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I'lTHCGUCIIGN

Since the end of ’orld <5iar II, ?olf and other recreational 

activities requiring specialized fine turf areas have increased 

tremendously. This has, in turn, greatly increased the maintenance 

prooleae of the golf course superintendents and others involved in 

maintaining first rate playing conditions, 'ixcessive compaction 

brought about by the increased play and the use of heavy modern 

maintenance machinery has increased the ever present but often un­

recognized trooleas bf soil physical condition manyfold, it has 

become contnon practice In many areas of the United States to install 

fairway watering systems. Improper management of systems, because of 

lack of knowledge of the proper use of water often has resulted in 

more damage than if no watering system were present at all.

There is no reason to douot that under careful management the 

use of supplemental irrigation can oe of ireat value in maintaining 

good turf quality. Unfortunately, it has been the common practice 

where watering systems are available, to overwater. This is not only 

detrimental to the turf, but also adds undue maintenance costs. Over­

watering may have detrimental effects on turf quality in several ways. 

Under levola of high fertility, overwataring will result in a lush, 

succulent type of growth which generally is very susceptible to disease 

attacks. uverwataring may also oe responslole for undesirable weed and 

crabgrass invasions as well as serving as a vehicle for the loss of soil 

nutrients through leaching. Hap id growth, through excessive watering,

also requires that the turf be clipped wore frequently, thus subjecting
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the soil to the conpaccive effects of heavy mowing machinery. It has 

long 'aeon ooservsd that excessive watering tends to forat a turf -which 

is very snalicw rooted and, therefore, incapable of surviving even under 

conditions of light drought.

basically, nany of the problems involved in fixi3 turf maintenance 

revert bach to the physical condition of the roil, tiven the proper roil 

condition in the beginning, the golf course superintendent is faced with 

the proolan of maintaining these soil conditions, thfortunately, in 

morst instances the desirable soil .conditions already have oeen destroyed 

and the golf course superintendent oust have some means, short of re­

construction, of restoring a bettor physical condition to the soil.

?ropor soil physical condition involves several factors which, 

directly or indirectly, affect the ultimate turf quality and hence the 

playing conditions, foil structure and texture unaouotsdly determine 

the porosity of a soil, which in turn, plays an important role in the 

aeration and surface drainage. ?roa a purely theoretical standpoint 

the ideal soli for turf would contain 50 percent solid material (mineral 

and organic content) and SO percent pore space oy volume of the total 

soil mass. Of this pO percant pore space, one half would oe occupied by 

soil air and the other one half cy soil water. If any conditions arise 

which result in a decrease in total pore space and an increase in the 

solid portion of a given volume of soil, some degree of compaction has 

taken place. Compaction, in addition to reducing pore space say also 

cause the formation of a shallow impervious surface layer which will

almost completely impede the penetration of water and result in loss of
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water by runoff. Under similar conditions on lower areas, water may pond 

on the surface for days at a tiae, forming anerobic conditions which may 

cause serious turf deterioration. Fundamental knowledge as to the exact 

nature and extent of compaction damage to turf quality is woefully lack«* 

ing at the present tiae.

Plants, like animals, require oxygen in order to maintain life. 

Soil aeration is, therefore, of prime importance in the replenishment of 

soil oxygen and the removal of soil carbon dioxide and other gaseous 

materials which may become toxic if allowed to accumulate. The lack of 

adequate aeration may result in the formation of anerobio conditions 

which are not only detrimental to the plant directly, out way, in 

addition, retard the development of nitrification processes ana the 

growth of desirable soil aicro-orqanisae which are thought to play some 

role in the development of good structure.

Jithin the past ten years several types of aerating equipment 

have appeared on the commercial market under such names as Uoilairs, 

Aerifler, and the Terforator. Unfortunately, many golf course super­

intendents looked upon these mechanical moans of improving soil aeration 

as a cure all. There is no reason to doubt that such aerating machines 

have their place in any proper turf maintenance program, out it must be 

rsmeaoored that these devices are but one sore of the many tools that 

can be of assistance in turf maintenance and should oe regardod as such.

In recent years the various aerating machines have been given 

credit as aiding in the penetration of certain fertiliser elements as

well as water and air, although at the present time there is no actual
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experimental data availaoie to validate such an assumption. It seems 

quite raasonaola that such penetration would take place pure!/ through 

mechanical means, but 1. remains the task of the rosearen worker to 

provide scientific proof chat such a mechanical penetration does taks 

place.

As additional oxperimental evidence is gathered rawarding turf 

management, it becomes increasingly evident that we are confronted with 

a tremendously complex problem which cannot oe solved by a few, simple 

experimenta. At tile same time, it must be realized that any future 

experimental work should ba kept as simple as possible in order to 

better understand the basic fundamentals and thereby clarify the picture 

rather than add more confusion to an already confused situation.

ihis study was designed as a continuation and elaboration of 

earlier studies by .Vatson'4'5' in an attempt to find additional information 

on the physical effects outlined above on turf quality 3nd maintenance 

practices. Basically, the work was conducted as a continuation cf the 

work started by J. X. 'fatten, Jr. in 19U?. lhe original plots used oy 

Á/ateon were retained and tiie basic treatments, with ¿¡edifications, 

continued. During -he summer of l?50 these modifications consisted 

primarily of an Increase in the severity of the original compaction 

treatments with no change in the moisture treatments. In the spring 

of l?5l» these plots were further modified oy sub-dividing the original 

plots into aerified and non-aerified plots. At the came time appli­

cations of superphosphate at a hign rate were applied in order to study 

the penetration of phosphorus on the aerified and non-aerified plots.
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The aethods of evaluation and techniques used in such evaluations will 

be found later in the teat under the heading of Methods and Jateriale.
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3EVILW OP LIT'TU’.’USE

Literature dealing with soil compaction, moisture, and aerification 

a« they affect turf quality, is limited. Scientifically acquired ex­

perimental data is almost totally unavailable. Ibero are hundreds of 

articles appearing in our none popular periodical* dealing with these 

subjects, but they consist almost entirely of personal observations 

and opinions of the writers and have little or no scientific data to

substantiate them.

i’urf of a quality that will meet present day playing conditions

is affected by many factors, fho acre important of those are physical

soil condition, soil reaction, fertility, disease, and management

practices, those factors none is more important than the

physical condition of the soil. In turn compaction and moisture play

an important role in the physical condition of the soil and the ulti- 

(25)ante turf quality. Satson found that moisture alone exerted more

detrimental influence on turf quality over a three year period than

did compaction alone. He found that under conditions of high moisture,

bentgrass tended to increase at the expense of the Kentucky bluegrass 
(25)and the rod fescue. Satson also found that compaction tended to 

increase the clover population at the expense of the permanent grasses. 

Smith and Cook^\ working with a pot experiment on sugar beets, 

involving compaction, aeration, and water, concluded that excessive

compaction alone was more detrimental than excessive water alone.
(25) (13)iatron , Smith and Coo« , agree that the interaction of moisture
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and coapaction together produce sore injurious effects than either alone.
^1)Aiderfar and lobinson' , working on pastures, report that taxiaua

coapaction occurs in the ’upper inch of the soil profile ciespito the high

organic content usually found in this *rea undor pasture conditions.

This thin layer prevents the infiltration of water and causes runoff,

avan thougn axcexj.au t soul structure say ax >>s t jvjvw wh Oi<a jhch 
<' 19)

layer, fokolovaky' agrees thxt thia compacted layer ¿eneraliy forms

in the upper inch and prevents water infiltration. de is also of the

opinion that under irrigation there aay oe a breakdown of aggregation

in the surface wnich leads to crust formation. Crust formation results 
! 6)in unfavorable air anc water relations for plant growth. Cole' , has 

shown that under high rates of irrigation, puddling of the surface aay 

taxe place, ihe presence of a compacted layer at a greater depth, as 

is often the case in hardpans and certain artificial soils, would 

7Ui tar tally affect drainage.

Poor drainage is closely associated with poor aeration. Belton 

and Carroll'7' have pointed out the Lauortance of adequate drainage in

maintaining the proper air-eater relationships. lusaerx , A'eiton,
(">0) (25)Carroll, and lilson z, and latson have aaphaslzed that compaction

and excessive water are primary factors contributing to poor aeration 

and drainage, iiuscer'1 y, Selton and Carrollv have also pointed out 

the importance of aeration and drainage in the development of adequate 

root systems, katoon'“* z has shown that high aoisture content in the 

upper two inches of the soil layer (due to poor drainage or high water 

taoios) tend to develop very shallow root systems which cannot persist

axcexj.au
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under condition« of alight drought. numerous workers, usin>. corn, 

barley, «heat, and sugar beets, have shown that coapaction, by re­

ducing aeration, aay hinder root development. It has also been 

shown that an increase in the ratio of tops to roots is associated 

with 3oil compaction.

Workers have suggested that the prasence of compacted layers in

the soil aay hinder the nutrient supplying power of the soil, -oith 

(13)and Cook found that severe soil coapaction did not restrict the

growth of sugar oeets as amen if excessive amounts of nutrients wore 

(12)supplied. Hubnell and Gardner have shown on two Mew fexico soils 

that soil compaction materially reduces the soil micro-organic® 

population. Thus, soil compaction may influence the growth of the 

turf grasses as a result of its effect on the nutrient supplying 

ability of the soil organisms.

Cannon^4 > has shown that the absorption of nutrient« by plants 

is the result of an energy consuming process of the protoplasm for 

which oxygen is needed constantly. Cannon'4also points out that 

the carbon dioxide given off during plant respiration may accumulate 

under conditions of poor aeration and dilute the oxygen supply to a 

critical value. In poorly aerated soils ferric iron may oe reduced 

to the ferrous state and become toxic to plant growth, if allowed to 

accumulate. Adequate soil aeration, therefore, is necessary for the 

replenishment of soil oxyqen, the dissipation of carbon dioxide and 

other gaseous substances, adequate nutrient uptake, adequate root 

development, *nd proper drainage.



7

Tho use of aerification as we now know it in turf management is

of recent introduction. It is well known that adequate soil aeration 

(12)is necessary for proper plant development. Hubbell and Gardner , 

Clements^, Cannon and Free^\ and numerous other investigators have 

studied air and water relationships with crops other than established 

turf. Kramer'--, nas shown the affect of aeration on plant-coil 

water relationships.

Considerable literature is available on the migration and

penetration of phosphorus as influenced by water, out at the present

time thers is no material available on aerification and phosphorus
penetration. Uidgley^^, Crawley^, Alway^\ abckensmith^\

and others report that there is very little, if any, movement of

phosphorus downward evon under heavy rainfall and heavy applications 
(3)of phosphorus fertilizer, drown , reports that superphosphate does

not move more than three inches downward on acid soils and seven inches

downward on alkaline soils in a period of sixteen years. Robinson and

Jones 7» in leaching North lelsh soils, found that naturally occurring

phosphates do not materially move downward, but that phosphate applied

dressings rhow considerable downward movements under the normal rain- 
(23)fall of .Sales. Ulrich, Jaccbson, and Overstreet , using radioactive 

phosphorus, report that 20 percent of the phosphorus applied pene­

trated three Inches in sleven days when four inches of irrigation were 

applied over that period. They further stated that 11.5 percent of 

the phosphorus applied penetrated five Inches in eleven days under the 

same irrigation treatment.
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Stephenson and Chapman'^), are of the opinion that the direction 

of movement of phosphorus is governed by the direction of water move­

ment. Ihe form in which phosphate is carried need not necessarily be 

that of inorganic phosphorus in true solution. Soil organic forms, 

as well as organic and inorganic colloidal forms, might move readily 

with soil water. They further point out that there are indications 

that a more rapid penetration is effected through a few heavy appli­

cations of phosphorus rather than through numerous light doses.

Sanderv , reports that under any cropping system which maintains a

high soil organic matter content, there will be a higher rate of

phosphorus penetration than on a soil having low organic matter con­

tent, because there is less fixation of the superphosphate. He found 

that by the addition of organic materials to the soil, phosphorus 

penetration could be materially increased down to twelve inches, but 

that no noticeable increase could bo found beyond that depth.
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METHODS AMD jlATEBIAlS

The site of this experiment was an established turf area on the 

campus of the Pennsylvania State College. The area consisted of 25,000 

square feet of a well established turf population composed of Kentucky 

bluegrass (?oa pratansis), red fescue (Festuca rubra vars, genuina and 

faliax), and bentgrass (Agrostis palustris and A. tenuis). The soil of 

the area is a Hagerstown silt loam of good fertility and gentle rolling 

topography. This soil has excellent surface and suDsoil drainage. 

General maintenance of the area.

As far as possible the general maintenance practices of the area 

were very similar to the practices in common use on most of our golf 

courses. Throughout the course of the experiment the area was clipped 

at | inch, the frequency of clipping being determined by the rate of 

growth of the grass. Experimental evidence in the past has indicated 

that clipping to | inch may have detrimental effects on the Kentucky 

bluegrass and red fescue population, at the same time benefitting the 

bentgrass population) but in view of the fact that this has become 

common practice on most of our golf courses today it was felt close 

clipping was Justifiable. A high level of fertility was maintained 

through regular fertilizer applications in the spring and fall. *

spring and fail of 1950 fertilizer was applied at a rate to pr 

and three-quarter pounds of organic nitrogen (milorganite), > 

pound of inorganic nitrogen (Ammonium Sulphate), one and or 

°f ?20$ (Superphosphate) and one and one-half pounds of F



potash) per 1000 square feet. In the spring of 1951 fertiliser was 

provided at a rate to provide one and one-calf pounds of organic nitrogen 

(ailorganite and uramite), one-half pound of inorganic nitrogen (A;maoniua 

Sulphate), one pound of ^0 (auriate of potash), and four pounds of 

(Superphosphate) per 1300 square foot. Composite samples of the entire 

area vers taken at regular intervale for soil reaction determination.

¿he pH of the area »as maintained at approximately 6.5 to 6.6.

Experimental design

The design used in this experiment »as a modified split plot. In 

l?50 there were four levels of aoisture and five levels of compaction 

with three replications. Compaction treatments were superimposed and 

at right angles to the moisture treatments in order to give all possible 

combinations of compaction and moisture, ¿he individual plots were 19 

by 20 feet. The compaction and moisture treatments were randomised

within each block.

In 1951 a third factor, aerification, was introduced into the 

experiment. Aerification treatments were applied by dividing the 

compaction-moisture plots in half in the direction of the compaction 

applications. This resulted in compaction and aerification running in 

one direction and at right angles to the moisture treatment. Compaction 

and aoisture, therefore, became the tain plots and aerification the suo- 

plots. This again gave all possible combinations of compaction,

moisture and aerification. The individual sub-plots were 13 by 10 feet.
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Trsataents

Compactionj A rather wide rang« of compaction treatments were 

applied in order to obtain definite and easily distinguishable levels of 

compaction. The application of a pressure of ¿2 pounds per square inch 

(the maximum used in this experimentj was sufficiently high to exceed the 

pounds per squai's inch delivered oy our heaviest turf maintanance equip-

aent.

(2) Lt IX -

(3) U 2X - 

(h) H IX - 

(5) A 21 -

The compaction treatments employed and the syaools used to denote 

these treatments throughout the course of this text are as follows»

(1) do. - do compaction applied.

Approximately 15 x*» ?• I* applied once each week. 

Approximately 15 ?. 3. I. applied twice each weok. 

Approximately 62 ?. S. I. applied once each week. 

Approximately 62 ?. 3. I. applied twice each week.

The compaction treatments were applied by the use of two 

cylindrical hollow steel rollers. Sufficient weight in the fora of 

concrete blocks was added to the weight tray of one of these rollers in 

order to meet the requirements of the Lt IX and Lt 2X treatments. The

second roller was filled with concrete and sufficient concrete blocks

ware added to the weight tray to meet the requirements of tho H IX and 

H 2X treatments. The rollers were pulled by a standard ford tractor.

Before attempting to avaluate the effect of compaction on the 

turf it was necessary to experimentaily chow that differences in levels 

of co.opaction existed. Beveral methods, namely volatno weights,

penetrometer readings, and i-ray spec Urometer determinations wore used
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to determine compaction* These methods and their results will be dis­

cussed in more detail later in the text under the heading of ¡trcliainary 

Investigations.

z ¡toisture: The moisture levels to be used in the sxperinent were

of such a nature as to cover practically any moisture situation found in 

nature. liixs necessitated =» vile range of moisture applications. The 

moisture applications were made by the use of 100 foot pipes drilled and 

tapped every three fast and equipped with short throw nozzles. The short 

throw nozzles gave a uniform nine foot throw allowing a total area of 

nine feet by one hundred feet to be irrigated at any given time. Inasmuch 

as the plots wars 13 feet wide it required two settings of the pipe to 

cover a $ plot series of 20 by 13 feet plots.

The moisture levels employed and the symbols used to denote these 

treatments throughout the course of this test are as follows:

(1) Dry - Mo supplemental irrigation applied. The only

moisture available during the growing season was 

that supplied by natural rainfall.

(2} A.N. - is Seeded: ’’up piemen tai irrigation was applied only 

in sufficient amounts to maintain a healthy green 

color and promote normal growth. During the growing 

season the average soil moisture content was main­

tained at approximately 15 to 13 percent. The 

wilting point of this soil is approximately ? percent.
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(3) ?. C. - Field capacity: Supplemental irrigation was applied

in sufficient amount to maintain a noil aoisture

content of approximately 21* percent which is the 

' field capacity of this soil. (Field capacity doing

defined as the amount of water held in tho soil

twenty-four to forty-eight hours after 'lie eoil had 

been saturated.)

(h) fat. - ¿atiratadj Supplemental Irrigation was applied in 

sufficient amounts to keep the soil in a moisture 

condition approaching saturation. The total water 

holding capacity of this soil is approximately U? 

percent. Due to the excellent surface and sub­

surface drainage of thia soil it would have 

required almost continuous irrigation to maintain 

saturation, The average moisture content of the 

soil under this treatment was, therefore, approxi­

mately 33 percent, which is approximately 73 percent 

saturation«

In an effort to maintain the above aoisture levels as closely as 

possible several methods of determining when to irrigate were used. The 

dry treatments, of course, did not receive any Irrigation and, therefore, 

did not constitute a problem. On ail moisture levels, periodic samples 

were taken and analyzed in the la00ratory for moisture content. The 

addition of water to the As Needed plots was determined antiraly oy 

observing the condition of the turf and mentally correlating these 

observation» with the prevailing weather conditions.
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'Vater applications at the proper time on the field capacity and 

saturation plots constituted .-such acre of a prooloa than did the other 

moisture levels. Satson,'^?) primarily through trial and error, found 

that Lark soil Moisture tensiometers were best suited for this purpose* 

The Larx tensloseter is a soil moisture indicator Baking use of a porous 

ceramic cup and a vacuum gauge connected together with a tuoa in ouca a 

way that the system can oe completely filled with water, -he entire 

system ie filled with water and the porous oup placed in the plant root 

bone and allowed to cons to equilibrium with the soil. If the soil has 

a high moisture content there will oe no water movement between cup and 

the soil and the vacuum gauge will register aero. However, as the 

moisture content of the soil drops colon the moisture content of the 

porous ciay cup there will oe a movement of water from the cup to the 

soil. This will create a vacuum and will be registered as a rise on the 

vacuum gauge.

Tensiometers are limited in use and a thorough knowledge of their 

operation must be understood if they are to ae used successfully. The 

maximum tension cannot exceed one atmosphere. When the potential of the 

soil water exceeds one atmosphere, air will enter the system and the 

tensiometer becomes inoperative. It has been found that the tension 

increases rather slowly as water is removed from wet soil so that a 

suoetantlal fraction of the availaole water has been used by the time 

the tensiometer gauge approaches one atmosphere. Beyond this point the 

soil moisture tension rises rapidly. The limitation in range of the 

tensiometer, therefore, is not serious in this study inasmuch as it
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covers the optimal moisture range.

One 3erlous drawoack of One tensiometer, however, is that there

la consideraole lysteresis sffect. A soil that is oeing wetted has a 

different soil moisture content at the same gauge reading froa that of 

the same soil owing dried, Ihis obstacle was overcome in aoae degree 

through constant oonervation and anticipation as to the proper time for

irrigation.

It was impossible to keep an accurate record of the amount of 

water applied under the various moisture levels. Unfortunately, the 

water line supplying the area also supplied several of she women*s 

dormitories on the campus and severe fluctuations in the water pressure 

occurred throughout a twenty-four hour period. Financial aid was not 

available to supply pressure valves and other equipment neoessary to 

maintain constant pressure.

Rainfall data for the growing seasons of 1950 and 1951 are given 

in the following table to indicate how much water was received by the 

dry plots.

Rainfall in

donth

April

day

June

July

August

Septemoer

October

Inches

1950 1931

1.95 2.92

U.10 2.93

2.20 5.71

U.31 1.71

2.37 1.52

2.00 1U*7

3.39 1.9U
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It should be pointed out in regard to the above rainfall data that 

total rainfall is a very poor criteria of the aoisture conditions that 

prevailed over a monthly period. Rainfall distribution is of such more

z importance. For example, in August of 1951 the total rainfall was 1.5*2

inches, but of this total, 1.16 inches fell in a twelve hour period and 

no aoi’e rain fell for twenty-two days, Similarly in faptcnbor of 1951, 

1.01 inches of a total 1.U7 inches fell in a twelve hour period and no 

more rain fell for twenty-six days, ¡»ith this additional information it 

becomes apparent that drought conditions existed on the dry plots the 

greater part of thoso two aonths. Rainfall in 1350 was auch sore evenly 

distributed than it was in 1951. The Aa Hoeded plots received approxi­

mately one to two inches of supplemental irrigation per month during the 

growing season. Supplemental irrigation on the field capacity plots 

averaged approximately fifteen inches per month and the saturated plots 

approximately forty inches per month. These amounts varied considerably 

with changes in weather conditions, i.e., distribution of rainfall, 

temperature, evaporation index.

Aerification] Aerification treatments were applied to the area 

day 1, 1951. The original 13 by 20 foot compaction-moisture plots were 

sub-divided in half, one half being aerified, the other half continuing 

to receive the compaction treatments only. All plots continued to re­

ceive the same moisture treatment they had received in ‘-he past. This 

arrangement gave all possible combinations of compaction, aoisture and

aerification
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Aerification was done with ,?est Point Lawn Products Aerifier 

model PG equipped with 3/ix inch spoons and Flaxipress. Additional 

weight, xn the fora of concrete blocks, sac added to the Aerifier in 

order to get a .maximum penetration of 5 Inches. The area was gone over

three times•

Immediately following aerification, the spring application of 

fertilizer was applied by use of a tractor drawn Sandy spreader. The 

soil cores brought to the surface by the Aerifier were then broken up 

by dragging the area with a steel mat. This also served to distribute 

the fertilizer more thoroughly and undouotedly rosulted In the mechanical

movement of some of the fertilizer down the Aerifier holes.

Methods of Evaluation

The effects of compaction, moisture and aoriflcation were 

evaluated by five major criteria. They weret

(1) Zoological changes in the population of the permanent

species. (Kentucky bluegrass, red fescue and bentgrass)

{2} Invasion of orabgrass, clover and other weeds, Including 

Poa annua.

(3) Hoot quantities and distribution.

(U) Phosphorus penetration.

(5) The severity of natural disease infection.

Ecological changes} Ihe changes in the population of Kentucky 

bluegrass, red fescue and bentgrass were determined by use of the 

inclined point quadrat. Population counts were taken in the fail of each 

year and were taken in the exact manner as taken by Batson on these 

plots in previous years. This was done in order to poralt ccaparison of



results aver the entire period of the two experiments.

Ail Inclined point quadrat counts were based on five settings 

(50 needles) per individual aub-olot. Calculations of the percent of 

the various permanent species present were made directly from the 

nuraoer of times the individual species (Kentucky bluegrass, rad fescue 

and oentsrass) vers nit in comparison to the total numoer of hits on all 

species found in the turf. The percent of total permanent species was 

used as a base of ICO for the determination of tho individual species.

Crabgrass, clover and other weeds: In making the point quadrat 

count, records were also kept on the individual weed species counts so 

that the percentage of total species that was craograss, clover, etc., 

could also be determined. In addition, crabgrass counts were aada by 

use of a double X line quadrat. In this procedure the actual numoer of 

plants occurring under the lines were recorded.

Clover determinations were made with the point quadrat as 

•described aoove and visual observations of the estimated percent of the 

total plot area covered by clover were also made. fhis was done by 

estimating how many square feet of the total piot area was covered by 

clover and converting these figaros to percent area. All other weeds, 

including ?oa annua, dandelion, bucithorn, roa trivaiis, leafy spurge, 

etc., were grouped under miscellaneous weeds and determined from the 

point quadrat counts.

Soot quantities and distribution: loot samples wer9 taken in 

September with a one and five-eighths inch piugger at one inch intervals 

to a total depth of six inches, dine samples were taken at each one
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inch interval for each suo-plot. These samples were taken to the 

laboratory and each individual sample hand washed. The washed roots 

were dried overnight at a temperature of 10$° C and weighed on a 

torsion balance. Calculations were made of tho percent roots found in 

the upper two inches of the total six inch layer and of the percent 

roots in the lower four inches of the total six inch layer.

Phosphorus penetration» foil samples for phosphorus determi­

nation were taken in mid June 1951, approximately six weeks after 

aerification and application of the fertiliser. Samples were taken 

with an Oakfield soil testing tube at one inch intervals to a total 

depth of six inches. Ten randomised, one square foot areas were 

chosen on each individual plot and ten soil samples taken from each one 

square foot area. It was felt that by using this method of sampling 

rather than oy taking 100 completely randomized samples, the effect of 

aerification would not be as highly diluted. By taking ten samples 

within a given square foot, there was a higher probability that seme

Aerlfier holes would be hit«

The soil samples were taken to the laboratory and extracted by 
(22)the method described by Truog . The extracted phosphorus was then

analysed by the Deniges Stannous-Roduced Phosphomolybdio blue color

method as adpated to photoelectric measurements by Jackson and improved 

(21)by Truog and Aaym ,

Disease infection» During the summers of 1950 and 1951 it was 

not necessary to take disease records because of the complete absence of 

disease. During the winter of 1950 there were several areas of the plots
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heavily infested with sncw aold. it eao felt thia «as due primarily, to 

tho formation of drifts over certain areas of the plots and *as not in­

fluenced oy any of the treatments applied, individual plot records, 

therefore, were not taxon.
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Preliminary Investigations 

Determination of Compaction

INTRODUCTION

As indicated under Methods and Materials it was necessary to show 

experimentally that actual differences existed under the various com­

paction treatments before any discussions of the effects of compaction 

could be undertaken« Three methods of compaction measurements were

studied and correlations between the methods were made. This involved

the use of penetrometer readings, volume weights, and 1-ray spec­

trometer data.

Volume weight determinations are, at the present time, the most 

generally accepted manner of evaluating compaction. The somewhat 

stony nature of the soil on the experimental area offared a serious 

disadvantage to this type of determination. It was felt, however, 

that if sufficient samples were taken the more stony ones could be 

eliminated and a reasonable decree of reliability attained.

The soil penetrometer offered the simplest method of evaluating 

compaction. Penetrometer readings are also influenced ay the presence 

of stones, but the ease of obtaining penetrometer readings was such 

that any hits occurring on stones were not recorded. The density of 

plant stews and roots may also influence penetrometer readings.

Preliminary investigations by Aatson, Jefferies, and Jusaer 

indicated that the Ceiger counter i-ray spectrometer could be success­

fully used to determine compaction. This technique involved the
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recording of the intensity of the 1010 quarts line as recorded oy the 

X-ray spectrometer. The assumption »as aade that the more compacted 

the soil was, the more tightly tho quartz particles would he pushed 

together and tho hi .her would he the intensity of the 1010 quartz line.
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PRCC3DU8S

Penetrometer: A kototiller foil Penn—o-fcroaeter was used to take

penetrometer readings. Twenty-five stone free hits wore taken on each 

individual plot. These readings were taken in June of 1551. In all 

probability maximum compaction for the season had not occurred at that 

early date but it was necessary to take such readings when time per­

mitted.

Volume weights: Volume weights were taken with a volume weight 

tube having a volume of 2U2.13 cubic centimeters. These determinations 

were very difficult to make because of the stony nature of the soil. 

Approximately 60 percent of the samples were discarded because of the 

presence of stones, Enough samples, however, were taken to give six 

usable samples per plot. The samples were removed to the laboratory, 

dried, weighed, and the volume weight calculated.

Geiger counter X—ray spectrometer: Samples were taken in tripli­

cate from each Individual plot with a -ioer Soil Profile sampler.

These samples were sized to approximately one-half by one by two inches 

and immediately coated on both sides with a four to one amyl acetato­

co ilodlan solution and allowed to harden. This coating was applied to 

hold the sample together and to facilitate handling. This coating had 

no effect on the action of the ¿-ray spectrometer pattern.

quartz was used as the indicator mineral and the 1010 or secondary 

quartz line determined. Four determinations of this line were aade at

intervals on each sample, giving a total of twelve determinations for
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each plot, ¿he«« readings «era avcragod to determine the average 

intensity of the quarts line for each plot.

RESULTS

Penetrometer: Table ILiTI of the appendix shows the penetroaeter 

readings, appendix Tabi® ILIV shows the analysis of variance for 

penetrometer readings and indicates a high significance for compaction. 

This table also shows that aerification has a significant effect on 

penetrometer readings, although the analysis of variance shows no 

significant effact of moisture on penetroaeter reading», Figure 1 does 

show a definite trend, in this respect it should oo pointed out that 

penetrometer readings wore taken June 1st. At this time no .supple­

mental irrigation had been applied to the plots for approximately ten 

days because of frequent rains. Therefor» all plots were at approxi­

mately the same .noisture contont and moisture had no significant effect 

on the penetroaeter readings. Batson' J' in testing penetrometer 

readings taken in September has reported that moisture has a highly 

significant effect on penetroaeter readings.

Figure 1 shows that as the moisture content of the soil increases 

there is an increase in compaction up to a point. Zn this experiment, 

this point occurred somewhere between the As deeded moisture level and 

field capacity, '.’¡¡hen compaction had reached its uaxiaum at this point, 

there was a decrease in compaction with increasing moisture. Figure 1 

also indicates that as compaction increased, the amount of penetration 

of the penetromotar prooe decreased.
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1 Relationship between moisture and soil compaction 
as measured by the soil penetrometer, 1351.
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Volume weights» Tabla 1LII of the appendix 3hows the analysis of 

variance for volume weights ¿r.d pane trout, tar readings, aerification 

treatments omitted. ¿ecause of the difficulty in taking volume weights, 

saoplus were taken only froa the no compaction and H2X compaction levels 

at all moisture levels. In caking a comparison of the individual 

analysis of variance for penetrometer and voluaa weights, it was neces­

sary to use only data from the penetrometer readings which coincided to 

the volume weight data froa the same plots. This explains the difference 

in the analysis of variance of penetrometer readings found in Table ILII 

and fable XL ill of the appendix.

The analysis of variance for volume weights (Tabla XLII) shows 

compaction to be highly significant, uoisture had no significant affect 

on the volume weight, determine tions. This was duo to the fact that all 

plots had the same approximate soil moisture content at the time of 

sampling. The volume weight samples were taken in early September, 

shortly after a one inch rainfall. Figure 2 shows that as compaction 

increases there is a comparable Increase in volume weight.

In order to compare volume weights and the penetrometer as a 

means of determining compaction, a simple correlation was run 0«tween 

penetrometer readings and volume weights. A highly significant cor­

relation of -.7000***^ wae found to exist. That a negative correlation 

should ue 00tainod is obvious. As compaction increases, the depth to

1 • ¿«notes significance at $% level int Denotes significance at the
11 level **# Denotes significance at the .11 level
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which the pen«trowater probe penetrates will decrease. On the other 

hand, as compaction increases, volume weights will increase.

Geiger counter X-ray spectrometer: Data obtained by use of the 

X-ray spectrometer was found to oe quite inconsistent and very un­

reliable. The data obtained was found to be almost inverse to that
f 26 Jreported by ’fatFon, Jefferies and Jusser^ . In aost instances the 

plots receiving the heaviest coiopaction treatment (H2X) showed the 

lowest 1010 quarts line intensity and the plots receiving no compaction 

other than the normal maintenance practices shewed the greatest 1010 

quarts line intensity. It was felt that the data obtained had no value 

whatsoever and no statistical analysis was made. ‘Jo explanation is at 

hand for the behavior of the samploe in this particular experiment, 

but opinions of the writer will be expressed in the discussion that

follows.
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Ponatroaeter results obtained in this investigation vary somewhat 

from those found by latson'*’^. tfataon/'*^ has shewn that, as the 

□oisture content of the soil increases, there is a straight line de­

crease in compaction iincrease in penetrometer pens oration} under any 

given compaction treatment. leaver and Jaaieon'‘^\ working with com­

paction caused by tractor tires, do not agree with this statement, 

ihey have shown that under a given compaction treatment there is an 

increase in compaction as the aoistura content of the soil approaches 

field capacity. Lrfaxieua compaction occurs in this moisture range and 

with any further increases in moisture content there ia a decrease in 

compaction. Ihis ia due, primarily, to the high amount of water in the 

soil, which ia almost iatoesible to compress. The findings in this in­

vestigation confirm the findings of «saver and Jamison'

Under soil conditions which permit the use of volume weight 

determinations, this method has become the most standard method for 

determining compaction. Despite the stony nature of the soil under 

investigation in thia work, it was fait that sufficient samples were 

oo tamed to remove the undesirable saaplee. This conviction was up­

held by the highly significant correlation that was found to exist 

uatweon volume weights and soil penetrometer readings.

Tile Geiger counter i-ray spectrometer did not jive consistent

compaction measurements comparable to those ootained by volume weight

determinations and penetrometer readings as reported by iatson, 4usser 
(26)and Jefferies . Ihis may have been due to failure to obtain
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Adequate 3aaplos to meet the requirements of the aachine itself. -he 

X-ray spectrometer requires that pit free samples approximately one- 

half by one by two inches be ised. It is difficult to obtain proper 

samples with the loer foil droftl'j .-'ampler, the tool used to take 

samples for X-ray determination. Hie stony nature of the axperiaental 

urea tncre-c<ud the difficulties of »Buplin*. S tones email enough to 

•enter the sampler often caused the sample to break apart or crack when 

being removed from the aaaplor. -arjer stones provcntsa the penetration 

of the sampler so the desired depth. Another difficulty arose in the 

coating of the samples to prevent breakage in handling« because it was 

necessary to lay the sample down iraacdlately after coating, differential 

drying too* place ana the sample often warped to some decree. The 

samples ootainod in this investigation ¡»ore, therefore, quite incon­

sistent.

¿he samples theme elves oacame a further ¿irooloa when placed in she 

X-ray machine. fits in the samples caused by ‘ho presence of small 

stones in lie sampler and the scraping of the sample against the ragged 

edge of the sampler caused considorabla variations in the X-ray in­

tensities. -a many cases the X-ray was deflected from side to side in 

the soil pits causing false readings on the .eigar counter.

ihis discussion is aot iesigned as a condemnation of the aigor 

counter X-ray spectrometer aethod of soil compaction aessursment, out 

rather is to point out some of the difficulties wnieft must oe ever co me 

if this authod is to oe used successfully to measure soil compaction«
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It has been shewn that a close relationship exists oetween pene­

trometer rsatiings and volume weights. This relationship is shown by a 

highly significant negative correlation. Ao compaction increases, 

there is a decrease in ponotrometer readings, but as compaction in­

creases there is an increase in voiuae weights. This necessitates a 

negative correlation.

statistical analysis showed compaction to be highly significant 

(li) when compaction determinations were made with the penetrometer 

and volume weights. doisture was not, found to be statistically sig­

nificant, but the interaction of moisture x compaction was found to be 

significant at the 5% level.

in this investigation, the Geiger counter X-ray spectrometer was 

found to be quite unreliable as a method of measuring compaction. It 

is felt that the X-ray data was not complete and further work should 

be done with this machine before recommending or condemning it aa a 

means of determining compaction«
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"ffacts of ioisturs, Compaction, and

Aerification an the Total farsant of

permanent fpeciea in the furf Population

Ihc -iv-jra--2 parcmntu -3 of total population th-t to permanent 

species tinder the various moistura and compaction treatments in i?$0 

is shown in fable I of the appendix with the analysis of variance for 

the iata, Table I rhows that the percent permanent, species was ^uite 

uniform aider ail compaction levels. ihe mean average percent perma­

nent species under all compaction treatments in 1950 «as 93.7 percent.

The statistical analysis indicates that compaction had no significant 

effect at the five percent level on the percent permanent species, 

labia I of the appendix al3o shows a definite trend towards a decrease 

in percent permanent species as the moisture content increased. i'his 

trend is shown more clearly in figure 3. Statistically, moisture had 

to significant effect at the five percent level on the percent perma­

nent species present in the turf population in 1950. The interaction 

of moisture x compaction iraa not significant in 1950.

Appendix ¿able II .show« the average percentage of the turf 

population that is permanent specie» at the various moisture, compaction, 

and aerification treatments in l>5i. Appendix ¿aoie III ?hows the 

statistical analysis for this data. As in 1950, compaction had no 

«iijnifleant effvet on the percent permanent species. Ihe mean avora»;« 

percent paroanent species indar all compaction treatments In 1/$! «as 

?5 percent, fris was not a significant increase over the percent
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permanent species determined in 1950. There was no significant affect 

due to moisture an the percent permanent species in 1951. The trend 

towards a decrease in percent permanent specioa with an increase in 

moisture content shown in the 1950 data was not found in the 1951 data 

(Figure 3). Aerification had no significant effect on the percent 

permanent species in 1951. Figure 4 shows a slight trend towards a 

decrease in percent permanent speclas duo to aerif ication. Thia was 

probably due to an increase in wosd population under fcring aerification.

The interactions of aerification 3 moisture, aerification x com­

paction, and aerification x moisture x compaction wore not significant 

in 1951.

Tabla XX’/III of the appendix shows the average percentage dif­

ference in percent total species that is permanent species, 1950 to 

1951.

Zffecta of -Joi3ture, Compaction, and

Aerification on Individual Species of Permanent Grasses

dentgrasa: Table VII of the appendix shows the average percentage of 

permanent species that is bentgrass at the various aoisture and com­

paction levels in 1950. Ihe aain affects of compaction and moisture 

were not significant at tho five percent level. Ihe average percent 

bentgrass present under the various compaction levels is guif-e con­

sistent. The mean average percent oentgrass for ail compaction treat­

ments is 91.4 percent. Figure 5 shows a definite trend in the moisture 

levels. Is moisture increases there is also an increase in the percent 

bentgrass. The affect of moisture x compaction was not significant in

1950.
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She average percentage of permanent species that is bentgrass in 

1/51 is shown in Table VIII of the appendix. The analysis of variance 

of this data is given in appendix Zable IX. Compaction, moisture, and 

aerification had no significant effect on the bentgrass population at 

the five percent level. As in 1950 there is an increase in bentgrass 

as moisture increases (Figure 5)«

Figure 5 shows graphically the effect of compaction levels on the 

percent permanent species that is bentgrass, l?5O and 1951* fable XXV 

of the appendix shows the average percent differences in the bentgrass 

population, 1950 to 1951.

Kentucky dlue^rasa» fable X of the appendix shows the average percent­

age of permanent species that is Kentucky bluegrass at the various coo- 

paction and moistore levels in 1950. The statistical analysis for this 

data is also given in the same table. Co*spaction was found to exert a 

highly significant effect on the Kentucky bluegrass population. Ihe 

Kentucky bluegrass population was higher on the heavier compacted plots 

than it was on the no and light compacted plots. Figure 7 graphically 

shows the effect of compaction on bluegrass population. Aoisturo had 

no significant affect at the five percent level on the percent blue­

grass present. Ihe interaction of compaction x moisture was found to 

be significant at the five percent level in 1950.

Kentucky bluegrass percentages for 1951 under the various moisture, 

compaction, and aerification levels are given In appendix Table XI. 

Appendix Table XII gives the analysis of variance for this data. As in 

1950, compaction had a significant effect on the bluegrass population.
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The H2X plots showed a such higher Kentucky bluegrass population than 

did any of the other plots. The effect of coapactlon on the percent­

age bluegrass present is shown in Figure 7. Moisture had no signifi­

cant effect on the bluegrass population, but Table XI of the appendix 

docs show a trend towards a decrease in bluegrass population with an 

increase in -soisture. aerification had a significant effect on the 

biuegrass population, primarily through its beneficial effects on the 

weed population. Aerification had acre effect on the bluegrass popu­

lation under the various moisture levels than it did under the differ­

ent compaction levels. The effect of aerification on the percent 

oluegrass under the different moisture levels is shown graphically in 

Figure 3. There sere no significant interactions in the 1951 data.

Red Fescue? The average percentage of permanent species that is red 

fescue under the various moisture and compaction treatments in 1950 

is given in Table XIII of the appendix, as is the analysis of variance 

for this data. Compaction had no significant effect on the fescue 

population at the five percent level. In like manner, moisture showed 

no significant effect on the percent fescue present. Joiature did

show a decided trend. As the moisture content of the soil increased

there was a sharp decrease In the percent fescue present. This is 

shown graphically in Figure 9.

The 1951 data (appendix Tables XIV and XV) for percent fescue 

present is ^uite similar to the 1950 data. Compaction had no signifi­

cant effect at the five percent level, jioisture showed no significant 

effect, out, as in 1950, a trend towards a decrease in fescue popu­

lation with an increase in moisture was shown. This is also Illustrated
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in figure 9. ¿her« was no si;,mifleant affect on fescue population due 

to aerification in 1951. done of the interactions involving the three 

types of treatments were significant.

tffacta of ¿olstura, Compaction, and Aerification on the

Percent Glover, "rabgrass, and Total leeds present in the

?urf Population

Cloven ..stirnAtes of the percentage total plot arsa covered by clover 

at the various conKjaction and moisture ievel3 in July 1950 are given 

la appendix faole XVI as io the analysis of variance for this lata.

At thia tiae compaction and moisture dad no significant effect on the 

ground area covered by clover.

Zable XVII of the appendix gives the sane information for 

July 1951. ihe analysis for this data is found in appendix Taoie 

XVIII. Again compaction and aoisture had no direct affect on the plot 

area covered by clover, out the interaction of aoleture x compaction 

was significant at the five percent level.

ihe average percentage of total species that is clover at 

the various moisture and compaction levels in fepteober 1950 is given 

in appendix fade XIX. ¿ho statistical analysis is given in the same 

table. Compaction had no significant affect on clover population at 

tha five percent level, although the calculated / value approaches 

significance gulte closely. Clover appears zo be much higher on the 

heavy compacted plots than on the no compacted and lighter compacted 

plots, ¿he analysis of variance shows that moisture had no significant 

affect on the clover population, although there are indications that



US

12

Pe
rc

en
t R

ed
 Fe

sc
ue

1350

1351

3

6

3

Dry A.N. F.C. Sat.

Moisture Level3

Fig. 3 Effect of aoi3tur9 on the percent permanent 
species that is red fescue, 1360 and 1351.

0



u6

slaver increases with an increase in aolsture (figure 13}.

Appendlx Table XX gives ins percent clover pratant In 1951 aud

appendix Table 1X1 ¿Ives She statistical analysis fbr this data, 

Compaction, noiaiuro, and aerification had no significant effect on 

the clover population at the five percent level. The trend towards 

an increase in clover with increasing so is fare content vaa not as 

evident in l?5l as It was in 1950 (Figure 10). figure 11 indicates 

the effaot of aerification on tT.e percent clover present at the 

various -aoiature levels. As moisture increased frea dry to field 

capacity, there was an increase in clover population. Clover popu­

lation then decreased, primarily duo to the density of the bentgrass 

and crabfjrsiBc which prevented the invasion of the clover.

Crabqyaas i The average nuaiber of crabgrass plants occurring under 

double x line diagonals at the various moisture and compaction levels 

in 1953 Is given in appendix iaole if II. The analysis of variance 

shoes that compaction had oo significant affect on the craograss 

population. Moisture, however, was found to be highly significant 

(IS level). Figure 12 indicates that, as moisture increased, there 

«as also an Increase in the «lrabgraes population, although compaction 

was not significant, there was, in all cases, a snallar nuaoer of crab- 

grass plants present on the heavy coapacted plots, as eonparsd to all 

other plots, ihe interaction of compaction x moisture was not signifi­

cant in 1950.

Crabgrass data for 1951 is found in ¿sole XXI22 of the appendix 

and the analysis of variance for the data in appendix fable iaXV. is

in 1950, compaction had no significant effect on craograss population
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at the five percent level. Contrary to the !?$□ resulta, noisture was 

not significant in I?5i. However, an Figure 12 indicates, there »as 

still a tenoency for the crabsrrasa population to increase with an in­

crease in aoisture. la l?5i aerification had a highly significant 

effact on the crabgrass population. Jnder any given compaction level 

there »as a highly significant Increase in the amount of craberass on 

the aerified half of the individual plots. Thin is shown graphically 

in Figure 13. Ho interactions were significant.

Seeds: Taola TV gives the averape percentage of total species that is

weeds at the various compaction and moisture levels in i?£0. Compaction 

had no significant affect on the veod population, although the data

indicates that there is a heavier weed infestation an the heaviest com­

pacted plots as compared to the no compacted and light compactad plots. 

This is shown graphically in Figure lit. Hois ture showed a definite 

trend, but was not significant at the five percent level, .is the 

moisture content incroasod, (here was an increase in the weed population 

Figure 15 illustrates thia trend, ¿“he interaction of aoistura x com­

paction was not significant at the five percent level.

Appendix Tablas V and VI give the weed population data for 1?51.

As in l?50, compaction and moisture had no significant effect on the 

percent weeds present, .toisture and compaction trends (Figures 1U and 

15) were not as pronounced in l?5l as they were in i?$0. This ’»y be 

due to tho lower severity of craograss infestation in 1>S1* Although 

aerification was not significant at the five percent level, there was a 

very rarkod increase in weed population on the aerified plots as com­

pared to tho non-aorified plots, figure 16 shows the effect of



55

aerification under the various aoisture levels in 1951.

The interactions of aoxstur9 x compaction, moisture x aerifi­

cation, aerification x compaction, and aerification x moisture x 

compaction had no significant aff3ct on seed population.

T.ffects of Aoisture, Compaction, and

Aarification on ?.oot quantities and distribution

Aoisture and compaction had very little effect on the total 

quantity of roots produced in l?50 and i?5l. The average grams of 

oven dry roots present in roil cores one and five eighths inches in 

diameter to a depth of six inches in Cepteaoer 1950, may oe found in 

appendix facia XXXI. The same data for September 1951 may oe found in 

appendix fables XXXII and XXXIII. The 1951 data shows a much higher 

total quantity of roots on the dry plots as compared to the irrigated 

plots.

Appendix Tabla XXXIV shows the average percentage of total roots 

in the upper two inch layer of a total six inch layer under the various 

moisture and compaction levels in 1950. Compaction and moisture »ere 

not significant in 1950 at the five percent level and axerted very 

little influence on root distribution. In 1951 moisture had a very 

significant effect on the distribution of roots (Appendix faola XXXVI). 

As aoisture increased, there »as an increase in the percentage of the 

total roots found in the upper two inches. This is shown graphically 

in Figure 17» The -.5.0. for moisture say be found in appendix faole 

XXX’«I and applied to the root values found in appendix faole XXXV. 

Compaction and aerification had no significant affect on root
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distribution in 1951*

The percentage roots found in the lower four inches of the total 

six inch layer and the statistical analysis of this data is found in 

Tables XXXVII, XXXVIII, and XXXIX of the appendix. As expected froa 

the results indicated in the upper two inches, compaction and aoisture 

hud no significant effect on the root distribution in 1950. Compaction 

had no significant effect in 1951. As in the upper two inches, 

aoisture had a significant effect on the distribution of the roots in 

the lower four inches in 1951. In the lower four inch layer there was

a decrease in roots with an increase in aoisture. This was due to an

increase in roots with an increase in aoisture in the upper two inch 

layer. (The percentage roots in the lower four inches having been 

determined by 100 ainus the percentage roots in the upper two Inches.)

Aerification showed no significant effect on root quantity or 

distribution in 1951. This statement may, in some instances, be quite 

aisleading. Under extreme condition», e.g., heavy compaction and 

little or no irrigation, there were positive indications that aerifi­

cation did have some beneficial offocte. Although these differences

were quite small, they assume much greater importance when converted 

to a pounds per acre or lineal feet of roots per acre oasis, further 

discussion of this suojeet will be taken up later in the text.

Effects of Moisture, Compaction, 

a?id Aerification on Phosphorus ferwtratlon

Appendix Tkble XL shows the average pounds per acre of phos­

phorus found in the lower four inch layer of a total six inch layer
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at the various compaction, moisture, and aerification levels in June 

1951. The statistical analysis for this lata is given in fable ZLI 

of the appendix. Compaction had no significant affect on the pene­

tration of phospheroa. loisturs had a significant effect on phos­

phorus penetration at the five percent level. High irrigation re­

sulted in the downward movement of phosphorus, irrespective of the 

presence of aerifier holes.

Aerification had a very significant effect on phosphorus pene­

tration, primarily due to mechanical movement of the superphosphate 

down the aerifisr holes. This may have occurred at the tine of 

fertilisation by the direct fall of the fertiliser from the oprsader 

into the aerifier hole«} it aay have occurred during the matting 

operation, or it aay have occurred through the action of rainwater or 

irrigation water. Aerification was found to increase the amount of 

phosphorus found in the 3-6 inch soil sone approximately 26.0 percent. 

The average increase, due to aerification under the various compaction 

levels, was approximately 27 .U percent. This is shown graphically In 

figure 13. Figure 19 shows the average percentage increase under the 

various moisture levels to be about 23.6 percent.

Compaction x moisture, aerification x compaction, and aerification 

x moisture x compaction were ail found to be significant at the five 

percent level.
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Effects of «oiature, Goopaction,

and Aerification on disease Incidence

Very little disease was observed on any of the plots during the 

suamers of 1950 and 1951• There were no serious infestations of large 

brownpatch or dollar spot on the plots at any time. During the winter 

of 1950, soae snow sold was observed on localized spots where the 

plots had been traaplad on while frozen or where the snow had drifted 

and persisted for a considerable length of tixe.
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Photograph 1 Photograph showing soction of plot following 

aerification. The right hand side has ooen

aerified three tiaeo over. Ihe left hand side

haa received ao aerification, Photograph was 

taken Lamedlately following aerification and 

oefore fertilisation and salting has taken 

place. Photograph taken day 1, 1?S1.
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jiscusnos

-Iffacts -of -olatura, Compaction, and

Aerification cn tho Total /srcant of

Permanent Coocias in the Turf Population

-ha data pressntad 3homs that moisture ind compaction hart very 

Iittla influence on the percent permanent species present in i?50 

and l?pl as compared to the original population of permanent specie® 

in i?U7 oafor9 any treatmenta tad been inaugurated. According to 

Aatson' , the original population on these plots consisted of ?6 

percent permanent species. The present experimental work showed ?U 

percent permanent species present in l?50 and ?5 percent permanent 

species present in 1)51. ¿ros a statistical standpoint this is not 

a significant change.

The percent permanent species present in the original turf was

not influenced ay the dry and as needed moisture treatments, ¿he

fluid capacity and saturated moisture trsaunenta decreased slightly

the percent permanent species present. This wae undoubtedly due to

an increase in weed population, especially crabgraos, under the 
l?25)higher aoisture levels. Contrary to that found by iateon' , the 

greatest roduction in permanent 3pecies present under the various 

compaction levels came aoout on the J1& and H2S (heavy compaction) 

plots, ihis was due primarily *o the Larger increase in total weed 

population on the heavy compacted plots as cospared to the increase 

in wsftd population on the lighter compacted plots. There was no 

change in percent permanent apecies preeent on the no compacted and
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light compacted plots.

Although aerification showed no significant affect on the percent 

permanent species present, there sere indications that aerification did 

slightly reduce the percent permanent species present. Results show 

this was due, at least in part, to the increase in weed population 

under spring aerlficatxon. it may well oe Uiat thia situation uould 

not exist and or ¿all aerification.

The relatively small changes which occurred in tho percent perma­

nent species present does not indicate the actual changes in tho turf 

population, The individual species were greatly influenced oy the 

different ¡aolature, co«paction, and aerification levels.

Effects of Joiature, Compaction, and Aerification

on Individual Species of Permanent Grasses

The unbalanced condition that existed among the permanent species 

(bentgrass, Kentucky bluegrass, red fescue) in 19U9 was little changed 

during the summers of I960 and 1951. Among the permanent species, 

bentgrass continued its complete dominance as shown by Watson'4“7'. 

Under high levels of irrigation there was an increase In bentgrass at 

the expense of the red fescue and Kentucky bluegrass. These Increases 

in bentgrass were very ainute as compared to the Increases shewn by 

.1atson<*!'-’\ but it must be pointed out that during the 191*9, I960 and

1961 growing seasons the percent aentgrass present closely approacned 

ICO percent. Although increases in density were still possible (and 

probably occurring) there was little possibility for increases in the
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percent oentgrass present, The rapid growth rata coupled xith its 

ability to withstand high teaperaturss whan given sufficient moisture 

allowed the bentgrass to continue growth during the hot summer months 

while Kentucky bluegrass and red fescue remained dormant. This 

characteristic of bentgrass makes it quite desirabla for use on the 

irrigated fairways of our modern golf courses. Indeed the results of 

thia investigation clearly show that under summer irrigation rates 

high enough to .maintain desiraols playing conditions bentgrass will 

naturally cecocta the dominant species present in the turf population.

Compaction had no effect on the percent bentgrass and red fescue 

present during l?50 and i?5l. iJnder all compaction levels there was 

approximately the same percent osatgrasc present, ’he same was true 

for red fescue. Kentucky oluegrass was significantly affected by 

compaction. Kentucky bluegrass persisted much better on the heaviest 

compacted plots than it did on the no compacted and light compacted 

plots. The original population of Kentucky bluegrass on the no com­

pacted plots in 1?U7 waa 114 of the total population. In l?5>0 and 

l?5l, the Kentucky bluegrass population dropped to loss than 14 of 

the total population. In contrast, on the heavy compacted plots, the 

Kentucky bluegrass population cropped from an original population of 

?4 to 3.54 in l?50 and 4.54 in l?5i. A possible jxplanation lias in 

the fact that the bentgrass was not aa vigorous an the heavy com­

pacted plots as it was on the lighter compacted plots, xnd, therefore, 

did not offer ao nuch competition to the oluugrasa under compacted

conditions
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Aerification had very littla effect on the bentgrass and red 

fescue population. Statistical analysio ehowad aerification to have 

a significant effect in reducing the Kentucky bluegrass population, 

ihia statement must bo interpreted with caution. It in rsaconaole to 

expect that aerification itself lid not directly reduce the Kentucky 

bluegrass population. It was previously pointed out ¿i>»t aerification 

oy stiaulatiag «he development of root systems, increased the vigor af 

the bentgrass• fpring aerification also brought soil plugs to the 

surface which »ore infested with veea seed and caused an increase in 

craagrasa population. The reduction in Kentucky bluegrass population, 

therefore, was due primarily to increased competition fro» the bent­

grass and craograss.

Effects of bolgturay Compaction, and 

Aerification on the Percent Clover, Crabvraas,

and Total ffeeds iFTesent in the Turf Population

Clover infestation of the experimental area during this investi­

gation was -iuita low, The low clover population undoubtedly can be 

attributed to (1) the high fertility level maintained throughout the 

investigation and (2) the vigorous growth of the bentgrass, particular 

ly on the irrigated plots. A high percentage of clover in a turf area 

usually is associated with low fertility, especially low nitrogen.

The use of organic nitrogen in this experiment provided available 

nitrogen over a long enough period of the growing season to maintain 

vigorous grass growth. The greatest population of clover was found 

on the heavy compacted plots. Moisture apparently had no effect on
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the .clover population in 1951» aiThough tha l?50 data i-hows a dofunite 

incraase in clover population with increasing uoistura applications. 

fiA-taon'*"7' has shown that, in 191*3 and 191*9, thora «as a significant 

incraase in clover population with increasing moistura content.

Ihe field capacity and. saturated plots had an sxtrenoiy high cra'o- 

graas infestation as coaparad to the dry and as needed plot« in 1950 

and 1951. In 1950 there «aa over two and one quarter tines as much 

craograsc on the high no is cure plots as 'here van on the low no is tore 

plots. fhe high moisture levels undoubtedly «ere ideal for the 

gemination of craograas seed, latson^ 37 has reported that crab- 

grans germination is strongly inhibited by compaction. .he 1950 and 

l?5i data showed no significant reductions in crabgraso population 

due to coiapaction. The ’121 plots did show considerable reduction of 

crabgrass in 1950, but in 1951 there was only a slight decreaso. it 

is quite likely that this slight reduction of crabgrass on the H2X 

plots can be attributed to the injurious affects of the roller used 

in aaking the compaction treatments rather than to compaction Lteelf, 

ffatson^^ has reported that the use of tha heavy roller crushed or 

severely injured the young crabgrass seedlings so that they did not 

develop, the heavy roller usssd in this investigation delivered con­

siderably higher pounds pressure per square inch than did tha miler
(25)used by Satcon .

Results, as indicated in figure 13, snow that the craograss pop­

ulation «as significantly influenced by Spring aerification. Under 

any given compaction level, the aerified plots showed a such higher 

number ox' crabgrass plants than did the nen-aerified plots, the plugs
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pulled by the Aerifier undoubtedly contained crabgrass seed that was 

buried too deeply to germinate. The matting operation broke up these 

plugs and distributed the weed infested soil over the surface of the 

area, providing ideal gemination conditions. This is not only true 

for crabgr&ss, Out also for all other weeds. It is highly probable 

that Spring aerification would not increase the seed population if 

aerification was done early in the Spring when conditions were not 

ideal for weed seed gemination but were favoraola for grass growth.

Total weeds, as considered in this investigation, included 

plaintain, dandelion, chickwewd, knotweed, clover, craograss, ?oa 

annua, foa trivialIs, and any other species of vegetation present in 

the turf other than the three permanent species already discussed. 

Although compaction had no significant affect on weed population for 

the overall analysis there was a significant difference between the 

heaviest compacted plots and the no coapacted plots. The heavy cost» 

pacted plots nad a such higher weed population than did the no com­

pacted plots, Clover, plaintain, knotweed, and ehicKwoed populations 

were higher on the heavy aoapacted than on the light compacted plots. 

Craograss populations were higher on the no compacted and light com­

pacted plots than on the heavy compacted plots. The l?$0 data «hows 

a definite increase in weed population with increasing woiature. The 

1?$X data shows 'he «aae trend for the dry, as needed, and field 

capacity plots, but there is an unexplainaolo drop on the saturated 

plots, aerification had a tendency to increase the weed population 

on the no compacted and light compacted plots but reduced the total 

weed population on the heavy compacted plots.
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Zffacts of lotaturw, Compacrion, xnd

Aariflca?4.on an wot, quantities and Distribution

Under the higher moisture Levels (field capacity and saturation)

the root system developed »as very shallow. On these plots over 30

percent of the total roots found in a six inch Layer were in the upper

tso inchos 3f thin Layer, rhis is in »«greenent with the findings of 

id) (23)fauoenmire' 7 and leaver and Clements . Under low no is turn con­

ditions roots tend to elongate in their search for moisture, whereas

there La no necessity for thia when abundant or excessive moisture 

La ivailaola. la addition to the increased percentage of total roots 

found oelow the two incn Layer on ’lie dry plots, it «as also shown in 

1951 that there »as a .greater total quantity of roots under these

plots, it aay be speculated that under saturated conditions thero »as
OHson» loss of roots due to poor aeration, leaver and Clements' ' have 

shown that under conditions co;aparaola to saturation, roots »ill not 

elongate and some roots already present aay die from Lack of oxygen. 

High quality turf requires good root s/stacs. Heedless to aay, the 

aasount and particularly the distrioutlon of irrigation water is one 

of the priae essentials in any prograa of fine turf uanagoaent «nare 

high quality turf is desired.

fhe low total quantities of roots found on all the plots oay oe 

attributed in part to the clipping treatment ised throughout the in- 

vestigation. ireoer'* } and Harrison'"*’ ' have reported that close 

clipping of turf reduces the root s/stea of the turf.

The total quantity of roots produced in l?50 and i?$i were quite 

consistent under the various compaction levels. Compaction lid not
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appear to have any of fact on the root distribution. The degree of 

compaction developed in this investigation ’fas probably not sufficient 

to cause serious soil deterioration and subsequent root disturbances.

The total quantity of roots found under the aerified plots was 

only slightly higher than the total quantity of roots found under the 

con-aerified plots. inner 5,000 square fiet of turf there was an in­

crease of approximately 2.25 pounds of roots (dry matter) on the 

aerified plots, as compared to the uon-aerified plots. This lay 

appear as a rather insignificant amount of roots, but when converted 

into number of lineal feet or miles of roots available for plant 

feeding it presents a quite different picture, 3y actual naasurement 

it eras found that one pound of bentgrass roots (dry natter) contain 

approximately 5UO,u76 lineal feet or 102 miles, exclusive of root 

hairs. The inclusion of root hairs would increase this fiyuro many 

times. 3/ applying these aeasureaenta to the data from tho aerified 

and non-aerified piots, it was found that there wa3 approximately 230 

□ore miles of roots under 5,000 square feet of aerified turf as con­

trasted with p,3Q0 square faefc of non-aerified turf. On an acre 

basis there would be approximately 2,?U0 more miles af roots due to 

aerification. The aoove figures have been culc’ulated on the. basis of 

the total quantity of roots per ^i?®n area under all lavals of 

ooirture and compaction. 'Aider extreme conditions, such as heavy 

compaction and low moisturo, these diffarenens are ivon ¿renter.

This phase of the investigation warrants further investigation to 

ootain a clearer view of the exact relationships existing between 

aerification and root growth. If a more adequate uuaoer of samples
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could be obtained, aerification would prooaDly show very significant 

effects on the root quantities and distribution.

Iffacts of ioiature, Coapactlon, 

and Aerification on Phosphorus Penetration

In conducting the phase of the investigation dealing with phos­

phorus penetration, the J-6" soil zone was of primary concern because 

it is the moot desirable root faeding zone. Phosphorus is almost 

universally considered to be Laaovaoie in tne soil, ihis nas already 

been pointed out in the review of literature. It is essential, there­

fore, that we have sose mechanical means ol* moving surface applications 

of phosphorus on established turf into the soil »one where it can oest 

be utilized oy the feeding roots.

Safer was found to have a significant effect on phosphorus pene­

tration under conditions of high phosphorus application and excessive 

water applications (field capacity and saturation), the results 

indicate that there was considerable movement of phospnorus downward 

when high amounts of water were applied. Ixeessive water will move 

phosphorus downward to the root feeding zone, out the deteriorating 

affects of excessive water on turf quality and soil structure preclude 

using it as a method of moving phosphorus. It is neeesBary, therefore, 

to resort to some mechanical moans of moving phosphorus applications 

into the root feeding zone.

Considerable question has arisen as to the relative merits of 

the various aerating devices. Basically, these devices may be divided 

into three general classes} those having solid tines (Greens spiker),
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those having hollow tines (Soil-lire), and those having spoons 

(Vest Point Aerifier). In this phase of the investigation there was 

little concern regarding the type of hols produced, inasmuch as the 

primary interest was in determining how much phosphorus moves 

■aecnanically down the holes. It should he pointed out that there is 

reason to believe that the type hole produced by the aerating device 

may be of extreme importance when considering water movement, gaseous 

exchange and other related topics.

Aerification had a very definite effect on phosphorus penetration 

in this investigation. Ihe exact means by which the phosphorus 

mochanically moved down the Aerifier holes is not known, out it may be 

speculated that it may itave occurred in three ways. Ihe fertiliser 

may have fallen directly fro« the spreader into the Aerifier hole, 

it may have been Smocked down the Aerifier holes during the matting 

operation, or it may have been washed down the Aerifier holes by 

rain or irrigation water. In «very Instance it was found that there 

was more phosphorus in the 3-6* soil zone of the aerified half of the 

main plots than there was in the non-aerified half of the main plots. 

Under all compaction levels there was an average increase of 27.U per­

cent -sore phosphorus present where aerification had been used. Under 

all moisture levels there was an average Increase of 23.6 percent 

more phosphorus where aerifiedtion had been used. Figures 13 and 19 

show the effect of aerification on phosphorus penetration under each 

moisture and compaction treatment. Under all compaction and moisture 

treatments combined, there was an Increase of 2$.5 percent more 

phosphorus on the aerified plots.
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It has bean shown that aerification plays a very important part 

in the movement of phosphorua into the root feeding sone. On this 

basis alone, the use of the Aerifier in any program of good turf 

management is justifiable«
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SUSBAST

Objective

The objective of this experiment was to determine the direct and 

interacting effeots of moisture, compaction, and aerification on phos­

phorous penetration, root development, and population changes in a 

mixed turf of permanent ¿raeses.

Location, juration, and Design of Experiment

The investigation was carried out on 3n estaoiished turf area on

the campus of the Pennsylvania State Collage. Treatments originally 
(25)begun by ïîatson in 19U3 were continued, with some modifications, 

from the Fall of 19L9 to the Spring of 1952. The design of the 

experiment was a modified split plot involving five lavela of compaction, 

four levels of aoistnre, and two levels of aerification in all possible 

combinations. Maintenance practices used on the area conformed as 

nearly as possible to those used on most modern golf courses.

Evaluation

Compaction> [jSoil compaction was determined by penetrometer readings 

and volume weight determinations. A highly significant correlation be­

tween the two methods was established. These determinations showed that

measurable differences in compaction were produced under the various

compaction treatments. The Geiger Counter X-ray spectrometer was found
~J4 1

to oe unreliable for soil compaction determination.



-tots Lure: In the field, Lark soil tensioaetarc were usea to 

check approximate day to cay aoisture laveis on the t’ieid capacity 

and saturated plotc. Periodically, absolute soil aoisture content 

was determined by laboratory tests.

furf quality: Several factors were considered in determining 

turf quality.

(1) Zoological changes in the population of the permanent 

species (Kentucky bluegrass, red fescue, bentgrass) were 

studied by use of the Inclined point quadrat method.

(2) Invasions of crabgrass, clover, and other weeds, including 

?oa annua were recorded. Clover and other weed determina­

tions were made by use of the inclined point quadrat 

method. The percent area of the total plots covered by 

clover was also made ay visual estimates. Crabgraes de­

terminations were wade by use mf the douols x line 

quadrat.

(3J iioct quantities ano root distribution were considered, 

famplas were taken at one inch intervals to a depth of 

3ix iacnes, washed, oven dried, and weighed. The total 

quantity of roots and the distribution of the roots ia 

the 'J-2" soil lone and the 3-6" soil sone was uetermined.

('a) Severity of natural disease infection was considered. 

Disease injury wae so slight during the course of the

investigation that no records were taken.
iip

Phosphorus Penetration: 1 Penetration of surface applications of 

phosphorus into the 3-6" root feeding tone was studied, 'aaplas were
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taken at one inch intervale co a depth of 3 lx inches and tested for

available phosphorus content in use of the Oeniges

Stannous-deduced fhosphonolyQdic clue color method as adapted to 

photoelectric aeaeuraments.

Sesulta

Coopactioni Compaction had no significant affect on the total 

percent permanent apeeiss present in the turf population, although 

there »ere changes in the proportions at individual species making up 

the total population. Ihls change was significant in the case of the 

lientucky bluegraes population. Un the heavy coapactad plots there was 

a greater population of bluegrass than on the light and no compacted 

plots. Clover population was slightly hi^er on the heavy compacted 

plots than it was on the other coopaction levels. Increases in com­

paction tended to decrease the craograes population. Compaction 

tended to increase other weeds. Compaction had no significant effect 

on root quantity and root distribution. Phosphorus penetration was not 

influenced Oy compaction.

doisturei Under the high moisture levels (field capacity and 

saturation) there was a definite increase in the bentgrass population. 

Increasing soisture tended to decrease the percent permanent species 

present, ihis was primarily due to an increase in weed population with 

increasing moil ooisture content, there vas a highly significant in­

crease of GraiJsjraas under the field capacity and saturation moisture 

treatuente. moisture tended to decrease red fescue and Kentucky

bluegrass population while increasing oent^rass population. Clever
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• also shewed an increase under the high noiavure levels. Increasing 

aswunte of water above field capacity had a detrimental effect on the 

total quantity of roots produced. Hie highest total q-.iantity of roots 

was found under the dry and As Needed aoisturo levels. Root distri­

bution was significantly affected by aoisturo. At the low moisture 

rates a greater percentage of the total roots vers found in the 3-6" 

soil zone than on ’-he field capacity and saturated plots, ioisture 

was also found to have a significant offset on the downward movement 

ofphosphorous, but only undar the field capacity and saturated con­

ditions.

Aerification! Spring aerification significantly decreased the 

Kentucky bluegrass population on the heavy compacted plots. Aerification 

had no significant offset on the oentgrass and r3d fescue population. 

There was a trend towards a decrease in percent permanent species on 

the aerified plots. Thia may be attributed to the high increase in 

weeds following Spring aerification. Aerification increaeed the 

clover population under the lower moisture levels, but not under the 

higher moisture 1avals. Although aerification showed no significant 

effect on roots, there was a trend towards increased root eye teas due 

to aerification. It is felt that with sore adequato sampling, definite 

differences could be obtained on the aerified and non-serifled plots. 

Phosphorous penetration was significantly influenced by aerification.

It was shown that aerification resulted in considerable downward

mechanical movement of phospnorous.

Interactions! The Interaction of moisture x compaction was
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found to have a significant effect on the Kentucky bluegrass popu­

lation in 1950. This interaction had no affect on Kentucky bluegrass 

population in 1951. The interactions of compaction x moisture, aeri­

fication x compaction, and aerification x moisture x compaction had a 

significant effect on the pounds per acre of phosphorus found in the 

lower four inches of a total six inch layer. No other interactions 

were found to be significant.

Conclusions

The following conclusions aay be drawn from the results obtained 

in this investigation.

1. A)isture and aerification treatments exerted greater influence 

on turf quality during the investigation than did compaction

treatments.

2. The use of supplemental irrigation on a turf containing 

bentgrass will favor the development of the bentgrass at 

the expense of the red fescue and Kentucky bluegrass.

3. Spring aerification will significantly aid in the downward 

movement of superphosphate applications applied on the 

surface at the time of aerification.

U. Excessive use of supplemental irrigation will result in

shallow rooted turf.

5. Turf containing a high percentage of bentgrass requires some 

supplemental irrigation over the growing season in order to 

maintain desirable playing conditions.
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6. Spring aerification, if dona at a tiae when conditions 

are ideal for weed seed germination, will increase the 

weed population, especially crabgrass, in an established 

turf.

7. Excessive use of supplemental irrigation will increase 

the crabgrass population in an established turf.

3. Surface applications of superphosphate aay move downward 

under excessive watering.

?. ihe dry plots were uneuitaole for play over most of the 

growing season.
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Tattle I Average percent of total species that ia permanent species 

at the various moisture and coapaction levels, 1950.

Compaction Levels

Joi3ture
Levels

Dry

No

99

LtlX

ICO

Lt2X

93

an

37

H2X

96

X

96.0

A.N. 97 96 97 30 97 95.0

9.C. 93 97 93 92 83 93.6

Sat. 93 93 96 36 33 90.2

X 96.7 96.5 97.2 33.2 39.7

Statistical Cata

Source O.F. a.s. F. L.S.D
.05 .01

Coapaction u 230.25 2.08

Roplicalions 2 3U.50

Error A 3 110.37

Moisture 3 103.00 1.97

Error 3 6 52.16

Compaction x 
doisture 12 38.u2 1.27

Error 3^ 2U 30.21
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Table III Percentage of total species that is permanent species at 

the various compaction, misture, and aerification levels, 

1951.

Statistical Data

Source A* • A • ■I.S.

Compaction u 126.00

Replications 2 3U3.5O

'irror A 3 77.12

Moisture 3 69.33

Error 3 6 137.66

Compaction x 
-ioiature 12 30.50

Error 3^ 2U ua.29

Aerification 1 6.00

Error C 2 58.00

Aerification 
x Compaction Ù 5.75

Aerification 
x ioizture 3 7.33

Aerification 
x ioisturo 
x Compaction 12 U2.75

Error C^ 38 36.13

l.s.o. 
.□5 .01

1.63

0.50

o.io
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Tabla IV Average perçant of total spocies that ¿a vestís at the 

various compaction and aoisture levais, l?50.

Compaction revels

Joiature
Levels Mo LtlX Lt2X aix 322

Cry 1 0 2 13 1*

À.S. 3 U 3 12 3

F.C. 2 3 2 3 17

Cat. 7 7 i* 11* 17

3.2 3.5 2.7 11.7 12.5
x

Statistical Cata

Source D.F. < F. L.3.D. 
.05 .01

Compaction u 230.25 2.03

île pi lea Liona 2 311* .50

Error A 3 no. 37

Jo isture 3 103.00 1.97

Error 3 6 52.17

Compaction X 
Jolature 12 33.1*2 1.27

Error 3j_ 21* 30.21
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Table 71 Percentage of permanent species that is weeds at the

various compaction, moisture, and aerification levels,

1951.

Statistical Data

Source D.F. M.S. ?.

Compaction 1* 125.26 1.61*

Replications 2 31*6.30

Error A 9 76.ah

Ao is turn 3 65.17 0.1*7

Error 3 6 139.05

Compaction x 
Moisture 12 31.50

Error 3^ 2k 1*3.16

Aerification 1 7.01 0.12

Error C 2 56.a3

Aerification 
x Compaction 1* 6.01

Aerification 
x Joisture 3 10.31*

Aerification 
x Aoisture 
x Compaction 12 31.70

Error C^ 38 35.1*0
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labia VII Average percentage of peraanent specie« that is 

bentgrass at the various coapaction and aoisture 

levels, 1950.

Compaction Levels

Moisture
Levels So LtlZ Lt2X nil 32X X

Dry 39 81» 83 73 35 33.3

A.S. 85 95 89 91 39 39.3

F.C. 91» 91» 97 91» 91 91» .0

Sat. 98 95 99 99 99 98.0

X 91.5 92.0 92.0 90.5 91.0

Statistical Data

Source D.P. 4.2. P. L.2 .0.
.05 .01

Compaction U 5.50 0.13

Replications 2 173.00

Error A 3 L3.37

Moisture 3 562.33 2.52

Error 3 6 223.00

Coapaction
Moisture

X
12 35.08 1.31»

¡Srror 3^ 21» 26.08
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Table IX Percentage of permanent species that is bentgrass at the 

various compaction, aoisture, and aerification levels,

1951.

Statistical Data

Source Uea* • A.*j • e

Connection u 19.50 0.7U

deplica tions 2 367.00

Crror A 3 26.50

Aoiature 3 35U.OO L.08

Error 3 6 326.67

Compaction x 
doisture 12 23.92

Error 3^ 2U 2U.OO

Aerification 1 1.00 0.07

Error C 2 15.00

Aerification 
x Compaction U 13.00

Aerification 
x Aoisture 3 9.00

Aerification 
x Moisture 
x Compaction 12 7.00

Error C^ 39 9.00
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Table X Average percentage of permanent species that is 

Kentucky bluegrass at the various compaction and

moisture levels, 1950«

Compaction Levels

Moisture
Levels No LtlX Lt2X HIX H2X x

Dry 0 0 2 1* 1* 2.0

A.24. 0 1 0 3 1* 1.8

r eV« 0 1 1 5 5 2.1*

Sat. 0 0 1 0 0 0.2

X 0.0 o.5 1.0 3.0 3.2

Stailstical Data

Source D.?. M.S. ?. L.S .D .
.05 .01

Compaction 1* 23.31 9.72 »» 1.18 2.13

Replications 2 5.35

Error A 8 2.1*5

Moisture 3 13.17 1.13

Error 3 8 11.87

Compaction
Moisture

X
12 1* .56 3.28 *» 2.31 3.30

Error 3^ 21* 1.39
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Table XII Percentage of permanent species that is Kentucky bluegrass

at the various compaction, moisture, and aerification

levels, 1951*

Statistical Data

Source D.?. J.s. ?. L.S.D.
.0$ .01

Compaction 1* 1*3.66 i*.i*6 * 1.67

Replications 2 33.23

Error A 3 9.78

Moisture 3 $2.60 3.92

Error fl 6 13.3U

Compaction x 
Aoisture 12 9.98

Error 21* 10.09

Aerification 1 13.3U $3.00 * 0.19

Error C 2 0.23

Aerification 
x Compaction u 6.02

Aerification 
x Aoisture 3 U.82

Aerification 
x loisture 
x Compaction 12 $.0$

Error 38 3.37
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Table XIII Average percsnta^e of permanent species that is rod

fescna at the various aoisture and compaction levels

1950.

Compaction Levels

Aoisture
Levois So LtlX Lt2X HIS H2X x

Dry 11 16 15 13 12 U.U

A .31. 15 U 11 6 3 11.0

?.c. 5 5 2 1 i* 3.U

Sat. 1 5 o 1 1 1.6

X 3.0 7.5 7.0 6.5 6.2

Statistical Data

Source D.F. a.s. ?. ¿..6 .D.
.05 .01

Compaction U 10.50 0.32

Replications 2 226.50

Error A 8 32.25

Moisture 3 1*81.66 2.79

Error 3 6 172.50

Compaction x 
Aoisture 12 31.33 1J*6

Error 2U 21.33
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'liable X7 Percentage permanent species that is red fsscue at the 

various compaction, moisture, and aerification levels, 

1951.

Statistical lata

Source o.?. M.3. /.

Compaction u 16.72 0.58

Replications 2 133.56

Srror A 3 29.02

aoisture 3 193.31* 0.31*

Error 3 6 229.97

Compaction x 
Aoisture 12 19.95

Error 3^ 21* 13.00

Aerification 1 ii.30 0.36

Error C 2 5.57

Aerification 
x Compaction 1* 10.11

Aerification 
x ioisture 3 13.62

Aerification 
x Uoisture 
x Compaction 12 6.07

Error C, 33 7.13
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Taole XVI Average percentage of total plot arsa covered by 

clover at the various compaction and xoistnre 

levels, 1950.

Compaction levels

Xoiaiure
levels lo ItlX ¿.¿aX HIX K2X X

Dry 0.5 0.3 0.6 12.3 3.3 3.10

A . o.3 0.5 1.3 10.3 2.0 2.33

i?» w « 1.3 l.l 2.3 4.6 10.1 3.38

oet . 0.3 l.l 3.6 b.l 4.0 2.72

X 0.72 0.75 1.95 7.32 4.35

Statistical Data

Source M.S. ?. J4 • m .0 •
.o5 .01

Compaction b U5.57 1.35

Replications 2 231.35

Error A 3 35.60

Aoisture 3 U.09 0.57

Srror 4 6 7.12

Compaction x
22.9bAoisture 12 1.01

Srror 4^ 2b 22.63
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Tablo XVÏII Percentage of total plot araa covered by clover at the 

various coap&ction, aoiature, and aerification Iavels, 

July 1951.

Statistical Data

Source 0.?. l.S. J e

Compaction 1* 6.98 3.02

replications 2 1U .17

Zrror A 3 2.31

ioisiure 3 1.97 1.U5

irror 0 6 1.36

Compaction x
Aoiature 12 6.5U 2.37

Srror 3^ 21* 2.76

Aerification 1 23.1*1 6.06

Srror C 2 • 3.36

Aerification
x Coepaction 1* 7.1*3

aerification
x Aoiature 3 6.16

Aerification
x aoiature
x Compaction 12 U.32

irror 33 2.71*

Ì..C- «0 A
.05 .01

3.96
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Tattle aIX At or a go percentage of total species that ¿8 clover

at the various compaction and moiFture levels, 19$0.

Compaction 1.evels

Moisture
¿»avals LtU Lt2X HIX H2X x

Dry 1 0 0 6 2 1.3

a.M. 1 0 1 7 3 2.2t

?.C. n«4» 1 1 3 10 3.2

Sat.« 1 2 0 ? 12 U.8

X 1.0 0.7 0.5 6.2 6.7

o tatistical Data

Source D.F. M.3. F. L.S.De 
.05 .01

Compaction 1* 117.61 3.17

Replications 2 7U.31

error 4 3 37.05

Joisture 3 2Q.i*2 1.28

error 3 5 22.25

Compaction x 
/oisturs 12 13J«3 O.?9

2rror 3^ 2U 13.53
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Tabla XXI Percentage of total epeeioo that ir clover at the

various compaction, Twioture, and aerification lavels, 

1951.

Statistical Data

1cures 7 a.s. * •

Compaction u 7.U3 0.96

Replications 2 96.36

Error a 3 7.72

Aoisture 3 12.01 2.U0

Error 3 6 $.00

Compaction x
.ioisturs 12 21.13

Error 3^ 2U 10.13

Aerification U8.1U 1.73

Error C 2 27.10

Aerification
x Compaction u 3.36

Aerification
x ioiature 3 2.32

Aerification
x Joisturs
x Compaction 12 U.72

Error 33 6.66

r
.05 .01
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Table XXII Average numOar of crabgrasa plants occurring under 

line diagonals at the various compaction and moist­

ure levels, 1950.

Compaction Levels

Jointure
Levels No LtlX Lt2X HIX H2X X

Dry 22 13 19 1*8 6 21.6

a.h. 27 13 23 29 3 21.0

y.c. 1*3 1*3 1*9 63 33 1*3.2

Sat. 66 53 57 1*9 50 56.0

X 1*0.7 31.7 38.2 ua.5 21* .2

Statistical Data

Source D.P. *1.3. P. L.3.D
.OS .01

Compaction i* 1059 0.73

Replications 2 7512

Error A 3 ll*i*l*

Jointure 3 1*579 1*1*.39 «» 9.00 9.96

Srror 3 6 102

Compaction x
Jo is tu re 12 231 0.35

Error 3^ 21* 271
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Xaole XXIV Average auaoer of craOj^rass plants occuring under line 

diagonals at the various compaction, moisture, and 

aerification levels, 1951.

Statistical Oata

Source 3.X. A.S. X.

Compaction U 27.50 0.32

Replications 2 53.00

Error 1 3 61.62

Aoisture 3 102.66 1.15

Error 3 6 277.66

Compaction x
Moisture 12 Ih .25

Error 3^ 2U 50.67

Aerification 1 512.oo 216.30

Error C 2 2.50

Aerification
x Coapaction U 13.00

aerification
x doistura 3 11.67

Aerification
x doisture
x Compaction 12 31.50

Error 38 21.20

** 1.2U 2.36

u • t •
.05 .01
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Table XXV average percentage difference in bentgrass population 

at the various compaction and moisture levels, 1950 

to 1951.

Compaction levels

lolsture
Levels *3o LtlX Lt2X HIX H2X X

Dry ♦a> ♦12 ♦9 ♦15 ♦U ♦9.6

A.3. ♦5 0 ♦2 ♦ 2 >6 ♦3.0

?.c. 46 46 +3 ♦ 6 46 ♦5.4

Sat. ♦1 ♦5 ♦1 ♦ 1 «2** ♦1.2

X ♦5.0 ♦5.7 ♦3.7 ♦ 6.0 ♦3.5

Table XXVI Average percentage difference in Kentucky bluegrass 

population at the various compaction and moisture 

levels, 1950 to 1951.

Compaction Levels

loisture
Levels 3o LtlX Lt2X HIX H2X X

2ry ♦1 0 ♦3 ♦1 ♦5 ♦2.0

¿.a. ♦2 0 0 -3 ♦1 0

?.c. 0 -1 0 -5 -3 -1.3

Sat. 0 0 -1 0 42 40.2

X 40.7 -0.2 40.5 -1.7 ♦1.2

e ♦ sign denotes increase in 1951 over 1950.

*• - sign denotes decrease in 1951 over 1950.
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Table 1X711 Average percentage difference in red fescue pop­

ulation at the various compaction and moisture 

levels, 1250 to 1251.

Compaction Level«

Moisture
Level Ito LtlX Lt2X HU H2X X

Dry -a -12 -12 -12 -10 -10.3

A.N. -7 0 - 2 ♦3 - 3 - 2.3

F.C. -5 f*- > - 2 —1 - 1 - 2.3

Sat. -1 - 5 0 -1 - 1 - 1.5

X -5.2 - 5.5 - L.O -2.7 - 5.0

Taole XXVIII Average percentage difference in percent total 

specie« that io permanent specie« at the various 

moisture and compaction levels, 1250 to 1251«

Compaction Level«

Aoisture
Levels No LtlX Lt2X HIX H2X X

Dry 0 -1 ♦1 -3 0 «•0*0

A.S. -3 ♦3 -2 *U 0

r.c. -I -3 -3 0 «6 ~0e2

Sat. ♦6 ♦2 ♦1 ♦10 ♦9 *$.6

X *0.5 «0.2 —Q«7 ♦2.7 ♦3.7
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l'aol* SX IX average percentage difference in weed population at 

the various compaction and moisture levels, 1950 to

Compaction Levels

loisture 
Levels do LtlX Lt2X HIX H2X X

Dry 0 ♦1 -1 ♦3 0 40.6

A.S. ♦3 —3 ♦2 -Ù 0 —OUi

?.c. ♦1 ♦3 ♦3 0 ~-6 40.2

Sat. -6 -2 -1 -10 -9 -5.6

X —0.5 -*Q»2 ■♦0.7 -2.7 -3.7

Table XXX Average percentage difference in clover population at 

the various compaction and aoisture levels, 1950 to

Moisture
Level*

Dry

A.».

X7 7-4» •

So

-1

♦5

Compaction Levels

H2X

-2

-3

X

—0.6

0

LtlX Lt2X HU

0

-5

0

4l

0

42

P.C. 0 0 ♦1 ♦l -1 40.2

Sat. -1 -1 ♦3 -7 -9 -3.0

X 40.7 0 ♦1.5 -2.7 -3.73.7
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Table XXXI Average sjrams of oven dry roots pre»eat in eoil cores 

one and five-eighths Inches in diameter to a depth of 

six inches at the various compaction and moisture 

levels, September 1950.

Compaction Levels

Moisture
Levels

Dry

A.h.

?.C.

Sat,.
«■»
X

Source

Compaction

Replications

Zrror A

aoisture

irror 3

Compaction 
Moisture

2rror 3^

x

Ho LtlX Lt2X aix H2X X

0.31*? 0.631* 0.350 0.507 0.590 0.626

0.731 0.369 0.395 0.1*73 0.1*51* 0.1*35

0.363 0.556 0.39$ 0.295 o.i*o5 0.1*03

0.369 0.1*5$ u.560 0.769 0.753 0.621

0.533 0.503 0.330 0.312 o.5$o

Statistical Data

3.?. *i.a. ?. L.S.D. 
.0$ .01

U 0.02$ 0.1*1*

2 O.250

3 0.057

3 0.163 3.62

6 0.01*5

12 0.060 1.07

21* 0.0$6
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Table SiXIII Grans of oven dry roots present in soil cores one 

and five-eighths inches in diameter to a depth of 

six inches at the various compaction, soiotaro, 

and aerification levels, September 1951«

Statistical 3a ta

Source A»<; • ?.

Compaction u 0.067 1.36

Hcplicalions 2 0.69$

Error A 3 0.036

Aoistore 3 0.223 3.60

Error 6 0.062

Compaction x 
Jointure 12 0.019

Error 3^ 21* 0.027

Aerification 1 0 0

Error C 2 0.015

Aerification 
x Compaction i* 0.012

Aerification 
x Aolature 3 0.003

Aerification 
x Moisture 
x Compaction 12 0.017

Error C^ 38 0.013
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Tabla XXXIV avara^a pcrcenta^a roots la upper two inch layer of 

a total six inch layer at the various compaction and 

moisture levels, Oeptemoer I960.

Conpaccion Levels

Joisture
Levels So Ltii Lp2X HIX H2X X

Dry 78 77 30 33 30 79.6

a.u. 71* 71* 91 33 76 80.6

?.c. 30 76 73 76 62 73.1*

Sot. 75 39 36 33 36 33.3

X 76.7 79.0 32.5 32.5 76.0

Statistical Data

Source D.y. M.S. /• L.b .D • 
.05 .01

Compaction i* 72.75 1.12

Replication* 2 i*5o.oo

Srror 1 3 ¿5.12

¡foioture 3 262.33 2.1*9

Srror 3 6 105.33

Compaction x 
¿datura 12 106.03 1.1*5

Srror th 21* 73.29
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Table XIX7I Percentage root» in upper two inch layer of a total 

six inch layer at tho Tarions compaction, aoisture, 

and aerification level», September 1951*

Statistical 3ata

Source O.P. M.S. ?. L.S.D.
.05 .01

Compaction 1* 26.75 0.1*5

Replications 2 6Ù1.5O

Srror A 3 60.00

Moisture 3 185?.67 17.1*6 »*

Error 3 6 106.50

Compaction x 
Joisturo 12 52.U2

Error 3^ 21* 70.62

Aerification 1 38.00 0.1*1

Srror C 2 71.50

Aerification 
x Compaction i* 67.25

Aerification 
x Moisture 3 50.33

Aerification 
x Moisture 
x Compaction 12 70.17

Srror 38 58.60



Table XXXVII Average percentage roots in lower four inch layer

of a total six inch layer at the various coapaetion 

and v»Is*.ure levels, September 1950.

Compaction Levels

Aiisture
Levels No LtlX Lt2X HIX 32X X

Dry 22 23 20 17 20 20.1*

A.3. 26 26 9 12 2U 19 Ut

?.c. 20 21t 27 21t 3a 26.6

Sat. 25 11 lit 17 lit 16.2

X 23.2 21.0 17.5 17.5 2U.0

Statistical Data

Source D.F. M.S. ?. ¿..3 »D. 
.05 .01

Compaction u 72.75 1.12

Replications 2 1*50.00

Error A 9 65.12

itoiature 3 262.33 2.It?

Error 3 6 105.33

Coapaetion x 
tolature 12 106.08 l.ltS

Error 3^ 21* 73.29
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Table XXX G Percentage roots In lower four Inch layer of total

six inch layer at the various compaction, aoisture, 

and aerification levels, September 1951.

Statistical Data

Source r, /•* e ‘4.2. ?. T <5
.05

Compaction u 26.75 0.1*5

Replica lions 2 61*1.50

Error A 3 50.00

Moisture 3 1359.67 17.1*6 ♦» 6.51

Error d 6 106.50

Compaction x 
Moisture 12 52.1*2

Error d^ 21* 70.62

Aerification 1 38.00 0.1*1

Error C 2 91.50

Aerification 
x Compaction 1* 67.25

Aerification 
x moisture 3 50.33

Aerification 
x Moisture 
x Compaction 12 70.17

Error C^ 38 53.60 «
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Tabla XA»I Pounds per acre of phosphorus in the lower four inch 

layer of a total six inch layer at the various

compaction, moisture, and aerification levels, June 1951.

Statistical Data

Source D.P. M.S. ?. L.S.D.
.05 .01

Compaction u 751*9 3.21

Replications 2 11*558

Error A 3 2352

Jcisturs 3 301*01 5.90 * 1*5.31*

Error 3 6 5152

Compaction x 
Moisture 12 251*71 U.82 ***

Error 3^ 21» 5230

aerification 1 39060 25.76 * 31.97

Error C 2 1516

Aerification 
x Compaction 1* 1*1*73 3.01 »

Aerification 
x Moisture 3 359

Aerification 
x Moisture 
x Compaction 12 91*1*6 6.36 **»

Error C^ 38 11*36
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iaole iLII Analysis of variance for penetrometer and volume 

weight data, aerification omitted, 1951.

Penetrometer Volume heights

Source D.7. a.s. f. a.s. ?.

Compaction 1 3.1*70 231.33 ** 1.1*1*0 llUi.OO *»

implications 2 0.000 0.270

Zrror 1 2 0.015 0.010

àio is ture 3 0.037 2.13 0.010 0.07

Error 3 ó 0.017 0.11*0

Compaction x 
loiature 3 O.OUÓ 5.11 * 0.030 0.75

Error 3^ 6 0.090 0.01*0

Li.w .0.

.05 .01 .05 .01

Compaction 0.21 o.5o o.i3 0.1*1

Compaction x 
doisture 0.60
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Taoia XL17 Penetrometer penetration (inches) at the various

compaction, Toistnre, and aerification levels, 1951.

Statistical Data

Source 3.9. ü.s. F. T «Î n
.05 .oi

Compaction U 1.0b 3b .66 *» 0.09 0.16

Replications 2 1.0b

Error A 3 0.03

Aoisture 3 0.07 0.35

Error 0 6 0.20

Compaction x 
Joisture 12 0.07

Error ik 2U 0.10

Aerification 1 2.75 22.9 » 0.27

Error C 2 0.12

Aerification
X Compaction u 0.20

Aerification 
x Moisture 3 o.ob

Aerification 
x Moisture 
x Compaction 12 0.03

Srror 30 0.03

«*


