid-surface interface. Equation (1) gives the force transmitted

to the soit by the water meniscus.

2.3.2 Freezins and thawinq

If a wet soil freezes, crystals of ice form and withdraw $rater

from the surrounding soil volume, increase in size an.1 impose pressure

on the surround.ing soil. This process will induce compaction of smal1

soil particles into larger aggregates and pores that are enlarged wí1l

retain their r¡evr shapes after thawing. It was found (Richardson' 1976)

that the weathering to which a soit is subjected during a normal winter

may be sufficient to achieve structural regeneration and that the

possibility of the soil having an appreciabty reduced stability in the

fotlowing spring is more likely after a mild winter when frost penetration

has been sl.ight.
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The effect of frost depends on soil constitution and original

aggregate sizes, water contènt, and rapidity of freezing. Presence of

organic mat-ter increases aggregation caused mainly by freezing

and thawing. Aggregates smaller than I mm appeared (Hinman and

Bisal, 1968) to be disrupted by freezing, the process being reversed by

subsequent thawing and drying at room temperature. High water content

can cause the reverse effect of freezitlg and thawing on aggregation. It

was found (Leo, 1963) that freezing and thawing eight soils at saturation

decreased their total porosity. The process decreased the water stability

of moist soifs (Slater and Hopp, L949) -

However, freezíng and thawing have been used to advantage

under normal conditions of vüater content and freezing rate. Joint

use of freezing-thawing and wetting-drying cycle three times (Richardson,

Lg76) improved water stable aggregation in a dispersed soil to the leve1

greater than that of untreated field soil. Experiments were also

conducted to determine the effect of freezing and thawing on the

formation of aggregates and the permeability in dispersed soils

(Gardner, Ig45). It was concluded that freezing and thawing might be

used to good advantage in cold climates as aids in restoring structure

and permeabi-lity in the process of reclaiming soils that have been

injured by sodium salts.

2.3.3 Root growth and soil structure

The long-term effects of the ramification of soil by roots

are established as the frag'mentation of the soil into crumbs and the I

stabilization of these crumbs. Bradfield (1950) visuafizedthe

roots of grass penetrating a soil every millimeter or so' completely ramifying

it in every direction and blocking it off into discrete units which become

completely separated when the soil- is pl-oughed.

A number of mechanisms have been suggesÈed through which the

roots exert their influence on soíI aggregation. Briefly the mechanisms
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are (a) the pressure exerted by the tips of penetrating roots and the

resultant increase in contact among soil particles (Kvaratsteheha, 1951;

Batel' and Davies, 1971); (b) secretion of substances that cement soil

particles (Reddy and Dakshinamurti, I97l); (c) soil dehydration along

the roots due to uptake of soil \¡rater which leads to shrinkage an<1

fracturation (Kolodnyl and NeaI, L94I; Bradfiel-d, 1950; Low, L976) ¡

and (d) the binding action of products of microbiological decomposition

of plant roots and secretions and the residues of the growilrg roots

(Telfair et al-.' 1957i Sarma and Dakshinamurti, 1971).

The planting of sod, grass-legume mixture' and the use of

'periodic grass break' have often been suggested as ways of regeneratj-ng

soiL structure (Page and Willard, 1946¡ Editorial Trop. Agriculturist,

1948; Joachim and Pandittisekera, L948i Greenland, 1971) . Improvement

of soil's physical properties has been attríbuted to root growth and

its effect on soil structure. The accumulation of fine roots in top

soil increased hydraulic conductivity and decreased bulk density

(Kennedy and Russell, 1958; Low, 1976). Increased porosity was

attributed (Reddy and Dakshinamurti, l97l.i Lo\^¡, 1976) to root growth.

However, it was shown (Barley, 1953, 1954¡ Sedgley and Barley,

1958; Barley and Sedgley, 1959) that root growth did not increase soil

macroporosity, but compressed adjacent soil and altered the pore sizé

distribution. The commonly observed difference in porosity between

cropp:d and pasture ptots could have been due to decl-ine in porosity

of the cropped pJ-ots rather than an increase in porosity under grass.

AIso definite increase in porosity under grass could be attribul-ed to

the transport of soil to the surface by earthh¡orms and other soil

animals which are most active and abundant on undisturbed grassì-and.

The physical improvement of the soit by grass growth has been

found to be a very slow process (Low et a1.., 1963) taking at least

about four years. Greenland (pers. comm. , 1976) said that a soil
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under pasture for a year or two will show no significant improvement

in structural aggregate stability. Results were presented (Siddoway,

1963) to show that at least two physical properties (dry'aggregation

and wind erodibility) were adversely affected by the use of grasses

and legumes in rotation.

Fragimentation into and stability of soil aggregates are ensured

by long periods under grass. IIo\¡rever, it is not likel-y that soil

macroporosity will be increased by root growth-

2.3.4 Soil fauna and soil structure

The major soil ani¡nals contributinq to the development of

soil structure are the earthworms, termites, and ants. Physical processes

are not enough to produce stable aggregates' but earthh¡orms and other

soil animals are essential for reworking the soiI, to reassemble the

domains into micro-aggregates and arranging these into aggregates with

a more porous structure than previously existed (Green]and, 1971).

2.3.4.L Earthworms and soif structure

Earthworms, especially the casting species, are the most

important soil fauna modifying soil structure. They feed on soil, and

ingested food is casted on the surface or just below the surface. A

deposition rate of 0.2 mm Yr-l equívalent to míxing and inversion of the

top 30 cm of the profile in about I,500 years was measured at the Waite

Institute (Barley, 1959).

one of the principal effects of earthworm activity is on the

aggregate structure of soil. The size of the aggregates is reduced but

their stability in water is increased by earthworms. The mean particle

d.iameter is decreased by communition in the passage of particles through

worm intestine. The mechanical composition of v¡orm casts collected in

Western Nigeria (Nye, 1955) showed that casts contained virtually no

particles larger than 0.5 mm, and a low portion between 0.2 and

O.5 mm. Worm casts have been found to contain more water stable
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agqregates than non-cast soil (Gurianova, 1940; Joachim and

Pandittisekera, 1948¡ Swaby, t95O). The percent waEer-stable

aggregates of non-cast soil was 7-19g" of worm cast soil (Murillo, 1966).

However, the ways in which the aggregates in worm casts beconie stabilized

are not confirmecl. Increased stabiJ-ity of ingested particles has

been attributed to mechanical reinforcement of ingested plant materials,

and the stabilizing materials such as arising from worm's secretions,

intestine microfloral, calcium humate synthesised in the worm's intestine'

and calcite excreted by calciferous glands (satchell, 1958).

Macroporosity and water infiltration rate of soil have been

found to increase due to the presence of earthwormst burrows. Earthworm

tunnels which vary between 0.7 and 5 .*3.*-2 (Barley, 1959) and 2 to I1

mm diameter (Ehlers, 1975) are too wide to conduct \^later by capillarity and

they therefore form part of the aeratj-on porosity in the soil above the

water table. The rate of water infiltration into clay subsoil was

found (Hopp and Sfatter, 1948) to be three or four times larger when

r¡¡orms were present. The time for water to pass through containers

of sandy Loam was reduced by a factor due to earthworm action (Guild'

1955). Earthworm tunnels open at the surface of loess soil- were

capable of taking in tension-free irrigation water to a maximum depth of

Ig0 cm (Ehlers, 1975). Roots can çfro\^r along earthworm tunnels (Ed.ward

and Lofty, 1972) .

over a long period of tj:ne, it may be possible for worms'

activ-ity to affect profile differentiation. Ïn a two-year-old

pasture, the amount of coarse sand relative to silt and clay was found

to increase appreciably with depth as a result of long continued activity

of earthworms (Evans, 1948). Earthworms also incorpo::ate organic

matt-er (Edward et af -, L972).

The influence of earthworms on soil structure is not always

beneficiat. An incidence of a garden where earthworm activity destroyed

a we1J--agqregated structure an<f turned. it into a sticky plastic mess \^Ias
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reported (Thorp, 1949). Some hilt tops were turned into a cloddy.

amorphous state (Agarwal et aI., 1958). The formation of worm burrows

may lead to reduction in total and non-capillary porosity. Due to

increase ín the activity of earthworms after rain or irrigation, an enlargement

of a ljmited number of non-capillary pores may cause a reduction in the

size of surrounding pores to the extent that they enter the capillary pore

síze range. An 85% reduction in non-capillary porosity to capillary

porosity was reported (Greacen and Perkman, l-953) ín a sod plot.

Evidence shows that aeration porosity is increased by earthworms'

activity and that soil textural composition becomes more coarse due to

transport of soil particles by earthworms over a long period of time

(Nye, 1955; Ehlers, 1975) .

2-3.4.2 Termites and soil structure

The ber,:fit or otherwise of termiÈe activity on soil physical

state is still not confirmed after an enormous amount of research. The

subterranean galleries of termites increase infiltration rate of water

(pomeroy, Lg76), but the cleared pansaround some mounds have the opposite

effect. It seemed likely (Joachim andPandittisekera,tg4S) that termites

have a beneficial effect on the structure of heavy textured soils.

It was shown (Pomeroy, L976) that two species of termites

(M- beTTicosus and M. subhgaJinus) tend to produce a stone-free topsoil

after rainfall has eroded and levelled the mounds. The resultant soil

has physical properties closer to a loam than the average subsoil. The

mechanical anatysis of the soil brought to the surface by termites in

Uganda showed that particles rarely exceeded 1 mm in diameter because they

had to be small enough to be carried by the termite workers (Ruelle, L964b,

cited by pomeroy). The origin of the material composing the termite

mound was traced (Nye, 1955) to a depth of 30-75 cm in v[estern Nigerì-a.

fn Uganda, it was concluded (Pomercy, 1976) that it seemed termites only

slightly affected the physical properties of soils even where the mounds
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were abund.ant.

2 3.4.3 Ants and soil st¡:ucture

Experience with ants ín England (Green and Askew' 1965) was that

alluvial soils were found to contain abundant interconnection of pores'

holes, and cavities. These macropores had a great influence on

infiltration rate

In Western Nigeria, black ants of all sizes are active in

depositing Ioose sand.y loam on the surface. As a rule the ants operate

from a central hole around which they deposit a shallow pile of loose

earth up to 15 cm across and 2.5 cm high (Nye, 1955). The mechanical

composition of a brown earth deposited revealed fractions mainly between

2-O.OO2 mm diameter. ft was shown that the deposit could have been

deríved from the upper 30 cm of soil-

The activity of soil ants may inciease the rate of water infiltration

but does not affect the soil aggregation considerably.

2.3 .5 Surmnary

The natural factors of soil structure formation are the processes

and agents such as wetting and drying, root growth and decomposition'

and soil fauna especially the earthworms' The effect of soir fauna

on soil structure depends on their population. Other soil anjmals such

as termites and ants will only change soil physical properties such as

texture and water movement on a local scale. Freezing and thawing

will increase soil aggregation in cold regions, but there is also the

possibility of its causing poor soil fragrmentation depending on soil

water content, rate of freezing, and Organic matter content.
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2.4 Soil Structure Deformation

Rainfall causes the collapse of the surface and subsurface

structure of soil. The resultant surface crusting and other effects

wiII be discussed. The use of farm machinery causes mechanical

compaction of soil in various degrees, and with constant use of tractors

and heavy implements a dense subsurface layer (or 'plough pan') is formed.

This review of mechanical compaction includes soil factors that come into

play, dístribution of compactive effect, effects of compaction on soil

and crop, and measures against soil compaction. The compactive effect

of animal treading is considered.

2.4.I Rainfall and soil structure

2.4.L.L Soil surface crustinq

A falling drop of v¡ater contains kinetic energy, the exact

magnitude of which depends on the drop size and its velocity of fall as

it strikes the soil. Under continuous rainfall, a crust or seal

develops at the surface of soil as a result of slakíng of soil

aggregates. Dispersed soil particles are washed slightly into the soil

or are precipitated at the surface of the soil after the rain and

these processes ultimately result in the formation of a thin tight

seal at the surface and a thicker tess-tight in-washed layer below the

surface (Duley, I939i McIntyre, 1958a, I958b). Crust formation has

been associated (Ahmad and Rublin, 1971) with soil organic matter contents

of less than 1.5% and free iron oxide contents of less than 8%.

The size of the soil aggregates influences the effect of

falling raindrops on the surface. lt was found, (Rose, 1961) that the

relative aggregate breakdown increases as the size of the aggregates

decreases for any given rainfall intensity. Detachment of soil from

naturally-occurring soíl aggregates when exposed to simulated rainfall

increased from 76 mg per cm3 water as the diameters of aggregates
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decreased from 91250-4,760 Um to 21360-1,680 ¡-rm (Mazurak aud' Mosher,

r970) .

The major adver:se effect of surface crustinq is to decrease water

infil-tration rate. fn laboratory work (Ojeniyí, 1973) it was shown

that the hydraulic conductivity of a crust was 30 to 40 times smal-ler

than that of uncrusted soit. In the fietd, the equilibrium infiltration

capacity values for artificialty crusted soils were about one-third of

the values recorded for undisturbed and ploughed soils. Mclntyre (l-958)

had found that the permeability of a surface crust was 5x1O-7 "*' =tt-'

compared with l0-3cm.sec I recorded for an uncrusted soil. The smaller

infiltration rate due to the presence of crust will lead to increased

surface run-off and soíI loss (Oades , 1976; Eh1ers, L977). However,

the effect of the presence of crusts on v/ater intake depends on soil

type, slope, water content, and profile characteristic (Duley, 1939) -

Crusting has been found (Mclntyre, 1955; Hanks, 1960) to

decrease seed germination percentage. A surface crust developed from a

sandy loam which had a modulus of rupture of 103-273 mbar was found

(Richard, 1953) to decrease significantly the emergence of bean seedlings.

The mechanical impedance of crusts was found to increase with sod'ium

concentration and rainfall intensity. For crusts formed under rainfall

intensities of I.3, 2.5, ancl 5.1 cm.hr-I, the maximum impedances v/ere

respectively 1,766, 2,226 and 1,851 gt force. crust mechanical

impedance increases with drying and reduced cracking (Holder and Brov¡n'

Ie74) .

Crust formation may be delayed by appropriate tillage to create

a rough surface topography, by protection of soil surface from raindrop

impact, and by increasing the strength of intra-aggregate bonds (Oades'

Lg76). Oades found that surface soil could be stabilized against

crusting by spraying with poly (vinyl) alcohol ' PVA'
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2.4.L.2 Rainfall and the structure of tilled soíl

The collapse in the framework of soil structure that

occurs when soil is clean cultivated presents a widespread problem in

conserving the production of arable land. The problem becomes acute

primarily in loam and clay soils, but it also occurs to a noticeable

extent in some of the tighter soils (Hester and Shelton, 1937¡ Kolodny

and Neal, 194I) . Studies (Baver, 7948 cited by Hopp and Slater'

I94g) have demonstrated that when soil is subjected to clean cultivation,

it tends to become more compact while the volume of large pores

clecreases. Dexter (1977) observed that the effect of rainfall was to

reduce the surface roughness of tilled soil to a given proporticn in

a time which was independent of the initial roughness of the surface

and the tirlage imprement used' rt has been indicated' (gulfin and

Gleeson, Lg67) that rainfall influences porosity in the top 37 to 57 mm

of arable soil although the effect is more pronounced in the top 2 mm

of a fresh tilth. rt was observed (Hopp and slater, ]-949) that the

collapse of soil structure was more marked on wheat plots in Mary1and,

U.S.A., during the winter than any other season.

It was shown (Dexter, L976) that during winter there \^ras a

decrease in the incidence of small aggregates at the top of a tilled

soil, and this was partly attributed probably to washing-in of these

aggregates to the base of the tilth.

2 -4.2 Mechanical compaction of soil

2.4.2.I Introduction

There is considerable risk of soil deformation when tractor

wheels and heavy titlage implements run over land during seedbed

preparation as the soil is often wet and readily compacted. Soil compaction

has been defined (cilf and. Vanden Berg, 1967) as a dynamic soíI behaviour

in which the butk density is increased. This defínition suggests that every



24

soil is in a degree of compaction except when just tilled. The area of

coverage by tractor wheels will depend on the number of separate

agricultural operations performed. The practise of fertilizer

distribution, twice harrowing, sowing and rolling gives about 90%

coverage with medium-sized tractors (Soane, LgTO). Approximately 2OZ of

a cereal field wilt be covered with tractor and combine wheels during

harvest (Soane and Pid.geon, Lg75). The effect of individual implements

has noÈ been studied extensively. The type, weight and shape of implement

are important in 
"on"ia"r'ing 

the effect of individual implements (Atexander

and Middleton, 1952). Deformation of soil under agricultural machinery

can be resolved into compression and shear components (Dexter, 1973).

soil compaction brings about adjustments in the relative

dispositions of aggregates, followed by a process of coalescence of

them as the air spaces between them are squeezed out. Further

applications of pressures causes tighter close packing until a maximum

tirnit.ing density is attained (czeta1-;zki, 1966¡ Dexter and Tanner, L973¡

Reece , Ig73). The flattening of soil aggregates especially at the

points of contact increases the area on which applied shearing stress

acts and when the stress falls below the increasing shearing strength

of soil (Day and Holmgren, :-g52) deformation ceases. However total

plastic deformation during compression is unlikely (McMurdíe and Day'

1959) because the soil will still be able to expand (but not to

its original volume) after the release of applied load. since the

contraction during compression exceeds the expansion durinq unloadíng'

continuous compression of soil will cause continuous clecrease in its

volume until a point of maximum compaction is reached. fn the field

situation, the point of maximum compaction will not permanently occur

due to the swelling and shrinkage of soil in response to trends in water

content and weather conditions (2.3'1) ' It has been suggested (McMurdie

and Day, 1958) that the contraction and expansion of soi] ín response to
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applied loads are probably influenced by water movement which causes

differential swelting and shrinkage of compressed soil bulk' and the

minor effect of air movement in and out of complessed soil.

2.4.2.2 SoiI factors determÍninq mechanical compac.tion

The major soil factors influencing the degree of soíl compaction

are isolated, and the infl-uence of each of them is briefly discussed.

The degree of soil compaction depends on water content, organic ntatter,

soil texture (Free et al-., 1947¡ Anderson et al-.t 1958; Harris

et aL., 1966¡ Bender, I97L¡ Soane, L973), the tlpe of primary tillage

employed, and the state of compaction before tillage (Soane ' L97O¡

Soane and Pidgeon, 1975).

Soil water acts as a lubricant between particles (Bulfin and

Gleeson, Lg67). Peak compaction occurs at \.{ater contents near plastic

limit which is about the optinum condition for tillage (Baver eX a7.,

L972) .

soils with a wide range of particle size (such as loams)

compact more readily than other soil types and have a higher resultant

bulk density (Hubberty, L944).

The greater the organic matter content of soil, the smaller

the ultimate compaction and the greater the water content necessary to

achieve a specific compaction level (soane, 1970). Soil organic

matter increases soil plasticity and thus its resilj-ence to compaction.

Core soil samples were given maximum compaction to densities of 1.48'

I.7I and I.$t g.crn-3 (Free et a7., Lg47l. The initial organic matter

contents of the samples were respectively 4.4, 2.4 and' 1.3e". Swanson

(1954) investigated the effect of additions of farmyard. manure on the reductio:

of macropores under wheel tracks for heavy and light tractors. For a

light tractor (I,3OO kg) there was marked resistance t<¡ deformation in

the presence of farmyard manure but with a heavy tractor (1,830 kg) the extra
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organic matter made no difference to the change in pore-size

distribut-ion.

changes in bulk density caused by the passage of combined

harvester wheels were related to the types of primary tillage employed

(Soane and Pidgeon, Ig75). Deep ptoughed soil showed an increase i-n

bulk density throughout the tilled layer whereas there was little or no

change where the top soil was ploughed for six years-

2.4.2-3 Distribution of compactive effect and pressure

The maximum effect of compaction is not immediately below the

wheel or the implement or at their edges. For a wheel and most

materials, maximum compactive effect, increased density, and reduced

porosity are found at a depth equivalent to one-half the diameter of the

wheel or contact surface of the material (Soane, 1970). Many soils

develop a compacted layer or plough pan at the base of the ploughing

layer if the implement is used at high water contents. In addition

to plough pans, subsoiled pans, disc harrow pans, and traffic pans

have also been observed (Baver et a7-, L972) -

The soil body has the ability to vector into an applied force

in arch form. This is due to the friction between soils, interlocking

of soil particles, and cohesion of water films (Nichols, L929).

Pressure distribution under wheels, tyres, and tracks depends on the

amount of load, the surface area contact, and the distribution of pressure

within the contact area (Alexander and Middleton, I952i Sohner 1958;

Soane, L97O; Baver et al-., L972).

SoiI compaction may be a result of horizontal forces produced by

thrust or vertical forces due to load. The general though inconclusive

view about speed and compaction is that increase in forward speed reduces

compaction (Sitkei, LgTLi Dexter and Tanner, L974). V'IheeI ship is also

more effective than increase in load in causing compaction (Oavies et aL-,

1973¡ Soane, 1973). While there is need to avoid compaction, particular
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attention should be given to providing suffícient wheel loading

and the possibility of moving faster to take up more power at lolver

slip (Davies et a7. , 1973). In order to qenerate draught all farm

tractors develop some wheel slip. But the greater the load on the

driving wheels for a given draught, the lower will be the slip.

2.4.2-4 Effects of mechanical compaction on soil and croþ

The proportion of macropores in the zone of maximum compaction

in continuously-ti]]ed soit decreases asymptotically, with increasing

numbers of implement passes towards a minimum limiting value. !Ùhen there

ís no significant change in the proportion of macropores, the limiting

maximum compaction is then reached. The reduction in the size of large

pores due to compaction can lead to reductions in porosity value to below

t6g (Soane, L970) which has been indicated (Vomocil and Ffocker, 1961)

to be the minimum required for adequate air diffusion into the soil-

Because of the reduction in the size and proportion of macropores

(especially pores at least I mm in diameter) due to compaction of the

soil just below the tilled layer, water infiltration rate and hydraulic

conductivity are drastically reduced under conditions of intense rainfall.

This reduction in water infiltration rate is often adduced to increased

soil density as a result of the compaction (Parker and Jenny, I945i

Trouse and, Baver, 1956; Hawkins and. Bro\^In' L963¡ Kruger, l97Oi

primavesi and Primavesi, I97O¡ Cooke and tüilliams, f97I). The saturated

hydraul.ic conductivity of the traffic pan in a silt loam soil in Germany

was determined as SxIO-4 cm..sec I (Sting, cited by Ehlers, lg75), whereas

the uncompacted tilled soil had 5x1O-3 .*."""-1.

. A lot of research (Betrand and Kohnke, L957¡ FLocker et af.,

1g58; Adams et al_., 1960; Mazurak and chesnin, L964¡ Baeumer, I97O)

has shov¡n that compaction resulting from agricuLtural traffic

reduces the yields of crops. However, it is difficult to isolate which

of the modifícations in the soit physicat properties were mainly responsible
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for the yield redpctions because the soif properties concerned interact

in their effects. It has been sho\a'n (Bertrand and Kohnke, 1957;

De Roo , Ig57, 1960; Pizer, Lg62; Greacen et aJ'', 1963; Rosenberg'

1964¡ Barley et al. , 1965) that increased resistance to root growth

by compacted soil decreases the rate of root elongation. Significant

reductions in potassium and phosphorus uptake by crops grown in

compacted soils have been reported (Blake and Aldrich, 1955; Mukhortov'

L964¡ Bouma and Hole, L}TI). However, the resistance of soil to

root penetration decreases with greater water content and the consequent

Iess-negative matric potential (Greacen and oh, I972). Avaj-Iable soil

water will be reduced by compaction of wet soil because water will be

held at more negative potential-s. It was shown (Rosenberg, 1964)

that water in compacted soits with 2:1 montmorillonite clay was held

by forces greater than 28 -2 bar. The presence of compacted layers

makes subseguent tillage more difficult and less efficient (cooke and

V'fil.liams I l97lt Lovr and Piper, L973) .

A limited amount of compaction such as is produced by rolling,

increases the rate of seed germination especially when the soil is not

adequaÈely vret. This has been shown by a number of investigations

(stranak, 1968; Kruger, :-}TO). In a field study conducted in

Minnesota (Voorhees et al-. , Lg76), it was found that under conditions

of.less than normal growing season precipitation, wheel traffic increased

yields of soyabean by up to 2O%. This observation was attributed in

part to improved soil water conditions'

The analysis of the effect of soil compaction on root growth

is not simpte. The analysis should be performed wíth the thought that

roots exert considerable growth pressures which vary between I bar

(Barley et al_., 1965) and 25 bar (Gi11, 1961). secondì-y, roots have

a special characteristic to avoid mechanicaf resistance by its growth

patte::n (Greacen et a7., 1963¡ Dexter, L97B\. Thirdly, different root
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sizes may require different pore sizes for their growth'

2.4.2.5 Measures açlainst soil compaction

Reconditioning of compacted soils is a difficult and expensive

operation (T,utz, 1968), but the use of subsoilers to break up the dense

mass is mand-atory (Baver et aI. , L972) -

Apart from remedial tillage, weathering may reverse the compacted

soil condition. The Agriculturaf Advisory Council. (Enq1and) found no

instance where recovery of soil from compaction had not taken place

given time and. suitable weather (Batey and Davies, 1971) '

Reduced weight per unit power of farm tractors is a way of

reducing soil compaction. some of the ways of directly using tractors

of greater po\^Ier to weight ratio are (Patterson, 1973): by operating

draught implements at higher forward speeds than hitherto so that greater

povrer can be used at minimum pull and wheel slip; by applying pohTer

through Èhe power takeoff (p.t.o.) to rotating or vibrating tools; and'

by linkage of tillage and drilling equipment to reduce the number of

traffic passes over seedbeds.

Decisions as to whether soil compaction and unfavourable physical

state can be ameliorated by such practises as crop rotation, land resting,

and addition of amendments or stabilizing agents must be made on the basis

of a comparison of cost of amelioration against possible expenses of

Iiving with the problem of soil compacÈion (Vomocil and Fl-ocker, 1961).

2.4.3 Animal or hirman comPaction

Considerable soit compaction has been adduced to animal stocking

and grazing. Cattle were observed (Lu11, 1959) to impose a mean stress

of about I.6 bar compared with 9 and 4.5 bar for woman and man respectively.

-lStockinq of cattle at 8.9 ha-A, -' (Rhoades et af - , 1964) reduced infi-l-tration

rate by half. The same stocking rate gave an increase in bulk density .-\
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-?of 5O-]_OO fS* ' for depths varying between O to 25 cm. Treading

of dairy cows in one season \^/as also found. (O'Connorr 1956) to íncrease

bulk density by 2o%. An overall assessment of sheep trampling¡

effects (Lagocki, Lg76) showed that top soil failure occurred. when the

soil was saturated. The dry bull< density of the top soil was related

to sheep stocking rate (Langland and Bennett, 1973) by the equation

P = II18 + 8.'lz, xg*-3 (2)

where z is the stocking rate in sheep per ha.

The compacting effect of workers tending or harvesting

a crop has been considered. The dynamic compactÍve pressure which is

difficult to measure may be twice the static compactive pressure.

Most of the compaction below the 5 cm depth of soil was adduced (eutfin

and Gleeson, 1967¡ Bulfin, L967) to the workers. It was concluded

(Bulfin and G1eeson, :-967) that the soil coripaction due to workers is

not a hazard to future soil stability and structure in Ireland.

2.4.4 Summary

Continuous rainfall alters the surface and inmediate subsurface

structure of soil. Surface crusting as a result of rainfall causes

drastic redubtion in macroporosity and water infittrat.ion rate, and

when it dries the crust ïeduces germination percentage of some seed

types. Crusting which results from the collapse of soil aggregate

structure and sedimentation of dispersed clay particles may be reduced

by earlier crop cover and stabilization of soil aggregates. Decreases

in macroporosity and incidence of small aggregates within the top 10 cm

of tilled soil have been adduced to seasonal rainfa1l.

continuous mechanical tillage, animal stocking' and human

activities connected with crop tending and harvesting cause the formation

of compacted dense subsurface layers of soil. Howe';er, compaction due

to the movement of farm workers may not be important. The presence of
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compacted soil layers that resulted from mechanical- tillage will reduce

macroporosity and water infiltration and wiII adversely affect other

soil physical properÈies. The effects of soil compaction wiII leacl to

reduction in crop yietd and performance. But minimum surface compaction

after seeding is advocated in dry climates to increase seed germination.

The major effect of animal compaction is to decrease soil macroporosity

and water infiltration.

Maximum soil compaction may be prevented by devices that increase

tractor po\^¡er output per unit weight. Subsoiling and weathering have

been suggested as means of eliminating a compacted layer.

The degree of soil compaction depends on soil, implement, and

tractor properties. The soil properties are mainly water content,

organic matter, texture, and previous tillage history'

2.5 Measureme nt of Soil Structure

2.5.L Introduction

soil structure is here defined as the spatial arrangement of

soil aggregates and pores. Assessment of soil structure has been

based largely on interpretation of results from measurem.ents of physical

parameters which are its manifestations. Soil physical properties such

as water stability, infiltration rate, water permeab-ility, and bulk

den.sity are useful for characterising specific soil behaviour' For

example, permeability is a useful measure of potential rate of gas

exchange between soil and the atmosphere, while infiltration and

intrinsic permeability are useful for assessing change in stabiliÈy,

drainage, and erosivity. The attempts to evaluate soil structure using

physical measurements are apparently not clesirable and are illegitimate'

The .i.mportance and difficulty of the continuous search for methods of

expressing undisturbed spatial structure of soil have often been stressecl

(Bolt et a7., L948¡ Bradfield, I95o; Low, 1954¡ De Boodt, 1.960).
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Broadly, the shortcomings of using soil physical properties

to indicate soil structure are stated below'

(a) The soil physical properties do not express the

natural, undisturbed structure of soil. In most of the physical

determinations, the soit is considerably disturbed or soil

samples are taken.

(b) They are cumbersome and slow. Considering the high cost

of ]aboratory determinations and the time necessarily involved and the

actual need for efficient and quick ans\^¡ers concerning possible soil

structure changes by different treatments in mechanical, chemÍcal, or

physical way, quick field methods for measuring undisturbed soil

structure ought to be developed (De Boodt' 1960).

(c) They are insensitive. fÙhen measuring such quantities

as infiltration, bulk density, or resistance to penetration under

field cond.itions, the variability of replicated treatments makes it

laborious to evaluate significant differences between treatment means

(Richards et al-., 1960).

(d) They are not standardized. survey of the methods of

soiÌ structure measurement (De Boodt, 1960) revealed that the structure

evaluation on one and the same soil gave different results in various

laboratories. The standardization of techniques of soil structure

measurement up to sampling, transporation, and storage of soil for

aggregate stability and pore size distribution was advocated.

In the search for methods of assessing the undisturbed f:eld

structure of soil, soil has been impregnated with materials that could

fix íts structure. fn the great majority of the efforts thus made,

the process of structure measurement after the impregnation was visual

an¿ non-guantitative. In an exceptional ca-re, the scanning of isolated

fraction of the film of a section of a small soil block was performed,

and the distribution or interception in number of aggregates or pores

was obtained from scanning equipment. Core soil samples were collected
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in the field. This technique is discussed in greater detail in

section 2.5.5.

Therefore, there is a need for a method of soil structure

measurement that wilt be able to eval-uate the actual undisturbed

macro-structure of soíI. The structural elements more important for

crop establishment start from about I mm in diameter (Katchinski, 1956;

Edwards, l-95':. i Russell, 1961, L973¡ Cornforth, 1968). A large

sample of soil should be able to be measured at once in additíon to

the use of replicates so that representative structure measurements

are possible. Other desirâble properties of the prospective method

are low-cost, rapidity, and simplicity.

The above requirements are met intl.e method of Dexter (1976)

used for structural evaluation in this research. The new method was

used in this investigation of basic physical problems connected with

seedbed structure. The method and some others based on it are

discussed in Chapter 3.

soil structure and associated factors change with time in

response to climate, tillage, management pracÈises, and cropping

sequence. Therefore to characterise the structure of a soil, continual

assessments have to be made. Soil structure is actually i.ime-dependent.

Low (f954) has performed a review of most of the methods used

in-assessing soil structure. This review of the methods that have been

used to measure soil structure is briefly performed under the following

headíngs:

(a) Measurements of physical properties that are functions of pore

size distribution.

(b) Measurements of soil stability and aggregate size distribution.

(c) Descriptive and microscopic assessment of impregnated soil

structure.

(d) Measurement of soil structure by scanning of photographic film

of small section of soi1.
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It is necessary to mention that methods such as nitrogen

adsorption and meucury injection (s.i11.s et a7., 1971) have been used

to give j-nformation about micro-pore volume in soil. The pores dealt

with which are usually less than I pm are not important in terms of

til1age, air and water movement, wa.ter availabiliLy, temperature, and

other physical properties of seedbed

2.5.2 SoiI PhYsical ProPert ies that lndicate Pore Distribution

2.5.2.L Watelî characteristic curve

The distribution of dífferent pore sizes in a soil sample

could be assessed from the water characteristic curve of the soil which

is a plot of water content (usually on volume basis) against applied

$/ater potential. The pore size equivalent to an applied potentíal

(expressed as a height) can be got using the Kelvin equation

h (3)

where h is the applied potential (m) ' Y is surface tension of water

-] -?(73 m¡m-r), p Ís density of water (1,OOO kgm -), g is gravity force

-t(9.8I ms z) , Ø is the angle of contact between v/ater and the soil

particles (usually assumed to be zeto), and r is radius of capillary pore

(m) which indicates the largest pore size that retains water at the

applied potential. There is a direct relationship between the

volumetric water content as a function of h, and the pore

size <listribution. Therefore the v'eter characteristic curve could be

used to compare different soils. Because of hysteresis (Childs , 1969) ,

drying water characteristic curve is normally used for assessing size

distribution of pores and core soil samples are therefore saturated for

at least 48 hours before placenent on pressure tables or in sintered'

glass funnels for less negative potentials.

However, estimation of pore size distríbution from the lvater

characteristic is not a suitable method for soil-s that shrink and



35.

swell (Marshall, 1962; Childs, 1969) . The shrinking and swelling

in response to water content al.ters the natural pore size distribution

of soi1.

certain low tensions (50-l-oo cm water) are associated with

the presence of large pores in soil. The proportion of pores (smaller

than 0.3 mm in diameter) in soil is often determined by calculation

using the amount of water drained at 50-60 crn suction (Low, 1954).

The equation for the calculation is

100 (vüi - VJet) (4)
Ms

where Sn is ? of soil volume drained under an applied suction (cm)

of water, Irli is saturated weight of soil sample, Wet ís net weight

of sample after drainage by suction for at least 24 ht, and Ms is

the dry weight of the sample after drying in oven for 24 hr at 1O5oC.

fn general, porosity determination by application of suction is

only applicable for assessing pores smaller than 0.3 mm (Dexter, 1976).

Chitds (1940) argued that the technique has a great advantage because

very tittle violence is inflicted on the soil sample and that the

method is supportive to wet sieving aggregate size distribution in the

study of the ability of the soil to withstand natural disintegrating forces-

However, the standardization of the techniques used for water characteristic

curve determination was called for by De Boodt (1960).

2.5.2.2 Drainage

The ease by which water drains out of a saturated core soil

sample .is sometimes used to indicate the distribution of large pores.

Core soil samples are saturated with water' or prewetted at low

suction of about 5 cm. The sample is later drained using a 1o\^/ suction

of about 60 cm. The vol-ume of water lost by suction drainage corresponds

to the distribution of large pores, and. soils can be compared on this

Sn
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basis. However, undisturbed core sanples may be clifficult t-o col-Iect

using the hammer +r)¡pe core (Lutz , 1947) .

2.5.2.3 Permeability and i.nfi.Itration capacitv

Childs et al-. (1957) argued that permeability (the rate of

liquid movement through a soil column) could be used as an objective

measure of soil structure. They designed a method of measuring the

permeability of soil beneath the water table especially for the study

of drainage systems. ft was said that in the absence of cracks and

fissures, aggregate and pore size distribution and water permeability

are directly related. Marshall (f958) derived an equation relating

perneability (k) and pore size distribution. It was shown that

permeability depends on the mean radius of the pores in equal fractions

of total pore space in soil-s.

Hydrautic conductivity, K, is defined by Darcy's (1856)

equatíon:

Fx (s)

where Fx is the volume of \^7ater flowing in the x d.irection through

unit area in unit time (*3=."-1), åç is hydraulic potential gradient

through a soil column, and K is the hydraulic conductivity. The use

of Darcy's equation is based (Childs, L969) on the assumption that the

porous body must be large compared with its microstructure (pore and

aggregaÈe size), and that the velocity of flow must be small.

Equilibrium hydraulic conductivity is usually determined

using core soil sample or a packed but large volume of soil. Apl:arent1y,

results from the core s¿rmple wil-I be more realistic. A constant head

of water is maintained on the soil and the rate at which water drains

through the test soil column is recorCed.

.gt.dx
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The flux is

F
a
AI

(6)

where e is quantity of water (*3) coflected in a time intervar t

and A is the cross-section area of soit (*2).

H H
2 I (7)

r. I

where H, and H, are the hydraulic heads (m) at the top and bottom

of the soil column, and 9., and [, are the heights (m) of the top and

bottom of the soil column.

The surface of the test soil is normally protected from crusting

with a light material such as cotton wool or tissue paper'

Equilibrium infil-tration rate of water is often determined

in the field to indicate surface condition of soil or its subsurface

structure. However, the surface condition more limits infiltration

rate than the subsurface .ondraron. ln the determination of infiltration

rate, a calibrated infiltrometer is sunk into the soil and the equilibrium

rate is normally used. The soit surface is protected except when

infiltration of surface crust is of interest. A constant water head

has to be maintained alwaYs.

Both hydraulic conductivity (K) and. permeability (k) are used

to indicate the frequency of macropores in soiI. The relationship

between the two Parameters are

K = Vk, (8)

where v is the dynamic viscosity of the fluíd. Permeability is

independent of liquid viscosity, while hydraulic conductivity is not

independent of viscositY.

Among the major criticisms against the use of permeability and

infiltration rate is that they are not suitable for use when cracks

and fissures are present in the soil. Cracks and fissures will

gü_

dx t-
2
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exaggerateresults. Secondly, the methods are not suitable for

soils that swell. Thir<lly, the metho<ls are not standardized. However,

they are useful for comparing soils when used consistently by one

worker. Fourthly, it may not be adequate to use ilrfiltration or

permeability to compare the structures of disturbed and undisturbed

soils. Vlhile the porosity of the former may be higher than that of

the latter, it may have a lower permeabilíty and infiltration, ft was

discovered (ojeniyi, 1973) that the equilibriun infiltration rates on

undisturbed soil surfaces were greater than those on ploughed surfaces on

a site in Western Nigeria. Related observations had been made by

Chj-]ds et a7. (1953), and Collis-George and Young (1958) . This

phenomenon was adduced (Childs and Collis-George, 1950; V'lilson and

Luthin, 1963) to breakage in the continuity of capillary channels

through which water could move freely into the soil and.through which

air could move out of the soil by tillage. Entrapment of soil air

by the wetting front produces a back-pressure effect which will decrease

infiltration and permeability.

2.5.2.4 Aeration porosiQz

The use of an air pycnometer affords a technique for assessing

aeration porosity (Kummer and Cooper, 1945), and it is based on Boylets

law. In an air pycnometer equipment, a quantity of air from soil

placed in a smaller compression chamber diffuses into a large chamber.

There are different forms of pycnometer.

Baver et aL. (1972) described. a typical pycnometer. A dry soil

is placed in one of two containers of a pycnomeÈer and soil air is

allowed to diffuse into the other larger vessel by opening a connecting

va1ve. The prêSsurê-volume changes in both c<rntainers are numerically

equated as

PiVi + Piv2 = P3Vi + P3V2 (9)
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The left hand represents the initial values of pressure (P) and

volume (V) at both arms of pycnometer, and the right hand represents

the new pressures and volumes after the two sides of the pycnometer

are connectecl. The volume of soil air can be got by ca1culation

usins P^ which could be read from a mercury manometer place in the
'5

Iarger chamber.

A type of pycnometer was designed (Russe11, L949) in which

the volume change due to air contained in soil enclosed in an airtight

container will reflect in pressure increase recorded by a mercury

manometer. The pressure change \Àtas also calibrated against air vclume.

The pycnometer avoids many of the criticisms of the usual

method of evaluating soil porosity (Baver et af., 1972). But it

gives erroneous results on soíIs near or below air dryness unless

proper cal_ibration has been made (Page, 1947; Jamison, 1953).

2.5.2.5 Available water

The use of available water to express soil porosity is based

on the concept that the available soil water is held in soil pores and

capillaries. The available water is defined as the difference in water

contents at fietd capacity and permanent wilting point of soil.

The field capacity is determined by applying a water potential

of 1OO cm to a saturated soil for at least 24 }:rr. In some cases, a

saturated soil is allowed to drain freely for 2-3 days. The water

content at permanent wilting point is determined by applying a higher

suction of 15 bar on an initially-saturated soil for as long as one

week. In some cases especially on swelling soils, it is determined

by finding the soil water content at which sunflowers become

permanently wilted (Briggs and Shantz, L9l2) -

The available water is a direct consequence of the distribution

of sizes of pores in soil.
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2.5.2.6 Butk densitv

The methods of determining soil bulk density or soil

mass/volume ratio are now reviev¿ed. The relationship between bulk

density and porositY is given-

2.5.2.6.L Core samples

The commonly used method for bulk density determination is to

find the mass (of dry soil) - volume (of wet soil) ratio of oven-dried

(at tO5oC f.or 24 hr) core soil samples. There have been various

modifications in the shape and size of the round core sampler

(veihmeyer, L929¡ Bradfield, Lg36; Berndt et al-. ' 1976) to avoid

as nuch as possible the disturbance of soil and to collect samples

at deeper depths. However, the core method is unsuitable for stoney

and gravelly soils because it will be impossible to collect undisturbed

samples. Also it may not be suitable for heavy soils that could

easily be comPacted.

However, Berndt et al-. (1976) has designed a core device about

1I cm in diameter with a rigid liner. This has been used to obtain

core samples to 60 cm depth in a cracking-clay soi1. Evidence

presented indicates that the soil in the core suffers a minimum of

compaction.

2.5.2.6.2 Clod sample

To be able to determine the bulk densíty of stoney and gravelly

soils, clod density is sometjmes determined (Sekera, I931; Campbell,

f973). A soil clod is coated with oil and the amount of water displaced

by the coated. clod which is equal to its volume is determined. The

oil is removed by a solvent (such as xylene) ' the soil is oven-dried

to expel water, and the net weight of the clod is determined. Clod

wet bulk density is independent of clod size (campbell, L973).
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2.5.2.6.3 Hole fil lino method

Attempts have been made to determine soil bulk density

by boring holes into the soil and. pouring a solution into the hole

to determine the volume of soif removed (Baver, 1961). The seepage

of the solution is prevented by coating the walls of the hole by an

hydrophobic material. The weight of the soil dug out is determined

in the laboratory after expulsion of water. The processes involved

in the use of this method show that it has low accuracy.

2.5.2.6.4 Gamma ray absorption

Forms of equipment for determining soil bulk density using

gamma ray absorption have been developed (Vomocil, L954; van Bave1,

1958; Soane, 1968; Soane et al-., 197I). The absorption of gamma

rays follows Beer's law (Baver et aL-, 1972)-

e-ux (ro)

where Io is the initial intensity of ganma rays at source and y is a

factor proportional to bulk density. Studies have shown that the

relationship between a gaflma ray count on transmission and bulk density

is 1inear ancl it is largely independent of water content and soil type

for Cs-137 radiatj.on (Soane, I97O) - Gamma ray count is calibrated

against soil bulk densitY.

A two-pronged gamma ray probe is normally used vertically. But

a special control for automatic two-dimensional scanning with qamma

ray probe has been developed at the ScotÈish Institute of Agricultural

Engineering (Soane, l-}TO). This permits density measurements to be made

on a 1xl cm gríd over a cross-section of 140 cm x 140 cm. Transmission

data, coordinates, and water content printed on a magnetic tape are fed

into the computer and dry bulk density values are automatically printed

on regular coordinates. Using this met-hod, contours for density

distribution or isodens can be drawn for tillage and crop husban<lry

I
Io
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research purposes.

2.5.2.6.5 EPoxY resin imÌ¡regnation

A method vras recently proposed (Becher and l,üilke, I9l 6) for

bulk density determination that is applicabte to soils rich in rock

fragments or thin soil sections. The soil is impregnated with epoxy

resin. Bulk density (Db) is determined after hardening of epoxy

resin according to the equation

D soíl + resin) - D resÍnl (1r)
Db-Depoxyresin

BuIk densities determined by the method were found to agree wefl with

those obtained by the core sample method.

2.5.2.7 Particle densi

Particle density (op) is usually used with bulk density (Db)

in the estimation of total porosíty (e) of soil. The equation relating

the three parameters is

e = t-#(roo),g (12)

However, porosity so determined empirically has low accuracy.

particle density is determined by finding the volume of kerosene

oí1 (or similar liquid) displaced by soil aggregates in a density bottle

under vacuum. The result from this method becomes more accurate if

an oil or liquid that can be absorbed at all by soil is used, and if a

good vacuum can be maintained.

2.5.3 Aqgregate Size Dis tribution and Stability

2.5.3.I Aggregate size distr ibution by drv sieving

Sorting of dry aggregates of soil samples collected from tilled

soíls into different classes by sieving is useful in assessing the

structures of the soils. A soil of known weight is sieved through a

nest of sieves manually or mechanically. A rotary sieve was designed

Db
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(Clrepil, Lg52) to separate dry soil in one operation into any number

of fractiotls up to 14. The results from mechanical sieving are independent

of personal judgement. A plot of the percentage of aggregates in

each fraction can be made or the percentage of soil aggregates larger

than a particular size can be got. Dry sieving has been used (Keen'

1933; CoIe, 1939) to investigate susceptibility of soils to wind

erosíon, and it was used. (Yoder, 1937) to trace seasonal changes in

the structure of ti]led soil. The minimum aggregate size considered

in the latter was about 2 mm.

The dry síeving technique needs to be standard.ized in a number

of its aspects such as method of sieving and soil sampling. It is

not commonly used because it does not indicate stability to waterwhich

usually forms the basis of comparison of soils. Soil aggregates are

also broken down during sieving (Chapman, L9271, however this factor

could be used to assess the relative mechanical stabilities of soils.

Irlhen the technique is used, the depth and method of sampling needs to

be specified.

Other possible ways of expressing aggregate size distribution

after dry sieving are discussed below.

2.5.3.2 Aqqregate size distribution and stabilitv in wet st-evl-ncl

2.5.3.2.I Methodology

Wet sieving is one of the commonly used methods for assessing

the stabíIity of tilled and untilled soi1s. The size dístributions

of aggregates before and after sieving are compared. Although the

technique of wet sieving varies depending on the facility and interest,

most of the techniques being used follow those described by Yoder (1936)

who developed the wet sieving technique introduced by tiulin (1933).

Sieves which hold different sizes of aggregates are fixed

into a mechanical siever. The sieves containing soil aggregates are

permanently under water during the wet sieving and are alternately lifted
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and 1o!ùered by the machine with speed of about 3 cm per rnin. for thir:ty

minutes.

2.5.3 .2.2 Pretreatment of agqregates

Treatments of aggregates before wet sieving aim at equilibrating

the aggregates under uniform conditions of humidit-y and temperature, and

prevention of considerable slaking of the aggregates due to escape of

entrapped air during wet sieving.

Apart from equitibrating the aggregates under uniform conditions

of humidity and temperature, it was advocated (Russell and Tamhane, t940)

that gas vapour could be passed over the aggregates to a-chieve the same

end.

precautions aÇainst disruption of aggregates due to forceful

air escape inctude evacuation, prewetting at about 5 cm suction, or

water-spraying (Low, 1954), and treatment with non-polar liquids

(Henin et a7., 1955). However, Low (1954) hinted that the presence

of entrapped air in aggregates may not be the major factor in the

disintegratíon of air dry aggregates on wetting-

2.5.3.2.3 Results from wet sieving

Aggregates that are left on each sieve after wet sievj-ng

are oven dried to expel water and weighed. The weight of each size

fraction over the initial weight of the aggregates before wet sieving

can be got, and a plot of I stability and size can be obtained.

Usually the ã aggregate stabitity of at] aggregates larger than a

particular size (nun) such as o.1o (Baver ¿¡flRhoades, l-932), O.25

(Tiulin, 1933), and O.05 (Quírk, 1950) are presented relative to the

initial weight of soil.
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Statistical expression of aggregate size distributions after wet

or dry sieving in form of Mean weight diameter (MV'ID) and Geometric

mean diameter (Cf'fO¡ used to be common. The proportion of weight of a

given size fraction relative to total weight of soil is multiplied by

the average diameter of that fraction. The MWD is the sum of t-he

products for all size fractions of the soil (Van Bavef' L949). For

the GMD, the weight of aggregates in a given size fraction is multiplied

by the log¡arithm of the mean d.iameter of that fraction. The sum of

these prod.ucts for all size fractions is divided by the total weight

of soil sample (Mazurak' 1950).

2.5.3.2.4 Factors aff ecting results from wet siev r_ncf

A number of works (Quirk, 1950; Panabokke and Quirk, 1957¡

Russell, I97t) have indicated the probtems with the use of wet sieving

technique especially as related to the fact that it is not standardized.

Resultì from wet sieving stability determination depend on the

initial water content of aggregates or suction, initial aggregate size,

the aggregate size on which stabitity assessment is based, method of

sieving, sieving time length, pretreatment and method of prewetting.

Some examples are now given. Evans (1954) found that prewetting

and storing of aggregates increased their water stability compared to

when storing was not done. This was thought to be due to closing of

planes of weakness in the aggregates that were given the former

treatments. It was suggested that a prewetting treatment be chosen which

reinstates the soil to a structural condition that most likely exists

under the natural conditions being investigated. Lovr (1954) recorded

an instance in which the choice of aggregate size > 0.25 mm rather than

> 3 mm could have obliterated stability d.ifference due to difference in

organic matter contents of soils. Panabokke arid Quirk (1957) found

that aggregation (0.05 mm) \^¡as greatest when wet sieving h/as performed

on aggregates at initial suction of between 0-1 - 0.3 bar'
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Apart frorn the fact that the result from wet sieving d.e¡;ends on

the worker and facility, another criticism is that it is not useful on

compacted soil (Burke et aL., 1964¡ Gradwell and l\rlidge' L91L¡

Gradwell, Ig73). A good water stability could be shown either by

porous aggregates from good arabLe soils or by compact, impermeable

aggregates from agronomically condemned soils. In the Netherlands'

deterioration of heavy clay soils was caused by mechanical compaction

rather than dispersion action of water, therefore it was concluded

(Boeke1 and Peerlkamp, 1956) that wet sievíng tests for water stability

were not satisfactory for the soils. The presence of compacted

zones between 7-2O cm depth in soils of certain vegetable gardetrs in

New Zealand was not related to the water stabitity of the soils aEgregates

(Gradwell and ArLidge, 1971). Thirdly, the wet sieving method has been

found to be insensitive when high reptications were used. Pereira (1955)

who worked on tropical soils wrote that the ordinary wet sieving tests

proved inadequate to distinguish between the physical conditions of

soils which showed contrasting field behaviours. He said that

although the technique might differentiate between some soil conditions,

it was insufficiently sensitive at high replications to be able to

measure the snaller but ímportant changes due to normal agricultural

practises.

2.5.3.3 Permeability as stability index

The decrease in permeability of soil due to leaching wil'.h

dilute salt solution has been used (Dettman and Emerson, 1959) as an

index of collapse of soil structure. Soil aggregates are wetted

under low suction with O.O5N sodium chloride solution and the permeability

(Kl) to the same solution is then determined. Leaching of the test

soil wíth the salt solution follows, after which another penneability

(K2) run is made. A salt solution of O.O5N was found to be high enough
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to promote floccufation and 1ow enough to cause cleflocculation ¡¡"hen

used for soil leaching. The index of stability of the soil is equ-al

Lo K2/KL.

Emerson (1954a, Lg54b, 1955) originated the technique of using

salt solution permeability to trace changes in stability of soil' He

used h.igher concentration of salt solution (0.5N) for initial

flocculation and increasingly diluted solutions (100 ñN, 20 mN' 2 mN)

and distilled water were used for leaching until the permeability of

the soil h/as zero. The least concentration then used was called

'critical concentration'. A highly stable soil had the least critical

conce¡tration or had to be permeated with distilled vrater. Quirk and

Schofield (1955) found that beloh¡ a certain concentration which is

specific for each ion, decreases in the permeability of soils occurred-

The threshold concentration for sodium chloride \¡/as 0.25 M.

2 .5 .3 .4 Ernerson dispersion test

Soil aggregates have been divided ínto eight cJ-asses (Emerson,

1967,) by observing the coherence of the clay fraction in distilled water.

The aggregates that slake as a result of disruption by entrapped air

or swelling are placed in cl-asses I to 6. Those that swell but are

stil1 coherent are in class 7, whereas those that remain unchanged by

immersion in water are in class 8 and they are the most stable. V'lhen

immersed in water, Èhose aggregates that are completely dispersed are in

class 1, and those that are partially dispersed are in class 2. Those

aggregates that are not dispersed are remoulded to field capacit-y and

immersed in water. If dispersed as a result, the respective aggregates

witl fall into class 3. Aggregates that are not dispersed after

remoulding but contain calcite or gypsum are j-n class 4. Those aggregates

that are dispersed between field capacity ancl suspension are in class 5.

If a suspension of aggregates completely flocculates at 5 min. standing'

those aggregates will fall ínto class 6-
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The Emerson dispersion test has been modified by Loveday

and PyIe (1973). Aggregates are immersed in water and the degree

of their clispersion is scored at 2 and 20 hr after. The non-dispersed,

slightly dispersed, moderately disper:sed' and highly dispersed are scored

O, 1, 2,3,4 respectively. The dispersion index (DI) for air-dried

aggregates which are not dispersed is got by adding 1ruhe 2 and 20 hr

scores after remoulding at lOO cm suction, and the maximum DT value is

therefore 8. For those aggregates that are dispersed, the 2 and 20 hr

scores are added to I so that the range of possible DI values is 9-16.

The Emerson dispersion index is a useful indicator of soil

stability but its accuracy depends on the skill of the user.

2.5.3.5 Dispe rsion of silt and cIaY fraction

The degree of dispersion of silt and clay when aggregates are

shaken in water has been used as index of aggregation and agqregate

stability (Low, 1954¡ Williamsol et al.' 1956; Pringle, 1972). The

method involves soaking of so-if aggregates smaller than 8 mm in r¡iater

for 24 hr followed by shaking by inversion of the cylinder containing the

hrater and aggregates 30 times. The total silt and clay in the original

soil aggregates is determined by a separate mechanical analysis. The

result from this mechanical analysis and the amount of silt and clay in

the dispersed aggregates (also determined by mechanical analysis) are

related.

The dispersion ratio (D) of the soil concerned is calculated

AS

Silt + CIav dispersed by shakinq (L2)D Total silt + clay by mechanical analys IS
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2.5. 3.6 Water drop test

To assess the stability of soil under rainfall, the ease by

which its aggregates are d.isrupted under simulated ::ainclrops can be

determined. The numbers of \¡rater drops or the energies öf water drops

to disrupt different aggregates can be compared.

Smith and Cermuda (1971) modified the water drop test of McCalIa

(L942, Lg44) especially to cover its application in the tropical regions.

prewetting of 6-L2 mm diameter aggregates after evacuation was suggested

against air-escape disruption and because the water drop alone is not strong

enough for the aggregates of some tropical soils to be disrupted. However,

a direct water drop test has been used for temperate soils (Low, 1954)

usually with the average size of drops of 4 mm diameter, terminal velocity

-Ior / m.sec , and drop falt of I metre. Smith and Cermuda (1971) in

Puerto Rico suggested the use of 1 drop per sec., 0.1 g per drop, and a

drop fall of 60 cm on 6-12 mm aggregates. It was considered thaÈ an

aggregate is destroyed when it falls apart and all its parts fall through

a 5 mm sieve.

Instead of counting the number of drops required to disrupt an

aggregate as in most other works, McCalla (L942) calculated the kinetic

energy (K.8.) of water drops that caused the disruption of aggregates.

He compared the K.E. values needed to disrupt the moist aggregates of

soils that were given different treatments. Drops of water approximately

4 mm in diameter, falling 0.5 m from a burette at the same rate, and

aggregates 4 mm in diameter placed on I mm screen were used.

Grierson and Oades (L977) have constructed a raínfall simulator

that could be used in the field for water drop tests. The simulator

is mounted on a two-wheeled trailer towed either by car or tractor.

Sjmulated rainfall with intensity, drop size, and drop velocities within

the range of natural rainfall can be produced over 1 m2 of surface.
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The water drop test is quite a useful method for stability

determination on dry and carefully wetted aggregates. But aggregates

should have strictly uniform sizes since the result depends on

aggregate size. Secondly, replications and rainfall simulation that

rvíIl cover a large number of aggregates are needed. The water: drop

method usually suffers the need to select an extremely small sample of

crumbs (Pereira, I955).

2.5.4 Soil rmpreqnation

rmpregnating soil pore spaces with different materials for

visual and descriptive analysis of soil structure had been performed.

A method of irnpregnation whereby thin sections could be examined later

under microscope was suggested by Pigulevsky (1930). A mixture of

three parts paraffin and one of napthelene was forced into soil spaces.

A section of the j-mpregnated soil was cut and polished for examinatíon.

Other v¡orks (Kubiena, 1938; AJ-temuller, 1956; Brewer, 1964) later

resulted in improved methods, wicfer applications, and better use of the

method of impregnation. Polyester resin (Rogaar, 1974) was used for

impregnation. However, all the efforts on the use of impregnated thin

sections for soil structure study were descriptive and non-quantitative'

and much depends on the visual judgement of the v¡orker concerned.

2.5-5 Soil Impreqnation and Film Scanni-nq

A recent advancement in the measurement of soil structure after

impregnation was by !'Iilkins et aJ. . (L977). A laboratory technique was

developed to measure soil pore size, aggregate size. and orientation

of soil pores and aggregates. The technique consisted of fixing soil

samples with a fluorescent polyester resin, sectioning the soil samples,

and taking a photogrCph of a section of eact', impregnated soil sample

under ul-tra-violet Iight. The photographs were scanned v¡ith a flying

spot particle analyser (FSPA). From the FSPA scanning information' means'

and covariances of soil aggregate sLze, pore size, and apparent soil
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porosity h/ere calcul-ated.

The FSPA is an instrument that scans, using a small liqht beam,

an 18x18 mm area of 35 mm film approxìmately 9O0 times. In l-ineal

analysis mode of operation, information was obtained on pore spaces

and intercept lengths. Information from the FSPA on intercept length

is in the form of numbers of intercepts greater than a designated size.

The maxj¡num range of intercepts detected with the FSPA was 20 to 20,480 ym.

However, the technique can evaluate pores of any size if micrographs are

used.

This technique with some modification (Murphy et af., I977a)

has been applied in soil survey studies (Murphy et a7., :..977b). The

structural information after scanning is passed through contputer which

produces a paper printout.

The accuracy of resu:-ts depends on the contrasting between pores

and aggregates by the scanning instrument-

The sample collected for structure measurement may not represent

the structure of the soil. The structure of a very small fraction of

soil could only be consídered using a core sampler smaller than I mm

ín diameter, while only an area of 324 ¡¡Ifn2 (V,Iilkins et al-., :-:g77) is

used for scanning at a time.

To prevent soit disturbance dr:ring core sampling is a very

difficult problem. Because of this, there is a limitation on the type

of soil from which the sample may be collected-

The method is costly and cumbersome. The use of replicates

is hindered when many soils given different treatments have to be compared

in terms of their structures. guick field assessment of macro-soil

structure which considers a larger area of soil at a time is needed.
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2.5.6 Summary

Most of the methods used to evaluate aspects of soil structure

have been reviewed. The general problems concerning their use have

been mentioned, and each method has been briefly and criticallt'

discussed.

The methods discussed included those assessing physical properties

that are functions of soil structural state such as porosi'ty, pore

size distribution, permeability, availabte water, and bulk and particle

density. Those methods discussed that indicate the stability of soil

structure included dry and wet sieving for aggregate distribution and

stability, determination of permeability change in response to salt

Ieaching, determination of dispersion index, and measurement of stability

under water drops.

Impressions have been created that the methods of indirect

measurement of soil structure are not dependable for use on some tropical

soils. It was found (Pereira, 1955) that free draining pore space

and percolation rates tended to reflect the 1evel of insect activity

in some East African soils rather than soil stability. And wet sieving

techniques, percolation rates, and free draining pore Space were not

efficient indications of structural conditions of lateritic soils.

Efforts made to impregnate soil with different materials for

further descriptive and visual analysis were mentioned. A development

of this technique was the scanning of the photographic film of impregnated

srnall soil section for the distribution in number of sizes of large

aggregates and Pores.

There is need for other techniques apart from those discussed

that could be used to evaluate the actual undisturbed soil macro-structure

on a fairly large scale. The techniques have to be rapid' inexpensive,

and easy to use.
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2.6 Tillaqe Modif.ication of Soil

2 1 Introduction6

Titlage is any mechanical modification of soi.I in the process

of cr:op production. Tillage connotes change il'¡ the structure of soil,

ancl it is a m.echanical aid in the formation a¡d arrangements of

separatte so:'-t aggrggates. A tilth is def ined as a soil condition

produced by tillage.

Survey of the literature on tìre necessity for ùill.a,qr3 Teve¿l:led

that it serves two major purposes. They are lveed contr:'¡l (Cole,

1939; RusseLl and Keen, I94L¡ Russell et al-, L942; Cook et a7',

1953; Olson and Schoebert, l97O¡ ouwerkerk and Boone, l-97O), and'

ti-t-t-h formation (Slipher, Lg32i Baver' I96t; Arakeri et al--, L962¡

Canne]l, 1973).

The fragrmented soil in a tilth is made up of separate aggregates

and theír associated voids; the aggregates and voids are essential

for good establishment of a crop seedling. Tilth connotes a prepared

seedbed which is characterised by reduced soil density, and resistance

to root penetration, increased infiltration and retention of water, and

optimum aeration. Therefore, it seems that some tillage is inevitable

to economic and continuous production of crops.

lfith the advent of herbicides in the 1960's, and v¡ith increased

costs and undesirable soil compaction and j-ncrease'J er'()s-i<>n tÌ:at are

associated \^rith conventionat tillage (ploughing. plus multiple harrowing) ,

two other tillage systems are presently being used in addition to

conventional tillage. One of them is zero till-age which originated due

to possíble elírnination of tiltage practise for weed contr:ol.. A school

of thought (Boone and Kuipers, L97O¡ Kuipers ' L97Oi Poesse and Perdck'

L97O¡ Stibbe and Ariet , L9'7Oi Moffatt, L97l¡ Gard anrJ McKibben,

L973¡ young, lg73) believed that the more i-mportant fúnc.'tj.on of tiÌla.ge

was weed cont:rol, ancl if this could ire done by the use of herbicide,
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then tiltage practise should be a 'Iuxuryr. And because of high

costs of convent,i.onal muttiple tillage in terms of money, time, and soif

structure, anC the ínevitabilj-ty of some degree of till-age, minirnum

til1age practises became widely practised. Another school of thought

(Baeumer and Bakerman, L973¡ Cannell, 1913) believed that tilth formation

was the more important function of soil tillage.

Therefore, selections of tillage systems all over the world have

been based on three main systems which are zero tillage, min..imum tillage'

and conventional tillage.

In the foltowing, the merits and demerits of the tillage systems

are discussed, and a conclusion on choice of tillage system is proposed.

There have been many research experiments carried out on the ccmpa::ison of'

tillage systems especially in temperate countries, opinions and f-'Lnoings

are naturatly diverse but not equally divided. Only a small proportion

of the research that has been done into tillage systens can possibly by

referred to.

2.6.2 Zero TiI e

There is no fixed definition for the practise of zero tillage.

Usually, zero tillage is Synon}Zmous with conservation tillage and is

based on the zonal titlage concept whereby land is divided into a seedling

manaçtemení zone and soil manaçtement zone (Larson and Gill, 1973). The

tilled seedling environment zone provides for good emerçJence' proper stancl

and satisfactory yield (LaI, 1976). The above definitíon of zero tillage

is somehow synonymous with the defínition of minimum tillage, and where

zero tillage is practised in this sense it has given crop yield!ì as

high as that of conventional- tiltage (Gard and Mcl(ibb<:n, L913¡ Lal, L976¡

Van Doren et al-., L976).

A more dj.rect definition of zero tì-llage refers to the situation

where no tillage of the soit including the seed row is performed- The

perfect example of zero tillaqe is the 'soruing' of pastures by dropping
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Seed from aeroplanes in Australia. In this case' a seed management

zone caïrnot be distinct from a soil management zone. !'lhen zero

tiltage v¡as practised in this sense, poor germinat-ion and seedJ-ì.ng

emergence (Bowers and Bateman' 1960; Cannell and Finney, L973¡ Reeves

and Ellington, Lg74) and low crop yield (Cannelt, 1973; I'.ledd, 1915)

v/ere recordecl. Ilowever, some improvements in certain soil properties

have been attributed to the practise of zero tillage. These inclucle

increased structuraì- sÈability (DeIt'agnola and Ferrari, 197I), reduced

wind and water erosion when veqetative materials are present on the soil

surface (shanholtz and Lillard, 1968; Gard and McKibben, 1973¡

young, 1973¡ LaI , lg76), increased organic matter content (Bakermtur arLcl

de wit, IgTo; Free, Lg'|O; Moschler et a7., L972¡ Tomlinson, L974)

and íncreased earthworm activity (Graff, 1969; Stonebridge ' L975) '

Adverse changes in most of soit physical properties can also

be caused by zero tillage. It has been shown that in some cases

continuous zero tillage results in increased soil densj-ty and resistance

to seedling root growth, reduced water infiltration and increased soil

erosion, and reduced pore size and porosity (Anderson et af., 1958;

Bulfin and Glaeson, 1967¡ Ouwerkerk and Boone, L97Oi Cannell' 1973¡

Cannell and Finney, 1973). Less favourable soil physical state as a

result of zero tillage was found to produce a very low dry matter yield

(!ùedd, Lg75). floh¡ever, it is emphasised that there is no direct

relationship established between soil structural properties and yield of

crop. Change in crop yield could not be evidently as;socj.ated with

change in soil structure alone since a number of other: ch¿nica-l and

biological factors all interact to determine crop yield.

Conclusions have been arrivecl at on the ultimate effect of

zero tillage on the yield of crops. There appear to be no strong

scientifj.c backing for the practise of. zero tillage. However, one

work (Cannell and Finney, Lg73) concludecl that zero tillage adversely
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affected soil structure and seedling establishment but these effects

might not reduce final yield considerab]-y. But culpin (r97I)

recorded that in England direct dri-lIing was unsatisfactory at all

farms where it was experimentally practised. Experiments confirmed.

a belief that 'reduced tillage' as opposed to 'zeTo ti11a9e' is a

sensible objective. Although zero tillage which saves tíme is gaining

popularity with çlrowers, the soil scientist has remained dubious and

unimpressed about its long term effects on the structure and physical-

properties of soil. Experience gained so far (Baeumer, 1970) d'oes

not justify the recommendation to use direct drilling in general

practise and especially for more demanding crops and less well drained

soils (Soane and Pidgeon, 1975) -

2.6.3 Conventional tifla ge and deep tillaqe

It is generally accepted by agronomists and soil scientists

that conventional t]æes of soil preparation comprising nrultiple passes

of different implements should be discouraged. The main reasons are

because it causes the formation of a compacted plough pan' it

increases soil water erosion, and. it is uneconomical in terms of timet

labour, and money (Green and McCullough, I974¡ Stonebridge, 1975).

In addition, continuous tillage has been associated lvith reduction in

the level of soil organic matter (Page and Vüitlard, 1946¡ Rovira

and Greacen, Ig57), and reduction in aggregate stability (Mil1er, 1919;

Dorman, 1933; Jenny, 1933; Retzer and RusseII, L94L¡ Law and Evans,

L949: Cook et al., 1953; Spencer and Stirling, L962) '

since about twenty years açJo, investigators have come up with

ideas supporting deep (up to 60 cm depth) tillage or deep ploughing.

In the long run, continuous deep tillage will cause those problems that

have been associ.ated with conventional tillaqe. Therefore, iLs practisr.

could only be ¿rdvocated for remedial purposes against the presence cf

compacted subsurface laYers.
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Nevertheless, improvect soil physical properties and crop

yield have been attributed to a deep tillage. The irrpror,'erd physic:itl

properties included decreasing density and increased permeability

up to 30-45 cm depth (Mallick ancl Nagarajarao,IgT2; Gidnavar et aJ .,

1973), and increased water capacity by 8-L2Z (Kunze, 1963) . Variab]e

hreather conditions in different agricultùral districts of l{ungary

(Egerszegi, 1963) especially frequent drought, justified attempts to raise

water storage considerably by deep tíllage. Chiselling and other deep

ploughing operations significantly increased the yield of maize, wheat'

rice, oats, rye and most cereals on rainfed soils (Satinski, L959¡

Toshio et a7., 1959; Drezgic and Jevtic, 1963; Mukhortov, 1964¡

Moolani and Hukkheri, 1965; Simeonov, 1966). The yietd increases

were attributed to favourable physical propertíes (Burov et a7.,

1973) and increased root growth (Singh et al ., I97I). Ho\^¡ever' lack

of yietd response to deep tillage was recordeC on soils al::eady in good

physical state (Anderson et af., 1958; I(han, f958). Tmproved soil

physical properties and yields due to deep tillage v¡ere observed to

last several years (Buornett and Tackett, 1958; Galeva and Dilkova'

1968) .

ploughing should be discouraged on clay and heavy soils because

sqbsurface soils that wilt be brought to the surface will not break

easily into small fragrnents important for seedling performance even with

secolldary tiltage" Cooke and I{illiams (1971) at Rothamsted reported

their experiences with Sa>,snundham scil on which d.eep furrow slices brotigÏrt

to the surface by deep ploughing to 25 cm could not be broken down into

small clods ancl aggregates by weathering during cold winters.

Minimum surface tillage has always been the rule. fn semi-arid

South Arrstralia, farmers till only to about 7 cm depth. Even for initial

breaking up of land they use scarj-f ier-type jmplements (We.bber ct a7. ,

1.9'76) in tillage for weed control, and development of a good seedbed

is usually carried. out with a scarifier or even a cornbine drill.
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Exception to the rule of minimum surface tillage in form of deep

tillage or ploughing has always been advocâted for soils in which the

subsurface compacted layers restrict root growth and also for soils

which are suscepti.ble to flooding. Tn the latter: case, ntore water

will be conserved.. Burnett and Hauser .(1967) who reviev¡ed the

plìenomenon of deep tillage in relation to soil, pla¡t and water

relationships suggested that physical chanqes in the soil profile

cr:eated by cleep ti]lage wilt only be long-lastirrg if the sÓil is fine

textured throughout the pr:ofile and if the dense or fj-ne textured

zone in the Profile is genetic.

2.6.4 The need for min-imum tillaqe

seedbed preparation is inevitable in the process of crop

establishment, therefore minor tillage will always be part of crop

husbandry. Seed broadcasting has been found (Russell and Mehta,

1g3g; Hunt et a_l., 1963; Watkins and vickery, 1965) to be inferior

to hand sowing. There are many other sources of information availabl-e

(Stonebridge, 1975) to show that the performance of seedlings established

in prepar:ed beds is better than the performance of seedlings established

in untilled soil. The problems involved in sowing, harvesting' and

crop managernent have (Poesse and Perdok, I97O) made it less likely that

tillage woul-d be abandoned.

In ordinary situations, conventional and multiple tillage

has been discouraged in the light of scientific findings about the need

to use minírnum or reduced tillage practises in crop establi-shment'

Depend-ing on climate, resources, type of crop, and soil type' there are

different forms of reduced tillage. It varies from the simplest row

seedling in which the seed management zone is on1-y prepared, to others

such as shallow sca.r:ifier tillage' one-pass tillage, Lillage-spray

drilling and strip i"."1:cessing. The major points in favour of reduced

tillage are stated l¡r:low.



59.

It is indicated (Brown, 19'15; Hutchings ancl Hinks, L975i

Stonebridge, 1975) that the increasing cost of fuet and labour will

induce movement towards f e¡ver and milder tilt.age. In t-erms of fuel. an,l

cost, reduced tillage was found to be more efficient than other systems

of tillage. Operations in conventional ploughing would cost 2.26

-'tGJha ' in Australia, and for direct drj-Iling, harrowing, and spraying

the cost would be t.O2 C.lha-I, though the assessment was critical

(Green and McCullouch , L974). If herbicides are to be an integral

part of crop establishment practise in reduced Èillage systems' the

cost of herbicÍdes wilt be a vital factor in the degree of acceptance

of the systems (Stonebridge, 1975). Therefore (l{el]s and Reeves, 1975) ,

in the context of enerqy and cost, reduced tillage without herbicides

may become a new conventional standard.

lrlith reduced tillage, the farmer will have more control over

the timing of operations, and there witt be more time for leisure and

other activities. Thi.s point should have been better argued for zeto

tiltage, but for soil problems associated with its practise. Howe-ver,

exceptions may be found \^¡here the soils are higher in organic matter

and lighter in texture (Jones et a7., 1969¡ Shear and Moschler' 1969¡

McCalla et al-., L962).

Vùith minimum tillage. there will be less damaqing effect on the

soil, soil water storage wíll be increased, the degree of soil erosion

will be reduced, and soil preparation under wet conditions will be

encouraged. These improved soil properties have been attributed to

larger aggregate size (Page et al-. I L946) and decreased compaction

(Free, 1960). As shown by aggregation data (swanson an<1 Jacobson,

1957), soil structure was deteriorated least where some weeds r¡Iere

allowed to gro\^r, or witTr one till.age operatÍon rather than three.

Due to increased infiltration (Meyer and Manneti-ng, 1961), pondinq of

\^¡ater will be reduced by milcl tillage (van Duin, 1955). Tillage l-ools
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Çan be used to create various surface microreliefs to aid in the rnanagement

of water (Larson, 1963 , 1964). The potential- amount of water that

can be temporarily stored in the surface micro-depressions of tilled

soil is termed tdepressì.on storaget. Increased porositlt, clue to

loosening of a soil by titlage, acts as a reservoir for temporary

storage of water durinq intense rain. According to Larson, reduced

tillage methods, if on the contour, probably have a potential storage

for a 5.0 to 7.5 cm rai-n in the micro-depressio¡s. A smooth soil

surface such as is prepared by conventional tillage practise can

store less than 2.5 cm of water. Farrn activíties such as seeö.ing,

fertilizer application, thinning, harvesting, major tillaEe and tillage

for special purposes are usually destructive of the porosity already

created. The researcher needs to seek ways of omitting unnecessary

tillage (ivloens , Lg63) and of combining operations so as to reduce the

number of trips over a field (Blake' 1963).

Argument is stronger in favour of optimum release of

mineralized nitrogen und.er mild tillage than under either zero of

conventional tillage (Well-s, I9l5) .

Minor surface tillage coupled with some herbicide treatment if

necessary will counter staggered germination pattern and preservation

of weed seed more than the use of herbicides alone (Stonebridge, 1975).

The opportunities whích herbicides provide for modifying tillage systems

are be5-ng rapidly exploited. It was estjmated (Cannell and Finney'

1973) that i¡ the United Kingdom there were aborit 400'000 ha of cereals

grown fol,Iowing some form of modif ied or reduced tíllage. Direr:t

drilling as such, was used only for a smaLl area of crops in the United

Kingdom but increased to 55rOOO ha, of which about one-third was cereals.

Minimum tillaqe requires fess skill than zero or conventional tillage

(Hutchings and trinks, Lg75) and its yields are usually the highest

(Bl-ake and Aldrich, 1955; Wedd, 1975). Minimum ti-Ilage lras accepted
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readily by far^rners in Japan but more slowly in tropical Àsian

rice-growing countries despite excellent technical results obta:Lned

in field trials (Brown ancl Quantrill' 1973).

Research reports mostly favour the practise of mini:num tilJ-age

rather than zero or conventional tillage when all the systems were

examined on the basis of soil , and crop propert-ies. However, t-here

will be exceptional needs for the use of zero tillage and conventional

tillage. !-or example, grass- and weed-killing chernicals are often

useful in areas of rolling topography where the preparation of a seedbed

by ploughing the land could result -in serious loss of soil during

heavy rains before the crop canopy has become established (Bear' 1965).

Some tuberous ancl tap-rooted crops will need deep-tilled soil for better

performance and Yield.

2.6.5 Summê42

Most research studies into tillage practises $¡ere carried out

under temperate conditions. Tillage is inevitable especially in

seasonal crop production. Minimum or reduced forms of tillaqe are

ideal for soil management and crop establishment and increased yield-

Major points against zero tillage are its adverse effects on soil

structure and physical properties and seedling performance. The major

criticisms of the conventional multiple tillage are based on soil

compaction, high cost and soil erosion irazard.

In most of the tropics, the ccncl,usion is on the use of

medial technology. The major factors of cost, high rainfall, rugged

topography, smal-l farm holdings, and unemployment are against the use

of big farm machines and implements. Presently, the move is towards

the design of small, Iight and powered farm tools in NiEeria, for exampJ-e'

The pfoducts of this effort will certainly improve the effj-ciencl' and

output of farmers each of whom usually has farm holdings less than 3 h.r

in one location. Experience at the International Institute of Tropical
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Agriculture (I.T.T.A.) in Nigeria (LaI, L976) has shown that tillage

which causes minimal soil exposure and leave crop resiclue on the soil

surface will maintain required high level of infiltration by preventing

rainfal.I soíl slaking which characterises conventional tillage i.nvolving

soil inversion.

However, there are various forms of reduced tillage from row

tillage and strip processing to single pass scarifier tillage and some

use of herbícide. The form of reduced tillage will depend on clímate

especially as determined by rainfall, topography, soil type. type of

crop, economic feasibility, and farm size. Any method that provides

a good seedbed in the row and promotes ge=nination will produce yields

equal to those of conventional ptanting. One can only conclude in

principle on the need for minimum tillage rather than the mode of operation.

2.7 Tillage Implements

Common tillage implernents are the mouldboard and disc ploughs'

rotary implements, and tine cultivators.

The designs of tillage implements or tools were mainly evolved

by trial and error on the part of the manufacÈurers and developers.

Researchers have been attempting only to explain the functions and

purposes of d.esigns. This is because the explanation of the workinq

of farnr tools is complicated and unresofved. Nichols and Kummer (L932),

Nichols and Doner (1934) and Nichols and Reed (1934) gave compressed

analysès of mouldboard design and the dynamic soil mechanical properties.

The operations of mouldboard plough, rotary implements, and oscillating

tools \^/ere discussed by Soane (1973), while O'Callaghan and Farrelly

(1964) discussed the mechanics of simple tines.
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2.1 .L Tine cultivators

shal.Iow tine cul.tivato::s (5-10 cm) provide sufficient l-oose

soi-l for the use of stanclard dritls for cereals and if the subs<.¡il is

freely drained no further tillage (for lancl preparation) is required

(lfoffatt--, L7TO; EIIiot and Pollard, 1974).

Compticated analyses of tillage implements could be approached

through a study of tools such as a simple narrov/ tine. Ït was

hlpothesi,sed (O'Callaghan an<l Farrell-rz, 1964) lhat the cleavage mechanism

of a soil acted upon by a flat line is a combination of two types of

plane strain which are vertical plane shearing, or upheaval' and horizontal

plane shearing or soil being pushed asid'e

Figure 1 shows succession of shearing planes in front of a

moving tine. Shearing occurs when the shearing sÈress imposed by the

moving tine equals the shearing strength of the soil between the tine

and the surface. À shearing plane will occur along the surface where

minimum d.raught force for tine movement occurs. The shape of the

detached soil block (Figure 2) is crescent-like, although there will

be some secondary shearing planes within the detached soil. The

detached block is simultaneously raised and pushed forward by the moving

tine. In the process, it is fragrnented into small pieces, sorting of

crumbs occurs in its front, and their mixing occlirs at the rear. I'he

tine is known for its property to sort small sojl crumb¡; to the bottom of

the tilled layer and large crumbs to the top of the tilled soil.

The distance between successive shear planes depends on the compressibility

of soil and thus its texture and. water content. According to Dexter

(1973), in a soil of low compressibility the shear planes would be closely

togethero whereas in a soil of high compressibility, considerable tine

movement can occur before a shear failure condition is attained' and the

shear planes rvould be corresporrdingl.y further apart. The angle of the

shear plane is given bY
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ß i,1T

4
(14)

where Ø is the angle of soil inte::na1 friction.

The angle between the furrow floor a-nd the rear of the tine

(Figure 2) which is the rake angle (a) was related to the forces acting

on the tine and the shapes of the failure surfaces producecl by Payne

and Tanner (1959). They found that there is no net vertical force

acting when a = ], and that tines develop a net downwards force for
4'

o . ä and a net up\,rards force fcr a > '|. rf s is decreased at a

constant working depth 1,, the length of the crescent soil shape in

the direction of motion j-s increased, whereas increasing o shortened it.

Vertical upheaval is descriptive of the mechanism extending

from soil surface to a depth where the ratio of tool depth to tool width

equals 0.6. Below this depth, a transition zone exists and the cleavage

mechanism is not well defined until the ratio approaches 1.0 and then the

tool becomes deep working. At this poínt a soil wedqe (Figure 1)

is formed on the surface of the tool point which moves upward to the

sul:face and is replenished from the furrow bottom. A soil core laminates

the start of the wedge and the soil furrow. A soil- bin investigation

(Coltins and Lalor, 1973) of a deep vrorking tillage tool was perfc,rmed-

For a simple wide tine, the force (p) acting on the facc befcre a shear

plane d.evelops is

2cpktan ,i . L) 2 (ls)P + pgz1.-all- +

where Cpk is peak soil cohesion, p is soil density, g is acceleration of

grav_i_ty, z ì_s depth of rcperation, and, þ is the angle of internat soil

friction.

various forms of tine include the tail chisel plough' and

the scarifier. The larc-¡est width of a tine may vary from 65 mm for

a naïro\^t t-ine to 2OO mm for a wide tine, ancl tlre length may vary from

9
'tT

4
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95 mm to 2OO mm for all. types of tine-

2.7 .2 Blguqh-jryie*9n!!-

Most of the in'¡estigations that- have been done on ploughs

to investígate their operation \^tere on the mouldboard plouglt. The

mechanical functions of the plough consist of cutting Ioose, granulation,

and inversion of the furrow slice. The loosening of the soil surface

is achieved by the breaking loose and inversion of furrow slice. The

cutting loose of a furrow sl-ice takes place at the edge and shin of the

plough share, granulation occurs throughout the centre of the mouldboard

although a considerable part of the granulating action may take place

at the front portion of the pJ-ough surface. Lifting and inversion of the

slíce take place throughout the lengtii of the mouldboard.

The traditional. moulctboard shapes are not successful at hj-gh

speeds because of the high draught and the poor furrow slice inversion.

Therefore, research has been stímulated (Soane ' 1973) to modify the

plough for use at high speeds. By so doing. Iabour cost will be

reduced due to reduction in required ma.n-hours and it will be possible

to plough a greater farm size at optimum soil water conditions.

The shape of the mouldboard tool- r¡aries from helicoid to semi-

helical (White, 1918) and the plough bodies in current use function

satisfactorily (Soane, Lg73) up to L.g-2.2 m.sec I. Another advantage

of ploughing at higher speeds is that the tractive efficiency of wheel

tractors is increased, leading to reduction in the severity of soíl

compaction. A rotling disc coulter is often used with a mouldboard

to prevent trash from collecting ahead of it.

white (1918) performed a. stud.y of the forms of mouldboard

bottoms, analysed the motion of the soil particles as they pass over

its surface, and performed a mathematical analysis of the most important

hístorical plough bottoms which were desígned to be geomet-rically exact.
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The disc plough is used to advantage for soils that will- not

scour properly on moufdboar:ds or for f-ì-ne textured soils when being

ploughecl in a verY drY state.

2.7 .3 B9!aEY_:-mPleme$g-

Direct application of pov,Ter to cause rotation of cutting blades

for soil Èitlage has been used since 1856 (Soane, 1973\ .

The commonly used rotary cultivator consists of a multiple

and segmented helix of truncatecl cone shape turning on a horizontal axis.

The rotary j-mplement is powered from the tractor power take-off. The

rotary cultivator is useful for shallow primary tillage.

Rotary cultivators are known to cause a higher deqree of soil

fragnentation and more fine looking tilth than other inplements" Melikov

et aj. (Lg67) in Russia found that for their rotary cui-tivat.or, unlike

the conventional plough, the d.egree of crurnbling did not decrease with

increasing forward speed and that the finer material was concentrated

at the bottom of the tilled laYer.

The draught requirement for: operating a rotary cultivator is

lower by l7-33e" compared with that for operating a plough implement-

However, the total power requirement for a rotary cultivator has been

shown to be 20? higher than that of the conventional plough.

The rotary cultivator is increasingly being used especially

in Japan for prirnary tillage. This is due to the need to eliminate large

clods with minimum passes of implements. However, it is known that the

rotary cultivator has lower forward speed, higher purchasing price, and

higher ntaíntaining cost than most other implements-

The width of most cultivators is smaller than the outside width

of tractor tyres (Soane, L973). Hov¡ever, wibh increasing tractor horse-

power wider cult-ivators are being use<1 especial-ly in Japan and Britain.

To utilise the forward tractive force generated b1' forward rotating

blades, Soane indicated the possibility of fixing permanent tines at the
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front or back of the rotary cultj-vator to break up any compactecl

Iayer

2.4 Soil Stmctures Prod.rrced bv Tiflaqe Tmplements

fnformat-ion is rare concerning the structures produced by

tillage with different implements. The soil structure produced by a

tillage inplement depends on the soil texture and 'dater content.

Another problem ís the method of evaluating the soil structure prod.uced

by an implement. Until recently, the tilled soil v¡as disturbed for its

structure to be assessed.

The use of a mourdboar:d piough has always been associated

with the production of large soil clo<ls. A mouldboard was found. to

produce more large clods and non-erodable crumbs (> 0.84 mm) than a

dJ-sc ptough (Gi1l. and McCreey, 1960; Siddoway, 1963) or a subsurface

sweep (l,yles and Woodruff, L962) " The soil fraction under the disc

plough was observed (Bhushan and Ghildya1, L912) to contain smalfer clods

than that under the mouldboard pJ-ough, and this was attributed to the

abrupÈ curvature of the mouldboards compared with the gradrral curvature

of the plough discs

The radius of curvature of a tillage tool and its size have

been related with cl-od sj-ze distribu'l-ion. Ìn field experiments on a

lateritjc san,J.y loam soil at three water contents from 5.6 to 9.22,

seven ptoughs were tested with radii of curvature of their mouldboards

from 10.14 to 15.7 cm. The mean clod size v¡as larger and the bulk

density was less after ptoughing with the larger ¡'.Lculcibcald radii

(Bhushan and Ghilyal, I97L, 1.972) ' It r¡¡as al-so observed (Gil] and

McCreey, 1960) that clod mean weight diame'ber increased. as the siøe

of plough was increased.

It has often been stated that rotary cultivators procluced

more soil comminution than other tillage j.mplements (Russell ancl Mehta'
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l'g3'; page and vrilr-ard , rg46¡ Gir-r and Mccreey, r-g60; Boose a'ld Kunze,
r97L¡ soane and p'idgeon, 1975)- However, there is no evi-dence that
the rotary cultivator produces more small aggregates tha' ar_r_ other
tillage implements, ali:hough it procì.uces a more fine looking tirth rvith
l-ower proportion of large clods. A roto_ti1ler \^¡as a.l_so f<,,und
(Feverlein, rg5') more suitable than a pl0ugh wrren a good mixing of
organic matter with soil was intended.

rt wifl be expectecl that the possible depths of tifrtrge will
vary between tir-r-age implements' Reddy and Dakshinamurti (1971)
ass'gned depths of 10, ro, 25, and 45 cm for rndian desi p10ug^, d_i_sc
pJ-ough' moufdboard pl0ugh, and deep chiser pl0ugh, respectively.

Difference in soir structure produced by different tillage
ìmprements r¡/as connected (Moffátt, 1971) with difference in crop yields
on the soils tilled with different implements.

Differences in Èhe size and shape of tillage tools produce
differences in structures of tilÌed soils. Evidence point-s to a
g'reater predominance of large aggregates in tir-th prod.uced by a mour_dboard
pl0ugh compared with tilths produced by other tillage tools.

2.9 Soil S tructu re and Water and Meteoro l-oq ical Factors
A discussion on soil water is hardly possible without reference

to evaporation as the main avenue for water ross in bare so-il. soir
structure when related to water content wil_l focus mainly on aggregate
or pore size distribution and its interaction with major meteoror_ogicar
factors in the determination of water evaporation. A brief discussion
of measurement of evaporation was found ltecessary.

2.9.I Soil structure and ev ation
Evaporation of soil water after wetting has been categori.sed into

three stages (Lemon, 1956; Deacon et aJ., I95g; Willis,
Amemiya, 1965; Hadas and HiIIet, 1972¡ Hil.lel_ and Hadas,

l-960¡

I972¡ Arias
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and l,4illar, 791 3; Hanl<s ancl Gardner, 1965; Hadas, L915). The first

stage is controlled by rneteorological con<litions and lasts as long as

the soif profile supplies water to ttre evaporating surface at a rate

satisfying the evaporative potential. As the profile dries out,

water cannot be supplied any lonqer at the poter-rtial evaporation rate

and the second stage commences during which evaporation falls rapidly.

When evaporation reaches a low and fairl-y constant rate, a thj-rd stage

can be clistingu-ished. ln the last two stages, evaporation is ccntrolled

by soil's hydraulic properties as determíned by soil structure.

Evaporation ¡nust be recoginized as a water transpor:l- process that can be

significantly affected by the structure of i.he i1illed layer, the

associated stratification, and the transport process of the substratu¡t

(Allmaras, ]-967).

In tilled and untilled soils there is a top dry layer for

evaporation retardation (Cal] and Sewell, I9L7¡ Veihmeyer, 1927¡

Shav.z, 1929¡ Kolesnic, L948; Burov, 1962¡ Al-l-maras ' 1967; Kuipers,

I97O¡ Heinone¡, 7g7L; Hadas, 1975). The rate of approach to steady

state evaporation by drying and establishment of the top dry zone on

the soil surface is strongly influenced, by soil tilth (Ho]mes et af. '

1960). If the soil is coarse textured as for a tilled soil, the

rate of evaporation is increased, and the surface mrrlch (dry l-ayer)

is more rapidly created than if the surface soil is fine textured.

Cumulative evaporation will diminish as the depth of the top la1'er

increases (I{anks and Gardner, 1965). Hordever, it is evident (Hanks and

Woodruff, 1958) that the influence of depth of dry soil surface barrier

on v/ater vapour movement increases greatly for the first 2.5 cm, and

then dininishes in effect.

Tillage-produced mulches reduce evaporation loss provided

tillage is performecl prior to the introduction of water into the soil

by rain or irri-gation (Haclas, 1975). In Northern Nj-geria (I.4.R., 1976)
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d.isc ploughing at the end of the rains was recorded to be more effec'Live

than herbicide treatment in the conservation of prof-ile water.

T'he efficiency of surface mulches has Ìong l¡een of i.nterest.

to researchers. The arnount of water retained in a soil- wi-th srrr:f ace

mulch rarely exceeds 3-30e" of the rainfall in the prev-ious fallov¿ perìod

(Evarrs and Lemon, 1957; French, 7966; Schuftz, L971.). The possibil.ity

of values as low as -20% was indicated (Fawcett, 1976). llowever,

experience fron the wheat land of the Great Plains (I4atthews and Army,

1960) inclicated that the arnourrt of rvater st--orerl during the fallovr period

is related to the initial amount of water: content and the precipitation

duríng the fallow.

The depth of water table has been considere<1 to be very ì-mportant

in determining the efficiency of snrface mulches on an untilled soil.

When the soil mulch was effective, the \^rater t.rble was rel-atively cl-ose

to the surface; while in cases where it was ineffective, the ground water

was far below the soíl- surface (Shaw. L929). It was concluded (Hilgard'

1906; Shaw and Smith, L927 ¡ Shaw, 1929) that the maximum capillary rise

for loams and soils with greatest water lifting power was not over 300 cm.

This ímplies that if the water table goes beyond 300 cm in the soi.J-'

the surface mulch will be inefficient.

The efficacies of self mulching and mulching by soil tilfage

in t-he consertzation of soil water can be diffenentiated. Self

mulching connotes the natural dryirrg of soil surface Jayer t-o a friable

state with f::actures and cracks. The efficacy of mulching due to

surface tillage lies in its obstruction to the upward capillary movement

of water from the subsoif . Whereas for the untilled soil -in the l-ast

phase of evaporation, the fact that the upward m.ovement of soil" water

could not sat-isfy the evaporation potential accounts for the presence of

dry surface mulch, in which case the soil v¿ater table should have faflen

clrasticalJ-y. The factor of depth of water table j.ndicated by Sharv
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witl not be significant in dete::rnining the efficiency of an artificia-I

mulch. It was suggested by Penman (I94I) that dry soil surface due to

Summer sunshi-ne wil-1 ha.¿e little effect on water conservation.

The quality of tit-lage as it affects the degree of pulverÍsatior-r'

the clod s|ze, and the porosity of the tilled layer determines \'Íater

Ioss from a tilted soil. Coarse tillage leaves large cavities into which

air could penetrate to increase vapour flow (FarteIL et af.,1966;

Hillel, Lg12; Ritchie and Aclams, L974). Fine tillage may result

everrtu.rlly in a coirrpact surface that will- defeat the aj.m of reducing

water diffusivity (Jacks et af., 1955; Wi1lis, 1960).

For the until-l-ed soif, the presence of a fine textu:ced soil

overlying a coarse textured soil increases evaporative loss (Fiad.as and

Hillel , Lg72) for a given water table less than 28 cm (Wiltis ' 1960) .

If the sequence of layers is coarse textured soil overlying a fine

tectured one, the evaporative loss will- be markedly reduced.

An optimum aggregate size for water conservatiou, which will

possibly lead to tillage recommendation against excess evaporation,

has been p::oposed. But field rvork needs to be carried out for soil-

types and rainfall patterns. Suggested optimum aggregate size ranges

from 0.25 to 5 mm (Burov, L954, 1962¡ Heirronen, I97I¡ Hillel and Hadas,

L972¡ Hadas , Ig75). Resufts frorn a wincl tunnel experiment (Holmes

et aI., 1960) suggested optimun aggregate size of 2.5 mm fo:: soil water

conservation against- evaporation-

2.9.2 Measure¡nent o f soil watel: evaporation

2.9.2.I J.ueteoro ical a roach

pen¡ran (1948) did pì-oneering hrork on the empirical use of

meteol:ol-ogical data for measuring evaporaticrn, Equations were used

to slnnbolise the fact that evaporation is determinecr by wind movement

and solar: energy rvhen water: is not limj-ting as in a tnoisÈened ba¡:e

sut:face, and exposed water surface. Combining the effect of both wind
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a¡d solar energy balance, a coÌìposite equation was obtained as

(mm) (HA + ynu)/ (Â + y), n day-1 (16)

where A is de and e is the saturated. water vapour pressure
a a

at air temperature,Ta. H is the neÈ energy availabfe at the so|l

surface and y is the wet and dry buld hydrometer corrstant (0.66 mbar

-lK *).

Àpart from the limitation in the area of use of this

empirical approach, there are still considerabte difficulties in

measuring some of the terms, although Penman (1956) reported that

progress has been made in the use of meteorological data.

Further breakdown of Penman's approach is sometimes employed

to evaluate evaporation using meteorological data. Thornwaite (cited

by Baver, 196I) suggested the equation

E (17)

where E j.s the evaporation (nun), åT t" the gradient of water

concentration (relative humidity) between the surface of evaporation

and the air, and A is the coefficient of wind conductivity. This

equation is based on the fact that any meteorological effect that

tends to increase the vapour pressure gradient (as the v¡ind) from

the soil will. increase evaporation. Since temperature (due to solar

radiation) is fundamental to evaporation, evaporation is related to

the heat index (I) by

e = 1.6(1otl:i)4, (18)

Eo

r9sr
cLz

A
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where e is monthly evaporation, t is mean rnonthl.y temperature (oC),

and I is obtained from summa'E.ion of monthly values of i when

I ( 1e)

2.9.2.2 conservation of water mass

A theory enabling evaporation frorn the soil to be calculated

from measured water content and tenperature profiles provided physícal

properties are also obtained was proposed by Rose (1968). The approach

of penman for the prediction of evaporation from open water surfaces

using meteorol-ogical data is inapplicable when evaporation is limited

by water transport- in the soj"I (Stanhill' 1965) -

A volume of soil delímited at top by soil surface and at the

base by a horizontal surface at depth z wete considered. It was

assumed that the gradient in the total potential rf of soil water in the

directiorr z is positive at every point in the soil. The application

of principle of mass conservation of water to this volume of soil over

a period of time from ti to t2 (sec) yields

tþ r'sra 
r

t
r

ri
- (AM) oz + (L/P) (ql,+qv) dt (cm)

2

<E> (12-ti) (2ol

. -1.<E> (cmsec -) is mean evaporation rate from soil over time ínterval

(t2-ti) sec, (Al¡)oz is increase in water storage for depth interval o

to z over the time interval, I is density of water (g.*-3), q.0 is liquid

flux density, qv is flux density of water vapour at- depth z (upwards

-2 -I.positive) (gm -sec *).

Rose discussed the further breakdcwn of the above equation.

ft is an empÍrica1 approach based on change in soil water content

brought about by liquid water and water vapcur movement-
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2.9.2.3 Change in soil water content

The change in soil water content within a t-ime interval

is the easiest and commonly used ¡nethod for assessing water evaporation.

It involves determination of soil water content on depth basis. Water

content on depth basis (Vüd) is

wd=#,(2L)

where Vùd is expressed in an equivalent depth (mm) of water that is

equal to the amount of water in a soil of thickness d (run). The

volumetric water content, g, is given by

e
wDb (22)

p

where w is gravimeÈric wate:: content, Db is soil bulk density, and

p is density of water.

The necessity to determine bulk density will make the

method of tracing soil water content change unsuitabl-e for a freshly

tilled soil. In some cases, volumetric water content change aloi:e is

used for estimating evaporation from untilLed soil.

2.9.2.4 Evaporation pan

Potential- evaporatiorr over an area is often determined by

the measurement of volumetric water loss from an evaporation pan usually

situated in a meteordogical station. When ít rains, the amount of rain

water is subtracted from the net evaporation for a time period. The

water in the evaporation pan is brought back to a particular level at

specific times, and the volume changes are recorded for the start of

another interval of measurement.

The limitation of this practical method is that it only measures

water loss from a free water surface. However, it could be used to

assess water loss from soil if a correction factor could be found for an

area.

,

f-
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2.9.3 Relative jmportance of meteordoqical facto::s in evaporation

In an attempt to clevelop means of controlling soif water

evaporation, researchers have been concer:ned with what meteorological

factor nrostly dr:termines evaporation rate. The tv;o major factors of

evaporation are insolation (sometìmes represented by air temperature) '

and v¡ind intensity. There i.s divergence of opinions on the relative

importance of these two meteorological factors of evaporation.

SoiI v¡ater content profiles measured as a function of time (Hanks

et af., 1967) showed that cumulative evaporation was greater for a

wind treatment than for artificially radiated treatment for a silt loarn,

and the reverse was the case for a Joamy sa-nd.

The shelter effects of a rvindbre¿:l: when r¿rcliation was larger or

small was compared in rel-ation to wind condition (Skidmore and Hagen'

1973). lVhen radiation dominated, a windbreak influenced evaporation

only slightly. Earlier, it was indicated (skidmore et a7., 1959)

that the relative importance of radiation-dominant or wind-dominant

evaporation varj-ed dailY.

A granh was presented (IIadas, 1975) to compare the effects

of wind, and ísothermal and íntermittent radiation in evaporation-

Throuqhout a 3O-dav period, cumulatii¡e evanorat-ion was cont-i.nuouslrz hj-oher

i-n the wind treatments than others.

The comparison of the cumulative drying undei: an ambient pressur:e

with dryinq under aluminium foif (Cary, L967) suggested that controlling

the water vapour diffusion coefficient was more effective in redr.rci.ng

evaporation than controlling the exchange of ra<liation errergy with

the soil's surface when the soil was warnr and the air al:ove was clry.

On the other hand, when the vapour pressure in the air above the soil

had some fixed minimum value, there was a transi.t.ion point where

screening of the soil was a more impor:tant factor in cont:rolling

evaporation than reduction j-n the vapour <liffusion c<¡efficient of the soj.l.
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The relative importance of insolation and wind intensity

in evaporatiori va::ies from time to time and appears to depend on

anbient vapour pressur:e. It is believecL that t-he effects of t-.hese

factors cannot be easily separated because they are dependent on

each other to a great extent. For e><anple, the wincl carries some

heat energy (Rosenberg, 1969). However, wind-dominalt and energy-

dominant evaporation could be distinguished.

2.9.4 Summary

Evaporation is divided into three phases depending on the rate

of water 1oss" The tast two phases when the rate of v.Tater loss falls

below evaporation potential are infl-uenced by soil structure as it

affects soil hydraulic properties.

Soil surface mulches created by tillage conserr¡e soil t"t.t

especially if tillage is done before the rains, Hovüever' the efficiency.

of the surface mulch depends on the inj tiat soil water content and the

amount of rainfall.

coarse structured mulches increasle l.oss of soil water by

evaporation. The optimr¡m aggregate size for soil water conservation

varies between 0.25 to 5 mm.

The original Penmanrs empirical approach for estimating

evaporation from a moist surface is generally accepted to be cr¡mlcersome.

Another empirical method of assessing evaporation from depths rvithin

soí1 was developed by Rose (f968). There are other oversimplifiecl

empirical approaches based on wind and temperature intensities.

A practical. way of measur:'-ng evaporation from soil is to trace

changes in vol-umetric water content at a clepth of soil" Volumetric

water loss from an evaporation pan i s often used to measure potential

evaporation.

The effects of insol.ation and wind intensity in evaporati.on ca¡rnot
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be separated, birt energy-dorLiinant anci ',,¡ind-dominant evapora'bion conditio¡rs

do occur.

2. 10 Movemerrt of Wa'ter vapaur in Sio-Ll-

ft is relevant to discuss the process of wate:r vepour mc.¡t''ement

in soil since evaporation from soif Ìias been coirsirle:'ec. T'his rvill

afford a closer fook on how soil, temperature, and wind facto-rs

specifically influence wate-r loss from soil . Scientj.sts have beerr

concerned with investigating horv water vapour movement in the soil is

initiatefl, the mechanisms of water vapoull movement in soil, and the

soil physicat factors detenninj-ng the rate of vapour cliffusion. The

rnajor points generated by some of the previous investigations are put

into discussion below.

2.10.I Factors responsíbl-e for water vapour diffusion j.n soil

Soil water vapour moves along its concentration gradient.

The existence of the concentration gradient may be caused by gradients

in soil temperature, \^rater content, and suction; the last of these

may also be due to salt concentratiotr gradients.

AII other causes of wat-.er vapour.' cliffusj-on in soil- al-e less

important compared with the teinperature graclìent (Jones and Kohnke'

L952). For example, from saturation to wilting point (Ú = -1.5 bar)

relative vapour pressure (P/po) only very slightly drops (Baver, :..943¡

Kuzmak and Sereda, 1957¡ Rose, 1963b) from I to 0.98 (Mar;;hall, 1959).

Whereas vapour pressure (p) is tnore than triplecl when temperature changes

from 10 to 3Ooc (Marshall, 1959).

The usually high rate of \^rater vapour diffusion was incorrectly

based on diffusion along concentrat-i-on gradient and throrrqh soil

aeration pores alone. The vapour flux equation is based on these

premises. However, the flux equation has often failed to predict soil-

\Àrater vapour movement (Gurr et a-I ., 1952¡ Taylor and. Cavazza, 1954)
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because other. mechanisms influence the move¡nent of water vapour,

none of which is recognized by Fick's flux equation. Second1y, under

fieldconditionsrwind gustsand soil air mixing as a result of sinusoidal

atmospheric pressure h¡aves on the soil surfaces (Farrell et af., 1966)

form a factor that mostly determines the rate of water vapour diffusion

out of soil (Hanks and Vtoodruff, 1958).

Many other workers have pointed out the gross inaccuracy of

predicting water vapour movement on the basis of diffusion and aeration

porosity. Observed rates of diffusion were several times greater than

cal-culated rates. Measured to calòulated ratio of soil vapour diffusion

rose from 1.04 for a sandy loam to 1.38 for a silty loam (Rose, 1963b).

Data compiled by Philip and De Vries (1957) showed that the ratio of

observed vapour transfer to the predicted varied between 3.6-18.O, Woodside

and Kuzmak (1958) got 10, and 0.8-8 was got by Hadas (1968). The sìmple

theory of water vapour diffusion in porous media under temperature gradients

neglected the interaction of vapour, liquid' and solid phasesr. and the

differencebetween average temperature gradient in the air-filled pores

and that in the soil as a whole (Philip and De Vries ' L957).

2.TO.2 The mechani sms of water vapour movement in soil

Apart from mass diffusion, other mechanisms have been suggested

for the movement of water vapour in soil. These are mainly vapour

transfer, thermo-capillary movement, and liquid-assisted vapour transfer.

2.LO.2.L Vapour transfer

Rapid transfer of water when water vapour condenses on one side

and evaporates again on the other side of small liquid bodies in a porous

medium has been indicated (Philip and De Vries , 1957). Tt was indicated

that isolated rings of water could receive vapour and transfer it at the

same rate as received to the next pore. The water transferred on this

basis (Marshall, 1959) could be greater than by simple diffusion alone.
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Vapour novemetìt 4 or 5 tirnes t-he precìi.cted value was also add.ucecl

(Rollins et a7., 1954) to this process"

2.IO. 2. 2 Thermo-capillary novernent

Large mor¡ement of wa1-,er at lor,v wa'ter contents could lre due

to the effect of tenrperature orr the sur:face tension of water, the l-atter

which d.ecreases slightly with -increasing teniperature. The resultant

suction gradient as a result of local increase in tc:mperature could be

capable of moving water through the colder par:ts of soil (Marshall, 1959).

ft was also suggested (Smit-h, f943) that t-he mechanisnt of vapoul: transfer

in soil appeared to be capiJ.lary movement triggered by vapour cond.ensatiol'r

which caused increase in ambient temperature.

Thermo-capillary vapolrr movement is likely to be induced if the

size of the vapour filled capillar:ies is small, and if there are

numerous capillaries in so-ì-1 of the order of magnitude that this

phenomenon may be important (Taylor and Cavazza, 1954). Vapour flow

ttrrough carbolac was used as ar'ì evidence for viscous movement of

capillary condensate in a pl-ug with a mearr pore radius of 2OoA

(Carman, 1952).

2.IO.2.3 Liguid assisted vapour transfer

The process of therrno-capillary transfer of vapour may not be

totally separated from liquid assisted vapour transfer described- by Rose

(re63b) .

Before nÌass vapolrr transfer could occur in soilf vapour adsorption

by dry soil aggregates must occur. A cc.-u:plete mono-layer is adsorbed

on so-i-l at P/po = O.20 (Quirk, 1955), an<i ,-¡:ansfer under a potenti.al

gradient may then occLlr up to P,/po = 0.60 v¡hich is an arbitrary transition

point between adso::ption and capj-Ila:ry condensation (Rose, 1963b). It

was earlier shown (Brunauer et a.7. , f 93B) that adsorpti.on occurrecl from

P/po = 0.05-0.35 of the adsorbarte, and it was generalized (Orchist-on,

1953) that- adsorptj-on occurs at com¡:aratj-ve1y low rel-ai.ive pressures.
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When vapour adso.r:ptíon is cotnpleter the second sl-age j.s of

unimpeded vapour transfer when the v¡ater: vapour J¡ehaves like an

inert gas. Its molecules glide over t-he adsor:bed mol-ecular' -layers"

In the third stagc, the necks of the por:es rvill- contain J-iquid

water, with or without a thin film of siqnifi.cant- thícl<ness on the

wall of each pore.

If the former stage has any physical realil-y. the syst-ein is

permeable to v¿ater only by a process of distilfation in which the necks of

water act as short circuits for vapour movement. In a tiri.n uniform tube

of soil, the effect of introducing a quantity of r,rater could be to d.ec::ease

the path-length of vapour t-ransfer by a fractj-on equivafent to the

increase in water content and to increase transport constaut (Roser l-963).

2.LO.2:4 Tertiary mechanisms of vapour movement

Observed high rate of water vapour movement was al.so explained

in terms of couple diffusion (Henry, 1939; Vlhitaker et af", 1969).

Couple diffusion of water vapour and heat resulted in a higher diffusion

rate of v¡ater vapour and lower diffusion of heat (Henry, 1939) " The

coupl.ing between heat and water flux which was considerable betrveen

potentials of -0.1 and -15 bar, increased with temperature (Joshua and

De Jong, 1973).

A hard line cannot be drawn between the mechani-sms of surface

migration and molecular hopping suggested by de Boer (1953) as processes

by which water vapour is transferred.

2.IO.3 Empiri-cal analysis of water: vapour flow

2. 10. 3.1 Diffus ion and soif geo¡netry

Diffusion is the molecular transfer of gases by means of their

random thermal motion alone through porous media. Water vapolrr transfer:

is essentially non-isothennal- in soils, firstly because varyi¡g temperat-ure

gradients always exist, and secondly becarrse water vapour transfer in

general involves change of state at points in t-be process (Srniles , 19'77) .
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d.efined as that for ga.ses in 'tentis of the equation
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-1 ) is couventionallY

T t-p -D* ctrad çr (23)
p

-3
rvhere p is the density of liquid water (g.cm ) , p j.s rvater vapour

pressu]:e jn the soil air, and D* is the diffusion coeffj-cient of water

vapour :Ln the soit (.*2=u.-1) . D* depends on the diffusion coeffj.cient

of water vapouï in air, the air-fíÌfed porosity of the soil and soil

general geometry; with the additional complícation that enltanced vapour

transfer appears to occur as a result of spatially íntermittent liquid

phase transfer across j-solated regions of liquid water (Ross' 1963b).

A st-,udy of cliffusion rates through dj-fferent media (Blake and

'Page, 1958) showed that

0. 665 (24)

where Do is the diffusion coefficient of gas in.r.ir, anC S i.s the porosity

or avairabre cross-section area. A good approximation of f,] t."

suggested (Penman, 1940) as 0.7.

2.LO.3 .2 Soil- phys ical- factors and vapour diffusion

It is confirmed that porosity and pore tortuosity determine

\^rater vapour diffusion in soil sj.gnificantly. The earliest indication

seemed to have been given by Hannen (1892) that the sum of the cross-

section area of the effective pore volume was mostly affecting diffusion

in soils. It was proposed by Marshall (1959) that porosity was more

influenti¿rl than tortuosity ancl that the greater the porosity the greater

will be the chances of pore continuity. Th-is \^¡as expressed by

3/2 (2s)

Another view (Vüillie ancl Gardner (1948) cited l:y l4arsha-Il, 1959) was that

pore interconnections were more important than 'Lhe sj-nuous path in

D*
Do

D*
Do

e
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determj-ning flow and that tortuosity might be replaced by impedance.

However, tortuosity ¿¡¿ porosity were jointly conside::ecl

important by MiJ-lington (f958), thus

ô 4/3 (25)

As to the structure of the soil, it was generalized (De Vries,

1950) that a soil with aggregates of spherical- appearance will at the

same value of porosity show a greater diffusion rate l-tran the same

soil with prirrary particies uniformly <listrj.buted. The dependence of

gaseous díffus-ion on the shape of soil aggregates is given (currie,

L976) by

m (21)

where e is porosity, and m is a parameter representing granule shape or

'complexity factor'which is 1.5 for a sphere or > 1.5 for aII other

shapes approximately either prolate or oblate spheroids.

The ratio of diffusion coefficient of gases within soil aggregates

(oc) to d.iffusíon in air, Dc/Do, \^ras estimated at 0.025-0.156 for soils

with int::a-aggregate poros:'-ties in the range O.25-O.4I (Currie, 1965).

The measurement- of diffusíon in packed soil aggregates showed that inter-

aggregate pores contributed more per unit of their volume to diffusion

through the packing than do intra-aggregate pores (Cu::rie' 1961a). In

field soils, the inter-aggregate pores qenerally contain less water and

more air per unit of their volume than intra-aggregate pores (Currie'

1976).

The water-filled porosity of soil reduces effective porosity and

path of, vapour diffusion. When a liquid is includ.ed. in a porous solid'

the effective area for diffusive flow of a sparingJ.y soluble gas i-s

determined. by the nr:rnber of pores drained (Smiles , 1977). Then

2 4/3

D*
Do

e
D*
Do

2
D*
Do

n

m
(28)
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\,Jhere e is air-fil-Ied porosity, and m is nu¡nber of equal volume pore

size groups that make up the porosity when n of them are drained.

fn general, the diffusion of vapour through soils as expressed

O" 3å is dependent upon five variables which are the inter-aggregate

porosity, the individual shape factor of aggregate, intra-aggre-:gate

porosity, drained porosity, and diffusion coefficient of water vapour

in air. This depen,lency is often written (Smiles, 1917) as

Docte (2e)

For many situations, a=0.66, and Do (diffusion coefficient of gas -ri-n

air) is 1"89 x 1O-1, c is porosity factor allowing for the extra path

length, and e is aeration porosi.ty of soil.

2.10.3.3 Analogous equation

Equations based on that of liquid water flux were proposed

(Smiles, L977) to express the dependence of water vapour flux (V vap)

on gradient of totaf potential of soíl (û) and gradient of volumetric

water content (e). The vapour flux equation may take the form of

either

3 vtP = -Kr{'rgrad (30)

V vaP = -Kograd (3f¡

where K is water vapour diffusion consta¡rt in soil.

2.Lo.4 Eg*ge.y.

SoiJ- temperature gradient mostly causes \¡rater vapour diffusion

in soil. However, the rate of water vapour movement in soil cannot

be based on soil porosj-ty and molecular diffusi-on alone since other

factors such as soil surface wind gustiness and atmospheric pressure

fluctuations, and soil-vapour-liquid ínteractions significantly determine

the rate of water vapc,ur diffusion especially out of so-il .

Wind t-unnel- and field studies (as in the present research) have

shown that trrrbulent (H<¡lmes et a7., l-960), convective heat (Waddams,

D*-
Dc>
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L944) and water transfer arising from fluctuations j-n the :nacroscopic

veloc-ì-ty of soil (Farrelt et aL. , 1966) and atmospheric air sign:Lficantly

determine water evaporation out of soil.

The diffusion rate of water vapour in soil depends on íuter-aggregate

porosity, aggreqate porosity, drained porosity, the sphericity of soíI

aggregates, and the pore tortuosity and flov,' ímpedance" These depeudences

can be expressed by separate equations.

The mechanisms of water vapour movement in soil weJ.e suggested

as vapour flow, liquid assisted vapour transfer, and couple traltsfer.

2.IL Tillase and Soil Temperature

The rel-ationship'between soil structure produced by tiJ-lage ancl

soil temperature has received no considerable attention. In most cases'

general statements are made backed by no data. It is expected that

different soil structures produced by tillage will- effect d.ifferences in

heat movement in and out of the tilled soils and in the da.ily ranges

of temperature in the titled soils. Some research has pointed to the

effects of physical properties on soil thermal properties, and the effect

of surface microrelief due to tillage on soil temperature has been

investigated.

Many related soil physical properties influence soil temperature

but bul-k density, porosity, water content, and the presence or absence of

a surface mulch are the most likely to be affected by tillage and

structural char-rge (Spoor and Giles t 1973). Compact-ion influences the

heat conductivity of soil. However, there is usually the dominant effect

of r'tater rather than the indirect consequence of the clegree of cotnpaction

(Raney and Edminster, I96L; Nakshabandi and Kolmke, 1965). Rama, Moha and.

Raghavendra (1975) observed that fluctuation j-n soíf temperature wa-s more

affected by compaction in sandy than in clay soils. It was indicateci,

(Yadav and Saxena, L973) that compaction had no significant effect on

specific heat of soils.
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Tillaqe creates a surface mulch r,çhich reduces the heat flux

from the surface to the subsurface 1a1rs¡5. Soils in their natural

structure have a higher thermal conduc'l-ivity tha¡ when they are

broken up because many of the intim¿rte cont-acts betlr'een indi.vidu¿rl

particles are destroyed (Smith eincl B-yers,, 1938; Van Vüijk and Derksen,

1963; Larsen, 1963; Kc¡hnlle and Naksh¿bandi, L964). The amplitude

of the temperature wave is therefore greater at the surface of tilled

soil than that of the untilled soil (Van Vüijk, 1-963t Hay, L977) .

van Duin (1954) had indicatecl increased alnplitude of the daily

temperature wave near the surface of titled soil relat-ive to its

subsurface. The damping of daily and seasonal heat htaves by tillage

caused lower summer soil temperature in tilled soil compared with

untilLed soil (!rlest, Lg32). A¡rd the loose layer at the surface caused

by tillage had its heat diffusivity reduced to 0.17 of that of original

compact soil. Loosening a moist soil surface layer of 2 cm decreased

minimum soil temperature as observed in Australia by about IoC, ancl

decreased that of a dry surface by aborrt 3oC.

Decrease in heat conductivity j-nto and out of the tillecl layer:

by tillage is due to resultant increase -Ln the proportions of pores'

especially the macropores (Smith and Byers, 1938; Van V[ijk, L963¡

Van Wijk and Derksen, 1963¡ Hay, 1977)

Titlages like compaction affects specific thermal properties of

soi1. Loosening a soil decreases heat capacity (cal.cm-3 (oC)-1)

according to the relation (Van Duin, l-956)

Cb=O.46Xv+e(32)

vrhere Cb is average heat capacity of soil, Xv is the volume fraction of

solids, and 0 is the fraction of water. Thi.s equation irnplies that

tillage which decreases the volume fraction of solids will decrease the

heat capacity of soil.
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'Ihe microrel-ief producecl by til-J trge nrethocls which plant-ecl

corn on a smooth soil surface, ridgesf or in furrows caused d.ifferences

in soiÌ tenperatu::e: duri¡g tJre early part of the growing seasoll (Burrows,

1963; Larson, :-963). The ef.[ec:t of r:i.dge making olì soil temperalure was

investigate<l . On smooth ::j-dgcs facì.ng the sun/ soil L:em¡leratures at

about 5-10 cm depth showed- significarnt increases r¡'hen cornpared wiLh

temperatures in the horizontal surfaces (Keen, 1931; Shaw and Buchel-e,

I9S7¡ Spoor and Gil.es, Ig73) " The average maximum temperature was 2oC

higher half-way down the south facing ricige slope than beneath a

horizontal surface (Spoor and Gil-es , 19'73) -

lncreased soil macroporosity due to tillage will increase

temperature fluctuaLíon at the surface of tilled soil and decrease

temperature fluctuation at the base of tilled soil. Tillage will

clecrease heat capacity of soil. The aspect of surface micro-relief created

by tillage v¡iIl influence soil temperature, and this could be used to

advantage when ternperature is Ìimiting seecl germination and seedling

performance. However, the structural elements mostly affecting heat

conductivity into and out of tilled soil have not been identified.

2.L2 Summary of Literature Review

The review of topics related to soil structure, tillage, and

tillage and soil water and soil ternperature lvas done.

The factors of soil aggregation ar:e cations, clay colloids'

organic polymers, an<l soil microbes. The factors of soil macro-structure

formation are wetting and drying, rccts, ancl soil macro-fauna"

Adve:lse surface soi.l structure clue to rainfall*inducecl surface

crusting leads to reduced macroporosity anil undesiral¡Ie soil physical

properti-es.

Soil cornpaction caused hy farm tr:actors, implements, and

anjmal stocking adversely affects soil aqgregation and physical p:roperties
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The factors affecting and vrays of rc:ducing severe soi.1 compactiotr

were mentioned.

The methods which have lt.:en usied to irrd-icate tlir: s'bructure of

soil were reviewed. Eacl-r of then has be<:¡ useful- 16 a certain degree'

The inadequacies of the methods .incLirde the facts that they are liot

standardized, they are not very sensitive a.r-rd they do not ind.-icate

undisturbecl soil structure and voi-d si"ze distribution. There i-s ne<:d

for acldi'Lional inexpensj.ve, rapid aucl easy technigues th.rt could be used

to evaluate the un'listurbed soil macro-structui:e.

Forms of reduced tillage practices are ideal for seedling establishment:

due to the need to preserve good soil- structr"rre and reduce the cost of land

preparation. In general situations, exceptj-ons in form of zero tillage

or conventional forms of tillage may be required for soils and crops.

The functions of major farm implemenLs such as the ploughs'

tines, and rotary cultivator were discussed. Generalj-sationshave been

made on the type of tilths produced by plough and rotary cultivator.

Ilowever, research is needed to characterise specifically the soil structures

produced by tillage imple-rnents and systems.

Evaporation as the major avenue for soj-1 water loss, was discussed.

It was concluded that coarse-structured tilled layers cr.re less effective

than rel.atively .fine-structured ti-tled layers in conservation of soil

water. The empirical and more practical ways of evaluating evaporation

were discussed. The importance of insolat-ion and wind intensity as

meÈeorological factors of evaporation were mentioned but the more important

of the two could not be iclentifiecl conclus:-vely by pr:evious researches"

The factors det-ermining water vapour movement in soil v¡ere

discussecl. They incluCe factors which cause \rapolrr pressure gradients

in soil especially temperature gracLients; ancl soil sti:ucture especially

ínter- and íntra-aggregate porosíty and shape. Some empirícal equations

for water movement based on the above were referred to. The mechanisms
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proposed for water vapour fl-ow in soil were discussed.

Research has shown that soíl physical pr:operties, and

mic:rorelief due to tillage aff ect heat rnoventent and soil- tenperature.

Research is still needecl to relate aspects of undisturbed ti-lled soil

structure to variation in heat conductivity and. soil temperature.
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CHAPTER 3

MEASUREMI]NT OF TNTERNAT- STRUCTUIìE OF TÏLLED SOÌL

This chapter describes the methods used to measure the

structures of tiller1 soil in the present research.

3. t rntroduction

SoiI structure was defined (Brewer and Sleeman, 1960) as the

physical constitution of a soil expressed by the sl-ze, shape and

arra¡tgement- of soil particles and. assocíated voids. SoiI physical properties

have been used as the j-ndicator of its structure as describe<1 in Chapter 2.

However, technì.ques for measuring the distribution of particles and pores'

and for: ínvestigating voids larger than 0.3 mm are eíther not available

or are generally inadequate (Dexter I 1976) .

Until 1976 (Dexter, 1976) there was rìo known publi.shed work in

which the undisturJred macro-structure of fiel-d tilled soil v/as directly

quantified as to the clistribution of its aggregates and voids.

Titlage mainly affects soil- macro-structure. Therefore, the

rneasurement of the structure of ti-l-Ied soil should be based or¡ the

distribution of structural elements at least about 0.5 run in diameter.

Aggregates having I to 5 mm diameter have been said to constitute the

most suitable seedbed (Bdwards, L957; Russell, 1961, L9l3¡ Cornforth'

1969). According to Greenland (197f) , improving soíI structure involves

both proclucing and stabilizing aggregates of this class because l-he pores

between them allow air and water to move while the soil stil1 retains

adeguate water. Aggregates larger than 5 mm in diameter were classified

as clods.
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In this research, the internal strucl--ures of til--Led soils

jn sjtu especially in terms of the proportions of ínt-ercepted aggregates

and voids at least I nun in diameter were eval-uated. Othei: statistical

structural parameters were derived fro¡n raw st-.:ructural clata collect-c:d

on sections through impregnated t-ift-hs. Thí.s approach to quan'tifying

tili:h struct:ure is based on the work of Dexber (f976) ancl Dexter and

Hewi,tt (1978) .

The critical appr:aisal of the new method of guantifying in sjtu

tilth structure is perfor:med in Chapter 9.

3.2 Sarnple Collection

Till_age of any. experimental plot was clone to a depth of from

8 to I0 cm with reference to the surface of the untilled soil.

Immediately after tillager st:eel moulds 460 mm 1on9, 260 mm

wide, and t5O mm in height were pressed into til-ted soil across the

direction of tillage. Paraffin wax (OOoC m.p.) was melted on a gas

stove and about 3 1 was poured into each mould to impregnate the enclosed

tilled soil. The paraffin fills pores down to at least l- mm diameter.

A wax layer of about 10 mm thick was left on the impregnated soil- so

that identification marks could be scratched on the wax layer' and as

a hray of preventing tilth block breakage. On the following day' the

inrpregnated tilth blocks \^lere removed from the moufds by agitating

the moulds, or by heating their sicies to melt the adjacent paraffin wax"

The impregnated. blocl<s we.¡:e sectioned in the laboratory twice

lengthways using machine hacksaw blades (14 teeth per 25 nrrn) " Cuts

were made at about 1O cm from the longer sides in order t-o eliminate

edge effects. Kerosene was used t-o lubricate the saw blades.

3.3 Rar^/ Stnrctural- Data

At least two l-ines, horizontal in the original soil' \{ere

scratched across each cut section. At I mm intervals on each l-ine'



Plate L.

Pl-ate 2.

A steel mould pressed into tilled

soil.

The process of pouring hot paraffin liquid

into mould-enclosed tilled soil.
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ra\{ Çlata of the distributj-ons of stnrctural el-ements (aggreqat-es and

pores) were collected. A I was w::-itten to r:epresent an aggr:eÇate ancl

O to represent a pore or void. A pore was indicated. by the presence

of paraffin. Thus a string of 0's an<l l's was produced wllich

represented the structure of the tilth on that sectic¡n. The lj-nes on

which data strings were collecterl \{ere usuallir with.in t}re t--op 5 cm of

the'Lilth block sample. The lengbh coverecl. by any stríng of 0's

and 1's was usually about 320 mn.

3.4 Tilth Macroporosity

Macroporosity (nL) is the percentage or proportion of 0ts

in a data string containing elements 0 a¡id l-, or t-Ìre probability of

a randomly-chosen element on a data string being an 0 (Dexter and

Hewitt, 1978).

3.5 Linear Probabilities

Porosity .(as.defined above) tells nothing alcou't the structure

of the data string (across a tilth bl-ock sample), that is, 'bhc: way in

which the 0's and lrs are distributed along it. In order to include

this s'tructural information, sixteen different porositics r;ere defined.

These are conditional porosities in the !;ensrr t.bat the probab.ility of

a O being in a given position in the string depencls on the va-Iues

(I or O) of the elements (aggregate or pore) in t-he four positions

immeciiately to the left of the elernent in question. These four

el-ements are callecl the percursor of the element in questi-on. There

are 16 diffe¡rent, possible precursors arising from the clj-ffererrt

combinatíons of 0 and 1 j-n those four positions. The set- of 16

pro-nabilities of a 0 following the precursors are used to define the

structure across a ti.]-led soi]- .

The 16 possible precursors are 0000, 0001, 0010. 00Il-. 01û0'
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0l-01f 01f0, 0111, IOOO, lOOl, lOLO, 1011, I-LOO, lIOt, lll.O ancl ll_ll.
They are numl¡erecl serially f.rom I to 16.

Using each data string the probability p (O) of a O in a given
posit-ion foll.owing each of -16 possible precur:sors Ì{as calculated.
For exampJ_e, the p (g) for precursor lO11

estimated fro¡n

(i.e. 1.011, p(0)) cr¡u1d be

1o1I, P (O) Occurren ce 10110
Occur::ence 10f10 + Occurrence l-OI 1l_ (32)

The probabitity of a I following tO1l (i. e. l-Oi-l-, p (t) ) is given by

1011, P (0) I - 1001, P(O)
(33)

3.6 Calcula tion of Aggre qate and PoIe Size Distribu tions

ïnstead of calculating the proportions of different sizes
of aggregates and pores directly from a data stringì across a tilth,
mathematical- calcuration of the proportions \eas performed from the
probabilities P1 for the 16 precursors and the occurrence probabirities
(ui) for the precursors. This approach was described by Dexter and
Hewitt (1979). The method a110ws for consistency with the probability
values.

A computer program has been written for: the car-cur_ation of p,
and t{ va,-ues. The u1 can be conveníently derived from the pr. var_ues
(Dexter and Hewitt, 1978).

por the calculation of pore size distributions, a particle_void
interface shou-ld be the initial state. The initial state, in this
case, must be one of the precursors of nu¡nbers 3 = OOIO, 7 = O1IO,
11 = lOl_0, or 15 = lllO.
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where Z. ís the nr:n[ber of zeros in the i'th precursor.
I

For the calculation of aggregate size distributions' a

voio-particle interface should be the initíal state. The inj-tial

state, in this case, must be one of the precursors of numbers

2 = 0001, 6 : 0101, 10 = 1001, or 14 = 1IO1-

The numerical proportion, A, of an aggregate of length 1, 2,

3, 4, and n mm is:
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rn case of tillage with asymmetrical implements such as

mouldboard or disc ploughs, it is possible and perhaps even likety

that the sets of 16 probabilities resulting from arìalysing the data

from left to right would be different from those obtained by analysing

the data from right to reft- Although asymmetric structures may

exist, their asymmetry is probably of litLle consequence for most

purposes (Dexter and Hewitt, 1978).

The structural data presented in the Appendices are mainly

probabilities or occurrence of the 16 prec:ursr>::s (Uj-) 'end the

probabilities of a O following the precursors P(0). AIl calculations

were done using the computer. Mean aggregate or pore size was also

calculated for each data string.

It shoul-cl be noted that a'size' as referred to in this

research is an intercepted -tength and not a diameter as obtainerl by

sieving. Likewise, a rmean size' is a number-average of Íntercepted

tengths and not the more usual mean weight diameter.

3.7 Tilth Simula.tion

Measured transition probabi-lities P (0) can be used to

generate simurated ttilthst in a computer" For example, consider

the probabj-lities P (O) for four precursors (among a set of 16)
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0000.P (o)

0001,P (0)

0010,P (o)

0oll,P(o)

0.836

0. It3

0.800

0.076

(sr)

(52)

(53)

(54)

The tilth is generated by using ranrlorn numbers rvhich can conveniently

be in the range 0-999. T:E the f ir:st four elements in the tilth are

set arbitrarily at OOO0, then the f-i-fth element becomes 0 if the random

number is < 0.836 and f if it is > 0.837. Thus any precursor string

can only give rise to c¡ne of tw<¡ pcssìbJ-e tsuccessort strings.

In the example gi.rerr above, a sequence of random numbers of 081 '

838, 1lO, 991, ..., would generate the'tilth'00000101 ... . Computer

generation of til-ths using four element precursors (Dexter, 1976) has

shown that the original probabilities are reproduced adequately if the

number of elements is 1000.

3.8 Entropy of Tilled Soil-

spatial variabílity or entropy is a principal physical feat-ure

of tillecl soil. Dexter (L977) introduced the idea of measuring the

structural varj-ability or disorganization of tilled soil.

The mean entropy per element, H, of the soil macrostructure

was calculated using the ecluation devefoped. in communications theory

(Shannon and Vùeaver, 1959).

The entropy of a t-ilLed soil- was calculated using the probabilities

P (O) for the 16 possible four element precursors derived from a data

string. The equation is

H = - l t* .XP (x. i) log^P (x, i) 55)
m * *i -2

where m is the nr:¡tber of elements in a clata string; P(x'i) are the

probabitities of the symbo1 i followi.ng the precursor x, ancl i can only
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tal<e the vafue 0 or I, and P(x,O) = 1-P(x,1). 'Ihe precursor x in

this case is a string of the n preced,ing elements (4). The number of

occurrences of a precursor string x i.s N*. If the soil has no

macropores, the entire string of measured element values will therefore

be composed of lrs, atrd the entropy will then be zero irrespective

of the le¡gth of the precursor string. Similarlyr just above the

tilled layer the line passes throughout the air and aII the elements

are 0's. In between these extremes, in the tilled J-ayer of the soíI,

the entropy takes the values intermediate between 0 and I depending

on the structural state. However, if the string has no variability

or randomness, e.g. oolloollQoll ... or 01010101, then H will also

be zero.

The value of the entropy obtained depends on the length n

of the precursor string. If n = O, then each element is considered

to be independent of the preceding elements, and

H= - (n"1o9r¡" + (1-n") 1og, (1-n") ) ( s6)

Here, n- is the linear porosity of the soil which is defined as the
L

proportion of the elements in a line at a given level which have the

value O. The plot of nL (o to 1) against H using Èhe equation (56)

is pr:esented in Figure 3. The dependency of entropy on porosity is

clearly shown.

It can be shown that H is a monotonically decreasing function

of n, with the most accurate estimate of the entropy being obtained as

n approaches infinity. In practise, H decreases somewhat erratically

with increasing n because of the finite length of the initial measuring

data string. This is because many of the possible precursor strings

wil-I occur only once and give rise to probabilities of 0 and I when

perhaps intermediate probabilities would be obtained with longer data
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strings. Accordinq to Dexter (1977), N should rarely be al.lowed

to c1-rop below 4.

For thj-s research, the precursor stríng length was set at

ô - 4. Therefore, the calcu]ated entropies include structural features

extending over the range of sizes I to 5 mm.

Because of the above reason, it r^ras found. in the present

research that there is a positi.ve correlation betv¡een the proportion of

small structural elements especirtl-Iy those smal.ler than 6 mm ancl the

entropy of tilled soil. The reverse was the case for the relationship

between entropy and the proportion of larger structural elements (aggregates

and pores). A small-size structural element indicates small n or length

of precursor string.

3.9 Summary

The following structural parameters were found useful in the

present research for the quantification of structure of tilled soils:

(a) the proportions of aggregates and voids ot different sizes or

size ranges;

(b) mean aggregate size (D) , and mean voicl size (ô ) ;

(c) macroporosity (nL); and

(d) entropy (H).

one of the objectives of this rese:-rch j,s to test this new

approach of measuring field tilth structure in the investiqatio¡r connected

with tilth struct-ure and physical factors. Thereforer each of the above

structural parameters v¡as used separately as much as possible in the

discussion of experimental observations. The infornration each of them

çJave \^ras successfully aligned with the information given bi'the others.
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CHAPTER 4

AGGREG¡.1]E SORTTÀIG AND CLOD FRITGMENTATTON DURTNG TTLLAGE

4.t Introduction

Repeated tilt-age is often perforned to inc::ease the amouut of

small aggregates in the seedbed. There is still a need to justify

this practice with fiel<1 data in relation to the distribution of small

aggregates in the tilled layer of soil when different implements are

used.

lfhen repeated tíIlage ís done, there is interplay of two

processes. The fírst is the breakdown of clods, and the second ís the

sorting of smaller aggregates towards the bottom of the tiIled layer.

The amount of small aggregates produced at a given depth depends on the

rel-ative importance of these two processes.

In the few laboratory and field :i-nvestJ.gations known, soil

samples were collected at different depths and sieving was done for

aggregate size distribution. The major points against this approach

are that the result depends on the sarnplinq and sieving methods, it is

not sensitive, and real structure of till-ed soil j-n place is not measured

The effects of clocl breakdown and aggregate sorting on void size

distribution are left out. The present research was designed among

other things to cater for these deficiencies.

A nurnlcer of works exist on the effect of harrowing or discing

after ptoughing. Keen (1931) perfornred dry sì-eving on soil samples

coll-ected from soils ploughed, har:rowed (after nouldl¡oard plouqhing), and

rotary cuftivated. The percentage of aggregat-es between 38 and 6 mm

which was used to índicate the degree of pulverisation of tilled soil
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*.r irr.t"ased by one harrovrir:g (with a tined implement) after ploughi.ng.

The data of Pigulevsky (f936), who sievecl sartples from soifs that were

given 20 and 4 di.scings after trvo ploughings by rnouLdboarcl were present-ed

by Russell (1938). The former trea'tment produced a larger percentage

of fine aggregates smaller than 0.25 mm when tillage was clone between

wilting point ancl field capacity. Cole (1939) determined the summation

percentages of aggregates smaller tÌtan I22 ¡nm for soils that had been

disced, or harrowecl after mouldboard ploughing soils. He detected that

discing or harrowing after plouqhing increased the percentage of

aggregates in tiÌled loamy soils especially if the soils were originally

\,vet. or cloddy after ploughing.

Some fiterature is available on the phenomenon of aggregate

sorting during tillage. Johnson arrd Taylor (1960) inr¡estigated the

response of corn to minimum tillage treatments on lakebed soil-s. Data

$rere presented to show the effect of number of discings on seed.bed

fineness. ft was coucluded after dry sieving of aggregates that

addiLional titlaqe operati,ons after one or two discings did not ensure

a greater proportion of small aggregates at the seed level. Tt was

observed that three discings after ploughinq resulted in a small-er

proportion of aggregates smaller than 3 rn:p. at seed fevel and a greater

proportion of aggregates larger t-han I8 nun tltan one or two discings.

Simulated tillage with four secondary tillage tool components to

determine their aggreç¡ate sorting characteristics at clifferent number

of trips was performed by Winkelblech and Johnson (L964). It was

observed that larger aggreqates rllere displaced from the 5 to I0 cm

depth zone and deposited at or near t-.he surface. The main sorting

occurre<l during the fírst pass followed by the second. The mixing

and sorting of marked soil aggregates placed in a bin during tillage

with different types of tines were investigated by Kouwenhoven and
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Terps'b.ra (1970) . fn addit--ion to mean deviation of the concentration

of aggregates of different sizes, ot-her qualitative applroaches were

usecl to trace the degree of sort-i-ng arnd mixing o1: soil aç¡gregates.

They detected t-hat the widerthe tine, the f.aster the sorting speed.

Kouwenhoveu and Ter,ostra (L97'l) also used the oispJ-acement of com¡tcnent

par:ts of a polysized nìedium of glass spheres to investigate the -influence

of travelling speed and inclination of tines on the sorting process.

Qualitative determinations vrere carLied out witir a model tine and

gua¡titative determinations with square tines. Sorting caused relativel-y

large concentrations of larger spheres in the upper layers and of smaller

spheres in the lower layers. The process occurred mainly in front of

but also behind the tines. The degree of sorting increased with the

number of operations carried out, but to a lesser extent in each

subsequent operation until, after fifteen operations, an equilibrium

state was attained. A high sorting speed was characterised by a

strong stratification.

Dexter (1976) developed the technique of statistical

evaluation of the d-istribution of small aggregates and pores in place

and on sectíons cut through impregnated tilth block satnples (Chapter 3).

Among other things, he tried this technique on tÌre probabilities of

detecting I to 5 mn aggregates at different levels from the base of

tj-l1ed soils. He attributed the progressive decrease in the probability

of detecting 1 run aggregates t-owarcls the surface of tilled soils to the

sorting of the aggregates to the bor-tom of the tilled layer during tillage"

Greater incidence of large pores at least 5 mm in width was observed

towards the surface.

The lack of a technique of quantifying tilth structure in situ

has been a prob.ì.em to a comparison <¡f tilth structures procluced by tillage

irnplenteni:s. l.n the existing works tov¡ards this end, only two or three
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irnplements are mostly cornpar:ed which include the plough and rotary

eultivator. llry siev-ing of soil samples col-lected from plots tilled

with these impJ-ements has been done (Chizhevsky and Kol,<¡itov¿r, 1935;

Russell and Mehta, 1938), and concl-usions and statements have ireen clrawn

(Keen et a7., 1930; Culpin, 1936) concerning the colmunitio¡r effect of

rotary cultivator compared with the plough and other corrventional

implements. Thirdly, the views expresse,il concerning tillage implements

and tj.lth structure are furrdamental.ly controversial. Singh and. Pollard

(1956) found after wet sieving of soil sarnples that the type of tillage

implement infl.uenced the size distribution oL 2 to 4 mm aggregates

within the top I0 cm of soil. Whereas Byers and Webber (1957) using the

water characteristic in add-ition concluded that there was no consid.erabl.e

difference in tilth structures produced by nine different tillage

treatments. The lack of consid.erable difference hras certainly due to the

insensitive techniques used for assessing soil structures.

Tn this research the new technique that guantifies the internal

structure of tilled soil in ¡;lace is usecl. to investigate stratification

that arose from sorting of aggregates during tiJ.lage and the manifestation

of this process in aggregate and pore size distributions as a resuft of

multiple trips of sj-ngle and combined implements. It is expected that

results that emanate will be useful in recommending reduced tillage

practJ-ses for maximum production of smafl aggregates essential for

tilth water conservation (Holmes et a7., 1960; Johnson and BucheLe, 1961),

and. optimum seed germination (Greenland, 1971) and seedling growth

(Russe1l, 196l).

4.2 Hypothesis

Repeate<l 'Eillage will cause progressive breåkdown and. decrease

proporti-on of larger clods and voids up to a particular number of passes

which depends o¡r the type of implement, The particular: number of passes
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which brings about the last fall- in proportion of larger clods a¡rd void.s

will be determined by the reLative import--ance of the processes of

continuous clod breakdcwn and aggregates sorting during the ti-llage.

The lat1-er process rv-i-Il increase the proportion of the larger cl-ods

ancl, voj ds, while the former will certainly red.uce the proportion al-

the top zone of till-ecl soil which constitutes the seedbed.

4.3 Materials and Methods

4.3.1 Sites

Tillage trial-s were sited at the Mo::tlock Experiment Station

of the waite Agricultural Research rnstitute (33o 55's, f38o 43'E, altitude

430 m) and at the Waite Agricultural Research Institute, South Australia

(34o 58's, 1380 38'8, al-títude 22 m). The mechanical analyses of the

Red Brown Earths (Stace et aL., 1968) on the two sites are presented in

Table 1. The mechanical analysis for the site at the Waite Institute

is after Turchenek (1975). The sites at the Mortlock Station and at

lVaite Institute were put to pasture ryegrass for eleven years and at least

five years previous to the times of tillage respectively.

4.3.2 fillage treatments

In the following D, MB, Sc, T, CD and RC stand for disc plough

rnoul-dboarcl plough, a set of tines (scarifier) with wide (I95 mm) points, a

set of tines wj-th narrow points (smaller than 70 mrn in width) , conùline

drill, and rotary cult-ívetor respectively. The measurements carried out

on the implements are in Appendix I, arrcl some of the implements are

presented. in Plates 3 to 6.

In 1976, eight tillage treatments were performed at the Mortlock

Experi.ment Station. Each tillage treatment was done on 7 July in a

North-Sou-th d-irection wj-th (I) disc plough, (2) disc plough * scarifier,

(3) disc plough + combine drill , (4) moul-clboard plough, (5) moulclboard

plough * scarifier, (6) mouldboard plough * combine drill, (7) u"urj-fiur,



Plate 3. Mouldboard plough.

PLate 4. Disc plough.
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Plate 5. Tined implement with narrow points.

PTate 6. Tined implement with wíde points.
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TabLe 7. Mechanical analysís of Red Bro\^¡n Earths.

Fraction % weight

ba c

24

36

23

17

25

60

30

15

I9

32

32

T7

Organic matter 354

Plastic limit
Dispersion index

2L.22,

5

22.52

7

L9.5%

9

arb Sites tilled at the Mortlock Experiment Statj.on

in 1976 and 1977 respectively.

Site titled at the V'laite Institute in L977.c
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and (8) rotary cultivator. Tillage ráras done at a water content of 22.7

(+ I.5)% (dry weight basis) whích is slightly wetter than the Plastic

Limit of the soil on the site.

Also at the Mortlock Experíment Station in 1977, sixLeen Lillage

treatments were given on 6th JuIy. The treatments were set in five

columns lying side by side in a North-South direction. The treatnìents

consisted of single and multiple passes of different implements as set

below.

First column

(1) D (2) D+D

Second column

(3) D+DJ-D Ø) D+D+D+D

(5) Ð+T (6) D+T+T

Third column

(7) D+T+T+T

(8) r (9) r+r

Fourth column

(10) T+T+T

(11) D+Sc

Fifth col-umn

(Lz¡ D+Sc+Sc (1¡) D*Sc*Sc*Sc

(14) Sc (15) Sc*Sc (14) Sc*Sc*Sc

Tillage was done at 22 (+ 1.3)e" water content whích is about the

same as the Plastic Limit of the soil.

At the Waite Agricultural Research Institute, tillage was done

in a North-South direction at two dates in August, 1-977 to attain two

different v/ater contents (mean for 12 soil samples as in the above cases)

of 12.6 (+1.4) and 25.2 (+1.8)%. Tiliage vras ilone with a set of tines with

narlîor¡I points. Four and three pass\ì.s of the implement rÂ¡ere used at the

two water contents respectively.

In all the tillage trials, each pl-ot'was 3 mm wide, and

at least 25 m long. Tillage was done to 10 cm depth. Water r:ontents



105

cited above were on a dry weight basis and were got by placing wtet

soil samples in oven at tOsoc f.or 24 hours.

4.3.3 SampIe collection and structural data

Sample collection from each tillecl ploL ancL data co-l-Iect-.-ion from

each samp]e v¡as done by the method of Dexter (L91 6) as descrj-bec'l in

Chapter 3. Two sections each at least l-O cm away from the longer side

hrere cut through each of the impregnated tilth block samples co.llectecl

from the tillecl plots. T\vo tilth block samples v¡ere col-ler:ted frorn

each tilled ptot at the V,Taite Institute, while one tilth bl.ock sanrple

\¡ras collected from each of the other ti.l-led pl<-11:s. Data <.:f the

clistribution of aggregates (each represented by elemerrt I) aud pores

(each represented by element O) at 1 mm intervats were collected from

each cross-section line taken on a section. Each line was ¿rt least

320 mm long.

For the sampl-es collected at the Mortlock Station, two lines were

taken at each section at about 4-5 cm depth, thus four se+'s of primarl"

structural clata were collected for each tillaqe treatment. For the

samples collected at the Waite fnstitute, there were 2 to 5 -l-ines starting

at 5 cm depth towards the surface taken on each of four sections belonging

to a tilted plot. The l-ines \^Iere spaced at I cm intervals. The

tillage trials at the Waite fnstitute were mainl.y to cotrrpare tiith

structures at different levels within tj-lths. The levels at heights of

5, 6,7, B and 9 cm from the base of the tilths \^¡ere called l-evefs 1' 2.,

3,4and5respectively.

The probabilities, P(0) , f.ot the 16 possible four element

precursors (each precursor a combination of 0ts ancl lts) ancl. t-.he respective

occurrence probabilities (ui) for the precursors l¡/ere calculated. by

computer from each data string of Ots and Its collected on each

cross-section line. The P(O) is the probability of an 0 follor.,¡ing a.

four element precursor. From the P(O) an<1 IJ, values the proport-j-ons
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of different sizes of aggregates and pores rÙerc cafculated by the

method of Dexter and ljewitt (1978) also desc::ibed in chapter 3.

The probabilities P(0) for t-h<: sjxteen precursors were used in t'he

cal.culation of tíIth structuïa] entropy (H) usj-ng the method of

Dexter (Lg77) described in Chapter 3. Mean aggregate or pore size

\¡/aS calcul-ated from raw Structural data. Macroporosity due to voids

at least l- mm in diameter was calcufated as the fraction of voids

in a data string collected for a cross-section line'

The P (o) and u, values and macropor:osities for plots tilled

at the Mortlock Station are presented in Appendix I. For the tjlled-

plots at the Waite Institute the P(0) and Lt, values, the aggregate

an¿ pore size distributi.ons, macroporosi.ties' and entropies are also

presented in APPendix I-

4.4 Results and Discuss-i-on

The main items di.scussed are stated below:

(a) Tilth stratification that acrcurred as a result of sorti¡rg of

aggregates during tillage with multiple pass of tine implernent" This

is based on structural data from tilth block sanples colfected at the

!{aite Institute in 1917.

(b) Tilths produced by single pass of different implements.

(c) Multiple passes of a disc plough + tilth struc{-ure.

(d) The effect of harrowing (til-1age with one pass of a set of

tj-nes after ploughinq) on tilth structure'

(e) The effect of further tillage with a tined implentent after

harrowing (fírst pass of a tined implement after ploughing).

(f) TíIth structures produced by multiple passes of a tj-ned irnplement.

Except for part of item (f), items (b) to (f) are based on

structural data collected. from titth bfock sampl-es collectecl at- the

Mortlock Experiment Stat-ion irr 1976 artd L977. Discussiolr i-s based ort
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proportions of different sizes of aggr:egates and pores, tlìean aggreqat-.e

or pore si.,ze, macl:oporosity, and tilth entropy.

4.4.L Tilth stl'ucture aud of tes Curi Li1

4.4.r.1. Aqqreg ate size distribution

Separation of aggregates smaller than 9 mm towards the bottom

of the tilled layer during tillage w:'-th one to four passes of the tine

inrplement appeared to have occur¡:ed, The separation featureo more at

Iow water content (I2.6e"). At 25.2e" v/ater content, which is above the

plastic limit, evidence of separation or sorting of aggregates wa-s not

shown for the three passes of the implement. Tables 2 and 4 show

that the proportions of aggregates smaller than l-O nun decreased from

the lower level to the upper l-evel of the tilth especially as a

result of tillage with one or t\^/o passes of tine implement. It

is also shown (Table 4) that the proportion of aggregates larger than

8 mm increased from the lower leve] to the upper l.evel of tilths

as a result of tillage with one to fc¡ur llasses of a tined implement

at low water content and one to two passes of a tined implement at

high water content (also Figures 4 and 6).

The separation of small aggregates tov¡ards the bottom of the

tilth occurred mostly as a resutt of tillage with one or two Passes

of the implement. This is consisterrt with the findings of

Vüinkelb1ech and Johnson (1.964) and Kouwenhoven and Terpstra (1977)

that the degree of sorting increasrC with the nr-rmber of operatj-ons

but to a lesser extent i¡r each subsequent operation. Because of the

sorting process, meal-ì a-gregate size increased from the lower t-o l--he

upper l.evel of tilth (Table 6) -

4 .4 .L.2 EntroPY

progressive decrease in the proportion of smalle:: structural-
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elements from bel-ow to the top of til-th caused a corresponcling

decrease in the value of entropy from the lower to the uPper level of

the tilths (Table 6) " There is a positive correlation l-¡etween entropy

or tilth str:ucturaf varial¡ility and the fr:ecluency of sntal.l-er strt.rctural

elements.

4.4.I.3 Pore size distribution

The separation of small aç¡gregates towards the base of the tilled

soil during tillage caused a decrease in the proportion of pores smaller

thalr IO mm (Tables 3 and 5) from the lower fevel- to the upper level of

the tilled soil. Thís resulted in an increasing proportion of voids J.arqer

than 8 rnm fïom the base to the top of the tilth (tabte 5, Figur:es 5 a¡rd 7) "

4.4 .I.4 Mac itv

Progressive increase in the proportion of voids larger than

I mm from the lower to the upper levels c.¡f tilth as a resuit of the sorting

of aggregates during tillage caused j-ncreased rnacroporosity from the lower

to the upper level of titth (Table 6). It is shov¡n in Chapter 5 (5.1)

that the medj-um-size boids (9-16 mm) mainly determine tilth macroporosity.

Dexter (L976) also presentecl clata to show increasing macroporosity

from tJre lower to the rrpper levels of tilths produced by mouldboard,

tines, and rotary cultivator.

Tillage with one to four passes of tine implement caused sorti.ng

of aggregates smaller than l-0 mm io the base of the t-.illed soil during

tillage in preference to large aggregates. This process led to an

increasing proportion of voj-ds Iarger tha¡ I mm and increasing

macroporosity from the fower levels to the upper levels in the tj-lths.

The sorting of aggregat-es during tillage was more favoured l:y

small number of implement passes (l or 2), and l.ow soil water content

before tillage.
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Proportions of small- s:i.ze aggregates at different l.evels

(from below) in tj-l-ths pr:oCuced by different ntunbers of
passes of a set of tínes.

Number
of passes Level l-23

Si ze
4

(mm)

5 6789
TotaI

1-5 t-9

l** o.r2
o.12
0. 00

0.06
0. 07
0.06
0. 06
0.06

0. 05
0" 06
0. 05
0. 05
0. 06

0"05
0. 05
0" 05
0.0s
0"05

0. 04
0. 05
0.04
0.04
0.05

0. 04
0.04
0. 04
0. 04
0. 05

0. 03
o"24
0"04
0" 03
0. 04

0
0
0
0
0

I
2

3
4
5

.20 0.11 0. t5

.07 0.1r 0.11
" 14 0. l_3

.14 0.14

.13 0.07

o. 57
O. /+2.

n¿q
0. 51
c"32

0.73
o.79
o.67
o.61
0.51

2**
0. 04
0.05
o. 05

0.
0.
0.

3

4
5

030
080
020

.2.7 0.

.14 0.

.09 0.

11 0.07 0.06 0.05 0.04
06 0.08 0.07 0.06 0.05
03 0.08 0.07 0.07 0.06

0.03 0.54 0.70
0.04 0.43 0.63
0.05 0.29 0.52

3**
03
06

4
5

0.11 0.16 0.11
0.00 0.05 0.09

0.04 0.04 0.
0.09 0.08 0.

04 0.03 0.
08 0.07 0.

03 c.46 0.59
05 0.31 0.57

0.
0"

4*
4
5

o.02
0.04

0.
0.

o7
13

o.03 0.08 0.08 0.07 0.06 0.05 0.05 0" 30 0.51
0. 18 0.04 0.04 0.03 0.03 0.03 0.03 0.43 0.55

r**
3

4
5

0.25 0.25 0.
0.13 0.).2 0.
0.07 0. 16 0.

0. c3 0. 0.3 0. c'3 0
0.c5 0.04 0.04 0
0.08 0.06 0.05 0

o.72 0.82
0.51_ 0.67
c.44 0.65

o, a2
0. c4
0.05

o215
l5
05

0.04
0. 06
0. 08

.o4
"05

2*
3

4
5

0.06 0.32 0.06 0.0
0.12 0.L2 0.18 0.0
o.00 0.07 0.06 0.1

06 0.05 0.a4 0.04 0.60 0.79
05 0.04 0.05 0.04 0.53 0.71-
08 0.07 0.06 0.05 0.32 0.58

90
60
00

.07 0.

.05 0.

.09 0.

41 0.58
45 0.61
49 0.75

05
o4

0
0
U

c4
05
06

0

0
0

0.
0.

0.
0.
0"

o4o4
06
0?

05
06

05
08
11

0
0
0

0.
0.
0.

06
10
I3

o1
03
08

0.
0.
0.

0.08
0. 06
0.17

15
18
00

0.
0.
0.

0
0
0

3

4
5

3*
.09

* Tillage was done aL L2.6% water content (dry weight l¡asis) .

Tillage was done at 25.2% waLer content.**
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Proportions of smal--l- size pores ¿rt di.fferent levels (r-"r:om

below) in tilths produced b)' dif ierent rìLrnbers of ¡rasses of

a set of tines.

Numl:er
of passes LeveI

Size

4

(nm)

5 6789
Total

I-5 1-9L23

I
2

3

4
5

at

.18

05

o
0
0
0
0

0.15
0. 34
0. 13
o.16
0. t9

0.
0.
0.
0.
0.

21 0.08
00 0.07
06 0.08
06 0.06
05 0.02

0.06
0-06
0. 07
0. 08
0, 04

0. o5
0. 05
0. 06
0. o7
0.04

0. 04
0. 04
0. 05
0. 06
0.04

o. 03
0.04
0. 04
0. 05
0. 03

0. 03
0. 03
0. 04
0. 05
0"03

0.73
0. 65
0. 58
0.45
0. 35

0.85
0. El_

o.'17
0. 68
o.48

I* 24
09

2*
3
4
5

o. rr 0.17 0.18 0. t2
0.16 0. rr 0.13 0.11
0. 03 0. rr 0.09 0.05

0.07 0.05 0.04 0.04 0.67 0.87
0.07 0.05 0.04 c.04 0.60 0.8c
0.04 0.04 0. 04 O.0l'; 0.3: c:.51

0.09
0. 09
0. 05

3*
0
0

IO
06

4
5

0.19 0.05 0.13 0

0.07 0.10 0.08 0
08 0.07 0.06 0.05 0.05 0.55 0.78
05 0.05 0.04 0.04 0.04 0.36 0.53

4* 4
5

0.07 0. 11
0.04 0.04

0.11 0.13 0.rr 0.08 0.07 0.06 0.05 0.53 A.19
0. 07 0. 06 0.05 0.05 0.05 0.04 0. 04 0.26 0.45

1**
3

4
5

0.20 0.
0.15 0.
0.03 0.

r0 0.35 0.07 0.
t5 0.13 0.r2 0.
t7 0.09 0.07 0.

06 0.04 0.04 0.03 0.02 0.'/B 0.91
09 0.07 0.05 0.04 0.03 0.64 0.83
07 0.06 0.05 0.04 0.04 0.43 0.62

3

4
5

0.19 0.26
0.13 0. 17
o.06 0.24

0.21 0.10 0.07 0.05 0
0.:16 0.L2 0.09 0.07 0
0.06 0.16 0.11 0.07 0

04 0.03 0.02
05 0"04 0.03
05 0.04 0.03

0. fJ3 a.91
0" 86
o.82

2** 0. 67
0.63

3**
0.
0.
0.

3l
o2
o0

0
0
0

3
4
5

l5
L]
00

0.23 O. 06 0.05 0.04 0.03 0.03 0" 02 0. B0 0.92
0.07 0.13 o.11 o.09 0.07 0.06 0.05 0. sa o.t7
0.oB o.13 0.11 0.10 0.08 0.07 0.06 c.32 0.63

* Tillage was <1one ar' 12.6% rvat-er content (dry weigrht basis) -

Tillage was done at 25.2s" water cont-eint.**
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1r1.

Mean aggregate size distributions at different level"s

(from bel-ow) in til-ths produced by dJ.fferent numL¡ers c¡f passes of
a tined implement as expresserl by the proportion larger than

x mn. Tillage was done at two water contents (wo¿) 
"

x
I^t

Number of
passes LeveI t 2 4 I 16 32 64

I
2

3
4
5

0
0
0
0
I

80
93
96
97
00

0
0
0
0

69'. 0. 48
o.64
0.60
o.63
0. 81

0.30
o.42
0.4!
o. 44
0. 59

0.
o.
0.
0.
o.

13 0. 03
19 0.04
20 0.05
22 0.06
32 0.09

0. 005
o. oo2
0. c03
0. o-'l-

0. 0l

I
a2

1 .78
.82
.87

L2.6
3
4
5

1.00 0.74 0.62 0
0.90 0.78 0.60 0
0.98 0.95 0.84 0

4L
31
59

.19

.16
o6
a4
o7

0
o
0

0.
0.
0.

0.00
0¡ 0O

0.004
2

29

4
5

3
0
I

89
00

0. 73
0.95

0. 58
o.76

0.43
0.48

o.25 0. 0B
0. 1.9 0. 03

0.01
0. 003

4
4
5

0.89 0
0.96 0

83
83

o.67 0.46 0.19
0.61 0.48 0-32

0.03
0. 16

0. Ocl_
o. 04

I
0.
0.
o.

3

4
5

o.75 0.50
o.87 0.75
0.93 0.78

0.31
0.54
o.64

20
36
40

OI
06
03

0.
0.
0.

0B 0.
18 0.
18 0.

0. 00
0.01
0.00

25.2
2

4
5

0
I

89 0.76 0.52
00 0. 93 0 .77

0.33 0.13 0.028
o.47 0" 18 C.03

o.ao2
0. 00I

3
4
5

o.82
r.00

0.63
o.62

o.76
0. 83

0.36 0.16 0.05
o.2a 0.06 0.oo2

0.01
o.00
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Mean pore size distribut-ions at difl-'erent leveLs (frcrn be-l-or^r)

-i-n tilths produced. by different lruml¡er:s of llasses <¡f a 'Lj-rreci

ímplement as ev-pressed by uirc: p-roporl-ion larc¡er than X irn¡n.

Tillage wag dcrre at tv;o v¡a.t:()l: coni-ent-s (\"t?) .

w Nunrber of
passes Level x

BI 2 4 16 32 64

0
0
0
0
0

1
2

3

4
5

78 0.62 0
83 0.50 0
76 0.63 0
94 0.83 0
95 0.75 0

2')

.43

.49

0. 15
o.24
o.28
c.42
0. 50

0. 04
0.07
0.09
0. 16
o.32

0"0r
0"ct
0. 01
0.03
0.15

00
i-i !-.)

001.
05

0.
0.
û.
c.
^

(-)0

1
66
65

12 -6 2
3

4
5

0.90 0.74 0
o.86 0.74 0
0.98 0.86 0

t_B 0.05 0.01
2C 0.06 0.02
56 0.35 0. 14

"42
.4i

0.0ù
0. û01
0. 03

0.
0.
0.12

3
0
t

4
5

B9
00

o.73 0.58 0.44 0.25
0.95 O-76 O.¿tB 0.19

0.08
0. 03

0. ol
a.ao2

4
5

4
0.93 0 "82
o.97 0.93

0. 58
0. r.0

0.26
0. 6L

0. 05 0.003 0.00
0.35 0.13 0.û2

3
4
5

0.80 0
0.85 0
o.97 0

700
70 0
800

.28

.45
0. il.
o.2.o
o.43

o.02 0.
0.06 0.
0.21_ a.

UO

01
c'7

1 í).
(i.
D.

00
I il0

c1164

25.2
3
4
5

0
0
0

o
0
0

81
a7
94

.55

.70
o.24
0.43

0.06 0.
0. 18 O.
o"21, 0.

.o0 c"
" 0c4 0"
.04 c"

00
o4
09

40
0
0

00
2 0c

0lo.499T

3

3
4
5

0.69 0.54 0.24 0.09 0.01 0
0.99 0.82 0.62. 0.31 0.08 0
o.94 0.7r o.49 0"2r 0.09 0

00
006
04

0
0
0

0(J

0c)

01
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Structural characterisiics at different leve1s (frorn below)

in tilths produced by tillage wi-th different nunbers of passes of
a tined- implement. Tillage \^/as done.: at watel cont'lnts of 12.6

and,25.2%.

Mean
aggregate
size (nun)

Mean por:e
size (mn)

Macro-
porosity

Number
of

passes
Level

Entropy

12.6 25.2 L2.6 25.2 12.6 25.2 L2.6 25.2

I
2

3
4
5

8.2
10. o
10. I
LL.2
l-4.7

0.48
0.43
0. 32

o.64
o. 5l
0.43

5.6

5. 5 6.7
10.0 9.6
9.6 r7.2

0. 383

0.39 0"434
o -469 0. 382
o.52 0.442

0.53

t 4.3
5.9

11. 6

2

3

4
5

9.7
10. r
13 .6

5.7
6.6

L6.7

6.O
8.3

10. 7

3.5
5.4
7.7

0.388 0.37
0. 40r 0. 39I
o.5l-2 0.40

o.49
o.42
0.33

0.65
o. 53
0.45

3 11
11

3
4
5

I
o

10. 7

9.5
7.t

3.7
6.5
9.2

6.8
13 .6

0. 373
0.543

o.252
o.442
o. 556

o.45
0.40

0. 50
o.47
o.49
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4.4.2 Cornparison of tilths pr:od uced bv d.ifferent si¡rcll.e -i-niplements

4.4.2 .I Moul-dboard di-;c p-rgr-ii\-lgarifit:r and rotary cultivator:

l'he data frorn tilth bfc¡r:k sa,:nplcr: r:ollected at the MorL-lock

Station in l-976 has enablecl the internal structures of the tilths

prod.uced by mouldboard plough, clisc plough, sca::ifíer, and rotary

cultivator to be compared.

4.4.2.L.L Aggregate size distribuLion

Ploughing by mouldboard, causes a relatively small productíon

of smalL aggregates compared with til.lage with scarif-ier or rotary cultj-vatol-

The proportion of I to 5 mm aggregates in the 'bilths produced by the

mouldboard, disc plough, scarifier, and rotary cultivator were 0.06'

A.2O, O.2O, and O.IO respectively. The large proportion produced by

the disc plough is surprising.

The rotary cultivator produced the greatest proport-ion of

fine aggregates about- 2 mm in diameter cornpared with the mouldboard

and tines. This observation lends support to that of Dexter: (1976)

that the tilth produced. by the rotary cultivator had the greatest

probability of encou.ntering isolated aggregates over 2 nun distances

compared with the tilths produced by nouJ-dboard and tines.

The proportion of clods larger than 32 nìm was greater in the

titths produced by the rnouldboard or disc plough respectively than in

the tilth produced. by the scarifier or rotary cultivator (Tal:Ie 7).

The scarifier produced the l-east cloddy tilth out of the four J-mplements

being considered.

The proportion of 1mm aggregates at the 5 cn depth.i n t-he tilths

produced by the implements was almost nil except for a very srnal1 proporti,on

recorded fo:l the tilth produced by the scarifier. This could be
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attributed to Lhe sorting of srnall- aggregates to the bcttom of the til-th

durirrg ti.Ilage (Dext-er, 1976) .

4.4.2.7.2 Pore si ze d.istribut-ion

T'he propor:tion of porcs larger.th¡:-r¡ B mrn rras qreater:i-rl the

tilths produced by ploughing than j-n those prod,rcecl l-.y the rotar:y

cultivator and the scarifier. The rotary cultivator proclucecl t-ire Ieast

propo::ti-on of -large pores (Tabte 7) . The greater propor.tion of -L.rrge

pores in the tilth produced by ploughing was because the tilth was

comparatively cloddy.

The porosities contrik¡uted by pore sizes as presented irr

Fi.gure 8 show that ploughs produced greatel: macroporosit.ies than the

scarifier or rotary cultivator" In fact, pores larger than 32 rilm wer:e

almost non-existent in the tilths produced by the latter implements.

Macroporosíties in large pores were greater as a result of

tillage with the moufdboard plough than tillage with the disc plough

(Figure g).

4.4.2.I.3 Entropy_

Because of the relative cloddiness of the til.th 1:r:ocluced

by ploughj-ng, it had the smaller entropy compared wÌth t-he tilth produced

by the scarifier (Table 19b). The rotary cultivator produced a very

smal-I entropy compared with the scarifier.

Entropy indicates the amount of puncutation of spatial tílth

structure by small structural elements. The proportj-on of small-

structural- elements is positively correlated with tilth ent::oi>y.

The scarifier produced a less cloddy titth than the rotary crrltivator,

although both of them produced l-ess cloddy tilths than producecl l:y plcughing.

The present finding lends support to the previous statements of Culpin

(f936), Russell and Mehta (1938) and others in connection wii:h the

coarseness of the tilth produced by p-loughi.ng compared with ihat procluced
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Aggregate and pore size distributions j.n til.ths produced by

single tillage implement-s as expressed by the proportion

Iarger than X rnm.

x
Mouldboard

Proportion
Disc Rotary Scarifier

1
2
4
I

16
32

I
I
0
0
0
0
o

00
00
97
85
66
40
15

.81

.73

.58

.38

.15

1. 00
0. 95
o.92
0. 82
0. 63
o.38
0. 14

o.92
o.92
0.84
o.73
0.56
0.33
0. tr

l_

0
0
0
0
0
0

00
94

64

I*
2*
4*
8*

16*
32r,
64*

.36

.19

.05

.004

.43

.24

.07

.007

.0001

1. 00
o.71
0.43
0.08
0.003
0.00
0. 00

0. 73
0.50
o.32
0.14
0.028
0.001
0.00

I
I
0
0
0
0
o

B7
74

o0
'oo

0
0
0
o
0
0
0

49

Mean aggregate size 35.3 33 .0 33.1 29.r

Mean pore size 9.9 6.3 4.7 4.6

Macroporosity o.22 0. 16 0.L2 0. 13

* Pore síze distributions.
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b)' a rotary cultivator.

That the orde:: of clocldiness of tilths p::oduceil by single

implements \^ras lr.lor-rgh > Iìotary cultivator > Scarifier is further

confirmed by the fact that the orde:: for the nìean aggregate or m.ean

pore sizes of the tíIths was Plough > Rotary > Scar-ì-f-ier.

4.4.2.2 Tines with wide poitrts and narrow points

A single pass of a set of tines with wider ând narrow points

is usecl alone or after ploughing. In reduced tillage practice such

as S¡rray-seed (Wheat Research, l-91 7), a single pass of a tined i.mplement

alone (during seed drifU.ng) is used (D. Correll, South AustralÍan farmer

of lVinuita - personal commrurication, 1911). The til-ths produced by

tine implements with narrow (65-67 mm) and wide points (I95 mm) when used

alone or after a single pass of a disc plough are no\'/ compared. The

measurements carried out on the tine intpJ-ements are presented in Àppendix I.

The two types of tine implement are represented by T and Sc respectively.

The structural <lata co1lected at Mortlock Station in 1977 are used.

4.4.2.2.L Aqgregate size distribution

Tines with wide points produced more small aggregates including

those smal-ler than 6 mm than tines with narrow points when used alone or

after disc plough (D) . Therefore, the proportion of clods including

those larger than I mm was greater in the tilth produced by the latter

than j.n that produced by the former.

The aggregate and pore size distrjJcutions in tilths produced

when tíne implement with narrow points, and wide points when used alone

are compared in Figures 10 and 12; and in Figui:es 13 and 14 for when

they were used after a pass of a plouqh (D) 
"

The above effect of the tine -i.rnplernent with wide points compared

with that with narrow points coul"d be due to its more soil coverage during

tillage because of the wider points of tines. The latter woulcl cause

more soil movement and agitation and smaller meart aggregate si-ze. Vlhen
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tine implements wíth wide points, and narrolv points were used alone,

the proportions of l to 4 mm agglregates were 0.23 and 0.13 respectively in

their tilthsr and when they wel:e used after pì.oughing the equivalent

proportions r^7ere 0'43 and A.32.

4-4.2"2.2 P<¡re size distribution

1he greater proportion of smafl aggregates in tilths produced when

tine implement vrith rn'ide points was used. alone and afl--er ploughing cornpared

with when the implement with narrovr po-ints was used led tr: small proportions

of large voids being produced by the former. For exarnple' the res'.rltant

mean pore sizes when tines with wide, and narrow points were usç¡d ¡¡fter

ploughing rvere respectively 5.6 and 8.2 run.

4.4.2.2.3 Entropy

The greater proportion of small st:uctural elements as a result

of tillage with tines having wide points compared with tines having

narrow points caused larger entropy of the tilth produced by the former

relative to the tilth produced by the latter. The mean values of entropy

for the tilths produced by tines with wide, and narror¡¡ points when used

alone were 0.32 and 0.28 respectiveìy, while the equivalent values when

they were used, after ploughing \Arere 0.50 and 0.40.

4.4.3 Multiple passe s of a plouqh

Change in tilth structure with increasing number of passes of

a disc plough is now considered.

4.4.3. L ate size distributio¡l

The greatest proportion of small aggregates (includì-ng those

smaller than 6 mm in d.iameter) occurred after the second pass of a clisc

plough. The third pass of the plough caused visible clc¡d formation at

the surface and possibly separation of smal1 aggregates to the Ì¡ottom of

the tilth that led to reduction i-n the proportion of small aggregates at
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Tal>J-e 8.

1r9.

Aggregate size dj-stributions in titths produced by cì-ifferent
nurnber of passes of disc plougl-r (D) as expressed by .bhc+

proportioñ larger than X mm.

x
D

Proportion
D+D D+DJ.I) D.{.D+D+D

I
2
4
I

16
32
64

0. 93
0.81
0.69
o.57
0. 39
0. 18
0. 04

0.95 0.95
0. 70 c.89
0.52 0.77
o.33 0.48
0.1_3 0.1 8
0.02 0.03
0.0005 0.0006

0. 86
0.69
o.54
0. 31
0. l0
0. 01
0.0001

Mean aggregate size 18. I 8.0 10.5 -J 13

TabTe 9. Pore size distributions in tilths p:roduced. by different
number of passes of disc plough (D) as expressed by the
proportion larger than X mm.

x
Proportion

D+D D+D+D D+D+D+DD

I
2

4
I

16
32
64

0. 88
0.75
0.66
0.48
o.25
0.07
0. 006

0_ 95
0.89
0.58
o.26
0.05
0.002
0.00

o.94
o.79
0.63
0. 36
0. 11
0.01
o.0001

0.95
0.86
0.59
0.36
0. r3
o.02
0.0003

Macroporosity o.40 0.46 0.44 o.54

6. 8 8.2Mean pore size 11. 9 8.6



Piate 7. Plates 74, 7P , and 7C respectively following

show titth structures after I, 2' and 4 passes

of disc plough. Finer structure was produced

by the second pass compared with the first
pass. The clodding as a result of the fourth
pass is shown.
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the top zone of the tilth. Continuous breakdown of clods was¡ horvever,

more imporlanb tha¡r sorting of aggr€)gates dur:ing the fourth pass of

the plough and ilrcrease,l propor:tion of small aggregates v/d-s recc::ried at

the 5 cm depth. The trend ín the proportions of aggregates smaller

than 5 mm wj-th increasing number of passes of disc plough is show'r in

Figure 15.

4.4.3.2 Mêan aggregate sizs

Ttre mean aggregate sizes for tilths produced by different

numbers of passes of a disc plough and the proportions of aggregates

larger than 5 mm in the tilths vrere directly correlated. One of the

two smallesE mean aggregate sizes occurred after the second pass of tlre

plongh and the greatest mean occurred after the first pass of the plough.

After the third pass, the mean aggregate size increased due to clod

formation and possible separation of aggregates. üIinkelblech and

Johnson (1964) indicated that sorting or-' aggregates mostly occurred

during the first pass of an implement after t-he maximum concentration

of small aggregates in soil had been produced.

4.4.3.3 Pore size distribution

The ínformation given by tJ:e pore size distributions (Tabte 9)

in Èilths ancl that given by the aggregate síze distributions (fa¡te e)

are the sane" The order for the distribution of pores smaller than 5 mm

vüas ÞtD > D+D+D+D > DID+D > D (f igure 15) and the order \^/as reversed for

the distribution of larger pores. The clod formation and possibly

sorting of aggregates which resulted from further tillage after the

second pass of tJ.e plough caused an increased proportion of mediu¡n to

Iarge size pores which led to an increase in macroporosity.



T2,L.

4.4.3.4 Eqstopy.

The entropies of the t-ilths reflect the r:elative frequencies of

aggregates and pores smalfer th¿rn 5 mm in the tilths. The largesL amount

of stnrctural variabili'ty or entropy occul:red in the t-ilth after: the

second pass of the plough, rvhereas the least entropy occurred after the

first pass of the plough due to refatively great proportion of clods and

large voids. The larger entropy recordecl for the fourth pass as compared

with third pass wou.Id be due to further breal<down of clods which was then

more import-ant tha.ri clod formation a¡d sorting of aggr:egates.

The sorting of aggrega-tes as discussed earlier (section 4.4.I)

might have caused the smallest proportion of aggregates snaller tha¡

5 mm record.ed after the third pass of the plough in addition to cl-od

formation. These processes were more important tha:r breahclown of

clods during the third pass. Further brea]<down of clods producecl by

the first pass of the plough was achieved by the seconcl pass and the

Iargest proportion of small aggregates was then recorcled. The increased

proportion of smaÌl aggregates after the forrrth pass of the plough points

to ttre facb that the processes of ciod fragmentation j-nto small aggregates

and sorting of aggregates night be alternating in relative importance

duri.ng repeated til.lage.

4.4.4 ril with one a.ss of tine fement after

Harrowing (wíth a pass of a tine implement) after ploughì-ng

is often requj.red to prepare the 10 cm of soil so that seed can be

placed uniformly at the correct depth, that soil-seed contact is

adequate to provide water for germination and early growth, an<1 so

that seedling root arrd shoot are not obstructeo by large cfods. The

fu¡rction of harrowing implies that it is expected to breal< clods

further into smalJ-er pieces after ploughing.
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The me"ln ih s-it-u -cLructural data of plots tjllecl wit]- plor.rghs

(I.18, D) alone are now comparecl with those of the plots tilled with tine

inrplements (one pass) after ploughing (Mg+cl , MB-FSc, DlSc, D{-CD¡ D+T,

Þ-Sc). The data of 1976 and 1977 were frorn tilth block sanples

collected at the Mortlock Station.

4.4.4.1 Aggregate size djstribution

Harrowing with a pass of a tined implernent (after ploughing)

causecl an increased proportion of aggregates srnaller than 6 mm irt

diameter. The aggregate size distributions in tilths produced by

ptoughing, ancl further tillage with a pass of a tined implement (after

plougtri.ng) are presented in Tabl-e 10. The mean proportio¡.rs of I to 5 mm

aggregates in the tilths produced by ploughing, and further harrowing

(witfr a pass of tine impJ.enent) were 0.13 and 0.15 respec+-j-vely in

1976, while tJre equivalent values for 1977 were 0.31 a¡rd O.37.

As a result of breakdown of clods by harrowing, cl-ods larger

tha¡r 16 mm were most frequent in the til-th produced by ploughing

compared wjth the cilth produced by additional first pass harrowing.

fhe proportj.ons of different size ranges of aggregates as derived from

L977 are presented in Figure 1i$.

4.4.4.2 Mean aggregate size

It is stro\¡¡n (Table 10) that the rnean aggregate size was larger

in the tilth produced by ploughing alone compar-ed with the tilth produced

by additional harrowing (with one pass of tine implement).

4.4.4.3 Entropy

Ttre greater proportion of small aggregates in the tilth pr:oduced

by first pass harrovring erft-er ploughing led to increased tilth ent-r:opy

compared with the condition after ¡:lough-tng alone. The data collected

in two years showed the rnean entropy values of the tilt-hs producerl by

pJ-oughing and first pass harrowing to be O"2'l and 0.34 respectiveJ.y

(Table 19) .



Tabl-e -10.

T23.

Aggregate and pore size distribut-ions in tilths produced by

ploughing (P), and additionaf harrowing (P+H) as expr-essed

by the proportj-on of aggregates and pores larger: than X inm.

x

L977 1978

Proportion aggregates

P+H P P+HP

I
2

4
I

16
32
64

.81

.69

.57

.39

.18

.04

0.85
o.a2
0.63
o.46
o.26
0.08
0.008

0
o
0
o
0
0
0

93

7B

.o0

.97

.90

.80

.63

.40

.15

I
0
0
0
o
0
0

00
94
B8

.62

.39

.16

I
rì

0
o
o
0
0

Proportion pores

I
2
4
I

16
32
64

0. 88
o.75
0.66
0.48
o.25
0.07
o.006

.69

.50

.2A

.09

.01

.00

0.94
0.87
o.46
0.30
0. I3
0. 03
0. 002

0.90
0.69
o.44
0. t9
0.06
0. 008
0. 00

0
0
0
0
0
0
0

18

Macroporosity o.40 0.36 0.19 0.r2

Mean pore size 11. 9 6.9 8.1 5-9

Mean aggregate size 18. I T2.L 34.I 37.0

P (1976)
P+H (L976)
P (1977)
P+H (L977)

Treatments
Treatments
Treatments
Treatment--s

D and MB combined; 4 replicates.
D*Sc, D+CD, MBt-Sc, MB+CD combined; 8 repli-cates.
D only; 2 replicates.
D*T and. D+Sc combined; 4 replicates.
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4.4.4.4 Pore size distril:ut-icn

The qreater proportion of ctocls j-n ttre til-th that resul-tecl

fr:om ploughing alone caused greater proportion of lar:ge voicls in the

t|lth compared with that ¡rrod.uced by i:irst pass harrorving (Table 10) .

The pore size dístributions of the tilths produced b1z plor,rghing, ârrd

harrowing in 1971 are comparecl in Figure 16. It is shov¡n that the

former had a smaller proportion of pores smaller than 8 mm than the

latter.

4.4.4.5 Macropo rositv

The greater proportion of pores larger than B mm as a result

of ploughing cornpared with additional harrowing led to greater macro-

porosity of the tilth producecl by the former. The nact:oporosi'ties by the

medium to large pore sizes (1976) are shown (Figure 17) to be greater in the

tilth produced by disc ploughing than in that produced by additional

harrowing.

In Chapter 5, the data from tilth block sarnples collected in 1976

are used to show that the medium-size (9-16 rnm) pores cletermj.ne tilth

macïoporosity. Hence the greater macroporosity of the tilth produced by

ploughing compared with that produced by additional one pass harrowing

could easily be understood.

4.4.5 Tillaq e with two and three passes of a tined imp]-ement after

Ploughing

It was of interest to investigate whether additional passes of a

harrow after ploughing would increase the proportion of smalf aggregates

by further breakdown of clods. It has been (in sect-.ion 4.4.4) sÌÌown

that first pass harrowing (with a tined imglerreut) after a pass of a

pJ-ough caused considerable br:eakdown of c1oc1s into smaller aggregates.

The mean structural data of tilths produced hry second pass, and

third pass harrowing (by two, and three passes of a tined implement) are

compared with the mean structural data of the tilths produced by using
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,Ihe ì:reatments by one pass harrowing in 1917 are represented

by D+T and D+Sc in the tables provided at the encl of this chapter, the

til-ths produced by second pass harrowing are represented by D+T+T and

DlSc-t-Sc, while the tilths produced by third pass harrowing are

represented by D+T+T+T and D+Sc+Sc+sc'

Thre aggregate and pÔre size distributions of the tilths

produced by first pass, second pass, and third pass harrowing are

presented in Table 1I.

4.4.5.L Aqsregate size di.stribution

For the production of small aggregates, tiiere is no acìvant-age

in further harrowing after first pass harrowing (with tined implements) '

Further harrowing after first pass harrowing did not increase the

proportion of small aggregates (including those smaller tha¡ 6 mm),

rather it decreased it. For exanple, the proportions of I to 4 mm

aggregates for treatments Ð+T, D+2T, and D*3T were O'37, O'23' and 0'24

respectively. It is showr that further tillage after first pass

harrowing considerably increased the proportion of aggregates larger

than 8 mnr and did not considerably decrease the mean aggregate size

at the 5 cm dePth.

Thetrendintheproportj.orrsoflargea.ggregates,andmean

aggregate and pore sizes show that the second pass harrowing caused

sorting of sma]I aggregates to the bottom of the tilth. The latter led

to a decrease in the proportion of small aggregates at the top of the tilth'

Kouwenhoven and Terpstra (f970) who w<¡rl<ed in the laboratory characterised

tine implements especially with this sorting tendency'

4.4.5 .2 Pore size distribution

The decreased proportion of small aggregates and the

correspondi.ng increased proportion of large aggregates as a result of



PTate 8. Plates 8A and 8B show tilth structure
after one pass harrowing and two pass

harrowing respectively. The latter is
coarser than the former.
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ftrrther tíllage after first pass harrowing led to increased proporbion

of large voids, increased macroporosity (due to increased frequenry of

medium to large-size voids) , ¿urd -ìncreased mean pore size.

4.4.s .3 E$r"p¿

Since tíIth structural variability (or entropy) depends on the

presence of smaller structural elements (Dexter, I971), decreasecl

proportion of these eler€nts due to tillage after first pass harrowing

led to decreased entropy. For treatnents D*T and D+2T the respect"ir¡e

mean entropies v/ere 0.45 and O.32.

lÞcreased proportion of small aggregates due to further til-l.age

after first pass harr.owing (fo1l-owing ptoughing) is a_ttributed to

sorting of these aggregates mostly produced by the latter to the base of

the tilled layer. This caused a singifícant drop in structural

variability of tilths from treatment D+T to D+2T because the sorting

process mainly occurs as a result of the first pass of the irnplenent

after the greatest proporbion of small aggregates has been produced

(Vüinkelblech and Johnson , 1964) .

Ttte present finding could be used to e>çIain the observation

of Pigulevsky (1936, cited by Russell, l-938) that the percentage of

aggregates larger than 5 ¡nm increased from 33 to 40% when 20 discings

after two ploughings f.with mouldboard) rvere perf.ormed cornpared with four

discings.

4.4.6 Multiple passes of tined implements

In reduced tillage practices, land preparation is often

performecl by single and multiple passes of tined inrplements. This nethod

of land pr-eparation could be adequate on a light soil (such as a loam)

or when herbicide is used along with tillage. Soíl- mulching for water
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Aggregate ancl pore size distributions in til-ths produced

by one (D+T) , two (D+2T) , an<1 th::r:e ()'t'3T') passes of a

tined implement after plouqhing as expressed by the

proportion larger than X rnnt.

X
Proportion

(aggregates)
D+2T D+37

Proportion
(pores)

D+T D+2T D+37D+T

1
2

4
8

I6
32
64

0.85
o.82
0. 63
o .46
o.26
0. 08
0. o08

o.95
o.76
o.64
0.54
0.38
0. 19
0.05

0.90
o.77
0. 66
o .49
o.29
o.I2
0. 03

0. 78
0.69
0. 50
o.28
0.09
0.0r
o.00

0. 90
0.84
0.71
o.41

^)2
0. 04
0. 002

.93

.88

.62

.31

.08

.01

0
0
0
0
0
0
0 001

Macroporosity 0.36 0.37 0.373

Mean pore size 6.9 r1. 0 7.6

Mean aggregate size 18.0 18.9 15.0
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consellvation in the period between t\n/o cll:ops j-s done by multiple passes

of a set of tines j-n dry-land far:roing in South Australia. The thought.

behind the use of multiple pass of a set <¡f tines is that the proportion

of smalf aggregates and pores indicated (Greei-rland, 1971) to l¡e essential

for optimum seed gernr-ination, and soil water conservat.ior-i wj-1.1 be

increased. I:lov"'ever. the justifj-catj-on of thi-s by field measurements

on undisturbed tilths does not appear to have been attempted

previous ly.

The mea¡ structural data (1977) of the tilths produced by one

to three passes of a set of narrow and wide tines taken together are

compared. Tillage v;as done at the Mortlock Station. Treatments Ìry

one to three passes of tine implements are ::epresented by T, 2T and

3T respectively.

The structural d.ata of the tilths produced by one to three

passes of a t.inecl inplement on the l{aite lnst:l-tute site are compared.

Tilrage was clone at two water contents. The agç¡regate and pore size

distributions of the tilths that resulted are pïesented in Tables 13 and

r.4. Two tirth block samples were colrected from each tilled pIot.

The primary d.ata are presented in Appendix II (A) .

4.4.6.I Aqqreqate size distribution

For the production of smal-l aggregates, there is an advantage

in the use of multiple passes of a tined implement up to three passes.

Repeated use of a tine implement (especiatly one with naïro\^r points)

caused furt-her brealcdown of large agrgregates for treatments T, 2T ancl 3T.

The mean proportions of L to 4 mm aggregates (Mortlock station data) were

0.18, o.29 and 0.53 respectjvely at the 5 crn depth. The mean aggregate

size decreased with increas-i-ng number of passes of tines. The proporLion

of aggregates larger than 8 mm was decreasing wj-th increasing number of

passes of the tined implenreirt up to t.hroe.



Plate 9. Plates 9A and 98 show Èitth structures after
two and three passes of tined implernent with
narrow points. The former produced coarser

tíIth than the latter treatment.
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Mean aggreqate and pore size distributions in tilths
produced by one to three (T, 2T,3T) passes of tine
inrplements as expressed by the proportion larger than

X mm.

x
Proportion

(aggregates)
2T

Proportion
(Pores )

2rIT 3T T 3T

10

0
o
0
0
o
0
0

t
2
'4

I
16

64
32

.99

.91

.82

.69

.49

.25

0. 9r
0. 83
o.72
0.6I
o.45
o.26
0. t0

0.89
o.67
0.48
0.35
o-20
0. 06
0. 006

o.92
0. 85
0.68
0. 43
0.18
0. 04
0. 002

0. 95
0.85
0. 60
o.43
o.25
0.08
0.01

0. 98
0.87
0. 59
0.30
0.08
0. 008
0. 00

Mean pore size I0. 3 12 .3 7.5

Mean aggregate size 22.9 26.5 9.9

Table 73. Aggregate size distributions in tilths produced by

different number of passes of narrow tines (T) at
different water contents (we") as expressed by the

proportion larger than X mm*.

x
Proportion

(w = 12.6È)

2T 3T

Proportion
(w = 25.2%)

2T 3TT T

I
2
4
I
6
2

0.99 0
0.84 0
o.72 0
o.51 0
o.22 0
o.o7 0
o.007 0

0.95
0. 84
o.67
o.46
o.23
0.05
0. 004

0.90
o.77
0.59
0.39
0. t8
0.04
0. 005

0.95
0.85
0. 65
0.40
o. 16
0.03
0. 001

0.91
0. 80
o.62
o.32
0. 11
o.025
0. 003

9o
8fr
74
50
241

3 06
00464

Mean aggregate size 13.0 11.9 11.3 9.8 9.5

*

9.3

Data collected from tilth block samples collected at $raite
Agricultural Research Insti-tute.
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Pore size distributions in tilths produced by different
numbers of passes of narrow tines (T) at different water

contents (!ü%) as expressed by the proportion larger
than X mm*.

x

Proportion
(s = 12. 6t)

T2T

Proportion
(w = 25.22)

T2T3T 3T

I
2
4
I

I6
32
64

0
0
o
o
0
0
o

95
79
65
52
24
09
03

0. 91
o.79
0. 60
0.40
o-2r
0.08
o.02

0.87
o.79
0.61
0.39
0. t9
0. 0I
0.001

0.9I 0
0.75 0
0.55 0
o.3l_ 0
0.14 0
0.01 0
0.005 0

0.99
0. 91
0.70
0.36
0. o9
0.007
0. 00

90
.70
.46
.19
.08
.07
.004

Macroporosity 0.50 0.46 0-46 o.4L 0.40 0.50

Mean pore size 13.4 rr.7 LO.2 8.8 6.6 7.8

Data collected from tilth block samples collected at Vüaite

Agricultural Research Institute.
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4.4.6.2 EntroPY

The -increasing proportion of small structural elements with

increasing number of passes of tine implements caused progressive

increase in mean entropy. The approximate mean entropies for

treatments T, 2T and 3T were 0.30, 0.30, and o.47 respectively. The

latter indicates increasing tilth structurat variability with repeated

tillage caused by an increasing proportion of small aggregates and pores.

4.4.6.3 Pore size distribution

continual soil fragmentation into small aggregates with

increasing number of passes of tined implements caused an increase in

the proportion of small pores. This observation features more

especially after the third pass of the implement. For treatments T'

2I, and 3T, the proportion of I to 4 mmpores with O.54,0.34 and 0.78

respectively. The mean pore size was decreasing with increasing number

of passes of the tines.

The trend in the aggregate and void size distributions with

increasing numbers of passes of a tined implement was most pronounced

with the use of tines with narrow points. A stight increase in the

proportion of clods was observed after the second. pass of tines with

wide points. The proportions of aggregates larger than 8 mm increased

from 0.64 to O.7t after the second pass of tines with wide points. This

wilt be due to the effect of the sorting of small aggregates out of the

top zone of tilth in preference to large aggregates. Kouwenhoven and

Terpstra (1970) found that the wide tines sorted aggregates faster than

the narrow tj-nes. The greater sorting characteristic of tined implements

with wide points, as reflected in this fietd research when repeated

tillage \^/as done, will be due to the fact that it produced a larger

proportion of smafl aggregates during the first pass than the tine

implements with narro\^r points. ft was observed that the proportion of
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Aggregate and pore sj-ze distribution ín tilths produced

by tillage with scarifier lSc) and combine drill (D)

after ptoughing (MB or D) as expressed by the proportion

larger than X mm.

x
Proportion

D+CD

(aggregates)

MB+Sc MB+CDD+SC

I
2

4
I

16
32
64

I
0
0
0
0
0
0

I
0
0
0
o
0
0

00
94
8I
73
58
37
t5

00
94
92
86
74
55
31

I
1
0
0
0
0
0

00
00
85
16
60
38
I5

1.00
0. B7
o.79
0.69
o.52
0.30
0.10

Proportion (pores)

0
0
0
0
0
0
o

1
2

4
I

16
32
64

0.84
0. 61
0.31
0. 06
0.002
0. 00
o.00

92
.47
.55
.rt
.005
.00
.00

0.91
0.80
0.57
0.35
0. 14
o.02
0.00

93
49
37
22
08

0
0
0
0
0
0
0

01
00

Macroporosity o. 065 0. 14 0.197 0.181

Mean pore size 3.8 5.3 8.4 6.O

Mean aggregate size 55.1 32.4 34.3 27.O
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Aggregate and pore size distributions in tilths producecl

by tillage with different numbers of passes of tines with
narrov¡ points (T) as expressed by the proportion larger
than X mm.

Proportion
(aggregates)

Proportion
(pores)

x

T T+T T+T+T T T+T T+T+T

I
2

4
8

16
32
64

I.00
0.95
0. B7
0.73
0.53
o.27
0.07

0.95
0.78
0.65
0. 50
0. 31
0.11
o.o2

92
77
67

o.94
0.90
o.62
o.49
0.31
0. 13
0. 02

0
0
0
0
0
0

85
58

o.
0.
0.
0.
0.
0.
0.

96
89
58
34
l1
01
00

o
0
0
0
0
0
o

48
25
o7
01

.43

.33

.20

.07
o.009

Mean pore size r1.8 14.6 8. r

Mean aggregate size 24.9 14.1 9.7

Tabl-e L6b. Aggregate and pore size d.istributions in tilths produced

by tillage with different numbers of passes of tines with
wide points (Sc) as expressed by the proportion larger
than X mm.

x
Proportion

(aggregates)

Sc+Sc Sc*Sc*Sc

Proportion
(pòres)

Sc Sc*Sc Sc+Sc+ScSc

1
2

4
B

I6
32
64

o.97
0.87
o.77
0.64
o.44
o.22
0. 05

0.87
0. 87
0. 78
o.7L
0.59
o.42
o.20

0.93
o.7 6
o.52
0. 38
o.20
0.06
0. o04

0.93
0.93
0. 69
0. 39
o.I2
0.01
o.00

o.97
0.80
0.58
0.4ù
0.Iq
o.04
0. o02

.00

.86

.59

.26

.05

.oo2

.00

I
0
0
0
0
0
0

Mean pore size

Mean aggregate size 2L.O 38.8 I0. 0

8.0 9.9 6.8
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Aggregate and pore size distributions in tilths produced

by tillage with d.ifferent numbers of passes of tines with

narrov¡ points (T) after ploughing (D) as expressecl by the

proportion larger than X mm.

x

Proportion
(aggregates)

D+T+T D+T+T+T

Proportion
(pores)

D+T D+T+T D+T+T+TD+T

1

2

4
I

16
32
64

0. 69

o.94
o-92

0.53
0.31
0. r1
0. o1

o.94
0. 75
0.65
o.52
0.33
0. 13
0.02

o.82
0. 67
0.54
o.34
0.13
0.0r
0.00

.84

.56

.13

.02

.001

0. 9t
0.91
0. 80
0. 54
o.24
0. 05
0. 002

0.94
0.82
0.55
o -24
0.05
0. 002
0. 00

0
0
0
0
0
0
0

35

MacroporositY o.36- O.44 0.44

Mean pore size 8.2 Lz.l 6.4

Mean aggregate size L4.4 15. I 8.0

Tabl e l-8. Aggregate and pore size distributions in tilths produced by

tillage with different numbers of passes of tines with wicle

points (Sc) after ploughing (D) as expressed by the proportion

Iarger than X mm.

x

Proportion
(aggregates)

D+Sc D+Sc+Sc D+Sc*Sc+Sc

Proportion
(pores)

D+Sc D*Sc*Sc D+Sc+Sc+Sc

I
2
4
I

16
32
64

.72

.57

.40

.20

.05

.003

0. 95
o.7 6
0.63
0.55
o.42
o.25
0. 08

o.97
o.87
o.77
o.64
o.44
o.22
0. 05

0.71
0. 66
o.45
o.22
0. o5
0. 003
0.00

0. 91
.76
.6I
-4L

0.93
0.93
0. 69
0. 39
o.I2
0. 0r2
0. 001

0
0
0
0
0
0
0

75
0
0
0
0
0
0 2

I9
o4
00

MacroporositY 0.36 0.30 0.30

Mean pore size

Mean aggregate size 9.8 22.6 20.9

5.6 9.9 8.8
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Entropies (H) of tilths produced by different tillage
treatments (L977).

Treatment H (replicates) Mean

D

D+D
D+D+D
D+D+D+D
D+T
D+T+T
D+T+T+T
T
T+T
T+T+T
D+Sc
D*Sc*Sc
D*Sc+Sc+Sc
Sc
Sc*Sc
Sc*Sc*Sc

0.310
0.439
o.526
0.470
o.407
0.302
0.365
o.325
o.44L
0. 498
0.600
o.277
o.397
o.407
o.236
0. 463

0. 359
0.571
0.365
0.535
0.397
0.365
0.637
o.239
o.247
0. 399
0.403
0.3r4
0. 313
o.226
0. r54
0. 506

0.335
0. 532
o.446
0.503
o.402
0. 334
0.501
o.282
o.344
o.449
0.502
o.296
0.355
0. 317
0. 195
0.485

TabLe 79b. Entropies (H) of tilths produced by different tillage

treatments (1976).

Treatment H (replicates) Mean

D

D+Sc
D+CD
MB

MB*Sc
I\B+CD
Sc
RC

o.223
o.L74
0.190
0.28r
0.218
0. 314
o.264
0. 321

o.25
0.138
o.29
0. 135
o.262
0.165
o.277
O. I3I

o.237
0.156
o.24
o.208
o.24
o.24
o.27L
o.226
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aggregates smaller than I mm in the tilth produced by the former was

0.36, while it was O.27 in the tilth produced by the latter.

4.5 Statistical Analvsis of Aqgre ate Fraqmentation and Sortinq

This chapter is mainly based on projects connected. with two

major processes occurring during tillage as they affect the ultimate

structure of tilled soil.

To examine the significance of these factors, the proportion of

clods, that is aggregiates larger than I mm (Ag), was regressed on the

equivalent number of passes of a tined implement (Xp) and the level (L)

of structural measurement in tilled soil (from below). The first

facÈor (Ne¡ effects continuous aggregate fragrnentation during repeated

tillage, and the latter factor indicates stratificatíon as a result of

aggregate sorting. The primary data (Appendix I) collected from plots

tilled with three, and four passes of a tined implement (with narro\^l

points) at the lùaite Institute were used. Til-IaçJe \^/as done at two

water contents.

The regression equations of A8 on L and NP for tillage aE 12-6

and 25.2% water contents are given in Equations (48) and (49) respectively.

A8 = O.O72L - 0.076NP - 0.015 (48)

Ag = O.O67L + 0.0I8NP + O.O42 (49)

The above equations confirm the finding that the proportion of

large aggregates and clods increases from the lower leve1s to the upper

leve1s of tilled soil-s. For tilths produced at smaller water contents'

equation (48) shows that the proportion of clods decreases with increasing

number of passes of a tined implement with narro\^t points. Equati.on (49)

shows that this does not appear to apply if titlage is done at water

content significantly greater than the plastic limit. When wa.ter content

is far greater than the plastic range (Baver, 1961), shearing by tillage

decreases to practically zero and cohesion between soil particles is

about maximum.



Tabl.e 20

137.

Analysis of variance for the regression of the propor:tíon

of aggregates larger than 8 mm (48) on the layer number

in titted soil aud the number of implement passes.

Source of Variation df SSD MSD F Test

Vsriation due to regression
Residual

Total

2
38

40

0.035
18.64

0.018
0.49I

0.04 NS

Tabl-e 21. Analysis of variance for proportions of aggregate sizes
(larger than X = 1, 2' 4,8, L6, 32,64 mm) after tillage
with different number of passes of single and combined

implements. Test for significant structural differences.

Source of Variation df SSD IvtSD
Test

(99?)F

I,2r3 r4 passes of disc plough
Residual rr

2r3r4 passes of disc plough
Residual rr

Ploughing, Ploughing + Harrowing
Residual rr

L12r3 passes of tines after
ploughing

Residual rr

L,213 passes of tines
Residual tr

0.007 0.0034 2.I3 NS

3
9
2

IO
I
6

2

o.L25
0.033
o.062
o.o29
0.0I7
0.006

0.019
o.20
0. 043

0.o42
0. 003
0.031
0. o03
0. 017
o. o01

I4 ***

I0.7 ***

L7.9 ***

***
L2
.2
L2

0.0016
0. 10 28.O4
0.0036



138 "

Vühil-e the information given by the above equations appears

correct, the equaticns could not be used for predictive purposes because

the regression is not sígnificant (Table 20). Thís could be due to the

fact that a number of soil- factors such as watell content and organic

matter content need to be inserted into the equations. Calculated values

of A8 are usual-ly at least about 0.05 smaller than the actual values.

However, Iayering as a result of aggregate sorting, and clod

breakdown with repeated tillage are important factors infl-uenci.ng the

distribution of clods in tilled soil. For example, the correlation

coefficient (r) between A8 and L although small (r = 0.32) is significant

at the 95å level. And the correlation coefficient between AB and NP

(¡ = 0.20) is significant at the 75% level of test.

Analyses of variance of proportions of aggregate sízes (larger

than X = 1r 2,4,8, 16,32,64 mm) as a resul-t of tillage with single

and multiple passes of implements (Table 21) confirm that titlage with

sharp-pointed implements (except after one pass harrowing) tend to cause

significant changes in the structure of tilled soil-. This is essentially

consistent with the initial hypothesis. The changes occurred mostly in

the form of red.uction in the proportion of aggregates larger than I mm

and increased proportion of smaller aggregates as shown by the present

findings. The statistical analyses indicate that further research of

the type described in this Chapter would be worthwhile.

4.6 Summary

Primary data of aqgregate and pore size distributíon were collected

from cut sections of impregnated tilth block samples collected from plots

tilled with different number of passes of implements in two years. The

structural data were collected within the top 5 cm of tilted soils. From

the primary data, the proportions of different sizes of aggregate and

pore, mean aggregate and pore sizes, and titth structuraf variabilities

were calcuLated. Tillage was done on a light-textured soil.
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The findings are consistent with the initial hypothesis that

repeated tillage will cause a progressive decrease in the proportion of

large voids and aggregates and a corresponding increase in the proportions

of small structural elements. This hypothesis applies to the use of

disc plough (up to two passes) and a tined implement with narrow points

(up to three passes).

Continual aggregate breakdown, and sorting of aggregates during

tillage, and change in their relative importance with repeated til-l-age

were shown to determine aggregate and pore size distributions that

resulted from repeated tillage with different implements.

For the maximum production of small aggregates and pores'

seedbeds could be prepared by two passes of a disc pfough, or three

passes of a tined implement, or tillage with one pass of a tined implement

after ploughing. The above treatments prorluced comparatively small-

proportions of aggregates and voids larger than 8 mm.

4.7 Conclusions

Progressive decrease in be proportion of small aggregates, and

increase in proportion of J-arge aggregates and voids and macroporosity

were observed frcm the lower levels to the upper levels of tilIed soi.Is.

This was explained on the basís of sorting of the smal-l aggregates to

the bottom of the tilled làyer during tillage. The above change in

tiLth structure from the lower to the upper leve1s featured. more

especially when tillage was done a-, low soil water content and with two

or three passes of an implement,

The tilth produced by ploughing was more cloddy than that

produced by tillage with rotary cultivator or scarifier. The scarifier

produced the least ctoddy tilth. The proportion of smal-I aggregates

and pores was least in the tilth produced by the moul-d.board plough

and was greatest in the tilth produced by the scarifier.

I
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Maxímum production of smalÌ aggregatbs by disc ploughing was

attained after the second pass of Èhe implement.

Tillage with a pass of a tined implement after ploughing caused

increased proportions of small aggregates and Pores and reduced mean

aggregate size and macroporosity.

Tillage with a pass of wide tines alone or after ploughing

produced a less cloddy tilth and greater proportion of aggregates

and pores smaller than I nun than tillage with a pass of narrow tines.

Repeated tillage with tined implements up to three consecutive

passes caused progressive increases in the proportions of small aggregates

and pores and decreases in the proportions of aggregates larger than

8 run.
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CHI\PT¡-R 5

FACTORS DBTBRMINTI.IG TTLTH STRUCTUIìE

This chapter descr-ibes research j-nto factors determining tilth

structure before it is produced. by ti llage .¡nd after its production.

l'he research invol-ved the use of a new sensitive techni-que for the

measurement of the internal macro-structure of tilled soil in the field.

Tv¡o of the factors determining the structures of tilths produced

by tiltage are the previous cropping history of the soil and the soil

water content at the time of tillage. These are described in section

5. r.

The major natural factor affecting tilth structure after its

production by tillage is rainfall. Changes in the internal structure

of till-ed soil under rainfall v¡ere traced and are reported in section 5.2.

5.1 Soí1 Factors Affecting the Macro-structures Producecl by TilJ.age

5. l. t Introduction

For seedbeds, it is generally accepted that an aggregate size range

of I to 5 n¡n is required (Russell' 1961). However, it is still not possible

to predict what tillage operations are necessary to convert soil in a

given corrdition into a seedbed. The soil structure produced by any given

tillage implement depends on a nurnber of factors including the water

content of the soil and the history of cropping or other use of the soil.

Most of the work which has been done on the comparison of tillage

operations has inVolved the sieving-out of the different aggregate size

fractions produced. Sieving, although useful, tends to pr:oduce a rather

arbitrary amount of breakdown especially on crumbly soils (Chapman, 1927)

and in any case, gives no information about the void sj-ze dj-stribution or

about the relative dispositions of the aggregates and voids wj-thin the

tilths.
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There have been very fevr studies on the effects of soj-1. cropping

hi-story on the tilths produced by tillage. Chapnan (L927 ) compai:ed the

aggregation of a heavy clay which had been rinder two cliffererrt crop

rotat-ions for I0 to 15 years. The rotations were corn - barley - clover -

wheat (the'cl-over plot') arrd corn - barley - timothy (or mille't) - wheaL (che

'timoLhy plot'). The difference J¡etween the two plot-s was so great that 53.7

percent of the timothysample remained on a 44,5 mm sieve compared wjtÏ.r 3.7

percent in the case of the clover sample. Only I0.8 percent of the soil

from the tir'rothy plot passed a I.6 mm sieve corrpared with the 55.7 percent

of the soil from the cl-over plot. It was observed that the aggregates

from the timothy plot had sharp eclges and tended to break in two direcLions

or with a conchoidal fracture. The a-ggregates from the clover plot were

rounded and irregular. The difference was attributcd to greater organic

natter content in the clover plot and three possible rnechanis¡ns for

aggregate formationwerehypothesized. fn another experiment involving

dry s-ieving, Siddoway (1963) found that the inclusion of grasses in

rotation with winter wheat a¡rd fallow resulted in a smaller proportion of

large clods than the wheat-fallow rotation alone.

The effects of water content at the time of tillage on the

structures prodrrced have been investigated by several workers. Russel-I

(1938) cited early Russian work which shorved that if the water content

is too high tillage tends to produce large cl-od.s, and if it is too l-ow

the main effect of tillaqe may be that existing aggregates are broken-up

by the implement and that little or no st-ructure is built-up. Cole (1939)

used the aggregate size distribut-ion as the inCicator of the degree of

pulverizat--ion of Yolo l-oam (cornposition or pliysica.l properties were nct

specified) produced by tillage. Ile f.ound. that- more sm.rll aggregates and.

ferver clods were produced when tillage was done between 17 and 20% water

content than when the water content was greater than 20p¿. Lyles and

Woodruff (19621 effected changes in soil \,rater content by shadj-ng and
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irrigaLi.on and later tilled the soils differently" Thej-r objective

was to produce large clods for wind erosion control on a sil.ty ctay

loam (properti.es unspecified). It was found. that the largest clods

were most frequent on the plots tilled at the lowest water content

(8 percent) and the smallest clods were formed at intermediate water

contents of arouncl 19 percerrt. Bhushan and Ghildyal (1972) examined the

mean weight diameters of aggregates produced by tilling a lateritic

sandy loam with seven different implements. Tillage was done at water

conLents of 5.6, 7.2 and 9.2 percerlt..ra the Plastic Lim-it, PL, of the

soil- was 9.9 percent. These v¿ater conLents therefore correspond to

0.60 PL, O.77 PL, and 0.99 PL. They found that a more cloddy seedbed

was more ofte¡r produced by tillage at 0.60 PL and.0.99 PL than at O.77 pL

althougth there were differences between implements. With some implernents,

the cloddiness appeared to be stitl decreasing at water conl-ents of 0.99 Pl,.

This project presents the results of a study of the effects of

soil conditions on the structure produced by a tillaoe implement. Soil-

structure is quantified statistically by Lhe method of Dexter (L976)

and Dexter and Hew-itt (1978). It is shov¡n that both .Lhe previous use

of the soil and the water content at the time of tillage significantly

influence the resulting soil structure.

5.I.2 Hypotheses

1. Croppingr h-i-story influences the structures of tilths through its

effects or¡ the density or planes of weakness in the soil. Thereiore,

an hypothesis is set that less small aggregates wil-I be produced by

tíJ-lage carrj-ed out on continuously cropped soil cornpared wj.th sorl

that has been given a fallow break between crops, and on soil that is

cropped compared with soil under pasture.

2. SoiI strength increases with decreasing water content. TiJ,lage

at large soil. wat-er content especially if larger than PIasLíc Lir¡it tencls
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to cause clod forrnation when tillage is being done because scouring

of the implement lcy soil will be reduced and, because t-he soil will

defor:m plastically and w-tII not fracture.

5.I.3 Materials and methods

5.1.3"I Tillage treatments and sites

Tillage of permanent rotation plots and plots at different

water contents was performed in 1976 and L977 aL the Vùaite Agr:icul-tural

Research Institute using a set of tines with n¿tr:row points. The tines

(each 65 mm in width) in four ror^¡s were spaced at 30 cm inter:vals in each

row. The tines in the ro\¡/s v¡ere staggered such that with one pass of

the implement, tine centres had passed through the soil at 5 cm interval-s.

The soil on the site of tillagre has 31% sand, 52% silt, and 17% clay.

The Plastic Limit of the soil is 19.52, and the Fíe1d Capacity (at 0.1

bar suction) is IB%.

Eight rotation plots were tilled in 1976 at a water content (mean

for seven samples) of 2OZ (+ 1.2) and ten were tilled in 1977 al a water

content of 13% (+ 0.9) dry weight basis. The rotations were wheat-

fallow (ÌnII'), wheat - pasture - fallow (WPF) , vrheat - pasture - pasture -

fallow (I^IPPF) , wheat - pasture - pasture (I^IPP) and contínuous wheat (cly¡) .

The Cf{, WF, and VfPF rotations have continued in an unbroken sequence

since 1925. The VIPP and VIPPF rotations have been in existence since 1952.

Rotation plots were also classified on the basis of the last

annual crop or treatment on them. They feII into the plots coming out

of fallow (COf¡, corning out of wheat (COW¡, and coming out of pasture

(coP) .

In 1976, there were 4 WF (prefix figure indicates the number of

plots belonging to the rotation system), I !ùPF, I WPPF, 1 WPP, and I CVù.

Whereas ín L977 there were 4 WF, 2 WPF, 2 WPPF, I WPP, and I CW. fn

1976, plots that fell into COF, COW and. COP vrere 4, 3, and I in number
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respecti-',.uely, while tlie equivalent fignres fot l-977 were 4, 3, and 3,

ln 1"977 soil was also tílled at different dates at rvater

contents of IO.7 (+ l-.4), L2.6 (-l-I.9), 15"8 (-l 2.8), l-'l (+- 0.9), 18"3

(+1.1), and 25.2 (+2.8)%. Twelve samples of each were clried at I05oC

f.or 24 hours for gravimetric water content determinatio¡i.

Tillage was done to about 10 cm depth.

5.1..3.2 Sample colfection and structural- data

Tilth block s.rmples were collected frorn til-ted plots by the

method of Dexter (L976) as described in Chapter 3. One tilth block

sample was collected, from each tillecl rotation plot whereas two

were collected from each of the plots tilled at different water contents.

Each impregnated block was sectioned twice lengthrvays at about 10 cm from

the longer sicles in order to eliminate edge effects. Data strings of the

distribution of aggregates and pores on each of two 320 nm long J-ines taken

on each section around 4-5 cm depth of tilths were collected. Thus there

were four sel-s of structural data from each tilth block sample. Each data

string was analysed on the compu'l:er to calculate the probabilities, P(O),

of 0's in given positions follov¡ing the sixteen possible precursors or

combinations of 0 (r:epresenting a I mm pore) and 1 (representing a I rnm

aggregate) in the four positions immediately to the left of the position

in question. The occurrence p::obabilities (Ui) of the sixteen possible

precursors \inere also calcu-lated from the P(0) values (Dexter and Hewitt,

1978) . Tilth entropy was calculated using the set of 16 P (0) values and

the equivalent occurrences of precursors by the method of Dexter (L977)

described in Chapter 3. Macroporosj-ty which is the fract-ion of a data

string made up of 0's was evaluated.

Calculation of the proportions of different sizes of aggregate

and pore by the use of each set of sj.xteen P(0) a¡rd U. values was perforrned

by the method of Dexter and Hewitt (1978) as described:'-n Chapter 3.
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Tilth structures produced on different rotation plots.
Values of P(0) are the probabilities of O following
the sixteer: poss;ib1e p::t:cursor-s (Means) .

Precursors
viF

P (o)

$IPF

for Rotation
WPPI¡ $IPP cvI

0000
0001
0010
00r1
0I00
OIOI
0110
0r11
1000
1001
1010
1011
1100
1r0t
1110
111I

0. 000
o.902
0.000
0.866
o.027

0.837
0.053
1.000
0. 116
o.729

*
0.781
o. o97
0.751
0. o05
1. 000
0.050
0.785
0.063
o.892
0. 049

0. 844
0.093
o.786
o. 079
I. 000
0. 333
0.900
0.055
0.850
0. 084
1.000
o.500
0. 896
0. 500
0. 968
0. 073

0. 875
0.000

¡t

0. 046
*
*

1.000
0.059
0.817
0.000

*
0.000
0. 904
0.000
o.962
0.068

o.a24
O. II4
1.000
0.084
I. 000
0.000
0. 750
0. 053
o.7 47
0. 000
o.000
0.025
o.824
0. 125
0. 849
0. 046

o.'t62
0. 000
I.000
0.057
0.000

*
1.000
0. 037
0. 838
0. 071

*

* Indicates that the precursor had no occurrences.

for 1976 and 1977.

Mean data
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Tilth structures produced at different water contents.
Values of P(0) are the probabilitj-es of an 0 fr¡.llowing

the sixteen possible precursors (Means).

Precursor P(0) for Water Content (à)

10.7 12.6 r5.8 17.0 18.3 25.2

0000
0001
0010
00r1
0100
010r
oI10
0111
1000
r001
1010
10tr
1I00
IIOI
IIIO
rt11

0.
0.
0.
0.

0.890
0.037
1. 000
0. 096
0.000

*

0. 000
0. 920
0. 000
0.968
0.057

o.885
o. oI9
0.000
0. 141
0. 000
1.000
0. 889
0.156
o.929
0. 000
1. 000
0.500
0. 891
0.000
0. 969
0. 095

0.907
o. 088
t. 000
o. I80
1. 000

*
1. 000
0.184
0.885
0. I33

lc

o.L67
o.7 66
0.000
0. 866
0.075

0.870
0. 063
1. 000
o.269
o.813

*
0.8r3
0. 253
o.782
0.11I
I. 000
0. 500
0.803
o.L25
0.865
0. I00

0. 883
o. o24
1.000
0. 070
0. 833

*
0. 833
0. 193
0.956
0.250

*
0. 000
o.932
0. 000
o.942
0. 093

0.806
0. 1I0
1" 000
0. 134
I.000

*
0.833
0. 168
0. 810
0. 167

*
0.500
o.829
0.000
0. 950
0.079

833
o67
813
000
*

* Indicates that the precursor had no occurrences.
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From the above proportion, the proportions of structural el-ements

larger or srnaller than a particular size were derived. Mean

aggregate or pore size vras calcul.a'i:ed from the pr:imar:7 s'tnrctural data

of the distribution of aggregates and pores"

The mean P(0) values for t-ilths of permanent rotat--ion plots and

tilths producecl at different water contents are presented in Tables 22 and

23. Other mean structural data are presentecl in the te>:t.

5. 1. 3 . 3 Orgar-ric matter content determj-nation

The organic matter contents of the rotation plots were determined

by using the weight loss after 20 g soil sample was v/armecl in conceutrated

hydrogen peroxide (Robinson , 192'7) , and treatecl with concent-r:ated

hydrochloric acid. Three deberminations were made for each plot in 1977.

5.1.4 Results and discussion
Tilth structures produced as a result of different cropp-ì-ng

treatments are first compared. Then tilth structures that resulted from

different soil water contents are compared. Discussion is basecl on

aggregate and pore .size distributions, mean aggregate anrl pore sizes,

and macroporosities.

5.I.4.1 Annual crop or treatment

The tilths produced as a result of tillage of plots that came out

of pasture (cOP), fallow (Cor¡, and wheat (Cow¡ \^rere compared.

5.1.4.1.1. Aggregate and pore siz,e distributions

Clods an<l voids larger than 16 nm were fewer j-n the tilths

produced after pasture than in those produced after wheat or bare fallow

(Table 24). Accordingly, the forirer had greater proportions of aggregates

and pores sma-ffer than 8 mm (Table 25). The tilth produced after fallow

had a srnaller proportion of cl-ods and g::eater proport-ion of small-

aggregates than that produced after cereal cr:oppì-ng.
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Ag<¡regate and pore size distribut-ion in tilths of
permaneirt rotation plots that òame out of fallow (COf¡,

pasture (Cop) and wheat (COÌ^I) as expressed by the
propor:tion larger than X mm.

Aggregate
x

Proportion (1977)

coP coF cow

Proporr-ion (I916)

coF cow

I
2
4
B

16
32
64

0.96
0. 96
0.88
0. 69
o.42
0.16
o.o2

0
0
0
0
o
0
0

98
90
8I
68
4A
24
06

0. 95
0.87
o.78
o.66
o.47
o.24
0. 06

0. B9
o.l7
0.65
0. 48
o.25
0. 07
0. 006

0
0
0
o
0
0
0

98
90
79
68
50
27
08

l*
2*
4*
8*

16*
32*
64*

930.95
0.89
0.69
o.42
0.16
0.02
o. o0

o.98
0.9r
0. 78
o.52
o.23
0.04
0. 002

.88

.69

.45

.19

.034

.001

0. B9
0.71
0.37
0. 17
0. 03
0.00
o. 00

0.89
0. 63
0. 33
0. 07
0.002
o.00
0.000

o
0
0
0
0
0
0

Mean aggregate size 24.7 32.O 32.2 r7.3 36.2

Mean pore si,ze 9 .6 11. 9 LO.A 5.2 4. O

Macroporosity 0. 345 0.345 0. 316 0.30r 0.139

* Pore size distríbution.
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Proportíons of small size aggregates and pores .in tilths
of permanent rotation plots that carne out of fallow (COf'¡,

pasture (COe¡, and wheab (COW¡.

Year Plot I 2

Size (mm)

4 5 6
Total

1-5
Total

4-83 7 B

coP

1977 COF

cow

0.037 0.000 0.024 0.056 0.053 0.050 0.047 0.044

0.026 0.077 0.049 0.037 0.035 0.033 0.032 0.031

0.049 0.077 0.055 0.034 0.033 0.032 0.030 0.029

0. 170

o.224

0.248

0.250

0.168

0. 158

]-976 coF

cow

0. 396

o.24r
0.231

0.140

0.107 0.L23 0.062 0.054 0.050 0.046 0.042 0.039

0.025 0.075 0.082 0.030 0.029 0.028 0.027 0.026

coP

1977* COF

cov{

0.048 0.060 0.114 0.090 0.080 0.o71 0.062 0.055

0.01_9 0.071 0.046 0.083 0.075 0.068 0.061 0.055

0.073 0.050 0.107 0.079 0.o71 0.063 0.057 0.051

* Pores.

o.392

o.294

0. 380

0. 358

o.342

0. 321
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Fig.18. Correlqtions between pore size distribution ond

tilth mocnoporosity (t[r) on differently tilled plots

(Mortlock Stotion - 1976).
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distribution on differently tilled plots ( Mortlock Station - 1976 ).
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The smallest degree of small agqreqates after til-Iage occurred

on the plot that had been under wheat.

5.L.4.I.2 Macroporosity

The greater proportion of rnedium-size pores ir: the til.th

produced by tillage of the plot that was under fall.ow and tlie a-ssociated

small-er proportion of aggregates larger than I mm resulted in its larger

macroporosity compared with the til-th of the plot that came out of wheat.

There was no considerable difference between the til-th of the former ancl.

that of the plot that came out of pasture.

The medium-size pores which have diameters between 9-16 nun mostJ-y

determine tilth macroporosity compared with smaller or larger pore síze

ranges. This is shown by Figure 18. A correlatio¡r coefficient of 0.91

r{as recorded between macroporosity (n¡) and the proportion of pores

between 9 and 16 nm in diameter (Figure 19). The data involved in

Figu::es 18 and l-9 are those collected in I976 from eight differentl-y tilled

plots situated at the Mortlock Experiment Station (see Chapter 4). In most

soils, there is a wide distribution cf parti.cle diameters present, and this

distribution influences porosity.

5.I.4.I.3 Mean aggregate or pore size

The titth produced by tillage on the plot that came ouL of

pasture, as a result of its smallest propo::tion of larç¡e aggregates, had

the small-est mean aggregate or pore size compared with the til.Lhs produced

on plots that came out of wheat and fallow.

5.I.4.1-.4 P.ntropy_

The greatest proportion of small structural el-ements in the

tíIth produced on the plot that came out of pasture compared with the tilths

produced on the plots that came ouL of fallov¡ or wheat led to its lar:ger

structural entropy than the others. The mean entropies for COP, COF, and
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COW were 0" 33 (r-0.002) , C.29 (+0.027) and 0.29 (J-0.007) ::espectively.

The brealcing-up of the plots that- were under pasture in the

p::evious year into more small agg::egates and pores under t-illage conrparecì.

with the plois that were not under pasture wi-]-l- be due to the ramification

of the soil- bulk by the fine root-s of the parstui:e ryegrass (GreenJ-and,

1971). For example Ereater mean orga.nic matter content (as index of root

concentration) rl¡as recorded for the rotation plots on whích pasture was

grown (væl¡ compared with those on which pasture was not gro\^/n (4"32 > 2.9%)

G.reacen (1958) indicatecl that during crop production there will- be clecline

in the supply of organic matter because the dense grass root system

intensively associated with the soil wifl be replaced by more sparsely

rooted crop system. The ramification of the soil by fine roots of

ryegrass and the attendant dehydration, fractures, and dead roots

lvould make the soil more easily broken-up by tillage into more smal-l

aggregates conpared with soils under cereal crop or faIlow. The present

result is irr agreement with the results of Chapman (L927) for the effects

of organic matter on til-th.

A number of factors that could account for the larger proportion

of smal-l- aggregates produced as a result of tj-ila.ge of the plot that came

out of fall-ow compared. with the pJ-ot that came out of cere¿rl cropping

are briefly examined..

(a) The higher frequency of tíI}age of plots under fallow. The

fall-ow period. in South Australia is a long fall-ow. It extends for about

17 months from one harvest in, say, November, through the rrext year and 
r

up until the sowing of the next crop in, say, May of the following yea::

(I¡Iebber gt aJ.r L976). Fallow is practised especíally where there is a

clay subsoil, and where the average raínfall is less t-han 450 mm per year.

During the fall.ow period, mulching by repeat-ed tillage v¡ith tined implements

is pracl-ised for soif water conservation. Another benefit of fal-lov¡ing is the
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improvement of soil nit-rogen status through mineralizat-i-on of orqani-c

matter.

The fallow plots sampled on 20th May, 1976 had been chisel

ploughed on 6th October, l.975 ancf tine cultivated on I71-h October, 1.975.

The fatlow pl.ots sampled on 28th ltlarch, 1.9'17 haci been ti.ne cultiv¿rtecl

on 27th Ivlay, L976. Thís represents a minimal fallow nulching. Sometimes

as many as eight tillage treatments are used. A higher frequency of

tillage will lead to increased decomposition of accumul¿¡ted crgani.c matter

(Rovira and Greacen, 1957) and weakening of the framework of the soi-I.

structure.

(b) Smaller water content of tire fallow plot. It v¿as derived from

the primary data (Appendix IV) of cropped and bare tilled piots that the

water content (within 10 cm depth) of the former \^¿as averagely 2ea larger

than that of the latter, vrhile its temperature vr'as averagely 3oC higher

(Appendix III). However, the d.ifferences in water content between bare

and cropped t-ilths were not statistically significant. Before till-age,

the water contents (within 5 crn depth) of plots belongirig to COI-' COP,

and COW were 12.9 (+ I.3), 13.3 (t O.9), and 13.3 (+ L.27ø" (dry weight basj,s,

means f.or 12 soil samples) respectively.

It is shown in Table 26 that if the tilth structures produced

above 15% soil water contents are compared, the drier soil-s tend. to

produce tilths with mo::e aggregates smaller than 5 mm.

5.I.4.2 Fallowinq and oontinuous croþþancf

The tilths of rotation plots given a faLlow break betweerr crops

(including pasture) such as VìlF and VrIPF !/ere compared rvith those of plots

continuously under crop or pasture (VIPP, CVI). The mean structural data of

the two sets of tilled plots are nov¡ compared.
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5.L.4.2.I Aggregate and por:e size d.istributions

It is shown (Figure 20) that the plots tliat were given a

fallow Ì:r:ea,k broke into more smal-l aggreg;rLes¡ rlhen t-illed than those

cont-ì-nuously cropped. As a result the proporti-on of clods (including

those larger than 64 mm) and large pores were lar:ger: fcr the latter

(Figu::e 21) .

5.L.4.2.2 Macroporo sitv

Because there \^rere less c]ods i-n the tilth produced on the

rotation plot given 1 fallow break compared with that of the plot

continuously cropped, the former had a greater proportion of medium-size

(9-16 mm) pores which determine tilth macroporosity and therefore had the

greater mean macroporosity (0.309 > o.203).

5.L-4.2.3 Entropy

The smaller proportion of small structural elements in tilth

produced on continuously cropped land compared with the one produced on

fallowed land led to a greater structural entropy or variability being

recorded for the latter (0.369) than for the former (0.250).

The reasons why a higher frequency of tillage and small-er water

content cause the breaking of fallowed land when ti.l-l-ecl into mo::e smal-l

aggregates than cropped land was discussed in section 5.1.4.I. The

discussion is applicable in the explanation of the greater proportion of

small structural elements in the tilth of rotation plot given fall-ow

treatment than in that of the rotatíon pJ-ot not given fallow treabment.

It is also shown in section 5.I.4.4 that tillage at a small

water content about the Plastic Limit caused the production of the tilth

with the most small aggregates.
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5 . 1. 4 " 3 The inclusion of pasture -in ro1:ation

To i¡rvest--igate l-he effec'ts; of the j-ncìusion of pastu::e in

rotation, the tilth structr.rra.'1. data of the rotatío¡r ptots thaL rvere

never sown to pasture (VfF) vrere comparetl wiÈh those of the t-v¡o sets of

rotation plots that were sown to pasture for a year or two co¡rsecutive

years (VIPF and WPPF) .

The rol-e of organic matter j-s not considered because the mean

orqanic matter contents of the plots being considered were not significantJ-y

different. For rotation plots WF, I/ilPF, and $IPPF, the mean o::ganic rnatter:

contenLs were 3.5 (-l-0.7), 3.2 (+ 0.08) and 3.4 (+ 0.7)% respectively.

The uniform organic matter contents will be due to the effect of the bare

fallow inclucled in each rotation. Bare fallowing of land, and especially

if the land ís mrrlched by tilJ-age wiII lead to significant loss of

organic matt.er, and the first order:rate equation (Greenland , 1971) will-

be applicable. This equation shows that the plots with more organic

matter lose rncre, and this tends to eliminate differences.

5.1.4.3.1 Aggregate and pore size distributions

The incl-usion of pasture ryegrass in rotation caused

increased proportion of small aggregates (Figure 22) and reduced the

proportion of aggregates larger than 16 mm (Tab1e 26), when tillage was

performed. As a result of greater proportion of small to medium-size

aggregat-es in the tilth of the plots sown to pasÈure compa:recl with those

of the plots not sown to pasture, the former had greater proportion of

smal-I to mediurn-size voids while the latter had more ì.arge voids.

However, it is shown that the til-ths of the rotaticn plots not

sown to pasture had greater proportions of aggregates smaller than 4 mm

than the tilths of tìre plots sown Lo pasture. This indicat-es that the

roots <¡f the pastur:e ryegrass increaseci soil aggregation.
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Tabie 26. Agqregate and pore size dj-stributions in tilti'rs on

rotation plot--s expressed l:y t,l're propor:tion lar:ger

than X mm (Means).

Aggregate Size
x I/'lF

Proportion for Rotation
WPF VÍPPF WPP CW

0.89
0. B3
o.75
o.64
0. 43
0. 21
o. 05

oo

.95

.89

.80

.64

.4r
L7

00
96
84
64
37
L2
o2

0
0
0
0
0
0
0

I
0
0
0
0
0
o

90
B3
73
55
33
L2
o2

0
0
0
0
0
0
0

94
B4
72
59
39
I8
o4

0
0
0
0
0
o
0

I
2

4
8

I6
32
64

1*
2*
4*
8*

16*
32*
64*

0.88
0. 7r
0. 49
0.28
0.10
0. 02
o.00

o -94
0.85
0.61
o.32
0.10
0.01
0.00

0. 96
0.87
0. 63
0.38
0. 05
o. 02
0.00

0. 84
0. 71
o .46
o.24
0.07
0. 01
0.00

0. B8
o.71
0.50

0. 05
0.0I

o.26
0.14

Mean aggregate size 18.3 15.3 L6.6 2.O.5 37.1

I"lean pore size 7"2 8.0 ^1t-L 6"4 8.6

Macropc'rosity o.27 0.36 0.35 o.23 0. rB

* Pore size distribution.
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5.L.4.3.2 Mean aggregate or pole slze

The presence of more small to medj-um-si ze aggregat,es and

pores in the tilths of the rota-tion plots under pastur:e than in those

of the plots not under pasture led to sntalle:: nean aggl:egate or pore

size of the former than that of the l-atter wl-rich had more of l.arge clods

and voids. This is also shor¡n if the t\nlo sets of tilths belong-ing to

continuously cropped plots (CW' WpP) are considerecl.

5.1-. 4.3.3 $lacroporosity

The greater proportion of medium-size (9-16 n'¡n) voids in the

tilths produced on rotation p1ots sown to past-ure compared with those

not sov¡n to pastlrre led to a greater macroporosity in the former than

in the latter. Figure 23 shows that the macroporosities in these voids

were greater in the tilths produced on the plots sow:r to pasture than

Ín the tilths produced by tillage on those plots not sowr-r to pasture.

It was shown earlier (5.1.4.1) that the medium-size voids determine

tj-lth macroporosity.

Even under continuous cropping the effect of the inclusion of

pasture in rotation which led to increased proporti.on of small agqregates

and voids was manifested. If plots IVPP and CW are compared, the tilth

of the former had more of small aggregates than that of the latter (Table

26). As a result the tilth of rotation CW h¿rd more of clods, larger

voids, and. smaller macroporosity because it did not have consiclerably

greater proportion of med-iun-size pores.

5.L.4.4 Soi-I water conLent and tilth structure

To exantine how tíI1age at different soil water content

determines tilth structure, the tilth structures of the til-ths procluced

at different vrat-er contents were compared.
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5.L.4.4.1. Aggreqate size distributicn

TilÌage at water content of I7% vrhich is slightly below

the Pl-astic Limi*. or FieJ,<l Capacity pl:oduced the sma--l-.l,esh ploportion of

Iar:ge aggregates and the largest proportion of small aggregates ir"rcluding

those smaller than 6 mm comparecl with ti-l1age at smaller or larger water

contents (Table 27). Tt is shown that there was a progressive decrease

Ín the propostion of larger aggregate sizes as soj.l water content for

tíllage increased from 11 to 17% and afterwards the proportions rise.

The greatesÈ pr:oportion of cfods was due l-o ti.Ilage at the smallest

water content. This confirms the finding of Lyles and Woodr:uff (1.962)

that more clods were produced when t.illage was done at the small-est water

contents around. 8% than at larger water contents.

In Figure 24 tlne mean proportions of small síze aggregates in

tilths of pernìanent rotation plots tilled in l-976 at 20% water content

and in L977 at 13% water content are compared. ft could be seen that

small aggregates were more frequent in the former than in the latter

thus supporting the suggestion that more small aggregates and ferver

clods (Figure 25) are produced when tiJ-lage is done at about the Plastic

Limit than at a sm.aller water content.

5.L.4.4.2 Pore size distribution

The tre¡rc1 in the proportions of large void sizes as a result

of tillage at different soil water contents follow the trend in the proporti-ons

of large aggregates. This observation further confirms the finding

under the discussion of the aggregate size disti:ibutions. There was

a progressive decrease in the proportíon of large voids up to those

larger than 64 mm with increasing soil water content at tillage up to 17ø"

and- afterwards the proportion increased (Table 27). This could be

extended to the explanation of how larger voids were more frequent ín the

tilth produced by tillage of rotation plot.s at 13% (in 1977) cornpar:ed with
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Aggregate and pore size distributions in tilths produce<1

at different water contents (%) as expressed by the

proportion larger than X mm.

X 10.7å L2.6%
Proportion

15.8% l7%

I
2
4
8

T6
32
64

0
0
0
o
0
0
0

97
88
78
61
39
I5
o2

0.98
o.82
0.63
o .44
o.22
o.063
0. 006

o.92.
0.75
o.5'l
o.42
o.22
0. 06
0. 005

0. 91
o.67
0.46
0. 30
0. t3
o.025
0- 001

0.96
0. 90
0.66
0. 45
o.2r
0. 04
0. 002

.75

.58

.4L

0
0
0
0
0
0
o

89

2L
o7
01

l*
2*
4x
8*

16*
32*
64r,

0.95
0. 86
0.63
0.45
o.23
0.06
o. 004

o.94
0. 83
0.68
o.42
0. 16
o.c25
0.002

0.90
0.71
0.57
0.3s
0.18
0. 04
0.001

.o23

.001

o.94
0.87
0.73
o.44
0. 16
o.o22
0.001

0. 93
o.79
o.52
o.25
0. 08
0.012
0. 001

a7
67
46
26
10

0
0
0
0
0
0
0

Mean aggregate size 17.1 IL.2 10.9 7.7 I0.7 10.9

Mean pore size Ll-.2 9.6 9.3 7.O oo 7-O

Macroporosity o.40 0.47 0.462 0.47 0.48 0.39

* Pore size distribution.
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tillage al 20% (in 1976) as sl:own in Fignrre 25.

5.L.4.4.3 Mean aggregate or pore size

That the largest proportions of clods in til-t-hs occurred as

a result of tillaqe at the smaflest water cont:ent rather than at slightly

below the Plastic Limit. This is further confirmed by the fact that

there was progir:essive decrease in mean aggreøate or mean void size as

water content increased from 10.7 to 17% and afterwa::c1s these values rose.

5.I.4"4.4 EntTopy

Because of the largest proportion of small aggregates and pores

in the tilth produced when tillage r/ras done at stightly below the Plastic

Limit or Field Capacity, the tilth produced had the largest entropy

(structural variabifity) compared with the tilths produced a-t larger or

smaller water contents. There v/as progressive increase in tilth

structural entropy from 11 Lo L"7% water content, and after 17% entropy

decreased. For tilths produced at 10.7, 12.6, I5.8, 17,18.3 and 25.22

water conterrts, the mean entropies were 0.33, O.43, O.42, O.52r 0.41 and

o.45 respectively. The frequency of small structural elements dictates

tilth structural entropy.

5.I.4.4.5 Quadratic equations

Figure 26 shows curves for the proportions of the aggregates

having sizes larger than given values produced by tillage at different

soil water contents with reference to the Plastìc Límit (or lower

Atterberg Límit), PL. The referençe to the Pl-astic Limit will enabfe

results to be comparable with those for other soils of different composition.

the Plastic f,imit is thought to be the appropriate 'fixed point'because

it is the water content where soil has certain mechanical properties

and also because it fal-ls within the range of water contents of interest.
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It can be seen that there is a min.imum (of aggregates larger

than X rn¡l) somewhere in the region of 0.9 PL. These results were fitted

(Ojeniyi and Dexter. L978) to the quadrati,c equaticn

(s0)

v¡here P is the proportion of the aggregates having sj.zes larger t-han

i mm, W.is the gravimetric rvater content, and â, b, and c are adjustable

parameters" This was the equation use.l by Lyles and Woodruff (L962).

The results are

P.
I

a + b(*) * ",lLnJ'

1. 07 - o.le (å) tl!-n""I

2

P

P

+ 0.04I (5r)

(52¡

(s3)

(sz¡

r.r2 - 0.73(*) + o.33,nl 
"

1. sr - 1. se (#)

d dl-
PI,

-r. se + r. e2 (llpr)

P
4

dP4

+ o. el-,lLnJ'

n, = 1.3s-1.e4(#) +o.s4,#,' (s4)

nru = 1. oB - r.8r (#) + 0.8e,*",' (ss)

n r, = o. s6 - r. 06 (#) + o. s3 ,lLnJ' (56)

For the production of a seedbed one wants to produce aggregates

in the range 1-5 nn (Russell, I96Ii 1973). One therefore wants to tiII

the soil- to minimize the proportion of aggregates larger than, sây, 4 mm.

The water content at which to do this tillage can be found by

díffere¡rtíating P4 with respect to the water content as shown in Equation 57.

0

This yields an optimum water content for the tillage of

vt I.O4 PL (s8)
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. Equation 50 can also be applied to the void size dist-.ributions

in Table 27. Fiowever, the resull:iirg parameJ¿ers do not fol-Iow steady

tr:ends and tencl to vary erratically. llowever, the mealr values of b ¿rnd

c are

b = -O.43, c = 0.18 (59)

In order to conserve soil water, one wants to till the sojl to minimize

the proportion of voids larger than about 8 mm. It has breei'¡ found that

it is in voids larger than this that convective flows of air resultirrg

from atmospheric turbulence can occur (Holmes et a7., 1960; also

Chapter 6). Thj-s can result in accelerated soil drying (Chap.ber 7) .

A rough estimate of the water content for tillage to achieve this can

be obtained by putting the values in Equation 59 into Equation 57.

This produces t.re estimate

vü I.19 PL (60)

All the above is based on the assumption that the quadratic of

Equation 50 is an accurate fit to the data. I't. is impossible to test

this accurately when three parameters are being fítted to only six

somewhat scattered points.

From the data actually obtained the largest proportion of small

aggregates and the smaÌlest proportion of large voids both occurred at

W = 0.87PL (61)

None of these conclusions can be considered t-o be inconsistent with the

results of Bhushan and Ghildyal (L972) who, perforning different

measurements, found naximum soil fragmentation between O.77 PL and 0.99

PL on a quite different soil type.
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5. 1. 5 Su-mmary and j-mpl icat-ions of findings

A new method of quantifying the internal macro-structure of

tilled soil has enabled the tilth structures that were produced on soil.s

under different cropping systems and at different water contents to be

exarníned in the fie1d.

The use of fallow in rotation, the inclusion of pasture in rotation,

and till-age ata water content slightly below the Pl-astj.c Limit (0.87

Plastic Lirnit) or Field Capacity (O.94 FieId Capacity) caused an increased

proportion of small aggregates and pores when tilLage \¡/as done.

Figure 26 shows curves for the proportions of the aggregates hav:Lng

sizes larger than given values. It can be seen that there is a minimum

somervhere in the region of 0.9 Plastic Lirnit (lf,¡.

Since ag.Jregates smaller than 6 mm provide the optimum environment

for seed germination and retain more water (Johnson and Buchele, 1961;

Greenland, L97L) and because large voids are more responsible for

evaporation from tilled soil (Hofmes et a7., 196O; also Chapter 7) ' it

is advocated that seedbed preparation should be performed on lan<l having

the above treatments or conditions as much as possibJ-e. Thj-s recommendation

could assist in efforts to minimíze the frequency of tillage and ¡rumber

of passes of implements.

The logic expressed in each of the initial hypotheses is largely

consistent with these findings. The findings concerning water content

for tíIlaqe could not be said to deviate siqnificantly from thclse of

Cole (1939), Ly1es and Vtoodruff (1962), and Bhusan and Ghildyal (1972)

earlíer referred to. However, the expression of the results ernpirically

(equations 5I to 56) in tems of normalized water contents (¡I,/PL) makes

these results more generally appl-icabl-e.
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5.2 Rainfalf and- Ti lth I'lacro-structure

5 .2. L Introcluctiou

Clilnate affects soj.l structure ntaín1y through wetting (as a

result of raínfall) and drying of soiJ- aqgregates. The dryj-ng process

and its effect certai-nly depend on ::ainfall ancl wetting. Since the

drying period follows rainfall and vice versa, the effect of cIj-mate

on soil structure could be assessed solely on the basis of tkre effect

of rainfafl.

There has been very littl-e research on the effects of rainfall on

the inl-erna] structure of tilled soil. This i-s because of lack of a

composite technique of measuring the internal structure of tilled soil

in the fie1d" Low (7972) attempted to study seasonal- changes in the

structure of titled soils and soils permanently under grass us-ing changes

in their physical properties such as water stability, percentage of pore

space, and the distribution of biopores. He concl-uded that no one

measurement adequately described the extent of loss of structure of tilled

grassland soils, and that the measurement of water stability of aggregat-es

under-rated the dif ferences betr,reen soil-s.

However, Dexter (L9.1 6) introducing a ne\^r technique of measuring

tilth structure in situ, briefly compared probability distributions of

structur:a1 elements at different levels within tilled soils and at

diffq:ent clates. FIe adduced a decrease in the probability of detecting

I mm aggregates at al-I leveJ-s over a period to their coalescence with

larger aggregates during rairr.

Rainfall can affect the internal structure of tilled soil in the

following ways. First1y, by the detachment of smal-l aggregates and

fine partj-cles from the su-rface clods of 'openr freshly tilled soil.

Singh and Pol-Iard (1956) set up a tiJ-lage experiment which invoJ.ved deep

plougir-inq to 20 cm depth, shallow ploughing to 10 cm depth, and tine tillage
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to 5 cm depth. They measured seasc¡r¿rl- variations in wet: sieving agglegate

size d.istributions at d-ifferent depths of the titted soils to 12 cm"

i,ncreased propo:ction of smal-ler aggregat-es betv¡een 0 Lo 5 cm depth vras;

attributed tq¡ raínfall disruption of a-q-gregab.es larger than 4 uun.

Secondly, increased soil wate¡r content as a result- of ra:'-nfa-ÌI,

and rapid v¡ater inf iltratì on could cause disrupt-ion of srnall agg::egates and

their subsequent coalescence with larger aggregat-es and clods. SingJr

ancl PoL.laro (f956) experienced aggregation at depths withir-r mlist tilled

soils. The physical conditions of the A horizon of soils were examined

by Pizer (1962). He observed that seeclbecìs which had become rather dry

slakecl readily when heavy rain felf on them. The depth of slaking

depended on the openrless of tilth, the water holding capacity of the soil

and the amount of rain that fell. Loamy sand soils wel:e found slakecl

to a depth of 25 cm.

The washing-in of fine soil parti.cles by percolat-ing rain water

(Sclrefer, 1948; Dexter, 1916) has been indicated (Singii and Pollard,

1956) to be an insignificant process in the fíeld. Singh and Pollard

carried out the balancing of the losses of aggregates and gains of

particles smaller than 0.05 mm for depths of ti11ed scils. They concfucled

that fine material did not leach from the upper to the lower depths.

The aims of the present project are (a) to use a new technique

that measures the internal structure of tilled soil in situ to trace

changes in aggregate size distributions of tilled soil-s in a cr:opping

scjason, and (b) to examine the manifestation of the changes -in aggregat-.e

síze distributions on void size distributions and other statisticai

parameters 
"

The knowledge of the effect of seasonal rainfall irl rel-ation to

the clistribution of smal-l structura.l elements and the lnethocl of reducing
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the effect r¿j.i1 help in efÍ'orts to re<luce frequency of tillage.

5.2.2 l{ypothesis

Proce-sses accornpanying rain.Ea-ll such as soil detacl'¡rnent at

the surface of tilths ancl aggregate wetting, disrupticns, a¡:cl coalescence

viith larger units wil-l c"auser changes in the frequency of srnall aggregates

and pores within tilled soii. Thè last colnplex process wiII carrse

ultimate reduction in the proportion of small structural el,ements at

the end of the cropping season compared with its beginning.

5.2.3 Material-s and Methods

5.2.3.1 Tillage treatments

Eight tillage treatments v/ere performed on a Red Brovm Earth

(Stace et a7. , 1968) having 60% sand, 232 sil-t, and 17% clay at the

l,Iortlock Exper-iment Station of the liaite Agricultural Research fnstitute

(33o 55's, 1380 43'Ei, attitude 430 mm). The tillage treatments performed

on 6th July, 1976 included tillage with the mouldboard plough (¡ß), disc

plough (D), mouldboard plough + scarifier (MB+Sc), mouldboard plough +

combine drill (MC+CD), disc plough * scarifier (Dl-Sc), disc plough +

combine drill (MB+CD) scarifier (Sc), and rotary cull-ivator' (RC). There

were other two plots treated with MB+CD and D+CD and sov¡n w-ith barley (BL)

which produced a foliage cover within two months.

Tilth block sanples were col-lected from the eight bare plot-s by

the method of Dexter (I916) already described in Chapter 3. Subsequently

samples from the entire ten plots were collected on llth October, L97îc

(Spring), and lOth January, 1-977 (Summer) respectively.

5.2.3.2 Structural data

The primary structural data from tilth block san¡rles collected

in August and January are presented in Appendíx II, while those of tifth

block sarnples col lected in JuIy are in Appendix 1. The dj.fferent placement

of the primary data was due to the different use made of them.
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The data in the appendices consist of probabitiì:ies P (O)

for sixteen possible four element precursors and their equivalent

occurrence probabil-ities (U: ¡ " The p::obabilities were calcrrlated by

computer from the raw structural data of the linear dist::ibution of aggregate

(represented by element 1) andpr,::es (represented by elernent 0) ou two

sections cut through each tilth block sample. Two l-ines were taken

across ea-ch section at about 4-5 cm depth and two sets of structural data

were col.Lected from each section" From the probabil-ities, tlie proportions

of different sizes of aggregate and pore were calculated by the method of

I)exter anC Hewitt (f978) described in Chapter 3. Calculatíon of the

statistj,cal values of mean aggregate or pore size wa-s performed using

raw structural d.aÈa, tj.lth entropy was calculated from P(0) values

(Dexter, 1917) and occu:rrences of precursors, and macroporosity was also

calculated. The primary data of aggregate and pore si.ze distributions,

macroporosities, and entropies are also placed j-n Appendices r and II.

The derived mean structural data covering til-led bare plots

and for the sampling periods are presented in Tables and Figures in the

text. For the interval of Spring to Summer (October to January) wÏien l-he

crops were less actively growing, the role of foliage cover in preventing

the direct effect of rainfall on the internal tilth struct-ure was

investigated, The summer mean structural data of cropped tilled plots

and those of equival-ent bare tilled plots v/ere compared. Two plots

were involved in each category. This exercise provides a way of testing

the effect of weather or rainfall on tilth structure during the growing

season.

5.2.3"3 Meteoroloqical- information

The meteorological station at the site of the erperiment dicl not

provioe information on raj-nfal1 interrsity. Ilowever, data were availabfe

on the amount of rainfal-l. Therefore, the ¡rumber of rainfall days in

each of the intervars under consideration could be obtained.
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The i.nterval between llinter and Spring (7th Jrrly to -]"Oth October, ).1)'1 6)'

cor¡stituted the períod. of rainfall peak cornpared ivitl-r the inte:r:val- bel-ween l

Spring and Summer (flth October, L976 to 10th January, L977). In the

first interval , the total amount of rainfall v¡as 179 nm, whi.ì-e the nurnber:

of rainfall days was 43. the equival-ent- figures for t-he second interval

rvere 1O4 mm and 1'7 " The t"otal numbers of days in the interv¿il-s were I

almost the same.

5.2-A Results and Discussion

L¡iscussiolr of results will be performed under two main topics

which are based on the two separate sources of data. 'Ihe cctmparison

of the mean structrlral clata of bare tilths col-fected in Winter, Spring and

Summer is first performed to examine the effect of rainfall over these

periods. Secondly, the data of cropped and bare tilled plots at the

end of the second interval ar:e compared to show how the vegetative

cover had protected the internal tilth stl:ucture against the effect

of iainfall as will be seen in the first cliscussion.

5.2.4.L Tilth structure and raínfal

5.2.4.L.L Aggregate size distribution

Vfithin the top 5 cm of tilled soil, there \,vas a decrease

in the proportion of sma1l aggregates at the end of the growing season

compared with the beginning of the season (Figure 27). However, at the

period of peak rainfall between Winter arrcl Spring, there was slight

increase in the proportion of the srnall aggregates which could be

attributed to detachment of small aggregates from the surface clods at

the top of the 'open' tilth. The proportions of I--5 nrm aggregates

were 0.14, O.L'1 , and 0.11 for l,linter, Spring, and Summer periods, while

the equivalent values for l-8 mn aggregates htere O.22, O.25' and 0.20.

SoiI cletachment has been shown (Hagen et al-. , 1975) to be a

com¡:Iicated process which clepends o¡r sj.ze and intensJ-ty of rainfall,
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w-indspeed, and surface covers as well as the -interact.j-ons anong these

factors.

The ultimate reduction j.n the proportion of snal.l aggregat-es

at the end of the grovrirrg season could be clue to coalescence of small

aggregates with surrounding large aggregates and clods or it coulcl be

due to washi-ng down of small aggregates to bel-ow the level of structural

measur:ement.

5.2,4.L.2 Errtropy

As a result cf the dec:rease in the proportj-on of smal-l aggregates

ab the top zorre of till-h over tìre wet pei:íoci attributed to their d.isruption

and coalescence with larger aggregates and cfods, there was slight

red.uction by 0.1) in tilth structural entropy between l.^Jinter and Sum¡ner.

However, detachment of soil from clods by Winter rainfall caused a

considerabfe in¡:rease in entropy between l^linter and Spring which l-ater

fell (from 0.25 to O.22) due to the reason already given.

5.2.4.L.3 Pore size distribution

There was a reduction in the proportion of small aggregates

over the cropping season. This is consistent with the idea of the sma1l

aggregates merging or coalescing with clods, The sizes of the latter

were increased to reduce the number of the larger voids (tabie 28).

As a result of reduction in the frequency of the small aggregates,

the proportíon of small pores was also slightly r:educed. The proportions

of 1-5 lnm pores were 0.65 and 0.62 in Winter and Surnmer respectively.

The observation that the number or proportion of the large:: voids

decreased with time is consistent with that of Dexter (1976) who recorded a

decrease in the probability of a void being at Ìeast 5 mm in width at

depths within 5 cm of tilled soils at consecutive interval-s of 51 and 54

days after ti1lage.
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:r-7 0.

Aggregate and pore size distributions within bare

tilths at different seasons as expressed by the mean

proportion larger than X mm.

Proportion Proportion
(aggregates) (pores)

Vùinter Spring Summer Winter Spring Sumner

x

I
2

4
8

16
32
64

0.99
0.95
0. 81
0. 78
o.62
0.39
0. 16

o.97
0. 93
0. 86
0.75
0.58
0. 35
0. 13

.44

.20

.065

.oI2

.001

1.00
0.97
o.92
0.83
o.67
o.44
0.20

0
0
0
0
0
0
0

90
73

o.94
o.79
o.62
0.39
0. 17
0. 046
0. 006

0.89
0.7L
o.49
0.20
0.048
0.004
0. 000

Mean aggregate size 35. O 31.0 41.0

Mean pore size 6.1 10.0 5.9

Macroporosity 0.153 0.242 0.1_31
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DetachmenÈ of smal-t particles from cfocls withj-n the

top of the tilth in Winter (after tillage) should have caused an increased

proportion of small pores between Winter and Spring (Tabl-e 28), although

the reverse was the case in the subsequent drier interval. possibly as

a result of fusion of the small aggregates with clods (Gish and Browning.

re48) .

5"2.4.I.4 Macroporosity

From VrTinter to Summer, macroporosity at the 4-5 cm depth in

the tilth feII and this could be attribuÈed to fusion of small aggregates

with clods which led to slight reduction in the prcportion of medium-sj.ze

pores (9-16 mm) and mean pore size, and increase in mean aggregate

size.

Considerable increased macroporosity occurred in the period of

peak rainfall due to increased proportion of voids larger than 8 mm

as a result of d.ecrease in mean aggregate size possj-bly brought about

by soil detachment from clods.

Rainfatl caused a decrease in the proportion of small aggregates

including those smaller than 6 mm at the 4-5 cm depth in tilled soi-I.

This led among other things to increased proportion of large aggregates'

decreased proportion of large voids especially those larger than 16 mrn'

and decreased macroporosity from lrlinter to Summer. This effect of

rainfall was attributed to the disruption of ttre small agglegates

and their coalescence with large aggregates and clods. However' the

reverse was the case in the períod of peak rainfall between Winter and

Spring.

The next step is to further test the above conclusi-on by

examining the role of plant cover"
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5.2.4.2 Plant cover and the effect of rainfafl on tilth st',rucl-ure

5.2.4.2.I Pr:ea-mbl-e

The internal st-ructures of bare tiltirs ancl those tilths sor.¿r

wittr barley wcre comparecl at Lhe encl of tl-re grorving seaÍjon (Sr.r.tuner) to

exarnine the role of foJ-iage cover against the effect of rainfall on

the internal tilth structure.

The presence of the crop cover certainly -incr:ea.se<1 soil ¡vater

content, and this should have acted against effective coale:sccnce or

aggregation of smalI aggregates ivith larger ones and cl.ods rvhich has

been sholn (Singh and Pollard, 1956) to occur especially under less

wet conditions. Tilth water contents of cropped and bare tilled plots

(Appendix IV) showed that the former had, on average, a 2% greater

water content (dry weight basis) than the latter.

Singh and Pollard recorded a negative correlation betrveen

percentage aggregation and soil water content. Gish and Browning (1948)

who in the laboratory investigat-ed the factors affecting the stability

of soil aggregates observed an inverse relatíonship betv¿een aggregation

> 2.O mm and soil water content. The coal-escence of small aggregates

with larger ones or themselves is synonlzmous with aggregation in the

present discussion.

Another way by which plant cover would reduce coalescence,

disruption, and l-oss in the proportion of small aggregates in

tÍlled soil is by preventíng the direct effect of rainfall on the soil.

The resultant reduced rate of wetting of soil aggregates will certainly

reduce their disruption and l-oss of separ:ate ident-ity. ÄIso a larger

soil water content in the soil uncler crop cover should contribute to

a reduced unsaturated infiltration rate.
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5.2..4.2.2 Agqregate size distribution

Due to plant cover, the proportion of small aggregates

inctuding those smalfer than 6 mm in diameter was greater in the tilled

soil planted with barley than in bare soil (Figure 28). The foliage cover

largely prevented disruption of soif aggregates and their fusion with

cloos by protecting the tilth against the direct effect of rainfall.

As a result of the above, the proportion of larger aggregates up

to those larger than 64 mm in diameter, and mean aggregate size, were

smaller in the cropped tilth than in the bare tilth (Table 29).

s.2 .4.2 .3 En$py.

The larger proportion of sma1l aggregates due to the

rol-e of plant- cover agaj-nst disruption of tilth aggreqates by

direct effect of rainfall caused a larger entropy of the cropped til-tlt

(0.25) than that of the bare tilth (0.21). Tilth structural variability

or entropy depends on the proportion of smaller structural elements.

The present discussion shows that the ways in which rainfall,

plant eover, and soil water content affect the internal structure of

tilled soil could hardly be separated. Similarly, Singh and Pollard

(1956) hinted that the effects of crop cover on aggregation cannot be

distinguished from those of soil water and rainfall.

5.2.4.2.4 Pore size distribution

As a resutt of the greater proportion of small aggregates

in the tilth of the cropped plot relative to that of bare plot' the former

had a smaller proportion of large pores (Table 29), and a larger proportion

of small pores than the latter. The mean proportions of 1-5 mm pores in

cropped and bare tilths were 0.79 and 0.59 respectively, while the

equivalent mean pore size was larger for the latter than for the former.
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Tabl-e 29. Aggregate and pore size distributions in bare and

cropped tilths in summer as expressed by the proportion
larger than X ¡nm.

X
Proportion

(aggregates)

Bare Cropped

Proportion
(pores)

Bare Cropped

85
60
29
10
o2
00
00

0
0
0
0
0
o
0

.00

.97

.93

I
0
0
0
0
0
0

1. O0
1. 00
0.95
o. 85
0.69
0. 45
0. 19

I
2
4
I

16
32
64

Mean aggregate size 39.8 32.O

Mean pore size 6.2 4.2

Macroporosity 0. 14 0. 12
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5.2.4.2.5 Macroporosity

Due to the smaller proport:lon of rnedium-Ia-rge

size voids in the cropped tilth as ¿l result of íts larger proportion

of small aggregates and voids, i.t had small-er macroporosity compared

with the bare tj.Ith. The proportion of medium-size void.s (9-16 nw)

mainly determj-nes tilth macroporosity.

5.2.5 Summary and Imp lication of Findinqs

Seasonal change in the macrostructure of tilled soils was traced

using structural data from sectioned tilth block samples impregnated

with paraffin wax. The aggregate and por:e size distributj.ons and some

other parameters related to them were measured for the 4-5 cm depth

within tilled soils.

Reduction in the proportion of small aggregates including those

smaller than 6 mm as a result of rainfall during the growing season hlas

explained on the basis of rapicl wetting of aggregates and their ultimate

disruption, and coal-escence wíth larger aggregates and cfods. The importance

of the latter factor ís supported by the fact that crop cover prevented

the effects of rainfall observed on the bare plots.

The effects of rainfall, soil water, and crop cover on internal

structure of tilled soil appeared inseparable.

It is suggested that natural soil compaction under weather and

cost of tillage for seedbed. preparation could be reduced by mulching

with crop residue after planting, and early crop cover if practised

consistently.

The present project needs to be repeated several times before

the effects of rainfall on the internal structure of tilled soil are knov¡n 
]

preciseJ-y. However, the hypothesis set at the begiirning of this write-up

is consistent with the fíndings.
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5.3 Statis b.ical Evidence

Analysis of variance (Table 30) of proportions of aggregate

sj-zes (sj-zes larger than X = 1, 2, 4, B, 16, 32 and 64 urm) shows that

previous cropping rotation' ivater content at tillage; and seasonal

climat-ic change (especially rainfall) significantly determined the

tilth structur:e produced and change in internal tilth structure

respectively.

The results have shown that the inclusion of pasture or fal-l-ow in

rotation significantly increased the proportion of small aggregates, in the

tilth produced, and that conti-nuous cropping had the reverse effect.

To further demonstrate these revelations, the rotation that had the maximum

fallow (F), or the maximum pasture (P). or the maximum wheat and pasture

(indicating 'Lhe frequency of land cropping or use) was given the maximum

score of +3, *3 and -3 respectively and other plots were graded down

accordingly. For the fallov¡ factor, the scores for rotations WFf WPF' WPPF'

WPP, and CW are 3, 2, I, 0, O respectively. The equivalent scores

for factor pasture are 0, I, 2,3,0; while the equivalent scores for

factor continuous cropping are 3, 2, L, -3, -3. The addition of scores

for the rotations give respectively 6. 5,4,0, and -3. These figures

were correlated with the equivalent proportions of aggregates larger

than 8 mm (aS¡ which are 0.57, O.27,0.56. 0.53 and 0.80 (1977 data).

The correlation coefficient r = -0.983 was recorded. This confirms that

fatlowíng and the inclusion of pasture in rotation significantly caused

decreased proportion of clods Ín the seedbed zone when tillage was done.

The proportion of aggregates (48) or pores (PB) larger than 8 mm

was regressed on water cont--ent at tillage (Wt). However, there were

only six data poirits because there were only six water contents. The

sanìe operation was performed for mean aggregate size (As), and mean pore

size (Ps). The resul-tant regression equations for AB on Wt, P8 on Wt,
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Analysis of variance for proportions of aggregal-e

size (larger than X = I,2,4,8,L6,32,64 mm) in tilths
produced on plots under different rotations, at different
soil water contents, and at different seasons of the year.

Test for significant structural differences.

Source of Variation df SSD MSD F
Test
(99?)

Rotation (1977)

Residual rt

Rotation (1976)

Residual rr

Season

ResiduaÌ rl

Water con'tent at tillage
Residual rr

4

24

4

16

2

1,2

5

25

o.362

0. 09

0. rs
0. ooctl

0. 0r3

0. 0026

o.L47

0.049

0. 091 24.6

o. 0037

0.038 38.0

0.000006

0.0065 32.5

0. 0002

o.o29 15.03

0. 002

***

***

***

***



178.

As on Wt, and Ps on Wt are respectively

A8

P8

AS

Fs

-0.OIvIt + 0.605 (¡ = -0.51)

-0.013wt + 0"578 (¡ = -O.72)

-0,3twt-F l-6.5 (r = -0.51)

-0. 25vùt + 13. I (r = -O.72)

(62¡

(63)

(64)

(6s )

The r values are significant at 75,90, J5' 90% Ievel respectively.

The above equations confirm that the greatest proportion of

clods v¡as produced when tillage r,\¡as done at the smallest l^/ater content.

This statistical evidence is consistent with the relevent

hypotheses set, and the siqnificant effects of factors sho\¡I that this

research was worthwhile.

5.4 Conclusions

A new technique which measures aggregate and pore size distributions

of tilted soils in the field by sectioning of tilth block samples was used

to examine factors that determine tilth structure to be produced by

tillage and the effect of rainfall on the structure after it has been

produced. The following conclusions were made with the use of structural

data coltected in the top 5 cm of tilIed soils.

Continuous cropping as opposed to the inclusion of fallow ín

rotation led to qreater proportions of large aggregates and voids and

srnaller proportions of small structural elements in tilled soils.

The inclusion of pasture in rotation with wheat and fallow

increased the amount of small aggregates and pores and reduced the

proportion of large aggregates in tilled soils. The same attributes

applíed to plots that came out of pasture compared v¿ith those that came

out of fallow and wheat.
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Tillage at a water content slightly below Plastic Limit

(0.87 Plastic r,imit) or Field Capacity (O.94 Field Capacity) produced

the smallest proportion of clods and larger voids with more than I mm

in diameter compared with tíIlage at greater or smaller water contents.

The greatest proportion of clods occurred in tilths produced at the

smallest water content.

Rainfall during the growing season caùsed reductions in the

proportion of small aggregates and pores and increased proportions of

larger aggregates in the top zone of tilled soils. This effecÈ of

rainfall can be prevented by early crop cover.
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CTIAPT'ER 6

EFFECT OF SOTL STRUCTURN ON TBMPERATURE TN TII,LED SOTL

6. I Tntrocluction

OnIy a few field studies have investigated temperature in soil

having a tilled surface layer overlying uniform, undisturbed soil. West

(L932) studied the effects of a 10 cm deep soil mulch (i.e. a finely tilled

layer) on soil temperatures at 15, 30 and 60 cm depl-hs. He concluded.

that the equivalent thermal dif fusivity of the tilled layer \¡\¡as 0.I7 of

that of the untilled soil. However, neither: effects of the structure

of the tillecl layer, nor the temperature regime within the til-Ied layer

\Äras considered.

Van Duin (1954) developed a theoreticalmodel to cope with heai flow

in a two-Iayered soi1. Heat iransfer was assumed to occur entirely by the

mechanism of conduction through the homogenous layers. De Vries (1963)

considered heat conduction through heterogeneous soils by a method of

partitioning the ftow between the solid, Iiquid and gas phases. This

leads to the conclusion that a till-ed soil will have a small-er thermal

diffusivity than an untj-Il-ed soil, in agreement with the results of West

(1932), on account of the greater proportion of air space within it.

This method has the feature that the effective thermal diffusivity is a

function of the air-filled porosity but is independent of the diameter

of the air-filled pores. Van Wijk and Derkson (1963) considered layered

soils in general- and tilled layers overlying undisturbed, layers in

particular. Again they based their work on the concept of heat conduction.

They noted a severe shortage of experimental data on the physical properties

of tilled soíl.
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The significance of convection as a tr:ansport process in

tilled soils is being iucreasingly recognised. Holmes et al-. (1960)

performed experiments on pots containing different sizes of aggregates.

They were able to control ttre wind speed and the radiant energy on the

soil surfaces. Smaller thermal cliffusivities, as indj-cated by greater

sut:face temperature rises, r^rere found with the finer tilths - When

white smoke was introduced into the air stream over the pots. it was

observed to enter and then empty from the larger pore spaces with a

rapid turbulent motíon. This supports the finding of V{addams (1944)

that the flow of heat through a bed of steel spheres increases greatly

when the particle diameter exceeds 5 mm. They concluded that for

particle dimensions of greater than about I0 mm, pore dimensions become

large enough to accommodate eddies which enhance convecti-ve transport.

Effects of air turbulence on soil gas exchange have been

investigated by Kiniball and Lemon (1971). They did this by measuring

the flux of heptane vapour through beds of different sizes of particles.

They found heptane fluxes of between three and ten times the preCicted

diffusion ftux through beds of 18 mm diameter particles, and between

two and four times the predicted diffusion ffux through beds of 3 mm

diameter particles. The increase in each case coincided with an increase

in wind velocity from O to f4 km.hr-I. Farre1-.L et aL. (1966) investigat-ed

this problem theoretically, and concluded that with a wind speed of

-'l24 km.hï ', surface air can penetrate coarsely-structured soil tl> a depth

of several cm. For particles of 10 mm diameter, they preclicted the gas

flux across the soil surface could be as much as IOO times the moleculâr

diffusion flux and that the air flow would extend to a depth of about

6 cm. Their analysis was later extended by FarrelL and, Larson (1973)

to include effects of intra-aggregal-e diffusion on the osc:Lllatory fluxes.
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fhis project extends the above work througlt a field study of

the influence of tilth structure on the effects of meteorological factors

on the temperature regime in tilled soils"

6.2 Hypothesis

Temperature in tilled soil will be governed by the presence of

pores larger than 8 mm" Convection of atmospheric air through these

pores will- increase the effective thermal conductivity of the Lilled

tayer. This convection of atmospheric air will also lead to increased

daily fluctuation of temperature at the top of the tilled layer.

6.3 Materials and Methods

6.3. t Tillaqe treatments

The field experiment was sited at the MortLock Experiment

Station of the waite Agricultural Research rnstitute (330 55's, t380

43'8, altitude 430 m). The soil on the site is a loam (60% sand,

2t% silt, 19? clay) and belongs to the Red Bro\,\¡n Earth Group (Stace

et a7., 1968). Each tillage treatment was done on 7th JuIy, 1976 in a

North-South direction with (I) disc plough, (2) disc plough * scarifier,

(3) disc plough + combine dril-I, (4) mouldboard plough, (5) nouldboard +

scarifier, (6) mouldboard + combine drill , (.7) scarifier, and (B) rotary

cultivator. Tillage was done at a water content of 22.7% (dry weight

basis). This is slightly wetter than the Pl.astic Limit for this soil

(21.22). fn the foltowing D, Sc, CD, MB, and RC stand for disc

pÌough, scarifier, combine drillr¡nouldboard plough, ancl rotary cul-tivator

respectively.
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6.3.2 Saniple col-Lection and structural data

Tilth block samples were collected f::on the t:Ll.lecì plots

immediately after Lillage on 7th July, 1976¡ and also cln l8th October,

19]6, and llth January, 1917. The method of Dexter (l-976) described

in Chapter 3 was used. Raw structural data were coLlected frorn tv¿o

sections of each of the B tilth blocks, while data from each secL.ion v¡ere

coLlected. separately from two cross-section lines. Therefore, ther:e were

four different structural data collected from each of the tilth blocks

collected at three different times. The structural data show the

distribution of structuraf element-s' pores and aggregates. The raw

structural data þollected at about 4-5 cm depth) were processed alonq

lines already described (Chapter 3) to get the following data.

(1) The probabilities' P(0), of 0's following the 16 precursors of

structural efe¡nents (1 to 5 mm diameter), and the occurrence pro)rabiì-ities

(Ui¡ for the 16 precursors are given in Tabl-es 3t and 32 respectively.

(2) From (1), the void size distributions (ra¡le ¡:) for each

treatment plot were calculated by the method of Dexter and Hewitt (f978).

The method is described in Chapter 3.

Structural data present in this chapter are means for three

sets of samples. The primary structural data for tilth block samples

collected in JuIy, October and January are presented in Appendices I and It.

6.3.3 Tilth temperature and water content

Tilth temperature (oC) at 5 and 10 cm depths in the tillecl soils

\¡¡ere measured as much as possible at 3 hr intervals in !{inter for eight

days (8th July to l5th JuIy, 1976), in Spring for five days (fgth to 22nd,

October , 1976), and Summer for three days (llth to 13th Janrrary , 1977) .

They were replicated three times at each depth on each plot. Tentperatures

were measured with GB 22 thermistors which were indívidually calibr:ated

in the laboratory before the experj-ment. The thermistors t{ere insertc':d
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Structures of different-ly ti.l.led plot-s. Val.ues of
P (0) are the probabilities of a 0 follow:'-ng the sixteen
possible precursors" An asterisk indicates that the
prec':ursor had no occurrence. Ivrean values for blinter,
Spring, and Summer.

Precursor
P (0) for Plot

D+CD MB IVlB+Sc MB+CD SCD D+SC RC

0000
000r
0010
0011
0100
010I
01to
0r.1I
1000
1001
1010
r011
IIOO
1r0t
I110
I111

o.862
0.009
1. 000
0.059
1.000

*
o.667
0.036
0. 850
0. 000

*
0. 000
0.821
0.000
0.935
0.03r

o.'143 0
0.000 0
r.000 I
0. 357 0
1.000 r

*
0.500 I
o.o32 0
0.814 0
0.033 0
0. 000
0.250 0
0.730 0
0.000 0
0.916 0
0.023 0

0. 82I
0. 014

*
0. 000
I. 000

*
.000
.030
.770

1. 000
0. 025

0.878
0"000

*
0.008

*
*

l. 000
0.063
0. 816
0.000

*
0.000
o.929
0.000
0. 937
0.028

o.767
0. 000
1.000
0.064
1. 000
1.000
0. 875
0"046
0.917
0.083

*
o.I7 4
o.645
o.222
o.962
0. 033

o.7 4I
0.000

*
o.o24
o.500

*
I. 000
o.o44
0.854
0. 000
I. 000
0.000
0.731
o.402
o.728
0.028

o.737
0. 000
1. 000
0.063
1.000

*
I.000
0. 065
0.800
0. r33
I.000
0. 000
o.197
o.L61
o.947
0.034

827
.000
.000
.o29
.000
*

.000

.009

.923

.033
*

.000

.830

.000

.910

.030

t
0
0
0 .300

*
*

.97 4
*

0
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Structures of differently tifled p1ots. Values of Ui
are the occui:rence probabili-L.ies for the sixteen possible
precursors. Ittean values for l{inter, Spring and Summer.

Precursor
Ui for

MB

Plot
!18-t-Sc MB+CDD D*Sc D+CD Sc RC

0000
0001
0010
0011
0100
0I01
01r0
0111
IO00
100I
1010
10r1
1100
1r01
1110
1111

0. 117
0.0I9
0. 0002
0.023
o. 0002
0.000
0.0013
o.o24
0.019
0.004
0. 000
0.002
0. 023
0.002
o.o24
o.7 42

0.082
0"013
0.0003
0. 017
0. 0003
0. 000
0.002
0. 018
0. 013
0.005
0.000
0.003
0. 017
0.003
0.002
0.809

0. I4s
0. 017
0.0001
0.020
0. 000
0. 000
0. 0004
o.o22
0. 017
0.003
0. 000
0.002
0. 020
0. 002
0.o22
o.728

0.117
0.020
0 " 0005
0. 020
0.0005
o.000
0. 0007
0. 019
0. 020
0. 0005
0. 000
0. 000
0.020
0.000
0.019
o.76r

0.137 0
0.021 0
0.0005 0
o.o22 0
0.000 0
0.000 0
0.0002 0
0.023 0
0.021 0
0.002 0
0.000 0
0.001 0
o.o22 0
0.001 0
0.023 0
o.726 0

.094

. OIB

.0004

.o27

.00r

.000

.002

.o25

.018

.009

.0005

.0006

.026

.001

.026

0. 089
0.013
0. 000
0.018
0.001
0. 000
0.0003
0.023
0. 013
0.005
0.001
0.005
0. 0r7
0.006
0.023
0.785

0.079
0.023
0. 0004
0.028
0.0007
0.000
o. oo2
o.o27
o.023
0. 006
0,000
0. o01
0.028
0. 00r
o-o27
0. 753150

Tabl-e 33. Pore size distributions in differently ti1led plots as
expressed by the proportion of the macropores in pores
Iarger than X mm. Means for Winter, Spring and Summer.

x D D*Sc D+CD

Proportion
MB MB+Sc ¡48+CD Sc RC

I
2
4
8

16
32

0
0
0
0
0
0

92
.76
.56
.31
.09
.009

.15

.06

0.91
o.76
o.57
0. 30
0.15
0.01

1.00
o.91
0.63
0. 33
0.13
0. 02

o.94
0.87
o.62
0. 37
0.13
0.016

0. 96
o.62
0.45
o.20
0.05
o. 006

o.74
0.55
0.38
o.20
0.05
0. 00

o.96
o.77
o.46
o. 16
0.03
0.00

0
0
0
0
0
o

88
64
38

o02

Macro-
porosity 0.186 0.133 0.185 0"170 0.203 0.167 0.I44 0.r58
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to the appropriate depths using thin cal-ibrated pegs. Resistances (kfÐ

were measured rvith a baÈtery-powered digital multimeter. The primary

temperature data are pl:esented in Appendix III.

Thermístors have a large negative coefficient of resistivity.

The resistance varies as

R = auB/T (66)

where A and B aïe adjustable parameters. Eguation (66) solves into

B (67)T 1o9e (R/A)

Equation 67 was used to convert resistance to temperature (oC). B is

the slope when Iog.R is plotted against I/'t and 1og" A is the intercept.

The val.ues of A and B were obtained by calibration in a water bath over

the range starting from OoC to 69oC. A computer prograrnme was written

to produce values of A and B for each thermistor used in the field.

Tilth water contents at 5 and I0 cm depths were determined on a

dry weight basis by drying samples for 24 hr at 1O5oC. As nearly as

possible, soil samples were collected at the same times at whích the

ternperatures v¿ere measured. Each water content measurement was replicated

twice. Metal containers with lids were used in collecting soíl samples.

Data of soil water content are presented ín Appendix IV-

6.3.4 Meteorological data

A meteorotogical station was located about 1 km from the experimental

site on land with a similar aspect. Air temperature (oC) and reÌative

humidity (%) values were obtained from an automatic recorder 2 m above the

ground level. Wind speeds (km.trr-l¡ were from an anemometer 0.5 m above

the ground. There $/as no rai.n in any experimental period.
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Solar r.¡diation flgures for the experitnental site were not

availabl-e.

Meteorological data are presented in Appendi-x IIf.

6.4 Results at-rd Discussi,on

The tilth temperature data that were collectecl in different

seasons from the tilled plots vrere subjected to statistical analysis.

Linear relationships were assumed in tire regressions of tilth temperature

and temperature gradient on meteorological factors. This is a gross

assumption which is untenabl-e on physical grounds. However, it served

to itlustrate the relaÈive inçortance of the variables under investigation.

A more rigorous approach does not seem justified in a field experiment

until some data has been collected on air flow velocities in soil

macro*pores.

6.4.I Tilth temper ature, tillage treatment, and meteorological factors

Mean ternperatures for different tj-mes of day for Winter, Spring

and Summer were compared. Tilth temperature varied significantly

between dj-fferent times and seasons (Table 34). Mean daíIy tilth temperatures

in l.Iinter, Spring and Summer periods vrere 8.3, 15.7 and 29.go] respectively.

For these same periods, the mean air temperatures were I0.9, L4.7, and,24.5oC,

mean relative hurnidities.were 69, 64 and 38.52, mean solar radiations (at

the Waite Institute campus) were 8.6, I7.1 and 28.3 l4.Im'U.U-t, and mean

cLoud covers were 53, 88, and 40% respectívely.

llr:ltipte linear regression \^ras performed with tilth temperature

(Ttoc) at the d.ifferent times of sampling on air temperature, Ta (oc),

relative humidity, h(t"), and tilth water content, w(?) , f.ot each plot.

Tt here is the mean of the temperatures at the 5 and I0 cm depths-

Summer til.th temperature data corrld not be used in the regression because

of its paucity. After the regression equations of al-l the plots had

been obtained, the question was whether the regression coefficients obtained
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Tabl-e 34. Analysis of variance of mean tilth temperatures for
Vüinter, Spring, and Summer periocls .

Source of Variation df SSD MSD F
TeSt
(es%)

Treatment

Treatment

Time

Season

Depth

(5 cn)

(10 cm)

2.22

1. 98

969.73

1858.1

o.2

o.32

o.28

111.62

929.L

o.2

o.77

0.53

647.7r

60. 68

0.1

7

7

6

2

I

NS

NS

***
***

NS

Residual
Total

42

55

10. 48

981.6

o.25

TabTe 35. Analysis of variance for regression of tilth temperature,
Tt on air temperature, ld, reLative humidity, h, and
tilth water content, w (Winter).

Source of Variation df SSD MSD
Test

(99.9%)

Treatments

Regression within each treatment
7 6.3

220.5

0.9 NS

24

Global regression
Difference due to regression
within treatment

3 I90.7 63. 6

2I 29.A L.42

***

NS

Regression

Difference
Regression

Difference
Regression

Dífference

on Ta and h

due to regression on w

on w and Ta

due to regression on h

onwandh
due to regressj-on on Ta

2L.8 2L.B

110.9 110.9

2

I
2

I
2

4

3.2 3.2 NS

***

***

Residual r46 481. I

Total 177 707 .9

3.3
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for the different tillage treatmerlts \dere significantly different.

The errors in the tindependentt variables were almost certainly not

negligible relative to those in the dependerrt variables, and sottie other

mul-tivariate technique seemed tttore appropriate.

Analysis of variance was performed interactively using a tnodel

called the Rothamsted Generalized Linear Model, Analysis of variance

(aWOVa¡ was performed separately for data collected in Winter ancl

Spring and the ANOVA tables are presented (Tabfes 35 and 36).

The conclusions to be drawn from the two tables are the same.

Separate analysis of variance at the 95? level showed that

there was no significant effect clue to tillage treattnent on mean (for

depth and plots) tilth temperature (Table 34). Thus there \oas l"ìo

need to assign a different equation for each treatment plot. There

v¡as a sígnificant variation in tilth temperature due to air temperature

and rel-ative humidity, although there v¡as no suggestion that the dependence

on these variables was different between different tiflage treatments.

The equations describing the dependence of til-th temperature,

Tt, on Ta and h irrespective of tillage treatment are given in

Equation 68 for Winter and in Equation 69 for Spring.

0.047h ,

(r0. 0r8)

(68)Tt +I.1
(+1.8)

O.421a

(+o.07)

o.76,ra

(+0. 12 )

oc

oc

+

+Tt

Correlation coefficients between Tt and Ta $¡ere 0.90, 0.95 and

0.93 for Winter, Spring and Summer periods respectively. However, when

data for the three periods were pooled a larger correlation (0.96) \¡/as

obtainecl. Figure 29 shows the dependence of tilth temperature on air

tetlperature. It is shown that a I.4oC ri.se in tilth tenperature

10.8
(+4.2)

0. I4h ,
(+o. 04)

(6e)
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Analysis of variance for regression of tiLth tenperature,
Tt, on air temperature, Tâ, relative humidity. h, and
tilth water content, w (SPring).

Source of Vari-ation df SSD
Test

(ee.ez)¡,ISD

Treatments

Regression within each treatment
9

30

14. I
1167 .9

r.57 NS

GIobaI reg::ession

Difference d.ue to regression
within treatrnrents

3 1039.4

27 128.5 4.75 NS

Regression

Difference
Regression

Difference
Regression

Difference

on Ta and h

due to regression on w

on w and Ta

due to regression on h

onwandh
due to regression on Ta

2

t
2

I
2

I

1038 .4

1.0
LO27 .8

11. 6

999.8

39. 6

I.0

1I. 6

39.6

***

***

NS

Residual 30 96.29 3.2L

Tota1 (corrected) 69 rt. 28

Table 37. Mean daily temperature ranges (maximum minus minj:num) at
5 cm and I0 cm depths in the eight tillage treatments in oC-

Treatment Winter
5 cm 10cm

Spring
5cm 10cm

Summer

5cm l0cm

D

D+Sc
D+CD
MB

MB+SC

MB+CD
Sc
RC

r1. 9
13.9
14.8
15. 0
L5.2
14.7
12.2
r3. I

5
4
4
4
4
4
4
6

8.1
6.6
7.8
7.7
9.6
7.4
6.4
7.r

0
2
0
I
6
6
I
0

10.4
10.1
9.9

11.3
r0. 3

9.6
10.3
10.8

23.9
27.5
25.5
2.5.I
26.8
2L.L
22.4
2r.4

18.
18.
18.
2L.
2r.

I7
25
L7

I
6
6
0
4

I
2

3

Means 7.6 4.6 13 .9 10. 3 24.2 19.8
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acconpanies a I.Ooc rise in air ternperature. The correlation

coefficients between Tt and h were 0.12 and -0.92 for lVinter and

Spring respectively.

The positive correlation between Tt and h in !'lin'ter may be

a consequence of absorption and re-emission back to earth of out-going

long-wave radiation associated with the greater relative humidities of

the lrfinter season.

6.4.2 Ti.Ith Temperature Variations

6.4.2.1 Daily variation

Although the mean temperatures due to the differen'E tillage

treatments did not differ significantly, there were considerable

differences in the daily temperature ranges. The latter are sunmarized

in Table 37. The daily minimum tilth temperature occurred just

before OSOO hr in f'finter and just before 0600 in Spring and Suûner.

The daily maximum occurred at 1200 or 1500 (usually the latter). The

mean daily air temperature ranges were B.7oC in the Winter, 7.3oC in

the Spring, and 14.9oc in the Summer experimental periods.

The rate of growth of cereals is very small at temperatures

below about 8oc. In the lrtinter, which is the celeal growing period

in South Australia, the tilth temperaturesv.rere below 8oC for approximately

14 hr each day. The number of accumulated degree-hours above 8oC

is greatest in the tilths exhibiting the greatest daily temperature range.

In the sunìmer period, temperatures at 5 cm were in excess of the lethal

35oc (l{a1ker, 1969) for approximately 6 hr each day.

There are positive correlations between the daily temperature

ranges at 5 cm depth and the macro-porosities of the different treatments.
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The best correlation is obtained with porosity in pores larger than about

I mm. This is in accord with tlie conclusions of lVaddams (1944) and Holmes

et af. (1960) referred to earlier. The correlation between the daily

temperature range. R, at 5 cm depth and the porosity, û8, in pores

larger than 8 mm is given by

R = 45nB + 5.6, (r = 0.90) (68)

The correlation coefficients between the daily temperature ranges and

porosities in pores larger than ì., 2, and 4 nìm are O.49,0.58 and 0.58

respectively.

There is no correlation between the 'temperature range at I0 cm

depth and any soil structural factor examined. These findings suggest

that the convection of atmospheric air has a significant effect on

temperatures at 5 crn depth in tilled soil, but not at 10 cm depth. This

agrees with the theoretical prediction of airflow through beds of l0 mm

diameter particles by FarreIL et al-. (1966).

The dependence of daily t.ilth temperature range (R) on

macroporosity (n") is shown by EquatÍon 69.

R = 25.9n" + 10' 8, (¡ = 0. 50) (69)

The mean daily temperature ranges of tilled plots at 5 cm for

lrlinter, Spring and Summer periods are shown in Tab1e 37. It is shown

that tilth temperature range was increased about twice from !,linter to

Spring, and from Spring to Summer. Therefore, in addition to

structural factors, the range of temperature within the tilth is expected

to depend significantJ-y on meteorological factors.
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€¡.4"2"2 Tempe ratlrre as a function o:E depth

Mean temperatures at 5 and l-0 cm depths were not significantly

different (TabJ-e 38). Mean temperatures at times of day for the two

depths are presented in Figure 30. On average, the temperature difference

between the 5 and 10 cm depths was less than 2oC. The greatest difference

was usually at 1200 or l5O0 (the hottest times of day) wheir greater temperature

r,rrere recorded at 5 cm. For the night (2f00 to 0600 hr) temper:atures were

gr:eater at 10 cm than 5 cm depth. r

The fact that the greatest temperature difference between 5 and lO

cm occurred during the hottest time of day couLd be a pointer to the

statement that atmospheric air only penetrates tilled soil to about 5 cm

depth.

6.4.2.3 Temperature gradient and meteorological factors

Temperature gradi.ents G (oc..^-I) were calcufated between the

5 and 10 cm depths, and vrere regressed on a set of meteorological variables

and tilth water contents to examine the role of these in the distribution

of tilth heat. Windspeed, U, was substituted. for air temperature.

The statistical model could not accomrnodate suffi-cient variables for Ta

to be included. Values of G at 1200 and 1500 r¡¡ere used because G was

then a maximum. At this time, the mean (for l.linter, Spring and Summer)

air temperature, windspeed, and relative humidity were l-5.9oc, 8.2 km.hr-I

and 49% respectively. The mean tilth water content (the mean of the values

at 5 and 10 cm depths) was I4.3% (for f{inter and Spring). In this soil'

this water content is equivalent to an equilibrium relative humidity

of about 99%. The water characteristic curves (drying and wetting) for

the soil is given in Chapter 7.

There were significant contributions to variations in G due to t-i.Ìlage

treatment and al-l three independent variables considered (Tabl-e 39). There

was a consistent positive correlation between G and U. An increase in



Table 38.

D

5 105 105
Ti¡ne

0600

0900

L200

1500

1800

2r00

0300**

Depth
Means

PloÈ
|itg¿¡g:t:t :t

Sumnary of tilth temperatures (oC) at depths wíthin differently
tilted plots in Winter' Spring' and Summer.

D+Sc D+CD I\,18 MB+Sc

Depth (cm)

10510

MB+CÐ Sc RC

r05 5

1I.6
16.9

23.L

24.3

19. 6

15. 3

L2 -6

105 105 10

11.6

16-9

22.9

20.i
t9. ¿

l-5.7

IJ. +

11. I
18. r
23.9

24.2

19. 5

16. 3

L2.4

LL.2

18. 4

24.9

25.3

L9.6

15.0

L2.2

12.7

16. I
20.8

22.5

19. 8

L7.U

14.0

11. 0

18.6

24.7

24 -5

19. 9

15.6

1r. 8

1r. I
L7.5

22.6

23.4

19. I
16. 3

l-2.3

10.8

L7.5

23 -9

25.2

20.2

15.5

11. 5

L2.9

L6.4

20.4

22.0

20.3

16. B

L4.2

L2.3

15.8

20 -4

22-O

L9 -9

16. 9

13.1

10. 6

18.6

25.6

25.2

19.8

15.0

11.5

12.4

15. 8

20.3

22.2

19.8

L7 .3

L2.7

L2.8

t5 -4

20.5

22.4

2A.O

L7.I
14.0

L2-O

16. 9

23.6

23.6

18.8

15.5

l-3.2

L2.7

15. 1
a1 tr

22.7

18.6

1"6.2

13.l

11. 8

16.8

23 -2

23 -9

L9.2

15. r
12 -5

**
***

t7.9 17-7 18.0 15.9 17.8 L7.6 18.1 l-7.2 18.0 L7.4 17.6 L7.5 I1 .7 L7-r L7.5 17.3

L7.8 17.0 17 .7 17 -7 L7.7 L7.6 L7 .4 t7 .4

Data not available for Vfinter.

Shows that structural dj-fferences did not cause significant differences in mean temperatures
in tilled soiIs.
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wi.ndspeed tends to make the tilth temperature at 5 cm d.epth more

nearly equal to air tem¡reraÈure and thus increases G. fncreased

wind. turbulence with increased air temperature (Figure 3I) is logical

because if heating occurs at one point of the earth surface, the

isobaric surfaces are disturbed and a pressure gradient which induces

air movement (Farrell et aL., 1966) is established (Horrocks, 1966).

Skidmore and Hagen (1973) also observed that winds rdere str:onger

when temperatures were greater in the U.S.A. Therefore, increased

wind turbulence in the day brings hot air into the soil and raises the

temperature considerably at the top of tilled soil lnquation 71). This

may be considered to be another piece of evid.ence for the turbulent

flow of atmospheric air through soil macro-pores.

However, the positive correlation between air and tilth

ternperatures and windspeed is not surprising. This is because the

windspeed drops at night when surface cooling produces a stable

atmospheríc inversion layer.

The regression of tilth temperature (TtoC) on windspeed

-1(u km hr -) therefore gave

Tt = 2.85u + 8.69 (r = 0.88) (70)

Measurements between 1500 and 0600 hr were used for the regression.

A greater correlation (r = 0.90) was obtained with the use of temperatures

at 5 cm depth. The relationship between tilth temperature at 5 cm

and :vindspeed is shown in nigure 32. The average difference between

titth temperature at 5 crn and air temperature were smaller than 4oC

in Winter and Spring.
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Analysis of variance for regression of tilth temperature

gradient G on tilth water content, w, relative humidity, h,

and wind speed, u.

Source of Variation df SSD MSD
Test

(99.9%)

Treatments

Regression within each treatment
7

24

2.94

3.3

o.42

0. 14

***
***

Global regression
Difference due to regression within
treatments

3

2T

2

t

24

06

o.75

0.05 NS

Regression

Difference
Regression

Difference
Regression

Difference

g¡ \'ir and h

due to regression on u

onwandu
due to regression o¡r h

onuandh
due to regression on w

2

1

2

1

2

1

1. 61

0.63

0. 93

1. 31

2.04

o.2

63

3I

)

0

I

0

***

***

*

ResiduaL within treatment regression
Total (corrected)

72

103

3.09

9.33

0. 04

TabTe 40. Mean afternoon temperature gradients between 5 and I0 cm

depths in tilled plots during Winter, Spring and Summer period
(oc .*-1) .

Plot Vùinter Spring Summer

D

D+Sc

D+CD

MB

MB+Sc

MB+CD

Sc

RC

o.23

o.27

0. 37

0.30

o.62

o.25

o.20

0.14

o.24

o.57

0.56

0.53

0. B3

o.67

0. t4
o.29

o.26

0.33

0. 51

0.33

o.70

o.39

o.17

o.L7

Mean 0. 30 o .48 0.36
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6.4.2.4 Tifth structure and temperature gradient

The regression equation for the dependence of temperature

gradient, G, on windspeed, uo relative humidity, h, and tillage

treatment effect, 0, was

:I
G

cm ( 71)

The values of cr for the plots tj-lled with D, D*Sc, D+cD,

MB, MB*Sc, MB+CD, and Sc relative to d = 0 for RC are 0.085, 0.016,

0.345, O.016, O.532, O.222, and 0.002 respectively.

Eguation 7I shows that the difference in temperatur:e with

depths in tilled soil has to be explained on the basis of difference

in structures and water contents, and the influence of meteorological

factors.

A feature of the regression analysis was the plot of the

ranked residuals against the normal order statistic which should be

linear if the implied assumption of normally distributed errors is

correct. In fact there was rather steep curvature at the positive end

of the plot. That is, some points deviated much more from the

proposed model- than one míght reasonably expect on the assumptíon that

errors were normally distributed. This is a consequence of the gross

simplification in the assumption that all effects are linearly

additive.

The mean temperature gradients in the tilled plots at 1200 and

I50O are presented in Table 40. The smaller ternperature grad.rents

in Winter compared with the other, hotter seasons would be due to its

smaller intensities of factors such as air temperature and wind

turbulence. These are major factors positively determining tilth

temperature especial-ly in the top zone of tilth.

o.24 +
(+0. 18)

a + 0.028u
(lo. o07)

o.0t1h +
(+0. 002)

0.0rgw,
(+0.009)

oc
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c= 6.19nL-0.89' (r = 0.73) (72)

Correlations of the a values and the corresponding

porosities of t.illed plots in pore sizes were then examined.

The fatter val-ues were obtained by multiplying total macroporosities

of tilled plots by their respective proport:Lons of void sizes as

shown in Tal¡Ie 33. Once again, the best correlation was obtained.

between cl and porosity, tl8 in pores larger than 8 mm rather than

in pores larger than 2 or 4 mm. The correlation is represented by

c = 7.45n8 - o.42, (r = 0.75) (73)

Correlation coefficients between cr and porosities in pores larger

than 4, 2, and I nnn respectively were 0.64, 0.51, and 0.61.

Equation (73) shows that porosity in pores larqer than I mrn

mainly determine the convective transfer of heat into tiIled soil.

Slow heat transfer principally by the other mechanisms of diffusion and

conduction to the base of tilled soil will lead to heat accumulation

at the top of tiLths with loose structures, and thus increase in

temperature gradient.

The regression of G on total macroporosity (n"i gave

c = 4.93n¡ - O.47, (r = 0.66) (74)

Equations 71 and 74 taken together are consistent $Iith

the earlier conclusion that atmospheric air penetrates tilled soil

to a depth of at least 5 cm but not 10 cm. An increase in the

porosity in pores larger than 8 mm makes the temperature at 5 cm depth

more nearty equal to air temperature. At 1200 or 1500 hours locaL

time, this is normally a temperature increase, and so there is a

positive correlation between G and ¡8. Si:nilarly, an increase in

wíndspeed, u, tends to make the temperature at 5 cm depth more nearly
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equal to air temperature. The cooling effect of evaporation of water

at 5 cm could be responsible for the negative correlation of G and h.

The positive correlation of G with \^7 may be a consequence of

increased conduction of heat downwards into the untilled soiL in

the presence of more water. This would, reduce temperature at the

10 crn depth and hence increase G. Elucidation of these points

awaits theoretical analysis of the physical processes involved..

6.5 Conclusions

A new method for quantifyíng the internal structure of

tilled soil has enabled the effects of structure on the temperature

regime in tilled soil-s to be examined in the field.

Soil structure had no effect on mean tilth temperature'

but was significantly correlated with daily temperature range and

maximum temperature gradient in tilled soil. Tillage practices

therefore could influence the germination of seeds because, for many

plant species, the temperature fluctuations are just as important

for germination as the mean temperature. Germination is, of course,

desirable for crop plants but undesirable for weeds. The magnit-ude

of the differences in daity temperatuïe range at 5 cm depth (I or 2oc)

can be modified by different tillage practices are large enough to

influence the relative percentage germination of certain species

(Thompson et al-., L977) . ' Tillage-induced structure can also modify

the proportion of the day that the tilth is above the lethal maxinum

temperature and can mod.ify the total daily degree-hours for root

growth. the i.nfluence of tillage practice on daily temperature range

at smaller depths would be greater than that at the 5 cm depth

discussed here.

which
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Tilth daily temperature range and temperature gradient were

correlated with meteorol-ogical variables and with different portions

of the macro-pore size distribution. For simplicit-y. all effects

were assumed to be independent and linearly additive. Although this

is not justified on theoretical grounds, it served to ill-ustrate

the relative importa¡rce of the different meteorological variables

in influencing tilth temperature. It cannot be expected that the

resulting equations will be val-id for different soil types of different

climatic regions, but the general principles will be the same.

The soil structural parameter giving the best correlation

with tilth daily tu*pet.t,rre range and temperature gradient was the

porosity in pores larger than 8 mm. This is consistent with the

results of the theoretical and laboratory studies referred to in the

Íntroduction and also with the hypothesis set at the beginning of the

chapter.

The conclusion is that in tilled soils, a major mechanism

for transport of heat is convection of atmospheric air through pores

larger than I mm. ff a tilled soil has no pores approaching

this size, then classical conduction of heat will predominate. If

conduction is the mechanism, then the heat flow will only be a

function of total porosity and not of the distribution of pore sizes

as found in this project. ff a tilled soil has many pores about

8 mm or larger, then convective transport pred.ominates. The effect'

in this trial, extended to a depth of 5 cm but not to 10 cm.
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6.6 Summary

SoiI was tilled with a range of implements to provide

different structures. SoiI structure was measured directly from

sections cut through impregnated blocks of the tilth. Temperatures

and water contents were measured at 5 cm and 10 cm depths in the

tilths over periods of several days in Winter, Spring and Summer-

Tilth structure had no significant effect on mean tilth

temperature. Hov/ever, tilth macroporosity was correlated with the

daily temperature range and the vertical gradient of tilth temperature.

Multiple regression equations of mean tilth temperature on major

meteorological factors, and tilth temperature range and gradient on

meteorological factors and tilth structure have been developed.

ft is concluded that atmospheric air penetrates tilled soils to a

depth of 5 cm but not 10 cm and that this transport occurs mainly in

pores larger than I mm.

Tilth temperature was correlated with air temperature, windspeed,

and relative humidS-ty. An increase in tilth water content reduced the

daily maximum temperature at the base of the tilth and increased the

vertical temperature gradient. The effect of tilth water content

was small compared with those of meteorological factors-

6.7 Practical Imp l-ications of Findinqs

In Chapter 8 it is shown that evaporation of water from a

titth occurs mainly from the 6 cm layer immediately below the heated

Surface even in the absence of wind turbulence. For this reason, as

well as for the reason described in this chapter' it is advocated

that the deeper that seeds are sowrl, the greater is the chance of

survival of seedlings during the critical period following germination.
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The present conclusion that the atmospheric air mainly

penetrates tilled soils to a depth of about 5 crn aligns with

the above observation and recommendation.

In Chapter 7, it is recommended that the seedbeds should be

made fairly fine to consist more of pores smaller than B mm in rliameter

because it was observed that the presence of voids larger than 8 mm

was mostly responsible for evaporation of water from the seerìbed.

The present conclusion that the turbulent transport of

atmospheric air into titled soil mainly occurs in voids larger than

8 mrn aligns with the above observation and recommendation.

For uniform distribution of seedbed temperature and for

the prevention of lethal temperature under hot climate, the top zoile of

tilled soil which constitutes the seedbed should be made fine enough

so as not to contain voids larger than 8 mm.
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CHAPTBR 7

EI-FIICT OF SOTL STRUC TURB ON \¡üAT:tllì CONTENT ÏN TTLLBD SOIL

7.L Introducl,ion

Hide(1954)saidtlratnoattempthadbeenmadetoeva]rraLethe

influence of pore space distrj.bution on the different phases of the

evaporatíon procesS, and that soil variabilíty must influence the

different stages of the process. I',lith reference to seedbeds, he said

that the phase of evaporation in which water loss depends on vapour

movement v¡ould need to be investigatecl irr the f ield '

since that time, there have been a number of stúdies on the effects

of soil structure on water loss but very few of these have been done in

the field. An important mechanism for evauorative loss from dry soil is

molecular diffusion. This can be calculated directly from a knov¡Iedge of

the air-fill-ed porosity of the soj-l and a diffusion coefficient (Smiles'

Lg17). However, other studies have shorvn t-hat with aggregated soil structures'

convection processes can become domínant'

HolmesetaL.(1960)conductedawindtunnelexperirnentinwhich

windspeed and the radiant energy on soil surfaces could be varied" They

found greater evaporative water loss from tirths with large:: aqgregates

than from those with smaller aggregates. T;fhen white smoke was irrtrod'ucecl

into the air-stream, it was observed to enter and then empty from the

Iarger pore spaces with a rapid, turbulent motion" FarreII et aL. (1966)

concluded that with a windspeed of 24 k\ ht-r, surface air can penetrate

a coarsely-structured soil to a depth of several cm. ttr.y predicted that

for particles of IO mm diameter, the gas fJ.ux across the soil surface could

be as much as 1oo tirnes the moÌecular diffusion flux. Kirnball and Lemon

(r97I) measured the flux of heptane vapour through beds of diÊferent sized

aggregates. They found heptane fluxes of between three and ten t'imes the
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predicLed diffusion flux thror.lgh bcds of IB mm aggregates ancl of between

two and four times the preclic:ted flux through beds of 3 rrn aggregates 
"

Hydroclynamic dispersiorr in beds of aggreqates due to air turbulence was

exarnined by Scotter and Iìaats (1969) " They predicted vapour fl-uxes of

from two or four times the molecular diffusion flux for evaporation from

a depth of 2 cm below the surface of a random packing of spheres of 40 to

60 mm diameter.

Meteorological factors, as well as soil structure, influence t.he

rate of loss of water from soil. Various combinations of radiant energy,

wind speed, air temperature, and relative humidity have been simulated

in many experiments to exarnine the relative import-ance of these factors

in causing evaporation of water. fn most cases, the experimenì:s have been

conducted unrler isothermal and steady state conditions " The effect of

radiation is well known, but the effects of the other factors are less well

understood.

Aristotle was quoted by Penman (1956) as saying that wind is the

most important factor in evaporation because it carries the vapour away.

In a wind tunnel experiment, Hanks and Woodruff (1958) measured the

evaporation rate from a wet soil with a soil mr¡lch on top of it- The

evaporation rate was increased two or six Èimes when windspeed was increased

from O to 40 km hr-I. Porous materials, including soils and beads were

packed into cylinders by Scotter et aL" (1967). The dispersion of oxygen

was found. to be at feast 50ø" greater when there was wind than when there

was no wind. Hadas (1975) investigated the drying of layered soil columns

under controiled but non-isothermal conclitions" Sieved wet loamy soils

were packed into insulated columns and subjected to continuous infra-rerl

radiation, intertnittent radiation, and alternate win<1 . Cumufate evapora{--ions

over thirty days were in the order wind > contitluous radiation > intermittent



205.

radiatiorr.

The effects of rvind ancl radiation irrteract. In thei:: wild tunnel

experimenLs, Holmes et ai.. (f960) found that the evaporat-ion rate from

aggregate beds was considerably larger when wind and radiation were both

present than when either \^ràs present separ:ately. Field measuLements of

radiation, ar'r temperature, relative humidity, and wind speed were

con<lucted by Skidmore e,t aL. (1959). The wir:d dominarìt and radiat-ion

dorninant components of evaporation h/ere separated using equations based on

penmanrs (1948) approach. On r:epresentative and consecutive 'non windy'

and 'windy' clays (mean wind speeds at 45 cm of 3.2 and 8.I. k.p.h.), the

wind dominant term contributed 33s" and 113r" respectively as much as the

radiation dominant term to the total evaporation. Skidmore and Hagen (1967)

calculated evaporation rates from meteorological data collected in different

parts of the U.S.A. They found that when radiatj,on dominates, that is,

when both the vapour pressure deficit and wincl speed are smalÌ, a wirrd-

break reduces evaporation only slightly. Ithen vapour pressure deficit and

wind speed are high, a windbreak greatly reduces water loss by evaporation.

Hide (1954) calculated the water vapour pressure as a function of

depth in the top l0 cm of soil. He concluded that the driving force for

evaporal-ion is the vapour pressure difference between the air into which

the water vapour is moving and that in the upper layer of soil from which

evaporation is taking place. The temperature of the layer of soil from

which evaporation is taking place is a factor controlling the vapour pressure

in that layer. In the laboratory, Cary (1967) gave moist soil columns nine

different treatments incfuding art.ificial radiation and different ambient.

vapour pressures. He concluded that the most effective method of reducing

evaporative water loss depen<ls in part on the vapour pressure of water in

the air above the soil surface" If the vapour pressure is relal-ively high,
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Èhen evaporation is best reduced by screening the surface from incoming

radiation so that it does not heat--up to the poinÈ wher:e its wal:er vapour

pressure is greater than thaL of the air at- the surface. On the other

hand., if the atmosphere is very dry, evaporation control will require a

reduction in the coefficient of transfer of lnater vapour to the soil surface.

Because most of the Èransfer occurs through the soil pores, this approach

reguires a knowledge of the por:e size distribution in the dry surface 1ayer.

This chapter presents the results of a field study of the effects of soil

macro-structure on the effects of meteorological conditions on the \¡¡ater

content of the tilled layer of soil. The work is aimed at determining those

structuraf features of tilled soil which are associated with evaporative

Ioss of water. The production of seedbeds v¡hich do not contain those

features should conserve maxi:num tilth water and should contribute to the

optimum germination and survival of seedlings in the critical post-sowing

period.

7.2 Hypothesis

As a result of air turbulence, atmospheric air penetrates tilled

soil mainly through pores larger than I mm and to a depth of about 5 cm

(Chapter 6). It is therefore hypothesized that these pores will also

form a structural factor mostly responsible for water evaporation.

This hypothesis is based u¡nn the concept that heat carried into

tilled soil and aír flow are both very important for evaporation.

7.3 Materials and Methods

7.3.I Tillage treatments

The field experiment was located at the Mortlock Experiment Station
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of the trfaite Agricultural- Research Institute (33o 55'S, 1380 43'E,

aLtitude 430 m). The soil on tho site is a l,¡am (60% sand, Z.Lea silt'

19s. clay) and. belongs to the Red-Rrown Earth g::ou¡r (Stace czt' aL., 1968).

Each tiltage treaLmenL v¡as done on 7th JuÌyt L976 in a North-South direction

and to a depth of 10 cm with a disc pJ-ough (D), disc nlough * scarifier

(D + Sc) , disc plough * combine drill (D + cD), mouldboard plough (MB),

mouldboard pJ-ough {- combine dr-ill (MB + CD) , scarif ier (Sc) , and rotary

cuftivator (RC). These treatments provided a range of eight different- soil

macro-structures. TiIIage was done at a rvater content of 2,2^'7% (d::y rveight

basis). This is slightly wel-ter than the Plastic l,imit for this soil

(2r .2e") .

7 .3.2 Sampl e collection and structural data

TiIth block samples were collected from tilled plots immedj-ately

after titlage on 7th JuIy, L976¡ and also on ISth October, L9'16, and

llth January, L911. The method of Dexter (L976) descr:ibed in Chapter 3

was used. Structural data were collected at about the 5 cm depth from

two sawn sections on each of the eight tilth bfock samples, while data

from each section were collected separately from two cross-sect-ion lines.

Therefore, there were four sets of structural data collected from each of

the tilth blocks. The form of the structural data has also been described.

The data consist of linear distribution of aggregates and pores at I mm

interv-ls across the section. The raw structural data were processed

along lines already described to get the following data. Structural data

presented in the text are the means from the July and Oct-ober dat-a-

(I) The probabilities P(O) of 0 following the 16 possible structural

precursors an<1 the occurrence probabilities U1 for the precursors ('Iables
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4"I and 4.2) .

(2) From (1), the void size distríbutions (Table 4"6) for: each

treatment were calculated by the method of Dexter and FIewitL (L917)

described in Chapter 3.

The primary structural data for JuIy are given in Appendix I for

the eight differently-titled plots, while the data for Oct-ober sanrples are

given in Appendix II.

7 .3.3 !ùater content and ternperature data

Samples for gravimetric \,üater content determirration were colfected

at 5 and IO cm depths from each tilled plot" Temperatures (oC) at these

clepths were measured as much as possible at 3 hr intervals in tr{inter for

B days (.luty 8th to l5th, L976), and in Spring for 5 days (october ISth to

22nd., L976).

Soil samples were collected as nearly as possible at the same times

at which soil temperatures were measured. Each water content was replicated

twice. Soil samples were dried in an oven for 24 hr at 1O5oC.

Tenperature measurements were replicated three times at each

depth on each tilIed plot. Temperatures \ì¡ere measured with thermistors

which were individually calibrated in the laboratory before the experiment.

The calibration of the thermistors has been discussed in Chapter 6.

Thermistors were inserted to the appropriate depths using calibrated pegs.

The resistance values of the thermistors were measured with a battery-

powered portable multimeter.

!{ater content and temperature measurements were also made in

Sununer for three days (January lIth to 13th, 1977). They are not used in

this Chapter because the water content data were scanty. The water content
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TabLe 4I-. Structures of differently Èil-Ied plots. Values of
P(0) are tho probabilities of a 0 following the sixtecn
precursors. An asterj.sk indicates that the precursor

had no occurrence.

Precursor D+Sc D+CD

P (0) for Plot
MB MB*Sc MB+CDD Sc RC

0000

0001

0010

0011

0100

010r

0110

0111

1000

1001

1010

1011

1I00

1101

1110

I111

o. 852

0.014

1.000

0.048

1.000
*

0.500

0. 054

o.775

0.000
*

o.000

0.857

0.000

0.865

0. 032

o -797

0. 000

r.000
0. 055

1. 000

*

0. 250

0.049

o.763

0.050

o. 000

0. 375

0.695

0.000

0. 897

o.026

0. 8I3

0.000

1.000

0. 015

t. 000

*

1.000

0. 000

o.967

0. o50

*

0.000

0.846

0.000

0.905

0.032

0. 885

0.021

1.000

0.050

1.000
*

1.000

0.046

o.748

1.000
*

*

0.984
*

I.000
0. 028

0.894

0. 000

*

0. 000

*

*

*

0.084

o.725

0. 000

*

0. 000

0. 894

0.000

o.943

0.032

0.755

0.000

1.000

0.100

I.000
*

0.875

0.069

0.875

0. 125

*

0. 000

o.662

o.334

0.956

0.037

0.870

0.000
*

0.036

0.500
*

1.000

0.028

0.859

0.000

1. 000

0.000

o.79L

0. 167

o.79l-

0.031

o.758

0.000

1.000

0.023

1.000
*

1. 000

0.056

o.853

0.200
*

*

0.817
*

1.000

0.030
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Tabl-e 42. Structures of differently tilled p1ots. Values of Ui
are the occurrence probabilities for the sixteen
precursoïs.

Precursor
Ui for Plot

D*Sc D+CD MB MB+Sc MB+CD ScD RC

0000

0001

0010

0011

0100

0r01

0110

0rt1
1000

1001

l_010

r011

1100

1101

1110

1II1

0. 111

0.021

0. 0003

o.o24

0. 0003

0. 00

0. 001

0.025

0.021

0. 004

0.00

0.00I
0.o24

0. 001

o.o25

o.7 40

0.108

0.013

0.0004

0.0I9
0. 0004

0. 00

0.002

o.o24

0.013

0.006

0.00

0. 003

0.019

0.003

o.o20

o.77r

0.171

0.018

0 " 0002

0.021

0.0002

0.00

0.0004

o.o22

0.018

0.003

0.00

0. 002

0.021

o. 002

o.o22

o. 700

0. 145

o.o22

0.0008

0.002

0.0008

0.00

0. 00I

0.02I
o.o22

0. 0004

0.00

0.00

o.02

0.00

0.021

o.723

0.143

0 .021

0. 00

0.023

0.00

0.00

0.00

o.o24

0.021

0. 003

0. 00

0.001

o.o24

0.00r
o.o24

0. 715

0. 111

0.021

0. 0005

0. 031

0. 00r

0.00

0.003

0.028

0. 020

0.010

0.001

0. 001

o.o29

0. 001

0.028

0. 713

0. I28

0.015

0. 00

0.020

0.00I
0.00

0. 0005

0.023

0. 015

0.005

0. 001_

0.004

0.0I9
0.005

o.o24

o.739

0. 090

0.02r

0.0005

0 .025

0. 0005

0.00

0.0005

o.o24

o.o2L

0.005

0.00

0. 00

o.o25

0. 00

o.o24

0. 763
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values were \¡ery small (less than 59") "

The prirnary water content data are in Ap¡:endix TV, while the

temperature measurements are presented in Appendix Ill "

7 .3.4 Meteorol cal data

A meteorological station was located I km from the experimental

si'be on land witha similar aspect. Ai:: temperature (oC) and relative

humidity (%) values were obtained from an automatic recorder 2 m above the

ground. level.

V,lind speeds (]<m nr-I) were obtained from a recording anemometer

0.5 m al¡ove the ground. There \^ras no rain in any experimental period"

So1ar radiation figures for the site were not available.

7.3.5 Water characteristic curve

The wetting and drying curves of the water characteristic of thj-s

soil were constructed (r'ig. 33). These were obtained using sintered. glass

funnels for water potentials of -0.1 bar and below, ceramic plate extractors

for potentials up to -I5 bar, and desiccators containing saturated solutj-ons

of salts for potentials greater than -15 bar.

The relationship between matrj-c potential- and relative humidity is

expressed, in the absence of dissolved salts, by

v = c roq tål (75)
M -C IUU

where V- is the matric water potential or suction (bar), h is the relative
m

humidity (%), and C is given by

"=# i:6)

Here, p is the d.ensity of water (I0OO LS*-3), R is the gas constant
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Fig.3S.Thewatercharacteristic(wettinganddrying)oftheredbrownearthloamat
Mortlock Experiment Station. The water potential, W., is in bar.
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(8.314 x 103 JK-l *ol.-l¡, T is absolute t-ernperature (r) , and M is the

molecular weight- of water (fB kg). The value of C is 1377 bar ¿t 25oC.

Potentials of -572, -L45, and -32 bar were applied by the use of

saturated solutions of NaNo, (h = 66%) r ZnSon (h = 90%), and KCI (h = 97"74)

respectively at 25oC.

7.4 Results and Discussion

The tilth water content data collecl-ed j-n Winter and Sprinq were

subjected to statistical analysis" Linear relationships ivere asstrmed ir¡

the regressions of tilth water content- and water: content gradient on

meteorol-ogical factors. The soil structural factors responsible for til-th

water loss are considered, and as a result, void size disÈribution is

related to tilth r¿ater content.

7 .4.r Trends in water contents of tilleci soil.

The mean \¡/ater contents of differently tilled soils were

significantty different as shown by statistical analyses (Table 42) " The

nean water contents are means for the two depths at each time of day for

!ùinter and Spring. The differences in structures of soils tilled with

different implements led to their different water contents"

tr^tater contents in tilled soils varied significantly from one

season to the other. The mean water contents for the two depths an<1 for

all days were I3s" and 16% in V{inter and Spring periods respectively" The

total- amount of ::ainfal-I before tillage in 1976 and l2I mm, and iÈ was

207 mm in the interval between the two experimental periods" Mean air

temperatur:es were lO.9oc and 14.7oc in winter and Spring, and the

equivalent mean tilth temperatures wer:e 8.3 and 15"7oC. Solar radiation
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figures for the Waite Agricultural Research Institute (34o 58'S, l38o 38'8,

altitude L22 m), which experienced si¡nilar weather patterns durinq the

experimental períods, averaged g-6 and 17.1 MJm ' U-O-t respecÈively. The

meal wind speeds were 4.I and.5.3 laî ht-l, and the mean relative humidities

were 69s" and 64% respectively. Therefore all the factors which could

cause loss of tilth \^¡ater h/ere more int-ense in the Spring period.

Tabfe 43. Analysis of variance of tilth water contents"

Source of Variatron df SSD ¡4SD F Test
(95%)

Total (Vüinter)

TíIlage plot (Sprinq)

Tillage plot, 5 cm (I,Iinter)

Depth (Spring)

Depth (winter)

Time (Winter)

Residual (Spring)

7

7

I
l_

4

39

18

443 "6
29.O3

27.44

19.46

46.88

3LL.7 6

4.89

4.L5

3.92

L9.46

46.88

77 .94

o.27

I5 .37

3 .88

4.t4
6.32

r32.49

***
***
***
***
***

Tilth water decreased progressively from sunrise to sunset each day.

Mean (for both depths and all tillage treatments) water contents aÈ 06.00,

09.OO, L2.OO, 15.OO, and 18.00 hrs C.A,S.T. (Central Australian Standard

Time) were 16.I, L4.5, L3.4, L2.9, and 7.72 Ln Winter. rn Spring, mean

(for both depths and all tillage treatments) tilth water contents at 06.00,

12.00, and 18.00 hrs were 18.1, 16.3, and 14.3% respectively.

7 .4.2 Regr ession of water content on tíIlage treatmênt éffect

and meteoroloc¡ical factors

The mean water contents for each time of day on the tilled plots'

and the values of the independent variables at the times of water content
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measurement were merged for Èhe purpose of r:egression., The independ,ent

speecl , and relat-ivevariabl-es rvere tilth 1-etti¡:et-rature, air l-emperal-ure, witicl

hurnidity.

MuItiple reg::ession of water: content on the independent variables

was first performed separately for each plot and for each experimental

period. The query then was whether the regression coefficients obt,ained

for the different tillage treatment plots were significantly different"

It was noted that errors in the tindependentt variables were almost

ce:rtainly not negligible relative to those in the dependerrt variable, and

some other multivariate analysis technique seemed more appropriate., More

progl:ess was made by interactive analysis of variance using a model called

Rothamsted Generalized Linear Model- program, GLTM.

For the Winter data, the mean square (MSD) for treatments plus

regression is very close to the residual mean square (F39, I38 = o"17) as

shown in Table 44 " It therefore appears that this attempt to attri.bute

the observed variation in tilth rdater contents to differences in tilth

structure and to meteorologi.cal f actors \^¡as unsuccessful . Ho\nle\/er, separate

analysis of variance perforned to test differences in water contents at the

5 cm depth (rable 43) showed that the values of water content \^/ere

signifícantly different at 95% level . The values at the l0 cm depth \¡¡ere,

however, not significantly different.

The insignificant effects of meteoroloEical factors such as air

temperature and wind on water content inside tilled soil in l,Iinter would

be due mainly to their fow intensities and the resultanL low evaporation.

For the Spring data, the full model of ma,in effects. covariates

and their interactions with the main effects was slightly too large for the

analysis package GLIM. Ho\^/ever sufficient reduction in model sj.ze was

obtained by omitting just one interaction. A larger number of treatrnent
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2L5.

Analysis of variance for the regression of tilth water

content on air temperatu::e, tilth temperature, relative
humidity, and windspeed - Winter data.

Source of Variation df SSD MSD

Treatments + regression on all
variables within each treatment

Residual

39

138

548

253r

14.05

18. 34

Total 177 3079

TabLe 45. Analysis of variance for the regression of tilth water

content on air temperature (Ta), tilth temperature (Tt),
relative humidity (h), and windspeed. (u) - lfinter data (A).

Source of Variation df SSD MSD
Test

(99.9?)

Treatments

Regression on Ta, u and h within each
treatment + global regression on Tt
(model I)
Global regression on all variables
Differences due to regression on Ta,
r¡, and h within treatments

31 387 .7

4 354.r

27 33.6 L.24 NS

Residual (node1 I) 29 68.64 2.36

Regression on Tt, Ta and u within each
treatment + global regression on h
(model II)
Difference due to regression on Tt' Ta
and u within treatments

31 390.99

27 36.89 1.36

TotaL 69 561.9

NS

Residual (model II) 29 65.11 2.25
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Analysis of variance for the regression of tilth water

content on air temperature (Ta) , tilth temperature ('It) ,

relative humidi.ty (h) , and windspeed (u) - Spring data
(B).

Source of Variation df SSD MSD
Test

(99.9%)

Treatments

Regression - on Tt, Tâ, u and h

9

4

105.8

354.1

IL.76 .t**

Regression

Difference
on Tt
Regression

Difference
Regression

Difference
Regres si on

Difference

on Ta, u and h

due to regression
3

I

3

I
3

I
3

I

353.6

0.5

22L.O

133.1

336.8

L7 .3

285.7

64.4

0.5

133. I

17.3

68.4

NS

on Tt,
due to
on Tt,
due to
on Tt,
due to

uandh
regression on Ta

Ta and h

regression on u

Ta and u

regression on h

***

***

***

Residual 56 I02.0 1.82

Total (corrected) 69 561.9
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plots just planted v¡ith barley (BL) . The plots rtere given till-age

treatmellts as D * CD ancl MB + CD. At 95% level water contents from MB + CI)

and IrlB .i CD + BL on one hancl; ar-:d D + CD ancl D + CD + BL on the other hand

were not significantly clifferenL. The dif ferences tr/ere less than 2%,

Considerat-ion of models whj-cll were complete except for a sirrgle i-nteraction

showed that there was no advantage in fitting separate regression coefficients

within each treatment (ra¡te a¿).

For the Sprirrg data, analysis of variance showed that the t-illage

treatment effect (ß), the air temperature (Ta), the relative humidity (h) ,

and the wind speed (u) all contri.buted significanÈIy to variations in

tilth hrater content. The analysis of variance using ¡rcoled estimates of

regression coefficients is shown by Table 46. The only covariate which

does not contribute significantly to the total variation in tilth \{ater

content is the tilth temperature (Tt).

The fitted model for the percentage water content, w, is

(77)w = 54.4 + ß

(+- 4 .I)
I " 25Ta

(+ 0.12)
0. I0u

(+ 0.03)
o.25h,

(+ 0.04)

where the figures in brackets are standard errors of the coefficients. îhe

tillage treatment effects, ß. took the values -4"0I, -2"57, -4"2O, -3.53,

-3.06, -2.75, and -L.92 for treat-ments D, D * Sc, D + CD, MB. MB + Sc'

MB + CD, and Sc relative to the val-ue of 0 for the RC treatment.

A ploL of the ranked residuals (observed minus expected values)

against the normal order statistic was approximately linear, suggesting that'.

the implicit assumption of normally distributed errors was not unreasonable.

l,lhen the above model was tested with refererrce to the plot tilled

with the disc plough, values of predicted water contents were considerably

(by about 5%) la::ger than the actual water contents when air temperature

was lower than I4oC. This probably indicates that a factor which could
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account directl.y for the intensity of solar radiation, or cloud cover

might be needed to be incorporated into the model"

The pre<licted and actual water contents when air tempe::ature was

not lower than 14oC are presented irr Fig. 34. The rnodel predict.s tilth

water content to within 2s" under this condition.

7 .4.3 Ti-lth structure and water coritent

The mean values of macroporosity (n") for Winter and Spring were

correlated with the equivalent mean water contents of the tilled pl-ots.

The statistically-derived tillage treatment effects (ß) were also correlated

with values of n".

7.4.3.r Structural factor determining v¿ater ev ration

The regression of tilth water content (w) on nL gave

¡nr = -28 .0¡¡ + 20 .L (y = -0.68) (78)

The regression of treatment effect (ß) on Q¡ Çave

w = -38.1¡¡ + 4.6 (y = -0.69) (79)

The above results show that water loss from a prepared seed bed is

determined mainly by the presence of ¡nres larger than I mm in diameter"

7.4.3.2 Pore size distribution and titth water loss

In order to determine what void size range relates best with the

observed trends in tilth water content, regression of tilth water content

on macroporosities in pore size ranges less than or equal to 2, 4, 8, 16,

and 32 nm was done. The porosity contributed by a pore size range was

obtained by rnuttiplying tilth macroporosity by the p:roportion of the pore

size range in the tilth.
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Tabl-e 47. Pore size distributions in differently tilled plots
expressed by the macroporosity (n") j-n a pore smal-Ier

or equal to X mm.

x D D+Sc D+CD

Porosity
MB MB+Sc MB+CD Sc RC

2

4

I
16

32

0.036

0.085

0. 132

0. 169

0.182

o.067

0.106

0. 134

0.149

0. 154

0.053

0. 094

0. 158

0. 189

o.2L2

0. 000

0.058

o.o77

0.181

o.206

0. 034

0.096

0"r38

0.182

o.206

o.o72

0.110

0.156

0.182

0. 193

0. 069

0.096

0. 130

o "L62
0. 182

o.o29

0. 075

0.128

0. r54

o.l-62

Total n" 0.183 O.164 0.232 0.213 0.21I 0.195 0.189 O.162

Tabl-e 48. Correlations between macroporosity in pores small-er or equal

to x mm (n"), tillage treatment effect (ß), and tilth water

content (w).

x Regression w/nf Correlation
t-tL

Correl-aLion
ß -nL

2

4

I
16

32

w=
l^¡r =

\Al =

w=
l^l =

1.45n" + L4.57

9.02nL + 7.83

13.09n" + 16.35

49.03n" + 23.O2

-31.03n" + 20.44

0.04

-0. 15

-0. 33

-o.72

-o.67

0. 0B

-0. 03

-0. 06

-0.67

-0. 65
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Negative correlations betweerr nean macroporosities in pore size

ranges and mean water: conLents of tillecl soils (Tàble 48) confirm that

the str¡ctural factor mairrly responsible for evaporation from til-l-ed soil

are the pores larqer than I mm. But the pores that are mostly i:esponsibJ,e

for water eva¡nration from the tilth are those larger than 8 mm, and

especially those between I and 16 mm in dianeter" It can be seen that

the correlation coefficient is very low for pores smaller than 8 mm, but

suddenty increases when porosit-y in the range 8-16 rnm is included"

It is concluded that the convective flow of air which occurs mainly

through pores larger than I rnm (Chapter 6) results in evaporative water loss,

and is the principal mechanism for the drying of the tilled layer of soil.

The l.arge effect of the pores having 8-16 mm diameÈer on the

evaporative foss of tilth water will be due to their great frequency, in

addition to their largeness. ft is shown in Chapter 5 that the pcres between

9 and 16 mm which are usually the rnost frequent mostly determine tilth

macroporosity.

The negative correlations (Table 48) between tillage treatme-nt

effect (ß) and macroporosities in different pore size ranges show that

tillage increases the proportion of ¡nres that are mostly responsible for

water evaporation. This means that a relatively compact and less coarse

seedbed will conserve more water than a highly porous and coarse seedbed.

The above conclusion is relevant especially to the kind of clirnatic

condition that exists in most parts of Australia where wheat is grown with

as little as 250 mm of annual- rainfall and v¡here potential annual

evaporation is up to 2OOO mm. Braunack and Dexter (L9'?7) conducted open

air experiments at the Waite Agrì-cultural Research Institute and found that

compaction of beds of agg::egates could reduce evaporation by as rnuch as 10%.
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7 .4.4 Effects of temPe rature and w:lnd speed ofl tìIth v¡ater

êvâpdrat"ion

When meteorological faetors exert significant influence on water

evaporation froln a tilth, the temperature dominant evaporation will be

mo::e than wind dominant evaporation- The relative effects of temperature

and wind intensity in evapor:ation are depicted in eq" 77. High soil

temperature increases vapour pressure within the tilth, and the vapour

pressure gradient fr:om the tilth to the atnosphere is greatest in the

afternoon (Hide, L954). Wi¡rd speed is a matter of degree, thus a perfectly

still air seems impossible. Mj.ld surface turbulence significantly increases

the rate of water vapour diffusicn out of the soil especially when soil

temperature is high as shohln in eq. 77 above" Cary (1967) said that even

Iow wind velocities over the surface produce a viscous soil air flow of a

magnitude equal to that of mol.ecular diffusion. Wind also carries into the

soil a quantity of energy that causes evapol:ation. Nocturnal evaporation

which varies between 10 to 503 of daily evaporation was attributed in

part (Rosenberg, 1969) to the turbulent transfer of sensible heat from

the surface air. Therefore, the effects of wind and radiation interact, and

it witl be unrealistic to demarcate strictly between the effects of

temperature and wind in evaporatíon.

frlhen evaporation is small as a resul-t of reduced temperatures and

large percentage of cloud cover as in Vüinter, wind wilL be more effective

in evaporation than temperature. The mean tilth water contents for the

different times of day were correlated with equivalent values of temperature

and wj-ndspeed. As expected, the correlation coefficients rvere very small.

At 5 cm, the correlation between tilth water content and air temperature,

and windspeed were -0.01, and respectively -0"32. At I0 cm they were -0.14
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and -O.lB. It can be seen that in t-he cold weather wind becomes the more

important meteorolog¡ical factor of evaporation"

It is also showrr by the above results that wind exerts its mairl

infl-uence down to the 5 cm depth but not to l0 cm. This confirms the

findi¡g in Chapter 6 and that of FarreII et aL. (1966) that surface air

penebrates in main to within 6 cm depth of tilled soil.

The above discussion l-encls support to the conclusions of Hide (I954)

and Cary (l-967) that evaporation could effectively be controlled by lowerinc

the temperature of Èhe upper fringe of moist soil to reduce vapour pressure

which provides the driving force for evaporation"

'7 .4.5 Negative relationship between titth water content alld relative

hrrmidity

Tilth water content is negativeJ-y regressed on atmospheric relative

humidity (eq. 77). Cary (L967) also presented data to show that ambient

vapour pressure and soil water loss were not related by an inversely

pro¡nrÈional constant as usually suggested. The explanation \^/as that as

evaporation is recluced by lowered vapour-diffusion coefficient, more of

the energy supplied to the soil surface is used in warming the soil " The

increase in soil temperature will raise the vapour pressure of the soil

water and as a result increase the vapour pressure gradient towards the

surface. Consequently, the rate of water loss will be something less than

inversely proportional to the ambient pressure. The increase in relative

humidity that accompanies a decrease in soil water content is therefore a

result of increased water loss from the soil to the atmosphere. Î'lind

turbulence that reduces the accumulation of water vapour above the soil is

intermittent.
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1 .4 "6 Depth variat-ior-¡ in tillli wät-êr cot¡t-ent-

7 .4 .6 .L Tit th lrâter q::acìient

I¡Iinl-er an<1 Spring data were poole<l together. Tilth rùater

content was always greater at the l0 cm dept-h than at the 5 cm depth.

The differences in w between the trvo dgpths are shown for diffe::ent

times of day in Table 49"

The tilth water content gradient was regressed on mean tilth

temperature, wind speed., and atmospheric refative humidity. After the

regression \¡/as performed separately for each treatment plot, j-t was

intended to t-est for variation within treatments, and the significance

of the effect of each independent factor. The closeness of the values of

residual and treatment mean squares (Table 48) shows that the factors

which might have been expected to influence water content gradient had

an insignificant effect, particularJ-y in Wint.er. This result parallels

the insignificant effects of meteorological and treatment factors on

tilth water content in VJinter, referred to earlier (Section 7"4-2).

The difference between \¡/ater contents at 10 cm and 5 cm depths

decreased stightly during the mornirlgs and increased more strongly from

mid-day until evening (fable ). Over this same period of the day, t-he

mean water contents of the titled plots decreased progressively" Th-is

shows that the meteorological factors of evaporation were more effective

at the 5 cm depth than at 10 cm.

Two factors contribute to the greater water content at the

base of the tilth relative to the top. One of them is the continual

replenishment that occurs from t-he 'storedt v¡ater in the undistrubed

soil underlying the tilth. Another, and often overlooked factor, is the

downward movement of water. evaporated from the top of the tilth. This

effect is greatest in the middle of the day vrhen temperatur:e, and hence
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Analysis of variance for the re.gression of water grad.ient

on tilth temperature. relative hrrmídity, ancl windspeed.

Source of Variation df SSD MSD

Treatments and. full regression within
each plot treatment
Residual

Total

31

I36

L67

L2.92 0.4L1

46. 55 0 .342

s9.47

TabTe 50. Difference in water contents at 10 and 5 cm depths of
differently tilled soils (w10 - wt5?).

Time* D D+Sc D+CD

Plot
MB MB+Sc MB+CD Sc

Mean
RC

0600

0900

1200

I500

1800

3.74

2.69

3. r5

5.O2

5.93

5.64

4.52

4.78

4.9

8.13

5. 35

3.O2

3.57

4.05

5. 60

4.53

4.42

4.06

5.99

7 .08

3.76

4.76

4.20

5.19

4 .83

3.92

3.69

2.20

4.7 4

6.03

4.29

6.19

4.16

5.83

7.29

6.92

4.82

7.26

7.34

7 .56

4.77

4.26

4.r7
5 .38

6.56

* Mean for each time in lVinter and Springr.
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water: vapour pressrfl:e, d.ecreases v¡ith cìept-h (Rose, 1968; Jury and

Miller, L974) " Observed mean ternperat-ure gradients in rilled soils

bet-ween the 5 cm and 1.0 cm depths fr:orn 12"00 to 15"00 hrs were 0.3 and

-I in tr.{inter and Sprirrg respectively"

in water content at f0 cm depLh in

cm Betv¡een t.hese times,

lncTeases

o.4oc

the eight differently-tilled

in four days in '¿üinter "
plots being considerecl varied between 0"3 to 7g"

It was neither possible nor

pressure gradients and diffusion rates

sensible to calculate v¿pe11¡

in the tilled soils. fn the macr:o-

structured soil, convecLive and turbulent effects predominate, arrd

equilibrium or steady state condítions Cc r:ot exist"

7 .4.6.2 DaiI foss of tilth wat-er

The losses of v¡ater in three days at the 5 cm and 10 cm depths

in the tilths during the day (06.00 to l-8.00 hrs) are shown in Table 5I"

Of course, the night-time gains of water are equal to these losses

(Chapter 8). The loss of water was, on average, 2% greater at the 5 cm

depth than at the l0 cm depth.

There was no significant correlation between these v¡ater content

changes and any soil structural parameter examiried. However, as can be

seen from the Moisture Characteristic Curve (fig. 36), a given change

in water content in a d.rie:: soil corresponds to a larger change in mat-ric

potential than would be the case in a rÀ,etter soil . Since eqs. 69 and 70

shov¡ that soil-s with greater macroporosities have smaller mean water

contents, it can be inferred t-hat soi.ls with greater macro-porosities

wiII suffer a greater daily fluctuation in water matric trntential. An

exact analysis of this effect is confounded by the hysteresis phenomenon.

Water was constantly beirrg evaporated from the tilth because at

afl times of the day especially j-n i{inter and Spri-ng a pot-ential qradient-

was existing from the tilth to the air" This is shown by Table 52. The
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Tabl-e 51- Vüater losses at 5 and I0 cm depths in differently
till.ed plots (%)*.

Date Depth
(cm)

Plot
D D+SC D+CD MB MB+SC MB+CD SC RC

Mean

July
12L}j.

July
14rh

October
20rh

24.O
l-9.2

23.1.
19.8

13.9
15.6

27 .9
24.6

2I.4
24.6

20.5
18.1

9.0
7.7

5
10

5

3.2
r.9

8.2
5.9

3.1
1.3

3.3
6.5

3.4
1.8

10.6
8.7

9.3
8.1

0.3
-2.5

4.r
2.9

2.5
1.0

10.8
11. 9

L7 .7 20.4 t5.2
ro.2 r8.4 12.OIO

5
10

13. 9
L2.2

oo
10.6

1r.9
LL.2

11. 3

9.4
11. I
LO.2

11. 3
9.6

Table 52.

* Between 0600 and 1800 hrs locaI time.

Mean values of water content, water potential, relative
humidity, tilth and atmosphere aTerage over the eight
tilled plots and all days of observation.

Date
]-976

Time
Mean tilth

w (a)
V'Iater potential (bar)
SoiI*** Atmosphere**

SoiI
h,/100 * 

't 
*

Atmosphere
h/toOt'

July

1200

1500

1800

0900

0600

I3.5
12.9

7.7

L4.5

16. 9

-o.7
-1.0

-14.1
-0. 6

-0.3

-848. 5

-1040.0

-774.0
-433.4

-377.9

0. 99

0.99

o.97

0. 98

0.99

o.54

o.47

0. 57

o.73

o.76

Oct

0600

1200

1800

L8 -2

L6.4

L4.5

-o.2
-0. 3

-0.6

-491.1

-954.5

-823.2

0. 99

o. 99

0.98

0.70

0.50

0. 55

Meteorological d.ata.

Calcufated from meteorological data.
Estjmated from water characteristic curve (drying).

*

**
***
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highest vapour pressure recorded in the atmosphere during l.rlinter and Spring

periods was 0.76 (at 06.00 hT). 'Ihe minimum tilth water content was '7.7%

(at l-8.00 hr) and the equirralent relative hum-tdity (as derived from the

dryíng Idater Characteristic Curve) was 0.99. Therefore, except when

tilth \¡¡ater content -is as low as 2e" when the vapour pressure and suction

(water potential) will be 0.66 and -51 2 bar respectively, \nrater will- be

evaporated from the tilth.

The values of soil water potential given in Table 52 are

underestimated (at Z5oC) relative to that of the atmosphere since no mean

tilth temperature (for the eight differently tilled plots and for the

days of observation) \r/as as high as 25oC. This lends more support to

the above argument.

7.5 Conclusions

This field study attempted to investigate the effects of macro-

structure on the \^/ater content of tilled soil . A method of structure

measurement was used which took account of soil variability. However,

the variability in the \¡/atelî content measurements was large and further

replication of sampling rvould have been an advantage. This wou1d. not be

possible without an extensive automatic recording system.

In spite of the limitations of the experiment, it has beerr shown

that macro-structure can modify the mean h?ater content of soil by several

percent, but does not influence the diurnal range of v¡ate:: content. This

is the opposite of the findings with soil temperature, where macro-

structure modified the range but not the mean (Chapter 6).

Correlation with different portions of the pore size distribution

showed that differences in tilth mean water content were associated with

the ¡nrositf in pores larger than B mm. This is consistent v¡ith the

hypothesis that the dryíng of tilled soils occurs mainly by the convect-ive
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transport of wate:: vapour through these Larqe pores" This supports

the findings of earlier theoret-ical , laboratory, a¡rd field studies on

beds on sieved aggregat-es.

Effects of meteorological factors were assumed, for convenience,

to be additive. Air temperature had the greatest effect on tilth v¿ater

content followed by wind speed. Radiation was the most important-

meteorological factor omitted from this study. Hov¡ever. it is unlikely

that it would have a d.irect influence on phenomena beneath the soil

surface except through its influence on soil temperature (which \¡¡as not

significantly correlated with water content) .

Tillage with different implements produces dj-fferent soil

macro-structures which can inffuence the water status of the soil " lf

there are pores lar:ger than 8 mm, then significant drying can occur by

convective transport of water vapour. If there are no pores larger than

2 mm, then water loss will be confined to the more usual mechanisms of

diffusion through the void spaces and conduction through the regions of

mutual contact of aggregates.

7.6 Practical impl ications of findinqs

Because the presence of pores larger than I mm in diameter is

mostly res¡nnsible (as a structural factor) for water evaporation from a

tilled soil, a fe\¡/ centimeters of loose, pulverised soil around the seed

is neccssary as a measure against fast dehydration of the soil, and seed

in the critical post-plaÈing period.

Other workers (Kolasew, L94L (cited by Johnson and Buchele,

1961); Blake, L963; Braunack and Dexter, L977) have indicated that fine

compacted granule layer can provide a layer of high resistance to water

vapour foss.

Secondly, under hot cljmatic conditions, planted rows could be
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protected against intense wind turbulence, high temperat-rrre, and tÌrus

hig| eva¡roral-iorl raLe by mulchirrg t'ith a layer, a few centimeters thick,

of crop residues or similar rnaterials.

The observations that water \^¡as mainly evaporated fr:om the top

5 cm of t.illed soil , and that the voids larger than 8 mm \^/ere mostly

responsible are consistent with the hypothesis initially set"
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CHAPTER 8

TR.?\NSFER AND ADSORPTÏON OF VJATER VAPOT]R ÏIÍ TII-,LED SO]I,

8.1 Introducti-on

The mechanism of thermally-ind.uced transfer of water vapour

in soil were discussed by Philip and de Vries (1957), Rose (l-963).

and Philip (1968). Some researchers (Rose, I968a; Matthes and

Bowen, L963¡ Cary, 1966) gave indications about the agricultural

significance of transfer and adsorption of water vapour in soil.

Rose (1968a) developed a theoretical equation for v/ater and

vapour flux in two contiguous layers within the 12 cm surface layer

of a previously saturated soil. Under conditions of a maximum temperature

gradient of IOoC "*-1 a.rd a water potential more negative than -5 bar,

net vapour fluxes between the two layers of the soil profile entirely

controfl-ed their changes in water content. Rose said that until further

investigation was done, the possible importance of vapour transfer in

the germination of seeds and in the establishment of plants should not

be denied significance. Variations in temperature and water content

along soí1 columns were measured by Matthes and Bowen (1963) when the

soils were subjected to temperature gradients. They concl.uded that

the control of water vapour movement could become a practical tool for

increasing germination under adverse water conditions. The daily

reversal of the temperature gradient in soil was said to furnish an

undiminishing source of .'power'. Cary (1966), who rer,'iewecl the siate

of knowl-ed.ge concerning thermally-induced transport of water, suggested

that some water vapour might condense directly on plant roots, and this

could be a factor in the reestablishment of plant turgidil-y cluring the

night. The thickness of water fifrns, diffusion path length, degree of
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hyclration, and. etongation of roots (Olsen et al-., 1961) are controllíng

factors of plant uptake of mineral nutrient from soil.

There is a need for field da'ta to show that vapour condensation

in the seedbed due to temperatr-rre gradients could furnish a significant

r{ater supply in the seedbed to help to counteract evaporative loss and

to maintain seedling establishment.

Vapour transfer in soit ís rnainly due to temperature gradients

(Marshall, 1959). Joshua and De Jong (1973) imposed three temperature

graclients smaller than 1.6oc "*-1 on fine sandy loam soils kept at

different water contents. They predicted from calculations of coupling

between heat ancl water flux that more interaction occurred between

heat and water flow between -0.1 bar and -Ì5 bar than at other potentials.

Hadas (1968) applied heat treatments to wet soil sampl-es for periods

up to 32 min. and sampled the columns of soil for water distribution from

the hot to the cold end. Water evaporated mainly within 2 cm from the

source of heat and when the longest heat treatments v¡ere applied' water

mainly condensed at about 4 cm from the source of heat.

While there now exists a considerabl-e body of theoretical

information on transfer of water, gases, and heat in soil, the practical

apptication of theory to agriculturally-important situations is not

particularly advanced (Smiles, 1977) .

It was thought to be useful for this work to conduct a

laboratory project on transfer and adsorption of evaporated water in

soil and collect information on the amount of water involved' the extent

of vapour condensation and on the position of the zone of peak

condensation. The aim was to relate the results to observed variations

in water content at different depths within the tilled soils in the fielcl.

It may be possible, as a result of this kind of work, to recommend some



PTate l-0. Water jackets with 10 rings used to form

a soil column between them.
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Fig.35. Diagram of apparatus for setting packed soil

aggregates in a temperature gradient.

a = hot water jacket

b= cold water jacket

c= evaporation zone (6 cm)

6='visible" condensation zone (5-8cm)

e= "estimated " condensation zone 122cml

f = soil aggregates

P= perspêx column

S= last point associated with change in soil
temperature and water content due to
applied temperature gradient

ôo
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approaches to tíl-'th water conservation for crop establishment.

8.2 Hypothesis

Dj-fferent magnitudes of variation in water content at

different depths w.ithin tilled soil wil-l be due to their relative

positions in relation to the source of heat and the clirection of the

temperature gradient.

The above hypothesis is based upon the fact that when water

is noÈ liniting, heat is the most important factor causing evaporation

(as concluded in Chapter 6).

8.3 Materials and Methods

8.3.1 SoiI columns

A perspex apparatus was made (Plate IO, Figure 35). It consisted

of two square water jackets with a soil column between them. The length

of soil column could be varied by changing the number of perspex rings

used to form a continuous column between the two water jackets. Each

jacket was I2O mm and 60 mm in length and thickness respectively. Each

ring was 44 mm, 20 mm, and 3 mm in diameter, length and waII thickness

respectively. Each jacket had a portion of tubing of the same diameter

as the rings inside it which extended 2 cm outside the jacket. The net

volume of each jacket was about 520 cm3. lVhen IO rings were used to

link the jackets, the system had a volume of 360 cm3 which could be

filled with soil. The system could be fil"led with aggregates of the

desired size range. The apparatus was tapped during filling to ensure

that the maximum packingr density was obtained.

The experiment was perfotmed in a constant temperature room
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(ZOoc). one of the jackets contained warm rvater which was pumped

from a constant temperature water bath through rubber t-ubing. The

other jacl<ct contained tap water at cl-ose to 2IoC. The initial

temperatr-rre of the enclosed soil was 2Ooc. A temperature gradient

could be set through the col-umn of soil aggregates. The apparatus

could be held horizontalty or vertically either way. A thick layer

of cotton wool insulatíon was used around the column between the

jackets.

Runs were made at three effective differential temperatures

of about 3O.7, 22.2, and 12.3oC which were equivalent to mean temperature

gradients of L.4, I.O, and O.5oc .m-f respectively. The-se are the

gradient-s that would exist along the whole column after an infinite time.

fn fact, much greater gradients existed nearer the hot end of the

columns initially. Runs were made for 3, 6, 9, and 12.hr period.s.

The five aggregate size ranges of 7.O-4.0 mm, 4.O-2.0 mm, 2.O-I.0 mm,

I.O-0.5 mm, and a mixed fractj.on of volume ratio I.0 : 1.5 : 1.5 : I.0

were used. This ratio was that at which the fractions were obtained

from soil after sieving. In addition to runs in the horizontal position'

the apparatus was used vertically both ways for 6 hr runs with all

aggregate size ranges to isolate any possible effects of gravity on

vapour rnovement. This could resul-t from the asymmetric nature of

thermatly-induced convection current. The initial water content of the

aggregates was determined in each case.

Immed.Íately after each run, closeLy equal sections of enclosed

soil column were got by breaking it up from the hot end to the cold end

for water content determination on a dry weight basis. Wet soil

samples were oven-dried at l-OSoC for about 24 hours. Sectioning at

2 cm interval-s was not ideal since the water content varied within and
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between sections. The dístance between two sections was 2 cm which

was also the same as the distance between their centre points.

Sectioning of the part of the column inside each jacket was mad.e to

check for water loss from the warm end. The soil inside each jacket

was sectioned into two parts.

The water contents of the soil sections are given in Appendix V.

The distances given are from the dry end of the cohmn where the water

was evaporated.

8.3.2 Temperatures in soil columns

In order to investígate the temperature profile along columns

as a function of time, some additional experiments were performed.

Agqregates in the size range 7.0 - 4.O mm were used and temperatures

in the soil coL.mns were measured by inserting thermistors between the

perspex rings. This was done for each of the three applied temperatures.

Temperatures at these points within the soil columns are presented in

Appendix V. Constant temperatures were reached between 70 to 180 nin.

Further increases mostly O.loc in 10 min. were neglected. This

confirms the observal-ion of Taylor and Cary (1960) who set columns of

silt loam soil within a temperature gradient of 3.6oc .*-1. They

obtained steady temperature gradients in 60 to 180 min.

8.3.3 Control treatments

Control treatments were performed by enclosing columns of

7.O - 4.0 nm fraction in the perspex apparatus with col-d water at both

ends. Soil columns initialJ-y at L4.5, J-O.7,I7.O, and 14.9% water

contents with no temperature gradient for 3, 6,9, and 12 hr periods

respectively had on average (for different sections of one colurnn)
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O, +0.8, +O.7, and Oå !ùater contelìt changes 16w) respectively.

8.3" 4 Obtainins wct soil aggregates

The different aggregate size fractions were initially at

water contents from 4 to I8%. The field capacity (rl*=-O.l bar)

of Urrbrae loam soil (Stace et aJ. , f968) from which the fractions

\ôrere sieved out is 18%, while the permanent wilti,ng point is 7%

(tþ = -15 bar) .

To obtain wet aggregates, slow wetti.rrg of dry aggregates v¡as

performed. Sieves (I.O or 0.5 run) containing dry aggregates were placed

on thick cotton wool which had been soaked in hot water in a tray. FIot

water was used to reduce the disruption of the aggregates during wetting.

After intervals of 5 to 15 min., the wetted portion of soil aggregates

\¡ras separated f:om the completely dry portion on top, and the former

was air-dried to the required water content. This technique was

about 50% efficient in terms of the amount of wet soil aggregates

yielded in useful form.

On other occasions, fairly wet soil from the fietd was sieved,

and the resultant aggregate fractions were used directly.

The prepared soils were exposed for at least 3 hours in the

constant temperature laboratory before being packed into the apparatus

used for the experiment.

8.3.5 Condensation zone

The condensation zone is the portion of soil cotumn in which

the water evaporated from the dry end condenses.
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After each run, the last section in which evaporated water

from the hot end condenscd was marked on the perspex. Condensed water

could easily be seen on the perspex column. Ho¡ever, this method

was not accurate. Changes in \^¡ater content and temperature attríbutable

to applied mean temperature gradients were detected and traced to points

more distant than those indicated by the visual method (Figures 36 and

37). However, the visual method could show the zone \¡rhere most of

the evaporated water condensed. The net loss of water from the hot

end was always the same as the aggregated net increase in the colìdensation

zone.

8.3.6 Changes in water coutent

Changes in water content in sections of the soil columns were

calculated. The total increase in water content in sections within

the condensation zone was divided by the number of sections involved to

get the mean increase in water content. Beyond the visible condensation

zor1e, changes in water content (ôw) were not emphasised because the values

(< 18) v¡ere çJenerally below those obtained in the control treatments.

However. the values were useful in tracing the maximum distances of

the influence of applied mean temperature gradients and evaporated water..

The fractions of total condensed water in three sections closest

to the evaporation zone \^lere caLcul-ated.

8.3.7 Evaporation zone

v'Iater was evaporated from the soil in the tube within the

water jacket and from any or all of the three sections nearest (but

outside) the water jacket. Evaporation therefore occurred within 6 cm
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(three sectious each 2 cm in length) from the source of heat.

8.4 Alignment of Laboratory and l-ield Condit-íons

The tlrree temperature gradie¡rts used ín the laboratory

experiment fell- within the fimits recorded in the f-ield. The mean

terirperature gradients used were 0.5, I.O, and t.4oc .m-I; while the

dail-y maximum temperature gradients between 5 and l-0 cm depths of tilled

soils in l,Iinter, Spring, and Summer fetl within limits of 0.1 - L.2,

0.3 - I.0, and 0.2 - L OoC .*-1 as shown by data from the experiment

sited at the Mortlock Experiment Station (Chapter 6, and Appendix TII).

Ave:rage daily maxj-mum temperature gradients in these seasons were

O.2, 0.6, and O.5oc "*-l- respectively.

The above temperature gradients are considerably smaller than

the maximum tem¡erature gradient of tOoC .*-1 r."orded by Rose (1968a)

under the hotter cl-imate of the Northern Territory of Australia. Joshua

and De Jong (1973) also irnposed gradíents of 0.5, f.O, and I.soC cm-I

on soil columns at different water contents in theír experiment.

Since laboratory temperature data show that temperature changed

with time, each temperature gradient used in the laboratory experiment

is a mean temperature gradient and is non-steady.

The wate:: contents of the aggregates were within the range of

values recorded in the field. In lrtinter and Spring tilth water contents

at 5 and I0 cm depths at the Mortlock Experiment Station (Appendix fV)

varied. between 3 and. 24%, and 13 Lo 25s<" respectively, but were mostly

in the range of 9 to I5%. The water contents of aggregaLes used in

the laboratory experJment were between 4 and l8e"r and mostly in the

ranqe of 7 to l1%. These water contents also fall between the wilting
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point and field capacity which is the rarÌge in which coupled transfer

of heat and water vapour mainly takes place as de.qcri-becl in Section 8.1.

In the lal¡oratory the soil col-uuns could not be exposecl to

air turbulence resulting from wind betwee¡r the 5 and 10 cm dept-hs -in

tilled soil since it has been shown that air turbulence mainly penetrates

the top 5 cm.

8.5 Results and DiscussÍon

The changes in soil water content due to condensation of

evaporated water, the distances of the condensation zone from the dry

end, and the proportions of the total condensed water in the three

sections nealest to the dry end are presented in Tables 54' 56 and 57

respectively.

The changes during the day in water content at different depths

in tilled soils as observed in the field are presented in Table 53.

The data so presented are from the tillage experiment sited at the

Mortlock Experiment Station of the University of Adelaide in L976.

The interval-s shown cover alJ- days on which \4later content measurements

were done. The figures in brackets are the standard errors of the means

from the eight replicates,

Results from the laboratory experiments are compared with fielc1

observations.

8.5.1 Change in so il water content due to condensation

As a result of apptied temperature gradients. increases j-n

soil water content in the laboratory experiments mainly varie<l between
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L Eo 2% (Tal¡le 54). However, single figur:es varied bet-.ween 0.1

and 5%. In the field, when íncreases in tvater content as a result

of temperature gradients \^/ere recorded, the f:'-gures fell mainly in the

range of I to 2s¿ during the hottest times of day.

The suggestion of Cary (1966) was that in response to a

temperature gradient, the upward moving water vapour rvhen totally

condensed in the soil 4 cm above the evapor¿rtion zone would cause an

increase in soil v/ater content of less than 0.5% in a soil wil-h bulk

density of L.2. This statement of Cary may sometimes be correct as

shown by the present results.

It is proposed that the observed increases in tilth water

content during the day at 10 cm depth were due to the condensation of

water evaporated from within the top 5 cm of the tilled soil as a result

of its greater temperature than that of the zone beneath it. For

example, during the hottest times of the day (1200 - 1500 hr) mean

increases in water content (for 8 differently tilled plot.s) on two

days of 0.7 and 1.7s" were recorded (Table 53) at the 10 cm depth of

tilths, and losses of up to 7>" \^rere recorded at the 5 cm depth in Vüinter

and Spring. However, as can be seen by the standard errors of these

mean values, these changes were not significant. In spite of this lack

of significance, in the following the results wil.l. be assumed to be

correct for the sake of the argument.

Hadas (1968) indicated that the upper 25 Eo 40 cm of soil is

subject to significant diurnal temperature fluctuations, but the most

pronounced effects of water movement accompanying changes ín thennal"

gradients occur in the upper 5 to 10 cm.

!-or the night period. (1800 to 0600 hr) ' field data show

increases in water content within l0 cm thick tilths which varied mainly
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between 3 and 8%. A few increases of up Èo 12* were recorded.

Therefore in this sit-uation, figures from the laboratory are considerably

smaller than those from the fietd. This could be due to the large

volume of untilled soil (beneath the t.il-l-ed layer) from which water

moved towards the surface v¿hen the direc'bion of temperature gradient

h/as reversed over the night. This movement would be mainly by the

rnechanisrns of conduction and diffusion, however-

8.5 .2 Siqnif icance of water condensation in tilths

only a few increases ín tilth viater content in the field

were recorded. during the day light hours con'rpared with losses. Secondly,

the magnitudes of increases \^¡ere generalÌy smaller relative to the

magnitudes of losses. The increases mainly varied, between I to 3%,

while the losses varied between 1 to 7%. There s¡as cbviously a net loss

of tilth water by evaporation during the day.

During the night there was a general increase in tilth \^/ater'

r,¡t¡ichmainly varied between 3 to 8%. Therefore, under temperate climatic

conditions condensation of water vapour in tilth due to daily reversal

of temperature gradient witl at least reduce the daily loss in water

content from seedbeds during the critical period of crop establishment.

8.5. 3 Factors affecting water vapour transfer and condensation

The influences of structure, temperature, time, and gravity

factors on transfer and adsorption of evaporated vTater in the soil were

examined.

8.5.3.1 Assresate size and temr¡erature qradient

The effect of aggregate size on the adsorption of water vapour
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tlean increases in v,¡ater content (%) ín the condensation

zone at different mean Èemperature gracli-ents (AToC 
"o,-I¡ 

. *

AT(oc cm-r)
Time

Lengtir
(hr)

Aggregate size range (nm)

7.O-4.O 4.O-2.O 2.0-1.0 1.0-0.5 Mixed

2.O
2.O
1.6
r.9
2.9
3.1

L.4
0. 3***
r.5
2.2
L.7
2"7

I.0
1.8
1.5
2.L
2.8
L.2

1.3
2.5
2.2
2.7
2.5
3.5

1.5
3.0
3.2
2.O
2.3
2.L

3

6
6CH
6HC

I
L2

L-4

o-7
I.4
2.6
4-8
o.7
2.9

1.3
2.9
1.5
3.1
2.3
I.O

1.r
1.6
2.O
L.7
2.L
1.8

0.5
0.5
L.4
0.3
2.O
2.9

3.3
1.6
I.5
1.8
o.2
1.1

1.0

3
6
6CH
6HC
9

L2

o.4
r.1
o.2
r.2
0.4
o.2

1.3
1.6
0.8
0.3
r.7
0.7

1.2
r.7
0.5
o.7
1.6
1.5

o.7
0.5
I.2
o.4
o.4
2.9

1.1
0.5
1.0
1.3
0.1
2.5

0.5

3
6
6CH
6HC
9

I2

Mean

Mean

Mean

-'l(1.4"c cm')
(t.ooc cm-l)
(o.soc cm-I)

2.3

1.6

1.1

2.4

1.3

1.0

L.7 r.6 2.2

r.7 2.O 2.2

I.2 1.1 0.6

cH, HC

*

**it

Soil column held vertically with hot end at the top and
below respectively.

Water contents of samples between 4 and IB%.

Excluded from mean. The soil column involved had
the least initial \4rater content.
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Analysis of variance of increases in soil water content

due to water vapour condensation.

Treatment df SSD MSD
Test
(9s%)

F

Tota1 (a)

Aggregate size (a)

Aggregate síze (b)

Aggregate size (c)

Time length (a)

Tirne length (b)

Time length (c)

Axis of column (a)

Residual (a)

19

4

4

4

3

3

3

2

T2

12.55

3

0. 53

2.I9
3.7

0.93

1.55

o.L7

5.85

0.75

0.13

0. 55

r.23
0.31

o.52

o.09

0.49

r.54
0. 11

0.96

2.52

o.26

0.91

0. 15

NS

NS

NS

NS

NS

NS

NS

Mean temperature gradient was 1.4oc "*-1.a

b

c

Mean temperature gradient was 1.OoC -1
cm

Mean temperature gradient was O.5oc "*-I.
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was examined 1-o see if the aggregat-e size factor could account for

the difference in water content at different depths in tilled soils.

The initial mean h/ater contents of the differenL aggregate size

fractions were not significantly different. For 7.O-4.O, 4.O-2.Oì

2.O-L.O, I.0-0.5 mm, and mixed size fractions, the respective mean water

contents (for the six time periods used) were f2.9, 13.0, f0, 9.I, and

10å.

The mean increases i-n water content in different aggregate

sizes after different times \¡tere compared. There was no consístent

and statistically significant difference in increases in water content

1+ 6w) recorded for size fractions small-er than 7 mm (Table 55). The

mean values of *ôw varied between 1.5 and 22 for all aggregate size

ranges used (Table 54).

The sizes of the pores are proportional to the sizes of the

aggregates in aggregate beds with such narrow ranges of size. However,

the porosity is independent of aggregate size. Since intra-aggregate

diffusion of water vapour depends onry on t-he porosity (section 2.Lo.3.2),

it is to be expected that it wilt be independent of aggregate size.

Àlso, Orchiston (1953) coll-ected adsorption data for water

vapour at 25oC on a wide range of New Zealand soils. He sho\^rs that it

is the specific surface areas of soils that d.etermine the amount of water

vapour adsorbed. The term 'specifiu surface' is used to assess the

dispersed state of fine soil such as clay in a liquid meclium. Therefore

the use of different size fractions of large aggregates larger than

0.5 mm as in this laboratory project will not effect considerable

differences in ti.e amount of water vapour adsorbed by the soil fractions.

It is concluded, in Chapters 4 and 5 that tillage with different

implements and different numbers of passes of implements, and tillage of
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differently cropped soils and soils at different water contents

produced different macro-aggregate size distributions. The present

finding as to the l-ack of effect of aggregate size on the amount of

water vapour adsorbed by soil indicates that the different aggregate

size <listributions of tilths does not account for their different

water contents. lt is concluded in Chapter 7 that clifferences in the

proportions of pores larger than 8 mm in tilled soils determine their

different water contents. It is these pores that deternine the

effective depth of penetration of convective air movement (Chapters

6 and 7).

The present finding is consistent with that of MiddÌeton

(1927) who studied the effects of time, temperature, vapour pressure,

and the degree of evacuation on the amount of water vapour adsorbed by

soil aqgregates smaller than 0.25 mm and thei':,coIloids. He observed

only very slight differences in the adsorption of water vapour by soil

aggregates of different sizes and suggested that any difference in

adsorptive capaciÈy could occur in microscopic aggregates rather than

in macroscopic aggregates,

Results from the laboratory project show that (for all aggregate

size fractions and for all time lengths) mean increases in water content

at mean temperature gradients of I.4, 1.0, and O.5oC 
"*-I 

were 2.2,

1.5, and 1.0? respectively. The positive correlation between temperature

gradient or temperature d.ifferenc€ â¡rd increase in soil water content as

a result of vapour transfer is clearly shown in Figure 36, which shows

values of temperature and the corresponding changes in soil water content.

The heat released as a result of condensation of water vapour 1ed to

increased soil temperature.
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Due to the dependence of water vapour flux on temperature and

temperature gradient, the tengths of the main condensation zones

recorded aL L.4,1.0, and O.5oC cm-I were on average 9, 6, and 5 cm

respectively (Table 56). It is shown ahead that the estimated maximum

d.ístances of the condensation zone from the dry end. \^reLe respectively

20, I8, and 12 cm at the above respect.íve temperature gradients.

a.5.3.2 Heat of condensation and qravitv

At 14% water content, temperatures taken within I80 min- at

¡nints in a column of 7.O - 4.0 mm aggregates with no temperature

gradient varied between 19.2 and 2LoC. Therefore, when a temperature

gradient was set between two ends of a soil column, a temperatr:re at

a point greater than 2loc -indicated the influence of evaporated water

and its heat of condensation. This enabled the farthest ¡nint reached

by evaporated water to be estimated (Figures 35 and 36). The farÈhest

¡nint is represented by rS' in Figiures 35 and 36.

Cary and Taylor (L962) attributed an increased heat transfer

in soil to an increased rate of water vapour movement and said that

water moving in the vapour phase could transport 2.43 kJg 1 ooti.h i"

the latent heat of vapourization. However, the heat released by

condensed vrater could not account for the whole temperature increase

observed in the soil column. Heat transfer in the soil column by the

process of conduction (apart from convection and diffusion) would have

contributed signif-i-cantly to increased soil temperature along soil

column. For example the maximum increase in soil water content of about

O.O5 g would yield L22J as heat of condensation. The dry weight of soil



3.0

2.5

2.0

æ T AT= l'4oC crn-l
a, +6w, AT= l.4oc cm-l
e-.-{ T, AT= l'OoC cm-l
F - -r + E\ry, 61= l'ooc cm-1

60

50

40

+Ew(7") T"C
1.5

1.0

0

t00.5

6

30

20

0

2

Approximate distance from dry end (cm¡.

Relationship between temperature (T) and change in

water content (åW) in soil columns with different

temperature gradients. S points show the estimated

farthest points reached by evaporated water and

applied temperature gradient.

10 14 18 22

Fig. 36.

G
{Ð-

I
Sf

t--
'-a-.--o-_ -

\
t\.

\[*
t-

{\
I.

o
I

\

--4,

- l+g1

\
\
\
\
\
\
\



1.5 30

201.0

+ôWr7"r T'C
100.5

0.0 0

0 2 4 6 810 12 14 16 182022
Approximate distance from dry end (cm)

Relationship between temperature (T) and change in water

content (8W) in soil columns with a temperature gradient

{AT=0.50C cm-1). S indicates estimated farthest point

reached by evaporated water and applied temperature

gradient.

Fis.37.



247 .

aggïegates in a soil sect.j-orì (2 cm in length) ancj the weight of

associated water content \'/ere respectively about 3Iq and 59. I?or

their tempel:atu,r:e to be::aised by loc, 55J heat would be needecl..

The s1--rssific heat of loam soil was t-aken as I.J- lin-l'O-t for garden

soil (Baver, 1961) and l-ha'b. of watei: as 4.2 ,rg-1t<-1. Therefore,

vapour condensation contr-it¡uted t-.he maximum of about 2.2oC to the

observed increase j-n soil- temperatur:e (at about the peal< conclensatíon

zone in soiL cofumn). The minimum increase in soif water content

of 0.0019 would not have contributed sign.ifícantly to increased soil

temperatu::e especially at sections more distant than 18 cm from t-he

dry end. That the grad.íent of the temperature curves more gradually

drops from the source of heat (Figure 36) and wer:e more regular in shape

compared with the water content change curves indicates that conduction

of heat r¡.¡as occurring. Hence, chanqes in temperatu::e along the soil

column could not be due to coupled tr:ansfer of heat and water vapour

(by convection and diffusion) alone, conduction of heat could have played

a significani role.

The plots of average values of ðw and temperature (T) aÈ d-ifferent

points of soil columns subjected to different mean temperature gradients

are presented in Figures 36 and 37. Up to the distance S (as defined

above) the ôw curves are sigmoidal. Taylor and Cary (1960) observed

that thermal distribution curves had a sigrmoid shape characterised by

a drop in temperature near the warrn side foll-owed by a more cr less

linear portion through the centre of soil column and a rapid coolingt

near the cool- surface. l'his was not observed here for the temperature

curves.

The S pu'rints on the -l-ôw and T curves coincide with the control

tempera'hure of 2IoC. Greater correl-ation coeffi.cients v/ere obtained

between +ôw a.nd T at S points relative 'L.o other points ahead of them
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showing the greater influence of heat-water vapour coupling at the

former points than the latter points. For example, under a temperature

gradient of 1.4oc "*-1, the correlatl-on (r) between +6w and T at

point S = 20 cm from the dry zone was 0.92 whereas it was 0.9I at

S = 22 cm. With a gradient of t.Ooc 
"*-1, 

the greatest correlation

between *ôw and T of 0.95 was recorded. at S = 18 cm compared with 0.95

and 0.94 recorded at S = 20 and S = 22 cm respectively. Therefore,

it could be said that the farthest distance to which evaporated

water condensed in the direction of applied temperature gradients of

1.4 and I.Ooc .*-1 *"t. 20 and tB cm respectively. For the temperature

gradient of 0.5oc "m-1, it was l-2 cm.

The above results demonstrate the coupled transfer of heat

and water vapour. The greater the temperature the farther the zone

on which evaporated water wíII condense. Beyond the distant 'S' points

associated wíth coupled influence of heat and water vapour, the increases

in water content were of similar magnitudes recorded in the control

trials, and are not attributable to applied temperature gradients.

Analysis of variance (Tab1e 55) showed that the direction of

flow (horizontal or vertical) of water vapour was not an important

factor determining water vapour movement. There vras no significant

difference in the estimated lengths of the condensation zone when wet

soils were subjected to tempet'ature gradients for 6 hours in the two

vertic¿l directions, and in a horizontal position.

Muskat (1937) discussing the flow of gas in soil said that

owing to the 1ow density of çJases the effect of gravity might be entirely

neglected in the discussion of the flow of gases through porous media

insofar as any direct effect on gas v/as concerned. Ho\^lever, this work
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shows that any asymmetric effects due to convection currents were

insignificant.

8.5. 3. 3 Time factor

lVhen water is not limiting, the longer the time d.uring which

soil is subjected to a temperature gradient, the farther the evaporated

water is transported from the source of heat and the more the amount of

water that is transported.

Average increases in soil r¡rater content (for all fractions and

time periods) when soil was subjected. to temperature gradients for

3, 6, 9, and 12 hours were 1.3, f.5. 1.6, and 2% respectively.

The mean distances (from the dry end) of the end of the

condensation zone when soil was subjected to temperature gradients for

3, 61 9t and 12 hours were 6.5, 6.8, 6.9, and 8.0 cm respectively

(Table 56).

However, because the differences in the amount of water adsorbed

by soils in times of 3 to 12 hours hrere not statistically significant

(Table 55), it could be said that energy and water availability more

determine the agricultural significance of waÈer vapour transfer in soil.

Middleton (1927) also observed that there \r¡as increase in

water vapour adsorption with time up to 7 days.

fncreases in soil water content at the bottom of tilths (10 cm)

between 1200 and l-500 hr were due to the greatest surface temperature

and temperature gradient at that time of the day, and the concomitant

advance of the evaporation zone and especially the condensation zone.

Losses in water content \^/ere generally recorded at the 5 cm depth during

this interval because soil water was beinq evaporated downward as well
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as being lost to the atmosPhere.

B. 5.4 Condensat-ion zone

It was found. that water vapour condensed mainly within distances

varying from 5 to B cm from where evaÌ)oration occurred (Table 56).

However, it is estimated that some waLer condensed up to 20 cm from

where evaporation occurred (8.5.3.2) .

Johnson and Buchele (1961) subjected the surface of a bed of wet

aggregates (l-9 mm) to radiant energy and recor<led that two-thirds to

three-quarters of the evaporated water condensed within 7.5 cm from the

surface of packed soils. After taking negative ad.sorption into account,

Richarãs et af. (1956) concl.uded from d.ata of vertical distribution

of chloride j.n soil that water transferred. in the vapour phase below

the 10 cm depth in profile was of negligible agricultural importance.

In the field, the base of the tilled layer of soil (at 10 cm

depth) fell within the main condensation zone while the subsurface (at

5 cm) was in the evaporation zone during the day. This statement is

based on the observation that evaporation occurred within 6 cm from

the heat source or soil surface (also shown ahead) while the main

condensation zone fell within I cm from the evaporation zone.

. The proportions of the total cond.ensed water that condensed in

the three sections closest to the evaporation zones were calculated

(Table 57). It Ís shown that the zcne of peak condensation was about

4 cm from the evaporation zone or at about 6 to 10 cm from the heat source.

In the field the heaÈ source is usual-ly equivalent to the soil surface.
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Approximate ciistances of the end of the condensation zone

(cm¡ from clry encl in soils subjected to different temperature

gradients (Aroc .*-l¡.*

AT
Time

Length
(hr)

Aggregate size range (nm)

7.O-4.O 4.O-2.O 2.0-I.0 1.0-0.5 Mixed

B

IO
6
6
I

10

6
6
I

10
6

10

10
6
I
I
I

L4

3

6
6CH

6HC
9

T2

10
10
10

6
10
I2

L2
10
L2
T2
t4
I

L.4

4
4
6
4
6
6

6
10
I
6
6
I

6
6
6
8
6
B

4
I
4
4

IO
8

6
6
4
6
4
6

1.0

3
6
6CH

6HC
9

I2

4
4
4
2
2

4

6
4
4
4
I
4

6
I
6
6
8
6

4
6
2
4
6

10

6
4
4
6
2

6

3

6
6CH
6HC
9

T2

0.5

Mean

Mean

Mean

11. 3

6.7

5.3

7.7

7.3

5.O

8.0

5.0

3.3

(1.¿oc cm-l)
(r.ooc cm-l)
(o.soc cn-r)

9.0 9.7

5.3 6.3

7674

* Water contents of soil samples varied between 4 and 18?.
CH, HC soil column held vertically with hot end at the top
and below respectively.
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ProporEions of tota.l condensed water at different
distances from the evapora'ti.on zone in soj-l- columns

under differe¡lt mean temperature gradients (AToc .*-1¡.*

AT
Time

Length
(hr)

Dístance (cm)

42 6

L.4

.27

.37

.32

.36

.29

o.24
o.2L
o.23
o.27
o.23
o.23

0
0
0
o
o
0

o.223

6
6CH
6HC
9

L2

o.28
0.24

33

o -22
0. 19
0.19

I.0

3
6
6CH
6HC
9

12

.43

.47

.46

.33

.30

o.25
0. 19
0.18
0. 18
0. 30
0. 31

0. 31
o.28
0.30
o. 30
o.27
o.22

0
0
0
0
0
0

39

o.5

3

6
6CH
6HC
9

T2

o.2L
0.45
o.47
o.22
o.17
0. 3r

0. 54
0.43
0.40
0. 55
0.39
o.46

o.25
0. 1.0

0. 10
o.22
0. 30
0. t6

Mean

Mean

Mean

(t.¿oc cm-I)

(t.ooc cm-l)
(o.soc cm-l)

o.22

o.28

0. 31

o.32

o.40

o.46

o.24

0.28

0.19

* Water contents of soil sampJ-es between 4 and 18%.
CH, Hc soil column held vertically with hot end at the
top and below respectively.
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Gurr et a-1. (1952) also recorded greatest water contents

Jectween 7 to 9 cm from the hot ends of soil columns which had initial

water contents of 16 to 25>" and were subjected to temperature gradients

of about l.6oc .*-I. Hadas (1968) also found that evaporated water

mainly condensed at about 4 cm from the evaporation zone when heat was

applied to wet soils.

Field data show that gain in water over the nj.ght was greater

at the inunediate subsurface depth (5 cm) than the bottom (10 cm) of the

tille<l layer. This was partly because the relative heat status of the

two depths were reversed to those of the day, and partly because the

upper soil, being drier, is capable of absorbing more water.

8.5.5 EvaporatÍon zone

Water evaporated within 6 cm distance from the heat source

(warm water jacket) when soils were subjected to different temperature

gradients. This is shown by the data of the length of soil column from

where water was evaporated as presented in Appendix V. Vtater mostly

evaporated within 2 cm from the heat source and was followed by 2 to 4

cm and 4 Eo 6 cm respectively. This is consistent with the field

observation that losses in water occurred more at the 5 cm depth at the

hottest time of day compared with the I0 cm depth of tilled soil.

The major evaporation zone was within 0 to 2 cm fromithe source.

A value smalLer than 2 cm might have been got in the taboratory experiment

if sectioning was done at less than 2 cm intervals. When the temperature

of the hot end was as small as 24oC when the smallest temperature gradient
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(O. SoC "*-t) was being used, there v¡as no signif -tc;rnt loss of water

from the soil section nearest to the heat source.

The present findi.ng is consistent with t-he observation

of Hadas (1968) that water \¡ras mainly evaporatecl r,¡ithin 2 cm from applied

heat source when wet soils were subjected to heat treatment for per:'-ods

up to 32 min. Fritton et a-2. (1957) -subjectecl thirty cylinders containing

a silt loam soil to various evaporation potentj-a1s for several durations,

and measured the chloride distribution. lt \,ras also concluded that

evaporation zones lay betvreen 0 to 7 cm depth depencling on evaporation

potential.

8.5.6 water vapour movement and conclensation in tilths

The thermal transfer of water vapour and its condensation

across the tilled soil as observed in field and laboratory studies are

presented in Figure 38.

In Chapter 7 (Table 52) it is shown that there was always a

gradient of relative humidity from inside the tilled soil to the

atmosphere in both lrTinter and Spring. For example, early on a lVinter

morning (06O0 hr) when the atmosphere had the greatest relative humidity

of about 0.?6, the tilth, water content was about L6.9e" and the tilled

soil had a water potential less negative than -15 bar while the atmospheric

water vapour had an effective potential of greater than -350 bar. The

relative humidity gradient from the titl-ed soil to the atmosphere is

reduced over the níght due to conduccion, diffusion and condensation of

water from the \¡rarmer untilled soil.

Some sligrht increases in the water content at the bottom of

the tilled layer occurred during the hottest time of the day and this is
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attributed to conclensation of rvater evaporated from the upper 5 cm of

the tilth. At 1500 hr the rnean water content, and v¡ater potential at

the 5 cm clepth were respectirzel.y LO.2s¿, ancl about -4 bar in Wínter, while

the equivalent values for 10 cnt clepth rvere 16.0% and -1.0 bar. The \¡¡ater

and potential gradients mir¡rht at first sight be expected to induce

vJater vapour move¡nent from the 10 cm to 5 cm depth. However, the greater

temperature at 5 cm resulted in a greater equilibrium vapour pressure

at that depth and have the tendency for water vapour to move downwards.

The respective ternperatures at 5 and -10 cm depths at the period referred

to above were 12.3 and IO.goC. Therefore, when water content is not

limiting and in soil which is wetter than the wilting point (7% in this

case) the teinperature gradient is a more important factor in water vapour

transfer than the water potential gradient.

Over the night all factors determining the direction of

water vapour movement ensulîe that vapour moves from below the tilth

(e.9. 10 cm) to its top (e.9. 5 cm) and to the atmosphere. Temperature

gradient, vapour pressure gradient, and water gradient existed from the

base to the top of ti11ed soil, while potential gradients existed from the

top to the base of tilled soil. For exampl-e in July 8th, L9l6 (Winter)

and at 24OO }rr. the soil temperature, relative hunidity, water content,

and suction were 1.goC, 1.OO t L7.3%, and O.I bar at 10 cm. The

equivalent vafues for 5 cm were 5.9oc, O.gg, i.2.82, and 1.0 bar.

It is further shown that the temperature gradient mostly determines

the direction of water vapour movement in tilled soiL and that it can

influence the periodic variation in water content in tilled soíl. Using

mean (fox 2 replicates and B differently-tiIled plots) water contents

(w) for índicated times (Tabl-e 58), the relative humidity (h) and total
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water potential ({,m) at 5 and I0 cm depths in tilled soil were e-sti.mated

from the drying \^/ater characteristic curve (Figure 33) presented irr

Chapter 7. The water contents measured in V'linter (July 1976) v¡ere

used.. For this calculation, it was assumed that water matric potential

was independent of temperature. This is a reasonable assumption since

the matric potential, ú, is relaÈed to the diameter of the largest

hrater-filled pores, ô, and the surface tension, o, of water by

rl, =4o/6 (80)

ô may be expected to be temperature ind.ependent, and o only drops by

3% from 5 to 2OoC. The relationship between rp and P/Po = h is given

in equation (75) in Chapter 7.

It is shown (Table 58) that a1I times during day and night

the water content and humidity (relative) were greater at l0 cm depth

than 5 cm depth. Therefore, the water potential was greater at the

latter depth than at the former depth. That a water content gradient

always exj.sted from the base to the top of tilled soil and water

potential gradient from top to the base of tilled soil may partly account

for general greater increase in water content during night times at 5 cm

depth compared with 10 cm depth (Table 53). However, this could not

account for any íncrease in water content recorded at the 10 cm depth

during the hottest times of day.

The equilibrium values of saturated vapour pressure at both

5 and 10 cm depths at the different tilth temperatures \^¡ere got from

the 54th edition of Handbook of Chemistry and Physics (lVeast, L973) .

These values were used to estimate the equilibrium unsaturated vapour

pressure values at the indicated tilth temperatures using values of

relative humidity from the water characteristic curve (Figure 33).

At the range of soil water contents (about 10-18%) under consideration,
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relative humidity values are aII close to 99.9%.

During the day-light hours and in soil wetter than the

wilting point,. the temperature and the vapour pressure bobh decrease

from the 5 cm to the -10 cm depth in tilled soil. Duríng the night

and in the morníng (especially in Vtinter) the vapour pressure and the

temperature both decrease from the 10 cm to the 5 cm depth in tilled

soil. A greater increase in water content during the night at the

immediate subsurface depth of tilled soil relative to the base of

tilled soil, and a few increases at the latter depth compared with no

increase at the former depth were recorded. These could be explained

on the basis of the temperature gradient and the relative positions

of the depths in tilled soil rather than on the basis of water gradíent

or water potential gradient.

The standard errors presented with 6w values in Table 53

appear to vary more widely between the dates than between the depths.

This indicates that differences in daily changes in soil water content

due to water vapour movement along temperature gradients may not be

significant.

It i.s shown ahead that the differences in the values of periodíc

change in water content at 5 and 10 cm depths of tilled soil could be

significant.

8.5.7 Siqnificanc e of the findinqs in tilled soil

Although some instances were recorded where there were increases

in water content at the 10 cm depth at the hottest times of day, these

changes \¡rere not statistically significant.
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Date*
7 /r976

***

Equilibrium values of relative humidity (h), saturated (P^)
vapour pressure' and water potential (ì¡m) at 5 and 10 cm äep
Equivalent values of soil water content (wu) and temperature

and unsaturated (P)

ths in tilled soil.
(rot<¡ are given.

Time
w(z) Tok

5cm 10cm 5cm

hg**

I0cm 5cm 10cm
P* (bar)

5cm I0cn
Po (mbar)

5cm 10cm

p*zt* (nrJCar)

5cm 10cm

8rh L200 13.30 17.03 286.7 284.I 99.90 99.96 -1.33 -0.53 L5.47 L3.O2 15.45 13.0I

7rh 15oo lo.oI L2.86 286.4 284.2 99.70 99.9 -3.98 -I.31 15.17 L3.I2 L5-L2 13.11

7th 2IOO lO.44 15.27 2S0.3 28l-.2 99.74 99.93 -3.37 -O.94 10.08 10.88 10.0s 10.86

8rh 2400 12.8 L7.33 278.9 280.7 99.90 99.94 -L.29 -O.78 9.I4 10.36 9.13 10.3s

7rh ogoo 16.68 17.64 279.5 279.9 99.9s 99.96 -0.6s -O.52 9.55 9.81 9.55 9.81

Date when data were available for both soil water content and soil temperature.

*¡t Estimated from drying water characteristic curve, equilibrium values.

*

N)(¡
co

Estimated using the relationship h = å .D
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Ho\^rever, it has been shown that under eguilibrium conditions,

there is a gradient of water vapour pressure from the 5 cm to the 10 cm

depth in tilled soil in the field at the hottest time of the day.

This could be expected to reverse the upwards movement of water vapour

in tilths or at least to reduce it.

There are several factors which complicate the comparison of

the field and l-aboratory results. Firstly, the water vapour flux would

be proportional- to the gradient of vapour pressure when diffusion was

the transport mechanism (as it probably was in the laboratory experiments).

In this casef the flux would be dependent on the air-filled porosity but

not on the pore size distribution (see EquaLíon 27 in Chapter 2).

However, it has been shown in Chapters 6 and 7 that transport in tilIerl

soils in the field is mainly associated with the porosity in pores

larger than B nm. This effect was attributed to the convection of

atmospheric air through the tilths as observed by other researchers and

d,escribed. elsewhere in this thesis. Under such conditions, discussion

of equilibrium vapour pressure gradients is not valid.

Secondly, for simplicity, the drying limb of the water

characteristic was used. Hovrever, in practice, there is a whole family

of hysteresis curves which describe the water characteristic between any

two water contents. This hysteresis effect confounds the analysis

when small and variable changes in water content are being considered.

To obtain statistically-significant results, it would probably

be necessary to use a large automatic data logging system on a much

bigger, replicated experiment. This was beyond the means of the present

proj ect.

In spite of the limitations of this experiment, it has given

additional insight into the possible importance of a rather neglected
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mechanism for water movement i¡r tí11ed soil,

8.6 Conclusions

Field observations of the contribution of temperature-induced

water vapour movement to variations in water content at different

depths in tilled soil were related to observations in laboratory

experiments d.ealing with water vapour transfer and adsorption in soil.

The observations from both sources \i¡ere compared. ln some casesr

there was a mean (but not statistically significant) increase in water

content of I to 2% aL the bottom of tilled soils during the hottest

period of day. There was a net loss of tilth water during the clay,

but the magnítudes of loss which varied between 1 to 8% were almost the

same as the magnituCes of gain overnight which in instances were close

to L2% (dry weight basis).

Evaporation took pÌace most intensely within 2 cm from the soil

surface or heat source but extended down to 6 cm.

Under temperature grad.ients smaller than 1.5oC cñ-1, water

vapour mainly condensed within I cm from the zone of evaporation, while

the greatest water content was detected, about 4 cm from the evaporation

zone.

Soil temperature gradient and its duration of application were

directly related to the amount of water vapour transferred and how far

it was transferred in soils of water contents between wilting point

and field capacity. Different water contents and variations ín water

content at different depths in tilled soil were due to their relative
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positions in relation to the direction of temperature gradient.

8.7 Practical Implication s of Findinqs

To avoid dehydration and lethal temperatures, seeds should be

placed at least 2 crn bèlow the surface of tilled soil. Depending on

the seed size, the deeper the planting depth up to 6 cm, the greater

the chance of seedling survival in the case of a break in post-planting

rainfall. It was discovered (Chapter 6) that a temperature gradient

from the top to the base of tilled soil was positively correlated with the

proportion of voids larger than I mm. Temperature \^ras confirmed as the

most important meteorological factor of evaporation.
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CHAPTER 9

GHNERÄL DISCUSSION

9.1 Techniques

This research successfully applied a new method of measuring

the internal macro-structure of tilled soils in the field. Til-Iage

mainly affects the macro-str:ucture of soil. Paraffin wax was used to

impregnate blocks of tilled soi.ls. Aggregates could easily be discerned.

from pores filled with paraffin wax on sections sawn through the

jmpregnated blocks. Ra\^r data of the distribution of aggregates and.

pores at I mn intervals were collected at different levels in the rançJe

of depths from I to 5 cm. Calculation of the proportions of different

sizes of aggregates and pores was performed. Other statistical

structural parameters were derived. The method is inexpensive, sensitive,

and easy to use.

Instead of hand-sawn' impregnated tilth blocks could be

machine-sawn. Since molten paraffin does not penetrate very fine tilths

as obtained at the bottom of seedbeds, another substance such as

epoxy-resin could be used for til.th impregnation. However, the latt-er

is more expensive and difficult to saw when it hardens. Nevertheless,

paraffin wax impregnates without difficulty at least threequarters of

the depth of tilled soils.

Mechanicat sawing of tilth blocks would have enabled the use

of more replicates of each treatment and thus increased the effective

J-ength of the prÍmary data strings from which the probabilities, P(0)'

were derived.. The P(0) represent the probabiiities of 0 foll-owing the

16 possible combinations of 0 and I in the four sampling points

immediately to the left of the point in question.
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A rislc was taken by usir"rg only four repl-icates for any applied

treatnrent. More replica,tes are necessary to ensure longer data

string for calculation of aggregate ancl pore síze d.istributions.

Dexter and l-Iewitt (1978) examíned the effects of data stri.ng

length on the accuracy of the probabilities, P(0), using data for the

random close packing of equal spheres. They calcul-atecl staudard.

deviations for each of the 16 P(0) values, for four different sphere

diameters. Each set of 16 P(0) values was derived. from a 2OOO element

(i.e. 0 for pore, or I for aggregate) data string. Each standa_rcl

deviation was calculated usinq ten P(0) values. The standard- d.eviations

of the P(O) vary as L//x where x is the length of the data string.

Because the length of data strirrg used by Dexter and Hewitt (2000 elements

of I and O) was about I.7 times longer than as used in this research (4

(replicates) x 320 = 1280) each of the 16 standard d.eviations presented

by Dexter and Hewitt for each set of 16 P(0) values was multiplied by

the factor h..7 = !-3 to obtain estimates of the standard d.eviation of

the P(0) va]ues in this \4rork. The standard d.eviat-ions of P(O) for 4

representative sphere diameters based on those presented by the l-atter

authors are presented in Appendix vr. Because aggregates in tilled

soil have a range of diameters in contrast to the equal spheres studied

by Dexter and Hewitt, the standard deviations presented are probably

underestimated.

The standard deviations for P (0) were small comparecl wi'th typical

mean values of P(0) derived, from fie]d data. Although a few of the P(O)

values have large standard deviations (for example, 1010, p(0) for

diameter, 5 spheres and 0101, P(0) for diameter 10 spheres), this is of

Iittle or no consequenee. The precursors in Lhese cases have only small
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or zero ntunbers of occurrences and have a negligible effect ôn the

overall- structure of data string. The structures which occur the

more frequently have the over-riding effect on the structure, and it is

these that have the P(0) with the smaller standard cleviations. For

example, the P(0) values for precursor IllI as derived from 3 cm

depth structural data collect-ed from four cut sections (a section is a

replicate) of two tilth blocks (Titlage was done with a pass of tine

implement with narrow points) were 0.082, O.O77, 0.084, and O.1I3"

The standard deviations for the P(0) of the precursor as derived from

data strings from packed spheres vary from 0.005 to 0.017. It could

be seen that any of the standard d.eviations (although for a more organized

medium) is very small compared with any of the P (0) values (for a soil

medium). It was not plausible to calculate the standard errors of the

P(0) values because about ten replicates of each treatment would be

required. However, more replicates than four would ensure reduced

variability of structural parameters belonging to a treatment.

It was not possible to estimate the effects on derived

quantities, such as the pore-size distribution, from the standard errors

of the P(O)s. This is because the errors in the P(0) are not independ.ent,

and their dependence will vary from case to case.

fùhat appears would be the major limitation of the techníque of

measuring the internal structure of tilled soil is that it nay not be

suitable for use on stony soils because of the need to section imnregnated

samples.

9.2 Summary of Results

The technique of measuring the internal structure of tilled

soil was applied in tillage investigations. The investigations invoLved
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character.isatíon of the tilth structu::es produced by different tillage

systems ' tilth stmctures that resulted from different -initial soj-]

v¡ater contents, tilth structures that were produced on soi.Is which

had different cropping his'tories, and. the change in internal tilth

s't-ructure under weather. The investigations are recorcle<l in Chapters

4 and 5.

Towards the need to mobilise the structure of the seedbed for

its optimum physical state, ínvestigations were performed on how

structural features interact with meteorol-ogical factors to determine the

magnitude, variation, and the distribution of the two most important

factors in the seedbed which are v¡ater and temperature. The investigations

are recorded in Chapters 6, 7 and 8.

The findings from the above investigations correlated well.

It was conclud.ed among other things that atmospheric air penetrates by

convection to a depth of at least 5 cm in til-led soil and mainly through

pores larger than 8 mm, This refl-ected on temperature and water

distribution in tilled soils. I¡ilater loss by evaporation was discovered

to occur mainly from the top 5 cm depth of tilled soils and pores larger

than B nm were mainly responsible for the water loss.

For the maximum production of aggregates and. pores smaller

than 8 mm, seed beds could be prepared by two passes of a disc plough,

or three passes of a tined implernent, or tiltage with one pass of a tined

implement after ploughing, It ís also advocated for the salne reason

that tillage should be performed at a water content slightly below the

plastic limit' on a land which has been given fallow break between crops

and/or which has been sown to pasture in rotation.
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9.3 ïmp lications of Findings for Agricufture

9.3.I Crolr yiel.d

Tl-rat the findings in this research could be appl-iecl in efforts

to increase economic crop yield -is broadly discussed belot¿. Refereuces

are macle to some other works.

9. 3. 1.I Seed qermination and r:oot qrowth

Previous experiments led to the conclusion that the finer

the seedbed the greater the seed germination percentage and seedling growth

rate. Edwards (1957) carried out experiments on the emergence of barley

and oats to test for the effects of aggregate síze of soil separates,

sowing date. and seedbed compaction on the sowing-to-emergence interval.

He observed that the fínest seedbeds usually had an advantage over the

coarsest of about 10% in,emergence percentage. Experiments extending

over four years (Keen et al. , 1930) were carried. out to compare rotary

cultivation which produced the finest seedbed with other conventional

methods for the production of seedbeds. Rotary cultivatj-on gave earl-ier

and better germination of barley seeds, and this was followed by better

growth.

ft has t¡een found in the present research that the absence of

voids larger than 8 mm in the seedbed reduces water evaporation by the

mechanism of convective tra¡rsport of heat and air through tilled soil

The next step is to examine how the presence of smal1 aggregates

and pores in the seed.bed could contribrrte to greater gertnination percentage

and seedling growth rate. lt is suggested that the positive effect of

finer seedbed on crop perfor:mance would be due to its associated greater

water content.
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Downward growing seedl-ing roots proliferate more readil)¡ in

the wet-ter zone of soil. The greater the soil water: content, tbe

greater the nr¡trient ar¡ailabilj-ty. an<1 the smaller the soil shearing

strength, and the faster the growth rate of crop roots.

9.3.I"2 Nutrient- availability

Attention is now focused on how observed greater soil- water

content due to the presence of more aggregates and pores smal ler than

I mm could contribute to availability of major soil nutrients especj-ally

to a young crop.

Two major principal mechanisms by which nutrients in the soil

are taken up by crop especially under semi-arid and arid conditions

are by root extension (as indicated above) and diffusion along osmotic

gradient (Lewis and Quirk, 1967). Even at the wilting po.int the soil

solution is dilute, and has an osmotic pressure appreciably smaller than

I0 to 20 bar (Russell, 1973) .

The mobility of most nutrients as measured by the effective

diffusivity, is dependent on soil water content (Talsma and Philip, 1971).

At greater \^¡ater contents (above a critical value) , the diffusivity is

proportional to \,rater content. fhus, a greater soil water content should

Iead. to a greater rate of nutrient movement along the osmotic gradient

towards the absorbing surfaces of roots.

Responses to nitrogenous fertilizers may be limited by lack of

water. Rainfall limits crop utilization of applied nítrogen in South

Australia. Russell (1967) carried out experiments to examine conditions

under which nitrogen was a factor limiting v/heat yields" Líke other

workers, he found ¡rositive correlation between rainfall and response to
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nitTogen. Belor.r' 100-150 mm of seasonal rainfall, there was little

response to nitrogen.

In Australj-a, crop production is linited over enormous areas

by availability of phosphate which clepends also on water supply.

This research found tillage systems and approaches to ¡naxirnise

the proportion of small- aggregates and pores in tilled soil and tlius to

conserve rnore water" The possibl-e reasons why a greater proportiou of

small aggregates procluces an inc::ease in germination percentage has been

discussed above. Greater proportions of small aggregates and pores in

tilted soil could lead to increased root growth, and increased nutrient

uptake. Mclntyre (f955) measurecl physical- properties of soil on

experimental plots which showed poor germination of wheat under very wet

condítions. Millington (196I) collected data of seedling establishment-

from wheat plots in long-term rotation experiments in South Austral-ia.

Mclntyre and Millington both established that wheat yields could be

correlated with seedling emergence.

From the above it could be concluded that this type of research

that investigates factors that increase the proportion of small aqqregates

and pores in titled soil and examines structural and meteorological

factors determj-ning v¡ater content in tilled soil may contribute to efforts

to increase the yield of food crops.

9.3.2 Con trol of seed bed phvsical conditions

This section deals with how this type of research could contribute

to the control of seed bed physícal conditions.

In South Australia, the tilth temperatures r¡¡ere below 8oC

for approximately 14 hr each day in the planting season. The fact that
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the optimum soil tentperature for the growth of many temperate crops is

about 2OoC (RusseII, 1973) indicates that tillage efforts to increase

the temperature in the seed bed may be required. Also, the roots

of at least some cool temperate crops such as grasses and cereal-s

only grow appreciably at temperatures in excess of 8oC" To increase

the number of accumulated rlegree-hours above BoC, a coarse seed bed with

pores larger than 8 mm in diameter would have to be prepared t-o enhance

convective transport of atmospheric air into the seed bed. However,

seed bed vrater content is often indicated to be more critical for

germination in South Australia and other semi-arid and arid regions.

It has already been shown that a finer seed bed provides a greater

water contact. Rainfall mainly d.etermines the kind of farming practised.

in South Australia. Therefore, a fine seed bed has to be prepared using

any of the metbods mentioned earlier especially on light-textured soil.

However, the mobilisation of temperature distributíon in tilled

soil could be critical- because the magnitud.e of the differences in

daily temperature range observed between differently-tilled soils (l- or

Zoc) are large enough to influence the relative percentage germination of

certain plant species (Thompson et al-., L977).

Calculations $7ere made to show that the findings from the projects

in this research align and could jointly provide a basis for the control

of seed bed physical conditions to the benefit of the seedling.

Tilth structures produced by the same tillage implement but

at different soil water contents were compared (Chapter 5). The

proportions of the aggregates having sizes larger than given values were

presented for plots tiIled at different water contents. There r.¡as a

minimum proportion of large aggregates and voids when tillage was done



at a water content of 0.9PL.- A quadratic equation relating the

water content (iv) at rvhich titlage wiÈh tines \^/as clone with the

proportion (P8) of pores larger than B rnm is
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+ 5.6 , oC, (83)

(81)

The above equation was combíned separately with other equations that

relate the porosity in pores larger than I mm with daily temperature

range (R) at the 5 cm depth in tilled soil (Chapter 6), temperature

gradient (c) between the 5 and I0 cm depths in tilled soil (Chapter: 6),

and the mean water content (wt) in tilLed soil (Chapter 7).

The equation that relates daily temperature range (R) with

porosity in pores larger than 8 mm (nr), and that which relates daity

temperature range with water content at which the soil is tilled with

a tined implement are respectively

45 + 5.6, oc and (82)
8

nR

P8 1. 3s - 0.43 (#) + o. rB (*"' '

45n1.[r-. tu - 0.43 (l{-pJ + o. rB ,*", ']R=

where î" is the linear macro-porosity.

The equatíon that relates the daily maximum tilth temperature

gradient (c) and porosity in pores larger than I mm, and that which

relates the former with the water content at tillage are respectively

G 1. 38n + 0. 03, -t (84)I cmt andoc

G = 1.38n".[r.ru - 0.43(+r) + o.rB,#,'].0.03, oc.*-1, (Bs)

The equation that relates mean tilth water content (wt) and

porosity (nr) in pores larger than 8 mm, and that which relates the



form.er with the water content at tillage (w) are respectively

wt -4. 96n, + L4.96 | e¿ r ând

27L.

(86)

wt= -4. e6n". [t. ru - 0.43 (#) + 0.18,#,'] + r4.s6, % (87)

With the above equations, the water content at which tillage was

done was related with the resultant water content in tiiled soil (in the

absence of rainfall), the daily temperature range at the 5 cm depth

in tilled soil, and the daily maximum tilth temperature gradient. The

results are presented in Table 59. The primary data from which the

Table was derived were from tillage experjments sited on Red Brown Earth

Loams"

It is found that tillage at a-bout 0.9PL led to greatest water

conservation in the resultant tilth, least daily temperature range at

the 5 cm depth in tilted soil, and least maximum daily temperature grad.ient

in the tilth.

Ttris is because tillage at water content slightly below the

plastic limit produced more aggregates and pores smaller than I mm than

tiltage at smaller or greater water contents. Tillage at a water content

slightly below the plastic limit therefore led to comparatively reduced

evaporation (Chapter 7) and reduced heat transfer by convection of

atmospheric air.

Depending on the critical factor of crop establishment in a

micro-ciimate. the seed bed physical condition could be controlled using

the kin<1 of findings in this research.

The recommendations on tillage practises are based on the

proportion of aggregates and pores smaller than B mm and at least 1 mm

in diameter. That water loss from the tilth. and that convective,
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Effects of water content at tillage, w(a), ,on mean tÍlth
water content, wt(%), daily temperature rançle, R(oC),

and maximum daily tilth temperature gradient, G

1oc "*-1).

w(a) wt (3) n(oc) cm

10. 7 L2.25 30.2 1.06

12.6 L2.29 29.4 o.77

15. I t2.35 29.3 o.77

r7.o L2.36 2 o.76

18. 3 I2.38 0 o.76

25.2 L2.OO 0.84

-1c (oc )

29

28

28.9
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transport of air into the soil and increased vertical temperature

gradient (C hapÈer 6) are due mostly to the presence of voids larger

than 8 mm justify the use of the al:ove criterion.

The objective establishment of a criterion for recommending

tillage practises, the investigations of tilth structures produced by

tillage (Chapters 4 and 5), and the examination of the effects of

structural- features on soil water, temperature, and their distribution

are covered by this research as components of a rwholet. The components

seem to be well knitted in the 'wholer, and the 'wholer is based on

the physics of the seed bed.

The present suggestion concerning the criterion for recommendingr

tillage methods for seed beds is consistent with the statements of Russell

(1961, 1973) and Greenland (197I) that the best physical conditions

for a seed bed occur when aggregates are 1-5 mm in diameter; these

aggregates a1low air and water to move, and yet retain adequate water

(Greenland, 1971). In general (Russe1l, L973) aggregates larger than

5 to 10 mm are too large for a good seed bed. By the presence of structural

elements smaller than 8 mm seedlings and roots growth should not be hindered.

(Cooke and Williams, 1972).

It is possible to mobilise the general physical condition of the

seed bed to the advantage of the seedlinq as a result of this kind of

research which has attempted to serve the following needs:

(1) testing of a new method of quantifying the internal structure of

tilIed soíI in the field;

(2) characterisation of tilth structures produced by different tillage

systems, resulting from different cropping practises, due to different

initial soil water contents i and as a result of the effect of rainfall

on the tilth structure produced; and.



(3)

major

(r)

(2)

9.4
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identificatíon of approaches to land preparation by reduced

tillage, seed bed water conservati-on, control of heat distril¡ution

in tilled soil, and. crop establishment.

By serving the above functions, this research fulfilled its

objectives by

applying a new method of measuring the in situ structure of tilled

soil on field investigations; and

bridging the gap between theoretical experÈise and agriculturat

practise.

Suggestions for further work

Some suggestions for further research on seed bed structure and

physical conditions are now stated.

Possible slight modificatíons of the new method used to measure

tilth structure in this research have already been stated (9.I). Tillage

approaches to increase the proportion of small aggregates and pores

have been suggested. However, further tillage experiments are needed

to test the validity of these findings on soils of different textures.

The significance of increased seed bed water content due to tillage

practises that produced more small aggregates and pores in relation to

seed germination, seedling establishment, and. possibly crop yietd in arid

agriculture needs to be confirmed by field experiments. These attempts

could help to minimise the adverse effect of drought on crop yieltì.

Additional work on the structures produced by multiple implement

passes could investigate the phenomenon of tilth 'mellowing'. Mellowing

is the cracking-up and softeningr of a tilled soÍI under the action of

\i/eather. This is thought to be a most important process ín the
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reclamation of darnaged or 'dif f -i-c;ultr soi.l-s (Greenl-and, 1977) " The

proper use of mellolvíng cou-l-d greatly l.mprove the efficiency of tillage

for seed becl prepar:at-i.on.
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APFENDTX I

Appendix I for Chapter I contaj_ns data on the internal

structures of tilled soj.ls in tillage trials carriect out in 1976 and

1977. The appendix is divided j-nto Sections A, B, and C which contain

primary stTuctural data of differently tilled soils, primary structural

data for different levels within till-ed soils, and measurements carried

out on tillage implements respectively.

The structural data are made up wholi-y or partly-by

(a) probabilities P(0) of a 0 following 16 possible four efement

precursors, (b) the occurrence probabilities for the 16 precuïsors

(Ui¡, (c) aggregate and pore size distributíons. (d) proportíons of

small size aggregates and pores, (e) macroporosites, and (f) entropies.

The data were derived from raw data of linear distributions of

aggregates and pores on sections cut through impregnated tilth block

sampÌes.

Glossary for tillage implements: fn the following, D, MB, Sc, T,

RC, CD stand for disc plough, mouldboard plough, tines with wide points

(or scarifier), tines with narrow points, rotary cultivator, and

combine drill (witfr narrow points) respectively.

Small lctters ã, b, c, d, ..¡, are used to:represent repLicates,

or separate sections cut through tilth block sample (s) colfected from

plot(s) having a given treatment.

Blank spaces indicate data were not available.

An asterisk (*) indicates that a precursor had. no occurrences.
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Appendix T'abl-e l-.

I . l-tr.

Structures of differently tilled plots.
Values of P(0) are the probabilities of a 0
following sixteen possible precursors - (1976)

Precursor
D D+SC

P (o)

D+CD

for Plots (A)

MB MB+Sc MB+CD Sc RC

0000
0001
0010
0011
0100
0t0I
0110
0t1r
I000
1001
1010
I01t
1100
1r01
1110
IIII

0.931
0. 000

*
0. 000

?k

*
*

o.2,L4
0.546
0. 000

*
0. o00
0.917
0.000
0. 857
o.026

0. 600
0. 000

0. 000
0.750
0. 000

*
0. 000
o.727
0. 000
0. 917
o. 02I

0. 886
0. 000

0.000
1.000

*
*
*

I.000
*

t. 000
o.o23

0.867
0.000

*
0.000

*
*
*

0.895
0.000

*
0. 000

*
*
*

*
*

0. 833
*

I .000
0. 020

0. 880
0. 000

*

1.000
0. 111
0. 889
0.000

*

1. 000
0.049

0.861
0"000

*
0.000
I. 000

*
*

0. 000
I.000
0.000
I. 000
0. 000
0.750
o.667
0. 571
o.o32

o.722
0. 000

*
0. 09I

*
*

1. 000
0.000
o.667
0. 000

*
*

0.546
*

1.000
0.046

*
0.0

*
*
*

*
000
*
*
*

0 000 100
*
*

0.0
0.5

*
*
*

.2500
0
0

00
56

0000
*
000
o44

800
000

1

I
0

*
500
*

P (0) for Plots (B)

0000
0001
o0t0
OOII
0100
0101
0110
0I11
1000
1001
1010
totl
I100
1101
1110
1111

o.796
0.000

*

0. 000
0. oo0
0. 8I8
0. 000

*
0. o00
o.'i86
0.000
1. 000
0.030

0. 000
0. 000
0. 800
0. 000

*
0. 000
o.714
0. 000
0.875
0. 0I4

0.458
0. 000

*
0.059

*
*

t. 000
0.000
o.867
0. 000

*
0.000
0.882
0.000
o.842
o.o42

0. 981
0.000

*
0. o00

*
*
*

0. 000
0.500

*
*
*

1.000
*

t. 000
0. o18

0.881
0.000

*
0. 000

*
*
*

0.000
0. 800
0.000

*
0.000
o.923
0. 000
0. 813
0.036

0.375
0. 000

*
o.ra2

*
*

0.500
0. o00
0.833
0.000

*
0. 000
0.546
0.000
1. 000
0.0I9

o.769
0. 000

*
0. 000

*
*
*

0.1r1
0.600
0.000

*
0.000
o.667
0.000
0. 833
0.034

0.600
0. 000

*
0. 000

*
*
*

0. 000
1. 000

*
*
*

I.000
*

1. 000
0. 0I5

0.
0.

7L4
000

0

*
0. 143

*
*

r43
*
*



A¡>pendix Tabl-e 2.

I. iv.

Structures of differently tilÌed plots. Values
of P (0) are the probabilities of a 0 following
sixteen possible precursors - (1977).

Precursor D D+D

P (0)

b

for Pl-ots

D+D+D

a

D+D+D+.D

ababa b

0000
000r
0010
OOII
0I00
0101
01r0
0111
1000
100r
1010
1011
1100
r101
lIIO
1r11

0. 935
o. L67
I. 000
o. 118
1.000

,r

1. 000
0. 118
I .000
0. 000

*
0. o00
o.861
0. o00
o.gcl
o. o40

0. 909
0. 000

*
0. l_82

*
*

I. 000
0. 091
0. 889
0.000

*
0.000
0. 818
0.000
0.818
o.05I

0. 821
O.L2T
l. 000
0. 367
l_. 000

*
1. 000
0. 095
0.818
0. 000

*
0.000
o.967
0.000
0. 905
o -076

O. BI3
0. 000

*
0.191

*
*

I .000
o.222
o.722
0. 000

*
0. 000
0.905
o. 000
o.944
0. I43

0.854
o.o77
o.667
0. 053
1. 000
0. 000
1. 000
0. 050
0.846
0.000

*

0.880
0.053
1.000
o.o7 4
I. 000

*
1. 000
0.000
1.000
0.000

*
0.000
0.73r
0. 000
0. 960
0.063

0.869
0. 067
1"000
0.097
o.667

*
1.. 000
0. 107
0.750
0. 000
1.000

*
o.929
1. 000
o.962
0.093

o.897
0. I52
I .000
0. 300
o.7l-4

*

0. 000
0. 9:13

1.000
0.913
0. 167

1.
0.
0.
0.

000
087
818
500
*

0. 000
o.949
0.000
o.925
o.l-62

D+D D+T+T D+T+T+T T

0000
000I
0010
o0I1
0100
0101
01I0
0111
I000
I00t
TOIO
1011
1I00
t10t
r110
111 r

0.90r
0.091
1. 000
0. 000
0. 000

*
*

o.I29
0.818
0. 000
l. 000
0. 000
0. 917
0.286
o.77 4
0. 070

0. 875
0. 000

*

0. 953
0. 125
1.000
0.143
1. O00

*
1. 000
0 ,063
1. O00

*
*

0. 000
1. O00
0. o00
0.750
0.061

0.855
0. 000

*
0. 310

*
*

1.000
0. 100
o.964

*
*
*

1.000
*

1.000
0.050

0.935
0.154
1.000
0.091
1.000

*

.692

. r82

.750

.240

.667

.000

.625

.158

.727

.000

.000

.000

.783

0. 915
0.000

I.000
0. 100
0.889
0.000

*
000
900
000
900
o45

0000 07L
*
*

0
0
0
0
0
I
0
0
0
0
I
I
0
0
0
0

o.926
0. 000

¡t

0.0
*
*
*

*
100
*
*

1.000
o.267
o.923
0. 000

*
0.000
o.929
0. 000
0. 867
0. 058

0. 000
1.000
0.000

*
0.000
0. 769
0. 000
o.929
0.038

1
0
0

000
000

I

926
*
*
*
000
*

0.
0.
0.
0.
0.

00
08

1.0
0.1

500
947
1I5



I.v
Appendix Tabfe 2 (continued).

Precursor T+T

P (0)

T+T+T

'b

for Plots
D+Sc

ab
D+Sc+Sc

baba a

0000
0001
0010
OOII
0100
0101
0110
or11
1000
IOOI
10I0
1011
I100
1101
1110
11II

0. 905
0. I07
1. 000
o.222
0.333

*
1. 000
0.143
0. 786
0. 000

*
*

1.000
*

I. 000
o.o92

o.943
0.000

*

*
l. 000
0. 083
o.667

*
*

0. 000
1. 000
0.000
0. 833
0. 030

0.839
0. 031
1.000
o.294
I.000

*
1.000
0. 208
o.7r9
o.250

*
*

0.882
*

1. 000
o. 084

0.907
o.240
0. 333
0. 350
1.000
0. 500
1.000
0.200
0. 783
0. 000
1.000
0. 000
0.950

*
1.000
0. 043

o.79L
0.250
0. 500
0.100
1.000
0. 333
1.000
o.226
0. 750
0.000
0.500
0.000
0.813
0.500
0.879
0. 107

o.872
0. 333
o.667
0.000
t. 000
o. 000

*
0.046
0. 889

*
*

0. 000
1. 000
0.000
0. 636
0.063

0. 908
0.000

*
0. 125

*
*

.000

.143

1. 000
0. 033

0. 907
0.000

*
o.294
1. 000

*
o.600
0.143
1. 000
0.000
1.000
0.000
o.667
0.500
0. 857
0.033

r67
*

0

I
o
0

I

'750
*
*
*
000
*

D*Sc*Sc*Sc Sc Sc*Sc Sc*Sc*Sc

0000
0001
0010
00lr
0100
010I
OITO
OIII
1000
1001
1010
1011
1100
110r
1I10
IIlI

*
o.I25

*
*

0. 000
0.1I1_
I. 000
0. 000

*
0. 000
o.625
0.000
0. 889
0. 065

0.815
0. 600
1. 000
o.167
o.667

*
1. 000
0.000
1.000
o.000

t. 000
0.034

0. 8I3
0. 071
1. 000
o.o77
I. 000

*
1. 000
o.161
o.923

*
*
*

1.000
*

1. 000
0. 06I

0.000
0.800

*
*

0.800
1 .000
0.000
o.833
0. 028

0.886
0. 000

*
0. 000

*
*
*

0.l-67
o.9r7
0. 000

*
0. 000
o.923
0. 000
o.929
o.o27

0.936
0. 333
I. 000
0. o00
0. 000

*
*

0. 000
o.667
0. 000

*
*

1.000
*

1.000
0. 017

0. 870
0. 065
I. 000
o.l-29
t. 000

*
1.000
o.370
0.897
0.000

*
*

0. 93I
*

r. 000
o.o77

0. 755
0.067
1. 000
o.235
1.000

*
1.000
0.154
0.800
0. 250

it
*

0. 765
*

1.000
0, 076

0.
0.

o.
0.

878
000

9L7
000
*

0.0
*
*
*

00

*
*

0. 500
*



Appendix Tabfe 3. Structur:es of differently tiIlecl plots.
of Ui are the occurrence probabilities
possible precursors - (1976)'.k't

l-.va.

Values
for sixteen

Precursor
Ui for Plots

D*Sc D+CD MB MB+Sc MB+CD ScD RC

0000
0001
0010
0011
0I00
0101
0I10
0r11
1000
100I
1010
1011
IIOO
1101
11r0
111r

.095

.019
.066
"o23

.oo2

.024

.002

.026

.782

-L54
.o22

.o22

.o22

.o22

.7l-4

133
019

.o23

.019

.0025

.o2L

.oo22

.o23

.733

107
015

.004

.026

.0r5

.or4

.oo2

.o28

.oo2

.026

.7 32

.07r

.016

.o22

.oo2

.o27

.016

.0057

.oo2

.005

.02

.007

.o27

.o27

.777

0
0
0
0
o
0
0
0
0
C)

o
0
0
0
0
0

.0016
-024
.019
.003

003
o2
003
024
763

o.023 0
0.0I0 0
00
0.014 0
o0
00
0.001 0
0.016 0
0.o1 0
0.004 0
00
o.oo27 0
0. oI4 0
o.oo27 0
0.016 0
0.885 0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
o
0
0
0
0
0
0
0
0
0
0
0
0

028

0
0
0
0
0
0
0
0
0
0
0
0
o
0
0
0

0
0
0
o
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
o
0
0
0
0
0
0
0
0
0
0

05
.02

.026o2Io224o2o22

0007
026
o23
00r4

.001

.025

.02

oo22

0059

026
o2 2

.o25

.o25

.801

** Means for two replicates



Apper¡dix TabLe 4.

I.vii.

Structures of cl.ifferently tj..l-led plots. Values
of Ui are the occurrence prob;rbilities fo:: sixteen
possible lrrecursors - (lgZZ)**.

Precursor D D+D

U-i for
D+D+D D+D+D+D

PIots
D+T D-I.T.I-T D{.T+T+T T

0000
000I
00I0
00r1
0100
010r
011 0
0r1l
1000
1001
1010
I0t1
1100
1101
1110
11t r

.oo4

. o27

.025

.004

004
o27
004
o27
5L2

.267

.06

.0036

.06

.0036

. 017

. o47

.06

o.29L
o.o42
o.oo24
0.048
o.oo24
0 " 0002
0.003
0.048
o.o42
0.008
0. 0002
0. 003
0. 048
0.003
0. 048
0.411

" 34r
.033
" 0021
.031
.oo2

. 003

.03

.003

.o28
- 457

o.254
0. 057
0. 009
0. 055
c.011
0. 001.
0. 011
0. 046
0. 057
0. 008
0. 003
0. 002
0. 054
0.003
0.046
0.382

.310

. U¿5

. oo2.

"o?-7
.oo2

.249

.032

.001

.036

.oo2

0
0
0
n

0
0
o
o
0
0

0
0
0
0
o
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
o

0.
0.
0.
0.
0.
0.
0.
0"
0.
0.
0.
0.
o.
0.
o.
0.

363 0
o54 0
008 0
052 0
008 0
0008 0
0r0
o44 0
o54 0
006 0
ooL2 0
0019 0
o52 0
002 0
o44 0
299 0

.00r3

.041

.o32

.005

.00I

.006

.035

.007

.04I

.511

0
0
0
0
0
n

0
0
0
0
0
0
0
0
0
0

24 òl

021

025

00I
026
02r
004

.06

.0036

.o41

.362

.oo2

.o25

.o02

.026

. 5?8

007
028
033

.004

.0036

T+T T+T+T D+Sc Dl-Sc*Sc D+Sc+ScfSc Sc Sc*Sc Sc+Sc*Sc

0000
0001
0010
0011
0100
0101
0110
0111
1000
t00I
1010
1011
1100
IlOI
11rC
1r11

006
o27
032
001

.294

.050

.oo7

.046

.006

.oo2

.015

.033

.05

.004

.00r

.001

.048

033
0.41

o.209
0.043
0.013
0. 034
0. 009
0. 007
0.002
o. o47
0.043
0. 003
0. 004
0.015
0"037
0.01I
o.o47
o .476

223
024

.o28

.001

.006

.024

.024

.004

.001

.001

.o27

.003

.o24

.6rI

. o05

. o33

.o23

.or7

.004

.033

.004

.033

.624

. 003

.o29

.031

.oo2

.030

.oo2

.o29

.61

.l.46

.016

.003

. 0r7

.003

.018

.016

.003

.0006

.017

.0006

.0r8

.7 4i

.01

.045

.051.

.008

.045

.436

004

055

o
0
0
0
0
0
o
0
0
0
0
0
0
0
0
0

410
032
oo2
03t
0017

. 153

. o23

.007

.033

.007

.199

. 031_

.00I

.03

.00r

.233

.051

.004

. 055

rì

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
o

o
0
0
ô

0
0
0
0
0
0
0
0
0
o
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

al

0
0
0
0
0
0
0
0
0
0
ô

0
0
0

0

.oo2

.031

. 002

.o27

.396

** Means for two replicates,



I . viii.

Appendìx Tabl-e 5. Macroporosities of tilths produced by different
implements. Measurements were performed within
the top 5 cm.

Year fmplements D D*Sc D+CD MB MB+SC MB+CD Sc RC

I976 0.18 0.073 0,1s6 0.22L 0.183 0.137 0.145 0.l-26

0. I80 0. 102 0. 12 0. r15

Implements D D+D D{-D+D D+D+D+D D+T D+T+T D+T+T+T T

a

b

0.457 0.443 0.488 0.468 0. 351 0. 489 0.505 0. 31 4

0.336 0.483 0.395 0.619 0. 366 0. 394 0. 381 0. 333

I977

Implements T+T T+T+T D+Sc D+Sc*Sc D{-Sc*Sc+Sc Sc Sc*Sc Sc*Sc*Sc

a

b

0.532 0.418 0.388 0.297 o.29L 0.358 0.20 0. 398

o.49 0.482 0.335 0.298 0.307 0.243 0.197 0.40



I.fx.

SECTION B



Append ix TabLe 6.

I.x

Structures at different levels (from l¡elow) of
tilled soifs produced at 12.6% water content.
Values of P(0) are the probabil-ities of a 0
following sixteen possibJ-e precursors**.

Precursor
P(0) for Levels (a)

2 3

P (O) for Levels (b)

4I 4 3 5

0000
0001
0010
o0lt
0100
010I
01I0
0rl1
1000
100I
1010
lOII
1100
I101
lIIO
t11I

0. 900
0. 182
0. 500
0. 000
0. 000
0. 500

*
0. 250
o "546
0. 000
0. 000
0. 000
0. 846
o. 000
0.867
0. 1J3

0. 848
0. 000

*
0. 083

*
*

I. 000
0. 167
I.000
0.000

*
*

0. 750
*

I. 000
o.o92

0.894
0.000

*

.875

.000

.000

.000

.875

.333

.750

.o82

o.892
0. 000

*
o.222

*
*

o.667
o.725
1.000
0. 000

*
O:,500
o. 875
0.000
0.875
0.073

0.871
0.000

1. 000
0. 111
0.889

*
*

0.000
1.000
0.000
o.778
o.o77

0.887
0. 000

r. 000
o.L25
r. 000
0. 000

*
*

0. 900
*

1. 000
0. 071

0.887
0. 000

*
0.200

*
*

I. 000
0.000
1. 000
0.000

*
*

o.727
*

1. 000
0. 085

00
00

a2

0
0
*
*
1

o
I

0
0
o
I
0
0
o
0
0

o

*
222
*-

*

0

*
200
*
*

Precursor
P(0) for Leve1s (c)

23
P (0) for Levels (d)

534I 4 5

0000
0001
0010
0011
0100
0r01
0110
0111
1000
IOOI
10IO
10r:l
I100
110r
1I10
11t1

0. 731
0. 111
I. 000
o.222
0. 750

*
o.667
o.L25
o.778
0.500
1. 000
0. 500
0. 857
0. 333
o.714
0.058

0. 886
0.000
0. 000
0. 111
I. 000
0.000
0. 500
0. 09t
1.000
o.L67
1. 000
0.250
0. 250
0.250
0. 700
0. 094

0.816
0.000

*
o.222

*
0.000
l. 000
0. 000
1.000
0.000
o. 000
0.500
0.750
0. 250
0.500
0. 084

0.891
0.000

*
0. 000

*
*
*

0.125
1. 000
0. 000

*
*

0. 857
*

r.000
0.068

0. 954
0.000

*
0. 200

*
*

1. 000
0. 000
I. 000

tr

*
*

1.000
*

1.000
0. 068

0.857
0.000

*
0.182

*
*

1. 000
0. 300
0.857
0.000

*
0. 500
0.636
0.000
0.800
0.113

0. 868
o.o77
0. 000
0. 143
0.000
1. 000
1.000
0.250
o.7L4
0. 000
t. 000

*
0.933

*
1. 000
0. 167

0.971
0. 000

o.667
o.667
0.000

*
0. 000
0.600
0. 000
0.833
0.069

*
0. 000

*
*
*

** Tillage was done with one pass of a set of narrow tines.



I.XA.

Appendix Tabl-e 6 (continued)**.

P (0) for Levels
Precursor a

4
b
4 54

d
4 5

c
3 5 3 5

0000
0001
0010
0011
0100
0101
0110
OlII
1000
t001
1010
r011
I100
1101
1110
1r11

.000

. o77
*

.000

.000

.154

.661

.250
*

.500

.692

.000

.9r7

.170

*
o.286

*
*

0.500
0.000
0.833
0. 000

*
0. 000
0. 857
0. 000
0.750
0. 119

0.200
o.778
0. 000
o. 000
0. 000
0. 900

*

*
1.000
0. 000
o.667
0. 000
1.000

*
0.750
1.000
0.875
0. 076

.000

.000

.000

.000
*
*

.895 0.933 0.967 0.724 0.810 0.926 0.74I 0.889 0.944 0.957

.000 0.000 0.000 0.000 0.000 0.000 0.1.25 0.000 0.000 0.000

I

o

0
0
0

0
I
0
0
0

0
0
0
0
0

* *
0.000 0.455

*
*

000
*

0.800 1.000

* 0.000
00

*
*
*1

0.000 0
0.833 I
0.000 0

*
*

0.857 0.857
**

1.000 1.000
0.083 0.119

I
0
I

000*0.000**
I11 0.000 0.000 0.100 0.000 0. B6

*
2
*
*

*
*
*

*
000
*

*
*
*

0.5
*

00
06

0.0
r.0

*

1.0
o.1

*

00 0.143 0
00 0.818 0

0.000 I
*

0. 000
0.917
0. 000
1. 000
0.050

. 000 0.125

.875 1.000

.000
*

*
*
*0.000

o.875 1.000
0.000 *
0.875 1.000 I.000
0.068 0.077 0.075

** Tillage was d.one with two passes of a set of tines with narrow
points 

"



I. xi-i "

díx Tabl-e 6 (continued) !*

Precursor a

P (0)

b

5

for Levels

4

c d

4 5 4 5 4 5

0000
0001
00I0
0011
0100
0101
0110
0111
1000
r001
1010
r0t1
1L00
I101
r110
tr11

.l_00

.500

.200

.000

.000

.000

.200

.889

.500

.000

.333

.778
?22

.667

. 07I

0. 894
0. 000

*

0.167
0.750
0. 000

*
0. 000
0.800
0. o00
0"909
o. 106

0.861
0. 000

¡t

0.000
*
*

1.000

0.500
l. 000
0. 000
0. 857
0. 056

0.907
0. 000

*
0.I25

tr

*
1.. 000
o.222
I. 000

*
*

0. 000
1. 000
0.000
0. 800
0. 108

0. 833
0. 000

*
0. tlr

*
0. 500
1. 000
o.222
0. 750

*
0. 000
0. 000
I. 000
].000
0.889
0. 058

0.950
0.000

*
0"000

*
*
*

0. 000
0.833

*
*
*

I .000
*

1. 000
0. 107

o.877
0.091
I. 000
0.182
1.000

*
1. 000
o.222
0.818
0. 000

*
I. 000
0.909
0.000
0. 889
0.096

o.925
0. 000

*
0.111

*
*

1. 000
0.000
l. 000
0. 000

*
*

o.778
*

r.000
0. 111

0
0
0
0
I
0
I
0
0
0
I
0
0
0
0
0

79r

0.0
*
it
*

00

0. 000
0. 857

*
*

** Tillage was d.one with three passes of a set of tines with
narrow points.



l. . xl-l-t-.

Appendi-x Tabl-e 6 (continued)t*

Precursor a

P (O) for Levels
bc

54
d

5454 5 4

0000
0001
0010
0011
0100
0I01
0r10
0111_

1000
IO01
1010
1011
tI00
1r01
1It0
11II

0. 840
0. 000
t. 000
0. 167
1.000

*
I.000
0.000
o.727
1. 000

*
*

0. 909
*

I.000
0.104

0. 960
0.000

*
0. r43

*
*

1. 000
0. 500
0. 875

*
*
*

1. 000
*

1. 000
o.L67

0.805
0. ltr
1.000
o -I25
1. 000

*
0. 000
o.I25
0.900

*
*

0. 000
1. 000
0.000
1. 000
0.090

0.939
o. 000

*

I. 000
0. 000
1.000

1 .000
o. 034

84r
000
000
000
000
*
*

0.000
1. 000
0. 333

*
0.000
o.778
0. 000
0.900
0.110

0. 919
0.000

*
o.167

*
*

1.000
0. 400
1. 000
0.000

*
*

0. 857
*

1.000
0. 041

0"786
0,, 2 00
1.000
0.000
0. 500

*
*

0. 000
0.900
0. 000

*
0.000
1.000
0. 000
0.889
0. 099

0. 906
0. 167
0.000
0.000

*
0. 000

*
0.000
0.833

*
*

0. 000
1.000

*
l. 000
0. 057

0.
0.
t.
0.
0.

0.250
*
*

*
*
*

I.000
*

** Tillage was done with four passes of a set of tines with
narrow points.



Appendix Tabl.e 7

I " xiv.

Structures at different levels (from below)
of tilled soils produced at 25"2% water content-.
Values of P (0) are the probabilities of a 0
following sixteen possible precursors**.

Precursor a

4

P (0) for Levels
b

45
c d

4 5543 5

0000
0001
00I0
0011
o100
010I
01I0
0111
1000
1001
I010
lOII
1100
IIOI
11I0
I1I1

0. 800
o.2L4
I. 000
0. 385
0.750
0. 000
0.600
0.300
0. 500
0. 000
0. 500
0. 000
o.9L7
o.667
0.900
0. 106

0. 899
0.125
0. 000
0.11r

*
0. 000
r. 000
o. l.tr
0. 875
0. 000

*
0. 000
0. 800
0. 000
0. 900
o. I39

o.907
o.L25
1.000
0. I25
I. 000

*
I.000
0. I43
0.875
0. 500

*
*

0.750
*

l. 000
0. 088

o.7 69
o.250
1. 000
o.267
0. 500

*
0.600
o.250
0. 500
0.250
I.000
0.500
0.643
0. 333
0.917
0. 143

0.837
0.091
r. 000
o.286
t. 000

*
r.000
0.000
0. 600
0. o00

*
*

o.692
*

I.000
0.118

0. 650
0. 000

0. r00
0.875

*
*

0.000
r. 000
0.000
0. 800
0. 067

o.844
0. o00

l. 000
0. r11
r. 000
0. 000

*
0.000
0.750
0.000
0.875
0.071

0.830
o.222
1.000
0.125
1. 000

*
0. 500
o.429
0. 889
0. 000

*
1.000
0.875
0. 0i)0
1. 000
0.044

o.951
0. 00(

*

1.00(
0.00(
r. 00(

*,
*
*

1. 00(
*

l. 00(
o.r7 2

0

*
0.111

*
*

*
0. 000

*
*
*

l6't
*
*

** Tillage $/as done with one pass of a set of tínes with narrow points.



I.xv

ix Tabfe 7 (continued)*rr.

Precursor c

54354

a b

P (0) for Levels

4 4

d

5

0000
000I
0010
o01I
or00
0101
0110
OlII
r000
1001
r010
1011
1100
1r01
1110
1111

o.667
o.222
0.500
0. 250
1.000
I. 000
1. 000
0. 167
o.667
0. 000
r. 000

*
0.875

*
I. 000
0. 054

o.647
0. 000

*
0. 111

*
*

t. 000
0. 000
I.000
0.000

*
*

o.778
*

1. 000
0. 100

0.706
0.000

*
0.250
1.000

*
0.600
0.11r
o.625
0.000
1. 000
1. 000
o.667
0.333
0.900
o.L67

0. 850
0.000

*
0. 000

*
*
*

0. 125
1.000
0.000

*
0.000
o.875
0.000
0.889
0. 138

0.684
0. 000
1. 000
0. 300
1. 000
0. 000
o.667
0.300
0.600
I. 000
0. 500
0.000
0.889
0. 500
o.700
0. r37

o.720
0.000

*

1. 000
0.000
1. 000
0. 000

*
*

0.700
*

I. 000
0. 156

0.875
0. 000

*
0. 100

*
*

1. 000
0. 333
0.833
0. 000

*.

*
0. 600

*
1. 000
0.096

0.9s2
0. 000

o.167
0.750
0. 000

*
0. 000
0.000
0.000
o.833
0.100

o.1
*
*

0000

*
0.0

*
*
*

lt* Tillage was clone wíth two passes of a set of tines with narrow
points.



l..xvr

Appendix Tabl-e 7 (continued) t+zr.

P (O) for Levels
Precursor a b

3 44 5

0000
0001
00I0
0011
0Io0
0101
0110
0tI1
1000
1001
1010
1011
1I00
1101
1tt0
1111

0.790
0.000

*
o.111
1.000
0. 000
1. 000
0.100
0.57I
0.000
0,500
0. o00
0. 750
o.667
0. 700
o.088

0. 862
0. 250
l. 000
0. r43
o.667

*
1. 000
0. 000
1. 000
0. 500

*
*

0.857
*

1. 000
0.057

0. 800
0. 083
1. 000
0. 000
0.000

*
*

0.071
0.833
0. 000

*
0.000
o.923
0.000
1.000
0. 191

0.853
0.000

*
0. 167

*
*

.000

.100

I.000
o.L77

I
0
0 L7

o0I

9
*
*
*
0
*

** TilJ-age vras done with three passes of a set of tines
with narrow points.



Appendix Tabfe B.

_L . xvl-r

Structures at different leveIs (f::om below) of
tilled soils produced at 12.6% water content.
Values of Ui are the occurrence probabilities for
sixteen possible precursors**.

Precursor Ui for Levels (a)
23

Ui for Levels (b)
345I 4

0000
0001
0010
001r
0100
0101
0r10
0111
1000
1001
I010
1011
1100
It01
r110
1tr1

.266

.o49

.007

.055

.006

.006

.069
"049
" 0r3
.006
.014
.056
.013
.069
.322

.267

.041

.004

.05

.041

.014

05
426

.282
-034
.oo2
.036
.oo2
.oo2

.048

.034

.004

.002

.01r

.036

.01r

.048

.446

.336

.034

.035

.034

.005

.086

.009

.039

.009

.035

.4r4

.27 4

.o4

.0088

.o4

.04

328
039

. o35

.425

.035

.039

.004

.277

. 033

.0088

.038

.033

.013

.038

.467

054

540

0
0
0
0
ñ

0
0
o
0
0
0
o
0
0
0
o

0
0
0
0
0
0
0
0
0
0
o
0
o
0
0
0

0
0
0
0
0
o
0
0
0
0
0
0
0
0
0
0

o4

008
Q4

46

039

013

0
0
0
0
0
0
0
o
0
0
0
0
0
0
o

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

088
008
o4

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

6

46

o4

0

0
0
0
o
0
0
0
0
0
0
0
0
0
0
0
0

J

B6

3

o4

00

o4

Precursor
'Ui for Levels (c)

2341 5

Ui for Levels (b)

345

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
10t1
1100
t10l
1110
IIII

0"r34
0. 046
0. 015
0.041
0.016
0. 002
0. 015
0. 038
o.046
0.0r
0. 003
0. 012
0. 04r
0.013
0. 038
o.529

o-L76
0. 018
0. 005
0.043
0.005
0. 005
0.01
0. 054
0. 0I8
0. 031
0. 005
o.02
0. 043
o.o2
0.054
o.492

. I91

.033

.02

.043

.033

.01

.005

.02

.043

.o20

.043

.487

.323

. 033
.551
.026

.005

.02

.026

.02

.301

.246

.04r

018
058
04I
o23

-oL2
.064
.012
.058
.363

.32L

.063

.005

.068

.005

.005

.009

.058

.063

.009

.005

.458

.016

.o29

.016

.0088

.044

.004

.024

.004

.o29

.387

0

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0246406o243

05

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

038

.038

0
0
0
0
0
0
0
0

0
0
o
0
0
c
0
0

0
0
0
0
0
o
0
0
0
0
0
0
0
0
0
o

0
ô

0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.038

. 033

.005

806o26

.038

.452
.058
.263

Tillage was done with one pass of a set of tines with narrow
points.

**



I.xviii.

Appendix Tabfe I (continued) !*

Precursor a

4

Ui for Levels

b

45
c

4 5

d

4 52 5 3

0000
0001
0010
00r1
0I00
o101
0110
01r1
1000
1001
1010
1011
1100
IIOl
11I0
1111

o.297
o.o47
0. 003
0. 065
0.003
0. 003
0. 01
0. 063
o.o47
0. 021
0. 003
o.008
0. 065
0. 008
0. 063
o.298

0.384 0
0.03I 0
00
0.036 0
00
00
0.01 0
0.043 0
0.03r 0
0.005 0
00
0.018 0
0.036 0
0.018 0
0.043 0
0.345 0

o.l.92
0. 039
0. 004
0.039
0.005
0
0.005
0.039
0.039
0. 005
0. 046
0. 005
0.039
0. o05
0.039
o.544

o.449
0.033
0
0.033
0
0
0
0. 033
0. 033
0
0
0
0.033
0
0. 033
0.35

0. 136
0. 045
o.oo2l
0. 048
o.0026
0.0079
0
0. 051
0.045
0.005
o.008
0. 003
0.049
0.0025
0. 051
0. 543

0. 385
o.o29
0
0.034
0
0
0
0.034
o.o29
0.005
o
0
0.034
0
0.034
0.414

625 0.132
o23 0.047

.o52o23

0.191 0.244
0.032 0.067
0. 0026 0.005
0.045 0.078
0.0025 0.005
0.0026 0. 052
0.005 0.025
0.043 0.058
0.032 0.067
0.016 0.016
0.003 0.05
0.003 0.005
0.045 0.078
0.0025 0.005
0.043 0.058
0.534 0.289

.o23

.o23

.o23

.237

.o23

.033

.o47

.004

.o47

.005

.o52

.005

.033

.567

.o23

0
0
0
0
0
0
0
0
o
0
o
0
o
0

*¡t Tillage was done with two passes of a set of tines with narrow
points.



I.xix

Appendi-x TabLe I (continued).**

Precursor a

Ui for Levels

5 4

b c d

545454

0000
0001
0010
00I1
0I00
0101
0110
0l_11
1000
1001
I010
101I
1100
1101
1r10
1II1

0,197
o. o44
0. 009
o.o44
0"009
0.005
0. 014
0.o44
o.o44
0. 009
0. 005
0. 01.4
o.o44
0. 0r4
o.o44
o.46L

.303

.039

.053

. 039

.009

.005

.005

.o49

.005

. 053

.396

.0046

.035
-o32

.07

.007
-o32
.007
.035
.582

.oo44

.043

.038

.4r
" 038

.09

.009

.038

.009

.o43

.33

.LB2
-04

.009

.004

.04

.004

.04

.544

.558

.03

.03

.262

.338

.051

.005

.05r
" 005

.005

.051

.005

.o42

. 338

.014

.o42

.051

.005

43
032

.005

.037

.o32

.o31

.333

0
0
0
0
0
0
0
0
0
0
0
0
0
0
o
0

038

20
o32

032o49

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0

0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
ô

0

.04

.009

.004

.04

.04

0
0
0
0
0
0
0
0
0
0
0
0
o
0
o
0

0
0
0
o
0
0
0
0
0
0
0
0
0
0
0
0

2

2

o4

o4

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

03

03
03

03

** Tillage was done with three passes of a set of tines
with narrow points.



f.xx

Appendix TabLe I (continuea-) **.

Precursor c

45454

a b

U-i- for Level-s

5 4

d

5

0000
0001
0010
0011
0100
0I01
0110
OIII
1000
100r
1010
1011
1100
lIOI
1110
1111

.245

.054

.005

.054

.005

.009

. o45

.054

.005

687
035

03
109

.227
"052
.005
. o47
.005

.0058

.o41

.o52

006
o41
006
o47
454

.31

.o23

.or7

.50

232
o37
005
048
005

053
o37
0r6

005
048
005
053
457

337
o27

.005

.o27

.o27

.005

o27
48r

.206

.o49

.010

.o44

.0r

.o49

.o49

.005

.o52

.005

.o44

.005

.o49

.413

-27 0
.031
.003
.o28
.003
.003

.031

.031

.003

.003

.028

.003

.031

.536

0
0
o
0
0
0
0
0
0
0
0
0
(l

0
o
0

0.
0.
o
0.
0
0
0.
0.
0.
o
0
0
0.
0
0.
0.

035

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

032.o23

0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
O

0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

005
03
035

.0057

.017
" 023

035405 o32.o23

.045
- 427

** Tíllage was done wíth four passes of a set of tines with narrow
points.



Appendix Tabfe 9.

I. xxi

Structrrres a'b different levels (from below) of
tilled soils procluced at 25.2% water content"
Values of Ui are the oc.currence prohrabil-ities
for, sixteen precursors. **

Precursor a

4

Ui for Levels
b

454
d

3 5 5 45

0000
000r
0010
0011
0100
0101
o110
0111
1000
I001
1010
1011
1I00
1101
IIlO
1111

0. 179
0. 071
0. 018
0. 064
0. 018
0.008
0.026
o. 05r
0.07r
o.01
0.008
0. ol_3
0.064
0.013
0. 051
0. 337

0.345 0
0.04 0
0.003 0
0.048 0
0. o03 0
0.003 0
0.005 0
0.05 0
0.04 0
0.01 0
0.003 0
0. o08 0
0.048 0
0.008 0
0.05 0
0.339 0

0.133 0
0.061 0
0.028 0
o.o74 0
0.028 0
0.003 0
o.026 0
0.061 0
0.061 0
0.041 0
0.003 0
0.0I3 0
o.o74 0
0.0I3 0
0.061 0
0.321 0

.383

.041

.01

.041

.01

.005

.036

.04r

.01

036
347

.2L7

.o54

.005

.069

.005

.051

.02

.048

.o54

.02

.069

048
39

.01

.039

.01

.o49

.625

.227

.033

005
o43
033
01

005
043
o05
o43
508

.24

.o46

.01

.04r

.01

01
036
o46
005

.005

.041

.005

.036

.469

o.649
0.033
0
0. 033
0
0
0. 005
0. 028
0.033
0
0
0
0.033
0
0. 028
0. l_6

0
0
0
0
0
0
0
0
0
0
0
0
0
0
o
0

9

9

IO
03

03

o4
03

9
9

043

0
0
0
o
0
0
0
0
0
0
0
0
0
0
0
o

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
o

o4L

** Tillage \^¡as done with one pass of a set of tines with narrow
points.



r. xxl_l_

Appendix Tabl.e 9 (continued)**.

Precursor c

54354

a b

Ui for Levels

4 4

d

5

0000
000r
0010
00I1
0100
0101
01r0
0rll
1000
1001
1010
1011-
1r00
110I
1110
1111

.118

.059

.013

.053

. 013

.006

.014
,039
,059
.007

.039

.522

.13

.046
o.L22
0.058
0.003
0. 08r
0. 003
0"003
0. 003
0. 064
0. 058
o. o27
0. 003
o. 017
0. 081
0.017
0. 064
o. 363

277
045

.058

.o45

. o07

.007

.051

.007

.058

.394

0. 13
0. 069
0. 01
0.065
0.0r
0.01
0. 021
0.069
0. 069
0.007
0.01
o.o24
0. 065
o.o24
0. 069
0. 349

.L7'7

.o49

.007

.064

.o49

.o2l

.064

.427

051

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
o

06

o6

007

05

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
o
0
0
0
0
O

0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

2 66

o27

o67

432
o27

.04r

.o27

.007

0
0
0
0
0
0
0
0
0
0
0
0
0
0
o
0

0347

007

o4

06

06
o4

o7I

.007

.053

.046

.014

.053

.532

o7 I

.06

.368

.007

.034

.007

.041

.342

** Tillage was done with two passes of a set of tines with narrow
points.



I . xxiii.

Apþendix Tabfe 9 (continued) t,* .

Precursor a
Ui for Levels

4

b

3 4 5

0000
0001
0010
00rl
0100
0101
0r10
0111
1000
1001
1010
1011
It00
1101
1I10
11rt

0. Io
0. 037
o. 003
o. 045
0. 003
0.008
0.005
0.053
0. 037
0. 01r
0.008
0. 0I3
0.045
0.0I3
0. 053
0. 569

.2A4

.039

.0I5

.o34

.015

.o29

.467

.256

.061

.005

.067

.005

.069

.061

.0r

.003

.067

.003

.069

.325

.383

.061

.01

.051

.061

61

61

0

0034

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
o
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

** Tillage was done withthree passes of a set of tines with
narrovr points.



Appendix Tabl-e 70.

I . xx'1v

Aggregate size distributions at different .levels
(from below) in tilths producecl at L2.6s" 'iiater
content as expressecl Ì:y the proportion larger
than X nrn.

X

81632

lvlean
aggregate

size
Replicate Leve1

I 2 4 64

a** 6
l-0
11
1l

I
2
3
4

0. B4
1. 00
o.92
1.00

0.53
0.68
0. 68
o.59

o.26
o.46
o.47
o.44

0.84
o.92
o.92
o.73

0. 07
o.20
o.23
o.24

0.
o.
0.
0.

oo4
04
05
o7

0.00
0.002
0"003
0. 006

6
8
4
5

b** 3

4
5

1. 00
1.00
1. 00

0.82 0.67 0.48 O.26 0.07
0.80 0.65 0.48 0.267 0.08
0.8I O.74 0.53 0.272 0.O7

0.006
0. 008
0.005

L2.O
L2 -6
12.9

c** 0
0
0
I
1

:
2
3
4
5

75 0.54
86 0.72
93 0.63
00 1.00
00 0.80

o.44
0.59
0.57
0. 80
0.75

0.34
0.39
o.40
o.59
0. 56

.07

. 033

.04

.10

0. 009
0. 00I
0. 002
o.008
o.011

o.20 0
0.17 0
0.19 0
o.32 0
o.32 0

9.7
9.2
9.6

14.8
14.610

d** 0.48
o.47
0.93

I
0
I

3
4
5

o.77
o.76
1. O0

o0
88
00

0.30 0.
o.23 0.
o. 68 0.

11 0.02 0.00
05 0.003 0.00
37 0. tI 0.01

7.5
6.0

16. 5

a*** 93
00
00

0
I
1

3
4
5

0
0
I

81 0. 56 0.26 0
81 0.7I 0.41 0
00 0.90 0.60 0

0.002 0.00
o.o2 0. 00
0.05 0.002

6.6
9.2

13. 3

.05

.14

.27

b** * 3
4
5

I.00 0.58 0.48 0.
0.91 0.81 0.75 0.
1.00 1.00 0.80 0.

39
56
56

o .26 0.
0.3I 0.
o.28 0.

o.02
o.01
0.004

I1
09
o7

7

9
5

L2
I3
13

c*** 0.83
0.90

4
5

0.83 0.61
0.81 o -74

0.45 0.24 0. 07 0.
0. 53 0.27 0.O72 0.

006 11
I2

5
I005

d*** 4
5

o.94 0.66
1. 00 1. oo

o.49 0.22 0.04 0.002 0.
o.92 0.65 0.32 0.08 0.

00
OT

5.9
15. O

** Tillage was done with one pass of, a set of tines with narrow points.
*rr?t Tillage was done with two passes of a set of tines with narrow

points.



f . xxv.

Appendix T'abLe l0 (continued)

X (mm)

81632

Mean
aggregate

size
Replicate Level

t 2 4 64

a** 0
t

4
5

81
00

0.
1.

6l o.
00 0.

45
73

0.33 0.18 0.05
o.46 0. 18 0.03

0.004
0. 006

8.8
10. 4

b** I
I

4
5

40
18

0. 88
0. 90

00
00

0.83 0.65 0.
o.64 0.42 0.

0. t5
0.03

o.02
o. 001

17 .6
10. 0

c** 0
1

4
5

o.01
0.001

0. 75
1. 00

83
00

0.55
0.89

12.7
LL.7

0. 43 0 .27 0. 10
o.54 0. 20 0.03

d** o.92
1. 00

4
5

0.
0.

69 0.49
89 0.79

0.33 0.15 0.028
o.49 0.19 0.O29

0.001
o. 001

a.2
1r. 0

a*** 4
5

o.92 0.76
1.00 0.87

0. 68
0. 39

o.44
o.2L

0.18 0
0.06 0

0. 00I
o.00

9.9
6.O

03
o04

b*** 4
5

0
I

91 0.8I O.64 0.
00 0.75 0.72 0.

44 0.21 0.05
63 0.48 0 .27

0.002
0.09

10. 5
24 -7

c*** 001
06

4
5

0.91 0.91
1.00 0.85

0.80 0.49 0.19 0.o21 0.
o.52 0.45 0. 34 0. t9 0.

r0. 7
17.9

d*** 4
5

0.83 0.83 0.74 0.
0.86 0.86 0.81 0.

48 0.20 0. 03
64 0.40 0. t6

0.001
o.o24

10. 6
L7 .7

**

***

Tillage was done with three passes of a set of tines with
narrow points.

Tillage was done with four passes of a set of tines with
narro\¡¡ points.



Appendix Table fL.

I "xxvi.

Aggregate síze distributions at d-iffer:ent levels
(from bclorv) ín til-ti-rs prod.uced aL 25.2>" waLer
content as expr-essed by the proportion larger than
X mm"*.

Number
of Replícate Level

passes 1 2 4 16 32 64

x

8
D

a
3

4
5

4
5

4
5

4
5

o.7 5
o.92
0.80

.08

.L2
0. 50 0. 31. o .20 0
0.83 0.65 0.37 0
0.70 0.55 0.38 0

0,0r4 0.00
o.oL2 0.00
0.04 0" 002

5.5
8.4
9.3IB

1

83
73

b

c

o.74 0.52 0"34 0.18 0.05 0.005 0.
0.93 0.66 0.57 0.34 0.12 0.014 0. 2

00
o00

01
007

024
00

5.0
70

1.00 1.00 0.
1.00 0.89 0 "

o.62 0.35
0. 53 0 .29

O. II
0. 0B

0
0

r5
13

7

4

d
o.a2
r. o0

o.64
0.85

0.35 0.29 0.20 0.10 0.
0.70 0. 33 0. 07 0.004 0.

10. I
7.8

9.5
r1.8a

6.0
9.8

5.6
9.0

4
5

3
4

4
5

4
5

0.73 0.53 0.4L O.32
I.00 0.89 0.80 0.52

0.19 0.
o.23 0.

o7
o4

0. 009
0.001

2

00
000

00
00

3B
17

b

c

2

o.94 0.61
1.00 I.00

o.46 0.23
0.77 0.44

0.06 0.003 0.
0.14 0.02 0.

0. 81 0.63 0
1.00 0.90 0

o.21 0.
0. 40 0.

06 c.006 0.
11 0.008 0.

d
I
I

00 0.89 0.52 0.33 0. 14 0.02
00 1.00 0.75 0.49 0.2I 0.04

0. 007
0. 001

8.4
I1.3

a

b

3

4

4
5

.85

.'70
0
0

0
I

o.77 0.
o.59 0.

64
56

69
62

0. 45 0 .22 0. 06 0. 003
0.43 0.26 0.092 0.0r2

o.28 0.05 0.001 0.
o.28 0.06 0.002 0.

1.O.9
11. I

3

00
00

0.
0.

0.93
0. 83

93
00

7.2
7.r

** Tillage was done using different nurnber of passes of a set of tines
with narrow points.

Mean aggregate size.D
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Appendix Table 1.2. Pore size distributions at di.fferenl- levels (from
below) i.n tilths produced at 12.6% waLer content
as expressecl by the proportion larger than X mm.

x
ô

Macro-
porosityReplicate Level

1248163265

a**
I
2
3

4

0.76 0.60 0.29 0.I9 0.08
1.00 0.75 0.64 0" 33 0.09
o.74 0.66 0.52 0.33 0.13
0.82 0.72 0.65 0.42 0.r8

0.015 0.00
0. 006 0. o0
0.02 0.0006
0. 03 0. 001

24.6
7.7
7.8
9.6

0. 46
0-42
0.41
o.46

3

4
5

0
I
t

82
00
00

o.82 o.
0.
0.

63
79
63

o
0
0

37 0.L2 0.013 0.00
48 0.L7 0.O2 0.00
38 0.14 0.O2 0.00

8.3
10. 5
a-1

0.40
0.45
0.40

b** 0. 90
0.7r

c**

0
0
0
I
I

1
2

3
4
5

79 0.65
66 0.24
63 0.48
00 0.87
00 r.00

o.37
o-22
0. 40
0.78
0. 95

0. 1l
0. 14
o.19
0.51
o.79

0.01 0
0.06 0
0.04 0
o.2L 0
o.54 0

.00

.01

.o02

.04

0. 00
0.00
0.00
0. 00r
0.06

4.3
4.3
4.9

r1.3
24.6

0.308
0.316
0.337
o.434
o.62825

d**
3
4
5

0
0
0

0
0
o

85
94
85

54 0.40 0.21 0.06 0.005 0.00
82 0.50 0.27 0.O8 0.008 0.0001
54 0. 38 0. 34 0.28 0 . 1.9 0. 09

5.6
7.7
7.8

o.428
0.533
0.53

a***
0.87
o.67
1.00

3
4
5

0.63 0.36 0.23 0.r0 0.
0.57 0.44 0.34 0.19 0.
t.oo 0.96 0.83 0.62 0.

6.3
9.4

30.3

0.489
0. 504
0.694

02 0.00
06 0.007
34 0.10

b***
0.12 0.008 0
0.15 0.01. 0
0.68 0.37 0

3
4
5

o.92 0.84 0.48
1.00 0.89 0.56
1.00 1.00 0.93

.00 0.00

. 001 0. c0

. l1 0.01

5.r
6.7

16.4

o.287
o.324
o.549

c** *
4.8
6.r

00
0003

4
5

0.83 0.74 0.43 0.13 0.01 0.00 0.
0.90 0.60 0.36 0.22 0-o9 0.01 0.

o.294
o.223

d***

** Tillage was done with one pass of a set of tines with narrow points.
*** Tillage was done with Ewo passes of a seL of l-ines wiLh narrow points.

$ = Mean pore size.

5.5
14.0

0
I

4
5

94 0.77 0.46 0.18 0.03 0.001 0.00
00 0.85 0.65 0.50 0.30 0.11 0.014

0. 483
0. 433



I . xxviii.

Appendix TabTe f2 (conti.nued)

Replicate Level
x (mm)

L24816 32 64

Macro-
porosityô

a** 4
5

o.74 0.61 0.44 0.18 0.03
0.9I 0.74 0.51 0.34 0.15

0.00I 0.00
o.o27 0"001

5.r
8.3

0. 366
o.445

b** 4
5

0.83 0.82 0.61 0.33 0.10 0.01
0.81 0.81 0.73 0.50 0.23 0.05

0.00
o. 002

7"7
11. 3

0.304
0,533

c** 4
5

0.75 0.75 0.41 O.23 0.05
1.00 1.00 0.81 0.67 0.46

0. 003 0.00
0.22 0.05

5.9
2I.6

0. 31.7
0.648

4
5 t3 .1

0.92 0.8
1.00 0.7

5 0.61 0.36 0.r3
8 0.72 0.53 0.28

0.015 0.00
0.08 0.007

8.4 0.505
o.546d**

a*** 1.00
r. 00

4
5

o.92 0.56 0 .28 O .O7
I.00 0.83 0.69 0.48

0.004 0.00
o.24 0.06

I
I

7

22
0. 416
0. 591

btr**
4
5

0.90 0.90 0.64 0.26 0.o4
t. 00 1. 00 0 .94 a.73 0.44

0.001 0.00
0.159 0.O2L

6.7
19. 3

0.389
0.438

c*** 4
5

0.91 0.64 0.54 0.27 0.O7 0.004 0.00
1.00 0.85 0.78 0.56 0.28 0.07 0.01

6.6
13 .3

0. 380
o.428

d* ** 4
5

0.91 0.83 0.58 0.22 0.O3 0.001 0.00
0.86 0.86 0.65 0.44 0.20 0.O4 0.OO2

6.2
10.3

0.369
o.367

**

***

Tillage was done with three passes of a set of tines with narrow
points.

Tillage was done with four passes of a set of tines with narrow
points.



Appendix Tabfe l-3.

f.xxix

Pore size distributions at different levels (from
belorv) in tilths pr:oduced. at 25.2% water content as
expressed by the proportion larger than X mm**.

Number
of Replicate Level

passes

X
ð

Macro-
porosityr248L632 64

a
3 0.
40.
5 1.

4
5

40
50

80 0.70 0"28 0.11 0.02 0
83 0.67 0.52 0.34 0.r5 0
00 0.80 0.63 0.43 0.20 0

0. 52 0 .20 0.
o.72 0.38 0.

. 91 0 .82 0.60 0

.00 1.00 0.95 0

.80 0.80 0.46 0.08 0.003 0.00

.89 0.68 0.58 0.31 0.09 0.007

0. 00 0.
0.004 0.

o. 00
0.00

0.06 0.003 0.00
0.5I O.22 0.04

001
03
04

0.00
o.001
0. 002

4.3
8.3

10.3

7.O
23.O

o.434
0. 495
o.526

0. 413
o.420

o.227
0.352

0.393
o.470

0. 01
0. 05

o7
20

29
77

0.87
1.00

40
51

b

c

d

I
00
00

3.5
5.7

4.6
7.3

a

b

c

91
00

81
B8

0.
I.

4
5

3 0.
4 0.

40
51

4L
50

o.82 0.36 0.07 0.003 0.00
0.76 0.49 0.09 0.003 0.00

o.55 0 .24 0.06 0.004 0.00 0
0.76 0.64 0.32 0.08 0.005 0

.69 0.63 0.26 0.05 0.003 0.00 0.00

.o0 0.70 0.50 0.14 0.01 0.0001 0.00

0
0

00
00

00
00

4.4
4.9

3.5
7.4

3.5
5.2

0. 310
0. 300

0. 370
o.432

0.384
0. 367

0.439
0. 534

2

6.6
13.Od

00 0.60 0.
83 0.67 0.

44 0.26 0.O9 0.01
48 0.39 0.27 0.r2

0. 00
o.026

a

b

7

I
3 0.
4r.
40
51

69 0. 54 0.24 0 .09 0. 01
00 0.80 0.69 0.38 0.r2

.97 0.83 0.55 0.23 0.O4

.oo 1.00 0.78 0.4L o.r2

0. 00
0. 01

3

6

6.2
9.2

00
o0

0
0

o.252
o.42l-

3
0.001
0.01

0.00
0. 0001

63
66

o.4
0.5

** Tillage was done using different nrrlnber of passes of a set of tines
with narrow points.

ô Mean pore size.



Appendix Tabl-e l-4.

I . xxx.

Proportj-onstr*'**of small size aggregates at different
levels (from below) in tilths produced at 12.6% water
content.

Replicate Level
1234

Size (mm)

56 789
Total

1-5
Total

1-9

a**
0. 556
o.379
0. 373
o.452

o.776
0. 585
0.561
0.59

I
2
3
4

0.15 0.00 0.22 0"I0 0.08 0.07 0.06 0.05 0.04
0.00 0.08 0.16 0"07 0.07 0.06 0.05 0.05 0.04
0.09 0.00 0.17 0.06 0.06 0.05 0.05 0.0s 0.04
0.00 0.27 0.09 0.05 0.04 0.04 0" 04 0.03 0.03

0.3
0.3
0.3

3
4
5

o.00 0.18 0.09 0.06 0.05 0.05 0.04 0.04 0.04
o.00 0.20 0.I0 0.05 0.04 0.04 0.04 0.04 0.04
0.00 0.1_9 0.00 0.07 0.06 0.06 0.05 0.05 0.04

81
96
I6

0.552
b** 0.55

0. 512

c**

o.25
0. I4
0. 07
0.00
o. oo

o.2L
0.14
0. 30
0. 00
0. 20

0.07
0. 07
0.00
0. 13
0. 00

0. 03
0. 05
0. 05
0.06
0.05

o.02
0.05
0. 04
0. 05
o. 04

o.02
0. 04
0. o4
0. 05
0. 04

0.02
0. 04
o.04
0. 04
0. 04

I
2
3
4
5

0.03 0.03
0.07 0.06
0.06 0.05
0.06 0.06
0.05 0.05

o.592
0.468
o .417
o.256
0.305

0. 686
0.648
o.64
0. 453
o.475

d**
3
4
5

0.00 0.23 0.23 0.06 0.o5 0.05 0.
0"12 0.I2 0.19 0.10 0.08 0.07 0.
0.00 0.00 0.00 0.07 0.07 0.06 0.

04 0.04 0.03
06 0.05 0.04
06 0.06 0.05

0
0
0

577
605
L43

o.738
0.810
0.372

a***
3
4
5

o.07 0.13 0.13 0.
0.00 0.19 0.00 0.
0.00 0.00 0.00 0.

0. I0
0. 09
0.09

I2
10
t0

08
08
08

0.
0.
0.

0
0
0

o7
o7
o7

0
0
0

0. 05
0.05
0.06

06
06
06

0. 541
0. 382
0.194

0.789
o.64
o.466

b***
o2
05
06

02 0.
05 0.
07 0.

0.
0.
0.

0.
0.
0.

3
4
5

0.00 0.42 0.08 0.03 0.
0.10 0.10 0.00 0.06 0.
0.00 0.00 0.13 0.07 0.

o2
o7
06

02 0.o2
o4
05

0
0

o4
05

0.55
0. 30
o.27I

0.63L
0.483
o.4a4

c*** .04
05

o4
05

0.
0.

4
5

0.17 0.00 0.17 0.05 0.05 3.04 0
o. l-0 0. 10 0. 00 0. 07 0. 06 0. 06 0

0.03
0. 04

0.433
o.316

0.585
0. 51

d***

** Tillage was done with one pass of a set of tines with narrow points.

)t** TiJ.lage was done with two passes of a set of tines with narrow poj-nts.

*:h** Truncated figures.

4
5

0.06 0.29 0.06 0"11 0.09 0.07 0.06 0
o.00 0.00 0.00 0.08 0.08 0.07 0.06 0

0.8
o.4

0. 04
0. 05

.05
o6

0.60
0. 159

2L
06



I .xxxi.

Appendix Tabl-e l-4 (continued) .

Size (mm) Total
t-5

TotaI

1-9
Replicate Level

L23456789

a** 4
5

o.19 0.19 0.
0.00 0.00 0.

130
0

0. 03 0.
0.07 0.

0. 03
0. 05

0. 588
o.347

0 .70
0.59

.03
08L7

o4
09

0
0

03
o1

0.03
0.06

b** 4
5

0
o

.05

.o7
0
0

00
00

L2 0.00 0.05 0
10 0.19 0.07 0

0.05 0.04 0.04 0.o4
0.06 0.05 0.05 0.o4

o.221
o -424

0.391
o.626

c** o.L7
0.00

4
5

0.17 0.08
0.00 0.00

0.03 0.03 0.03
0.12 0.10 0.I0

0"03 0.03 0.03
0.08 0.07 0.06

0.483
o.216

0. 593
0. 517

d** 4
5

0.07 0.23 0
0.00 0.11 0

15 0.05 0.05 0.04 0.04 0.04 0.03
00 0.10 0.09 0.08 0.07 0.06 0.06

0. 561
0. 298

o.7L
o.562

¿:t * zt 4
5

0
0

0. 05
0.04

08
o0

0
0

16 0.00 0.08 0.07 0.06 0.06
13 0.40 0.07 0.06 0.05 0.04

0. 05
0. o3

0. 39
0 .66

0. 61
o.82

b*** 4
5

.I0
00

0
0

10
25

0.
0.

.10
00

0
0

0.
0.

06 0.06 0.o5
03 0.03 0.02

0.05 0.04
o.o2 0.o2

0. 04
o.o2

0.418
0.301

0. 601
o.392

4
5

0. 06
o-02o2

.09
00

0
0

00
15

0.
0.

0
0

00 0.10 0.09 0.08 0.
31 0.02 0.O2 0.02 0.

07 0. 06
o.o2

o.287
o.562

o.562
0.568

c***

d*** 4
5

0.17 0.00 0
0.14 0.00 0

00 0.09 0.08 0.07 0.06 0.0
00 0.05 0.05 0.04 0.04 0.0

0.573
0.40

60
40

.05

.04
0. 337
0.238



Appendix T¿tbLe f 5.

I. xxxii.

Proportiorrs of small size aggregat-es at different
levels (from belor.r) in tilths producecl at 25.2% water content.
Tillage was done with one to three passes of a set of tines
with narrov,r ¡lo j-nts.

Size (mm)

Replicate LeveL Total
1-5

Total
1-91234567a9

3

4
5

0.25 0.25 0.15 0.04 0.03 0.
0.08 0.08 0.09 0.10 0.07 0.
o.20 0.I0 0.10 0.05 0.05 0.

03
06
o4

0.03 0.
0.
0.

0.06
0.04

02 0.o2
05 0.05
04 0.04

o.72
o -43
0.50

0. 84
0. 73
0. 66

a**

\

b** 4
5

0.26 0.22 0.13 0.06
0.07 0.28 0.o0 0.08

0.05
0.07

o4
05

0
0

o4
06

0.
0"

o.03
0.05

0
0

03
o4

o. 7r
0.43

0. 85
0. 70

c** 4
5

o4
o4

o.42
0.51

0. 00
0.00

0
0

05
05

0
005

0.
0.

00 0.11 0.06 0.
11 0.11 0.06 0.

060
0

05
05

05
o4

0
0

o.23
o-32

d** o1
06

0.
0.

.01
01

18
00

O.
0.

4
5

0
0

I8 0.24 0.O2 0.O2 0.01 0.0I 0
15 0.00 0.15 0.I2 0.I0 0.08 0

o.67
o.42

0. 70
0. 66

a*** o.27
0.00

4
5

0. 19
0. 1r

0
0

10
oo

0.03 0.o2 0.o2 0.o2 0.o2 0.o2
o.o9 0.08 0.07 0.06 0.06 0.05

o.61
o.27

0. 68
0.51

b*ìt* 3

4
o.06 0.32 0.06 0.09 0.07 0.06 0.05 0.04 0.o4
0.00 0.00 0.L2 0.L2 0.10 0.09 0.08 0.07 0.06

0.61
0.33

0. 81
0.59

c*** 4
5

0.19 0.19 0.19 0.06 0.05 0.04 0.04 0.03 0.03
0.00 0.10 0.00 0.14 0.r2 0.10 0.08 0.07 0.06

o.67
o.35

o.82
0. 66

d*** 0.
0.

05
o7

4
5

0.00 0.11_ 0.32 0.06 0.05 0.
o.00 0.00 0.L7 0.00 0.08 0.

04 0.04 0.o3
06 0.05 0"04

0
o

53
33

0. 70
0. 55

¿*:k:t zt o4
03

3
4

0.15 0.08 0.07 0.06 0.05 0.05 0.
0.30 0.tt 0.00 0.04 0.03 0.03 0.

0
0

0
0

o4
03

o4
03

0.41
o.41

0. 59
0.60

b**** 4
5

0.07 0.00 0.07 0.17 0.L4 0.11 0
0.00 0.1_7 0.08 0.13 0.11 0.09 0

.09
o7

.070
0

0.
0.

06
o4

o.77
0.7506

0.45
o.49

** Tiltage was done by one pass of implement.
*** Tillage was done by two passes of implement.
**** Tillage was done by three passes of implement.



Appendix Table L6.

I . xxxiii.

Pr:oportio¡e**rk:k of small size pores at clj.fferent
levels (from bel-ow) in tilths produced at 12.6% water
content.

Replicate Level Size

L2345
(mm)

6

TotaI
l-5

Total
1-9789

a**
o.737
o.46L
0. 539
o.418

o.827
o.722
o.7 06
o.621.

I
2
3

4

o.24 0.16 0.27 0.03 0.03 0.o3 0.02 0.02 0.o2
0.00 0.25 0.00 0.11 0.I0 0.08 0.07 0.06 0.05
0.26 0.08 0.08 0.06 0.06 0.05 0.04 0.04 0.o4
0.18 0.10 0.00 0.07 0.07 0.06 0.05 0.05 0.04

0.
0.
0.

3

4
5

0.10
o.29

I8
00
00

0. 00 0.09 0.09 0.08 0.07 0.06 0.05 0.05
0.00 0.11 0.09 0.08 0.07 0.07 0.06
0.00 0.09 0.08 0.07 0.06 0.05 0.0s

o.449
0.30
o.447

0.683
0. 579
o.667

b**

c**

I
2
3
4
5

o.2L
0. 35
0. 37
0.00
0.00

0. 15
o.42
o. 15
0.13
0.00

0.14
0.00
0. 00
0. 00
0. 00

0. t4
0. 03
0.08
0. 09
0. 05

0. r0
o.02
0.07
0. 08
0. 04

0. 07
o.02
0. 06
0. 07
0.04

0.05
o. 02
0.05
0. 06
o.04

o.732
O. BI
o.67
0. 30
0. 09

o.924
0. 878
0.845
o.547
o.247

0. 04
o.o2
0.04
0. 06
0. 04

0.03
0.01
0. 03
0. 05
0.04

d**
o7
08
01

3
4
5

o.15
o. 06
0.15

o.31 0.08 0.
0.I2 0.24 0.
0.31 0.15 0.

0.06 0.05 0.04 0
0.07 0.06 0.05 0
0.01 0.01 0.01 0

04 0.03
04 0.04
01 0.01

o.67
o.57
0.63

0.83
0.76
0. 668

¿rt *:t
3
4
5

0.13 0.27 0.20 0.04 0.04 0.03 0.03 0.03 0.o3
o.33 0.10 0.10 0.03 0.03 0.03 0"03 0.02 0.02
0.00 0.00 0.00 0.04 0.03 0.03 0.03 0.03 0.03

o.o24
0.023
o.o72

678
549
20L

0.
0.
0.

3

4
5

o. 08
0.01

6 0.20 0.I4 0.
0 0.I3 0.11 0.
0 0.08 0.07 0.0.00

0.08 0.1
0.t0 0.r
0.00 0.0

10 0.07 0.05
09 0.07 0.06
06 0.06 0.06

0. 04 0
0
o

540.05
0. 05

.656

.r44

o.9r2
0.81
0.373

b?t**

c*** 4
5

0.17 0.09 0 .L7 0.15 0" 11 0.08 0.06 0.05 0.03
0.10 0.30 0.20 0.05 0.04 0.04 0.03 0.03 0.03

0.683
o.682

0. 904
0.80

d***

** TilÌage was done with one pass of a set of tines with narrow points.
*** Tillage was done with two passes of a set of tines with narrow points.
**** Truncated figures.

o4
03

4
5

0.06 0.18 0.18 0.13 0.10 0.08 0.06 0.05 0.
0.00 0.15 0.15 0.04 0.04 0.04 0.04 0.03 0.

o.634
0.39I

0.859
o.529



I . xxxiv.

Append.ix Tabfe l-6 (conti.nued) .

Size (mm) Total
1-5

Total
1..9

Replicate Level
123456789

a*tt 0. 13
o.r7

26
09

0
0

4
5

0.07 0.11 0.09 0.07
0.17 0.06 0.05 0.05

0. 06
0. 04

0.05 0.04
0.04 0.03

0. 65
o.54

0.857
0.699

b** T2
00

0
0

00
00

0. 18
0.19

0
0

4
5

0
0

10
08

0. o9
o. 07

0
0

07 0.06 0.05 0.05
06 0.06 0.05 0.05

o.478
0.334

0. 715
0.549

c** 4
5

o.25
0. o0

o
0

08
o4

0
0

09
o4

0.
0.

0. 19
0. Ì5

00
00

0.
0.

07 0.05 0.05 0.04
04 0.03 0.03 0.03

0.61
o.23

0.8r
0.36

0.468
0. 335

0.686
0.513

o4
o4

0.
0.

o.05
0. 04

0. 06
0. 05050. 05

0.08 0.
0. 00 0.

09
06

0.08 0.07
0

0
0

15
00

0.
0.

08
22

4
5

d**

a*** 4
5

0.00 0.08 0.25 0.11 0.09 0.08 0.06 0.o5
0.00 0.00 0.13 0.04 0.04 0.04 0.03 0.03

0.05
0. 03

0
0

53 o.7 66
0.337207

b*** 4
5

0.10 0.00 0.10 0.17 0.13 0.I0 0.08 0
0.00 0.00 0.00 0.06 0.06 0.05 0.05 0

07 0.05
05 0.05

o.492
0. r2

o.7 97
0.318

g*tt:t 4
5

0
o

09
00

o.27
o. 15

0.00 0.10 0.09 0.07 0.06 0.05 0.04
0.00 0.o7 0.06 0.06 0.05 0.05 0.05

0. 549
0.285

o.77 6
o.490

d*** 0. 09
0.14

4
5

0.
0.

825
61

09
o0

0
o

08
L4

0
0

16 0.13 0.10 0.08 0.06 0.05
07 0.06 0.06 0.05 0.05 0.04

0.541
o.4L4

0.
0.
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I . xxxv.

Proport:'-ons of smal-l size pores at different leve1s
(from bel.ow) in tili:hs produced at 25.2? water content
TiIIage was done with one to three passes of a set of
tines with narrow poínts.

Size (run) Total
t-5

TotaI

I-9
Replicate Level L234567A9

a**
0.
0.
0.

03
o4
o4

3

4
5

0.20 0.10 0.35 0.07 0
0.17 0.17 0.08 0.06 0
0.00 0.20 0.10 0.07 0

06 0.04 0.04 0.
05 0.05 0.04 0.
06 0.05 0.05 0.

0
0
0

0. 91
0" 69
0. 55

78
53
42

o2
03
o4

b** o.o2
0. 04

85
68

0
0

4
5

0.13 0.35 0.26 0.06 0.05 0.04 0.03
0.00 0.28 0.28 o"07 0.06 0.05 0.04

o.o2
0.03

0.95
0. 84

c** 4
5

0.20 0.00 0.10 0.25 0.16 0.
0.11 0.2L O.00 0.10 0.09 0.

.0710
ol 06

0
0

0. 04 0.
0. 05 0.

03
o5

0.71
0.51

o.79
o.74

d** 4
5

o.09 0.09 0.o9 0.L2 0.
0.00 0.00 0.00 0.05 0.

0. 09
0. 05

10
05

05
o4

0
0

06
o4

o
0

o7
04

0
0

0.50
0.10

o.77
o.23

¿:t :t :t
4
5

0.09 0.09 0.21 0.I8 0.12 0.o
0.00 0.24 0.00 0.27 0.L1 0-I

80
l0

. 05 0 .o4 0.o2

.07 0.05 0.03
o.75
0. 68

o.94
o.94

b*** 05
09

0.
0.

o7
10

3

4
0.19 0.26 0.2L O.10 0.
0.12 0.12 0.00 0.12 0.

0.04 0.03 0.02
0.07 0.06 0.05

0.83
o.46

0. 96
0. 73

c*** T2
20

4
5

0.31 0.06 0.25 0.
0.00 0.30 0.00 0.

08 0.06 0.04 0.03 0.02
14 0.10 0.07 0.05 0.04

0
0

o.B2
o.64

0.96
0. 9t

d?r.** 05
o2

0
0

05
o2

4
5

0.o0 0.40 0.10 0.06 0
0.17 0.17 0.17 0.O2 0

0.6r
0. 55

o.77
o.64

o. 04
o.02

0.04 0. 03
o.o2 0.o2

a**** 3
4

0. 31 0. 15 0 .23 0.06 0. 05 0.
0.00 0.20 0.00 0.11 0.l_0 0.

04 0.03 0.03 0.02
08 0.07 0.06 0.05

0.8I
o. 41

0.93
o.61

b***,t 0
0

11
I1

0
0

L4
13

4
5

0.03 0.14 0.14 0.
0.00 0.00 0.08 0.

09
10

0
0

0
0

07 0.06 0.05
08 0.07 0.06

56 o.82
0.6533

**
***
**¡.t*

Tillage was done by one pass of the implement.

Ti-Ilage was clone by two passes of the implement.

TiIJ.age was done by three passes of the implement.
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r.xxxvi.

Entropies (H) at different levels within tilths
produced at different water contents (w%) by
t.illage with díffer:ent number of passes of a set
of tines with narrovr points.

W = 12.6%

b c

W = 25.2%No. of
passes Level

a d a b cd

I

1
t
3
4
5

0.551 0.512
0.452 0.501
o.442 0.433 0.482 0.564
o.431 0.392 0.367 0.54

0.40 0.275 0.277

0
0
0

64
51
45

00
30

I
lo
20

.723 0.4

.539 0.4
.427
.297

2
3
4
5

0.559 0.418
0.431 0.312 0.451 0.332
0.247 0.328 0.409 0.316

o.652
0.485 0.487 0.657 0.494
o.444 0.513 0.380

0. 506
o.4r23

3
4
5

0.540 0.344 0.400 0.503
o.463 0.432 0.305 0.387

0. 528
o.494

4
3
4
5

0.463 0.461 0.447 0.47L
o.307 0.249 0.3I7 0.331
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Characteristic

Frame lengrth
Frame clearance
Number of rows
Row spacing
Number of units
Mould.board dimension
Disc diameter
Ðisc spacing (within pairs)
Coulter d.iameter
Number of tines
Mould.boardr/Tine spacing
Tine width
Tine length
Tine arrangement
Number of blades (rotary)
Number of discs (rotary)
Maximum number of blades

on disc (rotary)
Minimum number of blades

on disc (rotary)
Effective spacing (in soil) *

T(A),T(B)

Measurements of the characteristics of tillage implements used fcr producing
different tilth structures. Measurements in mm.

D

Designation of Implement

Sc cD T (A) r (B) RCMB

295

3

280 (H) x1035 (L)

310

4I2

4L2

590

14 (in pairs)

510
185

L47

27 32
435 245
195 r05
L75 95

2r5r3r5,6 8r8,8r8

2L 18
435 300
67 65

l.94 I20
2r5,3,5r6 4r4,5,5

3200
457

5
495

3290
'457

4
410

3200
457

5
495

1500
457

4
360

1600
700

36
7

6

3

240109 6L 109 75

L

H

*

lÌ¿o sets of tines with narrow points were used.
T(A) at the Mortlock Station.

Length

Height

Assuming 45o angle of frame travel.

T (B) was used at the V^laite Institute and
H

P.
P.
P.



II. i.

APPENDIX IT

Appendix II goes with Chapter 5 which deals with factors

affecting the internal str:ucture of tilled soil before and after its

production by tillage.

Section A of the Appendix contains structural data (probabj-lities

P(0) for sixteen precursors and occurrence probabilities for precursors)

of tilths produced by tirl-aqe at different soil water contents.

Section B contains structural data of differently til-Ied plots

Ín spring and summer. The winter data are in Appendix r and chapter r.

The data expected to be in this section were used to trace seasonal

changes in the internal structure of tilled soils. The !ùinter,

spring, and summer data were collected on 7th Ju1y, L976, rl.th october,

L976t and lOth January, 1977, respectively.

section c is constituted by structural data (aggregate and

pore size distributions, macroporosities, and entropies) of different

tilled pennanent rotation plots collected in 1976 and 1977.

Glossary

BL=

D=

n-=
!

D, Sc, CD, MB,

D

V¡=

F=

cvü =

(w) =

Bar1ey crop

Mean agqregate size

Macroporosity

and RC = Disc plough, scarifier, combine drill,
mouldboard plough, and rotary cultivator respectively

Pasture

Wheat

Fal1ow

Continuous wheat

Any letter ín parenthesis indicates the last crop
grown on or treatment given to a permanent rotation
crop.

* A precursor had no occurrences.



tl. " ii_.

SECTTON A



Appendix Tab.Ie 20.

-LI.arr.

Internal structures of pJ-ots tilled at
different water contents. Values of P (0)
are the probabilities of a 0 following sixteen
possible precursors (replicate a).

Precursor
P (0) for l^Iater Content (%)

12.6% 15 .8e" l_7. 0%l-o.7z 18. 3% 25.2"ó

0000
0001
0010
0011
0100
0I01
0110
0111
1000
1001
1010
101I
I100
1101
1110
tt11

o.930
0. 037
1. 000
0. 035
0. 000

*
1. 000
0. 067
0.630
0.000

*
0. 000
0. 931
0. 000
0.933
o.o92

o.892
0. 000

*

o.667
o.l-25
1.000
0. 000

*

0. 906
0. 056
1.000
0.368
l. 000

*
1. 000
o.L25
0.750
0. 000

*
o. 000
0.882
0.000
o.7l-4
0. 037

0.820
0.000
I.000
0. 200
1.. o00

*
0.667
o.r25
0.786
0. 333

ik

0. 000
0.813
0. 000
o.824
o. 1t7

0. 818
0. 000

*
0. 071

*
*

1. 000
0. 033
o.923
0. 000

*
0. 000
o.929
0.000
0.867
0.099

0. 907
o.I25
1. 000
0.125
1.000

*
1. 000
0. r43
0.875
0.500

*
*

0. 750
*

1.000
o. 088

222
*
*

0

0. 500
0.875
0.000
0. 875
0.073
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Appendix Tabl-e 20 (continued). (b).

Precursor
P(0) for Water Content (%)

L2.62 15.88 17.Oz10.7s 18. 3% 25.22

0000
0001
0010
0011
0100
010I
01I0
0111
1000
1001
1010
1011
1100
1101
1110
111I

0. 934
0.083
t. 000
0.313
I.000

*
1. 000
o.250
o.692
0. 000

*
0. 000
o.7 06
0. 000
I. 000
o. 114

0. 887
0.000

1.000
0. 125
1. 000
0. 000

*
*

0. 900
*

1.000
o.07r

0. 903
0.083
1.000
o -2L4
I. 000

*
1. O00
0.182
1.000
0. 400

*
*

o.643
*

1.000
0. 107

0. 934
0.083
I. 000
0. 3I3
1. 000

*
1.000
0;250
o.692
0.000

*
0. 000
o.707
0. o00
1.000
0.114

0. 000
I.000
0. 000
1. 000
0. 128

0.83 7

0. 091
1. 000
o.286
1.000

*
1. 000
0.000
o.600
0. 000

*
*

o.692
*

1.000
o. 118

0.853
o. 097
1.000
o.207
0.667

*

*
200
*
*

0

o.667
0.120
1. 000
0. 000

*

\
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Apþçndi* Tàbl_e 2! (continued) . (c) .

Precursor
p(0) for Water Content (%)

IO.7z L2.6% 15.83 17 .Os" tB. 3% 25.22

0000
0001
0010
0011
0100
010I
0110
0111
1000
1001
1010
r011
1100
1I01
1110
1111

0. 887
0.111
l_. o00
o.L67
0. o00

*
1. 000
0. 000
o.722
0. o00

t*

*
0.750

*
1.000
0. 048

0. 891
0.000

*

0. 125
1. 000
0. 000

*
*

0. 875
*

1.000
0. 068

0.882
0.870
t. 000
0. I36
1. 000

*
1.000
0. 238
0.913
0. 000

*
0.000
0.955
0.000
0.905
0. 059

0. 9l_7
0. 091
1. 000
0.333
0. 250

*
0.833
o.273
o.727
0. 000
1. 000
o. 500
o.769
0.500
o.727
0. 078

0. 933
0. 000
1. 000
0. 000
1. 000

*
*

0.200
I. 000
1"000

*
0. 000
0.889
0. 000
0.900
0. 080

0.650
0.000

*
0.000

*
*
*

0. 100
0. 875

*
*

0. 000
I. 000
0. 000
0. 800
0. 067

000
*
*
*

0
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Appendix Tabfe 20 (continued). (d).

Precursor
P(0) for V,later Content (Z)

L2.6% 15 . 8å 17 . 0% 18. 3% 25.2210. 7å

0000
0001
0010
0011
0100
0101
oi10
0111
1000
1001
1010
1011
1100
1101
lIIO
1I11

000
*
:t

*

o

0.
0.
0.
0.

0.
0.
0.

0. 914
0. 000

*
0. 182

*
*

0. 868
o.o77
0.000
0. I43
0. 000
1. 000
1. 000
o.250
o.7l-4
o. 000
I. 000

*
0. 933

*
1. O00
0. 167

0.936
0.125
I.000
o. 000
I.000

*
1. 000
o.L92
0.875
0. 000

*
0.500
0. 583
0.000
0.846
0. 097

0.81_0
o.o77
1. 000
0. 231
1. 000

*
0.750
o.364
o.923
0.000

*
0.500
o.923
0.000
0. 909
0. 090

o -926
0. 000

*

o.4l-7
0. 900
0. 000

*
*

o. 909
*

1. 000
o. 065

0. 830
o.222
1.000
0.125
1.000

*
500
429
BB9
000
*

1. 000
0.875
0. 000
1. 000
o.044

500
200
900
*
*

0. 000
1.000
0. 000
1.000
0.048
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-L-L - vrr -

Internal st-ructures of plots tilled at different
water contents. Val-ues of Lti are the occurrence
probabiliÈies of sí:;teen possible precursors
(means).

Precursor
Ui for Water Content (%)

12.6e" 15. 8%l-O.7Z L7.OZ IB"3% 25.22

0000
0001
0010
00I1
0100
0I0t
01I0
0111
1000
1001
1010
101r
1100
lIOI
r110
1111

0. 298
0.030
0. 001
0. 003
0.001
0. 00
0. 003
0. 031
0. 030
0. 004
o. 00
o. 002
0. 003
0. 002
0.031
0. 502

o.327
o.o42
0. 001
o.o47
0. 001
o. 001
0. 008
o.o42
o.o42
0. 006
0. 00I
0. 002
o. o47
0.002
o. o42
0.389

0.333
o. 035
0. 004
0.04r
0. 004
0.00
0. 008
0. 037
0. 035
0. 009
0. 00
0. 005
0. 041
0.005
0. 037
0. 406

o.303
0. 046
0. 005
0. 054
0.005
0. 00r
0.017
0. 046
0.046
0. 013
0. 001
0. 009
0.054
0.009
0.046
0.350

o.344
o.o42
0.002
o.o44
0.002
0.00
0. 002
o.o44
o.,J42
0. 003
0. 00
0.003
o.o44
0. 003
o.o44
0.381

o.235
0. 045
0. 006
0. 048
0.006
0.00
0. 001
0. 04r
0.045
0.009
0. 00
0. 004
0. 048
0. 004
o.o42
0.458
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SECTION B

fhe part of the primary structural data expected to be

in this section is in the fi-rst section of Appendix I and first

section of Chapter 1. The data are from tilth block samples

collected in JuIy 1976 from plots tilled with D, D*Sc, D+CD,

lß, MB+Sc, MB+CD, Sc and RC.
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II. ix.

Intel:nal structures of differently tilled plots
(Spring data) " Val-ues of P(0) are the ¡:robabilities
of a 0 following sixteen possible precursors
(replicate a).

Precursor P (0)
D D+Sc D+CD D+CD+BL MB

for Pl-ot
IqB+Sc MB+CD MB+CD+BL Sc RC

0000
0001
0010
001r
0100
0101
0110
OlII
1000
1001
1010
1011
1100
1IO1
11r0
1111_

o.1 4t
0. 056
1.000
0.048
1.000

*
1.000
0.000
0.833
0. 000

*
*

0"8I0
*

1. 000
0.045

o -94I
0.000

tr

0. o00
*
*
*

0. It8
0. 615
0.000

*
0. 000
o.722
0.000
o.947
0. 040

0"936
0.000
1. 000
0.000
1. O00

*
*.

0. 000
1. 000
o.200

*
*

o.643
.*

l-.000
0.035

o.902
0.000

0.143
0.833
0.000

*
0. 000
o.923
o.000
o.929
0.02r

o.925
0.083
1.000
0.000
I. 000

*
*

o.I82
1. 000

*
*
*

I.000
*

1.000
o.o22

0.000
*
*
*

0. 000
0.833

*
*
*

1.000
*

1.000
0.020

1.000
0. 048

0.000
0.857
0. 000
0.857
0. 034

.894

.000

.000

.000

.000
*
*

.1ll

.800

.400
*
*

0.722
*

1..000
0.030

0.865 0.9L7 0
0.000 0.000 0

**
.923 0.924
.000 0.000

0
0
I
0
I

43

**
.000 0.1

lt*
**

*
0.000

*
*
*

*
*

o.824
*

0.000 0
*
*
*

0.059
1.000
0.000

*
*

o.824
*

1.000
0.o44

*
0.000
I.000
0. 000

1.000
0.000 0
0.833 0
0.000 0

*
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Appendix Tabl-e 22 (continued). (Replicate b).

Precursor
P(0) for Plo

D+CD D+CD+BL MB MB+Sc MB+CD MB+CD+BL Sc RCD D*Sc

0000
0001
0010
0011
0100
010I
01t0
01t1
1000
1001
10I0
1011
It00
1101
1110
I11I

0. 940
0. 000

*
0.000

*

0. 930
0.000
1. 000
o.o77
1.000

0.750
0. 615
0. 000
o.846
o.026

o.767
0.000
I. 000
0.200
1.000

*
1.000
0.000 0
0.933 0
1.000 0

*

0. 931-
0.000

.083

.765

.000
*

0.000
o.739
0.000
0.958
o.05I

0. 846
0. 000
1.000
0. I00
1.000

*
I.000
0. 105
o.71A
0.500

*
0. 000
o.178
o.667
0. 834
0. 0-if.'

813
000

0.111
0.944

*
ìt
ú

1.00t1
*

1. 000
o.o29

0.000
*
?t

*
0. 000
1.000
0.000

*
*

0.833
*

1. 000
o.026

o.972 0.867
0.000 0.000

**
0.000

*
*
*

0.000
1.000

0.907 0 .923 0
0.000 0.000 0

**
0.0

*
*
*

000000 0.0
*
*
*

*
000
*
*
*

*-

000
*
*
*

0
0
o

*
o.9r7

*
1.000
0.028

0.000
0. 857
0.000
o.77A
o.o24

0.000
1.000
0. 000

*
0. 000
0 .889
0.000
0. 900
0.021

00

*
0.5

0 0.0
9 0.6
o o.2

*

*
*
00
90
00
*

77 0.000
67 1.000
00 0.000

*
ttt

*
*

1.0
*

*
o0 0.933

*
1.000 1.000
0.020 0.025



Appendix Tabl-e 23.

ïf.xi.

Internal str:uctures of till-ed plots (Sumrner data) .
Val-ues of P (0) are the probabilities of a O

following sixteen possible precursors (repticate a) "

Precursor P (0)

D D+Sc D+CD D+CD+BL MB

for Plot
MB*Sc MB+CD I{B+CD+BL Sc RC

0000
0001
001_0

00r1
0I00
0101
0tl0
0t1l_
1000
1001
10I0
10Lr
1100
I101
lIIO
1111

*
*

I.000
*

1. 000
0. 000

*

0.
0.

891
000
*

o.444 0.
0.000 0.

866
000
*

0.000
*
*
*

0. o00
0. 900
0. o00

*
*

0.833
*

1. O00
0.018

0.805
o.o44
1.000
0. 200
1.000

*
I. 000
0.136 0
o.652 0
0.000 0

*
0.333
0. 880
0.000
0.864
o.o42

0.833 0
0.000 0

*
0.000 0

*
*
*

. o00

.700

.000
*
*

0.909
*

I.000
0.016

.973 0.864 0.682 0.65.1 0.

.000 0.000 0.000 0.000 0.
*

0.000
*
*
*

0. 000
1. 000
0.000

*
0.000
o.444
0.000
o.947
0.036

869
000
*
L25
000
*

*
0. 000

*
*.

*

7 0.160 00

00

*
0
*
*
*
0

*
o.0

*
*
*

0.0
0.6

*
tr

*
.000
*
*.

*

00

00
36

U.
t.

*
0.5

*
1.0

00

00

.833

.000
*

.000

.600

.000

.909

.018

0.000
1.000
0.000
0.9_17
0.020

1.000
c.083
a.722
0. 000
1.000
0. 000
u.tt¿
0. 333
0. 864
o.o44

0
0
0

0
0
0
0
o

0.000
1.000

*
*
*

1.000
*

1. 000
0.016

0.000
U.6Y¿
0.000

*
0.000
o.'722
0.000
0.900
0. 031o260
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Appendix Tabfe 23 (continued). (replicate b).

Precursor P (0)

D D+Sc D+CD D+CD+BL MB

for Pl-ot

MB+Sc MB+CD MB+CD+BL Sc RC

0000
0001
00I0
001r
0100
0101
0r10
01I1
1000
IOOI
1010
1011
tI00
1101
1I10
1r11

*
0.000
1. 000

*
*

0. 000
1. 000
0.000
0.750
0. 031

*
0. 000
1.000

*
*
*

1. 000
*

1. 000
o. 017

*
0.059

*
*

1.000
0.053
o.769
0.000

*
0.000
0. 765
0.000
o.842
0.035

0.000
0. 750
0.000

*
0.000
0.308
0. 000
0.8r3
0.028

*
0.000

*
*
*

0.000
o.929

*
*
*

I. 000
*

1. 000
0. 025

*
0.050

*
*

1. 000
0.046
1.000

*
*

0.000
1.000
0.000
0.850
0.038

*
0. 000

*
*
*

0. 000
1.000
0.000

*
*

o.778
*

I. 000
0.015

000
000 0
700 I
000 0
*

0.000 0
0.62s 0
0.000 0
0.750 0
0.035 0

o .87 4 0. 828
0.000 0.000

**
0.846 0.893 0.723 0. 7I8 0.720
0. 000 0. 000 0. 000 0. o00 0. 000

0.500 0
0.000 0

tr

.333 0.522

.000 0.000
ìt

0.160

*
1. 0tr0
0. 081
o "647
0.000

*
0. 000
0.739
Ð. 000
0. 86,i
0. 038

0.0
*
*

00 0.0
*
*

*
000
*
*
*

00. 063
*
*

0000

I.
0.
0.
0.

*
0.0

*
*
rt

.L54

.000

.000
*

.000

.500

.000

.308

.015
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Appendix Tabl-e 24. Internal structures of differently t-illed -ploLs
(Spring data) . Values of Ui are the occrlrÌrence
probabilities for sixteen possible precursors
(means) .

Precursor Ui

D D+Sc D+CD D+CD+BL ¡1B

for Plot
MB+Sc MB+CD MB+CD+BL Íic Þrr

0000
0001
0010
o01I
0100
0l0r
OIIO
0111
1000
1001
1010
1011
1r00
110r
1110
1111

0.13r
o.o24
0.0007
o.o27
0. 0007
0. 00
0.0006
o.026
o.o24
0.0036
0. 00
0. 00
o.o27
0. 00
o.026
0. 709

o. 166
0.017
0. 0008
o.o24
o.0008
0.00
0. 002
o. o25
0.017
0.008
0.00
0.004
o.o24
0.004
0.025
0. 684

o.278
0.013
o.0004
0.016
0.0004
o.00
0.00
0.0r9
0.013
0.004
0. 00
0. 002
0. 016
0.002
0.019
o.681

o.l-29
0.016
0.00
0.0r7
0.00
0. 00
0.00
0.017
0.016
0. 0003
o.00
0. 0003
0.017
0.0006
0.017
o.769

0.136
o.o22
0.002
0.021
0.002
0.00
0. 002
0.019
o.o22
0.0007
0.00
0. 00
0.021
0.00
0. 0I9
0.737

0. 17r
o.o22
0. 00
0.025
o.00
0. 00
0.00
o.026
o.o22
0.003
0.00
0.0005
0. 025
0. 0005
o.026
0.680

.229

.019

.00

.00

.o0

.00

.o23

.0i.9

. 0cl4

.00
"00
.o23
.0c
.o23
. b:4

0. 1.93
0.016
0.00
O. OIB
0. 00
0.00
0. 001
0. 019
0. 016
0. 002
0.00
0. 012
0.018
0. 002
0 .0r9
0.691

o.1.27
0. 021
0. 0001
0. J25
0.0001
0. 00
0. 00
0.025
0. 021
0. 003
0. 00
0.00
0. 025
0.00
o.o25
0.728

0.185 0
0.025 0
0.001 0
o.o29 0
0.003 0
0.00 c
0.00r 0
0.028 0
o "o25 0
0.005 0
o.002 0
0.0008 0
o.o27 0
o.oo2 0

0.028 0
o "€,40 0

023
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Appendix I'abl-e 25. fnternal structures of differently tjlled plot-s
(Summer data). Values of Uí are the occurrence
probabilities for sixteen possible precursors
(means) .

Precursor
P (0) for PIot

D D*Sc Ð+CD D+CD+BL MB MB+Sc I4B+CD MB+CD+BL *Slc F.C

0000
0001
00I0
00I1
0100
0101
0110
0111
1000
1001
1010
10tl
1100
IlOI
1110
t1t1

0.1.32 0
0.015 0
0.000 0
0. 021 0
0.000 0
0.000 0
0.002 0
0.o22 0
0.015 0
0.005 0
0.000 0
0.003 0
0.021 0
0.003 0
o.o22 0
o.74L 0

.030

.oL2

.000

.015

.000

.000

.000

.016

.oI2

.003

.000

.0009

.015

.0r6

.800

0.095
0.016
0.000
0.021
0.000
0. 000
0. 0006
0.021
0.016
0. 004
0.000
0.002
0.021
0.002
o.o22
0. 780

o "o17
0.017
0.0004
o.o27
0.0004
0.000
0.003
o. o28
0.017
0. 01r
0. 000
0.005
o.o27
0.005
0.028
o.754

0.061
0. oI7
0. 000
0. 0I8
0. 000
0. 000
0. 000
0 .0r8
0.017
0.0008
0.000
0.000
0. olB
0. o00
0. 018
0. 834

0.128
0. o20
0.000
0.020
0. 000
0.000
0.0005
0. 021
0. 020
0.000
0.000
0. 002
0.020
o.002
0. 02I
o.7 49

0. 061
0.013
0. 000
o.o2r
0.000
0. 000
0.000
0.021
0. 013
0. 008
0. 000
0. 0006
0. 021
0.0006
0.021
o.820

o.o27
0.016
0.000
o.o20
0. 000
0.000
0. 0006
o.o24
0.016
0.004
o.000
0. 004
0. 020
0.004
o.o24
0. 840

0 .014
0. 008
o. 000
0. 013
0. 000
0. 000
0. 000
o. o22,
o. 008
o. 005
0.000
0. 009
0.013
Lì. 009
o.o22
0.878

0.05i]
0.026
0. 000
0. c34
0. 000?
0.000
0. 005
0.033
o.026
0.008
0.00c7
0. 004
0"033
0.004
0.033
o.734

0009



Appendix TabLe 26.

II . xv.

Aggregate size distributions in dif Ferr.eni:Iy tille,l
plots (Sprj-ng' da'ta) as expressed by bÌie proportion
Iarger than X mm (means).

x
Proportion

D D+Sc D+CD D+CD+BL MB MB*Sc MB+CD MB+CD+BL Sc RC

I
2

4
I

I6
32
64

.97

.89

.78

.68

.00

.00.84
.74
.68
.56
.39
.18

0.96 0
0.95 0
o.92 0
o.79 0
0.58 0
o.32 0
0.096 0

o.98
0. 98
0. 95
0.84
o.66
0.40
0. I53

1.00 0
I.00 0
0.91 0
0.83 0
0.70 0
0.50 0
o.254 0

93 I
I
0
0
0
0
0

.80

.59

.33

. l_0

0. 91
0.87
o.'t6
0.65
o .47
o.24
0. 066

1.00
I .00
0.96
0.83
0.61
0"34
0.10

I
0
U

0
0
0
0

00
94
91
B1
65
4L
L7

0.99
0. 99
0. B6
o.76
0.60
0.37
0.14

q2

25
3

1
0
o4

D 24.7 27 -2 35.6 47.2 35.8 29.6 22.7 3O.O 36.4 32.5

Appendix Tabl-e 27. Pore size distribution.s in differently tilled plots
(Spring data) as expressed by the próportion ia.rger
than X mm (means).

x
Proportion

D+CD+BL MB MB+Sc MB+CD MB+CD+tsL Sc; RC

1
2

4
I

16
32
64

.00

.87

.64

.JZ

.08

.005

I
0
0
0
0
0
0

00

00

36

98
85
6I
4A
17
03
00r00

0.87
0. 59
0. 35
o.27
0. 16
0. 056
0.007

0.89
o.67
o.64
0.53
0.37
o.L72
0. 038

o.97
0.93
0.75
o.46
o.L7
0.025
0.0005

1.00
o.97
o.79
o.4L
0.11
0.007
0.00

.93

.76

.60

.13

.018

. o003

r.00
o. 83
o.76
0.53
o.26
0.063
0.004

0.89 I
o.77 0
0.66 0
0.48 0
0.25 0
o.072 0
0.006 0

0.
0.
0.
0.
0.
0.
0.

0
0
0
0
0
0
0

.86

.64

.34

.o97

.008

n- o.2r o.235 0.326 0.L79 0.202 0.243 0.27r o.295 0.248 0. _r98 rL

6 7 .6 8.4 L7 .2 tO. 3 9. 1 9 .5 8.4 L2 .6 I2.O 8.0



Appendix Tab.Ie 28.

Il" . xva.

Aggregate size d-istributio¡rs in differently til.led
plots (Sunrmer data) as expressed by the proportion
larger than X mm (rneans) 

"

x
Pr:oporb.ion

D+Sc D+CD D+CD+BL MB MB+Sc MB+CD MB+CD+RL ScD RC

1
2
4
8

t6
32
64

I. 00
0. 93
0.90
0.80
o. 63
0.39
0. 15

1.00
1.00
0. 98
0.9t
o.79
0.59
0. 33

r. 00
a.97
o.92
0. 83
0. 66
0.43
0. 18

1.00
1.00
0. 98
0.90
o.76
o.54
o.27

1.00
0.98
0. 93
0. 83
o.61
o.43
0. 18

0. 99
o"88
o.19
0.69
o.52
o.29
0. 09

I.00
1. 00
o "97
0.88
o.7L
o.41
o.20

1.00
1.00
0.90
o.82
0.68
o .47
o "22

I
o
0
0
0
0
0

.00
ô?

Õtr

.84

.67

.43

.r7

0.98
0.85
0.75
o.64
0.45
o.23
0"06

D 34.9 58.6 38.0 26.3 50.6 38.3 41.5 37.7 43.1 2I.9

Appendix Tabl-e 29. Pore size distributions -in differently tilted plots
(Summer data) as expressed by the proportion larger
than X mm (means) .

x
Proportion

D+Sc D+CD D+CD+BL MB MB*Sc MB+CD MB+CD+BL ScD RC

.95I
2
4
I

I6
32

0. 88
0. 66
0. 59
0. 36
0. 13
0.0I8
0. 000

0
0
0
0
0
0

30

.76

.44

.o1

.002

.00

.00

0. 86
0.5r
0. 31
0. 16
0.04
0. 003
o.00

0. B8
o.6'7
o.32
0.075
0.004
0.00
0. 00

o.92
o.74
0. 53
o.28
0.08
0.007
o. 00

1.00 0.93
0. 96 0. 93
0. 61 0. 78
o.22 0.40
0. 03 0. rr
0.0005 0.007
0. 00 0. 00

o.91 0 .84 0. 60
0. 60 0. 68 0 .31
o.47 C.27 0.15
0.19 0.03 0.009
o.o29 0.0005 0.00
0.0007 0"00 0.00
0.00 0.00 0. c064

n 0. 191 0. 073 0. I54 0 . 153 0. 113 0. 188 0 . 116 0 .088 0. 06 0 .L57L

8.2 4.6 6.9 4.8 6.5 8.9 5.4 3.6 2.6 4.Lô



Ap¡tendix TabLe 30.

TT . xvií .

Proportions of small size aggregates in cìiffer:entJ-y
tilled plots.

Size (nm)
Propo::tion for P-lot (Spring)

D+SC D+CD D+CD+BI, I\,18 IVIB+SC MB+.CD ]\lB+CD.}BL SCD RC

I
2
J

4
5
6
7
8

o.o24
0"023
0. 00
0.035
0. 034
0. 033
o.o32
0. 03

o220. 028
0. 083
0.087
o.021

0
0
0

^
0
0
0
0

.00

.o0

.o29

.o29

.028

.o27

.026

0"00
0.00
o.o72
o.02
0.0I9
0.019
0.018
0. o18

0.071
0. c93
0.076
0.018
0.017
0.017
0.016
0.016

0.09
o..o44
0.071
0.032
0. 031
o.o29
0.028
o.o27

0. 00
0.00
0. 00
0.037
0.036
0.034
0.033
0. 032

0.00
0. 00
o.o42
0.035
0.033
0.032
0. 03I
0.030

0.00
0.064
0.00
4.026
o.026
0. 025
0.024
0.023

0.006
0.00
0.11
o.o'21
o . c'26
0"025
o.o24
o.a2.4

0. 026
o.o25
o.o24
0.023

Tota] 1-5 0.116 0.251 0.O80 0.1.11 O.215 0.I10 0.268 0.073 0.I1.5 0.169

Total- 1-8 C.2IL O.323 0.161 0.166 O.324 0.203 0"352 O.L72 0.I88 O.242

Proportíon for Plot (Surnmer)

0ll1
2

3

4
5
6
7
I

0. 00
o.074
o.00
o.o27
o. 026
o.o25
0.025
o.o24

0.00
0.00
0. 00
0.018
0.018
0.017
0.017
0. 017

0.00 0
0.o28 0
o.026 0
o.026 0
0.025 0
o.o24 0
o.o24 0
0.023 0

0.00
0.00
0.00
0.021
0 .021
o.02
o.02
0 .0I9

0.00
0.023
0. 023
0.026
0.025
o.o24
o.024
0.023

0. 00
o"o21
0.00
o.o27
o.o21
o.026
o.o25
o.o24

0.00
0 .00
o "o77
0.021
0.021
0. 02
o.02
o.02

l_1

06
o29
o28
o27
o26
o25

0.00
o.00
0.00
o.026
o.o25
0. c25
o.o24
0.023

0.019
0, 126
o.()11.
o.o32
0 " 031.
0. 03
0.03
o.o27

TotaÌ l-5 O.I27 0.036 0.105 A.238 O.O42 O.O97 O.051 0.081 0.119 O.2't'9

Total 1-8 0.201 0.087 0.176 0.316 0.1.01 0.168 0.123 0.156 0.Ì79 0.366
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Appendix TabLe 31.. Proportions of smal-l si-ze pores in dif-ferently
tilled plots.

Size (nun)
Proportion for PIot (Spri¡rq)

D+CD D+CD+BL MB MB{-Sc lvtB+CD MB+CD+BL ScD D+Sc P'c

0
0
0
0
0
0
0
0

I
2
3
4
5
6
7

I

00
133

0. I33
o.278
o.2L2
o.o24
0.023
0.021_
o.02
0. 019

0. 109
o.2I7
0.00
0.031
0.03
0.028
o.o27
o.026

0.035
0.037
o.o77
0.098
0. 087
o.o77
0. 068
0.06

0.00
0 " 031_

0. o32
o.l-44
o.I22
0.103
0.087
o.o74

o "o72
0.167
o.085
0.08
o.o1.
o.062
0.055
0. 048

0"00
0.l_71
0.00
0.071
0.065
0.059
0. 054
0.049

0. 113
0.I13
0. 064
0.054
0.05
0. 046
0"043
0. 039

t1
I2
10
08
o7
06

2

1
5
1

0. 021
o.L27
0. 17I
0.069
o.62
0.056
0.05
0.045

0.00
0. r38
0. t.t
0. r1
0.094
0. 0B
0.068
0. 058

Total 1-5 O.466 O.67 o.387 0.334 O.329 0.45 o.474 0.307 0.394 o.452

Total 1-8 O.682 O.73 0.468 0.539 O.593 0.601 0.639 O"469 O.522 0.658

Proportion for PIot (Sunmer:)

I
2
3
4
5
6
7

I

0. 1I6
o.22I
o.00
0. o78
0. 069
0. 06r
o. 053
o.o47

0. 055
0. 189
0.063
o.252.
O. 16I
0. I02
0"065
0. 041

o.o77
0. 186
o.L22
0.089
0.076
0.065
0. 056
0. 048

o.I42
o.344
0. I54
0. 055
0.046
0. 039
0. 033
0.028

0 .00
0.045
o.r77
0. 173
0.134
0. 105
0.081
0.063

0.073
0.00
0. 00
0.143
0.121
o.ro2
0.086
0.073

o.026
0. 378
0.00
o.I24
0.098
0.078
o.062
o.o49

o.162
0. r57
o.226
0.187
0.1r
0. 065
o. 039
0.023

0"396
o.235
0.057
0. 158
o. 078
0. 039
0.019
0. 009

0"116
0. 211
a.21.2.
0. 14
0.09i1
0.068
0.04'i
0.033

Total 1-5 O.484 O.72 0.55 O.74L O.529 0.337 O.626 O.842 o 924 O.711

Total 1-8 0. 645 0.918 O.7L9 0. 841 O .778 0. 598 0. 8I5 0. 969 0. 991 o .92.5
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Appendix Tabl-e 32. Entropies (H) in differently tilled plo't-s"

Plot
H (spring)

Replicates Mean

H (Sunmer)

Replì-cates Mean

D

MB

D*Sc

D+CD

D+CD+BL

MB+CD

MB+CD+BL

Sc

RC

0.319

o.266

0.253

o.206

o.2L7

0. L80

o.276

o.296

o.272

o.264

o.207

o.242

0.189

o.L79

0.230

0.320

0.328

o.2L5

0. 187

o.245

0.263

o.254

o.22L

0. r93

o.224

0.250

0. 302

o.256

o.229

0.255

o.232

0.303

o.L72

0.360

0. 153

o. 132

o.25L

o.t72

4.238

0. 351

o.242

0. I55

o.284

0.208

0. 200

o.2a7

0. 136

0.26r

0. 136

o.3L2

o.23'7

o.229

o.284

o.L77

o.2IO

o.L94

o-216

0.187

0.331
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Appendix TabLe 33.

II.xxi.

I¡:ternal structures of tilled rotation plots
(1976 - replicate a). Valu.es of P(0) are the
probabilities of a 0 following sixteen possible
precursors.

Precursor
wF (vü) vùF (w) wF (w)

P (0) for Plot

WF (W) I^¡PF (F) WPPF (F) !ilPP (P) cW (W)

0000
0001
0010
0011
0100
0101
0110
01.11
1000
1001
I010
1011
1100
1r01
1110
1111

0.905
0. 000

*
0. 000

tk

*
*

0. 063
o.667
o. 000

*
0. 000
o.429
0.000
0.875
o.o52

o.65',7
0.000

1.000
0. 250
o. 857
0. o00

*
0. o00
0. 875
0. 000
0. 875
0. 043

754
000
000
100
000
*

0. 640
o.l-67
I.000
0.118
0.000

*
1. 000
0.111
0. 750
0. 000

*
0. 000
0. 706
0.000
0.833
o.o27

o.796
o.286
0. 57r
o.I77
I. 000
0.333
0.800
0. 143
0.563
0.333
1. 000
1.000
0. 850
1.000
1.000
0. 071

o.827
0.000

*
o.067

*
*

1. 000
0. 069
o.667
0.000

*
0. 000
0.900
0. 000
0. 966
0. 087

0.783
0. 105
l. 000
o -L67
1. 000
0. 000
0.750
o.L67
0. 684
0. 000
0. 000
0. 000
o.944
0. 500
0. 889
o.o42

0. 56,5
0.000

*

0. 063
o.727
0. 000

*
0. 000
0. 846
0. 000
o.929
0.021

00

*
I25
*
*

0 0.0
*
*
*

0,
0.
l-.
0.
I.

0.
0.
0.
0.

600
177
800
071
*

o.222
0. 500
0. 000
0.78I
0. 054
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Appendix Table 33 (continued). 1976 replicate b.

Precursor
wF (F) !ùF (F) wF (F)

P(0) for Plot

vrr (F) wpF (F) wppF (F) wpp (p) clr(w)

0000
0001
0010
0011
0I00
0l0r
0110
OIlI
1000
100]
1010
1011
1100
1101
I110
1r11

o.772
o.o44
I.000
0.290
1. 000

*
0. 889
0. 136
0. 913
0.000
1. 000

*
0.690
I. 000
0. 955
o.089

0.805
0.067
1. 000
0.238
1. 000

*
t. 000
0.056
0.533
0.000

*
0. 500
o.667
0.000
o.778
o. o50

0.841
0. 000

*
0. 000

*
*
*

0. 063
o.714
0.000

*
0.000
o.77I
0. 000
o. 563
0.052

0.909
0.000

*

0.000
o.667
0. 000

*
0. 000
0. 333
o. 000
0. 643
0. 041

0. 798
0. 087
1. 000
0. r36
1. 000

*
1. 000
0.000
1. 000
0. 000

*
*

0. 950
*

I.000
0. 115

0.871
0. 000

*
0. 071

ìl
*

1. 000
0.143
o.696
0.000

*
0.000
0.821
0. 000
o.929
0. 067

0.760
0 .1.00
1. 000
o.167
I.000

*
750
o44

500
00c
625
059

.615

.000

.000

0
0
1
0
0

o44
000
*.

000
*
*
*

o

0.
0.
0.
0.

o
0
0
0
0

00
00

00

6
0
*
I

1. 000
0. 000
0.895
0. 143

*
*

0.760
*

t. 000
0.040
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Appendfx fable 31 (continued) 1977 repJ.icate a.

Precursor
P (0) for Pl-ot

WF (F) vft'(F) I^IF (F) v¡r'(F) IfPF (F) WPF (F) WPPF (F) WPPF (F) wpp (F) cW (vr)

0000
0001
0010
00r1
0100
010r
0I10
011I
r000
1001
10I0
101r
1100
1t0I
1110
I 111

o.892
0. 000

*

1. 000 l.
0.231 0
1.000 0
0.000 0

*
*

o.920 I
*

1.000 I
0.087 0

0. 000
*
*
*

o.L67
1.000

*
*
*

1.000
*

I.000
o.o23

.927

.000
*

.000
*
*
*

.000

.000

.000
*
*

0. 875
*

1.000
0.035

o.922
0. 182
I.000
0. 000
I.000

*
*

o.9L7
0.000

*
0.182

*.

*
1. 000
0.083
o.727

*
*

0.000
I.00,0
0. 000
0"786
0.030

*
*

.000

.000

1. 000
tr

1.000
o.o29

*

*
0.000 0
1.000 0
0.000 0

t1

0.000
0.857
0. o00
o.923
0.036

*
*

1.000
o.046 0
I.000 l
0.000 0

*
0. 000
0. 909
0. 000
0. 909
0. o54

0. 916
o.222
1.000
o.L25
0. 500

*

o37
*
*

0

0.93I O.7877 0.94I 0.846 0.902 0
0. 000 0. 000 0. 000 0 . 000 0.000 0

¡t****
0.235 0.000 00 0.091 0

*
.000
.000
.778
,000
*
*

.000
*

. o00

.o44

.000

.941

.000
*
*

000
769
000
*
*
917
*

1.000
0.034

0.0
*
tt

*
0.
0.
0.

867
¡t

*
,t

I
0
0

0.950
*

1. 000
o.o42
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Appendix Tabl-e 33 (continued) L977 repLicate b.

Precursor
P(0) for plor

wF (Ì/t) vrF (w) v¡r'(w) vtF (W) I{PF (F) t\¡PF (F) wppF (p) wppF (F) Wpp (p) cvt (w)

0000
000r
0010
00r1
0100
0101
0110
01r1
1000
I001
1010
101_1
IIOO
110r
It10
1l_11

0. 819
o.l-29
1. O00
0. 067
1.000

*
1.000
0. 000
0. 903
0. 000

*
0. 000
0.900
0. 000
o.966
o. 076

0. 911
0. 040
1.000
0. 280
1.000

*
1.000
0. 111
0.783
0.000

*
*

0.880
*

t. 000
o.o44

0. 857
o.L67
1.000
0.000
1.000

*
*

0.059
l_. 000

tr

*
0.000
1. 000

*
1.000
0. 039

0.000
*
*
*

0.125
0.857
0. 000

*
*

0. 875
*

1. 000
o.o44

0. 000
*
*
*

0. 115
0. 909
0.000

*
0. 000
0.880
o.000
0.893
0.061

00

*
0.036
0.8I0
0.000

*
0.000
o.875
0 .000
o.923
o.067

0.000
0.875

1.000
0. 097

o.82.9
o.o€,7
I. 000
0.000
1.000

*
*

0. 000
0.933
0.000

*
0. 000
0. 933
0. 000
0. 882
0. 049

0.953
0.000

*
0.000

*
*
*

0. 000
1 .000

*
*

0. 000
1. 000
0. 000
0.7s0
0.018

o .932 0.882 0.897 0
0.000 0.000 0.000 0

**.*
"927, O.844
.000 0.000

*
0.000

*
*
*

0.000
0. 938

*
*
*

1.000
*

1.000
0.050

0.0
*
*

0

*
.000
*
*
*

*
*
*

I.000
*



Appendix Tabl.e 34,

II . xxv.

Internal structures of tilled rotation p1ots. Mean
values of occurrence probabiliti.es (Ui) for sixteen
possible four element precursors.

Precursor
Ui for Plots (1976) Ui for Plots (L977)

vüF VIPF WPPF I/üPP CVü VÍF WPF VIPPF WPP CW

0000
0001
0010
OOII
0100
0101
0110
0111
1000
I001
10I0
1011
1100
1101
11r0
r11t

0. 063
0. 023
0. 0009
0.036
0. 002
0. 00
0.006
0. 04
0.023
0.014
0. o01
0. 0I0
0.035
0.011
o. 04
o.696

o.222
0.057
0.012
0.051
0. 0rl
0. 002
0.010
0. 043
0.057
o. 005
0.0018
0.0016
0. 052
0. 001
0. 043
0. 430

0. 182
o.04
0. 00
o.o41
0. 00
0. 00
0. 003
o.046
0.04
0.007
0. 00
0. 002
o "o47
o. oo2
0. 046
o.536

o.076
o.o27
0.003
0.033
0.003
o.oo27
0.006
0.038
0.o27
0.009
o.oo27
0. 0r1
0. 033
0.011
0. 038
0.680

0. 039
o.02
0 " 0004
0.025
0. 0004
0. 00
0. 0005
0.025
o.02
0.005
0. 00
0. 0009
0. o25
0. 0009
0.025
0. 8I3

o.26
0.031
0. 002
0. 031
0. 002
0.00
0.003
0. 028
0.03I
o.002
0. 00
0.000I
0" 031
0. 0001
0.028
o. 55

o.224
o.o27
0.00
0.03
0.00
0.00
0.00
0. 032
o.o27
0. 003
0.00
0. 002
0. 03
0. 002
o.o32
o.592

o "284
0.030
0. 00
0. 031
0"00
0. 00
0. 0007
0. 031
0. 03
0. 0017
0. 00
0. 0007
0.031
0 " 0007
0.031
o.527

0.182
o.026
0. 003
0. 025
0.003
0.00
0. 00
o.o?.'7
0.026
0. 002
0. 00
0 " 0016
0. 025
0.0016
o.o27
0. 650

0. 197
0.015
0.00
0.015
c. 0c
0"00
0.00:1.
0 " ol.8
0.015
0.00
0. 00
0. 004
0" 015
0,004
0. 0I8
0.70



Appendix Tabl-e 35.

If . xxvi.

InternaL structures of til_led rotation plots
that were under fallow (COn¡, pasture (COp), and
wheat (COw¡ in previous season. Mean values
of P(0) are the probabilities of a 0 following
sixteen possible precursors.

Precursor
P (0) - r9t7

coP

P(0) - l-976

coF cowcoF cow

0000
0001
0010
0011
oI00
0101
0It0
0111
1000
1001
1010
1011
1100
1I0t
1110
111r

0. 904
0. 028
1.000
0. 081
0. 500

*

0. 884
o.041
I. 000
0. 000
1. 000

*
*

0. 025
o.872
0. o00

*
0. 000
0. 934
0.000
0. 950
0. 060

0. 898
0.056
1.000
0.088
I. 000

tç

I.000
0.063
0.878
0. 000

*
0. 000
o.943
0. 000
0. 9r7
o.042

o.824
0. 071
0.893
0. I19
o.875
0. 333
o.79L
0.08
0. 634
0. 056
I.000
0.375
o.793
o.4r7
0.894
o.076

.665

.o2r

.000

.083

.250
*

.825

.091

.79

.045
*

0. o28
0.715
0. 00
0. 903
0. o37

1.0
0.0
0.9
0.0

*

00
55
49
00

0
0
I
0
0

0
0
0
0

0.000
0. 939
0. 000
o.979
0. 043



TT. xxvii.

Appendix Tabl-e 36. fnternal structures of tilled rotation plots
that were under fa1low (COF) , Ijð,sture (COp) ,
and rvheat (COW¡ in previous season. Iúeen
values of occurrence probabifities (Ui) for
sixteen possible four element precursors.

vi - L977

coP

ui - 1976
Precursor

coF cow coF COi.I

0000
0001
00I0
0011
0100
0101
0110
0111
1000
100r
1010
1011
1100
110I
1110
111I

oo7
045
o42
01
003
004
o46
006
045
544

o.26L
o.026
0. 0007
0. 028
0. 0007
0.00
0. 002
o. 026
o.026
0.002
0. 00
0.0005
0. 028
0.0005
o.026
o.572

o. 238
o.o32
0. 0013
0. 033
0. 0013
0. 00
0. 00
0. 034
0;032
0. 002
0.00
0.0017
0.033
0. 002
0. 034
0.557

0.231
o.o27
0. 0015
o. o27
0.0015
0. 00
0.002
o.o27
o. o27
0. 002
0. 00
0. 002
o.o27
0. 002
o.o27
0.597

.15

.o42

.004

.048

.006

0"051
o.o22
0.0009
0.030
0. 0009
0. 00
0.003
0.031
o.o22
0.009
0. 00
0. 003
0.03
0.003
0. 031
o-762

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0004
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Appendix Table 37 " Aggregate size distributiorrs in t-ilths of
permanent rotation plots as expressed by the
proportion lar:ger than X mm.

x
Proportion - 1976

liPF tr{iPPFWF lIPP CW

0.99
0.96
0.91
o. B0
0.63
0. 39
0. 14

.89

.77

.65

.53
2É

.16

.03

0
0
0
0
0
0
0

"00
.93
.77
.56

.08

.006

I
0
0
0
o
0
0

80
65
55
37
L7
o4
o02

0
o
0
0
0
0
0

950
0
0
0
0
0
0

1
2
4
8

16

64

29

.83

.70

.57

.38

.16

.031
32

Mean aggregate size 17.3 9.0 13.8 L6.4 34 -r

Proportion - 1977

I
2
4
I

16
32
64

0
0
0
0
0
0
0

.93

.85

.74

.6r

.041

1. 00
1. 00
0. 91
o.7 4
0. 48
0. 20
0.037

0.89
0.89
0. B5
o.72
o.52
o.26
c. 069

.00

.93

4I
19

1
0
0
0
0
0
0

87
79
65
44

.20

00
98
91
7L
44
L7
o2

I
0
o
0

I
0
c

Mean aggregate size 19.3 ?1.5 t9.4 24 -5 40.00



Appendix Tabfe 38.

II.xxi>¡.

Pore size distributions in tiltlis of per:rnernent
rotation pJ-ots as expressed by the proportion
larger than X mm.

X
Proportion

VIPF

- L976

I^IPPFWF I¡TPP cw

1
2

4
I

I6
32
64

.77

.48
0
o
0
0
0
0
0

23

0. 95
0. 87
o.54
o.22
0. 036
0. 001
0. 00

0.95
o.82
o.47
o.25
0.066
0. 004
0. 00

0.73
0.54
o.27
0..10
o.L2
0.0002
0.00

o"97
o.76
o .37
0.04
0.001
0.0c
0. 00

08
OT

0002
00

l4acroporosity 0.171 0.408 0. 319 0. 188 0.111.

Mean pore size 3.6 6.2 6.5 3"9 4.2

Proportion - J-977

I
2
4
8

16
32
64

0. 99
o.94
o.75
o.47
0. 19
0.03
0. 001

0. 93
0. 83
0.68
0.43
0. l_7

o.o27
0.001

0. 98
0.93
o.79
o.52
o.22
0.04
0.0014

o.95
0.88
o.66
0. 39
0. 13
0. 016
0. 0002

o.78
0. 78
0.63
0.48
o.28
0. c96
0. 011

Macroporosity o.357 0. 313 o.377 o.267 o.245

Mean pore size 10. 7 9.8 11.7 8.9 13. 0



ïf . xxx.

Iippendix I'abLe 39 . Proport.ion of srnall size aggregates in tifths of
pernì¿inent r<¡tation p1ots.

Plot Size

4

(I97 6) rnm

56
1¡'¡1.:.-rJ_

t --1;

Toi:¿rl

I-BI ..)
3 l Õ

t{F
WPF

I,IPPF
WPP

cvù

0.048
o.202
0.00
o. tr
0. 014

o. 121
0"146
0. 066
o -I23
0. 021

0.088
0. 046
0. 099
0. 0Bl
0.030

0.034 0
o.046 0
0.055 0
0"031- 0
0.026 0

0. 031
0.03tJ
o.04'Ì
0.028
0. 025

0.038
0. 056
o.064
0.034
0.028

0.036
0.051
0.059
0.033
o.o27

rl'ì t
.o42
.05t.
.o29

o " _'ì,3i

0. 501
0. 288
0 - 381_

o "1.2.026

o. 428
o .627
Q . ¿iLl

0"469
o.I91

Size (1977) nm

I47F

WPF

WPPF

tr{PP

CW

0. 066
0.00
0. 00
0. l1
0. 00

0.087
0.00
0.023
0.00
0. 071

o.074
0. 038
0. 011
0 .00
0. 039

0. 036
0 .05
0.057
0. 037
o.o2L

0.035
o.o47
0"054
0. 035
0.021

0.033
0.045
0.051
0.034
o.02

0.032
0. 043
0 .048
0. 032
o.02

0.03
0. 04
0.045
0.031
0.019

0 "2ç)8
cr.135
0.145
0. l-B2
0 .152

0.393
o.263
r).289
o "2-/9
ù.2I2.

Appendix Tabl-e 40. Macroporosities in tilths of permanent rotation ¡r1ots -

Year
plot

wF (W) vn'(w) vIF (w) vs¡'(w) V'IPF (P) wPl'(P) WPPF (P)'dl,Pir (P) h?P tI') ,-.-vt (vr)

r971
I916

0. 341
o. 353

o.397
0.184

o.296 0.366 0.31
o.134 0.o94

0.343 0.423 0.391_ o.254
0. l.4B

^ 
rqo

0. i49

Iv¡'(F) I^IF (F) vrF (F) wF (F) wPF (F) vrPF (F) WPPF (F) VJPPF (P) I^]PP (P) cW(I^7)

I977
L976

o.499 0.369 0.333 0.27I 0.356 0
0. 169 0. I8I 0. 168 0.089 0 .448 0

236 0 .37 0.324
368 0.328 0.3I1

0.28I O.2i
c.229 0.074

Appendix Tabfe 4L. Ent.ropies (H) in tilths of permanent rotation
plots (1917) .

PIot
vm'(W) vm(w) wF(w) wF(T/q) WPF(F) hlPF(P)WPPF(P)WPPF(P) I^IPP(P) CI^I(!.¡)

o.43 0.352 0.297 0.29L O.372 0.369 0.34i 0.309 0.327 0"162

vlF (F) WF (F) I^IF (F) WF (l-) WPI' (F) vúPr (!-)WPPr (¡') WPPF (F) I4PP (P) cI^I (tr)

0.401 0.327 0.208 0-269 0.244 0.283 0.334 0.246 0.259 0.25J
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APPENDÏX TIT

Appendix III goes mainly with Chapter 6. It contains

temperature (oC) at depths (5 and t0 cm) within differently tilled

plots. The temperatures were coll-ected in JuIy 1976 (I^Ii.nter) for

eight days, October 1976 (Sprinq) for five days, and January I9't7

(Sununer) for three days. The data for the three periocls are

placed in three tables respectively. Each of the tenperatures is a

mean for three replicates.

Glossary

Plc¡ts that were tilled with disc plough, disc plough foLl-owed

by scarifier, disc plough followed by combine drilt, mouldboard plough,

mouldboard plough followed by scarifier, mouÌdboard plough followecl

by conbine drill, scarifier, and rotary cultivator are designated by

D, D*Sc, D+CD, ¡48, MB+Sc, MB+CD, Sc, and RC respectively.

Tt = Temperature in tilted soil (oC)

Ta = Air temperature (oc)

N.A. = Data that are not available

BL = Barley crop



trr. ii.

Appendi.x Tabl-e 42. Temperatures (TtoC) in d-ifferently tillerj
plots in winter.

Plot Depth
(cm¡

Time (July 7th)

0900 1200 1500 IB00 2100

Time (July Bth)

0600 0900 1200 1500 1800 2400

5.5
6.8

D

6.0
6.7

5
t0

5
D+Sc l0

DI-CD

10

MB+Sc
5

10

MB+CD
10

5
10

5
10

I1.4 13.0 10.
I0.3 11.6 10.

5 7.6
3 8.7

.7 9.7 7 .r

.5 9.8 8.3

.8 9.4 7-2
8 9.5 8.I

3.5
5.9

4.6
5.9

9.9
8.5

8.9
7.7

9.4 L
6.6 r

L4
T1

13
l0

4
9

5
7

T4
I3

13
II

.4 8"4 5.1

. 0 9.5 7.8

.6 8"6 6.2

.5 9.r 7.6

5
10

11.I 12.6
9.4 t0.B

5.9 11 .6 L2.8
6.3 9.4 10.8

10.
10.

9.8
9.7

9.2
9.3

7.6
8.4

3 6.8
I 7.s

5.0
7.8

8.5
9.4

MB

3.5 I
5.8 7

4.3 75

6.L 7

.9 L4"0 13.7

.5 I0. 6 rr.8

.5 12 .6 i2. E 10. i

.7 10.9 .tì.9 l-0.3
6.3 11.0 17.6 10.6
7.O 9.8 11.0 10.3

12.9 l-4.3 9.7
9.3 10.9 10.1

6.3 11.4
6.9 10.1

tl-.7 L2.8
IL.L L2.2

.2

.7
II

9

7.3
6.5

7.3
7.7

7.4
7.r

8.0
8.9

6.7
8.4

7.3
7.6

2.9
5.5

3.6 7

5.7 7

5.0 7
6.1 7

4.9 7

5.4 7

6.0 16.8
0. 2 'It. I

ct?
tc. I

(;" 5
{1" 3

6 5.9
0 8.0

6.5
7 .'t

5 I2
11

l1
t0

.4 13.3 14.3 I 0" L 't .4

.1 10.8 l-I"2 9.9 N.A.

.9 I2.1 13 . 3 9.

.7 I2.I I2.t 10.

.I 13.3 14.1 10.3

.0 11.9 13.4 l_0.3

Sc

RC 5.7
6.5

Mean 6.6 10.6L2.3 9.A 7.7 4.8 7.9 I2.3r3.1 9.5 6.8

Ta 12.5 L7.9 18.0 14.0 13.0 4.5 6.0 L7.5 18.0 16.5 6.5

Tt-Ta -5.9 -6.9 -5.7 -4.2 -5.3 0.3 1.9 -5.2 -4.9 -7.O O.3
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Appendix Tabfe 42 (continued).

Plot Depth
(cm)

Time (JuIy 9th)

0600 0900 1200 1500 1800

Time (JuIy l0th)

0600 0900 1200 1500 1800

D
5

10

10

5
10

5

10

5
10

5
10

5
10

13. I
T2.T

II.2
10.9

2.9 5
5.5 6

3.8 5. 9
5.7 6.8

.6 I2.7

.5 11.0
5.7
6.6

aa

5.6
8.3
9.2

4.3
5.7

l-3.2 14.O
11. 3 12.3

6.L 12.4 L3.2
6.5 10.6 r1.5D+SC

D+CD

MB+Sc

MB+CD

tr

10
4.L
5.7

r.8
5.8

4.3
5.8

15.2
9.4

6.1
6.4

7.7
5.9

12.3 L2.6
10.1 1r.2

L2.5 L3.4
10. 0 11.4

8.4
9.2

8.5
9.5

r0.5
10. 3

N.A.
N.A.

5 N.A.
N.A.

2.6 N.A.
5. 0 N.A.

12 .9 16.8
9.8 8.4

10. 9
10. 7

¡iIB
5.9
6.6

3.6
6.0

6.4
6.5

8.0 11.8 14.0 I0.3
7 .O 9.2 l-3. 7 10. 1

3.9
6.3

12.0 N.A.
11.0 N.A.

3.9 7

11.5
10.1

13. 3

11. 3
ro.3
10.7

11.4 13.4 11.6
10.0 1I.5 11.0

L4.9 9
lI.4 10.

4
7

7.
6.

2.9
5.r

3.4
4-8

7 I4.7
0 9.1

II. B

ro. 6
L4.7
TL.2

7.9 r0.3 1r.4
9. 4 10.8

.9 rr.7 l-3.0 10.5

. 8 10 .5 I2.4 10. 3

9. 9 r1.5 rl. 7

8.6 10.1 11.0

.5 10.3

.8 9.3

.8 14.4 15.8 11.2

.7 12. t 14. 3 lL. 0

9.6
9.86.8

4.3 7

Sc

RC

5.6 7

4.2 1

5.1 74.9 6

Mean 4.6 6.8 11.L L2.5 9.6 4.4 6.7 rL.2 L2.5 11.0

Ta 3.5 7.O l-7.0 18.5 16.0 N.A. N.A. 17.0 18.0 14.5

Tt-Ta 1.1 -0.2 -5.9 -6.0 -6.4 -5.8 -5.5 -3.5



f II . ir¡.,

x Tabl-e 42 (continued)

PIot Depth
(cm)

Time (JuIy f2th)

0600 0900 1.200 1500 1800

Tjme (JuIy 13th)

0600 0900 1200 1500 1800

5 9.7
6 9.95.0 6.0 I

o 9"23.4 4.8 9
B 9.85.2 5.7 I

.7 11.

.9 I0.

.2 IL.

.1 9.

.3 10.0 11"8 9.4

.7 8.1 10.0 10.0

8.6 1r. I 10.2
8.2 9.8 9.7

.6 t2.4 10.1

.7 9.1 9.3

.5 11.6

.3 9.4

10.7
9.6

2.4 4.5 9

3.3 4
5.3 5

2.6 2.8 9
5.9 5.8 9

2 TI.5
5 r0.4

L2.O 9.9
I0.6 10.3

11.8 9.
10.8 10.

6.8 I
8.1 I

7.4 I
8.2 I

N.A.N.A.
N.A.N.A.

7.3 N.A.
8.1 N.A.

7.1 N.À.
7.9 N.A.

7.2 N.A.
7. 7 N.A.

5

10

5
t0

10

D

9.6
9.8

4
3

9.7
0.1

.0 11.1 10.9

. 1 I0 .2 LO.6
D+Sc

D+CD

MB+Sc

I{B+CD

Sc

3.5
5.5

4.4
5.1

3.0
5.4

10. 1
10. r

I0.6 Il.7
10.3 lo.7

6.7
8.0

7.2
7.4RC

5

5
IO

5
10

5
10

5
10

5
IO

MB

1.3 3.5 9
4-3 4.1 7

L 9.2
o 9.6

6.3 8
7.5 7

11.3 1r.1
9.6 9.5

3.0
4.8

8.7
9.4

9.3
9.2

4.I
5.2

3.2
3.9

.5 12.6 12.

.5 9. B 11.

9.9
9.7

8.6
9.0

9.l.
9.4

.3 11.8

.2 lr.r t
11
10

10.
IO

9
5

10.7
9.7

11.1 ]t.
10.9 11.

5 9.5
6 9.9

7.7
7.A

Mean 7.4 8.0 10.7 l-L.2 9.7 3.8 4.6 9.I 10.6 9.5

Ta 8.0 9.5 L2.0 13.0 10.5 N.A. N.A. tI.O 13.O L2.5

Tt-Ta -0.6 -1.5 -1.3 -1.8 -0.8 -L.9 -2.4 -3.0



lll. . v.

Aalendix Tabfe 42 (con'tinued) .

Plot Depth
(cm)

Time (J'uly 14th) Tine (JuIy 15hh)

0600 0900 1200 1500 1800 0600 0900 1.200 15oo 1so0

ô1

9.5

9.1
9.2

Ò'l

9.3

qq

9"5

9.4
9.2.

ri. B

9.8

10"4
9.9

5.9 6.1 8.7
7.3 7.5 8.8

9.3 10.1
8. 7 9.6

9.0
9.3

9.1
9-6

9.8
9.3

9.8
9.3

8.6
8.0

9.0
8.2

8.5
8.3

8.7
8.5

6.9
7.3

5.9
6.4

5.9
6.6

5

t0

5
IO

5

D

D*Sc

D+CD

MB*Sc

MB{.CD

lo.3
9.4

.5 11.

.1 8.

.2 10.9

.2 9.2

.8 10.2

.6 9.4

LO.2
9.5

10. 6
9.5

9. l_ 10. I
8.4 9.7

9.0
8.6

9.3
8.4

6.5
7.2

8.8
9.0

6.8
7-2

6.8
?R

N.A.
N.A.

6.2
7.2

6.2
6.3

7.O
7.4

6.8
6.7

5.4
6.5MB

5.5
7.O

7.O
7-5

6.1
7.r

6.8
7.4

6.8
7"r

6"1
7.3

6.6
7.3

10

5
10

5
IO

5

10

5
10

5
10

9 "'I
9.4

8.9
8.5

9.1
9.1

9.l_
9.3

6.1
7.2

9.3
qrr

8.8
8.4

6.8
7.L

6.5
7.O

I 8.I
9 8.6

ö. aJ

8.9
9.0
9.1

6.6
6.9

9.1
9.1

8.4
8.9

9.1
9.1

8.7
8.7

5.4 7.r 9
6.6 6.8 I

5.5 6.6 I
6.4 6.9 I

6.0 7.O 8
6.8 7.4 I

9.9
9.4

8.7
8.4

6.7
6.9

5.1
6.3

Sc

RC

Mean 6.0 6.9 8.5 9.8 8.8 6.6 7.O 8.8 9.8 9.1

7.5 8.5 11.5 13.6 11.0 8.5 8.5 10.5 1I.O 10.OTa

Tt-Ta -1.5 -1.6 -3.0 -3.8 -2.2 L.9 -1.5 -1.7 -I.2 -0.9



III.vi-.

Appendix Tab-Le 43. Temperatures (TtoC) in d-ifferentl-y tilled plots
in Spring.

Plot Depth
(cm)

(October 18th)
1800 2100

Time
(October lgth)

0300 0600 0900
(Octol¡er 20th)

L200 1500 1800

5
10

5
1.0

5
10

5
10

5
10

5
10

5

D

MB

13
13

3
5

11
11.

10
L2

3
5

6
5

7.8
8.5

7.3
8.3

6.1
4.7

8.6
9.5

6.6
8.0

7.7
8.1

6.7
1.3

7.9
8.5

5.9
6.6

5.6
7-1

5.6
7.5

6.7
1.r

6.3
7.A

6.3
7.O

11.0
l.O.2

10. 4
9.5

11 .0
9.6

10.4
10. 5

11.8
9.3

16.8
15. 5

L7 .6
l-4.4

lw.6
17.3

18.7
14.2

20.5
L5.2

20.8
16.0

1Ê- .0
15 .8

5

3

I6
I6

D+Sc

D+CD

D{-CD+BL

MB+Sc

MB+CD

MB+CD+BL

13.3
13. 3

L2.9
13. 5

13. r
13.0

11.8
12.6

()

10.

13. 7

l-3.4

12.9
13. I

L2.9
13. I

6.3
7.3

18. 1
15.8

l-6.7
l-5.4

5.3
7.5

9.4
L2.O

12.T
9.9

6.8
7.5

18
I4

2

7

L7.3
r5"8

1.6 .4
15.5

r5.6
L4.3

L4.2
14 -2

14.6
14. 3

-7 "4
16.1

L7.I
L6.4

16. 3

I5. i
'l'7.?z

t6. 9

5
9

5
9

16. r
15 .8

r7 .8
I5.5

l-6.4
15 .1

18.5
L6.7

16. I
16.0

15. B

t5. 3

Sc 5
10

5
IO

L2.7
12.8

12.2
L2.8

9.
L2.

10. 7
11. r

10.4
L2.O

10. 0
1r.1

6.4
9.0

9.2
11.5

IO.7
8.I

9
I

10

5

10
13. 0
13.6

7.2
8.0RC

10
10

7.r
8.4

10.7
r0. 4

I7 .2
lÉ.r. 5

L2.L
11.1

tB. i
L7.6

15
15

I5
16

3
)

9
t

Mean 13. t 1r.0 7 .A 6. I 10.6 L7.O 16"7 15.8

Ta N.A. N.A 9.5 B. 5 10.5 17.5 18.5 18.5

-L.7 -I.7 0.1 -0.5 -l-.8 -2.7Tt-Ta



l-_11 . vrr.

Appendix Tabl-e 43 (contintted) .

Plot Depth
(cm)

Time (Oc'bober 2tst)

0600 0900 1200 1500 1800

Time (October 22nd)

0600 0900 1200 1500 1800

D
0 15.8 I
6 t4.4 L

10. 3
10. 9

MB

5
IO

5
10

5
10

5

11.
1r.

LO.A 14.6 20.7 20. I 17 . 5
1I.0 13.8 18.3 19.6 L7.8

ro.2 L4. I 19 "2 22.4 l-B.2
10.5 12.8 16.7 18.5 L7.7

15.3 20.-
L2..9 11 "2

10.6 13.3 17.3 16 .2 L4.6
10.8 13.3 16.5 16.7 15.0

10. t 16 .9 22 .5 2I.8 17 . I
10.4 13.8 I8.5 19.4 17.5

L5.7 2I.9 22.9 I8.0
L2.7 16.4 IB.8 17.5

I5.9 20.6 2I. 5 18. O

I3.2 L6.6 19.3 17.8

6.8 l-4.9
5.7 l-5.2

10.3 15.0 1.8.1 19.6 t_6.8
10.8 14 .3 17. 8 19 . I 1.6.8

8.7 19.6 1? .0
7.0 I8.9 l-'t .l

10"9 15-2 LA.6 2I.l l_8.9
11.4 13.9 16.1 18.s 17.5

9.9 15.4 L9.3 20.8 18.i
1I.7 13.7 1,6.3 18 "4 17.6

10. 6 13 " 3 15 .7 l-6.3 14.6
11.2 13.3 15.6 16.4 15.1

15.5 20 .4 2I.0 17.8
13.5 17. r_ 18 .7 17 .4

9.9 15 .2 I9.9 2l-.7 18 " 0
ll-.1 13.0 15.8 18.O I7.4

It).4 I4.9 L9"5 20.7 I?.8
11.9 13.1 16.0 18.0 17.5

10.2 13.0 16.4 17.l 15.3
IO.4 12.9 15.9 16.8 15.0

to.7 r3.8 18.0 19.4 L7.L
1r.4 13.8 r7.1 r8 .7 L6.9

LO.1 L4.9 19.I 20.1_ 17.5
11.4 13.9 17.6 18.7 17.4

D+Sc

D+CD

D+CD+BL

17 .8
17.6

2I.8
19.4

9"5
10. 9

IO

MB*Sc

MB+CD

MB+CD.}BL

5
l0

5
to

5
10

5

10

9.7
10.4

.I

.21t

10
IO10

6 13.7 L9.2 L
6 13.6 15.8 I

4 I5.9 I
8 15.O r

5Sc

RC

10

5
10

10.
10.

9.6 20.9 16.9
7 .8 18.9 16.8

Mean 10.5 14.3 18.6 L9.5 17.0 10.9 I4.L 17.6 1.9.0 t?.t

Ta 13.0 15.0 18.0 l_9.0 18.0 L2.O L4.0 16.5 1S"0 17.5

-2.5 -O.t 0.6 0.5 -1.0 -1.1 0.1 1.1 1.0 -0.4Tt-Ta



III . viii.

Appendix Tabl-e 43 (continued) .

P1o'b
Ðepth

(cm)

Time (October 23rd)

0900 1200 1:;000600 1800

D
5

IO

5
10

5
10

5
10

5
IO

5
IO

5
t0

5
IO

5
l0

5
IO

MB

I1
11

1I
11

10
T2

2

9

I
6

2

0

16.4
I4. 5

16. 5
l-4.6

L3.7
13 .8

18.1
15.0

L7.9
1s.5

17.o
l-3.2

22"4
l-9.7

2I-7
L8.2

22.2
l-8.8

20" I
20.7

23.2
20.9

23.5
20.1

L7.2
I8. 0

23.L
2I.l

24.',]
20.3

23.6
20.5

2L.9
20.9

22.9
20.8

L7.4
18"3

19. I
18"4

D*Sc

D+CD

D+CD+BL

MB+Sc

MB+CD

MB+CD+BL

L8.2
18.2

10. 7
11. 3

10. 7
II.2

10.5
1r.4

18. 3
18. 0

14.8
L5.1

24
18

24.6
2L.2

22.7
r8. 5

27.7
11 -5

2L.3
20.o

22.O
20.3

17.7
17.9

1"r.g
:t-8 " 3

6
5

to.7
12.T

10. 3
10. 5

t1. r
11.6

r1. I
TL.7

16. 5
14. 0

16.0
L5.2

L7.7
18. 3

15.5
J-5. 5

13.4
12.1

19. r
L7 .7

Sc

RC

15
L4

I
7

r7.2
17.3

17.5
L7.6

Mean IL.2 L5.2 20.6 2I.1. 17.4

Ta 11. 5 13.0 17.5 19.0 l_7. 0

Tt-Ta -0.3 2.2 3.1 2.r o.4



If I.i-x. .

Appendix TabTe 44. Temperatures (Ttoc)
plots j.n Summer.

in differentl.y tilled

Time
(January 10th)

Time
(January llth)

PIot Depth
(cm)

1500 IB00 2100 0300 0600 0900 1200 1500 IBO0

D

D+Sc

D+CD

D+CD+tsL

MB+Sc

MB+CD

MB+CD+BL

4L.7 32.9
38.4 32.8

4L.7 32.4
41.1 32.8

5

10

5
10

5
IO

30. 0
30.9

16.9 L9.3 33.1 4I .9 44.0 33.6
19.5 2I.9 30.2 34.4 37.9 33.8

28.7
29.O

L6.2
L6.2

17"8 33"8 43.1 41.6 35"9
I9.4 32.4 43.2 44.1 36.4

42.8 33.8 30.2
37 -4 32.9 30.9

39. I 33 .7 31. 0
38. 9 34.8 32. 3

40.6 33.3 28.9
36.8 34.1 30.8

40.o 34.2 28-7
37 .6 34.3 30. 7

37.5 34.t 29.6
37.0 33.8 30.5

16. B

l-9.6
19.3
22.4

30.
,q

6 4L"O 43.9 36.9
5 36. 0 38. 4 34.O

32.4 43.1 39.6 33.0
28.7 40.6 39.8 34.0

5 19.1
20.4

22 -2
23.L

MB

10

5
10

5
IO

5
10

5
10

5
t0

5
10

17.5 19.8
18.7 21.0

33.O 42.8 43.O 32.9
26.6 33-8 37.4 34.2

16.3 19.7 32.6 44.O 42.9 33.9
I9.3 2L.7 27.8 36.6 ¡S.I 34.6

l.8.7 2I .5
l-9.O 2I.9

38.6 39.9 32.8
36.6 39.5 33.9

29.3
27 .3

39.4
36.7

36.1 3r.3
34.3 32.L

Lg.t 2I.7 28.5 4L.7 43.6 *î6.6
2I.O 23.7 26.0 37.1 39.5 35.7

Sc

RC

37 .9 33.7 28.6
37 .6 34.I 28.6

38.4 34.4 28.I
37 -9 33.9 28.3

2L.7 29.O 44.3 39.4 32.3
2I.7 27.I 37.2 40.6 32.2

]-9.2
Lt.7

L7.8 20-B 28.0 38.8 40.8 32.6
I8.7 23.1 28.2 42.2 4r.1 31"8

Mean 39.0 33.9 30.0 18.4 2L.2 29.7 39.9 40.8 34.4

Ta 34.5 28.5 2L.0 18.0 16.O 23.O 28.0 30. O 28.5

'ft-Ta 4.5 5.4 9.0 0.4 5.2 6.7 1l_.9 10.8 5.9



If I "x.

Appendix TabLe 44 (continued) .

Plot Depth
(cm)

Time (January l2th)

0600 0900 1200 1500 1800

Time (January 13th)

0600 0900 1200 1500 1800

D
5

10

5
IO

5
10

5
10

1.8.1 31.6 37.5 42.3 34.2
20.4 28.2 33.0 39.0 34.3

20.0 34.3 43.I 35.1 30"2
21.8 30.5 36.5 34.0.30.4

37.L 45.4 3s.7 27.4
34.r 42.6 34.9 27.9

D+SC

D+CD

D+CD+BL

L7.5 34.6
17 .7 32.3

17.8 3I.3
20.9 29.2

43 "5 36.6
45.6 36.9

45.2 37.6
38.5 34.4

19.6 32.3
22.4 30.3

41.8 37.1
36.1 34.5

42.7
39.7

l_9. 3
19.5

34.2
33.4

29.3
29.9

2L.T
2I.9

30. 2
28.4

37 .2
35. r

. I 33.0 40 .I 45.5 34.3

.8 26.4 31.4 31 .4 34.A

22.3 34.1 43.9 36.5 33.5
23.0 30.5 41.5 37.0 32.0

20.0 34.4 44.8 31.5 28.3
2L.4 29.9 34.1 35.3 29.5

20.a 34.5 43.6 37 .1 28. 3

2I.7 29.I 36 .6 34 .9 29 .6

21.6 30.4 38.4 35.3 28.s
2I.9 28.0 36.0 34.4 28.9

45.
38

5
5

33.2
33.6

I8
19

MB
5

10

5
10

5
10

5 20.8
22.8

MB+Sc

MB+CD

MB+CD+BL

18.1 33.8 4I.7
20.3 27. 9 34 . 3

41.6 34.7
39.r 34.9

20.3 29.9 36.2 46.5 33 . I
20.4 27.O 34.1 40.2 34.3

10
30.6 44.8 44.6 36.3
26.2 33.7 38.0 35.9

22.2 32.2
23.9 27 .3

43.8 37.8 29.4
35.8 34.0 30.2

Sc

RC

5
10

5
10

20.5
20.5

19.8 29.0
20.8 30.5

38.3 41.8 32.5
38. 3 40 .7 32.7

30.4 4I.7 47.2 32.9
27.4 37.6 4r.r 32-9

21.8 30.9 38.8 35.7 28.1.
21.9 20.2 36.2 36.3 28.5

2r.2 29.4 38.9 35.9 27.7
22.L 3L. 0 39. 5 35 .1 28.5

l4ean L9.9 29.9 37 .5 42.1 34.5 2I.4 3I. O 39.9 35 .7 29.3

Ta 16.0 19.O 24.O 29.5 29.O 18.0 23.5 31.O 32.5 25.5

Tt-Ta 3.9 10.9 13.5 12.6 5.5 3.4 7.5 8.9 3.2 3.8
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APPEIüDIX IV

Appendix IV goes mainly with Chapter 7. It contairrs:

\^rater contents (% dry weight basis) at depths (5 and I0 cm) r,s;'-thio

dífferently tilled plots. The samples for the water content

measurements r.rere collected. ín July 1976 (Winter) for eight days,

and in October 1976 (Spring) for five days. Each of the

measurements is a mean of two replicates. The dat--a for the two

periods are in two tables.

Glossary

Plots that were tilled with disc plough, disc plougÌr

followed by scarifíer, disc plough followed by combine driIl,

mouldboard plough, mouldboard plough followed by scarífier,

mouldboard plough followed by combine drill, searifier, and rotary

cultivator are designated by D, D+Sc, D*CDr MB, ¡{B+Sc, MB+CD, gç

and RC respectively.

BL Barley crop.
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Appendix Tabl-e 45. Water contents in differently tilled pJ-ots
in lÏinter (%) .

Plot Depth
(cm)

Time
(July 7th)

Time
(Juty 8th)

Time
(JuIy 9th)

0900 1500 2Ioo 1200 1500 2400 1200 1500

D

D+Sc

D+CD

MB*Sc

MB+CD

11.83
13. 30

10. I3
10. 58

6. 55
12.3L

L4.48
20.23

6.20
12.44

7 .39
15"90

i3.58
i5. B1

18.79
2I.32

13.28
14..36

6. 33
14. 0B

7.06
18. 06

5

10

5
10

5
10

5
10

5
10

5
10

5
t0

5

17.08
15.90

L7.t4
17. 19

15. 96
l-4.37

8. 88
15. 90

8. 08
LT.7 4

9. 88
16.66

13. 39
11. IO

12.20
t7 .62

9.25
15. t0

L4.7 4
20. 19

10.14
12.2I

8.64
12.62

(-¡.'l')
2:,C. Otr

13. 39
l-4.44

1I.63
L4.O7

4.43
13 .48

MB
l-o.42
13.50

L2.34
15. 57

15.15 11.80
17.50 15.61

16.50
I6.59

15.26
L9.26

9.48
12.66

7.99
l-5.77

T2.6L
l-4.40

10.0I
12.44

I3.10
L4.67

La.62
17 "26

8.54
16.05

IT.92
].4.2t

LL.72
10.48

9.L2
13 .61

12.27
19.21.

23.45 1I. 37 11. 89
24.76 14.39 18.43

10. 91
L7.64

13 .69
17. 89

L6.7 4
L9.T7

l-3 .79
I7. I5

II .2t)
L6.37

4.54
12.84

Sc

RC

10.43
16.80

16.68
2T.TL

15. r8
I7 .72

16.99
22 -r2

9.96
L3.64

10. 56
1.4. 63

II. 39
17. 09

8. 58
16. 53

11..50
19.09

8.88
L4.4L

8.7 4
15 .93t0

Mean 5 cm 16.68 10.01 IO.44 13.30 9.29 12.80 I4.2O 7.56

Mean 10 cm 17 .64 l-2.86 15.27 17. 03 14.13 17.33 r6.io L6.25

Mean 17. 16 11. 43 12. 89 15 . 15 11. 7 I 15 . I0 15 . 48 11. 90



T\/. iii.

Appendix TabLe 45 (continued) .

Plot Depth
(cm)

Time
(Juty lOth)

0900 1200 1500

Time
(.ruty 12th)

0600 0900 1200 I8o0

Time
(July 13th)

0fi00 0900 1200 1500

D

D+Sc

D+CD

MB+Sc

¡dB+cD

5

t0

5

10

5
10

5
10

5

IO

5
10

5
10

5
IO

7"57 L2.70 8.03
15.47 l-4.20 15.7I

12.80 11.30 8.70
17.48 12.80 1I.93

L2 .7 I 15 . 90 i.2 .35 10. 94
16 .57 9 . 3 B 16 .1(, L6 .45

7.51 16.62 Il-.95 15.88
18 . 38 18 " 08 19 .67 L3 .'16

3.85
9.8r

12.30 12.7L 13.65
25.L3 16.86 L7.65

LL.24 11 . 45 LO .94 3 . 08
19.78 16.28 L6.7L 13.84

10. 41
12.78

r0.60 13.87
15.65 I4.50

7 .94 9.72
t3.79 14.23

4.93 4.1I
11.60 11.85

10. 98 11. 52 15 . 9r¡ 13 .3¿1

16,31. L5.22 lb.35 16.54

MB
9.45 )_L.98 13.69

I7.42 I8.26 23.95
LO .97 11. 38 9 .64 7 .51
18.00 22.53 15.83 l-6.23

11.45 t3 .88 i5 .c,9 l_5. il
20.23 18.29 19.85 18.54

LL.22 12.18 L3.79
L5.49 t7.7L 17.00

9. 55 9.72
19.10 L4.62

6.71 6.22
L4.66 L2.64

10. 02 I0.93 tl. 08
15.09 19.86 16.41

6.63
l-4.49

11.39 16.07 10.04
16.O2 1I.68 I7.34

8.79 12 .26 9 .O4 5 .72
14.15 L6.29 L4.74 12.86

13"48 L4.14
16. 73 7€, .J-3

18.63
19. 00

11. 39
I7 .88

Sc

RC

8.35 15.38 10.65
15.48 20.77 ls.21

8. 36 9 .29 8. B1 8. r0
15.36 14.62 18.11 L7.84

13.40 11"35 19.18
18.28 20.27 22"62

l-4.44
2L.54

8.29 8.62 IO.64
16.34 l.6.76 23 .A4

11.06 8.54 6.52 8.57
18.88 10.45 14.80 L7.93

12.IB 15.93
L] .64 20.61

14.53 I1..66
19.84 20.2.1

Mean 5 cm 9.87 12.53 11.80 l-0.09 10.50 8.09 5.98 IL.47 L3.78 14.86 12.44

Mean I0 cm L6.77 16.49 18.14 I7.O7 L5.23 14.80 14.13 L'7.4O I1 .23 18.s8 Il .43

Mean L3.32 14.5I 14.97 13.58 12.85 11.45 10.07 l-4.44 15.51 16.92 14.83
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Appendix Tahfe 45 (continued).

Plot Depth
(cm)

Time (July 14th)

0600 0900 1200

Time (Jufl' Ì5th)

0600 0900 1200 15001800

D
5

10

5

IO

5
10

5

10

10

5

10

5
10

2.30
8.20

7.09
9-591

26.32
27 .38

7.6L
15. 75

5. 00
8.16

5. 42
10.83

11.34 11.30
l-6.12 14. 95

9.92
11.70

D+Sc

D+CD

MB+Sc

MB+CD

Sc

27.t7
29.38

10. 70
L6. 07

16.33
L7.27

14. 13
T5. 18

4
9

4
I

09
60

T2
l8

42
99

13.22 t3.20
16.99 15.66

18. 04
23.82

9 .49
14.30

9.54
13.98

I0. 73
l-3.47

r3.55
L9 -96

7 .73
11. " 70

9.01-
12.98

5.25
9. r0

MB
2L.t4
19.23

22.44
23.63

I7.56
19.37

30.7 4
32.20

L2.7L
l-4.70

5. 0I
10.89

îô,)
9. 35

12.90
T7 .L4

12 "34
74.99

10.83
'r5.?_4

3.
8.

5
10

12.7 4
14.24

L2.35
22.89

9.28
I0. 70

5. 34
11.41

8. 71
15.94

2.OO
5.23

2.80
7 .63

2.L7
7.93

12.46
Ll.72

10.59
l-4.47

9.83
1.4.54

11. 57
17 .97

14.06
I3.48

7 .24
14.2Cr

9.77
14.22

LO.27
13 .44

5 12.40
I1 .72

2.4L
7 .34

23.6L
32.49

LL.67
L6.70

13.84
19. 36

L4.O9
r8.22

1? Oq.

l,-?.98

8. 33
L7.2.9

13.21
1A.,38

9.13
14. 58

13. 14 16. rl
L6.96 20. 01

RC

Mean 5 cm 23.38 LL.2I 5.87 2.92 L2.95 L2.42 10. 70 l_0. 28

Mean 10 cm 25.94 16.55 10.80 7.A9 16.58 16-54 t4.16 14.86

Mean 24.66 13.88 8.34 5.4I L4.74 L4.48 t2.43 12.57
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APPEI{DTX V

Appendix V for Chapter I contains primary data (in tables)

of changes in water content in soíI col-umns subjected to applied

temperature gradients, ancl data of temperatures in col-umns of soil

aggregates (7"O - 4,0 mm) also subjected to applierl temperature

gradients. The above two sets of data are placed in Sections A

and B respectively.

Glossary

Mean value for hot end (soil insicle hot wal:er
jacket alone (2 sections)

Mean value for hot end (heaL. source) and colrrnrn
within 2 cm from hot end (3 sections)

Mean value for hot end (heat source) and col-unn
within 4 cm from hot end (4 sections)

Mean value for hot end (heat source) and column
within 6 cm from hot end (5 sections)

Approxinate value

Soil column held vertically with hot end at the top

Soil column held vertically with cold end at the top

Initial soil water content (dry weight basis).

A

B

c

D

A

CH

HC

w (%)



v.1r -

SEC]]TON A



Appendix TabTe 47.

Time
Distance

(cm) from
d.ry end 7.O-4.O

Changes in water contents of soil columns within mean temperature gradient of
1.4oc cm-I for different time durations (hr).

3hr 6hr

Aggregate fraction (mm) ín column
4-0-2.O 2-0-1.0 1.0-0.5 l[ixed 7.O-4.0 4.0-2.0 2.0-1.0 1. 0-0. 5 l¡rixed

0
2

4
6
I

10
I2
T4
16
I8
20
22
24

Time

0
2

4
6
I

tr0
I2
T4
16
1S
20
22
24

-1.78 (B)
+1.91
+L-25
+0. 66
+2.L4
+0. 52
+o t82
+1. 17

-2. 19 (B)
+3.27
+3. 98
+3.4I
+2.24
+0. 89
+1.11
+0. 99
+o.69
+o.77
+1. 03
+1.53
+1. 618

-2.e (A)
+0.33
+L-52
+2.55
+1. 05
+1. 06
+0.95
+0. 28
+0.25
-o.26
-0. I
+o.27
+0. 55

-3. 3e (B)
+2.66
+2.84
+1. 88
+o -77
+2-76
+0. 37
+0. 63
+0. 3

0

-0.16
0

-o.46

-2. 3 (B)
+l_.0
+1. 6t
+L.25
+0. 68
+1.08
+0.9
+0. 68
+o.46
+0.28
+0.1I

0
+L.72

-3.38
+2 -l.4
+2.L9
+1. 48
+1.73
+0. 53
+1. 06

0
+0.3
+0.33
-. 015
-o.22
-o -24

-2.7 (c)
+L.82
+2.62
+1. 71
+1.54
+0.64
+0.42
+o.t 4
+o.67
+o -2
+o.23
+0"14
+0.8

-s.4s (B)
+L.54
+2.75
+1. 0I
+0.66
+o .49
+0. 33
+0. 55
+0.19
-o.44
-o .4
+o -42
-0. i8

-2. 9 (B)
+3.79
+2.25
+3.01
+1.88
+1. 01
+2.53
+0.98
+1.29
+0. 94
+o.76

1. 59
+0.6

-3.4s (B)
+1. 93
-i3. 09
+I. 75
+1. 15
+0.68
+0. 54
+L.26
+0. 59

-3"4(A)
+3.64
+2.48
+2.I9
+1. 95
+2 -!4
+0.95
+1. I8
+0.I
+o-47
+0. 87
+o-42
+t.87

-3.27 (B)
+1. 65
+2. II

+1.6
+L-29
+0.6

U

+1. 07
+0.54
+0.28
+I-45
+o.7 4

-2.E8
+3.51
+3 .69
+2 -56
+2 -28
+Ì.91
+L.L]
+o.61
+0.1
+o -2
+0. 16
-0.14

o

(B)

-1. 67 (B)
+0. 13
+o -64

0

-0.34
-0.51
-0"85
-o.22
-0. 65
-0. 39
-o.7
-ñ q¿

-0. 65

-3.83 (B)
+7 -7
+2"55
+1.9
+1. 83
+0. 51
+0.61
+o .49
+o -22
+0.55
+o.62
+a.52

C

-2.63 (A)
+2 -64
+2.83
+1. 71
+I.2
r'1 a

+0.l_
0

+o.28
+1. 0
+0. 63
+0" 58
+0.73

9.24

-1-7 (B)
+1. 11
+2.73
¿l oq

+0. 57
+0. 39
+0. 23
+0. ,51

+0. 1
+c- 33

U

'+t-.1 - ,r-9

-2. 3 (B)
+1.61
+I-32
+1. 18

0
+0. 54
-0. 16
+0. 53
-a.22
+o.76
+0. 16
-o -42
-0. 38

(B) -2.6e (B)
+0.96
+2.04
+2.C
+1. 05
+a.46
¿^o
+0. 3t_

572+

-0. 17
+o -24
+o -79
-0.17
+0. 1

w (%) r3.7 13- 51 8.92 IO.22 14.1

6 hr (CH¡

L2.7 13 .03 8. 35 4.5

6 hr (HC)

-3. 05
+1. 56
+3.43
+3.23
+0.39
+0. 38
-o.26
.O .44

0

-0.99
-o.22
-0. r
+0.28

(B)

0
U

c
-0.1r

f
P.
P.
P.

ô

+o -2
+0. I8
+0. 8594-0

l-3 . t2 14.32 I .67\,f (%) 7.O 11. 68 9.5 11-13 9.34 11. 7 'ì ì oa



Appendix TabLe 47 (contÍnued).

Distance
(cm) from
dry end 7.

12 hrthr
Aggregate fraction (mm) in column

0-4.0 4.O-2.0 2.0-1.0 1.0-0.5 Mixed 7.0-4.O 4-0-2.0 2.0-1.0 1.0-0.5 llixed

Time

0
2

4
6
I

10
L2
L4
16
18
20
22
24

-s.35 (B)
+2.L9
+3. 39
+2.4
+1. 18

0
+2.0
+0. 98
+0.83
+0. 66
+o.52
+0. 58
+o.49

-s. 3r (B)
+1. 86
+2.7L
+2.94
+2.81
+I.9
+1.07
+L.28
+0.56
+o.49
+0. 4t
+0.19
+o-62

-4.0 (B)
+2.77
+4.23
+3.94
+2.33
+1. 5
+I.24
+1.04
+0. 83
+o.67
+0. 69
+1. 02
+o.75

-4.4e (B)
+I.68
+2.66
+2 -03

-3.02 (B)
+2.84
+4.04
+2 -29
+2.2L
+o.97
+0.81
+c. 33
+0.31
+o.24
+0. l_7

+0.14
0

-s. s8 (B)
+4.24
+4.45
+0.35
+3.03

0
+L.46
f .L. JJ

+0.8I
+o.77
+o.49
+2.7I
+0.81

-6. e3 (B)
+3.3
+6. 65
+3.69
+2 -87
+2 "89
+I. 5
+o.99
+0.99
+o -23
+0-65
+0.46
+0.63

-3.43 (B)
+1.0
+2.04
+I-04
+0. 6
-o-i4
-0. 93
-1.36
-0.33
-1. 36
-0. 9t
-o -92
-1. r

-6.61(B)
+L.23
+3 -79
+3.7
+I.67
+3.28
+0. 6l
+0.54

0

-o -4
+0. 31
+0.71
+0.16

10. 5

-7 .43 (B)
+3 -52
+4.54
+3.39
+2.2
+L-76
+a "34
+1.35
+0. 55
+0. 64
+0.31
-0 -22

n

L2.66

+L-4
+o.26
+1.87
+0.58
+0.58
+0. I
+0. I
-0. 93

0

w (%) 10. 9 13.8 9 -43 7 -52 8.9 12.6 l_3. t 11.6

f
l-,-



Appendix TabTe 48.

Time
Distance

(cm) from
dry end

Changes in water contents of soil columns within mean temperature gradient of
l.OoC cm-I for different time d.urations (hr).

3hr 6hr
Aggregate fracticn (mm) in column

7.O-4.0 4. O-2.O 2.O-l-..0 1.0-0.5 Mixed 7.O-4.O 4.O-2.O 2.0-1.0 1.0-0.5 Mixed

0
2

4
6
8

10
12
I4
I6
18
20
22
24

-0.43 (B)
+2-77
+3. 18
+3.83
+o -32
-0.11
+1.7
+0.87
+1.88
+2.09
+1.42
+1.08

0

-2.25 (B)
+I.49
+L.42

0

-o.42
+0. I

-1.43 (B)
+o.32
+o.67
+c. 55
+a.42

+0. 58
+0. 89
+0.59
+L.23
+0. 35
+0. 76

0

-0.82 (B)
+1. 19
+2.63
-0. 39
-o.24
-o.i7

0
-c.66
-l_. 09
-0.89

+0. 69
+0.95
+0.45
+0.45
+0. 37
+0. 16
+0. 2l
+0. 59

0

-2.3 (B)
+2.I3
+2 .44
+1. 35
+0. 8
+L.23
+1. 02
+0. 95
+o.7 6
+0.13
+4.96
+I.44
+I. I

8.29

-1. 2s (B)
+7.46
+I.28
+I.25
-^l

-o.12
-0.56
+0. 68
+0. 1
+0.1
+0.41_
+0. 35

0

-2.52 (A)
+0. 21
+2.73
+L-28
+1.58
+1.01
+1. 87
+0. 37

0
+0.53
+0.62
+o.94
+I.02

7 .36

-1. 29 (A)
+0.39
+f .0
-o -44
+o.77
+0.1
-o.67
-0. t7

0
+1. 6
+1.03
+I. 78
+I-49

-2. 38 (A)
+1. 19
+2. 18
+3 .4I
+i.42
+1"08
+I.29
+1.6
+0.73

+4.67
+1. 08
+I.82

9.92

-0. sl(B)
+1.55
+I.7 9
+1.36
-0. 58
+0. 19
-o.77
-0.38
-2.22
+o.67
-0.15
-o -24
-o.24

-4. 01
+0.8
+I.87
+2.77
-1. 51
-1.65
-I.32
-1. 65
-1. B5

-1. 39
-2. 0I
-I-47
-o -84

(B)

-2.79
+0. l_

+1. 0
+0.13
+0. 3l_
+0. i3
-o.22
-1. 0t
+0.I
-0. 55

0

-0. 37
+0.43

+0.37
+0.37

-2 -e6 (A)
+1.1
+2.I8
+I-52
+L.02
+1. I
+I. 06
+L.I2
+1.8
+I.4
+L-52
+o.77
+o -76

o2c\- J

6 hr (ttc¡

-r. 7 (B)
+1. 1l_

+2.L9
+1.55
+1. I
+1. 07
+L.23
+o.1L
+i. 38
!ì l1

+a.77
+A -i'/
+c -76

e -29

-4.63 (A)
+1. 19
+3.87
+3.1
+3. 15
+3.06
+2.39
+1. 15
+I-79
+c.89
+I.49
+1.8
+I.37

9.15

-1.46 (B)
+4.2L
+3 .56
+I. 65
+o.46
+c.27
+o-L2

7 -3L

-2. 19 (B)
+1.9
+0.84
+L-12
+o -28
+0.17
+0.54
+c.L]
+o.79
+c. 3

0
+o.94
+0.69

ôot

-0.77 (B)
+1. 61
+0. 88
+0.9

(B)

I20

w (%) 17.05 rL.67 13.84 LL.67 L2.O6 17.65 L2-37

Time 6 hr (CH)

0
2

4
6

I
10
I2
L4
L6
18
20
22
24

-2. 0s (B)
+0. 12
+0.48
-o -25

0
+0. 1
+0. I
-o. I
-0. t
+1.0
+0.l_

-3.14
+5. 09
+4.56
+0.19
+o.27
-0. 11
+0 "!7
-0.56
-r. 48

-0. 83
-L-1
-l_ _ 45

L4.9L

(A)

-0.34
0

-o.2
0

-0.17
rì

0
+I.23
+0. 3
+1.16

-0.13
-0.3
-0.39
l-6.62 19.81

0

-0.
f

63

w (%) 17.96 L6-76



Apfsendix Table 48 (continued)

Time
Distance

(mm) from
dry end 7.O-4.0

thr
Aggregate fraction

4-O-2.O 2.0-I.0 1.0-0.5 Mixed

12 hr

(rmn) in column

7.O-4.O 4.O-2.O 2.0-l-0 1.0-0.5 Mixed

0
2

4
6
I

IO
I2
L4
16
18
20
22
24

-2. ss (D)
+0.1
+0.2
+o -25
-o-29
-o.42
-o.46
-o.54
-l-.25
-1-89
-a -92
-o-4
+0.23

-2. 0s (B)
+2.29
+2.8I
+1.53
+I.37
+1.81
+0. 85
+I.67
-o.44
+1. 17
+0. 19
+L.92
+1.94

-2.4e (B)
+2-8
+I. 89
+1. 7t
+0.75
+0. 5
+0.28
+0. 33
+o -77
+0. 83
+0. 1
+0. 1
+0. 65

-3. 14 (B)
+I.62
+2.75
+2.4L
+I.46
+I-62
+L.74
+I.2
+I.4
+1.27
+1. I
+1.55
+0. 9

-1. 46 (c)
+0.71
+0.83
+0. 69
+0.59
+0. 13
+0.59
+0. 14
+o.2L
+o -22

0
+0.69

0

-1. 11 (B)
+0.54
+1.48
+1. 13

-0.49
-0. 38
-o.92
-a -46
+0. 11
+0. 19
+o.27
-0.17
+0.1

-3.4s (B)
+2 -3L
+2.99
+3.44
+3.01
+L.64
+L.84
+f.5
-0.58
-0. 38
+0. 75
+0.95
+L.76

-2 .s2 (B)
+1. 05
+1. 43
+3. 3
+I-32
+o.26
-0. 11
+o.92
+0. 54

0
+o -87
+0. 31
+1.43

-3.08 (B)
+o -4
+0.84
+1.15
+L.49
+o.47
+o.64
+0.69
+0.71
+0. 54
+0. 39
+0. 39
+o.29

L7.29

-2.66 (B)
+4.09
+3 "22
+1. 35
+0. 78
+l-. 03
+o.82
+o -92
+0. 9I
+o -25
+a -72
+0.86
+o.7 9

8.47\4'(a) L7.42 14.53 11.33 IL.67 17.3 17. I L2-24 13.1

f
ts-



Appendix Table 49.

Time
Distance

(cm) from
dry end 7

Changes in water ccntents of
for different time durations

3hr 6hr
Aggregate fraction (mm) in coluir,n

0-4.0 4.O-2.O 2-O-I.0 1.0-0.5 Mixed 7.o-4-O 4-O-2.O 2.O-L.O

soil columns with mean temperature gradient of O.5oC cm-I
(hr).

1. 0-0. 5 rYixed

0

2

4
6
I

10
L2
T4
16
18
20
22
24

vr(%)

Time

0
2

4
6
8

IO
l_2

I4
T6
l_8

20
22
24

=0.6 (A)
+0. 78
+1. 09
+1. 43
+0. 37
+0. 28

0
+0. 17
+0.41
-0.39
+0. 16
-L.26
-0.35

-0.8r (A)
+0. 56
+2-47

-0.23
-0.37
-0" 58
+0. 7
+o.64
+0.86
+o.97
+1. 05
+0. 6
+1. 65

-1.71(A)
+o.46
+0.85
+0.86
-o.17
-o.L2
-0. 4
+0. 69
-o.67
-0. 58
-I. 11
+0. I
+0. t8

-o.22 (A)
+0. 61
+1.75
-0. 1
+0.36
+0.45
-o. 14
+o.77
+0. 45
+0. 61
+1. 06
+0. 78
+0. 35

-0.47 (A)
+0.86
+1. 34
+1. 6
+L-22
+I. 35
+1. 38
+o.45
+L.67
+0.68
+I. 6
+L-24
+1. 18

-0.7 (c)
+0. tI
+0.71

0
+0.I
+0. 19

n

+0. 32

-0. 43
+0.1
-0.39
-o.52
+0. 17

-0.61
+0. 71
+a -29
-o.2r
+1. 04
+o.47
-o -27

0
+0. 35
-o -32
+0.23
+0. 59
+o.23

IO-16

-0. 33 (B)
+0.18
+1. 95
+1.75

0
0

+0.38
+0. 5
+1. 5I
+0. 71
+0. 93

0
0.1

-0.61 (A)
+0.71
+2.33
+L.92
+1.56
+1. 4t
+o.76
+1.07
+1. 31
+0.84
+I. 3

+1.1
+L-23

8.5

6 hr (Hc)

-1. 0 (A)
+o.25
+L.2I
+I.94
+0. 73
+0.1
+0.15
+o.1

0
+0.91
+o.2
+0.7I
-r. o3

-0.74 (A)
+I-62
+o "25
-n1

0

-0. 15
-o.22
+L.2
+c. 59
+1. 13
-0. 39
+1.04
+L.49

9 -A4

-2. 0 (c)
+o.29

-o -26
-0.26

-1. 16 (3)
+0-69
+1.58
-0"1_
+o -4L
-1 aa

-3.r7
-0 "49
-0.75
!^2

0

-0. 5
+0.34

9"88

-1 . 21 (A)
+1-15
-0. 3

-0"1
-o-21
-0. 68
-o -25
+0. l_5

+o.99
+0. 98
+1" 1l-
r] 

^È
+o -2L

(c) -0. e4 (A)
+0.69
+0.16
+0.57
+0-56

44

+0.59
+0.45

7.06

17
+0.
+0.

n

0
0
0

8.12 L2.9 10.5

-r.27 (B)
+o.47
-2 .4
-2.34
-4. 08
-0. 38
-3.43
-0. 43
-L.54
-0.53
-o.37
+o.2
-1..14

6 hr (Cil)

9.O4 l-L.79

-r.4s (A)
+1. 66
+o.7
+1. 14
+0. 56
-o.2L
-0. 34
+0. 87
+0. 63
+o -37
+c. 48
+o.17
+o.23

-1. e (B)
+o -79
-0. I
-0.48
-0.1
-o -42
-0.58

l

-1. 36 (B)
+0. 19
+c.17
-0.1
+0.33
-0. 15
+o.2
-0.1
-0. 93
-0.12
+0 .44
-r-).35
-0.45

-0. 78 (B)
+0. 16
+o .47
+0. 38
+0.6
+0. 71
+o.21

0

+0_3
-o .19
-0. 69
-'l o

-1. 03
+o.I2
-o .66
-0-51
-0. 3

-0
-0
-0
+ô

0

-o

88
.5
.1

L70

P.
v-

-23

+o.L4
0

-o -27
-0. 39

t^r(%) 9.24 L2- 5 11.54 7.O 8. s3 11.38 L2.8 qq 8. 35 11- 7



Appendix Table 49 (continued)

thr

0-4.0 4.o-2.o 2.o-L.O 1.0-0.5

L2 hr
Aggregate fractions (mn)

Mixed 7 .O-4 -O 4 .O-2. O 2. 0-1. 0

Time
Distance

(cm¡ from
d.ry end 7 1.0-0.5 Mixed

0
2

4
6
8

10
L2
L4
16
18
20
22
24

-1. s7 (A)
+o-L2
-0. 13
-0. 5r
-0. 6
+o.49
-1. 11

-o.82
-0.71
-o.4
-o.42
-0. 78

-o.44

-r.2s (A)
+0. 14
+0.84
+0.45
+o.23
-0. I
-0.35
-0. 53
-0. 1

-o. 19
-0.34
+0.53
-o.L4

-1. 02 (B)
-1. 5I
+1.85
+1. 28
+o.72
+1. 09
+o.79
+1. 34
+1.36
+1. 07
+1. 36
+1. 5I
+0.9

-1.0 (A)
+o.64
+L.77
+2.22
+t-98
+1.06
+1.98
+o.46
+2.08
+2.I2
+1.0
+1.37
+o -94

-0.3 (A)
+0.35
-0. I
+0.14
+0.68
+a.57
+0.87
+o -7
+1. 13
+o.79
+L.43
+1.56
+1.65

8.3

-r. 21 (B)
+L.92
+3. 15
+2.34
+1. 3l
+I. 84
+L.44
+I.83
+I-79
+2.05
r] â

+L.66
+1.65

(B) -2.4s (B)
+1.9
+1.59
+1.56
+I.24
+L.32
+0.9I
+L.2I
+o.92
+1. 34
+I.6i
+1.01
+1.19

-2.23 (B)
+o.47
+I.0
+o.67
+o.27
+o.67
-0. 38
+o.27
-0. 38
o-28

-0. I
+o -45
+0. 18

5.76

39
16

-i
+0
+0

-0
-0
+0
+0
+0

-0
0

-0
-0

0
+1.92

-0.66
+2.72
+3.35
+2.5
+tr.87
+1. 83
+1.87
+1. 68
+2.2
+2.38
+t.58

+2 -36

.35 (A)

.12

.L7

.53

.3r
11

.l_

1^

.38

w (%) 8.4 8.91 L2.78 8.63 13.59 16.55 L2.32 .'! AÒ
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Appendix Tabl-e 50. Temperature in soil columns under different differential
temperature (Tdoc) and temperature gradient (Aroc .^-l-).

Tdoc
Distance

(cm) from
dry end 15

Time (min. )

30 60 80 I00 I20 140 160 r70 180
Mean

44

AT=I.4
occmr

49.5
34 -2
31. 9
27.O
25. O

23.5
23.O
t') ,
22.O
2L.8
2L.5
2L.2

51.9
38. 9
35.5
30. 0
27 .O
24.6
23.6
22,5
22.O
22.O
2r.7
2I.2

5r.9
4t.7
39. 1
33.4
30.0
26 .4
25.O
23.3
22.3
22.2
2r.7
2t.2

5I.9
43.6
39.7
34.3
30.8
27.2
25.4
23.5
22.4
22.2
)'t 1

2L.2

52.5
44.O
40.0
35.0
31.5
27.9
26.O
23.9
22.8
22.5
2L.8
2r.2

52.5
44.5
40.2
35. s
32.O
28.3
26.5
24.3
23.1
22.7
22.L
2r.4

52 -5
44.5
40. 5
35. 7

32.5
28.5
26.7
24.7
23.2
22.9
22.r
21.4

52.5
44 "5
40.5
35.7
32.5
28. B

26.9
24.7
23 .4
22.9
22.L
2r.4

52.5
44.5
40. 5
35.7
32.5
29.O
26.9
24.9
23.6
22.9
22.L
2L.4

52.5
44.5
40.5
36.0
'21 1

30.0
21 "L
24.9
3I.1
23.2
22.I
2r.4

52.O
43. 5

38 .8
33.8
30. 7

27 .4
25.7
23.9
23.6
22.5
2t.9
2L.3

0
2

4
6
I

10
T2
L4
16
t8
20
22

rdoc
Distance

(cm) from
dry end t5 60

Time (min. )

80 r00 120 140 150
Mean

30

ÂT=1. O

oc cm-l

41. 5
28.6
28.0
25.9
25.O
23.8
23.4
22.4
2r.5
2I.2
2I.O
2r.2

42.7
32.6
31. 9
27.O
24.4
22.9
22.3
2I.5
20.9
20.7
20.4
20.5

7 42.2
4 33.9
8 33.5
7 24.3
0 25.3
3 23.5
3 22.5
5 21.6
9 2I.L
7 20.7
4 20.4
5 20.5

43.2
34.2
33.7
28.8
25.7
23.6
22.5
2r.6
20.9
20.7
20.4
20.5

43.2
34.5
33 .9
29.2
26.I
24.O
22.7
2r.6
20.9
20.7
20.4
20.5

43.2
34.8
34.I
29.4
26 -I
24.O
22.7
21.6
20.9
20.7
20 .4
20.5

42.7
33 .1
32.6
28. 0
25 -4
23.6
22.6
2L.7
2L.O
20. B

20.4
20.5

42.0
2
4
6
I

10
L2
L4
16
18
20
22

33.
,l'

27.
25.
23.
22.
2L.
20.
20.
20.
20.



V.xi.

Appendix TabTe 50 (contÍnued).

rdoc
Distance

(cm) from
dry end

Ti¡ne (nin. )

10 30 40 80 120 I80
M ean

0
6

T2
18
20
24

30.2
2L.9
20.7
20.3
20.2
20.6

32.3
23.4
20. I
20.2
20.o
20.4

33.0
25.2
2L.4
20.3
t9.7
19.9

25-9
2L.L
20.5
19.7
19. 9

33.0
26.L
20.9
2A -2
19.9
20.2

33'.2
26.1
2L.O
20.2
19. 9
2A.L

24.
2L.
20.
19.
20.

32.33.3 6
I
0
3

9
2

t5
AT=0. 5
oc cm-l

Td. Differential temperature between hot water and
cold water.

* SoiI r,,rater contents between 6 to B?.
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This appericlix goes wi th Chapter 9.



Appendi x TabLe 5l-.

VT. ii

Standard. deviation of structural probabilities
P(0) calculated from values obtained from a
data string length of 2,OOO elements.

Precursor
Standard. deviation of p(0) for diameter
5102040

0000
0001
00I0
0011
0100
0101
0110
0111
1000
1001
1010
1011
rI00
1101
1110
1111

0. 036
o. o27
0. 110
0.013
0.1 33
o. 140
o.062
0.032
o.064
0. 048
o.r77
0.023
0. 040
0.030
0. 015
o.o22

0.028
0.017
0.065
0.018
o.327
o.652
o.o92
0.020
0. 052
0.023
0. 000
0.015
o.o24
0.023
0.020
o.011

0. 017
o. 010
0. 0000
0. 011
0.033

*
0.000
0. 014
0. 035
o.o24

*
o.000
o.o29
0.000
0. 034
0.009

0. 009
0. 000

*
0.009
0. 000

*
0. 000
0.011
0. 041
0.000

*
0. 000
o.o2I
0. 000
0.036
0.006




