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INTRODUCTION 

Normal growth of many plants Is dependent on adequate soil 

aeration* Soil compaction and excessive soil moisture may create 

unfavorable oxygen and carbon dioxide concentrations in the soil 

which could hinder plant growth. In compacted soils normal root 

growth may be further restricted by mechanical impedance. Infor¬ 

mation concerning the oxygen needs and carbon dioxide tolerances of 

plants, whether concerned with these gases individually or with 

their combined effects, should be useful in determining the soil 

management practices which will improve or provide temporaiy re¬ 

lief of unfavorable aeration conditions. Knowledge of critical 

levels of aeration would be helpful in evaluating the potential 

value of land which could be drained or altered to facilitate wider 

use. Also, such data would aid in the choice of plant species for 

use in areas where poor soil aeration is a limiting factor. 

The effects of soil physical properties on plant growth are of 

concern to individuals in all phases of agriculture. Grass covered 

areas, whether pastures, hay fields, or specialized turf areas, are 

often subject to excessive compaction which adversely affects grass 

growth. Depending on the use of the area, compaction may be brought 

about by grazing animals, machinery, and man. Special aerification 

equipment has been used to reduce the effects of compaction on specia¬ 

lized turf areas. Poor performance and shallow root systems of grass 

growing on compacted soils could be due to mechanical impedance to 

root growth, unfavorable gaseous concentrations in the soil atmosphere 
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and water, and impeded movement of water and fertilizer into the soil. 

It is debatable which of these is the major cause of poor turf in com¬ 

pacted soil. There is need for research which will help to define 

critical levels of mechanical impedance and soil aeration for grass 

growth in order that the response of grass to compacted soils may be 

better understood. 

The purpose of the investigations reported and discussed in this 

thesis was to determine the effects of limited soil aeration on growth 

of three grass species* Agrostis palustis Huds., Eleusine indiea (L.) 

Gaertn., and Poa pratensis L. These experiments were planned so that 

aeration, and not mechanical impedance or fertility, would be the 

limiting factor in the growth of the grass plants. 
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LITEMTURE REVIEW 

General Considerations 

The Terminology Committee of the Soil Science Society of America 

(£8) has defined soil aeration as: ” The process by which air and 

other gases in the soil are renewed* The rate of soil aeration depends 

largely on the size and number of soil pores and on the amount of 

water clogging the pores* A soil with many large pores open to per¬ 

mit rapid aeration is said to be well aerated, while a poorly aerated 

soil either has few large pores or has most of those present blocked 

by water.” Gaseous diffusion and concentration is dependent on various 

soil physical properties, including pore size, soil moisture tension, 

and size of aggregates (7, 13, 39, 6h, 69)• Baver (2) has stated that 

perhaps inadequate soil aeration is the most important factor limiting 

root development of plants* 

There is ample evidence showing the need of oxygen in the root 

zone and the harmful effects to plant growth when supplies are lacking* 

These effects have been shown in solution and sand cultures (20,2^,27) 

as well as in soil. Oxygen supply in the soil has been shown to affect 

the growth and yield of many plants, including peas (12), tobacco (2*>)> 

cotton (Ui, h$), sunflowers (kk9 h$)9 green beans (hh), snapdragons 

(U3, 60), tomatoes (39), and sugar beets (3,70). Under limited oxy¬ 

gen supply, uptake of nutrients and water is often decreased. Re¬ 

ference to such studies will be made later. 

The effects of carbon dioxide accumulation in poorly aerated soil 

have not received as much attention as the effects of oxygen deficien- 
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cies, It is the feeling of some workers that under field conditions 

oxygen will probably become too low before CO^ becomes too high 

(l£f3£). Most studies concerning COg in the root zone have been per¬ 

formed by passing various concentrations of CO^ through solution and 

sand cultures. Work of this nature has established the fact that as 

the CO2 content increases, the absorption of water and nutrients is 

reduced (10,23,25,3li,65). Root respiration has been shown to decrease 

as CC>2 content increases (52), 

Russell (57) mentioned a third factor which may be involved in 

poorly aerated soils, namely, the content of by-products of anaerobic 

decomposition such as hydrogen sulfide, methane, and hydrogen* He 

further stated that this factor had not been studied in any great de¬ 

tail, and that the effects of oxygen, carbon dioxide, and by-product 

gases have rarely been separated in field studies of root growth. 

When poor aeration is a result of soil compaction, mechanical 

inpedance may also be a factor in the growth and distribution of roots. 

Many observations have been made on the rooting habits of plants as 

affected by soil physical conditions, but in many instances an ex¬ 

planation of the exact causes of poor root growth has not been offered. 

Brown and Lacate (5) and Horton (29) have reported on the rooting 

habits of several species of pine trees. Studies have been conducted 

which show that root growth of various agronomic and vegetable crops 

is restricted in compacted soil (21,50,56,61*,66,71). According to 

Floeker, et al.(19), the slowing of metabolic processes of plants 

grown in compacted soil may be attributed to one or a combination of 

several factors. Including poor water utilization, restricted nutrient 
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uptake, lack of oxygen, accumulation of CO2, and mechanical impedance 

to root penetration. 

Gill and Miller (21) developed an apparatus which permitted the 

simultaneous study of the effects of mechanical impedance and oxygen 

supply. They found that unimpeded roots slowed in growth when the 

oxygen concentration was below 10$, and that growth was more severely 

reduced on impeded roots. A distortion of the normal shape was noted 

on roots which met severe mechanical restraint. Phillips and Kirkhara 

(5h) concluded that mechanical impedance and not the lack of adequate 

aeration limited corn root growth in artificially packed soil. They 

also grew corn seedlings in sand contained in glass tubes of various 

diameters and demonstrated that even with very hijii levels of aeration, 

root growth is influenced by mechanical impedance. Wiersum (71) has 

also shown the importance of rigidity of pore structure in inhibiting 

root growth. 

From the foregoing it must be concluded that root growth in com¬ 

pacted soils may be influenced by mechanical impedance and aeration, 

either individually or in combination with each other. 

Oxygen in the Root Zone 

As stated previously, the need for oxygen in the root zone is well 

established. Clements (11) and Petersen (53) have reviewed literature 

pertaining to the relationships between soil air, root activity, and 

plant growth. The amount of oxygen utilized during respiration varies 

depending on the plant (22,26,1*2), and the peak rate of respiration 
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takes place in the root tips at the region of maximum cell division 

(22,li2). Lemon (38) has presented a theoretical approach to the 

problem of sufficient oxygen for normal root respiration in soil. 

He has shown that the two factors concerned, oxygen "demand” of the 

root and oxygen supplying characteristics of the soil, are inter¬ 

dependent and cannot be separated. Lemon and Wiegand (1*2) considered 

the rate of oxygen consumption to be dependent on the characteristics 

associated with the genetic background and physiological age of cells, 

the rate of delivery of reactants to or removal of products from the 

loci of reaction, and the rate of reaction at the loci. 

Differences in tolerance to limiting oxygen supply have been 

shown by Cannon (9), who measured root elongation of plants grown with 

the roots exposed to various oxygen concentrations* He noted that 

species which naturally occur where the soil may be puddled or water 

saturated all or part of the year, exhibit a greater tolerance to oxy¬ 

gen deficiency, and that no species requiring a high percentage of 

oxygen for root growth has been found to occur in areas where the sub¬ 

stratum is saturated part of the year. For instance, Juncus effusus 

and Nasturtium officinale (water cress) were found to be tolerant of 

low oxygen, whereas Medicago sativa (alfalfa) was not. Russell (57) 

reported that rice, buckwheat, and some willows grow well when the 

air supply in the root zone is restricted, while tomatoes, and possibly 

peas and corn, need a very good air supply. Edminster and Reeve (15) 

stated that plants normally grown on well-drained and aerated soils 

usually are most sensitive to low oxygen levels, and that those plants 

which tolerate long periods of little oxygen have special tissues in 
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their stems and roots that can conduct oxygen to the roots. Gas spaces 

in roots of rice plants constitute 5-3Q£ of the root tissue, whereas 

in barley roots they constitute less than 1$ of the volume (1), High 

soil moisture has been shown to favor the development of large inter¬ 

cellular spaces in grass roots (63) and grass leaves (51). Grass 

species which grow best on wet or moist soils have larger intercellular 

spaces than those gras es found on drier sites, and deeper rooted 

grasses have larger spaces than shallow rooted grasses (33)* The move¬ 

ment of oxygen through the air spaces of various plant species has been 

measured using the short-lived radio-isotope oxygen-15 (1,17)* 

The uptake of water and nutrients is often decreased by conditions 

of poor aeration. An adequate supply of oxygen is needed for both 

cation and anion absorption (27), Harris and van Bavel (25) found 

that nutrient uptake by tobacco plants was relatively constant until 

the oxygen content dropped below 10$, They reported that the sensiti¬ 

vity of several nutrients to decreasing oxygen and increasing CO2 con¬ 

tents seems to be K > R > P > Mg 'z. Ca. Letey, et al. (1*3) reported that 

increasing oxygen concentration brought about increases in phosphorus 

and potassium content and a decrease in sodium content of snapdragon 

plants. Similar results were reported for sunflower (1*7), Kentucky 

bluegrass (1*6), and barley (1*8). Calcium and phosphorus accumulation 

in sunflowers and cotton plants was stimulated by increasing soil oxy¬ 

gen suoply (1*5). Lawton (36) reported that absorption of potassium by 

corn is more dependent on aeration than is the uptake of N, Ca, Mg, or 

P, Hopkins, et al,(28) found that potassium and phosphorus uptake was 

affected the most by oxygen supply. Cline and Erickson (12) found that 
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nitrogen, phosphorus, and potasrium contents of pea plants increased 

with increasing soil oxygen supply, and that calcium and magnesium 

tended to increase at low oxygen supplies. It is of interest to note 

that the work of Chang and Loomis (10) shows that potassium uptake 

was affected the greatest by increasing the carbon dioxide content. 

They ranked the nutrients in order of reduced uptake as being K > N 

> P > Ca > Mg. Studies using labeled elements have indicated that 

the reduction in nutrient uptake occurs immediately when the plants 

are subjected to poor aeration (25,28). Decreased oxygen content, 

like increased carbon dioxide content (10,31*), will decrease the water 

uptake by plants (21*,h3,1*1*)• Water absorption is usually reduced more 

ranidly by a high concentration of carbon dioxide than by a low concen¬ 

tration of oxygen (35). Letey, et al.(i*l*) mentioned that plants in 

waterlogged soils are ineffective in correcting this soil condition 

because transpiration is reduced in these plants. 

The level of plant nutrients in the root zone has been observed 

to affect the ability of plants to withstand poor aeration. Woodford 

and Gregory (71*) found that growth of plants in unaerated solutions was 

increased when the nutrient concentration was four times that required 

for plants grown in aerated solutions. Cline and ’rickson (1?) reported 

th~t increased fertilizer rates partially reduced the effects of low 

oxygen supply. Wiegand and Lemon (69) discussed the addition of ferti¬ 

lizer to overcome the effects of poor structure, and listed more root 

growth and higher concentration of nutrients as factors which may be 

involved. They also mentioned that in cases where a higher concentration 

of nutrients is the only factor involved, enough water may not be avail- 
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able to get the benefit of the added nutrients. Applications of ferti¬ 

lizer have been shown to reduce the oxygen content in soils* probably 

due to increased microbial activity (it). Gilbert and Shive (20) re¬ 

ported that nitrate absorption is high under low oxygen conditions, and 

the reduction of nitrate in root tissue releases oxygen which can supple¬ 

ment the external oxygen source. Wiersma and Mortland (70) have ob¬ 

tained results which indicate that fertilization with calcium peroxide 

may decrease the harmful effects of low oxygen diffusion. 

The appearance of roots often varies according to soil aeration 

conditions, for example, more lateral roots with good aeration (67), 

longer and more branched roots on aerated plants (7li), unaerated roots 

greater in diameter (8), coarser roots and fewer lateral roots under 

low oxygen supply (12), and fewer root hairs at low oxygen concentra¬ 

tions (9)* The presence of roots in the soil has been shown to increase 

the diffusion rate of oxygen; this increase being attributed to discon¬ 

tinuous air spaces in the soil being made continuous by the penetrating 

roots (31)* Other work has shown that oxygen can be transported through 

growing corn roots (32). 

Lemon and Weigand (1*2) reported that when oxygen is plentiful in 

the root zone, the rate of oxygen utilization is dependent on the sub¬ 

strate supply; but when the oxygen concentration is below a certain 

critical level, the rate of oxygen uptake is controlled by diffusion. 

Wiegand and Lemon (69) concluded that the apparent diffusion path 

length in the liquid phase about the roots is more feften a limiting 

factor in normal root respiration than is the gaseous composition in 

the soil pores. Other workers have emphasized that rate of supply or 
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movement to roots is of greater importance than the oxygen concen¬ 

tration (9,30,62), 

Gaseous diffusion and. permeability in soils has been measured 

in various ways. Hutchins (30) buried porcelain cones in the soil, 

used an oxygen free gas to sweep diffused oxygen to an indicator, and 

observed the time required to obtain a color change in the indicator. 

Blake and Page (6) placed a weighed porous cup containing carbon disul¬ 

fide into a hole in the soil, sealed the surface, and after a waiting 

period removed and reweighed the cup to determine the amount of carbon 

disulfide vapor which had diffused into the soil. Taylor (62) and 

Raney (55) measured oxygen diffusion by first flushing out a diffusion 

chamber with nitrogen and then allowing air to diffuse through the soil 

into the chamber. The change in oxygen content was measured with a 

Beckman Oxygen Analyzer. Some air permeability measurements are depen¬ 

dent on the flow of gas under a pressure gradient. Permsameters of 

this type have been described by Evans and Kirkham (16) and Tanner and 

Wengel (6l). Diffusion of oxygen through soil has been measured by 

using oxygen labeled with oxygen-18 (31). Lemon and Erickson (39) and 

others, who will be mentioned later in the discus ion, utilized platinum 

microelectrodes to measure oxygen diffusion. Vii.ley and Tanner (72) 

have described an oxygen probe which utilizes a polarographie electrode 

in the measurement of oxygen concentration in the soil, A similar 

electrode has been used to measure plant tissue respiration (1*9). 

The platinum microelectrode technique is now commonly used to 

characterize soil aeration c nditions. The principle of this method 

has been presented by Lemon and Erickson (hO). The major components 



11 

of the apparatus used for this measurement are a platinum cathode, an 

anode such as a saturated calomel or Ag - AgCl electrode, a voltage 

source, and an ammeter to read current flow. A voltage is applied 

between the platinum cathode and the anode, and this results in the 

electrolytic reduction of oxygen at the cathode. After an initial 

surge of current due to the reduction of the oxygen around the elec¬ 

trode, the current decreases to a point where it is governed by the 

rate at which oxygen diffuses to the electrode from the surrounding 

soil solution. Electrons for the reduction are released from the 

anode. In the case of the Ag - AgCl anode, the chloride ion is 

oxidized to form silver chloride. The reaction at the cathode has 

been expressed as follows: Og ♦ 2^0 + (72). 

The current, i, in amperes, flowing at time, t, in seconds, has 

been expressed as * nFAf where n * the number of electrons used per 

molecule of oxygen electrolyzed, F * faraday (96,$00 coulombs), A * 

area of electrode surface in sq. cm., and f * flux at the electrode or 

the number of moles of oxygen diffusing to the electrode per second at 

time, t (1*0). The oxygen flux or diffusion rate to the electrode has 

—ft 2 
been frequently expressed as grams x 10~o/cm, /min. 

The entire electrode must be moist during operation of the platinum 

electrodes (1*0). Lemon ai d Kristensen (hi) reported that the volume 

of water necessary for diffusion measurements is 3Q£ of the soil volume. 

They stated that below this moisture content current decreases may be 

due to a break in water film around the electrode or due to low hydroxyl 

ion diffusion away from the electrode. The values of oxygen diffusion 
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measured are dependent on the liquid diffusion path length which is 

affected by variations in soil moisture and soil structure (39,1*1)* 

The platinum raicroelectrode technique has been used to establish 

critical values of oxygen diffusion for various plants. Oxygen diffusion 

rates below 20 to 30 x 10“® grams/cm.Vroln. have reduced or stopped 

root growth of snapdragons (60), cotton (1*5), sunflowers (1*5,1*7), 

corn (l*), Kentucky bluegrass (1*6), and sugar beets (70), Values below 

O A 

30 to 1*0 x 10" grams/cra. /min. have reduced the growth rate and total 

green weight of tomato plants (39), and the critical rate for growth 

and yield of peas has been reported to be in the range of 70 to 100 

Q n 

x 10 grams/cra.VJnin* (12). Timothy, bronzegrass, and reed canary 

—8 
grass were found to make good growth at values below 5 x 10 grams/ 

cm.^/n&n. (18). A rate of 15 x 10"^ grams/cm.was found to be 

critical for root growth of barley, and a rate of 1*0 x 10"° grams/cm. / 

—8 
min. was optimum for shoot growth (1*8). Values of 15 x 10* grams/ 

cm.^/min. have appeared to be adequate for maximum growth of soybeans, 

corn, cabbage, and sorghum (73)* 

Judging from the amount of information being published on t e sub- 

ject, interest in soil aeration seems to be on the increase. One may 

expect that future research findings will contribute much toward a 

better understanding of soil aeration problems. 
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METHODS AND MATERIALS 

General 

The soil used in these experiments was a Hadley very fine sandy 

loam, h6,2% sand, h$»l% silt, and $,7% clay, modified by the addition 

of 1 part calcined clay to 3 parts soil by volume. This mixture gave 

a wide range of oxygen diffusion rates when the soil moisture tension 

was varied from 0 to 100 cm. of water. In the first three experiments 

oxygen diffusion was varied by subjecting the soil to different soil 

moisture tensions. In the fourth experiment the soil was subjected to 

nitro en-air mixtures of various oxygen concentrations in order to ob¬ 

tain different oxygen diffusion rates. 

Soil moisture tension was varied by the use of tension tables. The 

construction and use of this type of apparatus has been described by 

Learner and Shaw (37). The tables consisted of 18" x 2hn x l/lxn thick 

plexiglas trays with reinforcing ribs on the base, a 3/8M inner rib 

on all four sides, and a center drain. Ordinary window screen and desk 

blotters were used on the surface. In cases where extremely wet con¬ 

ditions were required, galvanized trays, measuring 18W x 2it" x 3” high, 

were used in order to raise the water level above the base of the soil 

containers. The soil moisture tension values used throughout are in 

reference to the lj inch depth at which oxygen diffusion measurements 

were made. 

The soil containers used for the experiments in which soil moisture 

was a variable were cast acrylic cylinders, 0.D, x 5 1/8” I.D* x 6M 

long. The bottoms were covered with several layers of cheesecloth at- 
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tached with rubber bands. 

In experiment h, oxygen diffusion rates were varied by changing the 

gaseous concentration around the soil. Various oxygen concentrations were 

obtained by feeding compressed air and nitrogen into a manifold having a 

series of needle valves for adjustment of the mixtures. A diagram of the 

apparatus used for growing plants in this experiment is shown in figure 1, 

Individual plants were transplanted through a piece of rubber tissue into 

1 1/V I.D* x 6” long plastic tubes. Six 1/h" holes were drilled through 

these tubes one inch from the top, and were covered with plastic window 

screen to prevent soil loss. These holes permitted diffusion into each 

tube. The tops of the tubes were sealed with rubber tissue held in place 

by rubber bands. Large cylinders, like those mentioned in the previous 

paragraph, were covered with cheesecloth on the bottom and about 1/2 inch 

of soil was added. The tubes were placed in this soil with about l/b 

inch of the tubes projecting from the tops of the cylinders, and then soil 

was packed around the tubes to a depth of about three inches. Rubber tia- 

sue was placed over the top of the cylinders with only trie plants pro¬ 

jecting. Rubber cement was used to seal this tissue to the rubber tissue 

on the tubes. The rubber tissue was secured over the cylinder with a rub¬ 

ber band. The gas mixtures were bubbled through water before being ntro- 

duced into the cylinders. Connections were made using rubbe and glass 

tubing. A flow rate of approximately nine liters per hour was maintained. 

The oxygen concentrations were checked using a Beckman 777 Oxygen Analyzer. 

Oxygen diffusion was measured periodically by using the platinum 

microelectrode technique (39)* The microelectrodes were h mm. long and 

0.8 mm. in diameter. Readings taken below the 1 1/2 inch depth were 

made at the c nclusion of each experiment so that root growth would not 
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Figure 1. Cross section of the apparatus used for the 
growth of plants in experiment I4; (A) plexiglas cylinder, 
(B) plastic tube, (C) screen covered holes, (D) rubber 
tissue, (E) soil, (F) cheesecloth, (G) gas inlet, and 
(H) gas outlet. 
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be influenced by the holes made by the electrodes. The number of 

electrode readings to characterise each depth is shown in the results. 

Erratic readings were eliminated in the calculation of oxygen diffusion 

rates. 

Three grass species were used as the test plants. Seed of Penn- 

cross creeping bentgrass (Agrostis palustris Huds,) and Merion Ken¬ 

tucky bluegrass (Poa pratensis L,) was purchased commercially, and 

seed of goosegrass (Eleusine indica (L.) Gaertn) was harvested from 

mature plants of this species. Creeping bentgrass and Kentucky blue- 

grass, both perennial grasses, were chosen for these studies because 

of their difference in soil adaptation. Kentucky bluegrass is best 

adapted to moist, well-drained loams or clay loams. On the other hand, 

creeping bentgrass prefers moist or wet soil and grows aggressively in 

marshes. Goosegrass is an annual grass, and in literature is referred 

to as a common weed found in waste places, farm yards, roadsides, fields, 

and lawns. Very little, if any, has been written concerning its soil 

preference. The author has observed this species growing in dry, hard, 

compact soil on and along paths and along roadways where no other plant 

species will persist. Goosegrass seed used in these experiments came 

from a near pure stand of goosegrass which w s growing luxuriantly in 

a wet, compact soil in front of a cautle watering trough. It cannot 

be concluded that goosegrass prefers these heavily traveled and com¬ 

pacted soils; however, it is definitely more tolerant of these con¬ 

ditions than many other grass species, including creeping bentgrass arid 

Kentucky bluegrass. 

Except for experiment 3, all experiments were conducted under green¬ 

house conditions. 



17 

Experiment 1 (Greenhouse conditions) 

Grass was seeded at the rate of 20 seed per square Inch on Septem¬ 

ber lit, 1962. Three replicates were included for each treatment* Soil 

moisture tensions of 102, 82, 62, 1*2, and 17 cm, of water were applied 

on October 26, and on November 1 the grass was clipped to a uniform 

height* The bentgrass was cut at a 3/1* inch height, and the bluegrass 

and goosegrass were cut at 1 l/2 inches. Measurements of clipping 

yield were made biweekly with the final^clipping being on January 9, 

1963* Fresh weights were measured at clipping time, and these were 

converted to dry weights from moisture data on the three reps for that 

treatment. On each clipping date the grass was fertilized with a li¬ 

quid application of HFer-Mel 2li-12-12M at a rate equivalent to two 

pounds of dry fertilizer per 1000 square feet. Oxygen diffusion rates 

were measured biweekly. At the conclusion of the experiment the roots 

were washed and observations were made. The roots were divided into 

three portions according to depth, blotted on paper towels, and weighed 

to obtain fresh weight. 

Experiment 2 (Greenhouse conditions) 

In this experiment twenty~one seedling plants were transplanted into 

each cylinder, the bluegrass and bentgrass on January 21*, 1963, and the 

goosegrass on February 8, Soil moisture tensions were lowered in this 

experiment, and the cylinders in two treatments were sitting in pans of 

water. The tensions were 62, 1*2, 21*, 11, and 1* cm. of water. Treatments 

were started on the bluegrass and bentgrass on February ll*. Treatments 
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on the goosegrass were begun at a later date, March 11*, due to a very 

slow start in growth after transplanting. The grass was clipped weekly 

until the experiment ended on April l*. Yield data for bluegrass and 

bentgrass were taken five times beginning with the March 7 clipping, 

and for goosegrass the final two clippings were used for yield measure¬ 

ments. The grass was fertilized biweekly at the same rate used in the 

first experiment. On April 1*, roots of one replication were washed 

for observation. The roots were divided according to three depths, 

0-2, 2-1* and l*-6 inches, and were dried to obtain dry weights. The 

two remaining replicates were held for experiment 2A. 

Experiment 2A 

Two replicates from each treatment in experiment 2 were subjected 

to a tension of 11 cm. of HgO which corresponded to treatment 1* of 

experiment 2. Clipping was continued on a weekly basis, and fertili¬ 

zation remained biweekly. Clipping yield was measured to see whether 

a sudden change to vexy wet conditions would be reflected in the top 

growth of the treatments previously held at higher moisture tensions. 

This experiment lasted for five weeks until May 9. At this time root 

observations were made, and root yield data ware collected frcm the 

bluegrass. 

Experiment 3 (Growth room conditions) 

Experiment 3 was a repeat of treatments 1, 2, 1*, and $ of experi¬ 

ment 2. Ten plants were transplanted into each cylinder on June 11*, 
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1963, Three replications were used per treatment) however, one was 

discarded halfway through the experiment after being washed for root 

observations, which were inconclusive due to poor growth* Treatments 

were started on July 5, and the experiment ended on September 9* The 

grass was clipped and yields measured five times during the experiment* 

Top growth was quite poor in the growth room, and fertilizer was 

applied on only two occasions* The light intensity was about 1000 ft* 

candles, and the daylight period was lh hours per day* The temperature 

was about 68° F at night and rose to about 75°F during the daylight 

period. The rel tive humidity was usually in the range of 60 to 70 

percent. 

Experiment U (Greenhouse conditions) 

In this experiment oxygen diffusion was varied by subjecting the 

soil to nitrogen-air mixtures having oxygen concentrations of approxi¬ 

mately 0, 1, 8, and 21$. The apparatus used was described earlier in 

this section* Tomato plants were used in this experiment as well as the 

three grass species. Two goosegrass plants and three plants of the 

other species were grown under each treatment. All plants were trans¬ 

planted, and about one week was allowed before subjecting the plants 

to the treatments. The leaves and roots were cut off to lengths of 

approximately one inch prior to transplanting. Treatments were begun 

on January 18, 196li, for the grasses and on January 21 for the tomato 

plants. The cylinders were placed on tension tables adjusted at U2 

cm. of HgO. All plants were fertilized on January 29 and again on 

February 20 at the rate mentioned for experiment 1. The bluegrass and 
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bentgrass were cut on February 19 and March 12. The goosegrass top 

growth was quite slw and no clipping was done on this grass. The ex¬ 

periment was concluded on March 12. The cores of soil were forced out 

of the tubes, the roots were washed, and the depth of rooting was ob¬ 

served. Oxygen diffusion measurements were made on the last day of the 

experiment by forcing the electrodes through the rubber tissue which 

had sealed the soil surface. Three electrodes were used in each tube, 
— 

thus 33 readings were made for each treatment* 
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RESULTS 

Whenever feasible, statistical analyses were used on the data 

obtained in the various experiments. Results of these analyses, along 

with more complete data, can be found in the appendix. In all cases 

each species was analyzed individually. Except in experiment h, the 

cylinders were grouped In blocks, or outcome groups, according to 

clipning yields made prior to the grass being subjected to the various 

treatments. Duncan*s new multiple range test (£9) was used on treat¬ 

ment means, and where differences occurred, the results of this test 

are shown in the tables. 

Experiment 1 

Oxygen diffusion rates and average dry weight yields per clipning 

for the various treatments are shown in table 1. Oxygen diffusion rates 

varied from 13.U to 37.0 x 10“^ grams/cm.^/min. The difference in 

clipping yields for bentgrass and goosegrass were not significantly 

different over this range of diffusion rates. Bluegrass yields in¬ 

creased with the moisture level. The average fresh weight of roots 

from the various treatments are shown in table 2, and roots of one 

replicate are shown in figure 2. The weight of bentgrass roots in 

treatment 5 was significantly greater than the weights obtained for the 

other treatments. No significant differences due to the oxygen diffusion 

treatments existed in the root weights of the other two grass species. 

Experiments 2 and 2A 

By decreasing the soil moisture tension, it was possible to obtain 
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Table 2* Fresh weight of roots from three grass species grown 
in soil having various oxygen diffusion rates, (Exp, 1) 

3 

Fresh weight of roots from three 
reps at three depths, grains 

Treatment 0-2*' 2-1)" it-6" Total 
Merion 

Kentucky Bluegrass 1 11.0 1.9 0.5 13.U 

2 lo.S 2.2 o.l) 13.1 

3 U.U 2.9 o.l) 11).7 

li 9.3 2.5 0.6 12.1) 

5 8.8 1.9 0.2 10.9 

Penncross 
Creeping Bentgrass 1 11.9 2.9 0.2 15.0b < 

2 8.2 1.3 0.1 9.6b 

3 10.6 2.7 0.8 lU.lb 

k 13.6 2.3 0 15.9b 

5 17.2 7.1 1.0 25.3a 

Qoosegrass 1 30.1 12.3 5.1* 1)7.8 

2 36.8 18.2 8.8 63.8 

3 1)2.0 25.1) ll).0 81.1) 

k 36.7 16.0 6.1 58.8 

5 1)3.1 11).7 1*.6 62.1) 

* Values followed by the same letter do not differ significantly at 
the .05 level using Duncan*s new multiple range test. 
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lower oxygen diffusion rates than those reported for experiment 1* The 

diffusion rates obtained at three depths are shown in table 3* Cue to 

difficulty in inserting the electrodes, no values are reported for the 

lower depths in treatment 1. The clipping yields for experiment 2 are 

shown in table 3. Only the goosegrass yields showed significant dif¬ 

ferences due to treatment. It is doubtful whether this significance 

would have occurred had the goosegrass been grown for a longer period 

under these treatments. Table h shows clipping yield data for experi¬ 

ment 2A, in which two replicates of each treatment from experiment 2 

were grown for five weeks at treatment 1* (11 cm. of H2O tension). There 

were no significant differences in yields. Table 5 shows the weights 

of tops, rhizomes, and roots from one replicate of experiment 2. The 

major observation to be made on these data is the absence of bluegrass 

roots at the lover depths in treatments U and 5* Many bluegrass roots 

were noted at the soil surface in these two treatments. The root growth 

of bentgrass and goosegrass was not notably affected under these treat¬ 

ments. Root weights of one bluegrass replicate from experiment 2A are 

shown in table 5A. Restriction of root growth occurred in the U to 6 

inch increment of all treatments, and placing the treatment 5 cylinder 

under treatment U conditions allowed more growth to occur in the 2 to 

h inch zone. Figure 3 shows the roots grown in experiments 2 and 2A. 

Experiment 3 

This experiment was only partially successful; however, the results 

are presented for inspection. Growth of all species was poor in the 

growth room. Striped smut disease was observed on all species and could 
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Table iu Clipping yields of three grasses grown at 
11 cm* of HgO tension (treatment h) alter previously 
being grown at other levels of aeration (Sxp. 2A) 

Previous treatment 

Ave. dry wt. yield per clipping, grams 

Merion 
Ky* blue 

Penncross 
Cr. bent Qoosegrass 

1 • 27 .26 •2*8 

2 •25 .25 •hh 

3 .21* .26 .2*8 

h .28 .21* .1*0 

5 • 27 .21* .1*3 
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Table 5. Dry weights of top growth, rhizomes, and roots 
of plants grown at various treatments. (Exp. 2) 

All weights in grams 

." Roots 

Treatment Tops Rhizomes 0-2M 2-U” l*-6n Total 

Merion 
Kentucky Bluegrass 

1 2.538 0.199 1.1478 .1)21 .685 2.581* 

2 2.U61* 0.160 1.1I46 .3 59 .1*31* 1.939 

3 2.626 0.161* 1.1)20 .386 .383 2.189 

1* 2.266 0.207 1.572 .li75 Trace 2.01*7 

5 1.987 0.08$ 2.170 Trace Trace 2.170 

Penncross 
Creeping Bent 

1 2.377 1.100 .31)0 .31*8 1.788 

2 1.85U 0.976 •lBlt .137 1.297 

3 1.867 0.970 .318 .132 1.1*20 

U 2.317 — 0.807 .325 .197 1.329 

5 2.116 — 0.911) •17U .197 1.285 

Goosegrass 

1 2.826 —- .982 .1*65 .528 1.975 

2 2.765 —— .81*7 .613 2.012 

3 2.81i9 mmrn+mmmm .790 .1*70 .520 1.780 

h 2.397 .820 .1*55 .505 1.780 

$ 2.U63 mfmmtmrnB .927 •U3U .1)82 1.8U3 
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Table 5A. iry weights of top gro.th, rhizo es, and roots 
of Merlon Kentucky Bluegrass grown at 11 cm. of H^O ten¬ 
sion (treatment h) after previously being grown at other 
levels of aeration. (Exp. 2*) 

Roots 

Treatment Tops Rhizomes 0-2" 24;" li-6" Total 

1 It. 286 .516 3.155 • 72U .618 u.797 

2 In 212 .563 3.573 .620 .537 u.730 

3 In 268 .707 3.210 .582 .1(21 11.213 

k U.020 .770 2.065 .626 .092 3.683 

5 3.820 .708 3.202 .3 hh .031 3.577 
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Goosegrass Merion Kentucky Bluegrass 
Exp. 2A 

Figure 3* Roots of three grass species grown in experiment 2, and 
bluegrass roots from experiment 2A. Treatments 1, 2,and 3 are 
across the top and treatments h and 1* are on the bottom for each 
species* 
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be blamed somewhat for the lack of vigor of the plants, the bluegrass 

root growth was so poor that only one replication was washed and used 

for root weights. The bentgrass and goosegrass roots, as previously, 

showed good growth in soil having low oxygen diffusion rates. The re¬ 

sults from this experiment are shown in tables 6 and 7. The washed 

roots from one replication are shown in figure U. Clipping yields 

under the various treatments differed significantly only in the case 

of bentgrass, but these differences do not seem to relate to the in¬ 

tensity of treatments. Some factor other than the treatments may have 

caused this trend which also showed up in the other grasses. Possible 

causes could be disease or location of tension tables containing the 

various treatments. 

Experiment U 

Sometime prior to the conclusion of this experiment (within the 

last two weeks) the oxygen concentration in treatment 3 was accidently 

lowered from 8^ to 2%, The oxygen diffusion rates reported for this 

tre tment reflect the influence of a 2% oxygen concentration; however, 

the plants were grown at the 8% level for the greater part of this ex¬ 

periment. The conclusions drawn from the whole experiment are not af¬ 

fected by the inaccuracy of this treatment. The oxygen diffusion rates 

at three depths for each treatment are shown in table 8. Table 9 shows 

the average root weights for each species and the avers e clipping yields 

for the bluegrass and bentgrass. Tomato root weight was significantly 

decreased in soil subjected to low oxygen concentrations. The top growth 
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Table 7* Dry weight of top growth and roots of three grass 
species a ter 9 weeks at various treatments. (Exp. 3) 

All weights in grams. 

.. 

Roots 

Treatment Tops 0-2" 2-U" l»-6" Total 

Merion 
Kentucky Bluegrass 

(1 rep) 

1 .592 .1)39 .11)2 .091* .675 

2 •51*5 .063 .103 .000 .166 

3 1.006 .251 .157 .016 .1*21* 

k .700 .326 .053 .000 .379 

Fenneross 
Creeping Bentgrass 
(Ave. of 2 reps) 

1 1.018 .263 .171 .172 •606 b * 

2 .718 .166 .076 .050 .292 c 

3 1.135 .293 .272 .308 .873 a 

h 1.058 .325 .328 .21*1* .897 a 

Goosegrass 
(Ave. of 2 reps) 

1 2.151 .538 .135 .11*2 .815 

2 1.686 .335 .152 .173 .660 

3 2.351* •51i3 .261* .160 .967 

k 2.522 .586 .196 .116 .898 

* Values followed by the same letter do not differ significantly at 
the .05 level using Duncan’s new multiple range test. 



3h 

• 

-p x: 
c o 

w © cd 
© 6 © 
cd •H 
U JH P 
to © O 
© CX «M 
CO X 
o © 6 
o o 
o C -p 

•H -p 
o 

w ,o 
c 
o © 

*H X! 
OT -P 
C 
© c 

+3 o 

10 
CO p cd 
cd -p 
u w -d 
M 
-P 
c SB 
© © 

CQ rH 
*H C*~\ 

ft 
O 
© © 

•H -P 
a u c 
© 
© § 1 
u <H -P 
o cd -p © 
© cd P 
OT -p 
O c 
U J* T> 
O o c 

u © 
bO 

© 
Ph © B* 

© -p 
•H 
O © 
© JC 
px -p 
© 

© 
w w 
© o 

W cd p 
w JH O 
aS bjD <d 
P 

© © to 
© © p 
p jh «d 

rH £ 
PQ ■P cv 

i* 
Cm x) 
O fi 

O cd 
p w 
-p 
c 
© 

t*: 

-P rH 
O 
O W 
Pi -P 

c • 
c; © © 
o • e © 

♦H -d -P •H 
© O 

© © © © 
5E E u a 

P E-* 
hjD 

© 

•H 



35 

Table 8. Oxygen diffusion rates at three depths in 
soil subjected to various oxygen concentrations in 
the surrounding gaseous phase. (Exp. U) 

Oxygen diffusion rate, 
g. x 10*ycm« /min. » 

Treatment 
Oxygen 

Concentration,# 1 1/2" 3" li 1/2" 

1 0 3.1 2.6 2.5 

2 1 2.7 2.3 1.8 

3 8-2 3.1 2.2 2.2 

h 21 lli.6 18.6 19.5 

# Each value is the average of 33 electrode readings. 
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was also observed to be slower at the 0$ oxygen treatment. The 

clipping yields of the bentgrass became significantly higher as the 

oxygen percentage was decreased. Other root and clipping weight data 

showed no significant differences; however, it can be seen in figure 5> 

that root distribution of the bluegrass was affected by the 0$ oxygen 

treatment. Figure 5 shows the root systems obtained in experiment It. 

The roots of bentgrass and goosegrass grew as well in the 0$ treatment 

as in 21$ treatment, whereas the depth of penetration of bluegrass and 

tomato roots was affected by the treatments. 

The roots of one gocsegrass plant in the 1% treatments were broken 

during washing, and the length of roots as seen in figure 5 is not a 

result of the treatment. Roots had grown out of the bottoms of the 

tubes under each treatment. 
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Merion Kentucky Bluegrass Penncross Creeping Bentgrass 

Goosegrass Tomato 

Figure 5. Roots of three grass species and tomato plants grown at four 
levels of aeration in experiment U. 

ft t 

V 
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DISCUSSION OF RESULTS AND CONCLUSIONS 

These studies have demonstrated the variability in response of dif¬ 

ferent plant species to the effects of poor soil aeration* The grass 

species studied produced good root growth in soil having oxygen diffusion 

rates which were lower than values reported as being critical for the 

root growth of other plants (It, LB, 60, 70, 73). The species grown 

under the conditions of these experiments differed in their response to 

low soil oxygen diffusion rates* Merion K> ntucky bluegrass root growth 

was greatly reduced in soil where the oxygen diffusion rate was below 

8 to 9 x 1CT^ g./cm.^/ialn*, hut roots of Penncross creeping bentgrass 

and goosegrass grew well in soil having oxygen diffusion rates below 

3 x 10"^ g./cm*^/min* Root growth of Kentucky bluegrass seemed to be 

more tolerant to low oxygen diffusion rates in experiment Lj however, 

some of this growth may have been favored by the oxygen present in the 

soil at the beginning of the experiment. The oxygen diffusion rates re¬ 

ported were determined at the conclusion of the experiment when, due to 

the type of experiment, they would be expected to have reached their 

lowest points* The roots of all vSpecies were observed to be thicker 

and have fewer laterals under conditions of low oxygen diffusion. These 

observations are in accord with those of other workers (12,7U). This 

change in root appearance was noted regardless of whether low moisture 

tensions or low oxygen concentrations were used to limit oxygen diffusion. 

Many surface roots were noted on the bluegrass when the soil moisture 

tension was L and 11 centimeters of water. 

The critical rate for Merion Kentucky bluegrass root growth as de- 
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termined in these experiments ia about one-half the critical value 

of 20 x 10"*° g./cm. /min. reported for Newport Kentuc^ry bluegrass (I46). 

The tolerance of creeping bentgrars to low oxygen diffusion is in agree¬ 

ment with other studies in which various species of Agrostis have been 

shown to be especia ly tolerant to flooding (lh) and to produce maximum 

root growth in soil held at 100$ of the moisture capacity (63). 

One would normally expect decreased yields under conditions of poor 

aeration; however, this was not the case with the grasses in these ex¬ 

periments. Only in the case of the shortened observation period for 

goosegrass in experiment 2 was the clipping yield significantly de¬ 

creased in the low oxygen diffusion treatment. In experiment 1 blue- 

grass showed an increase in yield with decreasing soil moisture tension. 

This probably was due to the moisture variable rather than the variation 

in oxygen diffusion rates. The only significant decreases in root 

weights caused by lowering the oxygen diffusion rates were obtained with 

the tomato plants used in experiment lw The absence of bluegrass roots 

at the lower depths of the low oxygen treatments in experiments 2 and 

1* was not accompanied by differences in total root weight. In each case 

more roots were found at the shallower depths. This greater concentration 

of roots near the surface, along with liberal fertilization during the 

experiments, was probably instrumental in allowing these plants to yield 

as high as those receiving better aeration treatments. It is quite pro¬ 

bable that such a restriction in root distribution would be reflected 

in the top growth if the soil was low in fertility. Studies in which 

fertilization was shown to overcome the effects of poor aeration have 

been mentioned in the literature review 



Plants which had been grown at tensions of 62, U2, 2k9 11, and 

i* centimeters of water in experiment 2 were subjected to a tension of 

11 cm. for a period of five w eks in experiment 2A to determine whether 

previous conditioning to a soil moisture level would influence the re¬ 

sponse of plants to a change in sell moisture. Yields were unaffected. 

The roots of Kerion Kentucky bluegrass were noted to go deeper when 

the tension was changed from k to 11 cm., and increases in root weight 

in the lt-6 inch zone were quite small in all cashes. This reduction of 

growth in the U-6 inch depth agrees with the results fran the 11 cm. 

treatment of experiment 2, and supports the conclusion that Merion 

Kentucky bluegrass root growth is sharoly decreased at oxygen diffusion 

rates below 8 to 9 x 10**® g./cm. Vmin. 

There have been other studies which have shown the ability of cer¬ 

tain grass species to grow well under conditions of poor aeration. Finn 

et al. (18) grew timothy, bromegrass, and reed canary grass in pots 

maintained at soil moisture tensions of 0, 25,and 1*0 centiro ters of 

H2O for periods of 10, 20, and 30 days. Check pots were watered to 

approximate field capacity. Oxygen diffusion rates for the four mois¬ 

ture levels were approximately iu7, 7.8, 15.2, and 23.6 g. x 10"®/cm.V 

min. The yields of these grasses tended to increase with increasing 

moisture levels and with duration of flooding. Root weights tended to 

decrease with increasing soil moisture tension. Troughton (63) has pre¬ 

sented data of Kauter which shows the results of grasses being grown for 

one season in soil maintained at moisture contents of iiG, 55, 70, 85, 

or 10Q$ of the water capacity. Agrostis alba made the most root growth 

at 10055 water capacity, while Lolium italicum and Phleum pratense pro- 
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duced the most roots at 8$$ and Dactylis glomerata at 70$ * Dactylls 

glomerata made the most herbage growth at 100$, whereas the other species 

produced highest yields at 85$. Weiton et al. (68) observed decreases 

in Kentucky bluegrass rhizome and root weights when amounts of water 

applied by artificial watering exceeded natural rainfall by factors of 

1,5, 2.0, and 3.0. This decrease occurred near the surface as well as 

at lower depths. Excessive leaching may have been a factor in these 

experiments. Creeping bentgrass was included in the experiments; how¬ 

ever, no results on this grass were presented. 

It was not within the scope of these studies to investigate why 

grasses differ in their tolerance to soil aeration; however, possible 

explanations are offered from information obtained by reviewing litera¬ 

ture. Differences in the volume of air space in different grass species 

has been reported by Kacperska(33). Grasses which naturally occur in 

a wet environment had a larger percentage of air space than grasses 

which were found on drier sites, and grasses grown on areas having dif¬ 

ferent soil moisture levels were found to have more air space under the 

more moist condition. Meusel (51) found that annual bluegrass, Poa annua, 

grown under wet soil conditions had larger air spaces in the leaves than 

plants grown on drier soils. This observation was used to explain wilting 

of the plant, but it could also be related to the ability of the plant 

to exist under excessively wet soil conditions. It is quite possible 

that intercellular gas spaces in grass plants affect oxygen sup ly in 

two ways* first, by the movement of oxygen through the leaves and stems 

down to the roots; and second, by increasing the diffusion rate inside 

the root after oxygen has entered the root via the soil or the upper 



plant portions. Oxygen has been shown to move downward through plants 

(1,17,32); and the more air space encountered in the movement through 

the plant, the faster the diffusion will be (U2), 

Lemon and Wiegand (U2) presented the following formula for de¬ 

termining the critical concentration at which oxygen will be limiting 

for normal respiration: * q where cp (g./crn.-*) is the 

critical oxygen concentration at the root surface; q (g./cm,) 

is the rate of oxygen consumption by the root tissue; R (cm,) is the 

radius of the root; and (cm. /sec.) is the diffusion coefficient 

inside the root, and was assumed to be 8.0 x 10“° cm. /sec. If q and 

are constant, then Cp is defined by the root radius and goes up as 

the square of the radius. As mentioned previously, roots were observed 

to be thicker under conditions of poor aeration. If it is assumed 

that these thicker roots had the same q and values as the roots grown 

in better aerated soil, then one would conclude that Cp would be higher 

for these roots; however, a higher cp for these thicker roots seems un¬ 

likely becauc they grew under conditions of poorer aeration than the 

finer roots. In limited preliminary studies by the author, goosegrass 

and bluegrass roots grown in well-aerated solution cultures were found 

to have similar respiration rates, but the roots of goosegrass had larg¬ 

er radii than the bluegrass roots. If is assumed to be the same 

for each species, then the c^. for goosegrass would be higher than that 

for bluegrass. The findings reported in this thesis do not substantiate 

such a difference. Bluegrass was found to be less tolerant than goose- 

grass to conditions of poor aeration. The apparent failure of the above 

formula in these cases may be due to the assumption that did not vary 
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between species or between different size roots. Lemon and Wie?'and 

(1*2) mentioned that the presence of gaseous voids would lower the 

i 

value of Cr because the effective would be greater. It is possible 

that differences in the amount of gaseous spaces could be used to ex¬ 

plain the differences in the tolerance of plants to poor aeration. 

Preliminary observations by the author have shown that goosegrass and 

bluegrass roots grown in aerated solution culture are quite variable 

in air space content and that probably no significant difference occurs 

between the two species. Whether this relationship would hold true 

for roots grown under poorly aerated conditions is not known; however, 

previous work (33,63) would lead one to conclude that the roots grown 

under low oxygen treatments would have a larger percentage of voids, 

resulting in a higher diffusion coefficient and lower critical oxygen 

concentration. These changes would no doubt vary in intensity de¬ 

pending on the species. 

Although the above discussion has been based on air space content 

within roots and the effect of the air space on the diffusion coefficient 

within the root, one must also consider that any movement of oxygen from 

the upper portions of the plant into the roots would be influenced by 

the gaseous voids throughout the plant. More work is needed in these 

areas in order to explain the tolerance of these grasses to low soil 

oxygen levels. 

The data presented in this thesis show thpt the three grass species 

were tolerant to low oxygen diffusion rates; however, one should not con¬ 

clude that they will make good growth in all soils having low oxygen 

diffusion rates. It is possible t at factors such as mechanical impedance. 



temperature, disease, and impeded fertilizer and water movement may be 

limiting plant growth in soils having low oxygen diffusion rates. All 

of these factors undoubtedly interact to some degree. Oxygen diffusion 

measurements give an indication of the physical condition of soilsj 

and in soils where plant growth is poor and diffusion rates are low, 

other variables should be carefully weighed before one concludes that 

the poor growth is due to an insufficient amount of oxygen reaching 

the roots 



SUMMARY 

The effects of soil aeration on top growth and root growth were 

determined for three grass speciesJ Merion Kentucky bluegrass (Poa 

pratensis L.), Penncross creeping bentgrass (Agrostis palustris Huds.), 

and goosegrass (Bleusine indica (L.) Gaertn). These species were grown 

in soil at different soil moisture tensions ranging frra it to 102 

centimeters of water. Oxygen diffusion rates, as determined with 

«*8 
platinum microelectrodes, varied from values of less than 5> x 10~u g./ 

cm.V^in. up to 37 x 10*^ g./cm.^/min. In one experiment the oxygen 

diffusion rates were altered by varying the oxygen concentration of the 

gaseous phase allowed to come in contact with the soil. All of these 

grasses were found to be more tolerant to low oxygen diffusion rates 

than many other plants reported in the literature. These grasses dif¬ 

fered in their response to poor aeration. 

Root growth of Merion Kentucky bluegrass was greatly reduced or 

stopped in soil where the oxygen diffusion rate was less than 8 to 9 x 

icf° g./cm.2/min. Creeping bentgrass and goosegrass roots made good 

growth at all levels of oxygen diffusion obtained in the studies and 

in some cases, growth was better in the poorly aerated treatments. Al¬ 

though root penetration of the bluegrass was decreased under conditions 

of low oxygen diffusion, the root weights and clipping yields were un¬ 

affected by these treatments. This similarity in growth was attributed 

to the combined effect of the high concentration of roots near the sur¬ 

face in the poorly aerated treatments and the liberal fertilization 

practices• 
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Kentucky bluegrass produced many roots at and on the soil surface 

when grown at soil moisture tensions of h and 11 centimeters of water* 

This characteristic was not noted with the other grasses. Each gra's 

was observed to produce thicker roots with fewer laterals under con¬ 

ditions of poor aeration, regardless of the method employed to limit 

oxygen diffusion* 

It is postulated t at the response of these grasses to conditions 

of low oxygen diffusion may be related to differences in intercellular 

air spaces with these differences occuring between species and within 

species grown at different levels of soil aeration* 
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Table A-l. Merion Kentucky bluegrass clipping yields from 
experiment 1. (Dry -weight, mg,) 

Cutting 

Treatment 

Ave. 1 2 3 h 5 

1 165 230 168 199 171* 
11*5 167 168 299 152 170 
165 1U6 168 100 109 

2 231* 221 268 322 293 
191 155 206 397 215 228 
170 176 206 151 211* 

3 221 305 1*38 338 281* 
199 17U 259 378 261* 259 
176 196 199 259 189 

U 191* 182 280 1*03 196 
170 113 160 1*03 216 212 
19l» 182 11*0 157 196 

5 256 159 229 317 398 
170 205 229 339 216 238 
170 182 252 291* 11*9 

Ave. 188b 186b 225ab 290a 2l8ab 

Means followed by the same letter do not differ significantly at the .05 
level using Duncan's new multiple range test. 

Analysis of Variance for Split Plot in Time 

Source -dT- Mean square —r 

Blocks 2 371*95.1* 
Treatments h 26775.8 3.1*9 
Error (a) 8 7663.7 
Cuttings k l6l*2l*.8 7.02 ** 
Cuttings x blocks 8 1012.3 .1*3 
Cuttings x treatments 16 2008.1 .86 
Error (b) 32 2339.5 

significant at ,01 level 
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Table A-2. Penncross creeping bentgrass clipping yields from 
experiment 1. (Dry weights, mg.) 

Treatment 

Gutting 1 2 3 1* 5 Ave. 

1 1*61* 1*38 l*2ll 1*07 386 
1*32 1*38 l*2i* 377 386 1*18 
2li0 1*38 581 362 1*67 

2 1*97 hoo m. 391* 301 
197 1*15 353 31*0 301 387 
355 356 1*56 1*22 28U 

3 1*96 1*21 375 1*93 1*79 
lt96 362 390 31*3 370 1*01 
1*08 31*8 1*05 357 271* 

l* 363 296 319 317 1*09 
380 296 365 362 353 320 
261* 222 21*3 267 325 

5 1*29 1*11* 503 358 228 
U58 296 1*88 31*3 391 376 
355 296 l*ll* 223 1*1*0 

Ave. 1*09 362 1*12 359 360 

Analysis of Variance for Split Plot in Time 

Source Mean square 

Blocks 2 15768.0 
Treatments i* 11368.0 2.13 
Error (a) 8 5332.6 
Cuttings 1* 20720.5 6.36 *■* 
Cuttings x blocks 8 2753.9 .81* 
Cuttings x tr atments 16 5957.6 1.83 
Error (b) 32 3256.1* 

** significant at the .01 level 

< 
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Table A-3. Goosegrass clipping yields from 
experiment 1* ** (Dry weights,mg.) 

Cutting 

Treatment 

Ave. 1 2 3 1* 5 

1 528 623 1*55 577 675 
1*88 553 1*16 503 61*8 521 
277 581* 361» 596 526 

2 510 370 1*22 1*11 553 
5U0 563 503 1*66 635 1492 
1*80 Ji83 U76 506 1»59 

3 5o8 !«16 U67 U67 621 
606 675 1i18 1*08 1*56 515 
590 537 1)35 581* 538 

1* 395 3U6 1»20 308 326 

U5i 361* 300 257 295 35o 
395 291 300 ll62 31*1 

5 199 201 297 232 181* 
259 22l* 137 289 276 236 
219 201 27l» 29lt 29U 

Ave. J»30 1|29 379 Il21 1*55 

Analysis of Variance for Split Plot in Time 

Source df Mean square F 

Blocks 2 809.0 
Treatments 1* 11U87.2 1.31 
Frror (a) 8 8763.0 
Cuttings 1* 237059.2 66.90 
Cuttings x block 8 6766.1* 1.91 
Cuttings x treatment 16 8038.0 2.27* 
Error (b) 32 35U3.3 

* significant at the .05 level 
** significant at the .01 level 
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Table A-lu '“ferion Kentucky bluegrass fresh root weights from 
experiment 1. (Fresh weights, g.) 

Depth 

Treatment 

Ave. 1 2 3 h 5 

0-2" 6.3 6.5 5.7 1*.8 1*.9 
2.6 2.8 1.9 2.1* 2.1 3.1*0 

> 2.1 1.2 3.8 2.1 1.8 

2-ii" 0.8 1.1 1.5 1.0 1.3 
1.0 0/9 0.5 0.7 0.5 0.76 
0.1 0.2 0.9 0.8 0.1 

0.2 0.1 0.2 0.1* 0.1 
0.3 0.3 0.2 0.2 0.1 0.11* 
0.0 0.0 0.0 0.0 0.0 

Ave. 1.1*9 1.1*6 1.63 1.38 1.21 

Analysis of Variance 

Source "cOT Mean square 
-j- 

Blocks 2 9.170 9.57 
Treatments h .216 .22 
Depth 2 Un95U 1*6.92 
Treatments x depth 8 .132 .11* 
Error 28 .958 

#* significant at the .01 level 
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Table A-5. Penncross creeping bentgrass fresh root weights from 
experiment 1. (Fresh weights, g.) 

Depth 

Treatment 

Ave. 1 2 3 h 5 

0-2” 5.0 3.2 1*.3 7.1 9.1 
3.9 2.0 2.7 2.6 3.5 It. 10 
3.0 3.0 3.6 3.9 lw6 

24i" i.i* 0.8- 1.7 1.2 lw9 
0.7 0.3 0.7 0.3 0.7 1.09 
0.8 0.2 0.3 0.8 1.5 

U-6« 0.1 0.1 0.7 0.0 0.9 
0.1 0.0 0.1 0.0 0.1 .1U 
0.0 0.0 0.0 0.0 0.0 

Ave. 1.67b 1.07b 1.57b 1.77b 2.81a 

Averages followed by the same letter do not differ significantly at the 
• 05 level using Duncan’s new multiple range test* 

Analysis of Variance 

Source -d?- Mean square -F~ 

Blocks 2 9.881 10.91 
Treatments h 3.668 1*.05 
Depth 2 6iwll*5 70.80 
Treatments x depths 8 .929 1.02 
Error 28 .906 

# significant at the .05 level 
■a-* significant at the .01 level 
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Table A-6. Goosegrass fret'i root weights from 
experiment 1. (Fresh weights, g.) 

Depth 

Treatment 

Ave. 1 2 3 u 5 

0-2” <3.1 7.8 lS.o 9.0 16.5 
15.1 18.1 12.2 9.7 llj.8 12.58 
6.9 10.9 Hi. 8 18.0 11.8 

2-14” h.6 3.1 n.2 li.2 6.8 
6.1 9.3 5.3 IwO i».i 5.77 
1.6 5.8 8.9 7.8 3.8 

t-6" 2.0 1.5 6.8 1.8 2.0 
2.6 U.2 2.1* 1.3 1.5 2.59 
0.8 3.1 li.8 3.0 l.l 

Ave. 5.31 7.09 9.Oli 6.53 6.93 

Analysis of Variance 

Source di Mean square F 

Blocks 2 1.902 .22 
Treatments h 16.336 1.93 
Depth 2 36o.Wj2 U2.63 ** 
Treatments x depth 8 2.890 •3U 
Error 28 8.U55 

significant at the ,01 level 
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Table A-7* Merion Kentucky bluegrass clip >ing yields from 
experiment 2. (Dry weights, mg.) 

Cutting 

Treatment 

Ave. 1 2 3 b 5 

1 205 99 236 111 185 
159 159 137 129 185 162 
161* 199 117 1U8 202 

2 21*1* 201* 328 263 183 
272 272 175 182 26h 21*0 
267 20b 175 2b3 325 

3 285 225 238 291* 221* 
2?5 225 211* 272 221* 2U6 
166 315 211* 291* 269 

h 312 21*3 399 216 2ii6 
2l*3 21*3 133 222 2U6 2U8 
235 21*3 187 296 219 

$ 197 280 268 21*7 151* 
280 280 201 225 308 239 
131 233 223 292 263 

Ave. 226 228 216 231 233 

Analysis of Variance for Split Plot in Time 

Source df Mean square 

Blocks 2 2013*0 
Treatments b 638.1 .08 
Error (a) 8 8U50.2 
Cuttings h 19722.2 12.09 ** 
Cuttings x blocks 8 1898.2 1.16 
Cuttings x treatments 16 1522.8 *93 
Error (b) 32 1631*1 

significant at the .01 level 
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Table A-8. Penncross creeping bentgrass clipping yields from 
experiment 2, (Dry weights, mg.) 

Treatment 

Cutting 1 2 3 b 5 Ave. 

1 250 286 155 16b 167 
355 300 239 221* 307 265 
1*71* 150 1*93 209 208 

2 376 bl8 288 1*03 702 
161 b3b 1*32 1*31* 702 b6b 
512 367 b6b b65 502 

3 187 200 13b 225 3Cb 
22b 200 218 321 320 255 
21*3 233 1*87 289 236 

b 556 398 232 219 3b5 
b83 b3b 199 383 259 368 
bb5 362 580 271* 3l*5 

5 271 335 291* b80 316 
310 282 262 320 301 320 
252 261* 1*90 38b 237 

Ave. 360 311 331 320 350 

Analysis of Variance for Split Plot in Time 

Source a?— Mean square F 

Blocks 2 15963.7 
Treatments b 6311.1 .22 
Error (a) 8 29011* .5 
Cuttings b 109530.6 29.99 ** 
Cuttings x blocks 8 1*712.1 1.29 
Cuttings x treatments 
Error(b) 

16 
32 »? b.52 ** 

significant at the .01 level 
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Table A-9. Goosegrass clipping yields from 
experiment 2. (Dry weights, mg.) 

Cutting 

Treatment 

Ave. 1 2 3 1* 5 

1 523 619 66? 696 311 
51*1 586 E35 391 275 1*1*1* 
21*2 327 1*35 301* 311 

2 liXS 576 612 1*76 538 
1*53 59lt 516 51*8 312 1*88 
It 71 1*68 1*89 U38 1*17 

Ave. 1*1*1 ab 528a 526a !*76ab 36lb 

Means followed by the sarne letter do not differ significantly at the 
.0^ level using Duncan's new multiple range test. 

Analysis of Variance for Split Plot in Time 

- 

Source d? Mean square -F“ 

Blocks 2 58991*. 1* 
Treatments 1* 28917.9 3.91* * 
rror (a) 8 731*1*. 0 

Cuttings 1 11*565.0 1.75 
Cuttings x blocks 2 18621*. 2 2.21* 
Cuttings x treatments h 3088.9 .37 
Error (b) 8 8303.3 

* significant at the .0$ level 
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Table A-1Q. Merlon Kentucky bluegrass clipping yields from 
experiment 2A. (Dry weights, mg.) 

Cutting 

Treatment 

Ave* 1 2 3 a 5 

1 2# 225 150 198 181 
230 168 199 296 283 218 

2 226 222 77 237 161 
ll»2 250 128 263 208 191 

3 317 210 296 282 310 
21l9 187 296 282 28a 271 

h 360 326 291 223 308 
31*0 216 312 386 308 310 

$ 316 367 283 350 380 
27h 293 397 325 350 32lj 

Ave. 271 2U9 2h3 28a 267 

Analysis of Variance for Solit Plot in Time 

Source df Mean square 

Blocks 1 1190.8 
Treatments a 2805.0 .15 
Error (a) a 6229.5 
Cuttings a 32588.8 23.52 a* 
Cuttings x blocks a 1075.8 .78 
Cuttings x treatments 16 2791.6 2.01 
Error (b) 16 1385.8 

significant at ,01 level 
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Table A-ll. Penncross creeping bentgrass clipping yields from 
experiment 2A. (Dry weights, mg.) 

Cutting 

Treatment 

Ave. 1 2 3 h 5 

1 206 21*0 207 192 271* 
268 196 269 250 195 230 

2 162 125 11*9 128 125 
205 188 171 193 9k 156 

3 235 265 280 203 228 
27U 302 280 257 316 261* 

li 31*2 330 371 352 300 
357 330 310 322 330 331* 

5 286 265 305 251 309 
251* 231 21*1 300 21*2 26? 

Ave. 261 21*8 258 2lt5 21*1 

Analysis of Variance for Solit Plot in Time 

Source —a?— Mean square —r 

Blocks i 1039.7 
Treatments u 737.8 .65 
Error (a) k 1131.1* 
Cuttings h 1*2289.0 l*o;io ** 
Cuttings x blocks k 2097.8 1.99 
Cuttings x treatments 16 697.8 .66 
Error (b) 16 1051*. 7 

** significant at .01 level 
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Table A-12. Goosegrass clipping yields from 
experiment 2A. (Dry weights, mg*) 

Treatment 

Cutting 1 2 3 1* 5 Ave. 

1 651* 597 502 U72 1419 515 
h37 289 680 U52 61*9 

2 U70 562 295 307 388 i*3i* 
59l* U78 393 1*83 367 

3 3lil 1*08 307 31*3 263 3214 
1*26 236 307 2142 365 

1* 577 563 612 1*1*1* 506 580 
1*70 563 881* 592 587 

5 1*51* 261 W45 398 32U 362 
3146 1x03 356 221 I4I0 

Ave. 1*77 1*36 1478 395 1*28 

Analysis of Variance for Split Plot in Time 

Source ddt Mean square F 

Blocks 1 2022.U 
Treatments h 12317*2 .76 
Error (a) 1* 16185.8 
Cuttings 1* 112002.8 10.15 
Cuttings x blocks 1* 6708.I4 .61 
Cuttings x treatments 16 8555.3 .78 
Error (b) 16 11030.6 

** significant at *01 level 
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Table A-13. Merion Kentucky bluegrass clipping yields fran 
experiment 3* (Total dry veights, g,) 

1 

Treatment 

2 3 k Ave, 

Rep 1 • 912 .1*22 .63$ •566 .631* 

Rep 2 .m .1*05 .1*28 .1*29 .1*19 

Ave* .663 .1*11* .532 .U98 

Analysis of Variance 

Source df Mean square lr— 

Blocks 1 .0923 It. 1*2 
Treatments 3 .0215 1.03 
Error 3 .0209 
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Table A-Uh. Penncross creeping bentgrass clipping yields from 
experiment 3, (Total dry weights, g.) 

Treatment 

1 2 3 It Ave. 

Rep 1 .870 .775 1.182 .821* .903 

Rep 2 .889 .652 .975 .862 .8Ut 

Ave. .880ab .711*b 1.058a • 8lt3b 

Means followed by the same letter do not differ significantly at the 
• 05 level using Duncan*s new multiple ran{;e test. 

Analysis of Variance 

Source df Mean square F 

Blocks 1 .0068 1.28 
Treatments 3 .01*05 7.6U 
Error 3 .0053 
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( 

Table A-l£>. Ooosegrass clipping yields from experiment 
3. (Total dry weights, G.) 

Treatment 

Ave. 1 2 3 i* 

Hep 1 .738 .8$2 .82li 1.063 .871* 

Rep 2 .693 .151 .896 •UJUU- .621 

Ave. .716 .652 ,860 .761* 

Analysis of Variance 

Source a? Mean square r 

Blocks 1 .1283 2.1(1 
Treatments 3 .0151* .29 
Error 3 .0533 
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Table A-16. Penncross creeping bentgrass root weights from 
experiment 3. (Cry weights, g.) 

Treatment 

Depth 1 2 3 u Ave. 

0-2 M .310 .215 .360 .1*32 .261 
.216 .116 .225 .218 

2-1*" .211 .082 .320 .362 .212 
.130 .069 .225 .291* 

l*-6« .231 .01*0 .281 .376 .191* 
.ni» .061 .336 .113 

Ave. .202b .097c .291a .298a 

Means followed by the same letter do not differ significantly at the , 
level using Duncan*s new multiple range test. 

Analysis of Variance 

Source df Mean square f 

Blocks 1 .0507 12.9 
Treatments 3 • 053U 13.1 ** 
Depths 2 .0098 2.1* 
Treatments x depths 6 .0028 .7 
Error 11 .001*0 

** significant at *01 level 
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Table A-17. Goosegrass root weights from 

experiment 3* (Dry weights,g.) 

Depth 1 

Treatment 

2 3 h Ave. 

0-2" .1)99 ♦ 311 .368 .615 .501 
.578 .359 .718 .557 

2-1)" .197 .151 .202 .219 .187 
.073 .152 .326 .171) 

U-6" .208 >2i)U .085 • liiii .11)8 
.076 .102 .236 .088 

Ave. .272 .220 .322 .298 

Analysis of Variance 

Source -3?- Mean square —r 
Blocks 1 .0016 .16 
Treatments 3 .0117 1.11) 
Depths 2 ♦ 2993 29.06 ** 
Treatments x depths 6 .0107 1.03 
Error 11 .0103 

significant at the .01 le^el 
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Table A-18. Merlon Kentucky bluegrass and Penncross creeping bentgrass 
clipping yields from experiment U. (Dry weights, mg*) 

Treatment 

1 

Marion 
Kentucky Bluegrass 26 

hS 
38 

Ave. 36 

Penncross 
Creeping Bentgrass Xl*9 

98 
128 

Ave. 125a 

2 3 k 

27 3U 67 
69 59 12 
18 30 h2 

38 1*1 I4O 

80 79 37 
88 7k 55 

138 82 57 

102 ab 78bc 5oc 

Means followed by the same letter do not differ significantly at the *0£ 
level using Duncan’s new multiple range test. 

Analysis of Variance 

Merion Kentucky Bluegrass - Mean square —r 

Treatments 3 Hi .03 
Error 8 1*60 

Penncross Creeping Bentgrass 

Treatments 3 3126 7.02 * 
Error 8 U*6 

* significant at the .05> level 
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Table A-19. Hoot yields from experiment iu 
(Dry weights, mg.) 

Treatment 

1 2 3 h 

Merlon 
Kentucky Bluegrass 31 18 15 58 

17 63 22 21 

/ 22 2h 59 37 

Ave. 23 35 32 39 

Penncross 
Creeping Bentgrass 82 59 76 1*9 

120 77 61 59 
8U iu 123 83 

Ave. 95 92 87 61* 

Goosegrass 172 63 101 ni* 
113 188 30 6 9 

Ave. Xlt2 126 66 102 

Tomato 122 161 200 22U 
81* 103 222 306 

iu 10h 286 176 

Ave. 107b 123b 236a 235a 

Means followed by the same letter do not differ significantly at the .05 
level using Duncan*s new multiple range test. 
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Table A-19. (Continued) 

Analysis of Variance 

Marion Kentucky KLuegrass d?- Mean square F 

Treatments 3 128 .33 
Error 8 388 

Penncross Creeping Bentgrass 

Treatments 3 617 .67 
Error 8 917 

Ooosegrass 

Treatments 3 U86 .13 
Error k 11536 

Tomato 

Treatments 3 16769 i*.6 * 
Error 8 3205 

* significant at the .05 level 
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