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Differential grain yield response of two winter wheat cultivars

('Yamhill' and'McDermid) when grown on acid soils prompted this in-

vestigation. Root samples were taken at two soil depths at late

tillering and anthesis from plots established on an acid nonpareil

soil in Douglas County, Oregon. The soil pH was 5.2-5.3 and this

was increased to 6.5 on the limed plots. Lime and/or phosphorous

were applied in a split-split plot design. Grain yields were also

obtained from each plot.

A root sampling method was evaluated using soil cores. After

separating the roots from the soil, they were stored in 95% ethanol

until stained with Feulgens. Nuclei of live roots were differenti-

ated by the stain. The live roots were counted and the Newman formu-

la was used to determine root length.



Yamhill had significantly greater root length than McDermid at

the late tillering stage of plant development. Though cultivar

differences for root length across all treatments were not statis-

tically significant at anthesis. Yamhill tended to have more root

length than McDermid, especially when phosphorous was not applied.

Phosphorous was the most significant factor affecting root

length both in the 0-20cm depth and in the 20-40cm depth samples.

McDermid root length responded to phosphorous to a greater degree

than Yamhill. In the deeper soil samples (20-40cm) lime did not con-

tribute to increased root length. In the upper soil layer (0-20cm)

it did significantly affect root length. Though neither lime nor

phosphorous was incorporated into the 20-40cm depth, the phosphorous

affected root length below its area of application by causing an

overall increase in plant growth.

Grain yield responded to lime and phosphorous application in the

same manner as root length. In 1978 the correlation between grain

yield and root length was r = .750 at the tillering stage and r = .880

at anthesis. The second year a value of r = .750 was obtained between

root length and grain yield at the tillering stage of plant development.

The root sampling technique was effective in distinguishing cul-

tivar differences at the 0-20cm depth in the early stages of plant

development. Deeper in the soil not enough roots were obtained to

get an accurate assessment of cultivar root development. This tech-

nique was also an accurate method of determining root length response

to lime and phosphorous applications.
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Influence of Phosphorous and Lime Application on Root

Growth and Grain Yield of Two Winter Wheat

Cultivars (Triticum Aestivum, L em thell)

INTRODUCTION

Phosphate and lime applications are recognized as beneficial to

the growth of cereal plants. This is especially true in areas where

there is either soil acidity, phosphorous deficiency or both.

Though much work has been done on the growth and yield response to

these chemicals, not much attention has been paid to the effects

these treatments have on root growth. In fact, roots have long been

a neglected area of study. The difficulty in obtaining an accurate

and easy assessment of their quantity and geometry has prevented

their use either as a selection criteria in plant improvement or as

a researchable area of crop physiology. A wealth of information

literally lies buried.

The purpose of this study was to examine the roots of two dif-

ferent winter wheat cultivars from several aspects. A further pur-

pose was to assess the usefulness of the method of root sampling

employed.

The first question asked was whether the length of roots at

given soil depths, dates of sampling and fertilizer treatments

differed between the two adapted cultivars used ('Yamhill' and

'McDermidv). Two ranges in depth both in the upper soil layer were

sampled, 0-20 cm and 20-40 cm. These depths were chosen as it is in

this layer that most root growth occurs and most fertilizer
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responses are observed. The sampling dates chosen coincided with

the late tillering stage of plant development and anthesis. Tiller-

ing is directly and highly correlated with root growth. After

anthesis significant root growth has ceased. Lime and phosphorous

were applied to an acid soil found in Douglas County, Oregon. Some

plots received neither chemical; some received phosphorous only,

others lime, while some had both.

Previous studies indicated that Yamhill was more tolerant to

aluminum toxicity (Al-toxicity) than McDermid. The soil at this

experimental site was known to be borderline Al-toxic to susceptible

wheat cultivars. Manganese toxicity was also a problem at this site.

Cultivar responses to manganese toxicity were not known. Thus, by

growing cultivars with a differential response to acid soil and then

modifying by liming and phosphate applications, it was hoped to get

a clue to possible varietal differences in phosphorous uptake.

The second question investigated was whether or not there was

a detectable difference in overall root growth due to treatments.

The third aspect considered was the grain yield response of the

cultivars to the fertilizer treatments. The question was asked:

Was there a yield response to treatments and, if so, was it mirrored

by the root response to the treatments?

Finally, the other purpose of this study was to evaluate the

root sampling and root counting technique used. The major consider-

ations here were its precision, and its economics (both in time and

money).
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LITERATURE REVIEW

Methods of Estimating Root Length
and Rooting Patterns

Investigations on roots have focused on developing a technique

that will accurately estimate root length, weight or distribution

in the soil. The classic work on cereal roots was done by Weaver

(1926), Pavlychenko (1937), and Dittmer (1937).

Weaver (1927) determined root length and root patterns for

spring and winter wheat cultivars. He did this by slicing soil pro-

files to the depth of two meters (six feet) and mapping the visible

roots. Pavlychenko (1937) excavated root systems of wheat and bar-

ley by encasing a given volume of soil in a wooden frame,

The roots were washed with a fine spray of water from the deepest

depth to the shallowest. As various segments of the root system were

uncovered, they were described. Later measurements were made on the

total root system (excluding root hairs). Hannchen barley had 399.10

meters of roots (15,964 inches), while Marquis wheat had 255.00

meters (10,200 inches). Both cultivars were grown under field con-

ditions. Extensive measurements on number of branches, order of

branches and branch length were taken. Dittmer (1937) took the

Pavlychenko data one step further by including an estimate of root

hair length. Using winter rye planted in boxes, he harvested the

roots before flowering. Removing one side of the box, he gently

washed the soil from the roots until the entire root system was
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exposed. After counting the roots he determined that the root

system of the rye without competition was 645.00 kilometers long

(387 miles). Pavlychenko's spring rye root system without counting

root hairs and without competition was 81.83 kilometers in length

(49.1 miles).

Jessop and Palmer (1976) studied the response of wheat to

super-phosphate and utilized a variation of the above methods to

measure root growth. They excavated soil monoliths 15 cm wide, 50

cm long and one meter deep. These they placed on a peg board and

the soil was removed by washing.

Bohm (1976) used a backhoe to make a deep trench exposing the

roots. He gently sprayed off 5 cm of soil from the face of the

trench and put a grid on the soil face to facilitate counting the

roots.

A study on rooting patterns of barley (Gorny, 1978) utilized

boxes with one glass face. Through this glass face the root sys-

tems were measured.

Besides these direct methods of estimating root length and

rooting patterns, some investigators have studied root systems

through root weight data. Much of the root weight work has been

done in water culture, but a few of the researchers have used

sterile mediums. MacKey (1973) grew wheat plants in long tubes

using polytherm as the rooting medium and a nutrient solution that

was adjusted weekly. With this technique he could look at the
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length, number and branching of roots of various varieties, but not

at the geometry of their development. His comparisons emphasized

root weights.

Schuurman and Goedewaagen (1965), in "Methods for the Examina-

tion of Root Systems and Roots," discuss in greater detail the

various modifications and refinements of root estimating techniques.

In this publication the auger method is also discussed. Soil

samples are taken, using soil augers of various sizes. The soil is

then washed off of roots and the roots are either counted or weighed.

Newman (1966) devised a method for determining the length of roots

washed out of soil cores. Looking at a slide of a given area under

a microscope, he counted the number of roots that intersected a

crosshair. Viewing the slide in a systematic manner, the number of

roots counted could be related to the length of roots on the slide

with the following formula: R = 7NA/2H, where R is the estimated

root length, N is the number of intersections counted, A is the

area of the slide and H is the total length of the line along which

intersections are counted.

Ambler and Young (1977) used Newman's formula when determin-

ing root length infected by vesicular-arbuscular mycorrhizae. In

a further communication by Ambler (1977), this method was used in

conjunction with the Feulgen staining technique proposed by Holden

(1975) to determine live root length in a soil sample.

The above cited techniques are either time-consuming under soil
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and field conditions or somewhat suspect under water culture or soil

substitute systems. Consequently, quicker methods have been sought.

Racz et al.(1964) used 32P to study the root system of wheat under

different levels of phosphorous fertilization. They injected 32P

into the stem and allowed five days for the isotope to distribute

throughout the plant. (This technique has the added advantage of

estimating the live roots only.) Soil cores were taken and ashed

and 10 gram samples were pressed into a briquet. The activity of

this briquet was determined with an end window geiger counter. They

found a high correlation between percent distribution of activity

and actual root weights (r2 = .850 to .961). Other researchers have

used 32P to determine rooting patterns and root density of wheat

cultivars (Cholick et al., 1977; Subbiah et al., 1967; Lupton,

1973).

Besides 32P, rubidium 86 (36Rb) has also been used by root re-

searchers. This isotope emits y radiation as compared to the

radiation of 32P. It is more accurate, but more dangerous to han-

dle. Russel and Ellis (1968) used 861M, and noted that in only 24

hours the isotope was distributed throughout the live root system.

Large soil samples (2.5 to 3.0 kg) could be handled with this

technique.

Neutron radiography is yet another method. This technique

takes pictures of the developing root system. Willatt et al. (1978),

using neutron radiography, photographed the germinating soybean and
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the young seedling roots of corn. The equipment necessary and the

small size of the container photographed make this an impractical

method for field work.

The newest method of root analysis has been used on soybeans.

Sanders and Brown (1979) used a plexiglass observation tube imbed-

ded into the soil at a 45° angle to the depth of one meter. The

tube contained a movable fiber-optic scope attached to a camera.

Pictures of the roots were taken when they came in contact with the

various depths of the tube. Root counts from these pictures were

handled in the manner described by Newman (1966) to get root length.

Using the fiber-optic scope they were able to ascertain that deter-

minate and indeterminate soybean lines differed in root distribution

but not in total root density.

Cultivar Differences in Root Growth

The possibilities of cultivar differences in root growth and

development have been explored by several researchers. With the

advent of dwarf and semi-dwarf cultivars, there has been concern

that reducing plant height may also shorten and detrimentally alter

the root system. Subiah et al. (1968), using the technique,

compared six spring wheat varieties which varied in plant height.

They found differences among varieties, but the two semi-dwarf

lines did not necessarily have smaller or shorter root systems than

the tall lines. This is in contrast to findings of MacKey (1973),
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who had generally found that the root patterns mirror the shoot

patterns. For his work he used a tube culture technique with poly-

therm substituting for soil.

Lupton et al. (1974) also explored the differences in rooting

patterns between semi-dwarf and taller wheats. For their study

five winter wheat cultivars were used: two semi-dwarfs and three

standard height cultivars. They assessed root development with

three techniques: 136Rb injection, 32P uptake from three different

soil depths and estimation of dry weight and length of roots from

soil cores. The length was estimated using Newman's method (1966).

They found that varietal differences in root development were never

as great as the seasonal or soil factor contributions to root

growth. Also, they found that for the semi - dwarfs tested, their

root development was as good and as extensive as that of the taller

varieties. Root growth, however, was explored only to a depth of

100 cm.

Cholick et al. (1977) also compared semi-dwarf winter wheats

with two standard height types for yield and root depth under dry-

land conditions. Using both soil moisture content at different

depths and 32P injection techniques, they found no significant dif-

ferences between the semi-dwarfs and the taller cultivars, though

Nugaines, a semi-dwarf, had significantly more roots in the 180 cm

depth.

Rickman (1978) compared the root and water use profiles of a
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semi-dwarf winter cultivar and a standard height club wheat. He

found that the semi-dwarf (McDermid) had the highest water use effi-

ciency. Its root system was triangular in profile (there were pro-

gressively fewer roots with increasing soil depth). The club wheat

root profile was more rectangular in nature.

Wheat Root Response to Phosphorous

As early as 1913, work was being done on the influence of phos-

phate fertilizers on root development. Phosphorous fertilization was

found to increase the rooting depth of wheat (Weaver, 1926). More

recently, while testing the 32P injection technique for root quan-

tifying, Racz et al. (1964) reconfirmed the influence of phosphorous

on root growth. They found greater activity (root quantity) in the

phosphorous fertilized portions of the four soils tested than in

the check plots.

Tennant (1976) explored early root growth of wheat as it was

affected by nitrogen, phosphorous and potassium. Wheat seed was

planted in quartz sand in pots. Nutrient solutions were used at

full strength, half strength, zero levels, and twice full strength

for the elements tested. He found that as the order of laterals in-

creased, they were increasingly more responsive to phosphorous in

length and number for the

low supplies of phosphorous the seminal root number tended to be

lower, but seminal root length was increased. On the whole,
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however, root number and length tended to increase with increasing

levels of phosphorous nutrition unless too high a level was intro-

duced (twice the normal phosphorous amount).

Cultivar Differences in Root Growth
Response to Phosphorous

As has been demonstrated, there are cultivar differences in

root depth and root patterns. There are also different root growth

responses to phosphorous fertilization. But the possibility of

varietal differences in root response to phosphorous remains to be

explored. Hackett in Root Growth (1979) found that phosphorous de-

ficiency severely curtailed root growth in barley varieties tested,

but one (Proctor), when deprived of phosphorous, had significantly

shorter mean axes length and a greater number of secondary laterals

than a second cultivar (Maris Badger).

Jessop and Palmer (1976) in a field study grew standard and

semi-dwarf lines of wheat under two phosphorous regimes (0 and 16

kg/ha of phosphorous). Though both types showed increased root

growth with applied super-phosphate, the semi-dwarf cultivar had the

greatest response. These findings were confirmed in greenhouse

studies using pots and nutrient solutions (Palmer and Jessop, 1977),

when they found that the roots of the semi-dwarf line had the same

fresh weight but more roots per gram of fresh weight. They also

found that at low rates of phosphorous the tall line absorbed more

phosphorous, while at high rates the semi-dwarf was more efficient.
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Root Response to Lime

When lime is applied to acid soils there is a marked improvement

in the growth of plants. In acid soils, such as those of this experi-

ment (pH 5.2), Al-toxicity is often a problem. As the pH of a soil

decreases from 5.5, Al becomes more soluble (Foy, 1974). Liming and

the development of Al-tolerant varieties have been the major ways of

circumventing Al-toxicity.

The improved plant growth response from the liming of acid

soils has been known for a long time, but Arnon and Johnson (1942)

were the first to investigate whether the beneficial effects of lime

resulted from a change in the H+ concentration (pH) or whether cal-

cium (Ca) itself was involved. In an elaborate nutrient solution

experiment, they grew plants in environments ranging from pH 3 to

pH 9. It was observed that between pH 4 and pH 8 there were little

growth response differences. Once they had determined that the H
+

concentration was not in itself affecting plant growth, they deter-

mined its effect on Ca uptake. From further nutrient solution work,

they found that H
+

concentration did interfere with Ca uptake when

Ca was in short supply. Plants grown at pH 4 and pH 5 showed a

differential response to added Ca. When 280 ppm Ca was supplied at

pH 4, the growth response was similar to 20 ppm Ca at pH 5. As the

pH increased to six growth responses were similar whether 20, 80 or

280 ppm Ca was added.

The detrimental effects of low pH on Ca uptake are exacerbated
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by soluble Al. Johnson and Jackson (1964) designed an experiment

to test Ca uptake by wheat seedlings under two Al regimes (9 and

-4
3x10 N Al). Aluminum reduced Ca uptake by the roots and also re-

duced its transport to the shoots. No matter how much Ca was added,

uptake was restricted at the Al level used in this study. The

authors concluded that Al possibly damaged the Ca uptake mechanism,

thus even at high nutrient solution levels of Ca, the roots could

not absorb it. They also noted that Al severely curtailed root

growth, thus limiting the sites for Ca absorption.

Besides the influence of Al on Ca uptake, there is evidence

for the detrimental effect of Al on phosphorous uptake and uti-

lization. Foy and Brown (1963) reported that high levels of soluble

phosphorous were required in Al toxic situations to prevent phos-

phorous deficiency symptoms in the plants. One possible explanation

for this is that the high levels of Al precipitate the phosphorous

and thereby remove it from solution.

Though Al-toxicity and phosphorous, deficiency appear to be asso-

ciated on acid soils, the exact relationship is not clearly under-

stood. Foy (1974) in The Plant-Root and Its Environment enumerates

the physiological effects of Al on plant growth: Al interferes with

DNA replication, fixes phosphorous on root surfaces, and interferes

with the phosphorylation of sugars. Thus it can be seen that Al

has considerable influence on phosphorous uptake and utilization,

even though the mechanism of action is not understood.
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Cultivar Differences in Root Growth
Response to Al toxicity

Neenan (1960) was the first to notice varietal differences in

growth response on acid soils. He found that Al concentrations in

the tops of wheat plants were significantly correlated with yield

responses due to liming. Foy et al. (1965) further explored wheat

varietal differences in Al toxicity and tolerance. First, using an

Al toxic soil, they grew five wheat varieties. After washing and

weighing the roots they found a sevenfold increase in root weight

from the least Al-tolerant to the most Al-tolerant line. In a

second experiment they studied the effects of lime on the array of

wheat varieties and found that the addition of lime reduced the

yield differences between the susceptible and tolerant varieties.

They also found that root growth differences between a susceptible

line and a tolerant line were reduced with the addition of lime.

Foy et al. (1967) investigated the reasons behind the differ-

ential varietal response to Al toxicity. Using nutrient solutions

they found that Al-tolerant lines of wheat and barley had a lower

cation exchange capacity (CEC). The Al tolerant lines consequently

raised the pH in their root zones, while the susceptible lines

lowered the pH and thus increased Al solubility. The reasons for

this reaction by susceptible cultivars have not yet been

identified.

In a study by Ali (1973), he found that in nutrient solution

work many factors can influence the ability of Al to damage the root
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system. Among the variables are temperature, pH, calcium concen-

tration, magnesium concentration, potassium concentration, and

phosphorous concentration.

Some varieties adapted to the Pacif Northwest have been screened

for Al tolerance (Moore et al., 1976) and, of the ones screened,

Yamhill (one of the varieties used in this study) was found to be

moderately sensitive to AI toxicity. The parent population of

McDermid, the other line used in this study, was slightly more sen-

sitive to Al levels than Yamhill (Kerridge, 1969).



MATERIALS AND METHODS

Experiment #1

15

In 1978, the equivalent of 2.28 tons of time and 66 kilograms

of P205 per hectare were applied to plots established on a nonpareil

soil at Metz Hill in Douglas County, Oregon in a split-split plot

fashion with three replications. The soil at this site was a non-

pareil. Lime treatments (0 and 2.28 tons per hectare) were the

main plots, varieties (Yamhill and McDermid) were the subplots,

and phosphorous (0 and 66 kg of P205 per hectare) were the sub-sub-

plots. The unlimed soil had a pH of 5.2 - 5.3. The limed plots

had a pH of 6.5. Lime was incorporated by discing to a depth of

15-20 cm. Phosphorous was banded in the row at planting time.

Diuron was applied post-plant and pre-emergence for weed control.

One hundred kilograms of nitrogen were applied per hectare in the

form of (NH4)2SO4; twenty-five kg/ha were banded at seeding and

seventy-five kg/ha broadcast in the spring.

The first root samples were taken on March 16 at the late

tillering stage of plant development. A second set of root samples

was taken on May 31 during or just prior to anthesis. The plots

were six rows wide and spaced 30 cm apart and six meters long. Ten

soil cores (1.95 cm diameter by 20 cm length) were taken five

centimeters from the middle plot rows. These cores were combined,

mixed and subsampled.

Approximately one-fourth of the soil from each plot was put
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into a preweighed bottle containing 10 percent formaldehyde solution.

The remaining three-quarters of the soil was weighed, as was the

bottle containing the soil, thereby giving total soil weight.

The same procedure was followed on May 31st with the addition

of a second depth (20 to 40 cm). The second depth soil samples were

removed from the same holes as the first depth samples.

The soil was washed from the preserved roots in the manner de-

scribed by Ambler and Young (1977). In this procedure, several

buckets, a hose with an adjustable nozzle, and three seives are used.

The large opening sieve has 0.35 to 0.5 mm openings; the medium

sieve has openings of 0.2 mm; and the openings for the finest sieve

are between 0.050 and 0.075 mm. Initial root washing was done using

the coarsest sieve. The water from this washing was caught in one

of the buckets and decanted from there through the medium sieve.

Depending on the adherence of the soil to the roots, this procedure

was repeated several times. Finally the root suspension was screened

through the finest sieve so that no root particles were lost. The

roots were lined up in a longitudinal fashion on the edge of the

finest sieve with a rubber policeman and transferred to a piece of

folded vellum paper. In this paper the roots were cut into short

segments. Once the roots were washed, cut, and debris removed,

they were cleared using four percent potassium hydroxide for two

hours. The roots were then stored in 95 percent ethanol until staining.

To be sure that only live roots were counted, Feulgen staining
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procedure was used (Holden, 1975). Roots were poured into plexi-

glass tubes with 64 micron sieving in the bottom. The tubes were

placed in IN HCL for 30 seconds, then in IN HCL at 40-50°C for 10 to

15 seconds, and finally transferred into a 1N HCL solution at 65°C.

After the temperature dropped to 60°C they were held at 60°C for

five minutes. The procedure was then reversed until room tempera-

ture was again achieved.

The tubes were filled with Feulgens and placed in a covered

container for two hours. The roots and tubes were then well rinsed

with SO2 water and soaked in SO2 water for 15 minutes, after which

time the roots were put into tightly capped bottles of glycerol.

These bottles were weighed before and after the addition of the

glycerol and roots.

Approximately three cubic centimeters of the glycerol-root

suspension were placed on a glass latern slide of known weight.

The slide with roots and glycerol was then weighed and the roots

were counted using the technique of Newman (1966) as applied by

Ambler and Young (1977). This involved counting the roots which

intersected a crosshair on the ocular of a microscope. The magni-

fication used to count the roots was 125x. The root length per

sample was calculated by the formula R = 7rNA/2H where R is the root

length, H is the length of the field (140 cm), A is the area

covered (70 cm ) and N is the number of counts.

The root length estimate derived from the above formula was
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related back to the total soil sample using the following formula:

weight of glycerol in bottle
(length of roots)

cm of root/cm3 of soil weight of glycerol on slide

volume of soil for roots

Using the Feulgens staining procedure, only live roots were

counted (Holden, 1975). The roots that intersected the crosshair

were counted as live if at least two cells with stained nuclei

could be seen surrounding the vascular cylinder. Usually there

were many cells with stained nuclei and the "at least two" rule was

used only when there was some question.

Plots of 9 m2 were harvested at maturity and grain yield data

obtained for the McDermid plots. The Yamhill plots had been de-

stroyed by birds. Analyses of variance for split-split plot design

were determined on both root length and yield.

Experiment #2

In 1979, root samples were harvested on April 7 at the late

tillering stage. The procedure for taking the roots, washing them,

staining and counting them remained the same as in Experiment #1.

There was no bird damage in 1979, so yield was obtained for

both varieties. Nitrogen was applied as (NH4)2804 at the rate of

25 kg/ha banded at seeding time with 90 kg/ha broadcast in the

spring. Diuron was the herbicide used, applied post-emergence
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RESULTS AND DISCUSSION

Experiment #1 was conducted in the crop year 1977-78. Root sam-

ples were taken on March 16 and May 31. The first sampling data was

at the late tillering stage of plant development. A core soil sam-

ple was taken to a depth of 20 cm on March 16. Once the roots had

been washed, stained and counted, an analysis of variance was con-

ducted for root length as influenced by lime, varieties, and phos-

phorous (Table 1). The actual root length data are presented in

Appendix Table 1. The phosphate-treated plots had more roots per

soil sample at the 10 percent level of significance. Lime had no

apparent effect on root growth. Significant difference at the ten

percent level was found between varieties. Yamhill had a consistent-

ly larger root system in the upper soil layer than McDermid, as noted

in the histogram of varieties, treatments and root length presented

in Figure 1A.

On May 31 a second set of root samples was taken. At this time,

two depths were sampled: depth one, 0-20 cm and depth two, 20-40 cm.

The analysis of variance for the first depth samples is presented in

Table 2. Significant differences at the 10 percent level were found

for phosphorous and lime. Though there were no significant varietal

differences, there was a tendency for McDermid to have greater root

length than Yamhill in the phosphorous-treated plots (Figure 1B).

Yamhill and McDermid were similar when both lime and phosphorous

were applied. Under the "lime-only" treatment, Yamhill exceeded

McDermid in root length. This was also true in the control plot
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Table 1. Influence of lime, varieties and phosphorous on root
length at 0-20 cm. measured on March 16, 1978.

Sources of variation df SS MS

Sub-sub plots

Sub plots

Main plots

Reps

Lime

Error (a)

Varieties

v x 1

Error (b)

Phosphorous

p x 1

p x v

p x v x 1

Error (c)

22t

11

5

2

1

2

1

1

4

1

1

1

1

7

40.15

26.15

11.57

4.46 2.23

1.58 1.58

5.53 2.77

8.87 8.87

.03 .03

5.68 1.42

4.89 4.89

1.01 1.01

1.35 1.35

.17

6.58 .94

CV for phosphorous = 28%.

CV for varieties = 34.8%.

tone degree of freedom lost because of missing plot.

10% level of significance.
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FIGURE 1. Histogram of the root lengths of Yamhill and McDermid at 0-20 cm under phos-
phorous and lime, phosphorous and no lime, no phosphorous and lime and
neither phosphorous nor lime treatments in 1978 and 1979.
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Table 2. Influence of lime, varieties and phosphorous on root
length at 0-20 cm measured on May 31, 1978.

Sources of variation df SS MS

+
Sub-sub plots 22' 59.35

Sub plots 11 52.69

Main plots 5 46.35

Reps 2 1.33

Lime 1 38.73 38.73

Error (a) 2 6.29 3.15

Varieties 1 .10

v x 1 1 .01

Error (b) 4 6.23 1.56

Phosphorous 1 1.87 1.87
*

p x 1 1 .27 .27

p x v 1 .59 .59

pxvxl 1 1.14 1.14

Error (c) 7
*

2.79 .40

CV for phosphorous = 18.6%.

CV for lime = 52.2%.

one degree of freedom lost due to missing plot.

10% level of significance.



23

(no lime, no phosphorous).

When comparing the root length from the two sampling dates,

there was virtually the same overall length of live roots: an

average of 3.42 cm/cm3 of soil for the first date and an average of

3.40 cm/cm3 of soil for the second. Figure 2 illustrates the dis-

tribution of roots under the limed and unlimed treatments for both

dates. In the early sampling, limed and unlimed plots had similar

root lengths. In the later sampling (at anthesis), the root length

for the limed plots exceeded the unlimed (p. 10). There

were two puzzling aspects about these data: one is that there

appeared to be no overall increase in live roots at the 0 to 20 cm

soil depth as the crop was growing and the second was the effect

lime had on root growth over time.

To explain these two points several contingencies must be con-

sidered. First, it is quite likely that under a winter rainfall

pattern, such as encountered in Oregon, the surface layer of soil

dries out as the season progresses and thus the growing plant has

to depend upon roots which are deeper for moisture and nutrients.

In such a situation, one would expect the living roots in the top

20 cm of soil to become fewer and fewer as the growing season pro-

gresses. Lupton (1974), working in Great Britain where rainfall

occurs year-round, found that the percent of live roots in the top

25 cm of soil remained the same from mid-April to mid-June (80.4

percent in mid-April and 79.2 percent in mid-June). In this study
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the actual live root length remained constant. Lupton et al. (1974)

found that the total root length, including non-living roots to a

depth of 100 cm, was 10.9 km/m2 in mid-April and 16.3 km/m2 in mid-

June. In other words, in mid-April there was 8.76 cm of roots/cm3

of soil, in June there was 12.91 cm of roots/cm3 of soil for their

experiment, as compared to 3.43 and 3.4 cm /cm3 of soil, respectively,

for the winter rainfed experiment.

Another consideration was the incidence of the disease take-

all, Gaeumannomyces graminis var. tritici in the crop year 1977-78.

Infection data (percent of heads infected with sooty molds at harvest)

for the McDermid plots are presented in Appendix Table 2. The take-

all root rot organism could have contributed to the overall low root

length/cm of soil in 1978 (compare 3.42 cm/cm3 in 1978 to 4.95

cm/cm3 in 1979). More importantly, the variation in root length due

to liming (Figure 2) might also be explained by take-all infection.

When lime was present in the plots, there was, on the average, only

a 17 percent take-all infection; when lime was not present, the in-

fection level averaged 50 percent (Appendix Table 2).

Asher (1972) conducted a study which included the effects of

take-all on root growth. This study was performed in the greenhouse

with plants grown in infected sand. He found that take-all severely

retarded the growth of seminal roots and promoted, as an immediate

consequence,. the growth of adventitious roots. This root growth

was at the expense of shoot growth as a greater proportion of the
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total assimilates was transported to the roots of the infected

plants. During the 47 days of Asher's experiment, though the num-

ber of roots increased (from 3 to 9), the number of uninfected roots

remained relatively constant (2 to 3). These healthy roots would be

classified as live in this experiment. Thus, the results of this

study reiterate Asher's data on the effects of take-all on root

growth.

The positive effect of liming on root growth is more difficult

to explain. Generally, an increase in pH is thought to increase the

severity of take-all. Smiley and Cook (1973), working on the

effects of NO3-N vs. NH4-N fertilization had on take-all, found that

a low rhizophere pH was necessary for the control of the disease.

Amonium nitrogen sources lowered rhizosphere pH, while NO3-N sources

raised the pH. Liming, they found, raised the pH both in the bulk

soil and in the rhizosphere and negated the beneficial effects of

NH4 -N on plants infected with take-all. This present study on acid

soil (pH 5.2 to 5.3) found that when the bulk soil pH was raised

(pH 6.5) by liming, take-all decreased. There are two possible ex-

planations for the apparent contradiction in results. One is that,

as Smiley and Cook (1973) found, there are considerable differences

in how take-all reacts in different soils. When two soils were com-

pared, the Puyallup soil type inhibited hyphal growth of the disease

over a greater range of pH than did the Ritzville soil type. This

inherent soil difference could in part explain why plants grown in the
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Douglas County soil type were more resistant to take-all with the

increase in pH. The other possibility is simply an increase in root

and plant development with the elimination of aluminum and manganese

toxicity when lime was applied. This latter explanation is probably

the major reason for the reduced take-all infection and increased

root length when lime was added.

At the second depth (20 to 40 cm), where there was little or

no direct root contact with the lime or phosphorous applied, the

phosphorous application had a significant positive effect on root

growth (Table 3). Therefore, it would appear that added phosphorous

in the upper soil level had a beneficial effect on overall root

growth.

When McDermid grain yields from the treated plots were calcu-

lated it was noted that both lime and phosphorous had a significant

beneficial effect (Table 4). The mean yield of McDermid without

lime or phosphorous was 1.33 mt/ha; with lime but without phosphor-

ous it was 3.4 mT/ha; with phosphorous but no lime the mean yield

was 3.02 mT/ha; and with both lime and phosphorous added it was

4.16 mT/ha (Appendix Table 3).

Scatter diagrams of grain yield and root length (Figure 3:

A,B,C) indicate that as root length increases, so does grain yield

in McDermid. There is a correlation (r = .96, n = 12) between root

length in the 0 - 20 cm depth (both dates combined) and grain yield.

The second depth root length (20 40 cm) was also correlated with
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Table 3. Influence of lime, varieties and phosphorous on root length
at 20-40 cm measured on May 31', 1978.

Sources of variation

Sub-sub plots

Sub plots

Main plots

Reps

Lime

Error (a)

Varieties

v x 1

Error (b)

Phosphorous

p x 1

p x v

pxvxl

Error (c)

df SS MS

23

11

5

12.11

7.65

4.53

2 .06 .02

1 1.51 1.51

2 2.96 1.48

1 .79 .79

1 .85 .85

4 1.48 .37

*
1 1.76 1.76

1 .72 .72

1 .26 .26

1 .31 .31

8 1.41 .18

CV is 37%.

5% level of significance.
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Table 4. Analysis of variance on grain yield (mT/ha) response to
lime and phosphorous treatments for MCDermid wheat, 1978.

Sources of variation df SS MS

Sub plots 11 16.96

Main plots 5 10.60

Reps 2 .47 .23

Lime 1 8.42 8.42
*

Error (a) 2 1.71 .85

**
Phosphorous 1 3.98 3.98

p x 1 1 .86 .86

Error (b) 4 1.52 .38

CV for phosphorous = 20%.

CV for lime = 31%.

J.
10% level of significance.

**
5% level of significance.
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Table 5. Correlation values between grain yield and root length
for McDermid in 1978 and for Yamhill and McDermid in
1979 at two depths (0-20 cm, 20-40 cm).

Root sampling date and depth r values

McDERMID

4.March 16, 1978
depth one .75 12'

May 31, 1978
depth one .88 12

Both dates combined
depth one .96 12

May 31, 1978
depth two .56 12

McDERMID & YAMHILL

April 7, 1979
depth one .75 24

April 7, 1979
depth two .13 24

n equals number of observations per treatment not averaged
over replications
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grain yield (r = .56, n = 12), though the r value was not as high

as in first depth. It makes sound biological sense that dry matter

yield should correlate well with root length or amount (MacKey,

1973). But the relationship between root length and grain yield

is more tenuous. However, both of the cultivars used in this study

(McDermid and Yamhill) are high-yielding cultivars. Because they

have been selected for yield, their ability to transfer root assimi-

lates into the components of yield must be great.

Consistently throughout Experiment #1, at all dates and depths,

phosphorous was the significant factor in root growth. This was

also true for Experiment #2.

Experiment #2 was conducted in 1978-79 under the same experi-

mental conditions as Experiment #1. Root samples were taken on April

7, which coincided with tillering stage. Plant development was slow

because of the severe winter in 1978-79. The plant growth stage

reached on April 7, 1979 was similar to the stage of development

reached on March 16 the previous year.

For depth one (0 to 20 cm) there was significant difference

(p .01) between the phosphorous treatments and a significant

difference between limed and non-limed plots (Table 6). No signi-

ficant differences were apparent between varieties, but there was

a significant variety by phosphorous interaction. Though varieties

did not significantly differ, the histogram of treatments, varieties

and root length (Figure 1C) again suggested that Yamhill had greater



35

Table 6. Influence of lime, varieties, and phosphorous on root
length measured at 0-20 cm on April 7, 1979.

Sources of variation df SS MS

Sub-sub plots

Sub plots

Main plots

Reps

Lime

Error (a)

Varieties

v x 1

Error (b)

Phosphorous

p x 1

p x v

pxvxl

Error (c)

22
t

60.45

11 20.95

5 15.68

2 .63

J.

1 13.09 13.09

2 1.96 .98

1 .34 .34

1 1.56 1.57

4 3.36 .84

***
1 20.39 20.39

1 2.58 2.58

1 8.45 8.45

1 1.69 1.69

7 6.39 .91

CV for phosphorous is 18.5%.

one degree of freedom lost due to missing plot.

J.

* *

***

10% level of significance.

5% level of significance.

1% level of significance.
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root length than McDermid when phosphorous was not applied. McDermid,

under the given soil conditions (acidity and Al-toxicity), apparently

had a greater requirement for phosphorous or was not able to take it

up as readily. Aluminum-toxicity investigations using these two

varieties (Moore et al., 1976; Kerridge, 1969) indicated that McDermid

was more susceptible to Al-toxicity than Yamhill. This increase in

susceptibility could account for McDermid's consistently poor per-

formance when neither lime nor phosphorous was added to the soil.

The addition of phosphorous significantly promoted root growth at

depth two (20 40 cm) as shown in Table 7. These results are similar

to those for the second depth in Experiment #1 (Table 3). There was

also a significant interaction between phosphorous and lime.

The grain yield data and analysis of variance for Experiment #2

are presented in Tables 8 and 9. Highly significant differences were

found for the phosphorous treatments. Plots with phosphorous yielded

on the average 1.88 mT/ha more than the untreated plots. Significant

differences were found for lime, replications and variety by lime inter-

action. The limed plots compared to the unlimed plots averaged

0.76 mT/ha more grain. Plots with both lime and phosphorous out-

yielded the control plots by 2.63 mT/ha, the limed plots by 1.53

and the phosphate fertilized plots by 0.40 mT/ha. Though varieties

were not significantly different, Yamhill outyielded McDermid

by nearly one mT/ha. Some winter damage was noted on Yamhill (re-

flected by the reduced stands compared to McDermid, Appendix Table 41,
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Table 7. Influence of lime, varieties and phosphorous on root
length measured at 20-40 cm on April 7, 1979.

Sources of variation df SS MS

Sub-sub plots

Sub plots

Main plots

Reps

Lime

Error (a)

Varieties

v x 1

error (b)

Phosphorous

p x 1

p x v

pxvx1

Error (c)

23

11

5

18.65

6.07

4.61

2 3.00 1.50

1 .53 .53

2 1.08 .54

1 .03 .03

1 .07 .07

4 1.36 .34

**
1 6.92 6.92

1 1.28 1.28

1 .75 .75

1 .77 .77

8 2.86 .36

CV for phosphorous is 33.7%.

*

10% level of significance.

1% level of significance.
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Table S. Grain yield (mIlha) for McDermid and Yamhill winter
wheats when grown at Metz Hill in 1979.

Lime Phos.
Replications

I II III Total R

Yamhill

McDermid

+ + 6.16 6.81 6.30 19.27 6.42

+ 4.37 5.51 3.82 13.70 4.57

+ 6.19 7.56 5.97 19.72 6.57

4.17 5.47 6.24 15.88 5.29

+ + 6.94 4.71 6.83 18.48 6.16

+ 3.80 4.90 6.14 14.84 4.95

+ 5.35 3.53 6.71 15.59 5.20

- 2.18 1.94 1.94 6.06 2.02

LSD for phosphorous = 0.92.

LSD for lime = 0.43.
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Table 9.. Analysis of variance on grain yield (mT/ha) response to
treatments for McDermid and Yamhill wheats in 1979.

Sources of variation

Subsub plots

Sub plots

Main plots

Reps

Lime

Error (a)

Varieties

v x 1

Error (b)

Phosphorous

p x 1

p x v

pxvxl

Error (c)

df SS

23

11

5

61.03

28.40

5.06

2 1.54 .77

**
1 3.41 3.41

2 .11 .06

1 7.71 7.71

J.

1 8.51 8.51

4 7.12 1.78

***
1 21.25 21.25

1 .71 .71

1 .58 .58

1 2.44 2.44

8 7.65 .96

CV for phosphorous = 19%.

CV for varieties = 25.9%.

CV for lime = 4.75%.

10% level of significance.

**
5% level of significance.

***
1% level of significance.
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nevertheless, as evidenced by its final yield, it appeared to have

recovered to a degree.

There was a correlation between grain yield and live root length

in depth one (r = .75, n = 24). The root lengths from the second

depth did not correlate with yield (r = .13, n = 24). The

scatter diagram for root length at depth one vs. yield (Figure 4A)

reveals that low grain yields and low root length were consistently

associated with McDermid under the control conditions (no lime, no

phosphorous). High grain yields were most frequently found for both

varieties associated with longer root length (> 5.5 cm), and the

lime-plus-phosphorous treatment. From the scatter diagram for the

second depth, it can be seen why there was no association between

root length and grain yield (Figure 4B). The only consistent factor

was once again reduced root growth and low grain yield with McDermid

under the no lime, no phosphorous control treatment.

The overriding factor influencing both roots and grain yield in

1977-78 was the disease take-all. This disease was not obvious in

1978-79. Comparing the mean root length during the problem year

with the mean root length in the disease-free year, it was seen that

take-all limited the number and length of live roots: 3.42 cm/cm3

of soil compared to 4.95 cm/cm3 of soil (Figure 2). Liming in this

instance had a beneficial effect on root development and grain yield.

The beneficial effect of lime is likely the result of reducing

soluble Al in the soil solution, thereby increasing root health.

Though take-all somewhat confounded Experiment #1, there were some
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striking similarities between the results obtained in Experiment #1

and Experiment #2. In every case the phosphorous treatment was sig-

nificant with regard to both increased grain yield and root length.

Also when neither lime nor phosphorous were applied to this soil,

McDermid had low yield and very reduced live root length. Yamhill was

less affected by adverse conditions observed at this experimental site..

The soil core sampling method and root counting technique used

was effective in differentiating treatment responses particularly at

depth one (0 - 20 cm). At this depth early in plant development

varietal differences were also detectable. Deeper in the soil, away

from the most intensive area of root growth, significant varietal

differences were not detected. This technique is useful for evalua-

ting cultivars for root growth response to fertilizer treatments.

Though not conclusive from this data, there is a strong indi-

cation that these techniques could be used to distinguish cultivar

differences in root growth in the early stages of plant development.

Such information would be useful in elucidating cultivar differences

in terms of stand establishment, problem soils, and other factors

influencing plant development.
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CONCLUSIONS

This study investigated the root growth response of two wheat

cultivars to lime and phosphorous treatments. It also evaluated a

root sampling and counting procedure. The conclusions drawn from

this investigation are as follows:

1. Significant difference (p. 10) between Yamhill and McDermid for

root length was found only at the late tillering stage of plant

development in 1978 with Yamhill having a greater root length

than McDermid in the control and limed treatments. Though root

growth was greater for Yamhill under all treatments, only the

above was significant. During anthesis Yamhill and McDermid

plots were nearly equivalent for root length, though Yamhill had

a tendency to have more root length than McDermid in the plots

where phosphate fertilization was absent. At the late tillering

stage in Experiment #2 the trend was for Yamhill to have more

root length under the no phosphorous treatments (this was true

across experiments and dates of sampling), but McDermid had more

root length when the plots were treated with phosphorous.

This latter occurrence contrasted with Experiment #1 at the same

stage of development. One probable explanation for this contra-

diction was the winter hardiness level of McDermid compared to

Yamhill. In 1978-79 the winter was severe and Yamhill stands

were reduced. The root samples were taken before Yamhill had a

chance to fully recover from the cold winter temperatures. From the
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above data it cannot be concluded that the two cultivars

differ in root length at the depths tested. A trend can be

seen, but with the complications of take-all in 1977-78 and

winterkill in 1978-79, further studies must be undertaken to de-

termine if this trend can be statistically substantiated. What

does this mean for the postulation that Yamhill and McDermid

might differ in their ability to take up phosphorous from the

soil? Again, the data indicated that when no phosphorous was

applied, Yamhill had a longer root system. This longer root

system was able to explore more of the soil profile and conse-

quently take up more phosphorous. Data from Dr. T. L. Jackson

and D. Sullivan (1979) indicated by leaf analysis that Yamhill

had a lower phosphorous requirement.

2. Though varietal differences were hard to detect, there was no

doubt about the effect phosphorous had on root growth. At all

depths and sampling dates and in both experiments the phosphorous-

treated plots had significantly more root length than the non-

treated plots. Significance levels ranged from the 10 percent to

the one percent level. Liming significantly (p. 10) increased

root length at anthesis in Experiment #1, depth one, possibly due

to its beneficial affect on the plants infested with ake-all.

Liming also significnatly contributed to root length in
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Experiment #2, at depth one.

3. In 1977-78 phosphorous and lime treatments increased grain yield

of McDermid significant at the five- and ten-percent

level, respectively. In 1978-79, phosphorous and lime again sig-

nificantly increased the grain yield of Yamhill and McDermid plots;

at the five-percent level. The grain yield response to treat-

ments was similar to the root length response. McDermid grain

yield and root length were highly correlated (r = .96, n = 12).

In 1978-79 the grain yields of both cultivars responded in much

the same manner as root lengths to the treatments of lime and

phosphorous. There was a good correlation between grain yield

and root length the first depth (r = .75, n = 24).

In this study the root sampling technique used was quite effec-

tive in the uppermost soil layer tested (0 - 20 cm). Deeper in the

soil profile where the roots were fewer, it proved difficult to ob-

tain enough roots per slide to get an accurate estimate in a reason-

able amount of time. The soil core sampling method coupled with the

live root counting technique can be used to determine cultivar dif-

ferences at early growth stages. It is also able to pick up

differences in root growth response to fertilizer applications or

soil and pathogen-induced root stresses. There are three advan-

tages with this root testing system. One is that no expensive

equipment or costly chemicals are required. Secondly, once the



47

samples are taken, the roots can be stored in either formaldehyde,

ethanol, or glycerol for many months. Therefore, no all the analyses

have to be done at once as in the isotope methods. This could be

useful in a breeding program where the demands of crossing, evalua

ting and harvesting might limit the time available for concurrent

root screening and evaluation. The third advantage of this technique

is that only the actual live roots are counted. Though other methods,

notably isotope methods, live roots are counted, in this technique

the roots themselves are seen. This enables the viewer to estimate

the dimater of the roots, and the percent pathogen or mycorrhizal

infection.

In summary, the soil core sampling and counting technique is

useful for areas where there is much root growth as a result of

either the root structure of the plant or the fertilizer and soil

conditions where it is growing. The technique is not very effective

at soil depths where there is less root growth, and consequently it

would reveal little about the geometry of the plant roots (their

depth and breadth).
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Appendix Table 1. Root length (cm of root/cm
3

of soil) for Yamhill
and McDermid wheat cultivars under treatments of
lime and phosphorous, lime and no phosphorous, no
lime and phoshprous and neither lime nor phosphor-
ous in 1978 and 1979 at all dates and two simpling
depths (0-20 cm, 20-40 cm).

Varieties
Treatments

lime phosphorous
March 1978 May 1978 April 1979

Depth One (0-20cm)

Yamhill + + 4.2 4.8 4.8

+ - 4.3 5.3 5.3

+ 4.4 2.1 5.0

- - 3.3 2.1 4.2

McDermid + + 3.7 4.9 6.6

+ 2.5 4.6 4.9

+ 3.3 2.9 5.9

- - 1.7 1.4 1.7

Depth Two (20-40cm)

Yamhill + + 1.7 2.3

+ - 1.9 1.6

1.3 2.0

0.4 1.1

McDermid + + 1.3 2.2

+ - 0.7 1.6

- + 1.3 2.9

- - 0.5 0.6
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Appendix Table 2. Take-all disease readings for McDermid wheat,
in 1978 at Metz Hill, Douglas County, Oregon.

Treatments I

Replications
II III

Average

L P 30* 10 10 17

L - 30 10 10 17

Average across lime treatments 17

P 20 30 60 37

30 60 99 63

Average across unlimed treatments 50

4.

Take-all notes were taken just prior to harvest in 1978.

Readings were based on percent of heads infected with sooty molds.
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Appendix Table 3. Influence of lime and phosphorous on grain
yield (mT/ha) for McDermid wheat in 1978 at
Metz Hill, Douglas County, Oregon.

Lime Phos.

McDermid + + 2.86 4.43 5.18 4.16

+ 3.40 3.42 3.80 3.54

+ 2.80 3.25 3.00 3.02

1.87 1.42 .70 1.33
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Appendix Table 4. 1979 percent stand for McDermid and Yamhill
wheats at Metz Hill, Douglas County, Oregon.

Lime Phos. I II III Total

Yamhill

McDermid

+ + 29 19 13 61

+ 21 29 36 86

+ 21 21 19 61

21 16 16 53

+ + 36 36 36 108

+ 29 29 36 94

+ 29 21 19 69

21 21 16 58


