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INTRODUCTION
Interest among researchers In the effects of fertilizer
application methods on crop response has extended over a rather
I

long period of time and has been the concern of a number of
investigations.

When one reviews this work it becomes obvious

that results have not been consistent, but only in recent
years has the nature of the investigations been such as to
give Information leading to an understanding of the cause of
these inconsistencies.
Response to fertilizer applications in the hill or row
for corn is a case in point.

Proximity of the fertilizer to

the seed has usually resulted in greater uptake of applied
plant nutrients during early stages of growth but has not
always resulted in increased yields of grain.

The results of

field experiments Indicate that fertilizer placed in the hill
or row for corn is of greater value during cool, wet seasons
than during warm, dry seasons.

However, little attention has

been given to the possible causes of such responses.
As early as 1889, Hays (1889) had inferred that the hori
zontal direction of growth of corn roots may be due to tempera
ture gradients in the soil.

Kiesselbach (1949) referred to

low subsoil temperatures during the spring season as a pos
sible cause of the observed horizontal growth.

The fact that

low soil temperatures will retard root growth was demonstrated
by Stritzel (1953).
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Considerable attention has been devoted to the effects of
different soil moisture contents on root development.

Gen

erally, high soil moisture contents have been found to re
strict or cause a change in the pattern of root development.
That this is undoubtedly related to soil aeration is borne
out by the fact that forced aeration will offset this effect.
Related to this is the high-moisture-level effect of increas
ing the carbon dioxide and reducing the oxygen content of the
soil atmosphere as observed by Albert and Armstrong (1931).
Several investigations indicate that the increased value
of fertilizer placed in the hill or row during cool, wet
seasons may be due to the effect of associated soil factors
on root development of the plants.

However, information con

cerning the effects of certain soil factors such as tempera
ture and aeration on root development, particularly the direc
tion of root growth, would be of help in understanding the
response of corn to various methods of fertilizer placement.
Therefore studies were undertaken to evaluate the effects
of:
1•

Temperature gradients in the rooting medium on the
direction of growth and extent of root development
of corn.

2.

Increased carbon dioxide concentrations in the
rooting medium on direction of growth and extent of
root development of corn.
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Previous work on fertilizer placement methods has indi
cated that effects are most frequently observed during the
first few weeks following emergence of the corn plant.

There

fore, field studies were undertaken to investigate the direc
tion of.growth and extent of development of the root system
during the first 4 weeks following emergence of the plants.
The first objective was accomplished through greenhouse
studies in which controlled temperature gradients were im
posed across the rooting medium.

The second objective was

accomplished through greenhouse studies in which the carbon
dioxide content of the rooting medium was increased by the
introduction of carbon dioxide at its base.
Information on the direction of growth and extent of
development of the seminal roots and radicle of corn under
field conditions was obtained by exposing the root system of
corn plants at 1, 2, and 4 weeks following emergence.

These

studies were conducted in such a way that the natural pattern
of development would not be disturbed.
Millar's (1930) work indicates there may be differences
in direction of root growth on soils of different textures.
Therefore, the field investigations were conducted on soils
ranging in texture from loamy sand to clay loam.
As work progressed it appeared that a relation existed
between the orientation of the seed and direction of growth of
the seminal roots and radicle.

Therefore, greenhouse and
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field studies were conducted to evaluate the effects of seed
orientation and location of the banded fertilizer on the early
growth response of corn.
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REVIEW OF LITERATURE
Field Studies of Corn Root Development
Studies of the development of corn roots under field con
ditions date back to the late eighteen hundreds.

King (1893a,

1893b) studied the development of corn roots in Wisconsin
soils during the first 27 days following germination.

At 9

days after germination he reported that roots had extended
laterally to a distance of 16 inches from the plant and had
penetrated to a depth of 8 inches below the soil surface.

All

roots were between the 4 and 8 inch depths at 16 inches from
the plant.

At 18 days after germination he found that roots

had extended laterally to a distance of 18 inches from the
plant and had penetrated to a depth of 12 inches below the
soil surface.

At 18 inches from the plant all roots were

between the 5 and 12 inch depths.

Twenty-seven days after

emergence he found the greatest lateral extension of roots
to be 24 inches and the greatest depth of penetration to be
18 inches.
Hays (1889), studying the development of corn roots In
Minnesota soils, reported the same pattern of root develop
ment as did King (1893a, 1893b).

He found that roots develop

ing at the first four nodes on the plant grew in a horizontal
direction for distances of 25 to 30 inches from the plant.
The direction of growth of these roots then changed rather
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abruptly to a vertical direction.

Roots developing at the

fifth through the ninth nodes did not exhibit a horizontal
direction of growth but grew at angles of 60° to 80° with the
horizontal following emergence from the nodes.

He attributed

the horizontal growth of the roots emerging from the first
four nodes to soil temperature gradients and to differences
in nutrient and water availability.

The description, given by

both King (1893a, 1893b) and Hays (1889), indicates these
workers observed a horizontal direction of growth of roots
emerging from the first four nodes on the plant.
Ten Eyck (1899), studying the development of corn roots
in North Dakota soils, reported the same pattern of develop
ment as did King (1893a, 1893b) and Hays (1899).
Miller (1916), in studies comparing the root system of
corn and sorghums, found corn roots had penetrated to a depth
of 1 foot 4 inches and had spread to a distance of 2 feet
9 inches from the plant at 4 weeks after planting.

At 7 weeks

after planting, he found that corn roots had penetrated to a
depth of 3 feet and had spread to a distance of 3 feet from
the plant.

He stated that more of the primary roots of corn

grew horizontally than did those of sorghums.

In this in

stance the author was probably referring to the roots emerging
from the first three or four nodes of the corn plant.
At the tssseling stage of growth, 10 weeks after planting,
Miller (1916) found that corn roots had penetrated to a depth
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of 4 feet and had spread laterally to a distance of 2 1/2 feet
from the plant.

Thirteen weeks after planting he observed

corn roots at a depth of 6 feet and found the lateral growth
to be 3 1/2 feet from the plant.

The growth patterns reported

by Foth (1962) are quite similar to these.
It is of interest to note that he found the number of
branch roots per inch of main root in sorghum to be almost
twice that of corn.

When plant heights were approximately

1 foot, corn had 15 branch roots per inch of main root com
pared to 25 for sorghum.

At maturity corn had 12 branch roots

per inch of main root compared to 26 for sorghum.
The results of several investigations reported by Weaver
(1922, 1926) agree quite well with those of the other workers
referred to previously in this section and will not be enum
erated here.
Although detailed studies were made of the root system of
corn by the workers mentioned so far in this section, little
attention was given to the seminal roots and radicle.

Wiggans

(1916) has pointed out the variation that can occur in regional
types of corn and has given a brief description of the pattern
of development.

Weihing (1935) stated that these roots grow

horizontally for some distance from the plant before turning
downward.
Millar (1930) observed the root systems of young corn
plants when the plants were approximately 9 inches high.

The
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depth of root penetration at 9 inches from the plant was as
follows:

for plants growing on a loamy sand, 5.5 inches ; for

plants growing on a sandy loam, -3.5 inches; for plants growing
on a cloddy loam, 4.5 inches; and for plants growing on s muck,
2.5 inches. He believed the cloddy condition of the loam in
fluenced the depth of penetration on that soil.

These data

indicate that soil texture or some related factors may influ
ence the depth of root penetration of young corn plants.
Kiesselbach (1949), citing work on corn root development
in Nebraska, states that the seminal roots and radicle as
well as the roots developing at the lower five nodes of the
stem grow horizontally for some distance from the plant before
turning downward.

At 2 weeks after emergence, the seminal

roots and radicle had extended laterally for a distance of
1 foot 6 inches from the plant and had penetrated to a depth
of approximately 8 inches below the soil surface before turn
ing downward.
Foth and Robertson (May, 1963) observed the seminal roots
and first four nodal roots growing at angles of 45° to 90°
with the horizontal.

This is quite different from the direc

tion of growth observed by other workers and may have been due
to the way in which the plants were grown.
Although the seminal roots and radicle make up essen
tially the entire root system of the corn plant during the
first week or two following emergence of the plant, little
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work has been done to evaluate the relative Importance of this
part of the entire root system.

Kiesselbach (1949) reported

a reduction in yield of 9 per cent when the mesocotyl was
severed at three weeks after emergence of the plant thus
removing the seminal roots and radicle from the plant.

This

indicates these roots may be of some importance in water and
nutrient uptake even though at 4 weeks after planting he found
that they made up only a small portion of the total root
system.
Effects of Aeration on Root Development and Activity
During the late eighteen hundreds and early nineteen hun
dreds considerable interest in various types of possible
tropistic responses of plant roots existed among workers in the
plant sciences.

Clements (1921) reviewed a considerable amount

of the work and concluded,

11.

. . the evidence in support of

the aerotropic curvature and growth of roots is practically
conclusive."

Clements reached this conclusion although

Sennet's (1904) work, which he reviewed, gave little support
for such a conclusion.
Although an aerotropic response of plant roots to oxygen
or carbon dioxide gradients in the rooting medium is question
able (Sennet, 1904), certain work has shown that aeration con
ditions of the rooting medium can influence the pattern of
root development.

Dean (1933), working with four species of

aquatic plants,- showed that artificially aerating the soil in
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which the plants were growing had a
of root system that developed.

marked effect on the type

Plants growing In soil in

pots that were flooded developed a very shallow root system
with a large number of the roots on or near the soil surface.
If the pots were aerated by placing an aerating coil in the
bottom of the pots, the roots penetrated the entire soil mass
with the greatest root growth near the aerating coils.

The

roots of plants growing in the aerated cultures had more
lateral root and root hair development than did roots of
plants growing in unaerated cultures.
Bergman's (1920) work with garden plants indicated the
same kind of effect.

Roots of corn plants grown in soil in

pots submerged in water were entirely superficial whereas
roots grown in pots that were not submerged extended throughout
the soil and tended to mat at the bottom of the pots.
The results reported by Weaver and Himmel (19-30) are
quite similar to those reported by Dean (1933) and Bergman
(1920). In this instance they grew three species of aquatic
plants in potted soil that was (l) saturated with water, (2)
alternately saturated and drained, (3) maintained at a mois
ture content of 30;», and (4) maintained in a dry state.

The

roots of all three species showed an effect of lack of aera
tion in the saturated soil by the development of a superficial
root system that was extensively branched.

With the exception

of the dry soil, the rooting depth and the number of root
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hairs increased with decreasing water content of the soil.
A considerable portion of the work in more recent years
has been devoted to the relation of the gaseous composition
of the root atmosphere to root growth and nutrient absorption.
Particular attention has been given to the ratio of oxygen to
carbon dioxide concentration in the rooting medium.

Most of

the work has involved varying the composition of the gas being
forced through the rooting medium either by diluting air with
some other gas or using oxygen and/or carbon dioxide in vary
ing combinations with some other gas such as nitrogen.

The

works of Cannon (1925), Conway (1940), Shive (1941), Vlamis
(1944), Leonard and Pinckard (1946), Hammond (1950), Hopkins
et al. (1950), and Harris and Van Bavel (1957) are examples
of investigations of this type.

In general these investiga

tors have found the critical level of oxygen in the aerating
gas, below which no root growth occurs, to be 0.5 to 1.0 per
cent and the concentration for maximum plant growth to be
dependent upon plant species and temperature of the rooting
medium.
Cannon (1925) obtained variations in root elongation from
19 millimeters in 24 hours when the Og concentration was 3.6
percent to 42 millimeters in 24 hours when the oxygen concen
tration of the aerating gas was 10 per cent.

Temperature of

the rooting medium was 30° C.
Shive (1941) reported the optimum concentration of oxygen
in nutrient solutions used for plant growth to be 8.0 p.p.m.
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for soybeans, 8.0 p.p.m. for oats and 16.0 p.p.m. for toma
toes.

However, he failed to specify the temperature at which

this was determined.
Generally the results would indicate that carbon dioxide
concentrations can vary over a rather wide range without an
apparent effect on root development. Leonard and Pinckard
(1946) reported the optimum concentration for carbon dioxide
appeared to be between 0 and 15 per cent and that a concentra
tion of 60 per cent stopped all root growth.
Harris and Van Bevel (1957) varied oxygen and carbon
dioxide concentrations of the aerating gss between 0 and 20
per cent. Plants were not killed immediately at an oxygen
concentration of zero and a carbon dioxide concentration of
20 per cent.

They state that, in general, plant growth was

not appreciably affected until carbon dioxide concentrations
became greater than oxygen concentrations.

The findings of

these workers are in agreement with,the conclusion drawn by
Kramer (1951) that the "drowning" injury to plants under
flooded conditions is not produced solely by a lack of oxygen
in the rooting medium or excessive concentrations of carbon
dioxide.
The conditions of aeration in the rooting medium have
been shown to have an effect on the anatomy of plant roots.
Schramm (1950) grew corn, oat and barley plants in nutrient
solution in containers that could be sealed to prevent the
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free exchange of gases between the solution and the atmos
phere.

His control was a non-aerated open container of nutri

ent solution.

With corn he obtained the greatest total length

of roots in the forced aerated set of plants and corresponding
ly shorter total length in the control and non-aerated sets.
The highest degree of suberization of cell walls in the roots
occurred in the forced aerated set.

Microscopic examination

of the roots revealed large amounts of arenchyma. tissue
development in all three species for the nonaerated set.

Ko

arenchyma development was observed in roots of any of the
species in the forced aerated set, and no aeration effect was
observed on the stelar development.

Aeration had the effect

of increasing the length of the main roots and decreasing the
amount of branching.
Conway (1940) presented evidence to support the generally
held belief that oxygen absorbed by the aerial portion of
aquatic plants can diffuse to the root system of these plants
through arenchyma tissue that develops in the leaves, stems
and roots.

He grew the marsh reed, Cladlum mariseus. in

potted soil with:

(1) the roots, root stocks, and base of the

leaves below a free water surface, (2) the same as in case
number 1 but with the water covered with a thick layer of
paraffin, and (3) the base of the leaves severed below water
level but with the water surface exposed to the atmosphere.
The oxygen content of the water at the base of the plants and
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the gas in the arenchyma tissue of the roots was determined.
For esse number 1 the oxygen content of the water we s 3.92
milligrams per liter, and oxygen content of the gas in the
arenchyma tissue of the roots was 17.03 per cent.

For esse

number 2 oxygen content was 0.48 milligrams per liter for the
water and 17.06 per cent for the gas in the root tissue.

For

case number 3 it was 3.91 milligrams per liter and 3.45 per
cent respectively.
Effects of Moisture Availability on
Root Development and Activity
Interest in possible hydro tropic responses of plant roots
to moisture gradients in the rooting medium developed during
the latter part of the nineteenth century concurrently with
interest in possible thermatropic and aerotropic responses•
Sachs (1872) reported a hydro tropic response when the roots of
plants growing in a moss filled wire basket turned through an
angle of 45° and grew along the moist surface after penetrat
ing the sides of the basket.

He attributed the change in

direction of growth to a differential cooling of the root sur
face due to differences in the evaporation of water from two
sides of the root.
Hooker (1915) placed seedlings of Luplnus albus in a
controlled moisture chamber with a moisture gradient ranging
from 98 per cent relative humidity at one end to 83 per cent
at the other and obtained a bending of the roots away from
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the higher relative humidity within 6 to 7 hours.

Results of

subsequent experiments in which he placed the roots of seedings between agar blocks of different salt concentrations led
him to conclude that the bending of the roots obtained in the
moisture chamber was due to changes in the osmotic pressure
of the cells on opposite sides of the roots.
Hendrickson and Veihmeyer (19-31) used dividers made of
hardware cloth covered with a mixture of paraffin, petrolatum
and beeswax to separate two layers of moist soil with a. layer
of dry soil.

They found that plant roots growing in one of

the layers of moist soil would penetrate the divider but would
not grow through the layer of dry soil.
Loomis end Swan (1936) conducted hydrotropic studies
that involved 7,763 plants from 29 genera and 14 families.
Plants from a majority of the species showed no tendency to
bend when growing from the moist soil leyer into the dry
layer.

The typical response was to grow along lines deter

mined by seed orientation end normal response to gravity,
until roots grew into the dry soil and stopped.

A second end

smaller species group showed a weak hydrotropic response while
a third and considerably smaller species group exhibited a
response in soil similar to that obtained in air by Hooker
(1915).

The results obtained by these workers with several

species of Cucurbltaceae and Legumlnosae suggest that hydro
tropic responses may depend upon a genetic factor.

The re-
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suits obtained, however, lead these workers to conclude,
"Hydrotropism is probably not a universal response and prob
ably under field conditions not a common plant response.11
Any change in direction of growth of a root would have
to take place within a distance of a few millimeters of the
root tip.

Erickson and Sax (1956a), in studying the ele

mental growth rate of the radicle of corn, found that, under
the conditions of their study, the rate of growth per unit of
root length per unit time reached a maximum of about 0.4
mm

hr~l at 4.0 millimeters from the tip and decreased

to zero at about 10.25 millimeters from the tip.

Cell divi

sion occurred only in the apical 2.5 millimeters at an overall
rate of about 17,500 cells per hour (Erickson and Sax, 1956b).
The rate of change of cell length reached a maximum at about
2*5 to 3.0 millimeters from the tip and decreased to zero at
about 10 millimeters from the tip.
Gingrich and Russell (1956) investigated the effects of
soil moisture tension and oxygen concentration on the growth
of the radicle of corn and found growth to be most sensitive
to moisture tensions in the range of 1 to 3 atmospheres than
for any other range when oxygen was not limiting.

Growth

response to oxygen concentrations depended on the moisture
tension in the soil.

Under conditions of low moisture stress

the oxygen concentration in the root atmosphere needed to be
above 10.5 per cent for maximum growth.
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Several Investigators have studied the effect of avail
able moisture supply in the soil under field conditions on
root development of crop plants.

Work' such ss that of Conrad

and Veihmeyer (1929), Robertson et al. (1934), Kmock et si.
(1957) end Pohjanheimo and Heinonen (1960) shows that, when
the subsoil is dry, root penetration is limited to the depth
of moisture penetration.
The opposite effect has been observed slso.

When a high

water table is present, or when the soil is maintained at an
excessively high moisture content, root development and plant
growth are retarded.

Elliott (1924) found that root penetra

tion stopped 18 inches above the water table on an artifi
cially drained peat soil in Wisconsin.

When field plots, on

which cotton was growing, were maintained at a high moisture
level by the addition of 2/3 of an inch of water each day,
Albert and Armstrong (1931) observed an increase in the
carbon dioxide content and a decrease in the oxygen content
of the soil atmosphere.

The yield of cotton on these plots

was reduced, in part, due to an increase in fruit drop.
Effects of Temperature Gradients on
Root Development and Activity
During the latter part of the nineteenth century and the
first part of the twentieth century considerable interest
existed in a possible thermotropic response of plant roots to
temperature gradients in the rooting medium.

In fact some of
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the earlier researchers (Hays, 1889; Kiesselbach, 1949) study
ing corn root development under field conditions referred to
temperature gradients in the soil during the early part of
the growing season as a possible cause of the horizontal direc
tion of growth of the first nodal roots.

Kiesselbach stated

that the roots of corn planted in midsummer did not exhibit
the horizontal direction of growth and Inferred the reason for
this was higher subsoil temperatures.
Some of the earlier work on thermotropism was done by
Wortman (1885) and Kleicker (1891).

The approach used by

these workers was to place the seedlings of several plants in
sawdust contained in a metal box across which a temperature
gradient had been established in the horizontal direction.
After the seedlings had remained in the sawdust for a few
hours the roots were observed to determine if they exhibited
a bending away from the vertical.
Wortman (1885) worked with seedlings of Ervum lens, PIsum
sativum, Zea mays and Phaseolus multlflorus.

At temperatures

below 40° C. he obtained a bending toward the region of higher
temperature for all species.

At temperatures above 40° C. he

obtained a bending of the roots away from the region of higher
temperature.
Kleicker (1891) worked with seedlings of Plsum sativum.
Vicia faba, Hellanthus annuus and Slnepls alba.

For roots of

the first three species he obtained only bending away from the
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zone of higher temperatures whereas the results obtained with
roots of Slnepls alba were quite similar to those of Wortman.
Hooker (1914) objected to the work of Wortman and Kleicker
on the basis that, under the conditions of which their experi
ments were conducted, a moisture gradient very likely existed
in conjunction with the temperature gradient. He placed seed
ling roots in an agar medium, across which a temperature gra
dient had been established, to avoid a moisture gradient and
failed to obtain a bending of the seedling roots.

On the

basis of these results he attributed the results of Wortman
and Kleicker to a hydrotropic response rather than a thermotropic response.
Eckerson (1914), in repeating the work of Wortman and
Kleicker, found an increase in the permeability of root cells
on the concave side of the root.

She attributed the bending

of roots of seedlings to differences in the turgor pressure
of cells brought about by changes in permeability.

This led

her to conclude that thermotropism is-not a tropism but, as
observed by Wortman (1885) and Kleicker (1891), a turgor
movement.
Inheritance of Root Development Patterns
The work of several investigators Indicates a possible
relationship between the extent and pattern of root develop
ment and the genetic composition of the plant.

Wiggans
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(1916), studying the development of the seminal root system of
corn, found a relation between the number of seminal roots
produced and the type of corn.

Although there was some vari

ation, the dent corns had three seminal roots plus the radicle
in a greater percentage of the cases than any other number.
In the flint and sweet corns only the radicle developed in the
majority of cases.

The variation in the number of seminal

roots in the soft corns was such that no particular number
seemed to occur most frequently.

The total number varied from

one to seven.
Jean (1928) used a dwarf pea, Kott's Excelsior, and a
tall growing variety, Telephone, to study root inheritance in
peas,

Mean plant height and mean root length for the dwarf

parent were 19.2 inches and 28.2 inches respectively.

Mean

plant height and mean root length for the tall growing parent
were 46.5 inches and 35.8 inches respectively.

In the

gen

eration mean plant height was 41.4 inches and mean root length
was 37.9 inches. For the tall plants in the Fg generation
mean plant height was 30.9 inches and mean root length was 40.9
inches. Dwarf plants in the Fg generation had a mean plant
height of 20.0 inches and a mean root length of 30.9 inches.
Maintaining plant height of the tall growing variety of approx
imately 10 inches through successive clippings failed to
change the mean root length.

This lead the author to suggest

that genetic factors were the primary cause of the difference
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in root length.
Weihing (1935) studied the root development of regional
types of corn.

For the group of short growing varieties, con

sisting of one adapted to North Dakota end one to Western Neb
raska, the distance of maximum root spread from the base of
the plant was 36 inches and greatest depth of root penetration
was 67 inches.

For the group of medium height varieties, con

sisting of one adapted to Kansas and one to New Jersey, the
maximum spread of roots from the base of the plant was 48
inches and maximum depth of penetration was 73 inches.

Maxi

mum spread of the roots for varieties in the tall growing
group, which included one from Texas and one from Arizona, was
54 inches, and maximum depth of penetration was 74 inches.
Roots from the first three nodes in the short varieties,
the first four nodes in the medium height varieties, and the
first five nodes in the tall growing varieties grew horizon
tally for approximately the indicated distances of maximum
spread before turning downward.
Kiesselbach and Weihing (1935) studied the root develop
ment of four inbred lines and plants of the F]_ and Fg gen
erations.

The results obtained are shown in Table 1.

These

data indicate the Increased vigor of plants associated with
hybridization may also be manifested in the development of
the root system of the plant.
Still further evidence of the genetic relation of root

22
Table 1. Relative root development

Inbreds
Maximum root penetration

100

155

129

Mean root penetration

100

145

121

Maximum root spread8

100

144

122

Combined length,
all main roots

100

116

100

^Measured from the base of the plant.

growth is the work of Cotton and Loan (1955).

These workers

studied the relation between temperature and the expression of
the pigmy-1 gene in the growth of the radicle of corn seed
lings.

In all cases the radicle of plants homozygous for the

pigmy-1 gene grew more slowly than did the radicle of the
normal sibs.

The rate of growth of the radicle for normal

sibs reached a maximum, under the conditions of their study,
at 25° C. whereas the rate of growth of the radicle for
plants homozygous for the pigmy-1 gene had not reached a
maximum at 30° C.
Effects of Fertilizer Placement on Root Development,
Nutrient Uptake and Plant Growth
Within recent years a considerable amount of work has
been devoted to the effect of various methods of fertilizer
application and placement on root development, nutrient
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uptake, and plant growth.

Truog et aJL. (1925) varied the rate

of fertilizer application from 100 to 400 pounds per acre in
bands placed 1/2 inch below seed level, with the seed, 1/2
inch above seed level and 1 inch above seed level.

Dry weights

of the tops of the corn plants 8 weeks after planting indi
cated the most rapid growth was obtained when fertilizer was
placed as near the seed as possible without a reduction in
germination.

Dry weight of roots of plants 8 weeks after

planting was greatest when fertilizer was applied 1/2 inch
above seed level,

when they compared different rates of

fertilizer applied in a band versus a broadcast application,
they octained, at 5 weeks after planting, greater dry weight
of tops and roots with the band placement.

In this instance

the fertilizer was placed in a band 4 inches wide and 1 inch
above seed level.
Kelson et el. (1949) placed phosphatic fertilizer in the
row and in bands on each side of the row.

v.'ith corn, they

reported a greater uptake of fertilizer phosphorus at 31 days
after planting when the fertilizer was placed in the row.
However, there was no effect of placement on yield.

Vvith

cotton, there was an increase of fertilizer phosphorus uptake
at the first sampling date (one pair of leaves out) where
fertilizer was placed with the seed.

At later sampling

dates no effect of placement was observed.
Stanford and Kelson (1949) conducted a similar experiment
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with corn in which a fertilizer band was placed approximately
z inches to one side of the seed and 1 1/2 inches above seed
level, at seed level, and 3 inches below seed level.

Also

two bands were placed 2 inches to each side of the seed and
at seed level.

Placing the fertilizer band at seed level and

on one or both sides of the row gave an increase in fertilizer
phosphorus uptake and an increase in dry matter production
during the early stages of growth.

However, there was no

effect of placement on yield of grain.
Results of the investigations by Kelson et al. (1947) and
Woltz and Hall (1949) are quite similar to those of the inves
tigations discussed previously in this section.
When fertilizers are placed at depths greater than those
used by the investigators mentioned so far in this section,
plant response is apparently influenced by a number of fac
tors such as moisture supply in the subsoil, nutrient avail
ability in the subsoil, and soil factors, such as compacted
layers, that may influence root penetration.

Robertson e_t al.

(1958) placed phosphatic fertilizer at 2, 8, 14 and 20 inch
depths in a Norfolk loamy fine sand and a Red Bay fine sandy
loam.

With the exception of the 8 inch placement on the Red

Bay soil, in seasons of low rainfall corn yields were higher
where fertilizer had been placed at the greater depths.

In

years of normal rainfall there was no effect of placement on
yields.

The reduced yield during dry seasons for the 8 inch
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placement on the Red Bay soil was attributed to the effect of
a compacted layer at the plow sole on root penetration.
The results of several investigations have shown thst
growth of a plant root into the area of the fertilizer band
results in an extensive development of branch roots in the
band and its immediate vicinity.

This effect on root develop

ment has been reported by Sayre (1934) and Miller and Ohlrogge
(1958).

Miller and Ohlrogge found that when the nitrogen and

phosphorus were placed in separate bands, root proliferation
in the bands was far less than when the nitrogen and phosphorus
were placed together. Soil phosphorus availability did not
appreciably alter the effect of nitrogen and phosphorus on
root proliferation when the two were placed in the same band.
Duncan and Ohlrogge (1958) found that root proliferation
was due to the rapid growth of the smaller roots whereas the
rate of growth of the main root entering the band was not
affected.

Growth of the smaller roots around a fertilizer

band was not affected by salt concentrations that might nor
mally exist in the soil near the band.

They postulated an

adaptation of the smaller roots to the higher osmotic pres
sures in the region of the fertilizer band.

The uptake of

phosphorus from the band was affected by the volume of soil
fertilized if nitrogen was present, but not otherwise.
Duncan and Ohlrogge (1959) reported that the uptake of
fertilizer phosphorus increased with the area of roots in the
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fertilized soil and with the amount of phosphorus applied,
and tended to decrease with an increase of phosphorus in the
plant.

They emphasized that stimulation of root growth in a

fertilizer band does not result in a larger root to shoot
ratio.

It is more of a changed distribution of the root sys

tem rather than a true stimulation.
Wiersum (1958) studied the effect of different ions on
the stimulation of secondary root development by permitting
roots to grow in a mixture of sand and exchange resins con
taining different ions.

He found the decreasing order of

effect on secondary root development to be KO,3 , PO4", K+,
Ca++, Mg++, S04"'.
Although fertilizer placed in bands has been shown to
stimulate the development of secondary roots when primary
roots grow into it, long-time surface applications may not
show this effect.

Ford (1957) studied root development of

orange trees that had been fertilized differently for a period
of approximately 20 years.

A nitrogen application rate of

•5.5 pounds per tree per year actually reduced the development
of feeder roots when compared to rates of 0.37 and 1.75 pounds
per tree per year.

There was no difference in feeder-foot

development for the latter treatments.
Chandler (19 58) checked the depth of root penetration on
the Jordan fertility plots at Pennsylvania State University
which had a 76-year history of surface fertilization.

Fer-
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tility treatments were zero, phosphorus and potassium, nitro
gen and phosphorus and potassium, and manure.

He found no

difference in depth of root penetration due to fertility
treatments.
The Effect of Seed Orientation on Direction
of Root Growth
In considering factors affecting root development and
the direction of root growth one might expect to find a rela
tionship between seed orientation and direction of root
growth.

This might be particularly true for the first roots

emerging from a young seedling.

However, very little refer

ence was found to relationships of this nature.

Loomis and

Swan (19-36) in reporting results of investigations on the
hydro tropic response of roots in soils stated that typical
responses of roots was to grow along lines determined by seed
orientation and normal response to gravity.

This is the only

reference found by the author concerning the relationship of
direction of root growth and seed orientation.
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EXPERIMENTAL PROCEDURES
Greenhouse Studies of Factors Affecting
Corn Root Development
Temperature gradients in the rooting medium
Soil temperature measurements taken at the Iowa State
University Agronomy Farm, Ames, Iowa, show that the average
soil temperature on June 1, decreased from 70.0° F. at the
1-inch depth to 59.9° F. at the 24-inch depth.1

To study the

effect of temperature gradients in the rooting medium on root
development and direction of growth, corn plants were grown
in either silica sand or sand-soil mixtures in wooden boxes
in the greenhouse.

Boxes, with inside dimensions 8 1/2 inches

wide, 13 1/2 inches long and 10 inches deep, were constructed
of 3/4-inch white pine lumber.

Single sheets of black plastic

film were used to line the boxes in such a way that, through
a series of folds, the boxes were made water tight.

The

boxes were constructed so that one side could be removed to
facilitate washing of the rooting medium from the boxes to
expose the root system.
To hold the roots in place after the rooting medium was
washed from the boxes, removable screens made of 1/4-inch mesh
galvanized hardware cloth were placed in the boxes at the

]-R. H. Shaw, Ames, Iowa. Data on soil temperature.
Private communication. 19 59.
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1 1/2, 2 l/2, 3 1/2, 5 and 7 Inch depths.

Possible toxic

effects of the zinc coated screens were avoided by the applica
tion of three coats of an asphaltic paint to each screen.
The boxes were insulated by tacking 1 inch thick glass
wool insulation to the outside.
Two temperature gradients were used. One increased from
69.8° F. at the 2 inch depth to 78.8° F. at the 8 inch depth.
The other decreased from 68.0° F. at the 2 inch depth to 59.0°
F. at the 8 inch depth.
The gradient decreasing with depth was established by
circulating water with a temperature of 68.0° F. through a
copper coil placed at the 1 1/2 inch depth in the rooting
medium.

The bottom of the plastic lined box was placed in

contact with flowing tap water that had a temperature of
55.5° F.
Temperature measurements were made at the 2, 5 1/2 and
8 inch depths by inserting mercury bulb thermometers through
one end of the boxes for a distance of 4 1/2 inches into the
rooting medium
A total of six experiments involving temperature gradi
ents were run.

In two of the Experiments, numbers 1 and 5,

the rooting medium was silica sand having a maximum particle
size of 0.500 mm.

Where sand was used as the rooting medium,

nutrients were supplied in a nutrient solution of the compo
sition given in Table 2.

Initially sufficient solution was
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Table 2.

Composition of the nutrient solution used in
greenhouse experiments
Concentration
(p.p.m.)

Element

Salts used

Nitrogen

Ca(N0,)
KNO3,' N§4KO3

Phosphorus

kh2po4

Potassium

KNO3, kh2po4

Calcium

Ca(K03)2

60

Magnesium

MgSO^

30

Sulfur

MgSO^

40

Boron

H3303

0.5

Manganese

MnClg • 4HgO

0.5

Zinc

ZnS04 • 7HgO

0.05

Copper

CuS04 - 5HgO

0.02

Molybdenum

H^MoO^ . SHgO

0.01

189 es KO3111 as NH4430
200

added to the sand to bring it to 6.5 per cent moisture on en
air dry basis. During the course of the experiments, addi
tional nutrient solution vas added periodically to replenish
that lost through évapotranspiration.
Conditions in the rooting medium were further altered
by incubating the sand-soil mixture used in Experiments 2,
3 and 4 for 7 days at greenhouse temperatures (approximately
75° F.; after it was placed in the boxes and brought to 15
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per cent moisture.

An additional modification was used in

Experiments 2 and 4 where the boxes were covered with a trans
parent plastic sheet during incubation to retard gaseous ex
change between the rooting medium and the atmosphere.
Since only one box for each of the two temperature gradi
ents was used in each .experiment, it was necessary to use ker
nels of uniform germination.

To insure the selection of such

kernels, several kernels were placed on moist paper towels
in a moist chamber for germination before the initiation of
each experiment.

When radicles had developed approximately

1 inch in length, kernels of uniform germination were selected
for planting,*. In Experiment 1, three kernels of Iowa 4417
were placed in each box.

In Experiment 2, two kernels each

of Iowa 4417, an early maturing hybrid, and AES 805, a late
maturing hybrid, were placed in each box.

In Experiments 3

through 5, two kernels of Iowa 4417 were placed in each box.
With the exception of Experiment 1, one kernel of each hybrid
was placed with the long axis of the kernel horizontal and
one kernel with the long axis vertical and the radicle point
ing downward.

In Experiment 1, kernel orientation was not con

trolled.
Table 3 gives the dates of planting and dates of harvest
for the six experiments on the effects of temperature gradi
ents in the rooting medium on root development.
In Experiments 1 and 2, notes were taken on the pattern
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Table 3. Dates of planting and harvesting greenhouse
experiments on the effect of temperature
gradients on corn root development
Date of planting

Date of harvest

1

Dec. 3, 1959

Dec. 13, 1959

2

Feb. 10, 1960

Feb. 19, 1960

3

March 8, 1950

March 17, 1960

4

March 29, 1960

April 6, 1960

5

April 11, 1960

April 22, 1960

6

May 1, 1960

May 11, 1960

Experiment number

of root development after the rooting medium had been washed
from the boxes.

For Experiments 3 through 6, tops were har

vested, dried at 65° C. and dry weights obtained.

Roots

developing within the 0 to 1 1/2, 1 1/2 to 2 1/2, 2 1/2 to
3 1/2, 3 1/2 to 5, 5 to 7 and 7 to 10 inch depths were har
vested, washed free of rooting medium, dried at 65° C. and dry
weights obtained.
Carbon dioxide concentration in the rooting- medium
Incubation, before planting, of sand-soil mixtures used
in studies of the effect of temperature gradients on root
development resulted in a more horizontal direction of growth.
One cause of this may have been increased carbon dioxide in
the rooting medium.

33
Therefore, a series of greenhouse studies was conducted
in which the carbon dioxide content of the gaseous phase of
the rooting medium was increased.

Plants were grown in boxes

with inside dimensions of 8 3/4 inches deep, 12 inches wide
and 36 inches long.

The boxes were constructed of pine lumber

and lined with a single sheet of black plastic film to make
them water-tight.

Provisions were made for the removal of one

side to facilitate washing of the rooting medium from the boxes.
The boxes were constructed so that removable screens made of
l/2 inch mesh galvanized hardware cloth could be placed at
the 1, 2, 3, 4, 5 and 7 inch depths.

Possible toxic effects

of the zinc coating were avoided by first dipping the screens
in a 20 per cent acetone solution of vinylite plastic and then
painting them with an asphalt base varnish.
Drainage of excess moisture from the boxes was provided
for in the following manner.

Three rubber stoppers with glass

tubing in them were placed in the bottom of each box.

Liquid

neoprene rubber was used to form an sir-tight seal between the
plastic lining of the box and the rubber stopper.

Rubber

tubing was attached to the ends of the glass tubing in the
rubber stoppers.
Silica sand with a maximum particle size of 0.170 milli
meters was added to each box to a depth of 1 inch.

This sand

layer was flooded by forcing water up through the glass tubing
to the rubber stoppers.

After the sand was flooded, the'
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excess water was drained from the boxes by placing the ends of
the rubber tubes beneath the surface of water contained in
small crocks that had been placed beneath the boxes.

The

water surface was 5 3/4 inches below the surface of the sand
layer in the boxes.

Tension was not sufficient to drain the

sand layer, but excess moisture that was later added to the
rooting medium would drain from the boxes.
Three experiments were conducted in the following manner.
Experiment 7

In this experiment, five boxes were used.

In one box an aerating coil made of l/4 inch copper tubing
was placed on top of the fine sand layer and the box was filled
with a mixture of 1/2 sand-1/2 soil on a weight basis.

The

second box, which did not contain an aerating coil, was filled
with the sand-soil mixture.

To a third box was added 10 kilo

grams of the sand-soil mixture in which 150 grams of dehy
drated alfalfa meal had been mixed.
with the sand-soil mixture.

The box was then filled

A fourth box was filled with

silica sand having a maximum particle size of 0.500 mm.
On June 19, sufficient nutrient solution of the composi
tion given in Table 2 was added to cause some drainage from
the boxes.

The boxes were covered with plastic sheets and

incubated at greenhouse temperature for 7 days before the
corn was planted.

Before the rooting medium was added, remov

able screens were placed in all boxes et the depths indicated
previously.
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Just before planting the corn, a fifth box was set up in
the same manner, filled with the ssnd-soil mixture, and suffi
cient nutrient solution added to cause some drainage from the
box.
Ten days after emergence of the plants the rooting
mediums were washed from the boxes and notes taken on root
development.
Experiment 8

Four boxes were used in this experiment.

Silica sand, with a maximum particle size of 0.500 mm, was
used as the rooting medium and COg was introduced at the base
of the medium through copper coils in two of the boxes.
The coils, made of 1/4 inch tubing, consisted of four
30 inch tubes connected in series and placed 3 inches apart on
top of the fine sand layer in the bottom of the boxes.

Holes,

1/32 inch in diameter, were spaced at 1 inch intervals on one
side of the tubes to permit the escape of COg.
Connected to the coils were CO? generators constructed
of a 1 liter filter flask containing crushed limestone.
Three normal HC1 was allowed to drop onto the limestone through
a glass capillary at a rate controlled by adjusting the height
of the HC1 surface in a carboy above that of the capillary
tip.

Assuming complete reaction of the acid with the lime

stone, the dropping rate was adjusted to give a COg evolution
of 0.5 liter per hour.
The volume of the boxes was approximately 61,940 cubic
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centimeters or 62 liters.

Ninety-three kilograms of sand were

required to fill a box which gives a bulk density of approxi
mately 1.5 g/cc for the sand.

Using the specific gravity of

2.653 for sand given by Baver (1956) this gives a pore space
of 43.5 per cent or approximately 27 liters per box.

A volume

of COg equal to this was generated every 54 hours.
On February 9, 1961 removable screens were placed in the
four boxes; the boxes were filled with the silica sand; nutri
ent solution of the composition given in Table 2 was added in
a quantity to cause some drainage from the boxes; the COg gen
erators were started and connected to the coils in two of the
boxes.
On February 11, three pre-germinated kernels of the single
cross Ohio 43 x WF9, chosen on the basis of uniformity and
vigor of growth during the seedling stage,1 were planted in
each box with the long axis of the kernels placed horizon
tally•

Each day during the course of the experiment nutrient

solution of a quantity sufficient to cause drainage from the
boxes was added.
Eight days after emergence of the plants, the sand was
washed from the boxes and notes

taken on root development.

Plant tops were harvested, dried at 65° C., and dry weights
taken.

Plant roots were harvested at the 0 to 1, 1 to 2,

1 vv.

lings.

A. Russel, Ames, Iowa. Information on corn seed
Private communication. 1961.
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2 to 3, 3 to 4, 4 to 5, 5 to 7 end 7 to 9 inch depths, washed
free of sand, dried et 65" C. and dry weights determined.
Experiment 9

This experiment was set up in the seme

manner es that of Experiment 2 with the exception of the rate
of COg evolution. In this case the dropping rate of the acid
was adjusted to given an approximate COg evolution of 1 liter
per hour.

This gave e COg evolution once each 27 hours approx

imately equal to the volume of the pore space in the sand.
On Kerch 19, screens.were placed in the boxes; the boxes
were then filled with the silice sand; sufficient nutrient
solution was edded to cause some drainage from the boxes; end
the COg generators were connected.
On Kerch 22, three pre-germineted kernels of the single
cross Ohio 43 x WF9 were placed in each box with the long axis
of the kernel horizontal.

Nutrient solution was edded each

day in a quantity to cause some drainage from the boxes.
Thirteen days after emergence of the plants the sand was
washed from the boxes and notes taken on root development.
Fient tops were harvested, dried et 65° 0., and dry weights
determined.

Plant roots were harvested et the 0 to 1, 1 to 2,

2 to 3, 3 to 4, 4 to 5, 5 to 7 and 7 to 9 inch depths, washed
free of send, dried et 65° C. and dry weights determined.
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Comparative Development of Seminal Roots
of Four Single-Cross Lines of Corn
Examination of the root systems of s number of young
plants of the hycrids AES 80S and Iowa 441? showed consider
able variability in the number of seminal roots that developed
per plant.

Wiggans (1916) reported such variability but also

found differences between major types of corn.
Because greenhouse work, of necessity, involves a rela
tively small number of plants, it would be desirable to have
lines or varieties of corn that were uniform in the number of
such roots that developed.

Therefore, four single-cross lines

of corn, selected on the basis of availability of seed, were
grown under uniform conditions in the greenhouse and checked
for the number of seminal roots that developed.

Single

crosses rather than double crosses were selected because of
the greater uniformity in genetic composition.

The lines

selected were WF9 x Ohio 45, "JF9 x B14, ¥F9 x M14 and •/IF9 x
38-11.
Fiants were grown in the boxes used in studies on the
effect of increased COg concentration in the rooting medium
on root development.

The boxes were set up to provide drainage

of excess moisture as described previously.

Removable screens

were placed in the boxes at the depth indicated previously,
and the boxes filled with silica sand.

Nutrient solution, of

the composition given in Table 2, was added in sufficient
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quantity to cause some drainage from the boxes.
On November 24, eight pre-germinated kernels, four in
each of two boxes, of each single-cross were planted.

During

the growth period nutrient solution was added each day in a
quantity to cause some drainage from the boxes.
Thirteen days after emergence the sand was washed from
the boxes and notes taken on root development.

Plant tops

were harvested, dried at 65° G. and dry weights determined.
Roots were harvested at the 0 to 1, 1 to 2, 2 to 3, 4 to 5,
5 to 7 and 7 to 9 inch depths, washed free of sand, dried
at 65° C. and dry weights determined.
Field Studies of Early Root Development of Corn
During the spring and summer of 1960 and 1961 a total of
five experiments were conducted.

In 1960 one experiment was

conducted on a Colo clay loam at the Iowa State University
Beech Avenue Experimental Plots, Ames, Iowa and another on an
O'Neill loamy sand at the Dale Watters farm in the southeast
quarter of section 35 of Dodge Township in Boone County, Iowa.
In 1961 a second experiment was located on the O'Neill
loamy sand at the Dale Watters farm.

Experiments were also

conducted on an Edina silt loam at the Southern Iowa Experi
mental Farm, Bloomfield, Iowa and on a Marshall silt loam at
the Soil Conservation Experimental Farm, Shenandoah, Iowa.
All five experiments were conducted in the same manner.
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Before planting, 150 pounds of nitrogen, 43.6 pounds of phos
phorus, 83 pounds of potassium, end 2 pounds per ecre of the
insecticide, Aldrin, were applied as broedcast applications
and disked into the soil.
Four kernels of the hybrid Iowa 4570 were plented 3 inches
deep in each hill.

Two kernels were pieced horizontelly, and

two were placed vertically with the tip of the kernels point
ing downward.

The hills were speced 4 feet apart with one

guard hill between each hill that wes to be excavated for
root study.

One week after emergence of the plants, they

were thinned to two plants per hill leaving one plant from a
horizontally placed kernel and one from a vertically pieced
kernel•
Immediately after the corn was planted a broedcast appli
cation of the herbicide Simazine wes made et a rate of 3 poundé
per acre.

This gave good weed control at all locations which

made cultivation unnecessary.
The root systems in three randomly selected hills were
exposed for study on each of three dates after planting.
The dates cho-sen were 1, 2 and 4 weeks after emergence of the
plants.

A total of 90 root systems were studied in the five

experiments.
To expose the root systems at 1 week after emergence, an
18 inch square was outlined around the hill with the hill in
the center.

The soil was removed from around the square to
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a depth of approximately 16 inches leaving a block of soil
18 x 13 x 16 inches containing the plants.

A wooden frame,

made of 10 inch white pine lumber and having inside dimensions
of 18 x 18 x 9 3/4 inches, was slipped over the block of soil
and forced down until the upper edge of the frame was even
with the soil surface.
Holes had been drilled in rows on two adjacent sides of
the frame.

The spacing of the holes in each row was 11/2

inches on center, and the rows of holes were spaced at 1 1/2,
3, 5 and 7 inches from the upper edge of the frame.

Steel

spikes, 19 1/2 inches long, made of 1/8 inch steel rod were
driven through the holes in two sides of the frame into the
block of soil.

This formed a 1 1/2 inch mesh of steel rods

at the 1 1/2, 3, 5 and 7 inch depths in the block of soil.
After the spikes were in place, spades were used to cut
underneath the block of soil to break it loose.

A piece of

2x6 inch lumber was then slipped beneath the block of soil,
and it was lifted from the hole and placed on the edge.

One

side of the frame was removed and the soil was washed from the
root system with a stream of water of low pressure.
After the soil was washed from the root systems, notes
were taken on root development and plant growth, and photo
graphs of the root systems were taken.
To expose the root systems for study at 2 and 4 weeks
after emergence a rectangular block of soil 18 x 36 x 16
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inches was outlined around the hill.

In other respects the

method of exposure was the same with the exception that the
steel spikes were driven through the two ends end one side of
the frame.

This formed the 11/2 inch mesh of steel rods at

the depths indicated previously.
Greenhouse and Field Studies of the Effects of
Seed Orientation and Fertilizer Placement
on the Early Growth Rate of Corn
Greenhouse Experiment 10
Two fertilizer placements and 16 seed orientations were
used in the greenhouse experiment.

Fertilizer wes placed in

a band 2 inches to one side and 2 inches below seed level or
2 inches to one side and at seed level.
Plants were grown in the boxes that had been used in the
greenhouse studies on the effects of increased carbon dioxide
concentrations In the rooting medium on root growth.

A de

scription of the boxes and the method of controlling moisture
tension in the rooting medium are given in that section of
the Experimental Procedures.
The boxes, in which the fertilizer wes to be placed 2
inches below seed level, were filled to the 4 inch depth with
a sand-soil mixture consisting of 1/2 send-l/2 soil one volume
basis.

Fertilizer wes added in a continuous band for the

length of the box at s rete thet would supply 30 pounds of
nitrogen, 13.1 pounds phosphorus end 24.9 pounds of potessium

4-3
per acre assuming a row spacing of 42 inches.

The boxes were

then filled to the 2 inch depth with the sand-soil mixtureFor the boxes in which the fertilizer was to be placed
at seed level, the boxes were filled to the 2 inch depth with
the sand-soil mixture.

The fertilizer was then placed in a

band so that the distance from the center of the band to the
site of seed placement would be 2 inches.
Four pre-germinated kernels of the single cross V/F9 x
Ohio 43, selected for uniform germination, were pieced in each
box with s 9 inch spacing between kernels.

After the kernels

were placed in the boxes, the boxes were filled with the
sand-soil mixture, and sufficient tap water wes edded to ceuse
a slight drainage of water from the boxes.
Treatments were arranged in e split-plot design with four
replicetions.

The main plot treatments were fertilizer plece-

rnent. Subplot treatments were seed orientation.

Eech of the

16 kernels within a fertilizer placement represented e differ
ent seed orientetion.

Four boxes, each containing four

plants, were required for a fertilizer plecement.

This gave

a total of eight boxes containing 32 plants per replicetion.
Due to the limitations of greenhouse space it was possible to
grow only one replication at a time•
obtained by repeating the experiment.

Four replicetions were
The seed orientations

used ere given in Table 4.
Plants were grown for 18 days after emergence.

During the
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Table 4. Seed orientations used in greenhouse Experiment 10
Orien
tation
number

Kernel
placed

Long axis
placed

1

On side

Horizontally

Toward fert.
band

Upward

2

On side

Horizontally

Away from
fert. band

Upward

3

On side

Horizontally

Parallel with
fert. band

Upward

4

On end

Vertically

5

On side

Horizontally

Toward fert.
band

Downward

6

On side

Horizontally

Away from
fert. band

Downward

7

On side

Horizontally

Parallel with
fert. band

Downward

8

On end

Vertically

Upward

9

On end

Vertically

Downward

Toward fert.
band

10

On end

Vertically

Downward

Away from
fert. band

11

On end

Vertically

Downward

Parallel with
fert. band

12

On end

Vertically

Upward

Parallel with
fert. band

13

On edge

Horizontally

Toward fert.
band

Parallel with
fert. band

14

On edge

Horizontally

Away from
fert. band

Parallel with
fert. band

Radicle
pointing

Upward

Embryo side
facing

Toward fert.
band

Away from
fert. band
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Table 4. (Continued)
Orien
tation
number

Kernel
placed

Long axis
placed

15

On edge

Horizontally

Parallel with
fert. band

Toward fert.
band

16

On edge

Horizontally

Parallel with
fert. band

Away from
fert. band

Radicle
pointing

Embryo side
facing

growth period, plant heights measurements were taken.

At the

end of the growth period the plant tops were harvested, dried
at 65° C. and dry weights determined.

The plants from repli

cations 1, 3 and 4 were analyzed for nitrogen, phosphorus and
potassium content.

The sand-soil mixture was washed from the

boxes and notes were taken on the number of roots in the band.
Field Experiment 6
The field experiment was located on a Clarion loam at
the Iowa State University Agronomy Farm, Ames, Iowa.

Four

fertilizer placements and eight seed orientations were used.
In each hill, fertilizer was placed in a 12 inch bend 2 inches
to one side and 1 inch above seed level, at seed level, 2
inches below seed level, or 4 inches below seed level.

Assum

ing a continuous fertilizer band end using e row specing of
40 inches, nitrogen, phosphorus end potassium were applied et
the rates of 40, 17.5 end 33.2 pounds per acre respectively.
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The eight seed orientations used are given in Table 5.
Four kernels of the hybrid Iowa 4570 were placed in each hill
at the 2 1/2 inch depth with each hill containing only one
orientation.

One week after emergence the plants were thinned

to two per hill.
The treatments were arranged in a split plot design with
four replications.

Whole plots treatments were fertilizer

placement with a zero fertilizer application included as a

Table 5.
Orien
tation
number

Seed orientations used in field Experiment 6

Kernel
placed

Long axis
placed

Radicle
pointing

Embryo side
facing

1

On side

Horizontally

Toward fert.
band

Upward

2

On side

Horizontally

Parallel with
fert. band

Upward

3

On side

Horizontally

Toward fert.
band

Downward

On side

Horizontally

Parallel with
fert. band

Downward

5

On end

Vertically

Downward

Toward fert.
band

6

On end

Horizontally

Downward

Parallel with
fert. band

7

On edge

Horizontally

Toward fert.
band

Parallel with
fert. band

8

On edge

Horizontally

Parallel with
fert. band

Away from
fert. band
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check plot.

Subplot treatments were the seed orientation.

This gave a total of five whole plots and 40 subplots per
replication with each hill of two plants constituting a sub
plot.
Replication 1 was planted on Kay 24, replications 2 end 3
on kay 26 and replication 4 on kay 27.
During the growth period plant height measurements were
taken.

The plants were harvested from replication 1 on July

15, replications 2 and 3 on July 17 and replication 4 on July
18.

Plants were dried at 65° C. and dry weights determined.
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RESULTS AND DISCUSSION
Greenhouse Studies of Factors Affecting
Corn Root Development
Temperature gradients in the rooting medium
The primary objective of Experiment 1 of this series was
to develop techniques for the establishment of temperature
gradients in the rooting medium.

Temperatures given in Table

6 show that the technique used was successful in establishing
the desired gradients and that temperatures did not vary much
with time.
Observation of the root systems after washing the sand
from the boxes in Experiment 1 showed that the seminal roots
and radicle had not grown in a horizontal direction as re
ported by other workers (Weihing, 19-35; Millar, 1930; and

Table 6.

Temperature of the rooting medium with depth at
different times of the day, degrees Fahrenheit
Temperature,
decreasing
with depth

Time

2

5 1/2

Temperature,
increasing
with depth
8

2

5 1/2

8

8:00 A • M •

68.0

60.0

57.2

69.8

75.2

80.6

11:15 A.M.

68.0

60.8

57.2

69.8

77.0

78.8

1:45 P.M.

69.8

62.5

59.0

71.5

77.0

81.5

5:15 P.M.

64.5

59.0

57.0

69.8

75.2

79.6
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Kiesselbach, 1949).

The roots In all cases were growing at an

angle of approximately 30° with the horizontal and Indicated
no effect of differences in temperature gradients on direction
of growth.
However, there was an effect of temperature on depth of
root penetration and root proliferation.

Roots of plants grow

ing in the box with the decreasing temperature gradient with
depth did not penetrate below the 6 Inch depth.
at this depth was approximately 60° F.

Temperature

Branch root develop

ment did not take place below the 4 1/2 inch depth where the
temperature was approximately 62.5° F.
Roots of plants growing in the box with the increasing
temperature gradient with depth penetrated to the bottom of
the box.

There was extensive root proliferation throughout

the root system.
Sand as a rooting medium was also used in Experiment 6
of this series, and the direction of root growth was found to
be the same as that of Experiment 1.

Temperature gradients

exerted an influence on depth of root penetration and pro
liferation similar to that in Experiment 1.

This effect is

reflected in the dry weight of roots with depth given in
Table 7.
Root development in the case of the decreasing tempera
ture gradient was concentrated in the 1 1/2 to 3 1/2 inch
depth as opposed to the 2 1/2 to 7 inch depth where tempera-
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Table 7.

The effect of temperature gradients on dry weight
of roots and„tops of corn plants, greenhouse
Experiment 6a

Depth
(inches)

Increasing gradient
with depth
Weight (g)
Roots
Tops

Decreasing gradient
with depth
Weight (g)
Roots
Tops

0-1 1/2

0.0150

1 1/2-2 1/2

0.0638

0.1494

2 1/2-3 1/2

0.1371

0.2391

3 1/2-5

0.1298

0.0518

5-7

0.1480

0.0072

7-10

0.0611

0.0014

Total

0.5548

0.4824

0.5511

0.0335

0.2849

^Weights are the total for two plants grown in each box.

tures increased with depth.

Temperature effects on root dis

tribution were far more striking than on total development as
shown by a comparison of the total dry weights of roots in the
two cases.
In Experiment 6 one kernel in each box was placed with
the long axis horizontal and one vertical with the radicle
pointing downward.

In the latter case the radicles grew down

ward.
The radicle was the only root penetrating below the 5
inch depth in the box with the decreasing temperature gradi
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ent.

When kernels were placed horizontally the direction of

growth of the radicles was at angles of approximately 25° with
the horizontal.
In general, the roots of plants growing in the box with
the decreasing temperature gradient were characterized by hav
ing relatively thick main roots with very little branch root
development.

The main roots of plants growing in the box with

the increasing temperature gradient were thin with extensive
secondary and tertiary branch root development.
Use of sand rather than soil as the rooting medium may
have influenced the direction of root growth giving results
different from those observed by other workers under field
conditions.

In Experiments 2 through 5 a sand-soil mixture

was used. Incubation of the mixture in the boxes for 7 days
before establishing the temperature gradients and planting
the corn was a further modification used in Experiments 2, 3
and 4. Pre-incubation was not used in Experiment 5.
During the Incubation period in Experiments 2 and 4 the
boxes were covered with a plastic sheet to retard gaseous
exchange between the rooting medium and the atmosphere.

The

boxes were not covered during incubation in Experiment 3.
Exposure of the root systems in Experiment 5 at 11 days
after emergence of the plants showed the direction of root
growth to be essentially the same as that in Experiments 1
and 6.

Figures 1 and 2 show the direction of growth generally

Figure 1.

Root development under an increasing temperature
gradient with depth in the rooting medium,
greenhouse Experiment 5
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Figure 1.

Root development under an increasing temperature
gradient with depth in the rooting medium,
greenhouse Experiment 5

Figure 2.

Root development under a decreasing temperature
gradient with depth in the rooting medium,
greenhouse Experiment 5
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Figure 2.

Root development under a decreasing temperature
gradient with depth in the rooting medium,
greenhouse Experiment 5
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to be at angles of approximately 30° to 40° with the hori
zontal.

Again the main effect of temperature gradients was

on depth of root penetration.

Extensive root development took

place throughout the rooting medium where temperatures in
creased with depth.

However, most of the root development was

limited to the area above the 3 1/2 inch depth where tempera
tures decreased with depth.

Only six roots penetrated below

the 6 Inch depth In this case.

The effect of temperature

gradients on the size of main roots and development of branch
roots observed In Experiments 1 and 6 was also observed in
Experiment 5 and is seen by comparing Figures 1 and 2»
Dry weights of the roots given in Table 8 show that

Table 8. The effect of temperature gradients on dry weights
of roots and tops of corn plants, greenhouse
Experiment 5a

Depth
(inches)

Increasing gradient
with depth
Weight (6)
Roots
Tops

Decreasingr gradient
with oteeth
Weight (g)
Roots
Tops

0-1 1/2

0.0364

1 1/2.-2 1/2

0.0568

0.0773

2 1/2-3 1/2

0.0726

0.1998

3 1/2-5

0.1375

0.0783

5-7

0.1305

0.0592

7-10

0.1755

0 0083

Total

0.6093

0.4392

0.4719

0.0163

0.3522

^Weights are the total for two plants grown in each box.
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temperature effect was primarily one of limiting the depth
of root penetration.
A comparison of the results of Experiments 1 and 6 with
those of Experiment 5 indicates that using silica sand as the
rooting medium was not the cause of the more vertical direc
tion of root growth obtained.
In Experiments 2 and 4 the sand-soil mixture was incubated
in the boxes under a plastic cover for 7 days before the corn
was planted.

Exposure of the root systems at 9 days for

Experiment 2 and 8 days for Experiment 4 revealed a definite
horizontal direction of growth such as that shown in Figures
3 and 4.
The seminal roots of all plants grew horizontally with
essentially no penetration more than 1 inch below seed level.
The radicles of kernels placed horizontally penetrated no more
than 1 inch below seed level.

The radicle of kernels placed

vertically grew downward for approximately 1/2 inch before the
direction of growth changed to the horizontal in the case of
an increasing temperature with depth.

Where the temperature

decreased with depth, the radicle penetrated to approximately
the 5 inch depth before the direction of growth changed to
the horizontal.

Nodal roots emerging at nodes approximately

1/2 inch below the rooting medium surface varied in length
from 1/4 to 2 1/4 inches.
In these two experiments total root development and growth

Figure 3. Root development under an increasing temperature
gradient with depth following a 7 day incubation
period of the rooting medium under a plastic
cover, greenhouse Experiment 4
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Figure 3. Root development under an increasing temperature
gradient with depth following a 7 day incubation
period of the rooting medium under a plastic
cover, greenhouse Experiment 4

Figure 4. Root development under a decreasing temperature
gradient with depth following a 7 day incubation
period of the rooting medium under a plastic
cover, greenhouse Experiment 4
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Figure 4. Root development under a decreasing temperature
gradient with depth following a 7 day incubation
period of the rooting medium under a plastic
cover, greenhouse Experiment 4
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of tops was not as great as that of Experiments 1, 5 and 6 as
shown by comparing the data in Table 9 with that of Tables 7
and 8.
Results of Experiments 2 and 4 indicate some effect of
incubating the rooting medium for 7 days was associated with

Table 9. The effects of temperature gradients and incubation,
with boxes covered, of the rooting medium on dry
weights of tops and roots of corn plants, greenhouse
Experiment 4a

Depth
(inches)

Increasing gradient
with depth
Weight (g)
Roots
Tops

Decreasing gradient
with depth
Weight (g)
Roots
Tops

0-1 1/2

0.0379

1 1/2-2 1/2

0.1012

0.1380

2 1/2-3 1/2

0 1160

0.0755

3 1/2-5

0.0072

0.0406

5-7

0.0084

0

7-10

0

0

0.2707

0.2885

Total

0.2017

0.0344

0.1557

^Weights are the total for two plants grown in each box.

the horizontal direction of root growth.

Leaving the covers

off the boxes during the incubation period to permit a less
restricted exchange of gases between the rooting medium and
the atmosphere might tend to offset this effect.

This was
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done in Experiment 3.
Exposure of the root systems at 9 days after emergence of
the plants revealed a direction of root growth more typical
of that obtained in Experiments 1, 5 and 6.

Comparison of

Figures 5 and 6 with 1 and 2 will show that the direction of
growth and depth of penetration are quite similar.

All semin

al roots and the radicle of kernels placed horizontally were
growing at angles of approximately 30° with the horizontal.
The radicle of kernels placed vertically grew downward.
The dry weights of roots and tops given in Table 10 also
show that there was more total root development and top growth
in Experiment 3 than in 2 and 4.

The total weights obtained

in Experiment 3 are more comparable to those of Experiments
1, 5 and 6.
Results obtained in this series of six experiments indi
cate no difference in direction of root growth due to the two
temperature gradients used.

Therefore, it is doubtful that

the horizontal direction of growth observed by other workers
(King, 1893a; Hays, 1889; Weihlng, 1935; Kiesselbach, 1949)
under field conditions was due to low subsoil temperatures.
However, the limitations Imposed on depth of root penetration
by low soil temperatures and the resulting limitation on the
volume of soil exploited by root systems is probably one reason
for the greater response to row applications of fertilizer
during seasons of cool weather.

Figure 5.

Root development under an increasing temperature
gradient with depth following 7 days incubation
of the rooting medium without a plastic cover,
greenhouse Experiment 3

60b

Figure 5.

Root development under an Increasing temperature
gradient with depth following 7 days incubation
of the rooting medium without a plastic cover,
greenhouse Experiment 3

Figure 6.

Root development under a decreasing temperature
gradient with depth following 7 days incubation
of the rooting medium without a plastic cover,
greenhouse Experiment 3
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Figure 6.

Root development under a decreasing temperature
gradient with depth following 7. days incubation
of the rooting medium without a plastic cover,
greenhouse Experiment 3
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Table 10. The effects of temperature gradients and
incubation, without boxes covered; of the
rooting medium on dry weight of the roots and
tops of corn plants, greenhouse Experiment 3a
Increasing gradient
with depth
Weight I; « )
Roots
Tops

Depth
(inches)

Decreasing gradient
with depth
Weight :*}
I
Tops
Roots

0-1 1/2

0.0396

1 1/2-2 1/2

0.1802

0 0702

2 1/2-3 1/2

0 0727

0.1601

3 1/2-5

0.0891

0.0923

5-7

0.1094

0.0348

7-10

0.1428

0.0158

Total

0.6338

0.3779

aWeights

0.4122

0.0587

0.3042

are the total for two plants grown in each box.

Changing from silica sand as a rooting medium to a sandsoil mixture (Experiment 5) had no effect on the direction of
root growth.

However, incubation of the sand-soil mixture in

boxes under a plastic cover for 7 days before the corn was
planted resulted in a horizontal direction of growth (Experi
ments 2 and 4).

Of interest is the fact that when the plastic

cover was not used (Experiment 3) the horizontal direction of
growth was not obtained.

The primary effect of the plastic

cover should have been that of a retardation of gaseous
exchange between the rooting medium and the atmosphere.

One
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effect of incubation could have been an Increase in the COg
concentration and a decrease in the Og concentration of the
gaseous phase of the rooting medium. If this is true, the
use of the plastic covers would tend to intensify the effect
by retarding diffusion and may have been the cause of the
horizontal direction of growth.
Carbon dioxide concentration in the rooting medium
To study the results obtained in the experiments on
temperature gradients more thoroughly, tests were conducted
In which the COg concentration of the rooting medium was
increased.
Experiment 7

Alfalfa meal as a readily decomposable

organic material was added to a portion of the rooting medium
in one treatment to provide a means of increasing the COg con
centration in the rooting medium.
On exposure of the root systems at 10 days after emer
gence of the plants, the seminal roots of the plant growing in
the sand-soil mixture that was not incubated had grown at an
angle of approximately 25° with the horizontal.
Roots of the plant growing in the silica-sand had grown
at an angle of approximately 40° with the horizontal.
Where the alfalfa meal had been placed in the box, semin
al roots grew horizontally and had penetrated only 1/2 inch
below seed depth at 8 inches from the plant.

Nodal roots were
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at seed level, 2 inch depth, at 4 inches from the plant.
These roots emerged at nodes approximately 1/2 inch below the
soil surface.

However, the radicle in this case grew downward

from the vertically placed kernel.
Incubation of the sand-soil mixture for 7 days before
planting the corn did not give the horizontal growth reported
previously.

Seminal roots were growing at an angle of approxi

mately 25° with the horizontal.

They were at the 4 inch

depth, 2 inches below seed level, at 4 inches from the plant.
The radicle grew straight downward from the vertically placed
kernel.

Nodal roots were growing at an angle of approximately

30° with the horizontal.

At 3 inches from the plant they were

2 inches below the node.
Aeration of the rooting medium after incubation resulted
in a more vertical direction of root growth. In this case
seminal roots were growing at approximately 35° with the hori
zontal compared with 25° where the rooting medium was not
aerated.

Nodal roots were growing at angles of approximately

35° with the horizontal and had penetrated to the 9 Inch depth
at 18 inches from the plant.

The radicle grew straight down

ward from the vertically placed kernel.
Although aerating the sand-soil mixture after incubation
resulted in an increase of approximately 10° In the vertical
direction of root growth, roots growing in the incubated sandsoil mixture that was not aerated during the growth period did
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not grow horizontally as reported previously.
The addition of alfalfa meal to a portion of the rooting
medium In the bottom of the box caused a horizontal direction
of growth of the seminal roots but the direction of growth of
the radicle from the vertically placed kernel did not change
as reported previously.
Experiment 8

Silica sand was used in all four boxes

in this experiment as the rooting medium.

The COg concentra

tion of the medium in two boxes was increased by introducing
COg through copper coils at the base of the medium.
On exposure of the root systems at 10 days after emer
gence of the plants, the main effect of increasing the COg
concentration in the rooting medium was to limit the depth of
root penetration.

Only three radicles and two seminal roots

from the six plants growing in the two boxes receiving the
COg penetrated below the 3 inch depth.
A total of 18 seminal roots and six radicles from the
six plants growing in the two boxes that did not receive COg
penetrated below the 3 Inch depth.

In all cases the roots

were growing at angles of 30° to 40° with the horizontal.
The dry weights of roots given in Table 11 show this
effect of COg on depth of root penetration.

Total dry weight

of the roots and dry weight of the tops were less where the
COg concentration was increased In the rooting medium.
and Van Bavel (1957), working with tobacco, obtained a

Harris

66
Table 11.

The effect of increased COp concentration in the
rooting medium on dry weight of roots and tops,
experiment 8a
With CO g added
Dry weight (g)
Roots
Tops

W1thout CO g
Dry weight (g)
Tops
Roots

0-1

0.0144

0.0161

1-3

0.0590

0.0534

3-4

0.0033

0.0124

4-5

0.0010

0.0068

5-7

0.0001

0.0034

7-9

—

0.0008

Total

0.0778

0.0928

Depth
(inches)

0.3517

0.4435

^Weights are the average of six plants.

decrease in dry weight of roots with an increase in COg con
centration of the gaseous phase of the rooting medium.

How

ever, dry weight of plant tops was not reduced until the COg
concentration exceeded the Og concentration.

Hammond (1950),

working with corn, obtained the same effects from varying the
COg concentration of the gaseous phase of the rooting medium.
He found that dry weight of the tops was not reduced until the
COg concentration exceeded 20 per cent when Og was held at
20 per cent of the gaseous phase.

Root weights, however,

decreased with increasing COg concentration.
Top weights and root weights were less in the boxes
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receiving COg in this experiment. Carbon dioxide levels were
not measured, but the results of the researches discussed
above indicate that the COg concentration likely exceeded
that of Og in the substrate.
Experiment 9

The rate of COg Introduction into the

boxes in this experiment was 1 liter per hour or double that
of Experiment 8. Exposure of the root systems at 1-3 days
after emergence of the plants showed that the increased level
of COg in the rooting medium had limited the depth of root
penetration but did not influence the direction of root
growth.

Where COg was added, very few roots penetrated below

the 3 inch depth, and no roots penetrated below the 4 inch
depth.

Kernels were planted at the 2 inch depth.

Where no

COg was added to the rooting medium the radicle and some of
the seminal and nodal roots from all plants had penetrated to
depths of 8 to 9 inches.
The dry weight of roots with depth given in Table 12
shows the effect of COg on depth of root penetration.

The

effect of increasing the concentration of COg on the total
dry weight of the roots and dry weight of the plant tops was
the same as that in Experiment 8.
The direction of root growth in this experiment was more
vertical than in any of the previous experiments. In all
cases roots were growing at angles ranging from 45° to as
great as 70° with the horizontal.
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Table 12.

The effect of increased COg concentration in the
rooting medium on dry weight of roots and tops,
Experiment 9a
With COg added
Dry weight (g)
Roots
Tops

Without COg
Dr.v weight (gT~
Roots
Tops

0-1

none

0.0168

1-2

0.1458

0.0982

2-3

0.0524

0.0423

3-4

0.0052

0.0446

4-5

none

0.0347

5-7

none

0.0267

7-9

none-

0.0140

0.2034

0.2773

Depth
(inches)

Total

0.7047

0.7572

^Weights are the average for five plants.

Figures 7 and 8 show the direction of root growth
obtained in this experiment and the effect o.f COg on depth of
root penetration.
Comparative Development of Seminal Roots
of Four Single-cross Lines of Corn
Eight plants each of four single cross lines of corn were
grown and the root systems checked for the number of seminal
roots that developed.
Thirteen days after emergence of the plants the rooting

Figure 7. Direction of root growth and depth of root
penetration where COg was not introduced into
the rooting medium, Experiment 3
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Figure 7.

Direction of root growth and depth of root
penetration where COg was not introduced into
the rooting medium, Experiment 3

I

Figure 8. Direction of root growth and depth of root
penetration where COg was introduced into the
rooting medium, Experiment 3

#
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Figure 8. Direction of root growth and depth of root
penetration where COg was introduced into the
rooting medium, Experiment 3
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medium was washed from the boxes and root systems examined.
Tables 13 and 14 give data on the number of roots, root
weights, and top weights.
With the exception of the nodal roots that developed on
single cross WF9 x 38-11, there was considerable variation
in the total number of roots that developed.

No one single

cross was more uniform than another.

Table 13. Root data for four single cross lines of corn
Single
cross

Number of seminal roots
Range
Average

Number of nodal roots
Range
Average

WF9 x Ohio 43

3 to 5

4

4 to 5

4.1

WF9 x B14

4 to 6

4.6

6 to 9

6.5

WF9 x M1H

3 to 6

4.4

3 to 6

4.8

WF9 x 38-11

3 to 5

3.9

5

5

Table 14. Dry weight of roots and tops of four single cross
lines of corn

Single
cross

Dry weight
of roots (mg)
Range
Average

Dry weight
of tops (mg)
Range
Average

WF9 x Ohio 43

502 to 943

688

156 to 230

207

WF9 x B14

643 to 876

745

215 to 260

244

WF9 x M14

545 to 816

687

148 to 195

179

WF9 x 38-11

460 to 1018

731

85 to 317

228
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Dry weight of roots and tops varied considerably.
no one single cross was more uniform than another.

Again,

The two

single crosses WF9 x B14 and WF9 x 38-11 had the heavier root
and top weights.

However, under greenhouse conditions, plants

of these two single crosses grew tall, slender and tended to
have weak stalks.

The single cross WF9 x Ohio 43 had shorter

plants and heavier stalks.

From this standpoint WF9 x Ohio

43 would be a better hybrid to work with under greenhouse con
ditions.
Field Studies of Early Root Development of Corn
Early root development was studied in five experiments
conducted on soils with clay loam, silt loam, and loamy sand
surface soil textures.

Two kernel orientations were used.

In one, the kernel was placed horizontally with the embryo
side of the kernel facing up.

In all cases where this orien

tation was used, the seminal roots grew away from the kernels
in a direction opposite that of the radicle.

This gave an

orientâtion to the radicle-seminal root system which left
little or no root development on the two sides of the kernel.
Figure 9, an overhead view of a plant at 1 week after emer
gence, shows this effect of kernel orientation on direction
of root growth.

This plant, from the root development study

on the Marshall silt loam soil, developed from a kernel placed
horizontally.

The radicle, indicated by the white garden

Figure 9. The effect of seed orientation on direction of
growth of the radicle and seminal roots
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Figure 9. The effect of seed orientation on direction of
growth of the radicle and seminal roots
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label, Is on the lower side of the plant In the photograph.
Three seminal roots, slightly to the right and above the
plant in the photograph, grew in a direction opposite to that
of the radicle.

Other roots in the photograph are nodal roots

that grew from nodes approximately 1 1/2 inches below the
soil surface.
When kernels were placed vertically with the tip point
ing downward, the radicles grew downward in all cases.

Sem

inal roots grew away from the kernel on the embryo side.

An

area on the opposite side of the kernel encompassing and arc
of approximately 230° was devoid of such roots.
Nodal root development had begun before the first date
of exposure of the root systems at 7 days after emergence of
the plants.
At 2 weeks after emergence of the plants, the mesocotyl,
radicle and seminal roots appeared to be healthy and func
tioning.

However, at 4 weeks the mesocotyl, radicle and

seminal roots were dark brown in color and the mesocotyl on
the majority of plants appeared to be disintegrating.

In a

number of cases fungi were observed growing on the mesocotyl
and the remains of the kernel.

This primary root system did

not appear to be functional at 4 weeks.
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Root development
The number of seminal roots that developed per plant
varied from one to five.

However, three roots per plant was

the number that occurred most frequently.

At 1 week after

emergence of the plants, the length of the seminal roots
varied from 4 1/2 to 13 Inches.

Maximum length for seminal

roots could not be determined at 2 and 4 weeks after emergence
because some roots were cut while the hills were being pre
pared for washing out the root systems.

Roots that had not

been broken were as long as 19 inches at 2 and 4 weeks after
emergence of the plants.

In general there did not appear to

be any additional growth of the seminal roots after the
second week.
Radicle lengths at 1 week varied from 6 to 13 Inches.
Again maximum radicle length at 2 and 4 weeks could not be
determined because some were cut when the root systems were
exposed.

However, the longest radicle observed at 2 and 4

weeks was 15 3/4 inches.

In general there did not appear to

be any growth of the radicle after the second week.
The number of nodal roots that had developed at 1 week
after emergence varied from four to eight with four being the
number occurring most frequently.

Lengths at this stage of

growth varied from 1/4 to 8 1/2 inches.
At 2 weeks the number of nodal roots varied from nine
to 16.

Maximum length could not be determined due to broken
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roots, but the longest unbroken root measured was 23 inches
long.
At 4 weeks after emergence, roots had developed at six
to seven nodes on the plants.

Beginning with the first node

at the base of the plant, the number of roots were:

first

node - 3 to 4, second node - 3 to 4, third node - 3 to 4,
fourth node - 3 to 5, fifth node - 5 to 7, sixth node - 8 or
9 and the seventh node on one plant had three roots.

As

with the other roots, maximum length at 2 and 4 weeks could
not be determined because of cut and broken roots.

The

longest unbroken nodal root measured at 4 weeks was 29 inches.
Direction of root growth
Colo clay loam soil

At 1 week after emergence, the

radicles emerging from kernels placed vertically grew down
ward in all cases with little deviation from the vertical for
any plant and had penetrated to depths of 6 to 9 inches.
Where kernels were placed horizontally the radicle grew in1 a
nearly horizontal direction and in no instance was more than
3 inches below seed level at 6 inches from the plant.

At 2

inches from the seed no radicle was more than 1 inch below
seed level.
Seminal roots also grew in a nearly horizontal direction.
Greatest depths of penetration were 1 inch below seed level
at 3 inches from the plant, 2 inches below the seed at
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4 Inches from the plant and 4 1/2 inches below the seed at
8 inches from the plant.

Figure 10 shows the type of root

development obtained at 1 week after emergence of the plants.
The plant on the left grew from a kernel placed vertically.
The radicle grew straight downward below the kernel whereas
the seminal roots grew horizontally away from the kernel on
the embryo side.

One of the seminal roots can be seen on the

top of the rods to the left of the plant at the 3 inch depth.
The plant on the right grew from a kernel placed hori
zontally.

The radicle grew horizontally to the left of the

plant and toward the foreground in the photograph.

One of

the seminal roots growing away from the plant and toward the
background in the photograph can be seen to the right of the
plant at the 3 Inch depth.
Nodal roots that had grown from nodes 1 Inch below the
soil surface are on top of the rods at the 1 1/2 inch depth.
These roots, varying in length from 1/2 to 4 1/2 Inches, were
too short at this stage of the plant development to determine
the direction of growth.
Exposure of the root systems at 3 weeks after emergence
of the plants showed the direction of growth for the nodal
roots to be at angles of 20° to 30° with the horizontal.

At

5 Inches from the plant these roots were at the 3 inch depth,
and at 12 inches they were at the 5 inch depth. Development
of the root system at this stage of growth is shown In Figure

11.

I

Figure 10.

Development of the corn root system in a Colo
clay loam soil at 1 week after emergence of
the plants
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Figure 10. Development of the corn root system in a Colo
clay loam soil at 1 week after emergence of
the plants

Figure 11. Development of the corn root system in a Colo
clay loam soil at 3 weeks after emergence of
the plants

79b

Figure 11. Development of the corn root system in a Colo
clay loam soil at 3 weeks after emergence of
the plants
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At 6 weeks* nodal roots had developed at six nodes*
Roots from the first node were no larger than those of plants
at 2 weeks.

Roots from the second and third nodes appeared

to be developing most rapidly while those from the fourth and
fifth nodes were just beginning to proliferate.

Roots from

the sixth node varied in length from 1/4 to 2 1/4 inches.
This suggests a stepwise development of the nodal root system
similar to that reported by Hanway (1962) for the above ground
portions of the plant. Direction of growth of these roots
was 30° to 45° with the horizontal.

Some had penetrated to

the 9 Inch depth at 18 inches from the plant.

Figures 12 and

13 show the type of root system observed at this stage of
growth.
Edlna silt loam and Marshall silt loam soils

Direc

tion of root growth in these two soils was the.same, and
results will be combined for discussion.
Exposure of the root systems at 1 week after emergence
of the plants showed the radicle of kernels placed vertically
had grown essentially straight downward from the kernel and
had penetrated to depths of 8 to 9 inches below the soil
surface.

The radicles of kernels placed horizontally were

growing at angles of 20° to 40° with the horizontal.

Radicles

In this instance had grown to distances of 7 1/4 to 12 Inches
from the plant and had penetrated to depths of 7 to 9 inches.
Seminal roots at 1 week were observed to be growing at

Figure 12. Development of the corn root system in a Colo
clay loam soil at 6 weeks after emergence of
the plants, frontal view
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Figure 12. Development of the corn root system in a Colo
clay loam soil at 6 weeks after emergence of
the plants, frontal view

Figure 13. Development of the corn root system In a Colo
clay loam soil at 6 weeks after emergence of
the plants, overhead view

I

82b

Figure 13.

Development of the corn root system in a Colo
clay loam soil at 6 weeks after emergence of
the plants, overhead view
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angles of 20° to 45° with the horizontal. Distance of growth
from the plant of the seminal roots varied from 6 1/2 to 12
inches and depth of penetration varied from 6 to 9 inches
below the soil surface.
Nodal roots at this stage of development varied in number
from four to 10 and in length from 1/8 to 8 1/2 inches.

The

direction of growth varied from 25° to 45° with the hori
zontal.

The greatest depth of penetration for these roots

was 5 inches and greatest distances of growth from the plant
was 6 1/2 inches.
Figure 14 shows the pattern of root development found
in these soils at 1 week after emergence of the plants.
Root systems growing in the Edina silt loam were exposed
at 2 weeks and in the Marshall silt loam at 17 days after
emergence of the plants.

The direction of growth of the

radicle, seminal and nodal roots was the same as that found
for plants at 1 week after emergence.

>

At this stage of development, maximum distance of growth
of the roots from the plant and maximum depth of penetration
could not be determined because all three types of roots
were cut during exposure of the root systems. However, max
imum distance of growth from the plant for radicles that were
not cut was 12 inches and maximum depth of penetration was
9 inches.
For seminal roots that were not cut, maximum distance of

Figure 14. Development of the corn root system in a Marshall
silt loam soil at 1 week after emergence of the
plants
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Figure 14. Development of the corn root system In a Marshall
silt loam soil at 1 week after emergence of the
plants
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growth from the plant was 17 inches and maximum depth of pene
tration was 9 Inches. For nodal roots the maximum distance
of growth was 22 inches and maximum penetration was 11 inches.
Figures 15 and 16 show the type of root development observed
for these soils at 17 days after emergence.
Root systems were exposed at 4 weeks after émergence of
the plants on the Edina silt loam soil and 5 weeks after
emergence on the Marshall silt loam.

The direction of growth

of the radicles, seminal roots and nodal roots from the first
four nodes were the same as described above.

However, roots

from the fifth, sixth, and seventh nodes were growing at
angles of 60° to 80° with the horizontal.
Maximum distance of growth from the plant and maximum
depth of penetration for radicles and seminal roots that were
not cut were no greater than they were at 2 weeks.

When

development of these roots is compared with those of plants
exposed at 2 weeks, there appeared to be very little addi
tional growth.
Figures 17 and 18 show the type of root development at
this stage of growth.
O'Nell loam sand soil
this soil in 1960 and 1961.

Experiments were conducted on
Results obtained for the two

years were the same and will be combined for discussion.
At 1 week after emergence, exposure of root systems
showed the direction of growth of the radicles of kernels

Figure 15. Development of the corn root system in a Marshall
silt loam soil at 17 days after emergence of the
plants, frontal view
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Figure 15. Development of the corn root system in a Marshall
silt loam soil at 17 days after emergence of the
plants, frontal view

Figure 16.

Development of the corn root system in a Marshall
silt loam soil at 17 days after emergence of the
plants, overhead view

Figure 16. Development of the corn root system in a Marshall
silt loam soil at 17 days after emergence of the
plants, overhead view

Figure 17.

Development of the corn root system in an Edina
silt loam soil at 4 weeks after emergence of
the plants, frontal view

I

Figure 17. Development of the corn root system In an Edlna
silt loam soil at 4 weeks after emergence of
the plants, frontal view

Figure 18.

Development of the corn root system in an Edina
silt loam soil at 4 weeks after emergence of
the plants, overhead view
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Figure 18. Development of the corn root system in an Edlna
silt loam soil at 4 weeks after emergence of
the plants, overhead view
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placed vertically varied from vertical to 30° with the verti
cal.

Depth of greatest penetration was 9 inches.

The rad

icles of kernels placed horizontally were growing at angles
of 25° to 45° with the horizontal.

Greatest distance of

growth of the radicles from these plants was 6 Inches and the
greatest depth of penetration was 9 inches.
At 1 week the number of nodal roots varied from four to
eight and the lengths varied from 1/4 to 8 inches.

The direc

tion of growth of these roots varied from 20° to 45° with
the horizontal.

Figures 19 and 20 show the type of root

development obtained at this stage of development.

For pur

poses of photographing the root system, rods that were not
supporting roots were removed.
In Figures 19 and 20 the plant on the left grew from a
kernel placed horizontally.

The garden label to the left

on the lowest layer of steel rods is pointing to the radicle
of this plant.

It has grown toward the foreground, as shown

in Figure 19, at an angle of approximately 45° with the hori
zontal. One seminal root grew to the left of the kernel and
three grew In a direction opposite that of the radicle.

Four

nodal roots emerged at nodes approximately 1 Inch below the
soil surface.
The plant on the right in Figures 19 and 20 grew from a
kernel placed vertically.

The radicle, pointed to by the

garden label on the right, grew at an angle of approximately

Figure 19. Development of the corn root system in an O'Keil
loamy sand soil at 1 week after emergence of the
plants, frontal view
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Figure 19. Development of the corn root system in an 0'Nell
loamy sand soil at 1 week after emergence of the
plants, frontal view

t

Figure 20.

Development of the corn root system in an O'Keil
loamy sand.soil at 1 week after emergence of the
plants, overhead view
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Figure 20.

Development of the corn root system in an O'Nell
loamy sand soil at 1 week after emergence of the
plants, overhead view
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30° with the vertical.

Three seminal roots grew away from

the kernel to the right.

Four nodal roots emerged at nodes

approximately 1 inch below the soil surface.
The effect of seed orientation on direction of root
growth can be seen in Figure 20.

With the exception of one

seminal root, the radicle and seminal roots of the plant on
the left (horizontally placed kernel) had grown in opposite
directions. Seminal roots of the plant on the right (ver
tically placed kernel) had grown to the right of the plant.
At 2 weeks after emergence, direction of growth of the
radicles, seminal roots and nodal roots was the same as that
found for root systems exposed at 1 week.

Maximum depth of

penetration and distance of growth could not be determined.
However, the greatest lateral distance of growth from the
plant for radicles before they were cut at the 9 inch depth
was 8 inches.

For seminal roots the greatest distance was

12 1/2 inches at the 9 inch depth.
Nodal roots varied in number from 10 to 14 and had grown
to lateral distances of 8 1/2 to 11 1/2 inches from the plant
at the 9 inch depth.
Figures 21 and 22 show the type of root system that had
developed at 2 weeks after emergence.

In these two photo

graphs, garden labels point to the radicles of the plants.
It is difficult to distinguish the radicle and seminal roots
at this stage of development which illustrates the small part

Figure 21. Development of the corn root system in an O'Nell
loamy sand soil at 2 weeks after emergence of
the plants, frontal view

Figure 21. Development of the corn root system in an O'Neil
loamy sand soil at 2 weeks after emergence of
the plants, frontal view

Figure 22.

Development of the corn root system in an O'Neil
loamy sand soil at 2 weeks after emergence of
the plants, overhead view

Figure 22. Development of the corn root system in an O'Nell
loamy sand soil at 2 weeks after emergence of
the plants, overhead view
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these roots make up of the total root system.
At 4 weeks after emergence, nodal roots had developed
extensively and were cut on all four sides and underneath when
the root systems were prepared for excavation. The number of
these roots varied from 18 to 23 and had developed at six to
seven nodes at the base of the plant. Direction of growth
of these roots was the same as for those exposed at earlier
dates.

The only difference being that roots which had devel

oped at the fifth through the seventh nodes were growing at
angles of 45° to 6(P with the horizontal.
The radicle and seminal roots of these plants were no
longer than those of plants at 2 weeks after emergence.

Dis

integration of the mesocotyl and the dark brown color of
these roots indicate that this part of the root system was
probably not functioning at 4 weeks.
Figures 23 and 24 show the type of root system developed
at 4 weeks after emergence.

The root system of one plant was

broken down to show the development of roots at various nodes
of the plant and is shown in Figure 25.

Numbers in the photo

graph are the number of the

nodes on the plant beginning with

the first node at the base.

The radicle and seminal roots

are shown just to the left of the roots from the first node.
The rule, shown between the roots from the third and fourth
nodes, is 12 inches long.
This photograph further illustrates the stepwise develop-

Figure 23. Development of the corn root system in an O'Neil
loamy sand soil at 4 weeks after emergence of
the plants, frontal view

Figure 23. Development of the corn root system in an O'Neil
loamy sand soil at 4 weeks after emergence of
the plants, frontal vler

Figure 24. Development of the corn root system in an O'Keil
loamy sand soil at 4 weeks after emergence of
the plants, overhead view
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Figure 24. Development of the corn root system in an O'Neil
loamy sand soil at 4 weeks after emergence of
the plants, overhead view

I

I

Figure 25.

Make-up of the corn root system at 4 weeks after
emergence of the plant
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Figure 25. Make-up of the corn root system at 4 weeks after
emergence of the plant
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ment of the nodal root system mentioned earlier.

Roots from

the first node were no larger than those of root systems
exposed at 2 weeks.

Roots from nodes 2 and 3 appeared to be

actively elongating and proliferating whereas those from nodes
4 and 5 had just begun to proliferate.

Roots from nodes 6 and

7 showed no proliferation, had actually emerged above ground
level and had more of the characteristics of brace roots.
General discussion
The results obtained in the studies on the Edlna silt
loam and Marshall silt loam soils agree in general with those
obtained by King (1893a, 1893b), Hays (1889), Weaver (1922,
1926), Kiesselbach (1949) and Foth (1962)•

These workers

report observations that indicate the direction of growth of
the radicles, seminal roots and first nodal roots were grow
ing at angles of about 20° to 40° with the horizontal. For
example, Kiesselbach reports that radicle and seminal roots
had extended laterally for a distance of 18 Inches and pene
trated to a depth of 8 inches at 2 weeks after emergence of
the plants.

Foth (1962) found that roots had extended later

ally for 9 inches and penetrated to a depth of 9 inches at
23 days after planting of the corn.
The results do not agree with those of Foth (May, 1963)
where he reports results for the radicle, seminal roots and
the first four nodal roots of the plant.

He shows the
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direction of growth for seminal roots and the first four nodal
roots to be from 45" to 90" with the horizontal.

The vertical

direction of growth in these studies was never this great
even on the sand where the most vertical direction of growth
occurred. It Is believed the results obtained by Foth (May,
1963) are due to the method used in growing the plants and
do not reflect the direction of growth that would be obtained
under field conditions.
The direction of growth for the radicle and seminal roots
In the Colo clay loam soil was more horizontal in direction
than that reported in any of the work cited with the excep
tion of Millar (1930). He reported that the radicle and
seminal roots had penetrated to only the 2 1/2 inch depth at
9 inches from the plant In a muck soil.

The direction of

growth for the nodal roots in his study was quite similar to
that reported by the workers cited previously.
The direction of root growth in the O'Neil loamy sand
for seminal roots, nodal roots and the radicle of kernels
placed horizontally was more vertical in direction of growth
than that of any of the work cited previously.
The results of these studies agree with those reported
by Millar (1930) in that he found the direction of root growth
to be associated with soil texture-

He found the direction

of growth to be more vertical in a loamy sand soil and more
horizontal in direction in a muck soil.

In his study, the
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direction of growth in a sandy loam and loam soil was inter
mediate.
In these studies the most horizontal direction of growth
for the radicle and seminal roots was obtained on the clay
loam soil and the most vertical direction on the loamy sand
soil.

The direction of growth on the silt loam soils was

intermediate.

The direction of root growth in these soils

is summarized in Table 15.

Table 15.

Variation in direction of growth of roots In
soils with different surface soil textures

Type of
roots

Direction of growth ( from the horizontal)
Colo
Marshall and
O'Neil
clay loam
Edlna silt loam
loamy sand

Radicle (hori
zontally placed
kernels)

0 to 25°

20° to 40°

25° to 45°

Seminal
(all kernels)

0 to 29°

20° to 45°

30° to 45°

Nodal (1st to
4th nodes)

20° to 30°

25° to 45°

30° to 45°

Nodal (5th to
7th nodes)

30° to 45°

60° to 80°

45° to 60°

Throughout the greenhouse and field studies the direction
of growth was observed to be most vertical in rooting mediums
with a sandy texture.

Comparison of Figure 7 with Figure 5

of the greenhouse studies will illustrate this. Sand was used
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as the rooting medium in the study from which Figure 7 was
taken and a sand-soil mixture in the study from which Figure
5 was taken.
Greenhouse and Field Studies of the Effects of
Seed Orientation and Fertilizer Placement
on the Early Growth Response of Corn
Greenhouse experiment 10
Description of the seed orientations used in this experi
ment are given in Table 4.

Complete data for this experiment

are given in Tables 33 through 45 of the Appendix.
Plant height

Analysis of plant height measurements,

taken with leaves extended at 4 days after emergence of the
plants, showed no effect of fertilizer placement on plant
heights, but seed orientation did have an effect.

Therefore,

plant height measurements given In Table 16 were averaged
over fertilizer placements for each seed orientation.
Orthogonal comparisons of seed orientations showed
plants developing from kernels placed with the long axis hori
zontal (orientation numbers 1, 2, 3, 5, 6, 7, 13, 14, 15 and
16) to be taller than plants developing from kernels placed
with the long axis vertical (orientation numbers 4, 8, 9,
10, 11 and 12).

Within kernels placed with the long axis

vertical, plants developing from kernels placed with the
radicle pointing downward (orientation numbers 9, 10 and 11)
were taller than plants developing from kernels placed with
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Table 16.

The effect of seed orientation on plant height at
4 days after emergence of the plants, greenhouse
Experiment 10

Orientation
number

Long axis of
kernel placed

Radicle
pointing

Plant
height (cm.)

1

Horizontally

Horizontally
toward band

24.9

5

Horizontally

Horizontally
toward band

24.6

13

Horizontally

Horizontally
toward band

24.0

2

Horizontally

Horizontally
away from band

25.4

6

Horizontally

Horizontally
away from band

24.3

14

Horizontally

Horizontally
away from band

23.7

3

Horizontally

Parallel
with band

23.3

7

Horizontally

Parallel
with band

24.5

15

Horizontally

Parallel
with band

23.3

16

Horizontally

Parallel
with band

23.2

4

Vertically

Upward

22.6

8

Vertically

Upward

20 7

12

Vertically

Upward

22.5

9

Vertically

Downward

23.3

10

Vertically

Downward

23.5

11

Vertically

Downward

23.8
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the radicle pointing upward (orientation numbers 4, 8 and 12).
Emergence of plants from kernels placed in the latter position
was delayed by 1 day.

This is the probable explanation for

the observed effect of seed orientation on plant height.
At 7 days after emergence, the effect of seed orienta
tion had disappeared and neither fertilizer placement or
seed orientation had an effect on plant height.

Plant heights

given in Table 17 were averaged over fertilizer placements
for seed orientations and over seed orientations for the two
fertilizer placements.
At 17 days after emergence, analyses of plant height data
showed no effect of seed orientation on plant height.
ever, fertilizer placement had an effect.

How

The average height

of plants where fertilizer was placed at seed level was 17.4
centimeters greater than for plants where fertilizer was
placed 2 inches below seed level as shown in Table 18.
Dry weight of plant tops

Analyses of the data on dry

weights of the plant tops harvested at 18 days after emergence
of the plants showed no effect of seed orientation on dry
weight.

However, fertilizer placement did have an effect.

The data in Table 19 show that average dry weight of plant
tops where fertilizer was placed at seed level was 1.25 grams
heavier than for plants where the fertilizer was placed 2
inches below seed level.
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Table 17.

The effect of seed orientation and fertilizer
placement on plant height at 7 days after
emergence of the plants, greenhouse Experiment 10

Orientation
number

Plant
height (cm.)

1

39.4

2

40.1

3

Fertilizer
placementa

Plant
height (cm.)

At seed level

38.9

38.7

2 inches below

37.1

4

37.1

seed level

5

38.8

6

38.6

7

39.2

8

34.6

9

37.5

10

37.6

11

36.4

12

37.8

13

38.3

14

37.2

15

38.3

16

37.9

aAll

fertilizer bands were placed 2 inches to one side
of the seed.
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Table 18. The effect of fertilizer placement on plant height
at 17 days after emergence of the plants,
greenhouse Experiment 10
Plant height (cm.)

Fertilizer placement
At seed level

83.8

2 inches below seed level

66.4

Table 19.

The effect of fertilizer placement on dry weight
of the plant tops at 18 days after emergence of
the plants, greenhouse Experiment 10
Dry weight of tops
(grams per plant)

Fertilizer placement
At seed level

2.46

2 inches below seed level

1.21

Chemical composition of plant tops

Analyses of the

data on nitrogen and potassium content of the plane tops
showed no differences due to either seed orientation or fer
tilizer placement.

These data are given in Tables 20 and 21.

Data for seed orientations were averaged over fertilizer
placements, and data for fertilizer placements were averaged
over seed orientations.
Analyses of the data on phosphorus content showed an
effect of fertilizer placement on phosphorus content but no
effect of seed orientation.

The average phosphorus content
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Table 20.

The effect of seed orientation and fertilizer
placement on nitrogen content of the plant tops
at 18 days after emergence, greenhouse Experiment
10

Orientation
number

Per cent
nitrogen

1

4.05

2

4.12

3

Fertilizer
placement

Per cent
nitrogen

At seed level

4.38

4.01

2 inches below

3.78

4

4.03

seed level

5

.3.94

6

3.99 .

7

4.25

8

4.28

9

3.95

10

3.89

11

4.07

12

4.28

13

4.11

14

3.88

15

4.17

16

4.28
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Table 21.

The effect of seed orientation and fertilizer
placement on potassium content of plant tops at
18 days after emergence, greenhouse Experiment 10

Seed
orientation

Per cent
potassium

1

5.09

2

5.21

3

Fertilizer
placements

Per cent
potassium

At seed level

5.28

5.08

2 Inches below

4.72

4

5.13

seed level

5

4.89

6

4.85

7

4.81

8

5.01

9

4.96

10

5.02

11

5.09

12

5.23

13

4.86

14

4.62

15

4.98

16

5.17
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of plants where fertilizer was pieced at seed level was 0.38
per cent and of plants where fertilizer was placed 2 inches
below seed level it was 0.23 per cent.

The effect of ferti

lizer placement on phosphorus content of the plant tops is
shown in Table 22.

Table 22.

The effect of fertilizer placement on phosphorus
content of plant tops at 18 days after emergence,
greenhouse Experiment 10

Fertilizer placement

Phosphorus content
(per cent)

0.38
0.23

At seed level
2 inches below seed level

Calculation of the correlation of nitrogen, phosphorus
and potassium contents with dry weight indicated that in
creased phosphorus content of the plants is the probable ex
planation of the increased dry weight of plant tops.

The

correlation coefficients are given in Table 23.
Root growth into the fertilizer band

After the plant

tops were harvested, root systems were exposed and notes taken
on the kind and number of roots that had grown into the ferti
lizer band. Duncan and Ohlrogge (1958) have shown that root
growth into a fertilizer band results in increased root pro
liferation.

Therefore, in this study increased proliferation
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Table 23.

Element

Correlation of nitrogen, phosphorus and potassium
content with dry- weight of plant tops, greenhouse
Experiment 10
Correlation
coefficient

Calculated
t value

Nitrogen

0.558

4.52

phosphorus

0.739

4.83

Potassium

0.511

4.40

*.01
(94 degrees of freedom)
2*630

was used as an indication of the growth of roots into the
band •
Where fertilizer was placed at seed level, considerably
more roots had grown into the band than where fertilizer was
placed 2 inches below seed level.
Nineteen plants out of the total of 48, where fertilizer
was placed 2 inches to one side and 2 inches below seed level,
had no roots in the fertilizer band.

All the plants, where

fertilizer was placed 2 inches to one side and at seed level,
had roots in the band.
Seed orientation and fertilizer placement had an effect
on the number and type of roots that grew into the band.
Where kernels were placed with radicles pointing horizontally
toward the fertilizer band (seed orientations 1, 5 and 13)
only three of the 12 plants had radicles in the band when the
fertilizer was placed 2 Inches below seed level.

In this
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case most of the radicles grew above the band.
lizer- was placed at seed level, all

I'd

When ferti

of these plants had

radicles in the band.
Where kernels were placed so the direction of seminal
root growth would be toward the band (seed orientations 2, 4,
6, 9, 14 and 15), only 12 out of the total of 24 plants had
these roots in the band when fertilizer was placed 2 inches
below seed level.

When fertilizer was placed at seed level,

22 out of the 24 plants had seminal roots in the band.

Placing the embryo side of the kernel upward or downward
appeared to have no effect on the number of plants with roots
in the band.
Fertilizer placement also hsd an effect on the number of
nodal roots in the band.

When fertilizer was placed 2 inches

below seed level, only 20 out of a total of 64 plants had
nodal roots in the band whereas 59 out of the 64 plants had
nodal roots in the band when the fertilizer was placed at
seed level.
Data given in Tables 24 and 25 show these effects of seed
orientation and fertilizer placement on the number of plants
with roots that had grown into the fertilizer band.
Seed orientation, to a considerable extent, determined
the type of roots that grew into the fertilizer band.

The

datg in Table 25 show that kernel orientation determined
whether radicle or seminal roots grew into the band (orienta-
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Table 24.

The effect of seed orientation and placement of
the fertilizer band at 2 inches to one side and
2 inches below seed level on the number of plants
with roots that grew into the band at 18 days
after emergence, greenhouse Experiment 10

Orientation
number

Total
plants

1

4

5

4

13

4

0

0

2

2

4

0

2

1

6

4

. 0

3

1

14

4

0

3

4

0

1

2

7

4

0

2

2

15

4

1

3

1

16

4

0

1

0

4

4

0

1

0

8

4

1

3

1

12

4

1

2

2

9

4

0

1

0

10

4

0

1

•4

11

_4

_0

_0

_2

64

6

23

20

Totals

Number of plants with roots in band
Radicle Seminal roots Nodal roots
2

0

11

1
1

0
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Table 25.

The effect of seed orientation and placement of
the fertilizer band 2 inches to one side and at
seed level on the number of plants with roots
that grew into the band at 18 days after
emergence, greenhouse Experiment 10

Orientation
number

Total
plants

Number of plants with roots in band
Radicle Seminal roots Nodal roots

1

4

4

0

3

5

4

4

0

3

13

4

4

0

4

2

4

0

4

4

6

4

0

4

3

14

4

0

4

4

3

4

1

3

3

7

4

0

3

4

15

4

1

3

4

16

4

14

4

4

4

14

4

8

4

13

4

12

4

13

4

9

4

0

3

4

10

4

0

2

3

11

_4

_0

_4

_4

Totals

64

18

44

59
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tlons 1, 5 and 6 vs. 2, 6 and 14).
when the kernels are placed with the long axis parallel
with the fertilizer band, orientations 3, 7, 15 and 16, more
plants had seminal roots than radicles in the band.

In the

majority of cases these seminal roots had grown into the band
at some distance from the plant.

If hill dropped fertilizer

placement had been used rather than continuous band, even
fewer roots would likely have grown in the fertilizer.
This same effect of hill dropped versus continuous band
placement would have applied to the number of nodal roots that
grew into the fertilizer.

In practically all cases, particu

larly where fertilizer was placed 2 inches to one side and 2
inches below seed level, nodal roots grew into the band at
some distance from the plant rather than immediately adjacent
to the plant.

For this reason, fewer nodal roots would have

grown into the band had the hill dropped placement been used.
As pointed out in an earlier discussion of data from this
experiment, phosphorus content was more highly correlated with
dry weight of the plant tops than were nitrogen or potassium
contents.

A comparison of the phosphorus content of the plant

with the type of roots in the band, given in Table 26, shows
a higher phosphorus content when only the radicle was in the
band than when only seminal or nodal roots were in the band.
This could be due to either an earlier penetration of the
band by the radicle, because it is the first root of the plant
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Table 26.

The effect of type of roots In the fertilizer
band on phosphorus uptake by the plant at 18 deys
after emergence, greenhouse Experiment 10

Type of roots
In the band

Phosphorus content
(per cent)

None

.15

Radicle

.32

Seminal

.22

Nodal

.22

Radicle + seminal

.39

Radicle + nodal

.37

Seminal + nodal

.36

Radicle + seminal + nodal

.40

Branch roots from either
radicle, seminal or nodal

.22

to emerge, or a greater uptake of phosphorus by this root.
Combinations of either the radicle and seminal, radicle
and nodal, seminal and nodal or all three types of roots
growing into the band resulted in greater phosphorus uptake
than did the occurrence of any one type alone in the band.
Field Experiment 6
Seed orientations used In this experiment are given in
Table 5.

Complete data for this experiment are given in

Tables 46 through 58 of the Appendix.
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Plant height

Analyses of plant heights taken at 7

days after emergence of the plants showed no effect of seed
orientation on plant height but fertilizer placement had sn
effect.

Orthogonal comparisons of placement means showed that

plants in plots receiving fertilizer were taller than those
in plots receiving no fertilizer.

Within fertilizer place

ments, comparisons showed plants to be taller where fertilizer
was placed 1 inch above seed level or at seed level than where
fertilizer was placed at 2 or 4 inches below seed level.

Also,

plants were taller where fertilizer was placed 1 inch above
seed level than at seed level.

In a similar manner, placing

fertilizer 4 inches below seed level gave taller plants than
placing it at 2 inches below seed level.

These effects of

fertilizer placement on plant height at 7 days after emergence
of the plants are shown in Table 27.

Table 27.

The effects of fertilizer placement on plant
height at 7 days after emergence of the plants,
field Experiment 6

Fertilizer placement3.

Plant height, cm.

1 inch above seed level

19.1

At seed level

18.8

2 inches below seed level

17.9

4 inches below seed level

18.4

None

17.5
aAll

fertilizer bands were placed 2 inches to one side
of the seed.

118
At 23 days after emergence, both fertilizer placement and
seed orientation had an effect on plant height.

Again, plants

that were fertilized were taller than those in the check
plots.

Also, placing the fertilizer at 1 inch above or at

seed level gave taller plants than placing it at 2 or 4 inches
below seed level.

There was no difference in plant heights

when fertilizer was placed at 1 inch above or at seed level and
no difference when it was placed at 2 or 4 inches below seed
level.

These effects of fertilizer placement on plant height

are shown in Table 28.

Table 28.

The effects of fertilizer placement on plant
height at 23 days after emergence of the plants,
field Experiment 6

Fertilizer placement

Plant height, cm.

1 inch above seed level

72.0

At seed level

71.2

2 inches below seed level

66.2

4 inches below seed level

67.1

None

62.6

Orthogonal comparisons within orientations showed that
where kernels were placed on the side with radicles oriented
toward the fertilizer bands, orientations 1 and 3, plants
were not as tall as where the kernel was placed on edge with
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radicles oriented toward the band, orientation 7. Placing th
kernel on edge may have made it possible for more seminal
roots to grow into the bands causing the increased plant
growth observed in orientation 7.
No other comparisons showed any difference due to seed
orientations.
in Table 29.

These effects of seed orientations are shown
At 37 days after emergence of the plants both

fertilizer placement and seed orientations had an effect on
plant growth.

Table 29.

Orthogonal comparisons within fertilizer place

The effects of seed orientations on plant height
at 23 days after emergence of the plants, field
Experiment 6

Seed
orientation
number

Kernel
placed

Radicle
oriented

Plant
height
(cm.)

1

Horizontally

Toward the band

68.7

2

Horizontally

Parallel with
the band

66.5

3

Horizontally

Toward the band

66.4

4

Horizontally

Parallel with
the band

67.1

5

Vertically

Downward

66.2

6

Vertically

Downward

68.4

7

On edge

Toward the band

70.4

8

On edge

Parallel with
the band

69.0
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ments showed plants In the fertilized plots to be taller than
those in the unfertilized plots.

Also, plants, where ferti

lizer was placed 1 inch above seed level or at seed level,
were taller than those where fertilizer was placed at 2 or 4
inches below seed level.

The effect of placement on plant

height is shown in Table 30.

Table 30.

The effects of fertilizer placement on plant
heights at 37 days after emergence of the
plants, field Experiment 6

Fertilizer placement

Plant height, cm.

1 inch above seed level

147.1

At seed level

150.1

2 inches below seed level

145.2

4 inches below seed level

144.0

None

139.0

No other comparisons within fertilizer placements showed
differences.
Orthogonal comparisons within seed orientations showed
plants developing from kernels oriented with the radicle
toward the fertilizer band to be taller than plants developing
from kernels oriented with the radicle parallel with the
band, orientation numoers 1, 3 and 7 versus 2, 4 and 8.

Also,

plants developing from kernels placed on edge with the radicle
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pointing horizontally toward the band, orientation 7, were
taller than those developing from kernels placed flat with
the radicle pointing horizontally toward the band, orienta
tions 1 and 3.
plant height.

No other comparisons showed differences in
These effects of seed orientation on plant

height are shown in Table 31.

Table 31.

The effect of seed orientation on plant height
at 37 days after emergence of the plants, field
Experiment 6

Seed orientation

Plant height, cm.

1

146.5

2

142.2

3

144.3

4

144.4

5

143.6

6

144.7

7

149.3

8

145.7

Dry weight of tops

Analyses of the dry weight of tops

showed no effect of orientation on dry weight.
fertilizer placement did have an effect.

However,

Orthogonal compari

sons showed the dry weight of plants from plots receiving
fertilizer to be heavier than plants from plots receiving no
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fertilizer.

Comparisons of dry weights within fertilizer

placements showed the dry weight of plant tops from plots
where fertilizer was placed 1 inch above seed level or at seed
level were greater than where the fertilizer was placed at 2
or 4 inches below seed level.
differences.

No other comparisons showed

These effects of fertilizer placement on dry

weight of the plant tops are shown in Table 32.

Table 32.

The effects of fertilizer placement on dry weight
of plant tops at 45 days after emergence of the
plants, field Experiment 6

Fertilizer placement

Dry weight of tops
(grams per plant)

1 inch above seed level

89.0

At seed level

89.9

2 inches below seed level

87.5

4 inches below seed level

85.0

None

79.5

General discussion
Seed orientation

In the greenhouse experiment seed

orientation had an effect on plant height only at 4 days after
emergence of the plants.

This was due to the delayed emer

gence of plants from kernels placed with the long axis in a
vertical position and the radicle pointing upward.

At 7 and
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17 days after emergence no effect of seed orientation on plant
height was observed.
Seed orientation had an effect on the kind of roots that
grew into the fertilizer band.

For example, no radicles grew

into the band when the kernel was placed with the long axis
horizontal and the radicle pointing away from the band (ori
entations 2, 6 and 14 in Tables 24 and 25}.
The kind of root that grew into the band had an influence
on phosphorus uptake by the plant.

Where only the radicle,

seminal or nodal roots grew into the band, the highest phos
phorus content in the plant tops occurred in those plants
with only the radicle in the band (Table 26).
In the field experiment an effect of seed orientation on
plant height was observed at 23 and 37 days after emergence
I

of the plants but not at 7 days.

Orthogonal comparisons of

orientation means showed this effect to be due primarily to
orientation number 7 where the kernel was placed on edge with
the long axis horizontal and the radicle pointing horizontally
toward the fertilizer band.

One possible explanation for this

would be growth of more seminal roots into the band due to
the orientation effect on direction of root growth.

However,

this is the same as orientation 13 used in the greenhouse
experiment, and data given in Tables 23 and 24 show none of
the plants from this orientation had seminal roots in the
band.
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Although the reason for greater growth of plants for
orientation ? is not known, results of the greenhouse experi
ment show that there is enough variability in direction of
root growth to have made It possible for plants in orientation
7 to have more roots in the fertilizer band resulting in more
rapid growth.
The fact that seed orientation does have an effect on
direction of root growth was shown in examination of root
systems in the greenhouse experiment and as observed in the
field studies on development of corn root systems.

However,

the possible reason for failure of these orientation effects .
to be expressed in top growth was the growth of nodal roots
into the fertilizer band.

Direction of growth of these roots

is not influenced by seed orientation.
Fertilizer placement

Previous work on fertilizer

placement has shown that placing the fertilizer close to the
seed will result in greater nutrient uptake and early plant
growth provided the fertilizer is not placed close enough to
cause seedling injury.

Results of these two experiments indi

cate these effects are due to the growth of more roots into
the fertilizer band.
Although placing the fertilizer 2 inches to one side and
at seed level is only 0.8 inch closer to the seed than placing
it 2 inches to one side and 2 inches below the seed, the re
sults were greater top growth, greater phosphorus uptake, more
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roots per plant In the band and more total plants with roots
in the band. 'This effect of seed-level placement of the
fertilizer band Is more one of placing it in the path of root
growth rather than placing it closer to the seed.

At later

stages of growth where the number of roots per plant is large,
fertilizer placement with respect to the seed would be less
important. However, where there is an interest in obtaining
an early growth response to applied fertilizers, placing the
fertilizer band at seed level would be more desirable than
placing it below seed level.
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SUMMARY AND CONCLUSIONS
The Investigations described in this manuscript involved
several greenhouse and field experiments conducted at Ames,
Iowa and outlying areas over a 3 year period.

The objectives

of the greenhouse studies were to investigate a) the effects
of temperature gradients in the rooting medium on direction of
root growth, b) the effects of increased carbon dioxide con
centration in the rooting medium on direction of root growth
and c) the effects of seed orientation and banded fertilizer
placement on the early growth response of corn.
In the field investigations, early corn root development
in soils with clay loam, silt loam and loamy sand surface
soil textures was studied as well as the effects of seed
orientation and fertilizer placement on early growth response
of corn.
Temperature Gradients in the Rooting Medium
Some of the previous workers who found a horizontal
direction of root growth for corn during the early stages of
growth thought the cause of this may have been low subsoil
temperatures.

In the studies reported here it was found that

temperature gradients decreasing from 68.0 Fahrenheit at the
2 inch depth to 57.2° at the 8 inch depth in the rooting
medium or increasing from 69.8° at the 2 inch depth to 80.6°
at the 8 inch depth had no effect on direction of root growth.
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In the case of a decreasing temperature gradient with depth,
it was found that very little root penetration or root pro
liferation took place below the 6 inch depth where the temper
ature was approximately 60° Fahrenheit.
It is concluded that low subsoil temperatures are not
the cause of the horizontal direction of root growth as re
ported by earlier workers.

Less root development, as evi

denced by a lower dry weight of the roots, and exploitation of
a smaller volume of the rooting medium due to the limitation
of root penetration are probable causes of less top growth
where the temperature decreased with depth.
Carbon Dioxide Concentration in the Rooting Medium
Incubation of the rooting medium under a plastic cover
before planting the corn in the temperature gradient studies
caused a more horizontal direction of root growth.

One cause

of this could have been increased COg concentrations in the
gaseous phase of the rooting medium.

However, increasing the

COg concentration of the rooting medium by introduction of
COg through copper coils placed at the base of the medium had
no effect on direction of root growth.

Depth of root pene

tration was limited by the increased COg concentration.
Therefore, it is concluded that possible increased COg con
centration was not the cause of the horizontal direction of
growth.
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Comparative Development of Seminal Roots
of Four Single Cross Lines of Corn
Considerable variability was observed in the number of
seminal roots that developed per plant in hybrids that were
used in the greenhouse studies.

Plants of four single cross

lines of corn were grown and root systems examined to deter
mine if there was less variation in the number of seminal
roots that developed per plant than among plants of double
cross lines that hsd been used previously.

The number of

seminal roots that developed per plant within a single cross
varied from three to six and variability was as great as that
found in the double crosses.
The single cross WF9 x Ohio 43 had shorter plants and
heavier stalks than other single cross or double cross lines
that were used.

From this standpoint, it was a more desir

able hybrid to use in greenhouse studies.
Field Studies of Early Root Development
Root development during the first 4 weeks following
emergence of the plant were studied.

It was found that the

direction of growth of the radicle and seminal roots was most
horizontal in the soil with a clay loam surface texture and
most vertical in the soil with a loamy sand surface texture.
The direction of growth of these roots in the soils with a
silt loam surface texture was intermediate.

Soil character

istics associated with surface texture that caused these dif
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ferences In direction of growth were not determined.
The same relationship was found to be true for the direc
tion of growth of the nodal roots in these soils.

The direc

tion of growth was most horizontal in the clay loam soil and
most vertical in the loamy sand soil.

Direction of growth in

the silt loam soils was intermediate•
A relationship between seed orientation and direction of
growth of the radicle and seminal roots was observed in these
field studies and the greenhouse studies discussed previously.
The Effects of Seed Orientation and Fertilizer
Placement on the Early Growth Response of Corn
In the greenhouse study, seed orientation had an effect
on plant height only during the first few days after emer
gence •

At 4 days after emergence of the plants, those plants

developing from kernels placed with the long axis vertical and
the radicle pointing upward were shorter than plants develop
ing from other orientations used.
emergence of these plants.

This was due to the delayed

At later dates, orientation had no

effect on plant height.
In the field study, seed orientation effects on plant
height were present at 23 and 37 days after emergence of the
plants.

This effect was shown to be primarily due to one

orientation where the kernels were placed on edge with the
long axis horizontal and the radicle pointing horizontally
toward the band. .The reason for this orientation resulting
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In greater growth In the field is not known.

The use of this

orientation in the greenhouse study did not result in greater
plant growth.
Observations made in the greenhouse study on the number
of roots in the fertilizer bands showed orientation to have an
effect on the kind of root that grew into the fertilizer band.
It is concluded that although there is a relation between seed
placement and direction of growth of the radicle and seminal
roots, growth of nodal roots into the fertilizer band will
tend to offset the effect of direction of root growth on
nutrient uptake and top growth.
Fertilizer placement had an effect on early plant growth
in both the greenhouse and field studies.

When the fertilizer

band was placed at seed level or slightly above, more rapid
growth was obtained during the early stages of growth.
Examination of the root systems in the greenhouse study showed
more roots had grown into the band when it was placed £ inches
to one side and at seed level rather than 2 inches below. It
is concluded that placing fertilizer bands at seed level or
slightly above will result in more rapid early growth of corn
due to more root growth into the band.

Where rapid early

growth is desired, placing the fertilizer in this position
would be preferred.
It was found that the kind of root that grew into the
fertilizer band had an effect on phosphorus uptake by the
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plant.

When only the radicle, seminal or nodal roots grew

into the band, highest phosphorus content of the plant tops
occurred in plants where the radicle had grown into the band.
Phosphorus content of plants with either seminal or nodal
roots in the band was essentially the same.

A combinstion of

either radicle and seminal, radicle and nodal, or seminal and
nodal roots in the band gave a higher phosphorus content than
either type of root alone.
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APPENDIX

Table 33.

Plant height measurements In centimeters at different dates after
emergence of the plants, greenhouse Experiment 10

Reps

Fertilizer placements and seed orientations®
4 days
A1

A2

A3

A4

A5

A6

A7

A8

A9

A10

All

A12

A13

A14

A15

A16

I

18.5 15.0 16.0 15.4 12.4 17.0 13.3 14.8 17.5 15.5 17.0 15.3 16.9 15.7 17.0 15.8

II

26.6 32.3 %1.6 27.7 28.0 27.2 27.6 23.0 26.6 25.5 29.6 25.2 28.0 29.7 28.1 26.8

III

29.0 29.1 24.9 16.4 28.0 32.8 29.0 <s4.1 26.1 23.9 29.9 29.8 30 5 25.9 30.3 26.8

IV

24.5 %3.6 23.6 23.5 24 .2 23.6 24.7 24.3 23.0 25.0 26.0 23.8 24.2 24.4 23.8 24.5

B1

B2

B3

B4

B5

B6

B7

B8

B9

BIO

Bll

B12

B13

B14

B15

B16

I

19.5 18.3 17.5 15.5 15.8 16.4 16.2 15.0 15.8 18.1 15.8 15.3 15.8 16.3 15.4 15.7

II

25.6 26.6 27.0 26.6 26.3 26.6 30.6 18.6 27.7 28.4 27.0 27.6 28.2 32.2 27.6 26.8

III

31.0 33.1 30.0 29.0 35.0 31.3 31.6 24.0 28.0 29.0 27.9 24.5 26.5 28.4 24.1 27.0

IV

24.4 25.5 25.4 26.2 26.5 19.6 22.6 21.4 21.5 22.3 17.5 18.4 21.5 17.3 20.1 22.9

aA

- Fertilizer placement 2 Inches to one side and 2 inches below seed level.
B - Fertilizer placement 2 inches to one side and at seed level. Numbers 1 to
16 ere seed orientation numbers described in Table 4.

Table 33. (Continued)
Reps

Fertilizer placements and seed orientations
7 days
Al

I

A2

A3

26.0 23.0 c3.5

A4
22.4

A5

A6

A7

A8

A9

AlO

All

A12

A13

A14

A15

A16

21.6 26.7 20 3 22.1 25.4- 24.1 24.0 23.5 25.9 25.1 25.7 24.1

II

43.6 44.5 45.1 45.6 46.2 43.6 45.9 41.0 44.5 41.9 46.5 43.7 43.8 44.6 44.4 41.8

III

42.5 42.5 41.0 26.8 40.9 44.5 42.0 40.0 41.0 39.0 43.3 47.2 44.0 40.0 45.8 39.8

IV

38.0 38.0 37.0 38.4 40.0 38.0 44.2 39.2 32.5 38.5 40.0 37.5 38.3 39.9 39.2 41.8
B1

B2

B3

B4

B5

B6

B7

B8

B9

BIO

Bll

B12

B13

B14

B15

E16

I

31.8 28.9 27.5 23.8 23.2 26.0 26.5 22.2 24.3 28.7 24.8 24.0 23.6 26.7 24.8 25.1

II

44.3 46.1 46.1 46.6 42.3 45.0 49.8 29.8 48.0 48.6 45.8 46.9 46.9 47.3 46.9 47.2

III

45.8 52.8 47.0 46.4 50.0 47.9 46.5 40.5 46.0 43.5 42.2 42.7 44.1 41.9 42.0 43.0

IV

42.8 44.7 42.2 46.6 46.4 37.2 38.3 41.7 38.1 36.8 24.6 37.1 40.0 31.7 37.5 40.3

Table 33. (Continued)
Reps

Fertilizer placements and seed orientations
17 deys
A1

A2

A3

A4

A5

A6

A7

A8

A9

A10

All

A12

A13

A14

A15

A16

I

68.0 57.8 49.5 47.1 51.6 61.3 60.0 51.6 48.6 51.7 44.5 62.1 47.9 52.2 62.2 61.1

II

65.5 68.3 63.0 67.9 65.8 61.8 67.4 61.8 72.2 60.6 69.4 67.5 62.7 70.0 66.6 60.9

III

83.6 82.6 85.7 45.8 78.5 91.3 82.3 78.1 85.7 74.2 89.3 79.3 91.8 65.0 96.7 69.8

IV

61.0 61.8 63.5 58.5 68.4 61.8 84.3 63.2 51.0 67.1 59.6 57.4 60.2 64.7 64.5 72 o 5
B1

I
II

B2

B3

B4

B5

B6

B7

B8

B9

BIO

Bll

B12

B13

B14

B15

B16

78.9 73.0 69.8 66.9 52.9 68.0 59.3 60.0 64.9 74.0 69.9 68.4 64.2 69.1 67.0 67.9
98.0
97.0

100.5
94.8
89.3
97.1
75.8
91.3
103.2
94.0
100.0
73.1
103.4
98.2
100.2
78.2

III

88.9
93.8
82.9
93.8
91.4
104.0
95.1
97.%
94.1
90.5
82.6
106.5
100.6
102.4
88.2
92.2

IV

85.5 88.3 90.2 93.0 88.7 76.0 87.6 82.5 80.5 71.0 57.5 77.7 83.5 62.9 81.7 86.5

Table 34.

Dry weight, in grams, of plant tops at 18 days after emergence of the
plants, greenhouse Experiment 10

Reps

Fertilizer placements and seed orientations
A1

A2

A3

A4

A5

A6

A7

A8

A9

A10

All

A12

A13 , A14

A15

A16

I

2.24 1.42 0.94 0.78 1.04 1.60 0 88 1.25 0 82 0.95 0.64 1.70 0.87 1.11 1.67 1.67

II

0.77 0.9k 0.72 0.98 0.91 0.65 0.91 0.70 1.07 0.61 0.99 1.02 0.83 1.03 0.96 0.76

III

1.08 1.63 1.83 0.43 1.38 2.54 1.73 1.67 1.92 1.19 2.48 3.12 2.82 0.92 3.22 1.01

IV

0.84 0.84 0.66 0.86 1.19 0.75 1.83 0.91 0.58 1.10 0 83 0.98 0.78 0.89 0.94 1.23
B1

B2

B3

B4

B5

B6

B7

B8

B9

BIO

Bll

B12

B13

B14

B15

316

I

3.67 2.42 2.01 1.94 1.12 2.27 1.39 1.39 2.50 2.31 2.13 2.07.2.03 2.23 1.91 2.09

II

3.19 3.07 1.25 3.57 2.55 1.31 3.76 1.59 3.19 3.47 2.41 3.64 4.05 3.37 3.30 2.79

III

2.99 4.05 2.88 3.26 3.80 3.49 2.76 2.52 2.77 2.96 2.34 2.85 3.11 2.24 2.36 2.76

IV

1.98 2 - 'c6 2.52 2.52 2.67 1.44 2.10 1.91 1.72 1.42 0.86 1.71 2.10 1.02 1.82 2.35
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Table 35.

Analysis of variance of plant height measurements
taken at 4 days after emergence of the plants,
greenhouse Experiment 10

Source of
variation

Degrees
of
freedom

Sums of
squares

Main plots
Placements
Reps
Main plot error

1
0
3
2,820.31
3
55.78

Subplots
Orientation
Placements x orientation
Subplot error

15
15
90

150.55
151.41
468.13

Mean
square

F
ratio

0
940.01
18.59

50.56**

10.04
10.09
5.42

^^Significant at the 0.01 level of probability.
^Significant at the 0 05 level of probability.

1.85*
1.86*

Table 36.

Orthogonal comparisons of seed orientation effects on plant height at
4 days after emergence, greenhouse Experiment 10

Orientation numbers
14
3
7 15 16
4
8 12
9 10 11
Treatment sums
199.1
191.6
194.5
186.0
186.4
180.3
179.9
187.7
196.2
203.5
189.9
195.6
186.3
165.2
186.2
190.7
1

5

13

2

6

+3

+3

+3

+3

+3

+3

+3

+3

+3

+3

-5 -5 -5

+2

+2

+2

+2

+2 + 2

-3

-3

-3

-3

0

0

-1

-1

-1

+1

+1

+1

0

0

0

0

0

+1

+1

-2

0

0

0

0

0

0

0

0

0

0

+1

+1 -2

0

0

0

+1

-1

0

0

0

0

0

0

0

0

-1

+1

0

0

0

0

0

0

0

0

0

+1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Sum of
squares

-5

-5

-5

58.00

0

0

0

0

15.66

0

0

0

0

0

0.02

0

0

0

0

0

0

3.05

0

0

0

0

0

0

0

6.90

0

0

0

0

0

0

0

0

0.50

0

0

0

0

0

0

0

0

0

5.06

+1

-1

-1

0

0

0

0

0

0

2.48

0
-1 +1
0
0 +1

0

0

0

0

0

0

0

5.76

-1

0

0

0

0

0

0

0.001

0

0

-1

-1

-1

+1

+1

-hi

32.01

0

0

0

+2

-1

-1

0

0

0

5.01

0

0

0

0

0

-1

+1

0

0

0

13.51

0

0

0

0

0

0

0

0

-2 +1

+1

0.75

0

0

0

0

0

0

0

0

+1

0.56

0

-1

F
ratio
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Table 37.

Analysis of variance of plant height measurements
taken at 7 days after emergence of the plants,
greenhouse Experiment 10
Degrees
of
freedom

Source of
variation
Main plots
Placements
Reps
Main plot error

Sums of
squares

Mean
square

1
3
3

106.72
7,916.32
53.38

106.72
2,958.11
17.79

Subplots
Orientations
15
Placements x orientations 15
Subplot error
90

204.51
273.79
1,013.72

13.63
18.25

Table 38.

F
ratio

5.999

1.21
1.62

11.26

Analysis of variance of plant height measurements
taken at 17 days after emergence of the plants,
greenhouse Experiment 10

Source of
variation
Main plots
Placements
Reps
Main plot error

Degrees
of
freedom

1
3
3

Subplots
Orientations
15
Placements x orientations 15
Subplot error
90

Sums of
squares

wean
square

9,761.50 9,761.50
12,285.60 4,095.20
1,222.00
407.33
1,250.90
1,191.40

10,011.12

83.39
79.43
ill.23

F
ratio

23.97*
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Table 39.

Analysis of variance of dry weight of plant tops,
greenhouse Experiment 10

Source of
variation
Main plots
Placements
Reps
kain plot error

Degrees
of
freedom

Sums of
squares

Mean
square

1
•3
3

49.925
15.604
7.315

49.925
5.201
2.438

Subplots
Orientations
15
Placements x orientations 15
Subplot error
90

4.962

0.331
0.366

5.482
28.544

0.317

F
ratio

20.48*

1.04
1.15

Table 40. Phosphorus content of plant tops, In per cent, greenhouse Experiment 10
Reps

Fertilizer placements and seed orientations
Al

A2

A3

A4

A5

A6

A?

A8

A9

A10

All

A12

Al-3

A14

A15

A16

I

0.37 0.35 0-24 0.14 0.29 0.25 0.23 0.24 0.13 0.19 0.12 0.37 0.15 0.22 0.27 0.37

III

0.30 0.23 0.20 0.14 0.20 0.28 0.24 0.35 0.34 0.24 0.39 0.30 0.38 0.15 0.38 0.19

IV

0.16 0.16 0.10 0.15 0.19 0.12 0.23 0.14 0.12 0.16 0.13 0.15 0.16 0.14 0.17 0.19
B1

B2

B3

B4

B5

B6

B7

B8

B9

BIO

Bll

B12

B13

B14

B15

B16

I

0.38 0.37 0.35 0.42 0.26 0.31 0.27 0.37 0.32 0.37 0.37 0.46 0.42 0.40 0.42 0.52

III

0.42 0.44 0.40 0.45 0.31 0.37 0.41 0.35 0.46 0.30 0.35 0.46 0.31 0.34 0.31 0.36

IV

0.31 0.30 0.41 0.54 0.31 0.35 0.48 0.39 0.41 0.28 0.36 0.33 0.41 0.30 0.43 0.44

Table 41. Potassium content of plant tops, in per cent, greenhouse Experiment 10
Reps

Fertilizer placements' and seed orientations
Al

A2

A3

A4

A5

A6

A7

A8

AS

A10

All

A12

A13

A14

A15

A16

I

4.86 4.98 4.29 4.05 4.26 4.-35 4.41 4.23 3.87 4.20 4.32 4.80 4.44 4.38 4.50 5.07

III

4.74 4.83 4.50 5.16 4.62 4.95 4.89 5.37 4.92 5.52 5.70 5.34 5.10 4.83 5.58 4.74

IV

4.86 4.86 5.07 4.50 4.83 4.53 3.60 4.98 4.86 4.98 4.98 4.42 3.96 4.26 4.68 5.16
B1

B2

B3

B4

B5

B6

B7

B8

B9

BIO

Bll

B12

B13

B14

B15

B16

I

4.71 5.34 5.07 5.19 4.65 4.35 4.62 4.98 4.86 4.80 4.56 5.19 5.04 4.68 4.83 5.01

III

5.61 5.64 5.67 5.70 5.04 5.52 5.31 5.52 4.98 4.95 5.73 5.79 4.98 5.43 4.86 5.43

IV

5.76 5.58 5.88 6.18 5.94 5.40 6.00 4.98 6.24 5.70 5.22 5.82 5.64 4.14 5.40 5.58

Table 42.

Nitrogen content of plant tops, In per cent, greenhouse Experiment 10

Reps

Fertilizer placements and seed orientations
Al

A2

A3

A4

A5

A6

A7

A8

A9

A10

All

A12

A13

A14

A15

A16

I

3.90 4.^2 3.78 3.53 3.86 3.86 3.82 3.66 3.01 3.59 3.34 4.66 3.32 3.79 4.28 4.31

III

3.94 4.00 3.58 3.84 3.76 4.20 4.04 4.26 4.13 3.87 4.68 4.10 4.29 3.33 4.32 3.90

IV

3.61 3.61 3.2% 3.39 3,56 3.34 4.14 3.43 3.29 3.52 3.14 3.58 3.68 3.35 3.76 3.69
B1

B2

B3

B4

B5

B6

B7

B8

B9

BIO

Bll

B12

B13

B14

B15

B16

I

4.11 4.56 4.18 4.41 3.98 3.66 3.91 4.35 4.27 4.04 3.82 4.28 4.52 4.14 4.10 4.50

III

4.30 4.12 4.6c 4.44 3.90 4.36 4.94 4.83 4.26 4.02 4.98 4.56 4.29 4.25 3.88 4.84

IV

4.48 4.14 4.68 4.58 4.56 4.52 4.64 5.12 4.73 4.27 4.44 4.52 4.56 4.42 4.66 4.46
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Table 43.

Analysis of variance of phosphorus content of
niant tons.. greenhouse Experiment 10
Degrees
of
freedom

Sums of
squares

Mean
squares

F
ratio

1
2
2

0.5543
0.06OS
0.0589

0.5543
0.0305
0.0294

18.83*

Subplo ts
Orientations
15
Placements x orientations 15
Subplot error
60

0.0797
0.0653
0.2774

0.0053
0.0044
0.0046

1.15
0.96

Source of
variation
Main plots
Placements
Reps
Main plot error

Table 44.

Analysis of variance of potassium content of
plant tops, greenhouse Experiment 10
Degrees
of
freedom

Sums of
squares

Mean
squares

1
2
2

7.6897
5.8600
1.6521

7.6897
2.9300
0.8261

9.31a
3.55

Subplots
Orientations
15
Placements x orientations 15
Subplot error
60

2.3948
2.1582
8.3429

0.1597
0.1439
0.1390

1.15
1.04

Source of
variation
Main plots
Placements
Reps
Main plot error

Significant at the 0.10 level of probability.

I

F
ratio
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Table 45.

Analysis of variance of nitrogen content of
plant tops, greenhouse Experiment 10

Source of
variation
Main plots
Placements
Reps
Main plot error

Degrees
of
freedom

1
2
2

Subplots
Orient ations
15
Orientations x placements 15
60
Subplot error

Sums of
squares

Mean
squares

8.592

8.592

0.883

0.442
1.117

2.233
1.781
1.551
5.288

0.119
0.103
' 0.088

^Significant at the 0.13 level of probability.

F
ratio

1.35
1.17
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Table 46.

Plant height measurements in centimeters at
different dates after emergence of the plants,
field Experiment 6
Fertilizer placements and orientations6

Reps

7 days
Al

A2

A3

A4

A5

A6

A7

A8

I

1'5.5

16.0

16.0

17.5

15.0

15.5

18.5

17.5

II

18.0

20.0

18.5

17.0

15.0

15.0

17.5

18.5

III

17.5

17.5

14.0

18.5

16.5

19.5

19.5

16.0

IV

17.2

18.6

19.3

16.3

21.8

19.1

18.2

19.7

31

B2

33

34

B5

B6

37

38

I

18.5

18.0

19.0

17.5

16.0

18.0

17.5

18.5

II

20.5

2%.5

15.0

18.0

20.0

17.0

20.0

18.5

III

19.0

17.5

19.5

20.0

17.0

19.0

19.5

20.0

IV

22.5

21.1

17.3

21.5

21.5

21.4

20.2

21.3

01

02

03

04

05

06

07

08

I

18.5

18.5

19.0

20 0

16.0

14.5

16.0

19.0

II

18.5

20.0

20.0

15.5

18.5

17.5

21.0

21.0

III

18.5

19.5

16.0

16.0

18.5

18.0

20.0

18.5

IV

21.2

19.0

19.8

23.7

15.8

20 8

23.5

18.1

SA

- Check.
3 - Fertilizer placed 2
above seed level.
G - Fertilizer placed 2
level .
D - Fertilizer placed 2
below seed level.
E - Fertilizer placed 2
below seed level.
Numbers 1 to 8 are seed
in Table 5.

inches to one side and 1 inch
inches to one side and at seed
inches to one side and 2 inchei
inches to one side and 4 inches
orientation numbers described
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Table 46. (Continued)
Fertilizer placements and orientations

Reps
D1

D2

D3

D4

D5

D6

D7

D8

I

19.5

16.0

16.5

14.0

14.5

16.5

14.5

18.0

II

21.0

16.0

19.5

19.0

17.0

17.0

20.0

18.0

III

18.5

15.5

17.0

16.5

18.0

17.5

17.5

17.0

IV

20.9

18.6

19.0

20.2

20.5

21.5

19.0

19.8

El

E2

E3

E4

E5

E6

E7

58

I

16.0

17.0

15.0

19.0

16.5

17.5

17.0

15.5

II

17.5

19.5

19.0

18.0

20.0

19.5

17.0

17.8

III

19.5

18.5

19.0

18.5

18.5

19.5

18.5

19.5

• IV

20.3

22.0

17.3

18.8

20.3

18.0

19.7

19.7

23 days
A1

A2

A3

A4

A5

A6

A7

A8

I

57.5

59 .0

59.0

62.0

50.0

55.5

65.5

62.0

II

68.0

67.4

55.5

63.0

63.5

64.0

65.5

65.5

III

65.5

62.5

55.5

68.5

55.0

66.5

64.0

61.0

IV

61.5

64.0

69.0

58.0

70.0

65.5

66.5

58.5

B1

B2

B3

B4

B5

B6

B7

38

I

69.5

66.0

67.0

68.0

60.0

68.0

65.5

69.5

II

78.5

77.0

68.0

70.0

78.5

70.0

78.0

71.0

III

73.0

64.5

72.5

81.5

71.5

69.5

78.5

74.5

IV

74.0

73.0

68.0

76.0

73.5

77.0

76.5

76.0
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Table 46. (Continued)
Reps

Fertilizer placements end orientations
CI

C2

C3

C4

C5

06

07

08

I

7%.5

70 5

73.5

74.5

65.5

71.0

74.0

70.5

II

66.0

74.5

72.5

64.0

75.0

64.0

80.5

75.5

III

73.0

67.5

63.5

65.5

70.0

68.5

75.5

68.0

IV

75.0

69.0

75.0

72.0

67.0

74.5

78.5

73.0

D1

D2

D3

D4

D5

D6

D7

D8

I*

72.0

61.0

61.5

55.5

56.5

64.0

64.0

70.0

II

68.0

58.5

69.5

67.0

61.5

68.5

71.5

65.5

III

63.0

61.5

66.0

60.5

69.0

70.5

67.5

67.5

IV

69.0

68.5

66.0

69.0

67.5

77.5

70.0

71.5

El

E2

E3

E4

E5

E6

E7

E8

I

61.0

56.0

58.0

67.0

61.0

60.5

65.0

63.5

II

69.5

70.0

70.0

70.0

71.5

71.5

64.5

70.0

III

67.0

65.0

72.0

65.5

69.0

74.5

68.0

71.0

IV

70.5

75.5

65.0

65.5

68.0

66.0

69.0

66.0

A6

A7

A8

37 days
A1

A2

A3

A4

A5

I

130.0

132.5

128.5

127.0 118.0

126.5 136.0 135.0

II

143.5

138.5

137.5

136.0 137.5

141.5

III

145.5

143.0

143.0

149.0 130.0

146.5 141.0 144.0

IV

137.0

142.5

146.0

145.0

153.0 143.0

137.5

147.5

146.0

141.0
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Table 46. (Continued)
Reps

Fertilizer placements and orientations
B1

I

B2

142.0 133.0

B3

B4

55

B6
138.0

142.0

144.0

131.5

144.5

148.0 134.5

II

149.5

147.0 148.0

III

146.5

141.0 155.0 155.0 148.0

142.0

IV

15-3.5

143.0 144.0

CI

C2

C3

167.0 151.0
04

05

B7

B8

140.0 144.0
154.0

142.5

156.0

148.5

149.0 162.5

161.5

C6

C7

08

I

153.0

145.5

154.5

147.0 136.5

141.5

II

14%.0

160.5

152.5

143.5 158.5

141.0 160.0 148.5

156.0 148.5

134.0

141.5 147.0 146.0 152.0

141.0

157.0 155.0

150.0

III
IV

154.0 147.0 164.0
D1

I
II
III
IV

D2

147.0 132.5

D3

D4

D5

140.5

133.5

139.0

155.0

157.0 162.0
D6

D7

136.0 147.0

152.5

D8
154.0

149.0 129.0 140.5 129.0 134.0

142.0

140.0

148.5 148.0

140.0

164.5

155.0

151.0

E6

E7

140.5

151.0

143.5

157.5 150.0

148.0

143.0 152.0

El

E2

E3

E4

157.0

E5

158.5 144.5

E8

I

140.5

129.5

129.0 146.0 129.0 136.5 139.5

130.5

II

144.5

148.5

141.0

144.0 147.0

145.5

136.5

145.0

III

144.0

139.0 152.5

143.0 140.5

162-0

145.0 152.0

IV

155.0

152.0

133.5

149.5 159.5

152.0 153.0

142.0
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Table 47. Analysis of variance of plant heights taken at
7 days after emergence of the plants, field
Experiment 6
Degrees
of
freedom

Source of
variation
Main plots
Placements
Reps
Main plot error

Mean
squares

Sums of
squares

13.08

4
3
12

52.32
170.08
17.47

- 1.46

Subplots
Orientations
7
Orientations x placements 28
Subplot error
105

23.27
57.83
268.20

3.32
2.07
2.55

F
ratio

8.96**

1.30

Table 48. Orthogonal comparisons of placement effects at
7 days after emergence, field Experiment 6

A
561.2

B

Placements
C

D

Treatment sums
612.3
600.4
574.0

E
589.4

Sums of
squares

F
ratio

-4

+1

+1

+1

+1

26.94

18.45**

0

+1

+1

-1

-1

18.99

13.01**

0

+1

-1

0

0

22.13

15.16**

0

0

0

-1

+1

37.06

25.38**
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Table 49. Analysis of vsrlance of plant heights taken at 23
days after emergence of the plants. field
Experiment 6

Source of
variation
Main plots
Placements
Reps
Main plot error

Degrees
of
freedom

Sums of
squares

4
3
12

1,886.20
770.87
470 47

Subplots
Orientations
7
Orientations x placements 28
Subplot error
105

319.99
356.96
1,679.72

Mean
squares

F
ratio

471.55 12.04**
256.96
39.18
45.71
12.74
15.99

2.86**

Table 50.

1

Orthogonal comparisons of seed orientation effects at 23 days after
emergence of the plants, field Experiment 6

3

7

Seed orientations
2
4

8

5

6

Treatment sums
1,374.0 1,327.0 1,408.0 1,330.9 1,342-0 1,379.0 1,323.5 1,367.0

Sum of
squares

+1

+1

+1

+1

+1

+1

-3

-3

16.65

+1

+1

+1

-1

-1

-1

0

0

27.17

-1

-1

+2

0

0

0

0

0

110.21

0

0

0

-1

-1

+2

0

0

60.35

+1

-1

0

0

0

0

0

0

55.23

0

0

0

-1

+1

0

0

0

3.08

0

0

0

0

0

0

-1

+1

47.31

F
ratio

6.89*
3.77
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Table 51.

A
004.4

Orthogonal comparisons of fertilizer placement
effects at 23 days after emergence of the
plants, field Experiment 6

B

Placements
c

E

D

Placement sums
3,303.0 2,279.5 2,118.0

2,146.5

Sums of
squares

F
ratio

-4

•hi

+1

+1

+1

939.69

23.98**

0

+1

+1

-1

-1

790.03

20.16**

0

+1

-1

0

0

8.63

0

0

0

-1

+1

12.69

Table 5£.

Analysis of variance of plant height measurements
taken at 37 days after emergence of the plants,
field Experiment 6

Source of
variation

Degrees of
freedom

Main plots
Placements
Reps
Main plot error
Subplots
Orientations
Orientations x placements
Subplot error

4
3
12

°8
c
105

Sums of
squares

Mean
squares

F
ratio

2,156.84 539.21 7.93**
3,281.62
875.34
72.93
645.37
1,392.72
4,153.29

92.20 2.33*
49.74 1.26
39.56
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Table 53.

A

Orthogonal comparisons of fertilizer placement
effects at 3? days after emergence of the
plants, field Experiment 6

b

Placements
c

D

Placement sums
4,448.5 4,706.0 4,804.0 4,645.5

+1

+1

1,465.60

+1

+1

-1

-1

518.01

7.12*

1—I
+

0

F
ratio

1—i
+

. o

Sums of
squares

hi
1

0

4,607.0

1—I
+

-4

E

0

0

150 06

2.06

0

0

+1

-1

23.20

20.50**

Table 54.

1

Orthogonal comparisons of seed orientation effects at 37 days after
emergence of the plants, field Experiment 6

3

7

Seed orientations
2
4

8

5

6

Orientation sums
2,930.0 2,885.0 2,986.0 2,843.0 2,888.0 2,913.5 2,872.0 2,983.5

Sums of
squares

F
ratio

+1

+1

+1

+1

+1

+1

-3

-3

46.25

+1

+1

+1

-1

-1

-1

0

0

204.10

5.-16*

-1

-1

+2

0

0

0

0

0

205.41

5.19*

0

0

0

-1

-1

+2

0

0

76.80

1.94

+1

-1

0

0

0

0

0

0

50.63

1.28

0

0

0

-1

+1

0

0

0

50.63

1.28

0

0

0

0

0

0

-1

+1

11.56

0.292

1.76

163
Table 55.

Dry weight of plant tops in grams, field

Reps

Fertilizer placements and seed orientations^
A1

A2

A3

A4

A5

A6

A7

A8

I

74.7

71.9

81.2

70.6

59.3

72.1

92.1

87,9

II

93.4

81.0

76.5

73.2

80.2

74.7

83.5

90.4

III

102.7

79.5

73.1

89.5

65.0

83.3

77.3

80.4

IV

64.9 .

79.3

74.7

74.4

99.5

80.5

77.2

81.5

B1

B2

B3

B4

B5

B6

B7

B8

I

84.6

88.1

82.4

87.1

70.6

76.9

82.6

92.2

II

96.2

98.0

83.3

85.6

98.6

73.0

91.4

85.9

III

98.8

79.6

92.9

94.4

93.1

81.0

102.7

84.7

IV

98.0

95.0

70.8

101.1

88.2

82.1 106.9

101.5

CI

02

03

04

05

06

07

08

I

94.1

91.4

95.5

95.3

91.2

76.5

90.3

103.5

II

75.9

101.6

91.8

100.4

92.8

85.8

105.6

90.4

III

97.7

86.9

64.4

80.2

89.5

79.1

87.5

78.5

IV

92.4

80.0 100.5

97.8

86.2

92.0

98.6

80.4

aA

- Check.
B - Fertilizer placement 2 inches to one side and 1 inch
above seed level.
C - Fertilizer placement 2 inches to one side and at
seed level•
D - Fertilizer placement 2 inches to one side and 2
inches below seed level.
E - Fertilizer placement 2 inches to one side and 4
inches below seed level.
Numbers 1 to 8 are seed orientation numbers described
in Table 5.
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Table 55. (Continued)
Reps

Fertilizer placements and seed orientations
D1

D2

D3

D4

D5

I

96.2

91.1

84.1

78.3

81.6

76.3 101.4

97.7

II

100.0

67.2

87.2

76.5

79.4

94.0 100.4

83.3

III

76.1

77.6

87.2

80.8 103.4

90.3

87.4

80.2

IV

90.6

88.0

92.9

76.8

91.2 104.7

84.1

94.3

El

E2

E3

E4

E5

E6

E7

E8

I

81.2

72.4

76.3

89.0

72.3

72.3

89.7

75.8

II

92.5

86.5

99.2

94.8

107.5

95.7

76.2

80.0

III

77.0

70.1

87.6

83.4

78.4

100.6

72.5

94.8

IV

97.2

97.5

69.0

74.2

89.0

92.4

95.8

78.0

Table 56.

D6

D7

D8

Analysis of variance of dry weights of plant
tops, field Experiment 6

Source of
variance
Main plots
Placements
Reps
Main plot error

Degrees
of
Sums of
freedom squares

4
3
12

2,198.24
620.54
328.11

Subplots
Orientations
7
Orientations x placements 28
Subplot error
105

835.86
1,917.05
10,808.74

Mean
squares

F
ratio

549.56 20.10**
206.84
27.34
119.41
68.47
102.94

1.16
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Table 57.

A
2,545.4

Orthogonal comparisons of fertilizer placement
effects on dr-y weight of plant tops, field
Experiment 6

B

Placements
C
D

"

Placement sums
2,847.3 2,875.7 2,800.3

E
2,718.9

Sums of
squares

F
ratio

-4

+1

+1

+1

+1

1,757.60 64.29**

0

+1

+1

-1

-1

324.50 11.87**

0

-1

4-1

0

0

12.60

0

0

0

+1

-1

103.53

0.461
3.79

