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ABSTRACT

The purpose of this study was to determine the methods

of post-seeding packing which would be beneficial to wheat

seedlings and consequently to suggest the types of packers

which could be used to the best advantage on the farm.

The exper~ments were conducted in a humidity controlled

chamber with Manitou wheat seeded in clay loam soil. After

seeding,the soil samples contained in cylinders were compacted

with a flat surface at seed level or above the seed. In some

cases loose soil was spread on the soil surface. The control

was uncompacted soil sample. In two experiments two layers

of soil with different moisture contents were used; wet

consolidated soil at the bottom and dry loose soil on top.

The depth of seeding was about 6 cm. Kernel moisture

absorption, germination emergence and the heights of seedlings were

determined. Statistical analyses were carried out on the data.

Packing at seed level only, promoted early emergence.

This called for an introduction of a packer which would

pack the soil at seed level and leave the soil above the seed

loose. However packing above the seed was useful when there

was enough moisture below while the moisture content of the

soil at the seed level was not enough to sustain the seedling

up to emergence. In this circumstance, packers on the farm

could be usefully employed. Initial moisture absorption rate

and germination of the wheat seed was independent of packing

for the soil conditions considered.
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1. INTRODUCTION

Farmers in Canada, especially in the Prairie provinces,

have realized from practice that the use of packers during

and following the seeding operation results in higher yields,

early and more uniform emergence of crops.

Compaction experiments (Djokoto, Bigsby and Lal, 1971)

showed that although agricultural land packers increased the

soil ~ulk density, there was no statistical difference in the

packed densities obtained from the use of various weights and

types of packers. However it was suspected that the small

change in the soil bulk density might promote germination and

emergence under certain moisture condition of the soil.

1.2 Wheat Kernel

A wheat kernel in general is made up of three basic

structures, embryo, testa and the endosperm. The embryo

consists of a radicle, a plumule or epicotyl, one scutellum

and a hypocotyl which connects the radicle and the plumule.

Figure 1.1 shows the cross section of a wheat kernel.

The process of germination leads eventually to the

development of the embryo into a seedling. A wheat kernel

contains materials in the endosperm which are utilized during

the process of germination. Germination of wheat seed may

be regarded as a consecutive number of steps which causes a

quiescent seed to show a rise in its general metabolic

activity and to initiate the formation of a seedling from

the embryo. It is extremely difficult to draw a line between

1
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Figure 1.1 Cross Section of a Wheat Kernel
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the state at which germination ends and growth begins.

This is particularly difficult because germination is normally

identified by the protrusion of some part of the embryo from

the seed coat, which is in fact a result of growth. Since

there is no general rule as to which part of the embryo first

pierces the seed coat, the radicle protrusion will be regarded

as the onset of germination in this experimental work. In a

wheat kernel it is the radicle that first pierces the seed coat.

In order that a seed can germinate, it must be placed

in environmental conditions favorable to this process. Among

the conditions required are an adequate supply of water, a

suitable temperature and a suitable composition of the gases

in the atmosphere, as well as light for certain seeds.

The first process which occurs during germination is

the uptake of water by the seed, known as imbibition. The

water uptake is a function of water availability either in the

liquid or gaseous form and the seed chemical composition. The

soil moisture condition controls the moisture absorption not

only by means of suction, but also in terms of hydraulic

conductivity. A wetter soil having more ability to transmit

water than a drier soil promotes the rate at which water could

reach the seed, with a consequent increase in amount of absorbed

water over a given time interval.

1.3 Soil Water Potential

The total potential of the soil water is defined as

the minimum energy per gram of water which must be expended ia
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order to transport an infinistesimal amount of water from a

specified reference state to any point within the liquid phase

of a soil-water system which is in a state of rest. The

total potential of soil water, ~, can be consider~d as having

three components as shown by the formula

W= M + 0 + Z

where the component M is the suction or capillary potential.

This includes the effects of physical and colloidal attractions

of the soil for soil water. M is popularly known as the matric

potential; 0 is the osmotic potential caused by the salts in

the soil and Z is the gravitational potential resulting from

the vertical position of the water under consideration.

The available moisture is generally considered as that

held by the soil between the field capacity and the permanent

wilting point. The question as to whether moisture is equally

available to plants throughout the entire range has been

debated for many years.



2. REVIEW OF RELATED LITERATURE

2.1 Compaction Effects on Soil Conditions

Compaction of agricultural soils is a complex and

involved soil feature and has significant interrelationships

with tillage, agronomic treatments and crop use. The

stage of compaction of a soil largely establishes the air,

water, and temperature relationships and influences seed

germination, seedling emergence, root growth, and in fact all

phases of crop growth.

Ideally, forces in the soil should be defined by a

stress tensor with nine components as stated by Vanden

Berg (1962). Evidently the determination of these quantities

is difficult but the resulting compaction is expressed in

one of the following ways; bulk density (expressed on wet

or dry basis), void ratio, porosity and apparent specific

gravity which all are easily measurable.

There are two types of stresses that cause compaction;

a. stress that is elastically recovered when the strain is

removed and,

b. stress that causes permanent deformation.

Although the two types of stresses exist in the soil, the

latter which is predominant is frequently studied.

McMurdie (1963) investigatift9 the rheology (deformation

with time) of the soil reported that various components as

Youngs modulus or Poisson ratio in the soil were not constants,

but varied in the course of the deformation process.

5
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He suggested that the theory of viscoelasticity would prove

to be a valuable tool in the study of the soil deformation

process. Viscoelasticity specifically treats the possibility

of a time-independence of the stress and strain states in

the soil. Gupta and Pandya (1967) in their research work

considered the soil asa viscoelastic solid. After

sophisticated mathematical derivations they concluded that:

tillage tools induced stress waves in the soil; the dynamic

shear and the compressive stresses so induced were directly

proportional to the bulk density of the soil, velocity of

propagation of the stress wave and velocity of the tillage

tool; and the magnitude of these stresses decayed with

time and distance from the source of origin.

The difficulty of developing a mathematical model

that will accurately relate stress and strain without being

so complicated as to be impractical has led to the development

of emperical equations for characterizing the relationship

between the applied load and the resulting volume change.

One of these equations was introduced by Bekker (1960) as

where, P is the average pressure under the footing,

b is the radius of the circular footing,

Z is the sinkage and

Kc ' K¢, and n are the soil characteristics which are

constant for a given soil.

Janosi (1961) upon analysis of the performance of a wheeled

vehicle on unsaturated soil found that the equation advanced
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by Bekker could be safely considered as an approximate

expression for compaction by tires.

Chancellor, Schmid and Soehne (1962) related the

stress distribution in Yolo sandy loam caused by piston

sinkage to the resulting soil bulk density. They constructed

a grid system of lead. shots within the soil contained in

a rectangular box. Then a piston was forced into the soil

up to a depth of 5 cm. X-ray photographs were taken before

and after the loading operation. These photographs superposed

upon each other showed the deformation of the lead shot grid.

Hence the stress trajectories and the resulting bulk densities

were determined. Their results indicated that the maximum

compaction occurred at a few centimeters below the surface

of the piston and not necessarily at where the largest

principal stress occurred.

Water content and transmission are critically affected

by the change in volume, size and shape of the voids in the

soil-water system. Poiseuille's equation states that the

discharge from a tube per unit time is proportional to the

fourth power of the radius, given that all other factors are

constant. During compaction the large voids are decreased.

Therefore it can be said that compaction retards water

transmission in the soil and also decreases water held at

low suction in large voids. Hill and Summer (1967) studied

the influence of the bulk density on moisture retention for

various types of soils over the entire plant-available

moisture range (0.1 to 15.0 bars). In their tests, samples
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of different types of soils were separately compacted to

several levels of bulk densities by mechanical pressure.

After compaction in rubber rings, the samples were allowed

to stand in water on ceramic plates for about 48 hours before

being placed in a pressure cooker. These tests were run for

several pressures and bulk densities. They found that in

the case of clay loam and clay, increasing the bulk density

resulted in an increase in the moisture holding capacity and

the magnitude of the effect increased with increasing matric

suction. Figure 2.1 shows that at lower bulk densities

which are common in agricultural soil, the soil moisture

retaining capacity increased with increase in density whereas

the reverse occurred at very high densities. Jamison (1953)

reported that the unit weight changes in the soil during

the settling period appeared to be mostly in the large air

pores. Also he found that on a unit volume basis the

available water capacity and wilting point values increased

with settling.

2.2 Soil Water Potential and Germination

Much of the research performed on seed germination

applied to a situation under which seed type, moisture,

aeration, temperature, and disease were controlled. When

fluctuations in several of these factors occurred many

interactions became possible and the outcome could range from

one extreme to the other.

Many data have been gathered and many hours have been

invested by numerous research workers in seed-moisture
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relationships. Therefore, only some of the literature will

be cited by the author on this aspect. Collis-George and

Sands (1959) investigated the effect of water tension on

germination of various seeds with the apparatus shown in

Figure 2.2. There was a general decline in germination rate

as the matric suction increased, although the germination

responses at control (0 cm of water) and at suctions up to

31.6 em (pF 1.5) were similar (Figure 2.3). In another test

(196la), when seeds were placed on filter papers in petri dishes,

both oats and alfalfa showed a significant decrease in germination

rate on increasing suction from 0 cm to 6 cm of water, while

perennial ryegrass showed an increase in rate over the same

range.

Hunter and Erickson (1952) reported that each species

of seed had to attain a specific moisture content before

germination could occur and at a given temperature the soil

moisture tension should not exceed a certain value for each

seed. They concluded that seeds which lie in a soil environment

not sufficiently moist for their germination were subjected

to damage or destruction by fungi in the soil.

Analytical analyses carried out by Hadas (1969) showed

that sm~ll seeds absorbed up to 90% of their water needs

for germination in less than a day. ACCording to Shull (1920)

the rate of moisture absorption by Xanthium seeds increased

with an increase in temperature from 5°C to 35°C. He showed

that the increas~in absorption was greater in peas than in

Xanthium (both at 20°C).
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Some research workers have attempted to distinguish

the effects of matric suction on germination of seeds from

that caused by osmotic suction. Williams and Shaykewich

(1971) reported that the influence on the germination of

rapeseed caused by matric potential was comparable to that

of osmotic potential, whereas Collis-George and Sands (196lb)

working with alfalfa, oats and perennial ryegrass concluded

that their germination results did not support the hypothesis

that osmotic and matric potentials were interchangeable in

their quantitative influence on plant behavior. Collis-

George and Sands (196lb) reported that the matric potential

was able to delay germination much more effectively than

numerically equivalent osmotic potential. The osmotic potential

could exist between solutions separated by a semi-permeable

membrane, however, as the seed does not have the theoretical

semi-permeable membrane, the expected osmotic potential would

not be realized. The seed would respond as if the osmotic

potential was very much less than calculated. Collis-George

and Sands (196lb) supported a diffusion phenomenon hypothesis

with movement of solute from the soil solution through the

cell membrane, so that any biological consequence was of

an internal "toxicity" rather than an osmotic draught.

One other factor which controls germination of seeds,

especially the large ones, is the wetted area of water

contact. Manohar and Heydecker (1964) investigated the area

of contact between "Meteor" peas seeds and liquid water, as

related to their germination efficiency. Seeds were placed
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on holes of 6, 3.5, 2 and 1 rom diameter drilled in a "perpex"

plate and the holes were filled with fine sand which was

kept wet by capillarity from a water surface 5 rom below the

base of the seeds. In this test germination was not only

enhanced by increased in water potential but also by an

increase of the seed surface area in contact with the liquid

water. Solutes only entered the pea seeds via the micropyle,

whilst the seed surface allowed water entry and if the

micropyle was blocked, osmotic potential became effective in

delaying germination. Consequently the matric and osmotic

potentials became equivalent.

Working with Medicago tribuloides Desr. Sedgley (1963)

compared systems of different area of water contact (measured

by using a contact dye), obtained by different prewetting

methods. He concluded that in systems of different matric

potentials it was not the matric potential that was directly

controlling the germination behavior, but it was rather the

difference in areas of water contact. This controversy

prompted Collis-George and Hector (1966) to conduct a research

on the influence of the matric potential and the effect of the

area of contact between seed and soil water on the germination

of Medicago tribuloides Desr. and Lactuca sativa var. Mignonette.

Some of their conclusions were:

"That the wetted area of contact is of some consequence at

high matric potentials and its effect is distinguishable

from that of matric potential, that matric potential at

constant wetted area of contact affects germination;
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that presoaking the seed at zero or other high potential

affects the germination markedly, although roatric potential

effects at equilibrium are still detectable •.•.. there

is detectable interaction between wetted area and matric

potential, such that the wetted area of contact becomes of

less consequence as the matric potential decreases •••. "

2.3 Compaction as it Affects Plant Establishment and Yield

Since the establishment of a good stand is important

in production of crops the successful farmer is extremely

conscious of factors affecting the emergence of his crops.

One of the soil physical conditions which affects seed

emergence is the degree of compaction of the seed bed.

It is worthwhile to note that Stout, Snyder and Buchele {1960}

in their laboratory tests reported that compacting the soil

did not materially affect the moisture absorption rate of

sugar beet seedballs.

The performances of seedlings in compacted soils

among other things depends on the type of crop involved,

type of soil, degree of compaction, hardness of the crust

formed and the moisture content at which the compaction is

done. The effects of interaction of some of these factors may

also be apparent. Therefore in evaluating work of other

research workers on effects of compaction on cropsv one as a

rule should meticulously take these factors into consideration.

Stout, Buchele and Snyder (1961) carried out

experiments to study the effects of soil compaction on
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seedling emergence under simulated field conditions.

Table 2.1 shows the details of their procedure. They found

of no benefit.

out that when a supply of capillary moisture was available

below the seeds, pressures of 5 and 10 psi applied at seed

level improved emergence (Figure 2.4) and that if moisture

was not available below the seed packing at any level was

They recommended that planters should be

designed to apply the higher pressures to the soil at seed

level, but should place relatively loose soil above the

seed. Their results showed that packing the soil would

improve emergence only when adequate moisture was available

below.

Table 2.1 Summary of Condition for Experiments by
Stout et a1

Soil type: SIms sandy clay loam
Numher of replications: ,
Variety of seed: Corn - Michigan 480 hybrid

Beans - Michelite
Sugar beets - US 400 whole seedballs

Pres~ure: 1/~. 5, 10 psi
Aggregate ~IZt·· Natural field s\lil throu~h a I/I-tn scrl;'en
Depth of planting. 1 tn. bcfMt' packing: approximatdy u·YI6. %. 1/2

in. ,tfter packin~.

Wind vdocity: 5 mph

Experi
ment No.

Soil moisture content at
seed level, percent

Initial Final Water added to soil after planting Mf'thod of applying pressure

I

2

19

17

18

15

18.0

16.3

17.0

202

17.2

None

Water level 8 in. below surface

None

\X'ater level 15 in. below surfan-

Simulated rain: Ilh in. of water
added to surface after packing

At the soil surface

At the 'ioI! surface

At the seed level. covered with 1 in. of Inose soil

') pSI at 'ieed level In all compartments:
1/2 • 5, J0 psi on rhe surface

At the 'ioil surface

(stout, Buche1e and Snyder, 1961).
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Kubota and Williams (1967) reported that barley and

globe beet grew much more slowly at the initial stages in

compacted soil than in uncompacted soil (both soils had

initial moisture contents between 23% and 29%) but later on

in the season crops on compacted plots "recovered" much more

on heavy soils than on light soils. They concluded that

compacting the seed bed with a roller did not lessen the

yield·of barley grain at any of their experimental sites,

in fact there was a slight increase in grain yield. They

also found that heavy compaction seriously lessened yield.

According to Johnson and Taylor (1960) a compactive effort

from a soil packer or seed press wheel slightly enhanced

stands and corn response in spring plowed treatments on

Holtville silty clay soil but damaged fall-plowed treatments.

Johnson and Henry (1964) stated that soil compaction

delayed or prevented corn emergence unless the compacted

zone was maintained at relatively hiqher moisture content

which kept the soil strength low during the period of sprouti~g.

Hanks and Thorp (1956) showed that the percentage of red

winter wheat seedlings that emerged through a high-strength

crust was directly proportional to the amount of water

available and to the oxygen diffusion rate. They reported

that seedling emergence was limited between the bulk

densities 1.2 and 1.3 gm/cc for Munjor silty clay loam;

between 1.3 and 1.4 gm/cc for Keith silt loam and between

1.5 and 1.6 gm/cc for Albion fine sandy loam, all at

field capacity.
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compaction treatments may not only have beneficial

effects but also may have harmful effects which increase as

the soil moisture and clay contents increase. Bourget, Kemp

and Dow (1961) investigated tractor wheel compaction on crop

yields. The soil used was clay loam at moisture contents of

21.3% near the surface to 32.3% at 22.9 to 30.5-cm depth.

They concluded that oat yields obtained on uncompacted plots

were significantly greater than on all other compacted plots.

However, the difference in yields obtained from 8, 12, 20

and 26 tractor-pass treatments were not significant.

Feldman (1968) studied the effects of post-seeding

compaction due to treadless racing tires on a wheat crop

seeded in wet clay soil with more than 30% moisture content.

He concluded that post-seeding traffic increased the soil

density as the applied pressure was increased and that

contact pressures exceeding 15 psi decreased emergence and

growth rate.

Domier (1963) working with Manitoba clay soil found

that the soil packed by sever~l passes of a 7,OOO-lb tractor

on early seeded plots yielded a lesser amount of wheat crop

as compared to check plots, but one and three passes improved

yields on late seeded plots.



3. OBJECTIVES

There seems to be a lack of information on the

effects of compaction of soil on seed germination and

seedling development. The majority of published papers are

concerned with the ability of plants to emerge through the

crust formed by packers and on packing effects on yields of

crops under field conditions. A series of laboratory

experiments were therefore set up to investigate the effects

of packing on:

1. the physical properties of the soil,

2. the rate of moisture absorption by Manitou wheat during

the first several hours after seeding and,

3. the subsequent germination and emergence of the wheat

under simulated field conditions.

The ultimate objectives of this study were twofold:

firstly, to determine which methods of post-seeding packing

under laboratory conditions would be beneficial to wheat

seedlings; and secondly, with the results obtained, to suggest

the types of packers to be used on the farm and when to use

them in order to get better wheat seedling development.



4. EXPERIMENTAL APPARATUS AND MATERIAL
I

4.1 Humidity Controlled Chamber

Environmental chambers are made to provide a specific

environment under laboratory conditions. Such chambers may

be required to artificially produce conditions of humidity

that may exist in nature.

The chamber used was made of a wooden frame which was

2.1 meters wide, 2.3 meters long and 2.4 meters high with a

0.8 by 1.8-meter door. To prevent moisture escaping,

the chamber was covered with black plastic film. The

humidifier used was an Aprilaire model 110 and the control

unit for it was a simple "on-and-off ll type.

The sensing element in the control unit consisted of

human hair strands fixed at one end with the other end fastened

to a micro-switch by means of a lever system. The length

of the hair changed with changes in the relative humidity.

The micro-switch operated the humidifier. Control ranges

were available from 20% to 80% relative humidity.

Since the relative humidity was sensed only at the

point where the control unit was located in the room, an

electric fan was used to circulate the air. This resulted

in uni'form humidity conditions in the chamber and simulation

of a breeze such as occurs under field conditions. The unit

was able to hold the relative humidity at the desired values

with a deadband of ±l% relative humidity.

No attempt was made to control the temperature but it

21
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remained fairly constant at about 24°C with a fluctuation

of abbut 1 degree Centigrade throughout the experiments due to

the fact that the chamber was located in a basement.

The lighting in the chamber was provided w~th four

1.2-meter white florescent lamps intalled at about one meter

above the cylinders containing the plants under test. To

simulate field conditions the lights were timed to come on

at 6 o'clock in the morning and to go off at 9 o'clock in

the evening. Whenever the liqhts went off there was a slight

drop in the ambient temperature although there was no change

in the soil temperature, and a slight rise in the relative

humidity. The reverse occurred when the lights came on.

4.2 Lambrecht Thermohygrograph Recorder

During the test it was necessary to monitor continuously

the temperature and the humidity conditions in the chamber.

The instrument used for this was a Lambrecht Thermohygrograph

chart recorder (Figure 4.1). The unit consists basically of

two systems for recording the temperature and the relative

humidity.

The temperature was sensed by a bi-metallic strip in

the form of a "C" with one end fixed and the other connected

to a recording pen through a mechanical lever system. When

the temperature increased the opening of the "C" widened and

the pen was consequently driven upwards. The lever system

was designed in such a way that the motion of the pen was

directly proportional to the temperature. The recording was
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done on a paper chart wrapped around a vertical drum driven

by a seven-day clock. This unit was calibrated against a

mercury-in-glass thermometer. Figure 4.3 shows the resulting

calibration chart.

Sensing of the relative humidity was done with human

hair strands in the same manner as described in the control

unit for the humidifier (Section 4.1), except that one end

of the hair was connected to a recording pen by means of

mechanical levers. This unit used the lower portion of the

recording chart paper for the temperature recording unit.

The hair needed to be reactivated periodically by exposing it

to humid air for several cycles, allowing at least 20 minutes

for saturation. The instrument was calibrated against a

motorized psychrometer (Figure 4.4).

4.3 Motorized Psychrometer

The accuracy expected from the hygrograph, just like

any other relatively cheap hair instrument, was not very high

and thus the hygrograph needed periodic calibration and the

readings needed cross checking at times. This was done with a

motorized wet and dry bulb psychrometer (Figure 4.1) which was

much more accurate.

The psychrometer consists of wet and dry bulb

thermometers. In using the instrument, the wet bulb wick was

thoroughly saturated with distilled water taking care that

no water dropped on the dry bulb thermometer and instead of

whirling, the electric fan was put on to circulate air
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around the thermometer bulbs in a plastic enclosure. When the

mercury in the wet bulb thermometer reached its lowest point,

both thermometer readings were taken. By means of a humidity

dial or a psychrometric chart the readings obtained w~re

converted into percent relative humidity.

The motorized psychrometer was very convenient and

reliable, in that it provided a consistent and easy method

of inducing relative motion between the thermometer bulbs

and the air.

4.4 Multipoint Temperature Recorder

The recorder used to measure the soil temperature was

Model 355325 made by Texas Instruments Incorporated under

trademark "Multi/riter". The Multi/riter (Figure 4.2) was

a multipoint self-balancing potentiometer strip-chart recorder,

for accurate recording of multi direct current signals.

The signals which were temperatures converted into

millivolts by means of copper-constantan thermocouples were

switched in sequence to the amplifier by means of a 24-position

switch in the recorder. The print head which was synchronized

with the input switch, printed dots with identifying channel

numbers on the chart. Twelve point printwheels and six

different ink colors were used. Cold junction compensation

was provided in the recorder.

Some of the specifications quoted for the recorder by

the manufacturer were:

accuracy - ±O.25% of full scale deflection,
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linearity - less than 0.1% and

deadband - less than 0.1%.

4.5 soil Compacting Hammer

In packing the soil in the experiments a means of

replicating the degree of packing was needed. To achieve

this a compacting hammer similar to the standard Proctor

hammer was designed and built (Figure 4.5).

The hammer was made of two discs, each with a diameter

of 14.5 cm to fit the internal diameter of the soil cylinders.

One of the discs was made of wood and the other of metal.

A cylindrical hollow bar was attached perpendicularly to

the centre of the metal disc. The wooden disc was attached

to the other side of the metal disc. The cylindrical bar

carried a weight of 3.09 Kg whose height could be varied

by a collar on the bar.

To operate this hammer, the collar was screwed to

the bar thus fixing the height of the weight. Then the hammer

was put vertically on top of the soil in the cylinder with

the wood disc sitting directly on the soil surface. The blow

was applied by carefully lifting the weight to the collar and

then releasing the weight to hit the metal disc below.

When the height of the weight was fixed a constant

amount of energy was impacted to the soil over the same

surface area each time a blow was applied. For given soils

with constant moisture contents and with the same soil

characteristics, each blow should produce similar bulk

density in each case.
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Figure 4.5 Soil Cylinder and Compacting Hammer
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4.6 Soil Cylinders

The soil containers used were made from aluminum

cylinders with an internal diameter of 15.2 cm. One of the

cylinders is shown in Figure 4.5. The cylinders which were

about 18 cm high were sealed at the bottom with a plastic

film and plywood. Graduation marks pasted on the internal

generators of each cylinder were used to determine the depth

of the soil samples contained in the cylinder in each test.

Twelve cylinders were used in the experiments.

4.7 Soil Used

The soil used in all the experiments was an agricultural

soil taken from the top IS-cm layer of a cultivated field.

The properties of the soil were:

a. Mechanical analysis;

Total sand fraction = 24.74%,

Total silt fraction = 42.63%,

Total clay fraction = 32.63%,

According to the soil identification triangular chart

devised by the United States Department of Agriculture

the soil was clay loam.

b. Moisture holding characteristics;

Soil moisture at 15 bar pressure = 15.65%,

Soil moisture at 1/3 bar pressure = 26.11%.

(The moisture measurements were on weight basis).



5. EXPERIMENTAL PROCEDURE

5.1 Introduction

As this research involved an investigation of

techniques as well as results, there were in fact two problems;

(i) the simulation of field conditions and

(ii) the evaluation of the effects of packing on germination

and emergence of the wheat crop.

Since this study embraced several variables such as

the bulk density of the soil, initial moisture content of the

soil, the degree and depth of packing, relative humidity of

the chamber (and their effects were not predictable), each

subsequent test depended on the results of the previous ones.

All tests were conducted with Manitou wheat kernels

obtained from a single seed source and the same type of soil

was used throughout the experiments.

5.2 Critical Moisture Content for Germination Determination

5.2.1 Experiment 1

In general before a viable seed germinates, water is

absorbed to activate the metabolism within the seed. This

indicates that for the metabolism to progress to a stage

of germination there should be enough water absorbed, granted

that other favorable conditions are met. Hence a study of

germination of wheat seed under various soil conditions

involved the determination of the critical moisture content

31
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of the seed for germination.

Experiments were carried out on four replications of

30 Manitou wheat seeds in IO-cm diameter petri dishes.

Filter papers 9 crn in diameter were first placed in the petri

dishes and were moistened with 3 ml of distilled water.

Then the seeds were carefully placed on the papers, the

dishes were covered and were placed in a dark chamber at

24°c. The seeds were inspected at 12 hour intervals.

For the test described the seeds germinated after

34 hours, but the procedure was repeated several times with

lesser amounts of water on the filter paper each time until

a moisture level was reached at which the seeds failed to

germinate. The moisture content of the seeds was determined

according to United States Department of Agriculture

standards (1935).

5.3 Compaction Effects on the Rate of Soil Water Absorption

5.3.1 Experiment 2

The study of wheat seed germination under different

bulk density, soil moisture and temperature reduces to,

among other things, an accurate measurement of the rate of

water absorption by the wheat kernel under the mentioned

conditions.

An attempt was made to measure the instantaneous

moisture content of the seed by embedding two parallel tiny

electrodes into the kernel. Assuming that the chemical
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content of the kernel was unchanged and the distance between

a pair of the electrodes was kept constant, the resistance

across the electrodes should be an indication of the moisture

content of the wheat kernel. Such a method, after calibration,

could be used to monitor continuously the movement of water

into the kernel.

However the method suffered from the following

disadvantages:

a. It was impossible to seal the space around the electrodes,

so moisture was absorbed through such an opening,

thus defeating the whole aim of the measurement.

b. When the seed was wet the electrodes were no longer

rigidly attached and a slight disturbance altered the

resistance a great deal.

c. The resistance between a pair of the electrodes (i.e.

across the seed) was several times higher than the

resistance of the soil moisture between the electrodes,

so while in the soil the electrodes became short circuited.

Because of all these defects the resistance readings obtained

were not consistent. Hence this indirect seed moisture

measurement method was abandoned.

The next alternative was to use a direct method,

i.e. to dry the seeds in an oven, to measure the water absorbed

after a desired period. This was done in this and all

subsequent tests according to the standards suggested by

United States Department of Agriculture (1935). This method
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gave discrete values of the absorbed water. However if the

time interval chosen between a series of readings was small,

the rate of water absorption of the seed could be reliably

determined by graphical differentiation.

Before each test the soil was moistened and was

air-dried to the desired moisture content, which varied

between 12% and 14% on weight basis. To get rid of the

very large and very small clods the soil caught between sieves

with openings of 12.7 rom (on top) and 2.0 mm (on the bottom)

was used. This soil was covered and put into a controlled

temperature chamber until its temperature was in equilibrium

with that of the chamber (i.e. at 24°C). Then the soil was

placed loosely into l5.2-cm diameter cylinders (sealed at the

bottom) up to a depth of about 5 cm. The cylinders used in

this and all the following experiments have been described

previously in Section 4.6. Seventeen seeds were distributed

on the surface of the soil in the cylinder by means of a jig

which ensured that the same pattern of seed configuration was

maintained in each cylinder and that no two seeds were too

close. The seeds were covered with about a 5-cm depth of

loose soil. The contents of one set of the cylinders were

compacted with four blows of a weight from a height of 21 em

on the hammer described in Section 4.5, and the contents of

the other set were left uncompacted. Three repetitions of

each treatment were set up. In order to prevent loss of

moisture to the atmosphere the top of each cylinder was

covered with a plastic film.
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The cylinders with their contents were put back into

the chamber for four hours. While in the chamber the temperature

of the soil was monitored with thermocouples buried in the soil.

For each soil sample, the initial wet bulk density, o , wasw

determined by dividing the weight of the soil by its calculated

volume. Both the initial and final gravimetric moisture contents

were obtained by the oven-dry method. The dry bulk density, Pd ,

was evaluated by the expression

0d = Ow /[1 + m/lOO]

(where m is the initial gravimetric moisture content in percent).

Then the volumetric moisture contents, initial and final, were

obtained by multiplying each corresponding gravimetric moisture

content by the dry bulk density. The bulk densities and the

moisture contents were determined in the same manner for the

soil samples in all subsequent experiments.

After the four hours the seeds were recovered from the

soil and were cleaned by compressed air. This was done

quickly so that the seeds did not loose any appreciable

moisture. The gravimetric moisture content of the seeds from

each cylinder was determined by the oven-dry method.

The procedure was repeated for the same soil for time

periods of 8, 15, 20, 30, 34 hours in the chamber.

5.4 Compaction Effects on Germination and Initial Growth

For these experiments the number of repetitions,

preparation of the soil, depth of seeding and the method of

packing the soil were the same as described for Experiment 2

except that the cylinders were not covered with the plastic film.
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5.4.1 Experiment 3

The cylinders and their contents were put into the

chamber described in Section 4.1. The relative humidity in

the chamber was set at 10%. None of the seedlings were able to

emerge, but after 15 days the seedlings were dug up,

germination counts were made and the length of the radicles

were measured.

5.4.2 Experiment 4

The results from Experiment 3 (Section 5.4.1) indicated

that the young seedlings could not get enough water from the

soil for further development due to fast evaporation. So the

relative humidity in the chamber was increased to 46% and test

was repeated. After 13 days some of the seedlings emerged.

On the 20th day, when there was no further emergence the

seedlings were dug up after making the emergence counts, and

the roots were detached, washed, air dried and weighed.

5.5 Emergence under Various Degrees of Compaction·

5.5.1 Experiment 5

In Experiment 4 it was discovered that the young

shoots experienced detrimental resistance from the soil while

penetrating the soil. This resistance was partially caused

by the hard crust which formed on the surface of the compacted

soil. The next experiment was therefore designed to determine

the degree of packing the young plants could tolerate.

The soil was sprayed with distilled water. Then it
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was mixed and was allowed to come to a uniform moisture

content of about 23% by weight. The very large clods were

picked from the soil and were discarded.

The wheat seeds were planted in the cylinders as in

the preceeding experiments, and the soil was compacted on the

surface with the hammer. Table 5.1 shows the details of the

treatments.

Table 5.1 Summary of Conditions of Experiment 5

No packing Light packing Medium packing Heavy packing

(AS) (BS) (C5 ) (D5 )

Number
of blows Nil 1 2 3
applied

Number of repetitions was 3.

Depth of seeding was about 6 cm,
(measured after packing).

The cylinders with their contents were put into the

chamber with a relative humidity set at 46%. Emergence counts

were made every 24 hours. At the end of the test, that is

when there was no further emergence, the seedlings were dug

up and germination counts were made.
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5.6 Influence of Packing at Different Depths on

seedling emergence.

5.6.1 Experiment 6

The preceeding test (Experiment 5) showed that the

seedlings in the packed soils encountered a great deal of

resistance and the detrimental effects of the hard crust

which formed on the soil surface were apparent. This

experiment was consequently designed to considerably reduce

the crusting effects by covering all the compacted soil

surface with loose soil. Also an attempt was made to

evaluate the effects of the soil resistance on emergence by

packing the soil in one set of cylinders at seed level only.

The soil was again prepared as in Experiment 5 except

that the initial gravimetric moisture content was about 22%.

One blow was applied for each packing operation. Details

of the tests are shown in Table 5.2.

Measurements for bulk density determination were

taken for only the compacted soil layer in the cylinders.

In the case where a cylinder contained only loose soil, the

bulk density was determined for the entire soil in the cylinder.

After four days when the seedlings just started

emerging, emergence counts were taken and the height from

the soil surface of each shoot was measured. This was

continued twice daily (9 o'clock in the morning and in the

evening) until there was no further emergence in any of the

soils. Then samples of the soil at seed level from each

cylinder were taken for moisture determination.
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Table 5.2 Summary of Experiments 6 and 7

Measured Initial

Identity Gravimetric
Treatments Moisture Content,of set

%, (Av. of 3)

Expt 6 Expt 7 Expt 6 Expt 7

A6 A7 No packing. Depth 22.2 18.4of seeding, 6 em.

B6 B7 Packing at seed level, 21.9 18.2depth of seeding, 6 em.

Packing at seed level

C6 C7 and at 3 em above seed 21.7 18.2with 3 em of loose
soil on top.

Packing at 3 em above
D6 D7 seed with 3 em of 22.0 18.4

loose soil on top.

Number of repetitions
Soil temperature
Relative humidity in
chamber

5.6.2 Experiment 7

= 3
= 24°C

= 46%

The procedure as described in Experiment 6 was repeated

for a lesser initial soil moisture content of about 18% by

weight (Table 5.2).

5.7 Emergence and Growth under Field Simulation

5.7.1 Experiment 8

The experiments conducted so far were based on the

assumption that the upper 12 cm layer of the soil, which is

nomarlly cultivated in the field was the only layer influencing
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the emergence of the wheat seedlings and that the effects

of packing were manifested only there.

However during cultivation, just before seeding, the

top layer soil is broken loose leaving the bottom layer,

which is consolidated, untouched. The bottom layer is

normally more moist than the top layer.

It was suspected that this bottom layer might have

some influence on seedling emergence and that the degree of

such an influence might depend on the moisture content of the

bottom layer soil and whether or not the top layer was packed.

Consequently experiments were set up to simulate these

field conditions.

. The soil prepared as in Experiment 5 was put into

each cylinder and was well packed to a depth of about 6 cm

from the bottom of the cylinder. This soil was regarded as

the consolidated bottom layer. After putting 3-cm depth of loose

soil on top of the packed bottom layer, 17 seeds were

distributed on the soil surface in the same manner as in all

the preceeding tests. The loose soil was not as moist as.-t.he

bottom soil. The seeds were then covered with more loose

soil up to a depth of 3 cm and the soil in the cylinder was

compacted from the top by one blow of the hammer. This time,

the height of the weight applying the blow was reduced to

5 cm in order to get a lesser degree of packing. Finally the

soil surfaces in the cylinders were covered with 3-cm depth

of the loose soil. In eases where no packing was done the
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Table 5.3 Design of Experiments 8 and 9

Initial
Gravimetric Experiment 8 Experiment 9Moisture
Content of:

Top soil (% ) 17.0 14.9

Bottom soil (%) • 20.2 37.5 18.7 23.5

Unpacked soil (A8 ) (C8) (A9) (C9 )

Packed soil (B8) (08) (B9) (D9 )

All moisture contents were measured values.

A8, ••. D8 and A9, ... D9 were soil conditions for
Experiments 8 and 9 respectively.
Fo£ example, in Experiment 8, A8 means that the
moisture content of the top soil was 17.0% and that
of the bottom soil was 20.2%, and the top soil
was unpacked.

Number of repetitions =3
Relative humidity in the chamber=46%
Soil temperature = 24°C



42

seeds were covered with 6-cm dkpth of the loose soil.

In this experiment, the top soil in all cylinders had

the same moisture content (17.0% by weight) while the soil

layers below had two different moisture contents (20.2% and

37.5% by weight).

Emergence counts were determined in the same way and

at the same intervals as before. The bulk densities (wet and

dry), initial and final moisture contents were determined at

seed levels and in the bottom soils.

(The experimental design is as shown in Table 5.3)

5.7.2 Experiment 9

The procedure described for Experiment 8 was repeated

for another set of top and bottom soil moisture content

combinations. Details of the experimental design for both

Experiments 8 and 9 are as shown in Table 5.3.



6. RESULTS AND DISCUSSION

6.1 Seed Critical Moisture Content for Germination

6.1.1 Experiment 1

Results from Experiment 1 indicated that the Manitou

wheat used required a kernel moisture content of 4S±1.5%

(on oven-dry weight basis) on the average for germination at

24°C. The initial moisture content of the seeds was about

8% on an oven-dry weight basis. Mayer and Po1jakoff

Mayber (1963) mentioned that most of the water absorption

takes place in the proteins, but other components of the seeds

absorb the moisture to a lesser degree and contribute to the

swelling process.

According to Hunter and Erickson (1952) a certain

minimum amount of water, determined by seed species and

seeding conditions, must be imbibed before embryo growth is

initiated. They found that this minimum moisture content

for most important crop seeds was between 30.5% and 50.0%

under their test conditions.

Under normal circumstances the total amount of water

imbibed by seeds is much greater than the critical values

found, but the excess might not be important to germination.

6.2 Rate of Soil Water Absorption by Wheat Kernel

•

6.2.1 Experiment 2

The results (Table 6.1) showed that the bulk densities

43



44

Table 6.1 Sample Results From Experiment 2

For Uncompacted For compacted

Soil Soil

Soil Bulk Wet 1.050 1.084*
Density
(gm/cc) Dry 0.959 0.991*

Soil Moisture Gravimetric 11.41 11.40
Content

(% ) Volumetric 10.94 11.29*

Moisture Content Initial 7.69 7.65
of the Kernel

. 1+(% D.B) F1na 32.17 32.22

= 8 hours

= 24°C

* significantly different at P =
+ time kernel in soil

Average temperature of the soil

.05

Values in the table are averages of 3. Details of the results
are in the Appendix (Table Bl).
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in the compacted soil samples were significantly higher than

those from the uncompac~ed samples. The gravimetric moisture

contents of the soil samples were not significantly different,

however, the volumetric moisture contents were different.

This can be accounted for by the fact that when the soil was

packed the amount of water per unit volume increased

For both com~acted and uncompacted soils the rate

of water uptake by the wheat seeds was rapid during the

initial hours after seeding and decreased as time progressed

(Figure 6.1). Statistical analysis showed that at each moment,

there was no difference between the amount of water absorbed

by the seeds in the compacted and uncompacted soils. This

showed that at the early stages of water absorption the major

resistanc~ to water flow was in the seed and not in the soil.

Figure 6.1 indicated that the seeds in both uncompacted and

compacted soils reached the minimum moisture content for

germination almost at the same time, i.e. about 34 hours

after planting. This supports the hypothesis that germination

of wheat seeds is not affected by packing. Germination counts

in further experiments revealed that there was no difference

in percent germination in either compacted or uncompacted soils.

From the time. versus seed-water content (Figure 6.1)

and by the use of Equation (14)*, a solution to the diffusion

Equation (1)*, values of the water diffusivity, D, of the

wheat kernel at several seed moisture contents were computed

(Table 6.2). Details of the computation are shown in Appendix A.

* Equations cited are in Appendix A.
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Table 6.2 Water Oiffusivity, D, of Manitou Wheat Kernels

*Duration Seeds *Seed Moisture Water Diffusivity

in Soil, hr Content, % 0, cm2 /hr

3 18.8 O.OlOxl0- 4

4 23.0 O.623xlO- 4

5 26.1 0.623xlO- 4

6 28.7 1.6l6xlO- 4

7 30.6 1.825x10- 4

8 32.0 1.887x10- 4

12 35.0 1.497xIO- 4

16 37.0 1.060xlO- 4

20 38.7 0.646XIO- 4

24 40.5 O.357x10- 4

28 42.4 0.160xlO- 4

32 44.3 O.OOlxlO- 4

* Values were taken from Figure 6.1
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The water diffusivity, D, of the wheat kernel

increased rapidly from 0.OlOxlO- 4 cm 2 /hr to a peak of

1.887x lO- 4 cm 2 /hr within 8 hours. This could possibly be a

result of an increase of the seed area becoming covered with

a water film as time progressed. After eight hours the

diffusivity, D, decreased gradually until germination started

(Figure 6.2). This indicated that after eight hours the

absorption of water was probably governed by physiological

factors in the seed. As the seed imbibed water, water

potential in the seed decreased, thus the water absorption

rate decreased accordingly. Shaykewich and Williams (1971)

reported similar changes of the water diffusivity of rapeseed

with time.

According to Doering (1965) the diffusivity of an

agricultural soil (loam) varied from approximately 0.45 cm 2 /hr

at a soil moisture content of 12% to approximately 21.0 cm 2 /hr

at a soil moisture content of 20%. Clearly the water

diffusivity range in the wheat kernel was several hundred

times less than that normally found in soils and a difference

of several bars in the soil water potential would have little

influence on water absorption by the seed. Therefore the

seed rather than the soil was a limiting factor in the water

absorption process prior to germination. This explains why

there was no difference, at each instance, between the

absorption rates for the seeds in compacted and uncompacted soils.

From Table 6.2 and Figure 6.2 it is evident that the

assumption that the diffusivity, D, was constant was not
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correct, thus rendering Equation (1) theoretically invalid.

An appropriate equation would then be a non-linear partial

differential equation:

am = ~( ) amat ar m ar

where D(m) is the water diffusivity of the seed which is a

function of the seed moisture content (m); t is time and r

is the effective radius of the wheat kernel. It is very

difficult, if not impossible to apply this equation to the

wheat seed even with the iterative numerical method advanced

by Philip (1957), and Crank and Henry (1949), because a

knowledge of the distribution of the water within the seed

at each time is required. Hence the approximate values of

the water diffusivities, D, in Table 6.1 can be retained,

since not very high accuracy is required in its applications

to practical problems.

6.3 Compaction Effects on Germination and Initial Growth

6.3.1 Experiment 3

After germination the seed coat which was a barrier

to water penetration was split open and the resistance to

water presented by the seed decreased considerably. Consequently

the absorption of water at this stage by the kernels of wheat

was limited by the soil. This partially explains the

significantly (at p = .05) longer radicles developed by

the seedlings from the compacted soil in Experiment 3

(Table 6.3B). Germination counts showed that there was no
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Table 6.3A Results from Experiment 3

Cylinder Percentage Average length of Standard Deviation

Number Germination Radic1es of Germinated of the Radicle
seeds, 1/100 cm lengths, 1/100 em

1 71 10.5 7.4

2 88 10.3 6.4

3 71 10.0 10.1

4+ 77 18.0 12.4

5+ 94 12.6 8.6

6+ 94 17.0 10.0

+ compacted soil.

Table 6.3B Analysis of Variance for the Average
Radicle 1engtLs in Table 6.3A

Source Sum-sqr. Degrees of Mean-sqr. F-ratio
Freedom

Compaction 47.040 1 47.040
11.31*

Error 16.633 4 4.158

* significantly different at P =.05

Mean of radicle lengths from the compacted soil = 15.9 X10- 2 cm

Mean of radicle lengths from the uncompacted soil= 10.3 x 10- 2 cm
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difference between percent germination of seeds planted in

packed and unpacked soils (Table 6.3A).

6.3.2 Experiment 4

In this experiment the seedlings in the compacted

soil developed a better root system (Figure 6.3) and the root

weight was significantly higher than that developed in the

uncompacted soil (Table 6.4). This might be due to the

increase in the volumetric moisture content of the soil

resulting from packing. As a result more seedlings in the

compacted soil were able to survive. However, the shoots

experienced much more soil resistance partly caused by the

hard crust in the compacted soil to the effect that only very

small numbers of the seedlings were able to emerge as compared

with that in the uncompacted soil. This hard crust was formed

as a result of desiccation of the soil surfaces packed by the

flat surface of the hammer. This indicated that agricultural

packers with similar surfaces, which produce the same crusting

effect would not promote early emergence of wheat crops.

Despite this the seedlings from the compacted soil looked

healthier than those from the uncompacted soil (Figure 6.3).

6.4 Emergence under Various Degrees of Compaction

6.4.1 Experiment 5

The bulk densities both wet and dry increased

gradually from no packing (AS) to heavy packing conditions (D5)
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Table 6.4 Results from Experiment 4

From uncompacted From compacted

soil soil

Soil Bulk Wet 1.160 1.270**
Density
(gm/cc) Dry 1.024 1.112**

Soil Gravimetric Initial 13.84 13.75
Moisture Content

(%)
Final 7.41 7.82

Soil Volumetric Initial 13.73 15.34**
Moisture Content

(%) Final 7.59 8.72

Percentage of
31 69**Live Seedlings

Percentage of 18 4*
Emergence

Weight of Roots 0.1062 0.2284*
(gm)

*significantly different at P =.05

**significantly different at P ~.Ol

Values in the table are averages of 3. Details of t~e results

are in the Appendix (Table B2).
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(Figure 6.4). Statistical analysis showed that the wet bulk

densities increased with the number of blows applied to the

soil, although the resulting bulk densities, wet and dry,

were not linearly proportional to the number of blows.

The summary of the results is shown in Table 6.5 and the details

of the analysis of variance are in the Appendix (Tables B3

and B4). Just as in Experiment 4 the initial gravimetric

moisture contents of the soil was approximately the same for

all sets but the volumetric moisture content increased with

increase in the bulk density.

Seedlings in the unpacked soil emerged rapidly after

four days and the rate of emergence was faster than any of

the seedlings from the packed soils (Figure 6.5). The

percentage emergence decreased rapidly with an increase in

bulk density. It was interesting to observe that the

emergence after 7 days for dry bulk densities of more than

0.95 gm/cc (Figure 6.5 and Table 6.5) was less than 10%

while that for a dry bulk density of 0.74 gm/cc was close to

92%. This demonstrated that the rate of emergence could be

affected by changes in the bulk density. There was evidence

that the young plant experienced a great deal of resistance

in penetrating the packed soil, in that some of the young shoots

looked crooked when they were dug up. The hard crust surface

layer of the compacted soil augumented this detrimental

resistance. The increase in the bulk density might have

created aeration problems for the young plants.
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Table 6.5 Averages of the Soil Parameters from Experiment 5

Heavy Medium Light No
packing packing packing packing

Average of: (OS) (C5 ) (B5 ) (AS)

Wet Bulk
Density 1.21 a 1.17 a 1.11 b 0.91 c
(gm/cc)

Dry Bulk
Density 0.99 a 0.95 ab 0.91 b 0.74 c
(gm/cc)

Initial
Gravimetric 22.8 a 22.9 a 22.4 22.8 aMoisture. a

Content, (%)

Final
Gravimetric 19.9 a 16.5 a 18.1 a 18.0 aMoisture
Content, (%)

Initial
Volumetric 22.5 a 21.8 a 20.3 b 16.9 cMoisture
Content, (%)

Final
Volumetric 17.8 a 16.5 bc 15.8 b 13.3 cMoisture
Content, (%)

All values are averages of 3.

Means followed by the same letter for each soil parameter are

not significantly different at P = .05 level according to

Duncan Multiple Range Test.
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Here again the germination counts in each set was

close to 100%.

In Experiment 4 it was found that compaction

promoted better root formation but in this experiment this

advantage was offset by the hard crust and the soil resistance.

6.5 Influence of Packing at Different depths on Emergence

6.5.1 Experiment 6

Here again packing produced higher wet a~d dry bulk

densities and hig~er volumetric moisture content of the

soil (Tables B5 and B6 in the Appendix).

During the early stages of emergence the seedlings in

soils packed only at seed level (B6) emerged earlier and

faster than seedlings from any other soil samples, including

the unpacked ones (Figure 6.6). The analysis of variance

and Duncan Multiple Range test (Tables B7 and B8 in the Appendix)

showed that from 4~ to 5~ days after seeding the emergence

counts from the soils packed only at seed level were

significantly (in some cases very significantly) higher than

the counts from any other case, with the exception of the

counts from the unpacked soil samples.

The next best emergence rate was obtained from the

unpacked soil and the worst case was from the soil which was

packed both at the seed level and at 3 cm above the seed.

This poorest emergence was due to the fact that the soil below

the seed experienced packing t~ice •
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The general trend in all cases was that the rate of

emergence was fast during the initial stages and decreased as

time progressed. By about seven days after the date of seeding

the number of plants emerged from each set was about the

same and there was no significant difference between any two

of them at that stage of development.

Naturally the average height of the seedlings above

the soil surface in each set was related to the time of

emergence (Figure 6.7). The rat~ of growth for all cases

was faster during the early stages of emergence, but the plot

of the mean height versus time reduced to a straight line

after some time.

The coefficient of variation, (standard deviation

divided by the mean height) which was a measure of uniformity

of crop height did not follow any special phenomenon since

the points are scattered widely in Figure 6.8. This was due

to the fact that whenever any of the seedlings emerged they

introduced a large deviation in the mean height for the

population, especially when the number of the newly emerged

shoots was about equal the number of the already emerged

seedlings.

This test indicated that the packing operations

increased the soil resistance which was not helpful to the

young shoots. Since no crusting was detected in any of the

sets, it might be safely assumed that this effect was reduced

to a minimum. In the case where packing was done at seed
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level only (B6), apparently the shoots experienced the least

soil resistance, so the seedlings were able to utilize the

beneficial effects of packing which probably was reflected

in better root development as shown in Experiment 4. However

this advantage was slightly offset in the case where packing

was done above the seed (06). Where packing was done at

both seed level and above seed (C6) two things occurred:

first, the roots had a denser soil to penetrate, since the

maximum bulk density occurred in this set; secondly, the

shoots encounted soil resistance. Therefore it was not

surprising that the poorest emergence was obtained in this

case.

6.5.2 Experiment 7

The results for this test with the moisture content

of about 18% by weight were similar to those obtained for

Experiment 6 (Section 6.5.1) except that the emergence which

was about one day late and the mean height of the crfPs at

each time were much lower in this case. This might ~e

attributed to the lower initial soil moisture content.

Also there were significant differences between the number

of emerged seedlings in each treatment. Details of the

results are as shown in Tables B9, BID, Bll, and Bl2 in the

Appendix.

Figure 6.9 shows that initially the rate of emergence

was much slower than in Experiment 6. However, as time

progressed the emergence rate increased and then decreased.
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It was observed that the difference between the germination

counts in each treatment became more pronounced as the days

went by. It is worth noting that the emergence in the

unpacked soil (A7) was about 65% on the ninth day after

seeding while that from the soil packed at seed level and

3 crn above the seed (C7), the worst case, was only 22%.

In the case in which the soil was packed both at seed

level and above seed level (C7) the average seedling height

did not follow the trend of the others (Figure 6.10).

This might be due to the fact that after seven days the rate

of growth in (C7) was slow and whenever a seedling emerged

the mean height was reduced.

Discussions advanced for the results from Experiment 6

(Section 6.5.1) can be safely applied to those presented

in this section.

6.6 Emergence and Growth under Field Simulation

The direct effect of packing was evident in 1he soil

above the seed. There was a significant increase in the bulk

densities (wet and dry) and a subsequent increase in the

volumetric moisture contents in the soil samples for both

Experiments 8 and 9 (Figures 6.12 and 6.16). The analysis

of variance of the parameters for the top soil are shown in

Tables B14 and B17 in the Appendix.

It is interesting to note that the final gravimetric

moisture contents for the packed top soil in the two experiments

were less than the moisture contents of the corresponding
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unpacked soils (Figures 6.12 and 6.16). This was due to the

fact that the top packed and unpacked soils dried to

about the same volumetric moisture content and since they had

different bulk densities the gravimetric moisture contents

were bound to be different. The final volumetric moisture

contents of the soil depended on the moisture level of the

bottom soils.

6.6.1 Experiment 8

The gravimetric moisture contents of the bottom soils

were about 20.2% and 37.5% and that of the top soils at seed

level about 17%. Details of the soil parameters are shown in

Table B13. In this experiment, at all stages the seedling

emergence obtained from samples with moist bottom soil was very

significantly higher than that from samples with less moist

soil below (Table B15). Moreover the onset of emergence in

the latter was delayed by about one day. Figure 6.13 shows

that the wetter bottom soil samples gave a rapid initial

emergence rate.

For both bottom soil moisture levels the percent

emergence from the packed top soil was slightly higher than

that from the corresponding unpacked top soil at the very

initial stages but the opposite occurred at later stages

(Figure 6.13). This phenomenon was not detected by the

analysis of variance in Table B15 in the Appendix, probably

because there were more variations of emergence counts within

repetitions than there were among groups.
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The moisture content of the bottom soils also had a

lot of influence on the rate of growth of the young plants.

Soon after emergence, there was an increase in the average

height of the plants due to an increase in the moisture content

of the bottom soil layers (Figure 6.14). Packing resulted in

only a slight increase in the average seedling height. Just as

in Experiments 6 and 7 the coefficients of variation of heights

of the plants in each set did not follow any definite trend.

6.6.2 Experiment 9

Results shown in Figures 6.16, 6.17, 6.18 and 6.19,

Table B16, B17 and B18 followed the same trend as described

for Experiment 8 except that packing of the top soils

resulted in better emergence.

From Figure 6.17 it can be seen that for both bottom

soil moisture contents, packing increased the emergence

tremendously right from the first day up to the fourth day

of emergence. Analysis of variance (Table B18 in the Appendix)

revealed that packing operations did not yield any significant

results at the first day of emergence but on the second day

the effect of packing began to manifest itself and there was

significant increase in emergence. After this stage, the

difference in emergence was significant at P =.01 level.

By the eighth day after deeding, there was no significant

difference in seedling emergence. This can b~ explained in

the following way. Initially all the samples started from the
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same zero level of emergence and during the first day of

emergence the difference was not large enough to be detected

by statistical analysis. As time progressed the difference

due to packing became large and was detectable statistically.

After a further period of time the emergence counts from the

packed soil reached a saturation level while those from the

unpacked soil were still on the increase. Hence the difference

in seedling emergence in the packed and the unpacked soils

began to decrease with time.

The results presented in Table 6.4 showed that the

emergence. from the soil of 13.84% initial gravimetric moisture

content (without any moist soil at the bottom) was about 18%

whereas the emergence in this test with about the same initial

soil moisture content at seed level was between 60% and 90%.

Clearly this indicated that the higher percentage emergence

was brought about by the presence of the moist bottom soil.

Apparently there was migration of moisture from the bottom

soil to the top soil where the seeds were located and it was

very likely that packing established better contact between

the two soil layers, thus enhancing the migration of the

moisture. In addition, by compressing the top soil, the seeds

were brought closer to the moist soil below and the shoots

had a shallower layer to penetrate.

The results from Experiments 8 and 9 indicated that

packing was ~ery beneficial when the layer of soil below was

moist and the soil at the seed level being drier did not
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have enough moisture to support the seedlings up to the point

of emergence.

Results from Experiments 4 and 5 showed that packing

increased the soil resistance, which was detrimental to

emergence but in these two experiments (8 and 9) especially

in the latter, the advantages of packing outweighed the

adverse effects.



7 • CONCLUSIONS

1. With the soil, and the levels of moisture

content worked with, it can be said that packing the soil

produced a better root system and a better radicle development

for the seedlings, provided an aeration problem was not created

by the packing. However the resistance and hard crust

formation in certain soils due to packing could prevent

the seedlings from utilizing the benefits of packing.

2. For the soil moisture levels considered, there

was an indication that packing the soil at seed level only,

yielded higher emergence counts and faster seedling growth than

from the corresponding unpacked soil. Soils packed at both

seed level and above the seed gave the poorest results.

3. Packing the soil above seed level was of some

definite benefit in terms of early emergence and faster

seedling growth in the case where there was moist consolidated

soil (18.7% and 23.5% moisture content) beneath the top 6 cm

depth of soil and where the top soil layer did not have

enough moisture to sustain the crop up to emergence stage.

The level of the moisture content of the bottom layer soil

had a significant effect on the emergence and early growth.

4. It can thus be deduced that the beneficial effects

of packing the soil above the seed were realized when the

packing established better contact between the upper and the

lower moist layer soils. Also the beneficial effects of

packing were realized since the radicles were brought closer
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to the bottom moist soil, while the plumules had a shallower

soil depth to penetrate to emerge. In this circumstance it

can be safely assumed that the benefits of packing above the

seed outweighed the detrimental effects.

5. The emergence and growth rates were enhanced

by an increase in moisture content of the soil at seed level.

6. The coefficient of variation (standard deviation

divided by the mean) for the seedling heights which was a

measure of the crop uniformity followed no definite trend.

7. The use of two layers of soil with different

moisture contents and bulk densities was considered as a

good simulation of field conditions since in the field the

top soil after cultivation normally becomes drier and loose,

and the bottom soil which is moist due to the previous

summerfallow is left untouched.

8. At 24°C the Manitou wheat used required a kernel

moisture content of 45tl.5% (dry basis) on the average

for germination.

9. The rate of water uptake by wheat kernels from

both the compacted and uncompacted soils was rapid during the

initial hours after seeding and decreased as time progressed.

After any time interval there was no significant difference

between the amount of water absorbed by the seeds in either

the packed or unpacked soils. This indicated that at the

early stages the major resistance to water flow was' in the

seed and not in soil.
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10. Seed in both compacted and uncompacted soils

reached the minimum moisture content for germination almost

at the same time. Consequently there was no difference in

percent germination for seeds in either of the soils.

11. The calculated water diffusivity, 0, for the

wheat kernels in both packed and unpacked soils increased

rapidly from O.010xlO- 4 cm 2 /hr to a peak of 1.887xlO- 4 cm 2 /hr

within the first eight hours and then decreased gradually

afterwards.

12. Embedding two parallel tiny electrodes into the

kernel as a means of continuously monitoring the kernel

moisture content proved to be futile. The resistance

measurements across a pair of the electrodes which were to

be an indication of the seed moisture content was erratic and

inconsistent.

13. For the range of soil moisture and bulk densities

considered, packing resulted in an increase in the bulk

densities and the volumetric moisture content. In some cases

the increase was significant at the P =.05 or P =.01. The

resulting bulk densities were not linearly proportional to

the compacting efforts i.e. the number of blows delivered by

the hammer to the soil.



8. PRACTICAL RECOMMENDATIONS

The results of this research work are of limited

value unless they are translated into practical terms and

made available to farmers.

Post-seeding packing, like any other- farming operation,

is done with the hope of getting better returns. The results

of this work indicated that post-seeding packing did not

always promote early emergence or faster crop growth, so

when packing is done indiscriminately the result may be

disastrous under certain conditions.

Ideally agricultural land packers should compress

the soil at seed level and below, and should place relatively

loose soil above the seed. Obviously this calls for a design

and introduction of new type of packer. However, packers

on the farm today can be used to promote early emergence and

better crop stand in some circumstances. Post-seeding

packing of a wheat crop is recommended when the soil below,

about 6 em, is relatively moist, i.e. when enough moisture

has been conserved during the previous summerfallow period and

when the top soil at seed level has barely enough moisture to

support the crop to the point of emergence. Post-seeding

packing should be done in such a way that the soil does not

present undue resistance to the seedlings afterwards.

One other thing which the farmer should avoid during

packing is hard crust formation. This means· for wet clay soil,
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which is susceptible to crusting, packing should be delayed

for some time.



9. SUGGESTIONS FOR FUTURE WORK

This research work was conducted for one particular

soil and Manitou wheat kernels from one seed source.

Obviously the scope of this study is narrow and the results

cannot be generalized. Therefore it is recommended that

further tests be performed with different types of soil and

with various grain crops, so as to get results which will be

reliable in a general case.

The next step is the adaptation of the results to

the farm. This requires extensive field tests, since all the

results obtained under laboratory conditions may not necessarily

be valid in the field.

Crop early emergence is of limited use unless it can

be related to yields. Therefore it is suggested that

experiments be conducted to correlate early emergence to the

yields of grain crops.

Considering the results obtained from this study it is

suggested that an agricultural packer be designed to -compact

the soil at seed level and below, and place relatively loose

soil'above the seed.
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AI. Evaluating the Water Diffusivity, D, of a Wheat Kernel

AI.I Theory

The general equation (in cartesian co-ordinates)

characterizing the concentration in a homogeneous isotropic

solid is

d 2 C d 2 C d2 C-:-- + -- +
dX 2 ay 2 az 2

1 ac= o at . .. 1

where x, y and z are the right angle cartesian co-ordinates

and t is the time. Equation (1) assumes that the diffusivity,

D, is independent of the concentration, c.

In considering the absorption of water by a wheat

kernel, spherical geometry will be assumed. Therefore the

equation has to be transformed into spherical system of

co-ordinates. The transformation adopted will be:

x = r sine cosep,

y = r sine 8i:o<l>,

z = r cose

z

x

'. '\.
'\

'\1
.~

Figure Al Co-ordinate System

(x, y , z)

y
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where, r = the distance of a particle 0 from the origin,

e = it"s latitude,

<p = it"s azimuth. (See Figure Al.)

Substituting in Equation (1) we get:

ac D(a 2ac 1 a . dC 1 a2C )
at = r ar-(r ar) + sine aa-(Sl.nea-e) + sin2e d<p 2

• •• 2

When the concentration c is concentric, that is, it depends

only on the rand t, and not on either e or ~ (this implies

that the diffusion is radial) we have:

acae = 0,
ae
a¢ = 0 and

Then Equation (2) reduces to

~Ct = ~( L(r2 ac»)
a r 2 or ar

i.e. ~ = D( ~ ac + a
2
c )

at r ar ar 2 • •• 3

Now the following standard substitution will be made,

u = cr

Differentiating with respect to time (t) we have,

au _ ar r.£.£
at - Cat + at

since

au = r.£.£
at at

~ = 0at

, • •• 4

Differentiating again with respect to r_,

• •• 5



• •• 6

90

Substitution of Equations (4) and (5) into (3) yields

au a2 u
1ft = D

ar2

Equation (6) is valid within the wheat kernel i.e. for

o < r < a, where a is the effective diameter of the wheat

kernel. Also Equation (6) is a boundary value problem in

one dimension and can be solved by seperation of variables.

The assumed initial and boundary conditions are that inside

the kernel, the initial concentration is fer) and outside

it the concentration is ~(t). This gives

and

u (a,t) = a<j> (t) ,

u (r , 0) = rf (r) ,

u(O,t) = 0

7

8

9

We begin to seek a solution in the form of

u(r,t) = R(r)T(t) • •• 10

in which R is twice differentiable, T once differentiable,

and each is a function of a simple variable. In addition

Rand T should satisfy the given boundary and initial conditions.

Substitution of Equation (10) into Equation (6) gives

R" 1 '1"- = - - =-AR D T

Whenever RT ~ 0 it follows that,

R" + AR = 0,

T' + OAT = 0

say (A = constant)

For A = 0, R" = 0

where Al and B 1 are contants.
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Fot A = 0, T' = 0,

T = Cl (constant)

Uo (r ,t) = RT = A + Br ... 11

( Note, constants A = AlCl and B = ClB l ) .
Using the boundary and the initial conditions (8) and (9)

we have o = A,

and a~(t) = Ba,

B = cf>(t)

: Equation (11) becomes

Uo (r,t) = r cf>(t)

For the homogeneous case i.e. when A < 0 we have

R" + AR = 0

The non-trivial solution for this is

where, A2 and B2 are constants.

12

Boundary conditions u(O,t) = 0 and u(a,t) = 0 implies

R(O) = 0 and R(a) =0 ,

0 = B2

and 0 = A2s i nlX"a

since A2 ~ 0 then sinlX"a = 0

Ira = nn, for n = 1, 2, 3 , • • •

The Eigen values are A n 2 n 2
for 1, 2, 3 , •••:::: -- n ::::

n a 2

The corresponding Eigen vectors are sinn'lTr,n n = 1, 2, 3, •••
a

For each Eigen value An we solve T' + DA T = 0n
giving,
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-DA t
T = E e n E is constantn n , n

Dn 2 '7T 2--t
i.e. T = E e a 2 , n = 1,2,3, •••n n

Solutions to the homogeneous problem have the form

E sin (n1Tr) e
m a , where

Therefore solution to the homogeneous problem" {Equation (6)} is

un(r,t) n = 1,2,3, •••

It now remains to use these functions, u (r,t)
n

to construct

u(r,t) which satisfies the initial conditions u{r,O) = rf(r).

To this end we form,

u(r,t) , .•• 13

and set t = 0 to obtain

00

rf(r) = r¢ (0) + L E sin(n'7Tr ) 0 < r < a
n=l m a

r{rf(rl - r¢(O)}sin(n1Tr ) dra
Thus Em =

Q

fasin 2 (mfr) dro a

2r - ¢(O)}rsin(n1Tr ) dr= - "{f(r)
a 0 a
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If it is assumed that the initial concentration in the kernel
I

and outside it, is constant then f(r) = Cl and ¢(O) = Co,

where C1 and Co are constants,

Therefore, Em

n 2a= (-1) - (Co - Cl)
nlT

Substituting this into Equation (13) we have

u(r,t) = rc = rCo +

rTIor c = Co +
2a(CO-Cl) 00

L:
n=l

On 2
11

2

n - ----t
(-1) . (nTIr) e a 2-- sJ.n --n a

The total amount of diffusing moisture entering the kernel

from time t = 0 to t = tl is

where c t1 and Co are the concentrations at times tl and O.

On 2 TI 2r:4TTr
2

(C O-

00 n - --t
M = C 1 ){1 + 2a L: (-1) sin (!!2!.E.) e a 2 } drto-t 1 TIr n=l n a

On 2 n 2

4TIa s 8a s 00

1 - -- tl
:;: (C 0- C1) { -3- - L e a 2 }

TI n=l n 2

Similarly

Dn 2 ".2
4 'ITa s 8a S 00

1 - -- t2
M = (C 0- C 1) { -3- - - L e a2. }

t o-t 2 7T n=1 n 2



94

Therefore,

Dn 2 TI 2
00 - -- tl6 1

M 1 - L e a 2
to-tl TI

2 n=l n 2
14= ...

M Dn 21T 2
to-t2 00 t2

1 6 L 1 e a 2-
TI 2 n=l n 2

Al.2 Application of the Solution to the Diffusion Equation

The solution obtained for the diffusion Equation (1)

was Equation (14). Evidently the diffusivity, D, cannot be

explicitly evaluated from the solution {Equation (14)}.

It can be evaluated by "trial-and-error" method if

{Mt t }!{Mt t} and the effective radius, a, of the wheat
0- 1 0- 2

kernel are known. For this computation t2 was chosen to be

34 hours, thus the corresponding kernel moisture was 46.0%

(Figure 6.1). Therefore the cummulative water from time

to = 0 to t2 was 46.0 - 7.5 = 38.5%. (7.5% was the initial

kernel moisture content).

To calculate the value of D at any t 1 (where t 1 <t 2 )

first the moisture content at t~·was found from Figure 6.1.

Then the ration {Mto-tl}/{Mto-t2} was computed. The next

step was to choose a value of D such that the right hand side

of Equation (l4) was reasonably close to the value a~ the

left hand side. This was done by reasonably g~essing the value

of D taking into consideration the previous values of D.

This computation was repeated for several values of tl on

the "Hewllett-Packard Model 2000A time sharing" computer.
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For example:

For tl = 20 hours the corresponding kernel moisture

was 38.7% (from Figure G.l),

Thus the ratio 38.7 - 7.5

38.5

= 0.81039

After several trials, the value of D = 0.G4GxlO- 4 cm 2 /hr

was found. This value gave a difference between the right and

left hand sides of Equation (14) of 0.003%.

The effective radius, a, of the kernels used was

0.1849 cm. Determination of this parameter is shown in this

Appendix (Section A2).

A2. Effective Radius of Wheat Kernel Determination

In the process of applying the solution '{Equation (14)}

obtained for the diffusion equation one has to know the

effective radius of the wheat kernel.

Since the wheat kernel is not a sphere, it has three

distinct axis, A, Band C (Figure A2).

B

End view

Figure A2 Schematic Diagram of a Wheat Kernel.
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The average of the dimensions A, Band C was considered as

the effective diameter of each kernel. A, Band C were

measured with a micrometer on 100 wheat kernels picked at

random from the batch being used for the experiments and the

effective diameter of each kernel was was determined.

The average of the diameters was found to be 0.36"98 cm with

a standard deviation of C.0013 cm. Hence the effective

radius a = 0.1849 cm.
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Table Bl Sample Results from Experiment 2

Cylinder Soil Bulk Soil Moisture Kernel moisture
Density,gm/cc Content, % Content, %

Number Wet Dry Gravimetric Volumetric Initial -Final

1 1.069 0.978 11.219 10.972 7.79 31.60

2 1.049 0.958 11.486 11.004 7.52 31.83

3 1.031 0.941 11.527 10.847 7.75 33.08

4+ 1.089 0.997 11.249 11.215 7.66 30.25

5+ 1.084 0.989 11.581 11.434 7.64 34.10

6+ 1.080 0.987 11.374 11.226 7.65 32.30

+ compacted soil

Average temperature of the soil = 24'C

Time seeds in soil = 8 hours.



Table B2 Results for Experiment 4

Soil Bulk Soil Gravimetric Soil Volumetric
% of % ofCyl. Density,gm/cc Moisture Content Moisture Content Wt. of

No.
(% ) (% ) live Emergence Roots

Wet Dry Initial Final Initial Final seedlings
(gm)

1 1.188 1.050 13.51 7.94 14.15 8.31 29 12 0.1103

2 1.131 0.998 13.54 6.74 13.31 6.73 29 18 0.1009

3 1.162 1.e24 14.46 7.55 13.74 7.73 35 24 0.1076

4+ 1.249 1.095 14.13 8.64 15.47 9.46 71 0 0.2313

5+ 1.281 1.129 13.50 7.41 15.24 8.37 65 6 0.1790

6+ 1.280 1.126 13.61 7.40 15.32 8.34 71 6 0.2751

+ compacted soil.

\0
\0
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Table B3 Analysis of Variance for the Parameters of the Soils
under Various Degrees of Compaction (Experiment 5)
(Initial gravimetric moisture content ~ 18.8%)

Parameter Source Sum-sqr. Deg-Fr. Mean-sqr. F-ratio

Wet Bulk Packing 1.6l2xlO- 1 3 5.374 xlO- 2

Density 64.65**
(gm/cc) Error 6.649xlO- 3 8 8.3llx10- 4

Dry Bulk Packing 1.069x10- 1 3 3.565xIO- 2

Density 57.09**
(gm/cc) Error 4.995x10- 3 8 6.244xlO- 4

Initial Packing 0.461 3 0.154Gravimetric
Moisture

0.45

Content, % Error 2.717 8 0.340

Final Packing 5.213 3 1.738Gravimetric
Moisture 0.98

Content, % Error 14.171 8 1.771

Initial Packing 55.796 3 18.599
Volumetric
Moisture

54.67**

Content, %
Error 2.722 8 0.340

I

FinalI

Volumetric
Packing 30.479 3 10.160

Moisture
5.84*

Content, % Error 13.927 8 1.741

* significantly different at P =.05

** significantly different at P =.01
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Table B4 Duncan Multiple Range Test for Significantly
Different Soil Parameters indiaateu in
Table B3 (Experiment 5)

No Light Medium Heavy
Parameter Packing Packing Packing Packing

(AS) (B5) (C5) (05 )

Means 0.910 1.111 1.170 1.213
Wet Bulk

I

A5 0.910 0.000 0.201** 0.260** 0.303**
Density

I B5 1.111 0.000 0.059** 0.102**
(gm/cc) C5 1.170 0.000 0.043

Dry Bulk Means 0.741 0.907 0.952 0.987

Density A5 0.741 0.000 0.166** 0.211** 0.246**

(gm/cc) B5 0.907 0.000 0.045 0.080**

C5 0.952 0.000 0.035

Initial Means 16.92 20.33 21.80 22.53
-_.

Volumetric AS 16.92 0.00 3.41** 4.88** 5.61**Moisture
Content B5 20.33 0.00 1.47* 2.20**

(% )
CS 21.80 0.00 0.73

Final Means 13.34 16.45 15.75 17.75
-

Volumetric AS 13.34 0.00 3.11* 2.41 4.41**
Moisture
Content B5 16.45 0.00 0.70 1.30*

(% )
C5 15.75 0.00 2.00*

* significantly different at P =.05

** significantly different at P =.01
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Table B5 Analysis of Variance for the Parameters of the Soils
Packed at Different Levels in Experiment 6
(Initial gravimetric moisture content ~ 22%)

Parameter Source Sum-sqr. Deg-Fr. Mean-sqr. F-ratio

Wet Bulk Packing 1.008xlO- 1 3 3.36lxlO- 2

Density 43.57**
(gm/cc) Error 6.l70xlO- 3 8 7.7l3x10- 4

Dry Bulk Packing /~6. 958xlO- 2 3 2.319Xl0- 2

Density 46.34**
(gm/cc) Error 4.004xlO- 3 8 5.004xl0- 4

Initial Packing 0.372 3 0.124Gravimetric
Moisture 0.66

Content, % Error 1.508 8 0.188

Final Packing 15.523 3 5.174Gravimetric
Moisture 1.82

Content, % Error 22.800 8 2.850

Initial Packing 28.991 3 9.664Vo1mnetric
Moisture

22.66**

Content, % Error 3.412 8 0.467

Final Packing 57.830 3 19.277Volumetric
Moisture

9.23**

Content, % Error 16.705 8 2.088

* significantly different at P =.05

** significantly different at P =.01
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Table B6 Duncan Multiple Range Test for Significantly
Pifferent SOil Parameters indicated in
Table B5 (Experiment 6)

No packing Packing at Packing at Packing at

Parameter 3 em above seed level seed 1ev.&
seed level 3 cm above

(A6) (06 ) (B6) (C6 )

Wet Bulk Means 0.936 1.111 1.151 1.165

Density A6 0.936 0.000 0.175** 0.215** 0.229**

06 1.111 0.000 0.040 0.054
(gm/cc) B6 1.151 0.000 0.014

Dry Bulk Means 0.766 0.911 0.944 0.957

A6 0.766 0.000 0.145** 0.178** 0.191**
Density 06 0.911 0.000 0.033 0.046

(gm/cc) B6 0.944 0.000 0.013

Initial Means 16.99 20.09 20.72 20.77

Volumetric A6 16.99 0.00 3.10** 3.73** 3.78**

Moisture 06 20.09 0.00 0.63 0.68

Content, % B6 20.72 0.00 0 .. 05

Final Means 11 .. 47 16 .. 06 16.06 17.18

Volumetric A6 11 .. 47 0 .. 00 4 .. 59** 4.59** 5.71**

Moisture 06 16.06 0.00 0 .. 00 1.12

Content, % B6 16.06 0.00 1.12

* significantly different at P =.05

.... significantly different at P =.01
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Table B7 Analysis of Variance for Emergence Counts from
Soils Packed at Different Levels in Experiment 6
(Initial gravimetric moisture content ~ 22%)

Days after Source Sum-sqr. Deg-Fr. Mean-sqr. F-ratioseeding

Packing 7.583 3 2.528
4 2.17

Error 9.333 8 1.167

Packing 1$3.000 3 61.000
4~ 21.53**

Error 22.670 8 2.833

Packing 118.250 3 34.417
5 4.73*

Error 66.667 8 8.333

Packing 77.583 3 25.861
5~ 4.63*

Error 44.667 8 5.583

Packing 60.667 3 20.222
6 4.04

Error 40.000 8 5.000

Packing 14.250 3 4 .. 750
6~ 3.56

Error 10.667 8 1.333

Packing 4.917 3 1.639
7 1.79

Error 7.333 8 0.917

Packing 6.667 3 2.222
8 3.33

Error 5.333 8 0.667

* significantly different at P =.05

** significantly different at P =.01
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Table B8 Duncan Multiple Range Test for Significantly
Different Emergence Counts indicated in Table B7
(Exper iment 6)

Days Packing at Packing at Packing at No packing

after seed lev.& 3 cm above seed level3 em above seed
seeding (C6 ) (D6 ) (B6) (A6 )

Means 0.667 1.333 7.667 9.667

C6 0.667 0.000 0.666 7.000** 9.000**
4~ D6 1.333 0.000 6.334** 8.334**

A6 7.667 0.000 2.000

Means 5.333 6.333 11.333 12.667

C6 5.333 0.000 1.000 6.000* 7.334*

5 06 6.333 0.000 5.000 6.334*

A6 11.333 0.000 1.334

Means 8.333 10.333 13.667 14.667

C6 8.333 0.000 2.000 5.334* 6.334*
5~ D6 10.333 0.000 3.334 4.334

A6 13.667 0.000 1.000

* significantly different at P =.05

** significantly different at P =.01



106

Table B9 Analysis of Variance for the Parameters of the Soils
Packed at Different Levels in Experiment 7
(Initial gravimetric moisture content ~ 18%)

Parameter Source Sum-sqr. Deg-Fr. Mean-sqr. F-ratio

Wet Bulk Packing 6.432x10- 2 3 2.141xl0- 2

Density 50.06**
(gm/cc) Error 3.421x10- 2 8 4.277xl0- 4

Dry Bulk Packing 4.765xl0- 2 3 1.558xl0-?'
Density 49.40**
(gm/cc) Error 2.523xl0- 3 8 3.l54x10- 4

Initial Packing 0.1411 3 0.0470Gravimetric
Moisture 1.00

Content, %
Error 0.3774 8 0.0472

Final Packing 6.896 3 2.299Gravimetric 1.12Moisture Error 16.429 8 2.054Content, %

Initial Packing 13.934 3 4.645Volumetric 39.31**Moisture Error 0.945 8 0.118Content, %

Final Packing 24.318 3 8.106Volumetric 4.27*Moisture Error 15.180 8 1.898Content, %

* significantly different at P =.05

** significantly different at P =.01
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Table BIO Duncan Multiple Range Test for Significantly
Different Soil Parameters indicated in
Table B9 (Experiment 7)

~o packing Packing at Packing at Packing at

Parameter 3 cm above seed level seed 1ev.&
seed level 3 cm above

(A7 ) (D7 ) (B7) (C7 )

Wet Bulk Means 1.019 1.146 1.188 1.207
..

Density A7 1.019 0.000 0.127** 0.168** 0.188**

D7 1.146 0.000 0.042 0.061**
(gm/cc)

B7 1.188 i 0.000 0.020

Dry Bulk Means 0.861 0.967 1.005 1.021 I

Density A7 0.861 0.00·0 0.107** 0.144** 0.160** I
07 0.967 0.000 0.037 0.054**

(gm/cc)
B7 1.005 0.000 0.016

Initial Means 15.85 17.85 18.29 18.62

Volumetric A7 15.85 0.00 2.01** 2.44** 2.78**

Moisture D7 17.85 0.00 0.43 0.77*
Content, % B7 18.29 0.00 0.33

Final Means 11.73 15.26 14.74 14.97

Volumetric A7 11.73 0.00 3.53* 3.01* 3.24*
Moisture 07 15.26 0.00 0.52 0.29
Content, % B7 14.74 0.00 0.23

* significantly different at P =.05

** significantly different at P =.01
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Table B11 Analysis of Variance for Emergence Counts from
Soils Packed at Different Levels in Experiment 7
(Initial gravimetric moisture content ~ 18%)

Days after Source Sum-sqr. Deg-Fr. Mean-sqr. F-ratioseeding

Packing 4.250 3 1.417
5~ 4.25*

Error 2.667 8 0.333

Packing 14.250 3 4.750
6 4.38*

Error 8.667 8 1.083

Packing 73;667 3 24.556
6~ 7.56*

Error 26.000 8 3.250

Packing 96.250 3 32.083
7 6.75*

Error 38.000 8 4.750

Packing 132.917 3 44.306
i 7~ 11.31**
I

Error 31.333 8 3.917

Packing 136.333 3 45.445
8 12.68**

Error 28.667 8 3.583

Packing 92.917 3 30.972
8~ 12.82**

Error 19.333 8 2.417

Packing 91.000 3 30.333
9 13.00**

Error 18.667 8 2.333

* significantly different at P =.05

** significantly different at P =.01
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Table B12 Duncan Multiple Range Test for Significantly
Different Emergence counts indicated in Table BII
(Exper iment 7)

Days Packing at Packing at Packing at No packing

after seed lev.& 3 em above seed level3 cm above seed
seeding (C7 ) (07) (B7) (A7)

Means 0.000 0.000 1.333 1.000

5~
C7 0.000 0.000 0.000 1.333* 1.000
07 0.000 0.000 1.333* 1.000
B7 1.333 0.000 0.333

Means 0.000 0.000 2.333 2.000

6 C7 0.000 0.000 0.000 2.333* 2.000
07 0.000 0.000 2.333* 2.000
B7 2.333 0.000 0.333

Means 0.666 2.333 5.333 7.000

6~
C7 0.666 0.000 1.666 4.667* 6.334**
07 2.333 0.000 3.000 4.667*
B7 5.333 0.000 1.667

Means 0.666 3.666 6.666 8.000

7 C7 0.666 0.000 3.000 601)00* 7.334**
07 3.666 0.000 3.000 4.334*
B7 6.666 0.000 1.334

Means 1.000 4.666 7.333 10.000

7~
C7 1.000 0.000 3.666 6.333** 9.000**
07 4.666 0.000 2.667 5.334*
B7 7.333 0.000 2.667

Means 1.666 5.333 8.333 10.666

8 C7 1.666 0.000 3.667* 6.667** 9.000**
07 5.333 0.000 3.000 5.333*
B7 8.333 0.000 2.333

Means 3.000 7.000 8.333 10.666

8~
C7 3.000 0.000 4.000* 5.333* 7.666**
07 7.000 0.000 1.333 3.666*
B7 8.333 0.000 2.333

Means 3.666 7.666 8.666 11.333

9
C7 3.666 0.000 4.000* 5.000** 7.667**
07 7.666 0.000 1.666 3.667*
B7 8.666 0.000 2.667

* significantly different at P =.05

** significantly different at P =.01



Table B13 Soil' Parameters in the Field Simulation Test
(Experiment 8)

Bottom Soil Top Soil Moisture Top Soil Bulk
Cy1. Moisture Content Bulk Density Content, % Density

No. (%) (gm/cc) Initial Final (gm/cc)

Grav. Vol. Wet Dry Grav. Vol. Grav. Vol. Wet Dry

1 20.21 19.18 1.140 0.949 16.91 13.80 13.28 10.84 0.954 0.816

2 20.14 20.55 1.225 1.020 16.89 12.84 12.88 9.76 0.888 0.760

3 20.16 19.24 1.147 0.954 16.53 14.24 13.11 11.29 1.0003 0.861

4+ 19.78 20.69 1.253 1.046 16.69 13.91 11.24 9.36 0.972 0.833

5+ 20.50 19.77 1.162 0.964 17.21 15.31 10.20 9.07 1.042 0.889

6+ 20.56 19.45 1.141 0.946 16.98 15.89 10.42 9.76 1.095 0.936

7 31.71 38.18 1.586 1.204 17.10 14.01 17.92 14.68 0.959 0.819

8 32.04 36.77 1.515 1.147 17.20 14.00 16.26 13.24 0.954 0.814

9 31.20 37.42 1.573 1.199 17.09 13.04 15.02 11.46 0.893 0.762

10+ 31.35 35.29 1.478 1.125 17.30 17.62 13.80 14.05 1.194 1.018

11+ 31.34 39.75 1.665 1.268 17.13 13.50 15.48 12.20 0.923 0.788

12+ 30.55 37.48 1.601 1.226 17.16 16.01 15.74 14.69 1.093 0.933

+ compacted top soil.

r-'
r-'
o
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Table Bl4 Analysis of Variance for the Parameters of the
Soils under S'imulated Field Conditions in
Experiment 8

Parameter Source Sum-sqr. Deg-Fr. Mean-sqr. F-ratio

Wet bulk M. C. (A) 3.021xlO- 4 1 3.021xlO- 4 0.04
I

density Packing (B) 3.719xlO- 2 1 3.7l9xlO- 2 5.46* I

(gm/cc) Int. (AxB) 1.632xlO- 3 1 1.632x10- 3 0.24

Error 5.450xlO- 2 8 6 .·813 x10- 3

Dry bulk M.C. (A) l.224x10- 4 1 1.224x10- 4 0.02

density Packing (B) 2.659x10- 2 1 2.659x10- 2 5.40·

(gm/cc) lht. (AxB) 1.230xlO- 3 1 1.230x10- 3 0.25

Error 3.942x10- 2 8 4.928x10- 3

Initial M.C.(A) 1.620x10- 1 1 1.620X10-1 5.24

gravimetric Packing (B) 4.638x10- 2 1 4.638xlO- 2 1.5d

moisture Int. (AxB) 9.783xIO- 3 1 9.783x10- 3 0.32

content, % Error 2.473x10- 1 8 3.091x10- 2

Final M. C. (A) 44.474 1 44.474 49.88**

gravimetric Packing (B) 11.210 1 11.210 12.57

moisture Int. (AxB) 0.869 1 0.869 0.97

content, % Error 7.133 8 0.892

Initial M.C. (A) 0.399 1 0.399 0.26

volumetric Packing (B) 8.870 1 8.870 5.75*

moisture Int. (AXB) 0.284 1 0.284 0.18

content, % Error 12.345 8 1.543

Final M.C. (A) 34.019 1 34.019 27.22**

volumetric Packing (B) 0.391 1 0.391 0.31

moisture Int. (AxB) ~2.328 1 2.328 1.86

content, % Error 9.994 8 1.249

M.C. (A) = moisture content levels of the bottom layer soils.

* significantly different at P =.05

** significantly different at P =.01
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Table B15 Analysis of Variance for Emergence Counts from
Simulated Field Conditions (Experiment 8)

Days after Source Sum-sqr. Deg-Fr. Mean-sqr. F-ratio
seeding

M.C. (A) 21.333 1 21.333 3.35

5 Packing (B) 12.000 1 12.000 1.87

Int. (AxB) 12.000 1 12.000 1.87

Error 51.333 8 6.417

M.C. (A) 310.083 1 310.083 90.76**

5~
Packing (B) 0.750 1 0.750 0.22

Int. (AxB) 0.083 1 0.083 0.02 I

Error 27.333 8 3.417

M.C. (A) 444.083 1 444.083 177.63**

6
Packing (B) 8.333 1 8.333 0.03

Int. (AxB) 4.083 1 4.083 1.63

Error 20.000 8 2.500

M.C. (A) 243.000 1 243.000 59.51**

6~
Packing (B) 1.333 1 1.333 0.33

Int. (AxB) 3.000 1 3.000 0.74

Error 32.667 8 4.083

M.C. (A) 126.750 1 126.750 41.11**

7 Packing (B) 6.750 1 6.750 2.19

Int. (AxB) 8.333 1 8.333 0.03

Error 24.667 8 3.083

M.C. (A) 65.333 1 65.333 15.08**

7~
Packing (B) 8.333 1 8.333 1.92

Int. (AxB) 0.333 1 0.333 0.08

Error 34.667 8 4.333

M.C. (A) = moisture content levels of the bottom layer soi1~

** significantly different at P =.01



Table B16 Soil Parameters in the Field Simulation Test (Experiment 9)

Bottom Soil Top Soil Moisture rrop Soil Bulk
Cy1. Moisture Content Bulk Density Content, % Density

No. (%) (gm/cc) Initial Final (gm/cc)-
Grav. Vol. Wet Dry Grav. Vol. Grav. Vol. Wet Dry

1 18.52 19.09 1.221 1.030 15.09 11.48 12.00 9.13 0.875 0.760

2 19.03 18.91 1.182 0.993 15.18 12.17 14.59 11.69 0.923 0.801

3 18.67 18.05 1.147 0.966 15.06 I 10.50 11.36 7.92 0.802 0.697

4+ 18.19 18.92 1.223 1.034 -14 .60 10.86 11.44 8.50 0.851 0.743

5+ 18.75 18.27 1.157 0.974 14.91 13.89 11.13 10.37 1.070 0.931

6+ 18.74 18.14 1.149 0.968 14.72 12.34 12.07 10.12 0.962 0.838

7 23.59 21.06 1.103 0.892 15.14 11.81 14.26 11.12 0.898 0.780

8 23.24 21.30 1.129 0.916 15.14 11.18 15.60 11.52 0.850 0.738

9 23.68 22.63 1.181 0.955 14.80 12.09 14.75 12.04 0.937 0.816

10+ 23.44 22.76 1.198 0.970 14.86 13.21 13.87 12.33 1.020 0.888

11+ 23.57 21.46 1.125 0.910 14.36 13.95 13.56 13.17 1.111 0.971

12+ 23.59 21.79 1.141 0.923 15.15 15.65 13.97 14.43 1.189 1.033

+ compacted top soil.

I---J
I---J
w
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Table B17 Analysis of Variance for the Parameters of the
Soils under Simulated Field Conditions in
Experiment 9

Parameter Source Sum-sgr. Deg-Fr. Mean-sqr. F-ratio

Wet bulk M.C. (A) 2.272x10- 2 1 2.272x10- 2 3.68

density Packing (B) 7.023x10- 2 1 7.023x10- 2 11.37**

(gm/cc) Int. (Ax B) 1.0 31x 10- 2 1 1.031x10- 2 1.67

Error 4. 942x 10- 2 8 6.178x10- 3

+Y bulk
M.C. (A) 1.730x10- 2 1 1.730x10- 2 3.76

density Packing)B) 5. 486x 10- 2 1 5.486x10- 2 11.92**

(gm/cc) Int. (AxB) 7.690x10- 3 1 7.690x10- 3 1.67

Error 3.6 81x 10- 2 8 4.602x10- 3

Initial M.C. (A) 1.055x10- 3 1 1. 055x 10- 3 0.02

gravimetric Packing (B) 2.745x10- 1 1 2.745x10- 1 4.86

moisture Int. (AxB) 1.273xl0-2 1 1. 273x 10- 2 0.23

content, % Error 4.517x10- 1 8 5.647x10- 2

Final M.C. (A) 14.994 1 14.994 16.40**

gravimetric Packing (B) 3.525 1 3.525 3.85

moisture Int. (AxB) 9.369x10- 4 1 9.369x10- 4 0.002

content, % Error 7.316 8 0.914

Initial M.C.{A) 3.690 1 3.690 3.08

volumetric Packing (B) 9.470 1 9.470 7.91*

moisture lnt. (AxB) 1.911 1 1.911 1.60

content, % Error 9.583 8 1.198

Final M.C. (A) 23.751 1 23.751 15.63**

volumetric Packing (B) 2.521 1 2.521 1.66

moisture Int. (AxB) 2.078 1 2.078 1.37

content, % Error 12.160 8 1.520

M.C. (A) = moisture content levels of the bottom layer soil.

* significantly different at P =.05

** significantly different at P =.01
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Table B18 Analysis of Variance for Emergence C·ounts from
Simulated Field conditions (Experiment 9)

Days after Sourse Sum-sqr. Deg-Fr. ' Mean-sqr. F-ratio
seeding

M.C. (A) 16.333 1 16.333 12.25**
Packing(B} 0.333 1 0.333 0.25

4~ Int. (AxB) 0.333 1 0.333 0.25
Error 10.667 8 1.333

M.C. (A) 56.333 1 56.333 15.02**

5 Packing (B) 3.000 1 3.000 0.80
Int. (AxB) 1.333 1 1.333 0.35
Error 30.000 8 3.750

M.C. (A) 192.000 1 192.000 69.82**

5~
Packing (B) 21.333 1 21.333 7.76*
Int. (AXB) 8.333 1 8.333 3.03
Error 22.000 8 2.750

M.C. (A) 168.750 1 168.750 106.58**

6 Packing (B) 36.750 1 36.750 23.21**
Int. (AxB) 0.750 1 0.750 0.47
Error 12.667 8 1.583

M.C. (A) 126.750 1 126.750 47.53**

6~
Packing (B) 24.083 1 24.083 9.03*
Int. (AxB) 0.083 1 0.083 0.03
Error 21.333 8 2.667

M.C. (A) 108.000 1 108.000 30.14**

7 Packing (B) 12.000 1 12.000 3.35
Int. (AXB) 0.333 1 0.333 0.09
Error 28.667 8 3.583

M.C. (A) 65.333 1 65.333 21.19**

7~
Packing(B} 16.333 1 16.333 5.30*
Int. (AxB) 0.333 1 0.333 0.11
Error 24.667 8 3.083

-
M.C. (A) 44.083 1 44.083 13.56**

8 Packing (B) 10.083 1 10.083 3.10

I
Int. (AxB) 2.083 1 2.083 0.64
Error 26.000 8 3.250

M.C. (A) = moisture content levels of the bottom layer soils.

* significantl~ different at P =.05

** significantly different at P =.01
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