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CHAPTER I 

GENERAL INTRODUCTION 

Recently, interest has developed in the use of legumes in pastures. Part 

of this interest has been stimulated by the energy crisis and the subsequently 

expensive nitrogen fertilizer. Also, an abundance of high quality forages with 

good seasonal distribution is the basis for livestock profits. In the Southern 

Great Plains, including north-central Texas, there is a need to diversify 

agricultural practice by a shift from traditional row crop production to a 

combination system of row crop and livestock production. A major obstacle to 

this move has been the lack of forage during the fall and spring months. 

Currently, few alternatives exist for farmers and cattlemen of the Southern 

Great Plains to graze their cattle during the months when native range and 

wheat are not available. 

A solution to the problem has been difficult to achieve because 

successful establishment of legumes under natural rainfall conditions is 

difficult in most semi-arid regions, such as the Southern Great Plains. 

Selecting plants whose root system elongates downward more rapidly may 

reduce establishment problems. Many experiments have shown that soil 

environmental conditions will affect root growth of a specific selection 

(Hamblin, 1978). Also, high genetic variability of root elongation among 

annual legumes has been reported (Taylor and Klepper, 1978; Bojorquez et 

al., 1986). These facts suggest the feasibility of screening for differences in 

root elongation rates of forage legumes for subsequent field establishment. 
1 
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Due to costs and a lack of space and time, it has been difficult to select 

suitable forage legume species for subsequent field establishment. 

Texas Tech University and USDA scientists have been studying root 

systems of forage in an attempt to determine suitable forage species and 

varieties for successful establishment in the field. These and other scientists 

have shown that the slant-tube technique is suitable for investigating a large 

number of plant species in a short time and at a low cost (Kittock and 

Patterson. 1959; Taylor et al, 1978; Kaspar et aL. 1984; Borjorquez. 1986, and 

more recently by Brar et al., 1989). This technique can be used in the 

greenhouse at any time of the year. 

The slant-tube technique consists of a series of clear acrylic plastic or 

polyvinyl chloride (PVC) tubes, that are slanted 11 to 15° from the vertical so 

that the root systems of plants grown in the tubes can be monitored as they 

grow downward on the underside of the tubes. A typical tube measures about 

900 X 57.2 mm (internal measurements). The physical arrangement of the 

Slant-tube technique is shown in Figure 1 (Page 9). The lumber framework 

measures about 140 cm (length) x 80 cm (width) x 90 cm (height). Fifteen-

mm thick expanded polystyrene sheets are used to cover the sides and top of 

the stand. These sheets serve to reduce significant air temperature 

fluctuations within the box. The sheets also prevent light from directly 

reaching the root system. A trough filled to about a 5-cm height with sand 

holds the bottom part of the slanting tubes together and also acts as a sink for 

the irrigation water. 

The slant-tube technique described was similar to that used by Kittock 

and Patterson (1959) on measurement of relative root penetration of grass 
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seedlings because soil washing methods were considered too time consuming 

and costly for any type of root measurements. Their slant-tube technique was 

considered to be an easier and cheaper method for growing seedlings in glass 

tubes. Pyrex tubes, 50.8 mm x 1219.2 mm were placed in racks, each holding 

25 tubes. A small frame of wood and a piece of blotter paper sealed the lower 

end of each tube. Tubes were partially filled with fine, washed sand, then 

filled with water. To obtain uniform compaction in each tube, sand was added 

in the water and left to settle. Forty treatments consisting of 10 varieties with 

4 seed sizes of each, were replicated 4 times. Seed sizes were obtained by 

separating seeds of each variety into 4 approximately equal-sized lots using a 

S. Dakota Seed Blower. Each seed was planted 2 cm below seedbed surface. 

Seedlings were thinned to one per tube. After seeds were planted, the tubes 

were inclined about 30° from the vertical so that roots would follow the walls 

of the tubes. Weekly interval measurements were made. Results showed that 

the 7-week total root penetration rate data correlated significantly (r-0.87) 

with survival data for the spring-seeded field trial under range conditions. 

Other significant correlations included plant height, total length of leaves, or 

dry weight of the tops. Seed weight was also correlated with growth with the 

heavier.seeds grown in slant tubes producing significantly greater top dry 

weight, and root penetration than did light seeds. 

Taylor et al. (1978) conducted two greenhouse experiments to evaluate 

the taproot penetration rate of selected soybean [Glycine max (L) Merr.l 

cultivars. Single plants were grown in clear acrylic plastic tubes filled with 

soil and inclined l lo from the vertical. The depth of the taproot tip was 

measured at 1- to 4-day intervals for 27 days in one experiment and for 26 
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days in the other. Five replicates of 28 cultivars, and 20 replications of each 

of 3 seed sources of the Wayne cultivar were used in the first experiment; 

twenty replications of 9 cultivars were used in the second. Significant 

variation existed within and among cultivars in the downward extension rate 

of taproots and the depth to which they penetrated in 27 days. Eleven 

percent or less of this variation was accounted for by a linear correlation 

between taproot length and seed size, and 42% by correlation between dry 

weight and taproot length at 27 days. 

Bojorquez (1987) also using the slant-tube technique, studied root and 

top growth of winter-annual legumes. His objectives were to determine 

whether a) winter-annual legumes differ in seedling root elongation, (b) 

seedling top growth measurements are related to extent of root elongation, 

and (c) similar relationships could be expected among slant-tube experiments 

conducted using 14 winter-annual legumes (Medicago and Trifolium sp.) The 

tubes were slanted 15° from the vertical so as to be able to measure root 

elongation rate. Also, three levels of N (0, 36, and 72 mg N/1) in nutrient 

solution were used.Winter, spring, and summer runs were conducted. Results 

showed maximum differences in seedling growth among the 14 legumes. 

Seedling growth among the 14 legumes with differences of 40. 44, and 77% 

for the three N treatments, respectively. Differences were also noted in root 

dry weight. Plant height and number of leaves per plant were correlated 

(r-0.83) with taproot elongation, but their correlation with the summer run 

was lower (r-0.69 and 0.66. respectively) due to the apparent high 

temperatures in the greenhouse, which adversely affected root growth. It was 

concluded that the high variability in root elongation rate found among the 
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14 legume entries, suggested that forage legumes could be selected using the 

slant-tube method. 

Brar et al (1989) conducted a study on the growth pouch and slant 

tube methods for characterizing rooting depth of forage-legume seedlings in 

the field. Their objective was to determine the relationship between rooting 

depths of forage legumes grown in growth pouches and slant tubes with 

rooting depth in the field. Nineteen forage legumes were grown in slant tubes 

in the greenhouse, and in growth pouches held in the dark at constant 

temperatures of 10, 15. 20, 25, and 30° C Rooting depths were compared 

with those of the field in the spring and fall of 1986 and fall of 1987. At 10 

days after planting , root growth (length) in pouches for 20° and 25° C were 

correlated (P < 0.01) with rooting depth (r2 - 0.87) in the field at 32 days 

after planting. Slant tubes at 14, 18, and 25 days after planting (DAP) were 

correlated (P < 0.01) with rooting depth at 32 DAP with r2's of 0.67, 0.71. and 

0.62, respectively. Based on the favorable correlations with rooting depths in 

the field, they concluded that both growth pouches and slant-tubes are useful 

methods for screening the rooting characteristics of forage legumes. 

The slant-tube technique, useful as it is as a screening tool for forage 

legumes, has several limitations. The effect of environmental factors such as 

light, temperature, water stress, shading (light intensity), and composition on 

root elongation has never been explored using the slant-tube method. 

However, these factors have been shown to influence rooting behavior of 

some plants. Rogers (1939c) discovered that continuous exposure of roots to 

daylight severely restrained root growth, increased suberization, and checked 

lateral roots of apple trees. Less effect was reported for a 20-minute to 2-
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hour-per day light exposure. According to Pearson (1974), roots of corn, 

soybeans, and tomatoes showed no reduction in elongation rate on short 

illumination periods. However, the roots of peanuts showed a negative 

response to light. Bbhm (1979) concluded that short time exposures of roots 

to light during measurements had no strong influence on the the results. But 

generally, the effect of light on forage legume species using the slant-tube 

technique has never been investigated. 

Water stress impact on root elongation is well documented in Kramer's 

Water Relations of Plants (1983), in which he reports that an excess or 

deficiency in soil water limits root growth and its functions. Water is not 

directly injurious to root growth but excess water limits oxygen to the roots. 

Water stress brings about cessation of root growth and very often growth is 

severely reduced in soils whose water content is near the wilting percentage. 

Also in dry areas, root penetration is limited to the depth to which the soil is 

wetted. Experiments conducted by researchers has shown that water deficits 

in plants led to marked reduction in leaf area. Consequently, a reduction in 

leaf area led to reduced growth of the plant, especially at time of 

establishment, (Kramer, 1980). According to research conducted by Carter et 

af (1981), Heatherly and Elmore, (1986), Hamblin and Tennant (1987), 

Rosenthal et al. (1987), and Hoogenboom et al., (1987), there is overwhelming 

evidence that water stress affects root growth and development of forage 

legumes. 

It has been established that environmental conditions such as 

temperature play a vital role in germination, establishment, and growth of 

plants (Arkin and Taylor, 1981). Effects of temperature on root growth have 
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been studied by Cohen (1969), Stone and Taylor (1983). and Sumner et al. 

(1972). Root growth is often limited by low or occasionally high temperatures 

(Batjer et al., 1939). Woodroof and Woodroof (1934) worked with pecan roots 

and found that they were killed at -2° C, (cited in Kramer, 1983). Similarly, 

according to Pearson et al. (1970), cotton seedlings grown in glass-fronted 

boxes in a growth chamber had root elongation rates that increased with 

temperature. Stone and Taylor (1982), showed that taproot extension of four 

soybean varieties increased with temperature but decreased with time at 

temperatures greater than 17° C. Gomez et al. (1987), investigated the impact 

of variability among forage legume root development on seedling root 

elongation and establishment and found that of 21 legume species used, 

germination was highest at 15° and 20° C. Results showed there was 

considerable variation of main root length axis with time, temperature, and 

legume species. Root depth in the field was significantly correlated with 

laboratory pouch studies. Optimum temperature for germination and root 

development had been documented to be between 20° and 25° C for some 

forage legumes (Silsbury et al., 1984; Hur and Nelson, 1985, and Romo and 

Haferkamp, 1987). 

Very few investigative studies have been conducted on the impact of 

shading on root growth and development of forages. The exception to date 

has been the Asher and Ozonne (1966) study on seedlings of annual pasture 

species. They found that shading significantly reduced the yields of tops and 

roots (P< 0.001). Also, yields of roots were reduced more than that of tops. 

Root weights of three species were proportional to light intensity, though 

differences among species were significant. 
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Lastly, the influence of composition of tube material on root growth and 

development has not been investigated and consequently is not well 

understood. Most container-grown experiments have used clear Acrylic 

Plastic tubes, Plexiglass, or PVC tubes, but advantages or disadvantages of 

these materials have not been investigated. 

The specific slant-tube technique problems that we are investigating 

include a) the influence of light on root elongation of 2 winter-annual forage 

legumes, b) determination of the impact of water stress on root elongation of 

two winter-annual legume forages, c) the influence of temperature on root 

elongation of 6 winter-annual legume forages, d) the impact of shading on 

root elongation of 6 winter-annual legume forages, and e) the effect of 2 

composition of slant-tube materials on root elongation of 2 winter annual 

legumes. For each objective investigated, genetic variation among legume 

forages used will be evaluated on a ranking scale. 

Each chapter of this thesis is devoted to studying effects of a single 

variable on the usefulness of the slant-tube technique for evaluating rooting 

of forage legumes for establishment in semi-arid regions specifically the 

Southern Great Plains. 



Figure 1. Physical arrangement of the slant-tube experiments (A - acrylic 
plastic tubes, B - lumber framework. C - polystyrene sheets. D -
lumber trough. 9 - angle of inclination 15°). 



CHAPTER II 

THE INFLUENCE OF LIGHT ON ROOT ELONGATION 

OF TWO WINTER-ANNUAL FORAGE LGUMES 

Introduction 

Successful establishment of legumes under natural rainfall conditions is 

difficult in most semi-arid regions of the world. Selecting plants whose root 

system could elongate downward more rapidly may reduce establishment 

problems. High genetic variability of root elongation among annual legumes 

has been reported (Bojorquez et al., 1986). This fact suggests the feasibility of 

selecting legumes for rapid seedling root elongation. 

The slant-tube technique has been found to be a rapid , cost effective 

and easy method to screen root systems for rapid elongation (Kittock and 

Patterson, 1959; Taylor et al. 1978: Kaspar et al., 1984; Brar et al, 1989). In 

this technique, clear acrylic plastic tubes are filled with clean, washed, and 

steam-sterilized sand, and then slanted 15 degrees from the vertical. 

There is a potential problem, however, due to light exposure on the 

roots that grow at the soil-tube interface. Continuous exposure of roots to 

sunlight severely restrained the root growth and increased suberization of 

apple roots (Rogers. 1939; Bohm. 1979). The major objective of the 

experiment by Rogers (1939) was to determine the impact of light on root 

elongation in soil behind glass walls. Less effect was reported for a 20-minute 

to 2-hour per day light exposure, though significant reduction in growth rate 

was observed after a weekly exposure of 30 minutes especially in the light 

10 
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intensive months of the year. There was variation in the response to light 

from species to species. Roots of corn, soybeans, and tomatoes, showed no 

reduction in elongation rate on short illumination. However, the roots of 

peanuts had a negative response to light intensity (Hilton and Mason, 1971). 

Also, roots of poplar (Pooulus alba B.) grown in rhizotron compartments 

suberized more quickly when exposed to light than when kept completely in 

the dark. Results of experiments about light effects showed that when roots 

are exposed to light during recording, there is no strong effect on the root 

growth (Bohm, 1979). This conclusion is especially relevant when studies are 

geared toward obtaining relative data such as in the case of the slant-tube 

technique for screening forage varieties for subsequent field trials. 

This experiment was conducted in an effort to determine the impact of 

light on root elongation and variation between species. 

Materials and Methods 

Seed material was planted in a completely randomized design with six 

replications per treatment, and a factorial arrangement. Seed material 

selected were Austrian' Winter Pea (Pisum sativum subsp. arvense) and 

Chief Crimson Clover (Trifolium incarnatum). Both species are usually fall-

seeded and complete their life cycles in about a year. In order to investigate 

the impact of light on the elongation rate of forage legume main roots, two 

treatments were imposed: clear acrylic tubes. 900 x 57.3 mm (internal 

dimensions) for the light treatment (LI), and similar tubes covered with black 

plastic for the control (NL). The tubes were slanted 15° from the vertical to 

enable the roots to grow downwards along the side of the tubes for easy 



12 
monitoring of the root system. The arrangement of the stand is shown in 

Figure 1 (page 9). The approximate measurements of the stand used are 140 

cm (length) x 80 cm (width) x 90 cm (height). 

Soil used in tubes was clean, medium-sized sand that was steam-

sterilized for at least three hours and then allowed to dry in the sunshine. 

Sand was used in order to achieve a common consistency in all the tubes 

which might otherwise influence the results. 

Three or 4 seeds per tube were sown about 1 to 2 cm below seedbed 

surface, and inoculated with the appropriate Rhizobium strain. To monitor 

temperature differences within the rooting zone, 4 thermocouples, 2 each per 

treatment, were inserted about 7 cm below the seedbed surface and 

monitored every other day. 

Each tube was irrigated with 30 ml of Hoagland's (Moore, 1974) 

nutrient solution every day until seedling emergence using a 50 ml Brinkman 

adjustable dispensette. All tubes were covered with aluminum foil to 

maintain adequate moisture until seedling emergence. Irrigation was reduced 

to every other day after plant emergence, while the 6th and 7th irrigation 

utilized 50 ml of distilled water to leach out excess accumulated salts. 

Seedlings were thinned to I plant per tube. 3 days after emergence. Daily 

ambient temperature and relative humidity measurements were recorded by 

a hygrothermograph. 

The experiment was terminated when one of the main axial roots 

reached the bottom of the tubes. Plant roots were washed from the sand 

using a simple method outlined in Methods of Studving Roots by Bohm 

(1979). The procedure entails immersing the entire tube and its contents into 
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a tub of water for at least 15 minutes and then washing the root with a jet-

spray of water until all sand particles are removed. Additional washing was 

done using smaller tubs filled with water, which was strained through 0.5 

mm sieves to prevent root loss. 

Post harvest measurements included main root length, plant height, 

leaf area, total root length, and biomass of tops and roots. Leaf area of each 

plant was measured using an LI-3000 portable leaf area meter. Total root 

length per plant was measured with a Comair root length scanner. Each root 

system was cut into 2 to 3 cm pieces and spread evenly on the glass plate 

containing a uniform film of clean water without air bubbles. Shoot mass and 

root mass were determined after drying at a temperature of 100° C for 

twelve hours. Hot weights of samples were taken. Data were analyzed using 

ANOVA procedure using the Texas Tech University main IBM-1 computer 

system. 

Results and Discussion 

Main root length, total root length, and root mass are summarized in 

Tables 1. 2, and 3. Results showed that light going through the clear acrylic 

tubes had a significant effect on main root length of Austrian' Winter Pea. 

Taproot length (84.6 cm) in the NL treatment was greater at the termination 

of the experiment (P< 0.05) than those (63.3 cm) grown in the LI treatment. 

Based on main root length results, Austrian Winter Pea performed better 

than Chief Crimson Clover for both treatments. There was no lightXspecies 

interaction. These results agree with those of Pearson (1974) and Rogers 

(1939c). where light had a negative influence on roots when exposed on a 
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continuous basis. There was a significant difference between LI and NL for 

both species. Austrian' Winter Pea had a significantly greater total root 

length for both treatments. There was no lightxspecies interaction There was 

no effect of light treatment on root mass for both species. There was 

significant difference in root mass for both species Both main axis root length 

and total root length were greater for Austrian' Winter Pea than for Chief 

Crimson Clover for both treatments. 

Tables 4 and 5. respectively, show shoot mass and leaf area results. 

There was no significant difference between treatments for shoot mass 

results though there was significant species difference. Leaf area of Austrian' 

Winter Pea did show any significant difference between treatments while 

Chief Crimson Clover leaf area for the NL was greater (P> 0.05) than that for 

LI treatment (Table 5). No speciesXtreatment interaction was revealed. 

Tables 6 and 7 show root mass-shoot mass and root length-leaf area 

ratios respectively. Generally, root mass/shoot mass ratios were similar for 

both treatments and for both species. However, ratios were greater than one 

for Austrian' Winter Pea (AWP) and less than one for Chief Crimson Clover 

(CCC). Since AWP root mass was greater than shoot mass but the reverse was 

true for CCC. Root length-leaf area ratios (cm/cm2) were generally greater 

than one for both treatments and forage species. AWP ratios were similar for 

both treatments while ratios for LI were greater (7.77 cm/cm2) than for NL 

(4.0 cm/cm2). The implication is that leaf area increase for LI was severely 

reduced as compared to the NL treatment. The black plastic did not influence 

the root zone temperature (Appendix, Table 49). 
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Summary and Conclusions 

Results for Austrian' Winter Pea clearly showed that light had a 

significant influence on root length when plants were grown in the slanted 

tubes. On the other hand, Chief Crimson Clover was not influenced (P> 0.05) 

by light. There was no significant speciesXtreatment interaction There was 

no significant difference in root mass between treatments. Root length-leaf 

area ratios of Austrian' Winter Pea were 7.77 cm/cm2 under (LI) and 4.00 

cm/cm2 under (NL) conditions. Leaf area for LI was reduced for Chief 

Crimson Clover but not influenced (P> 0.05) in 'Austrian' Winter Pea. 

In conclusion, influence of light on root growth was species specific. 

Light severely reduced root growth in AWP while it did not show any effect 

on CCC. Consequently, for the slant-tube technique to be effective as a 

screening tool for forage legumes for subsequent field establishment, it is 

recommended that root systems of plants be kept completely in the dark by 

covering tubes either with black plastic or covering the whole wooden frame 

with expanded polystyrene sheets. Also, avoiding constant exposure of root 

systems to light during measurements could be achieved by taking 

measurements only at termination of the experiment. 
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Table 1. Main root length means at termination of experiment of two 

winter-annual forage legumes under two light treatments (Nov.-Dec. 1987) 

Light Levels 

Entries Light (LI) No Light (NL) Rank 

(cm) 
Austrian Winter Pea 63.3 a* 84.6 ^ I 

Chief Crimson Clover 56.1 a 48.2 ^ 2 

*Means in the same row followed by the same letter are not 
significantly different at the 5% level of probabiUty according to Duncan s 
Multiple-Range Test. 

Table 2. Light impact on total root length (TRL) means at termination of 
experiment of two winter-annual forage legumes. 

Light Levels 

Entries Light (LI) No Light (NL) SÊ  

(m) 
Austrian Winter Pea 18.8 a* 29.0 b 4.5458 

Chief Crimson Clover 4.7 a 6.0 a 1.9929 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. ^Standard Error. 
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Table 3. Root mass means at termination of experiment of two winter-

annual forage legumes under two light treatments. 

Light Levels 

Entries Light (LI) No Light (NL) SE 

(g) 

Austrian Winter Pea 0.2942 a* 0.3165 a 0.0415 

Chief Crimson Clover 0.0283 a 0.0290 a 0.0090 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan s 
Multiple-Range Test. 

Table 4. Shoot mass means at termination of experiment of two winter 
annual forage legumes under two light levels. 

Light Levels 

Entries Light (LI) No Light (NL) SE 

(g) 

Austrian Winter Pea 0.2296 a* 0.2080 a 0.0539 

Chief Crimson Clover 0.0421 a 0.0537 a 0.0100 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Table 5. Leaf area means at termination of experiment of two winter-

annual forage legumes under two light treatments. 

Light Levels 

Entries Light (LI) No Light (NL) SE 

(cin2) 

Austrian Winter Pea 39.64 a* 38.32 a 10.05 

Chief Crimson Clover 7.21 a 12.05 ^ ^"^^ 

* Means in the same row followed by same letter are not significantly 
different at the 5% level of probability according to Duncan s Multiple-Range 
Test. 

Table 6. Root mass/shoot mass ratios at termination of experiment of 
two winter-annual forage legumes under two light treatments. 

Light Levels 

Entries Light (LI) No Light (NL) 

Austrian Winter Pea 1.28 1 58 

Chief Crimson Clover 0.67 0.54 
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Table 7. Root length/leaf area ratios at termination of experiment of 

two winter-annual forage legumes under two light treatments. 

Light Levels 

Entries Light (LI) No Light (NL) 

(cm/cm2) 
Austrian Winter Pea 1.60 2.21 

Chief Crimson Clover 7.77 4.00 



CHAPTER III 

DETERMINATION OF THE IMPACT OF WATER 

STRESS ON ROOT ELONGATION OF TWO 

WINTER-ANNUAL FORAGE LEGUMES 

Introduction 

Distinct wet and dry seasons occur in many semiarid and arid regions 

of the world. Seedling establishment and persistence often are a problem in 

dry regions. Large differences exist in the establishment and winter survival 

of fall seeded winter-annual legumes (Bojorquez et al.. 1986). Part of the 

problem occurs because the drying front in the soil progresses downward 

faster than the root system of the seedlings can grow downwards. Periodic 

applications of irrigation water are one solution to the problem. These 

irrigations keep the soil from drying deep enough to drought-stress the 

seedlings. An alternative, practical solution would be to select seeds whose 

root systems grow down ward rapidly enough to keep most roots in moist soil 

to satisfy transpiration requirements. This experiment was conducted at the 

Texas Tech University greenhouse from January through February. 1988. to 

investigate whether roots of forage legumes species responded differentially 

to irrigation regimes when plants are grown in the slant-tube technique. 

It has been suggested that the reduced shoot growth sometimes 

observed is often due to reduced synthesis of cytokinins and gibberellins 

brought about by unfavorable conditions such as water stress, flooding or low 

temperatures (Kramer, 1983). An excess or deficiency of soil water Umits root 
20 
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growth and root functioning. Excess water is not directly injurious to root 

growth but excess water limits oxygen from reaching the roots and brings 

about the cessation of root growth (Kramer. 1983). Also, very often there is 

little or no growth in soils whose water content is near the permanent wilting 

percentage and subsequently, root penetration is limited by the depth to 

which the soil is wetted by rain. 

Water stress not only greatly reduces biomass production of plants and 

size of plants but also changes the partitioning of carbohydrates among 

organs. Generally, shoot growth is reduced more than root growth because 

water deficits develop first in the shoots and last longer than in the roots. 

Root-shoot ratios are generally larger for plants of arid regions than those of 

plants grown in humid areas (Kramer. 1983). 

Water deficits in plants lead to marked reduction in leaf area. 

Consequently, a reduction in leaf area will lead to reduced photosynthesis 

especially at the time of establishment. This reduction limits the amount of 

water loss (Turner and Kramer. 1980). 

Results of experiments carried out by Hamblin and Tennant (1987) to 

determine correlation between root length density and water uptake in both 

cereal and grain legumes showed that root distributions within the profile, 

maximum rooting depth, and root length density differed. Additionally, total 

water loss from the soil profile differed from species to species, but there was 

greater agreement with maximum rooting depth than with total root density. 

Heatherly and Elmore (1986) demonstrated the effect of water stress 

on soybean [Glycine max (L.) Merr.l yields. For example irrigation increased 

average yields. Similar investigations were carried out on the effect of water 
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stress on root and shoot growth of the soybeans. Results showed that shoot 

growth (stem elongation, leaf formation, and leaf area) increments followed a 

characteristic exponential growth curve during early vegetative growth but 

negatively responded to water stress as total leaf area and resulting 

transpiration demand increased. Stem elongation and leaf area decreased 

significantly for the non-irrigated treatment group. Root growth was less 

affected by drought after plants reached pod development stage (R4) and 

ceased during seed fill (R5). Irrigated plants produced roots in upper soil 

layers above 0.6 m. while non-irrigated plants produced roots that 

penetrated deeper soil layers (0.6 m), especially during drought periods. 

Non-irrigated plants had significantly larger root systems (total root length) 

than irrigated plants; however, total root mass (taproots and laterals) in the 2 

treatments were similar. 

The specific objectives of this experiment were to determine (a) the 

impact of two irrigation levels on the main root elongation of 2 winter-annual 

forage legumes, and (b) interaction between species and irrigation levels. 

Materials and Methods 

The experimental arrangement, sand preparation, seeding, irrigation, 

and measurement procedures were similar to those described in Chapter II. 

Exceptions were the irrigation treatments and harvesting schedules. There 

were 2 treatments, irrigated (IR) and non-irrigated (NI) with 6 replications 

per treatment. 

Thirty mis of full-strength Hoagland's nutrient solution were applied to 

each treatment each day before seedling emergence. Three days after 
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emergence. 30 ml of solution were applied every other day for the irrigated 

treatment. Each 6 and 7 irrigation on IR was 50 ml of distilled water to leach 

out excess accumulated salts. No irrigation was applied to the other half of the 

plants. There were four harvests made beginning about one week after 

seedling emergence with 5-day intervals between harvests. 

Data analysis were carried out using the SAS program of the Texas 

Tech University Main IBM-1 Computer System. The arrangement of 

experimental units was a completely randomized design. Methods of analysis 

(ANOVA) were obtained from Steel and Torrie (1980). 

Results and Discussion 

Tables 8 and 9 show main taproot lengths of each harvest for both 

treatments for Austrian Winter Pea and Chief Crimson Clover, respectively. 

Similarly. Figures 2a and 2b show root length plotted against number of 

harvests for each species. Results showed that main root lengths were not 

significantly different (P> 0.05) between irrigated and non-irrigated forage 

legumes (Tables 8 and 9). However, there was a linear relationship between 

main axial root length of Austrian' Winter Pea and DAE (Figure 2a). Similarly, 

main root length of Chief Crimson Clover grown under two irrigation 

treatments showed no significant differences. A linear relationship was 

obtained when main root length was plotted against the number of harvests 

for Crimson Clover (Figure 2b). The fact there was no significant difference 

between treatments implies that the duration of the experiment was not 

sufficient to impose significant water stress on forage root growth or the 

plants adapted to the non-irrigated conditions by increasing main root 
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elongation. Total root length (TRL) of each harvest of Austrian' Winter Pea 

and Chief Crimson clover showed a difference (P< 0.05) between treatments. 

There was also treatmentXspecies interaction (Tables 10 and 11). There was a 

linear relationship between TRL and time (Days After Emergence (DAE) for 

'Austrian' Winter Pea and Chief Crimson Clover for both treatments. 

Significant differences between species were revealed for main root length 

and total root length. Similar results have been reported by Heatherly and 

Elmore (1986). 

Root mass for both forage species are summarized in Tables 12 and 13 

and their response to water stress with time is illustrated in Figures 3a and 

3b. Generally, for both species, root mass was not significantly different 

between treatments. Results are similar to those of by Heatherly and Elmore 

(1986). Root mass plotted against number of harvests of Austrian' Winter 

Pea did not reveal any differences (P> 0.05) between treatments until the 

third harvest (Figure 3a and Table 12). Root mass accumulation for both 

treatments showed a steady increase with time. There was no 

treatmentXspecies interaction revealed A possible explanation of the sharp 

reduction in root mass could be that most of the carbohydrate was 

translocated to the shoot rather than to the root system. However, water-

stressed plants increased biomass accumulation in the root system in an 

attempt to take up more water deeper in the soil. Root mass of each harvest 

for Chief Crimson Clover showed a linear relationship with number of 

harvests for both treatments ( Figure 3b and Table 11). 

Tables 14 and 15 show shoot mass for 'Austrian Winter Pea and Chief 

Crimson Clover, respectively, while Tables 16 and 17 show leaf area results. 
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Also shoot mass plotted against number of harvests are shown in figures 4a 

and 4b. Results showed a significant difference between treatments for all 

harvests and for both species (Tables 14 and 15). There was a linear 

relationship for shoot mass with time (DAE) (Figure 4a). There was a 

significant irrigationXspecies interaction for shoot mass. A non-linear 

relationship was obtained (Figure 4b and Table 13) for Austrian' Winter Pea 

and leaf area results which showed irrigated plants were greater (P< 0.05) 

than non-irrigated ones (Table 14). There was a significant difference 

between treatments for leaf area for both species (Tables 16 and 17). Similar 

results for both shoot mass and leaf area were reported by Kramer (1983); 

Heatherly and Elmore (1986). The significance of the study is that irrigation 

of forage species will increase leaf area index. 

Tables 18 and 19 show root length-leaf area and root mass-shoot mass 

ratios, respectively, for Austrian Winter Pea and Crimson Clover. Tables 20 

and 21 show root mass-shoot mass ratios. Root length-leaf area ratios of 

Austrian' Winter Pea under two irrigation treatments showed ratios of 2 or 

greater, implying that root length increase was double that of leaf area. Root 

length-leaf area ratios of non-irrigated plants were slightly greater than 

those that were irrigated (Table 18). For both treatments, root length-leaf 

area ratios increased steadily with the number of harvests until the third 

harvest. On the contrary, root length-leaf area ratios were high (10.19 for 

irrigated plants and 8.5 for non-irrigated ones). The minimum ratios for both 

treatments (6.28 and 5.77) were obtained at the third harvest (Table 19). 

Root mass-shoot mass ratios were either less than or equal to one for 

Austrian' Winter Pea. A similar trend was obtained for Chief Crimson Clover 
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for both treatments though less than those of Austrian' Winter Pea for both 

treatments (Tables 20 and 21). These results are similar to those discussed 

and reported by Kramer (1983) 

Water stress seemed to have had little or no effect on root length 

response once the plants were fully developed or reached maximum growth 

rates. Similar variation of forage legume main root length responses to 

environmental factors such as water stress have been reported by Bojorquez 

et al (1986) and Gomez et al (1987). 

Summary and Conclusions 

Results obtained from main root length data in general were not 

different (P> 0.05) between treatments. Generally, root mass versus DAE of 

Austrian' Winter Pea did show a significant difference between treatments. 

Similar results were obtained for Chief Crimson Clover. Species ranking for 

main root length showed Austrian' Winter Pea root length was significantly 

greater than Chief Crimson Clover for both treatments. Shoot mass for each 

harvest of Austrian' Winter Pea and Chief Crimson Clover were significantly 

different between treatments There was a linear relationship between shoot 

mass versus the number of harvests. There was no difference (P> 0.05) 

between treatments for Chief Crimson Clover. Leaf area results showed that 

there was a significant response in leaf area increase due to the IR treatment 

for Austrian' Winter and Chief Crimson Clover. Root length-leaf area ratios 

(cm/cm2) of the two treatments showed that root length was elongating 

faster than leaf area was expanding. Larger ratios for both species were 

obtained for the NI treatment than for the IR plants. Root-shoot mass ratios 



27 

for the two species showed ratios of less than or equal to one. Reduced ratios 

for the NI treatment as compared to those for the IR implied water stress did 

limit root mass accumulation such as for Chief Crimson Clover. Root mass-

shoot mass ratios were either less than or equal to one for both species. These 

results agree with those reported by Kramer (1983). 

In conclusion, if the slant-tube technique were to be used in selecting 

the better forage legumes species, Austrian' Winter Pea would be favored 

over Crimson Clover, Since there was no significant difference between 

treatments, water stress was not a problem in influencing the ranking of 

forage root growth. 
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Table 8. Main root length means at termination of each harvest of 
Austrian Winter Pea under two irrigation levels (Nov.-Dec. 1987) 

Irrigation Levels 

Days After Emergence (DAE) Irrigation (IR) No Irrigation (NI) SE^ 

(cm) 

10 36.3 a* 31.3a ^-^^ 

15 51.9 a 43.8 a 8.98 

20 58.3 a 47.4 a 9.33 

25 65.8 a 64.7 a 12.24 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probabilty according to Duncan's 
Multiple-Range Test. ŜE = Standard Error 

Table 9. Main root length means at termination of each harvest of Chief 
Crimson Clover under two irrigation levels. 

Irrigation Levels 

IR NI SE 

(cm) 

10 27.2 a* 23.1a 7.78 

15 37.1a 34.5 a 8.98 

20 42.7 a 38.8 a 9.33 

25 55.9 a 52.5 a 12.24 

'Means in both tables in the same row followed by the same letter are 
not significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Figure 2. Main root length means (cm) at termination of each harvest 
of Austrian' Winter Pea (A) and 'Chief Crimson Clover (B) under 
two irrigation levels vs DAE. 
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Table 10, Total root length (TRL) means at termination of each harvest 

of Austrian Winter Pea under two Irrigation Levels. 

Irrigation Levels 

DAE Irrigation No Irrigation SE 

(m) 
10 3.65 a* 2.25^ 0.5560 

15 4.80 a 3.281> 0.8406 

20 8.80 a 4.13^ 0.4193 

25 14.88 a 6.05^ 1.2285 

Table 11. Total root length (TRL) means at termination of each harvest 
of Chief Crimson Clover under two irrigation levels. 

Irrigation Levels 

DAE Irrigation No Irrigation SE 

(m) 

10 0.70 a* 0.83^ 0.5560 

15 1.62 a 0.80 b 0.8406 

20 2.93 a 1.48 a 0.4193 

25 3.35 a 1.60 a 0.2285 

* Means in both tables in the same row followed by the same letter are 
not significantly different at the 5% level of probability according to Duncans 
Multiple-Range Test. 
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Figure 3. Total root length (m) at termination of each harvest of Austrian' 
Winter Pea (A) and 'Chief Crimson Clover (B) under two 
irrigation levels. 



32 
Table 12. Root mass means at termination of each harvest of Austrian 

Winter Pea under two irrigation levels. 

Irrigation Level 

DAE IR NI SE 

(g) 

10 0.0584 a* 0.0542 a 0.0090 

15 0.1032 a 0.0699 b 0.0130 

20 0.1301a 0.0800 b 0.0199 

25 0.1173 a 0.1090 a 1.12O8 

Table 13. Root mass means at termination of each harvest of Chief 
Crimson Clover under two irrigation levels. 

Irrigation Levels 

DAE Irrigation No Irrigation SE 

(g). 

10 0.0040 a* 0.0031 a 0.0090 

15 0.0124 a 0.0068 b 0.0130 

20 0.0280 a 0.0086 b 0.0199 

25 0.0416 a 0.0164 a 1.2293 

* Means in both tables in the same row followed by the same letter are 
not significantly different at the 5% level of probability according to Duncan s 
Multiple-Range Test. 
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Figure 4. Root mass means (g) at termination of each harvest of 'Austrian' 
Winter Pea (A) and Chief Crimson Clover (B) under two irrigation 
levels. 
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Table 14. Shoot mass means at termination of each harvest of Austrian 

Winter Pea under two irrigation levels. 

Irrigation Levels 

DAE IR NI SE 

(g) 

10 0.0776 a* 0.0600 b 0.0084 

15 0.1012 a 0.07441> 0.0213 

20 0.1241 a 0.0988 a 0.0339 

25 0.1959 a 0.1143 a 1.2293 

Table 15. Shoot mass means of each harvest of Chief Crimson Clover 
under two irrigation levels. 

Irrigation Levels 

DAE IR NI SE 

(g) 

10 0.0105 a* 0.0094 a 0.0084 

15 0.0155 a 0.0095 a 0.0213 

20 0.0311a 0.0346 a 0.0339 

25 0.0342 a 0.0254 a 1.2293 

* Means in both tables in the same row followed by the same letter are 
not significantly different at the 5% level of probability according toDuncan s 
Multiple-RangeTest. 
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Table 16. Leaf area means at termination of each harvest of Austrian 

Winter Pea under two irrigation levels. 

DAE 

10 

15 

20 

25 

] 

IR 

17.2 a* 

21.9 a 

20.2 a 

33.4 a 

irrigation Levels 

NI 

(cm2) 
11.9b 

15.8 b 

14.8 b 

19.5 b 

SE 

2.79 

3.17 

1.42 

3.39 

Table 17. Leaf area per plant at termination of each harvest of Chief 
Crimson Clover under two irrigation levels. 

Irrigation levels 

DAE IR NI SE 

(cm2) 
10 2.67 a* 2.67 b 2.79 

15 5.21a 3.22 b 3.17 

20 6.80 a 6.72 b 1.42 

25 7.08 a 6.24 b 3.39 

* Means in both tables in the same row followed by the same letter are 
not significantly different at the 5% level of probability according to Duncan s 
Multiple-Range Test. 
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Figure 5. Leaf area means (cm2) at termination of each harvest of 
Austrian' Winter Pea (A) and Chief Crimson Clover (B) under 
two irrigation levels. 
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Table 18. Root length-leaf area ratios at termination of each harvest of 

Austrian Winter Pea under two irrigation levels. 

Irrigation Levels 

DAE IR NI 

(cm/cm2) 

10 2.11 2.63 

15 2.37 2.77 

20 2.98 3.21 

25 1.97 3.31 

Table 19. Root length-leaf area ratios at termination of each harvest of 
Chief Crimson Clover under two irrigation levels. 

Irrigation Levels 

DAE IR NI 

(cm/cm2) 
10 10.19 8.65 

15 7.12 10.73 

20 6.28 5.77 

25 7.89 8.41 
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Table 20. Root mass-shoot mass ratios of Austrian Winter Pea at 

termination of each harvest under two irrigation levels. 

Irrigation Levels 

DAE IR NI 

10 0.75 0.90 

15 1.02 0.94 

20 1.05 0.81 

25 0.60 0.95 

Table 21. Root mass-shoot Mass Ratios at termination of each harvest 
of Chief Crimson Clover under two irrigation levels. 

Irrigation Levels 

DAE IR NI 

To" 0̂ 43 033" 

15 0.80 0.72 

20 0.90 0.25 

25 1.21 0.64 



CHAPTER IV 

DETERMINATION OF THE IMPACT OF 

TEMPERATURE STRESS ON ROOT 

ELONGATION OF SIX 

WINTER-ANNUAL 

FORAGE LEGUMES 

Introduction 

Effects of temperature on forage legume root growth have been studied 

by Cohen. 1969: It has been reported that environmental conditions play a 

vital role in the germination, establishment, and growth of plants (Sumner et 

al., 1972; Arkin and Taylor, 1981; Stone and Taylor, 1983). Frequently, a 

temperature problem exists when using tubes or boxes. If the boxes or tubes 

are left in the greenhouse, the temperature of the soil within the box or tube 

will be at the temperature of the greenhouse and quite probably will be very 

different from natural field temperatures. Root growth is influenced by 

temperature (Bohm, 1979). The objective of this study was to investigate the 

impact of temperature on plant root growth using the slant-tube technique. 

The rate of taproot extension of four soybean varieties increased with 

temperature, but decreased with time at temperatures greater than 170 C. 

The depth of soybean root penetration can be changed in order to increase 

water availability during periods of drought by selecting suitable cultivars 

and temperatures (Stone and Taylor, 1982). Simulation experiments 

conducted in a glasshouse on soybean (Glycine max (L.) Merr) rooting depth, 
39 
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showed the importance of soil temperature in influencing the depth of 

soybean root penetration. This procedure was used to extrapolate greenhouse 

root extension data to field conditions (Stone et al.. 1983). 

Root growth is often limited by low or occasionally high temperatures. 

Optimum temperature for root growth varies from species to species, and 

depends upon stage of development and oxygen supply (Kramer, 1983). 

Silsbury et al. (1984) carried out an experiment to determine the effect 

of constant temperatures of 10°, 15° 25°, and 30° C on germination, 

emergence and early vegetative growth of Trifolium subterranean clover L. 

CV. (Mt. Barker). Temperatures from 10 through 20° C had no negative effect 

on germination but germinations were reduced by 50% and 90% at 25 and 

30° C, respectively. Similarly, Gomez et al (1987), studied the impact of 

temperature on the variability in forage legume root development and 

establishment. Results showed that germination of 21 legumes was generally 

highest at 15° with greatest reductions in germination at 30° C. There was 

considerable variation in main root axis length with time, temperature, and 

legume species. The legume with the least root penetration depth was "Yuchi" 

arrowleaf, while "Austrian" Winter Pea had the maximum root depth. The 

number of lateral roots was greater with lower temperature, while total 

lateral root per species tended to be greater (P< 0.05) with higher 

temperatures. Cocks (1973) also found that temperature influenced the 

relationship between Leaf Area Index (LAI) and growth rate. Results showed 

that at all temperatures, growth rate increased rapidly until LAI of between 

three and four was reached. However, a high LAI with a corresponding 
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increased temperature resulted in a declining growth rate, while at low 

temperature, maximum growth rate was maintained 

Brar et al. (1988) compared the influence of different temperatures on 

the germination percentage and germination rate index of twenty forage 

legumes. These experiments were carried out also to quantify the optimum 

temperatures for the forage germination studies. Legume seeds were grown 

in polyethylene growth pouches and grown at temperatures of 10°, 15°. 20°. 

25°, and 30° C. Results revealed that there was a significant increase in 

germination percentage at 15 and 30° C across the entries with lowest 

germination occurring at 30° C. Germination rate index (GRI) was significantly 

increased with an increase in temperature from 10 to 20° C and dropped as 

temperature was over 25° C. 

The objectives of this study were to investigate the impact of 

temperature on the main root elongation of six winter-annual forage legumes 

and corresponding main root variation among the species. 

Materials and Methods 

A greenhouse experiment was conducted for 32 days during the spring 

(January 13, 1988, to February 15, 1988), using the slant-tube technique to 

evaluate the taproot elongation of six winter-annual legumes under two 

temperature regimes (20° and 30° C). The experimental arrangement was a 

completely randomized design within each treatment. Six species with six 

replications each were seeded for each temperature setting. The seeding, 

irrigation, harvesting, and measurement procedures were similar to those 

described in Chapter II but without thermocouples. 
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Two greenhouse temperatures were set and automatically controlled. 

For the higher temperature treatment, heaters were turned on when air 

temperature decreased to 22° C (night temperature setting) and pad coolers 

were activated when air temperature exceeded 27° C (day temperature 

setting). The average temperature recorded was 30° C. For the lower 

temperature treatment, another greenhouse air temperature was maintained 

at an average temperature of 20° C. 

The winter-annual legumes used included Paraponto' Gama Medic 

(Medicago rueosa). Renumex' Sainfoin (Orobrvchis vicifolia). Austrian Winter 

Pea (Pisum sativum subsp. arvense). 'Chief Crimson Clover (Trifolium 

incarnatum.). Vanguard' Vetch (Vicia sativa x vicia serratifolia). and Hairy' 

Vetch (Vicia villosa). 

Data collected was analyzed by ANOVA (SAS on the Texas Tech 

University IBM-l Computer) by following Kempthorne (1952) and based on a 

split plot arrangement. The temperature effect does not have true replication, 

and tests of hypotheses on the main effect of shade should be interpreted 

cautiously. However, the species effect and temperature effectXSpecies effect 

can be tested- interpretation often emphasizes the interaction. Mean 

separation using Duncan's Multiple-Range Test were also made. 

Results and Discussion 

Main root length, ranked main root lengths, and root mass of forage 

species are summarized in Tables 22. 23. 24, and 25, respectively. Main axial 

root lengths showed a significant difference between the two treatments. 

Chief Crimson Clover. 'Austrian' Winter Pea. Vanguard' Vetch, Hairy' Vetch, 
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and Paraponto' Gama medic had a much greater (P< 0.05) root elongation at 

20° C than at 30° C. There was no difference (P> 0.05) in main root 

elongation of 'Renumex' Sainfoin between treatments (Table 22). These 

results are consistent with those reported previously by Kramer, 1984; 

Bojorquez et al., 1986: Gomez et al., 1987; and Brar et al., 1989. There were 

significant species differences in main root length. Speciesxtemperature 

interaction was very significant. Temperature did not have a significant 

impact upon root mass between treatments (Table 23). However, there was 

significant variation in root mass among the forage legume species. There was 

no speciesxtemperature interaction revealed after an analysis of variance 

was performed. 

The temperature effect on shoot mass and leaf area are shown in 

Tables 26 and 27. Generally, shoot mass gain were significant between 

treatments for all species tested, where shoot mass at 20° C was greater (P< 

0.05) than at 30° C (Table 26). Temperature effects on leaf area showed a 

significant difference between treatments, where leaf area at 20° C was 

greater (P< 0.05) than at 30^ C (Table 27). For both shoot mass and leaf area, 

there was significant speciesxtemperature interaction. 

Root mass-shoot mass and root length-leaf area ratios are summarized 

in Tables 28 and 29. respectively. Root length-leaf area ratios showed that 

those obtained at 20° C temperature produced plants with larger ratios than 

those at 30° C. Generally, main root length grew faster than leaf area at both 

temperature levels (Table 29). Evaluating root mass-shoot mass ratios for 

both treatments showed shoot mass was greater than root mass for both 
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treatments with the exception of 'Chief Crimson Clover and 'Renumex' 

Sainfoin (Table 29). 

Summarv and Conclusions 

Results showed that there was a significant difference in main root 

elongation due to different temperature treatments. Ranked main root length 

showed Vanguard Vetch had the maximum root elongation and Chief 

Crimson Clover had the minimum at the 30° C. Austrian' Winter Pea had a 

maximum mean root elongation (87.3cm) at 20° C while Chief Crimson 

performed the least with a mean root length of 46.0 cm. Results showed 

genetic variation in root length similar to those reported by several 

researchers. Speciesxtemperature interaction was very significant. 

Temperature did not have any significant impact on root mass per plant. 

Shoot mass between treatments was not significant with the exception 

of Austrian' Winter Pea. Leaf area between treatments was not significant 

except for 'Austrian' Winter Pea and 'Chief Crimson Clover. Root length-leaf 

area ratios were generally higher at 20°C than at 30°C. There was genetic 

variability in main root length among species for both treatments. Similar 

results were reported by Bojorquez et al (1986.1987). Gomez et al. (1987). and 

Brar etaL (1989). 

In conclusion, temperature had a significant influence on main root 

elongation for both treatments. For the slant-tube technique to be useful as a 

screening tool for winter-annual legumes, it is recommended that the 

optimum temperature be 20^ C. The fact that there is variation in root 

elongation among species makes it feasible for selection of forages with the 
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maximum root elongation, which might ensure subsequent field 

establishment. 
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Table 22. Main root length means at termination of experiment of 
six winter-annual forage legumes under two temperature levels (Jan.-
Feb.. 1988). 

Temperature Levels 

Entries 20° C 30° C SE= 12.59 

(cm) 

Chief Crimson Clover 48.8 a* 23.0 b 

Austrian Winter Pea 87.3 a 32.8 b 

Vanguard Vetch 74.5 a 46.4 b 

Hairy Vetch 69.9 a 35-3 b 

Paraponto Gama Medic 57.6 a 357 b 

Renumex Sainfoin 45.8 a 34.8 b 

*Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan s 
Multiple-Range Test. 
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Table 23. Ranking of main root length means at termination of 
experiment at a lower temperature (20° C) of six forage legume species. 

Entries Root length Ranking 

(cm) 

Austrian Winter Pea 87.3 a* 1 

Vanguard Vetch 74.5 ab 2 

Hairy Vetch 69.9 be 3 

Paraponto Gama Medic 57.6 cd 4 

Renumex Sainfoin 54.5 ^ 5 

Chief Crimson Clover 46.0 ^ 6 

* Means in the same column followed by the same letter are 
significantly different at the 5% level of probability according to Duncan's 
New Multiple-Range Test. 
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Table 24. Ranking of main root length means at termination of 
experiment of six winter-annual forage legumes at a higher temperature (30° 
0. 

Entries Root length Ranking 

(cm) -
Vanguard Vetch 46.4 a* 

Paraponto Gama Medic 35.6 ab 

Hairy Vetch 35.3 ab 

Renumex Sainfoin 34.7 ab 

Austrian Winter Pea 32.8 ab 

Chief Crimson Clover 231 ^ 

*Means in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
New Multi-range Test. 
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Table 25. Temperature effect on root mass means at termination of 
experiment of six winter-annual forage legumes. 

Temperature Levels 

Entries 20° C 30° C SE = 0.0005 

(g) 

Chief Crimson Clover 0.0518 a* 0.0341 a 

Austrian Winter Pea 0.1906 a 0.1648 a 

Vanguard Vetch 0.1091 a 0.0936 a 

Hairy Vetch 0.0781 a 0.0624 a 

Paraponto Gama Medic 0.0354 a 0.0355 a 

Renumex Sainfoin 0.0277 a 0.0192 a 

*Means in the same row followed by same letter are not significantly 
different at the 5% level of probability according to Duncan's Multiple-Range Test. 
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Table 26. Temperature effect on shoot mass means at termination of 
six winter-annual forage legmes. 

Temperature Levels 

Entries 20° C 30° C SE = 0.027 

(g) 

Chief Crimson Clover 0.0518 a* 0.0341 b 

Austrian Winter Pea 0.3012 a 0.1964 b 

Vaguard Vetch 0.1257 a 0.1322 b 

Hairy Vetch 0.1554 a 0.1049 b 

Paraponto Gama Medic 0.0606 a 0.0461 b 

Renumex Sainfoin 0.0218 a 0.0351 b 

* Means in the same row followed by the same letter are not 
significantly different at 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Table 27. Temperature effect on leaf area means at termination of 
experiment of six winter-annual forage legumes. 

Temperature Levels 

Entries 20° C 30° C SE = 584 

(cm2) 
Chief Crimson clover 13.62 a* 8.88 b 

Austrian Winter Pea 64.66 a 38.20 b 

Vanguard Vetch 16.97 a 16.38 b 

Hairy Vetch 28.34 a 20.81b 

Paraponto Gama Medic 14.28 a 11.23 b 

Renumex Sainfoin 3.77 a 3.67 b 

* Means in the row followed by the same letter are not significantly 
different at the 5% probability level according to Duncan's Multiple-Range Test. 
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Table 28. Effect of temperature on main root length/leaf area ratios at 
termination of experiment of six winter-annual forage legumes. 

Entries 

Temperature levels 

20° C 30° C 

Chief Crimson clover 

Austrian Winter Pea 

Vanguard Vetch 

Hairy Vetch 

Paraponto Gama Medic 

Renumex Sainfoin 

3.4371 

1.3506 

4.3906 

2.4668 

3.9840 

12.1357 

(cm/cm2) 
2.5910 

0.8596 

2.8341 

1.6983 

3.1760 

9.4926 
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Table 29. Effect of Temperature on root mass/shoot mass ratios at 

termination of experiment of six winter-annual forage legumes. 

Temperature levels 

Entries 20° C 30° C 

Chief Crimson Clover 1.1606 0.3583 

Austrian Winter Pea 0.8387 0.6327 

Vanguard Vetch 0.7447 0.8255 

Hairy Vetch 0.5029 0.5951 

Paraponto Gama Medic 0.5841 0.7693 

Renumex Sainfoin 1.2736 0.5469 



CHAPTER V 

DETERMINATION OF THE EFFECT OF CANOPY 

SHADING ON ROOT ELONGATION OF SIX 

WINTER-ANNUAL 

FORAGE LEGUMES 

Introduction 

Environmental conditions play a major role in the germination, 

establishment, and growth of plants (Arkin and Taylor, 1981). Very little 

research has been done on the effects of canopy shading on main root length 

elongation of forage legumes. 

Asher and Ozanne, (1966) conducted a study on ripgut brome grass, 

erodium, and subterranean clover to investigate shading effect on root 

growth. Results showed that shading reduced the rate of root penetration 

from emergence onwards and the degree of reduction was closely related to 

the degree of shading. Shading significantly reduced the yields of tops and 

roots (P< 0.001), though root-shoot ratios were significantly reduced 

(P< 0.001) as the degree of shading increased. 

This study investigated the effects of shading on main root elongation 

of six winter-annual forage legumes, as well as the evaluation of the variation 

of main root elongation among the forage species. 
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Materials and Methods 

A greenhouse shading experiment was conducted during the spring 

(January 13, 1988 to February 15. 1988). using the slant-tube technique to 

determine the impact on main root elongation of six winter-annual legume 

forages under two shading levels. The arrangement of the experiment was a 

completely randomized design within each treatment. For each treatment, 6 

species were seeded with 6 replications per species. One treatment was 

shaded (one layer of shading cloth placed about 100 cm above plant canopy), 

and the other was not shaded. The shading cloth intercepted about 50% 

radiation reaching the canopy. Sand preparation, seeding, harvesting and 

measurements were similar to those of Chapter II. 

Entries included 'Paraponto' Gama Medic (Medicago rigosa): Renumex' 

Sainfoin (Onobrychis vicifolia): 'Austrian' Winter Pea (Pisum sativum subsp. 

arvense); Chief Crimson Clover (Trifolium incarnatum): Vanguard' Vetch 

(Vicia sativa x Vicia serratifolia): and 'Hairy' Vetch (Vicia villosa). 

Data collected was analyzed and interpreted similar to that descibed in 

Chapter IV. 

Results and Discussion 

Main root length, ranked main root lengths, and root mass results are 

shown in Tables 30. 31, 32. and 33. Results showed that root length means of 

shaded versus non-shaded treatments were different (P< 0.05) (Table 30). 

However, shadeXspecies interaction was not significant There were significant 

differences in root length among the 6 forage legumes within each treatment 

(Tables 31 and 32). Root mass accumulation was also significantly different 
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between treatments. These results are similar those obtained by Asher and 

Ozanne (1966). Root mass for the shaded treatment was greater than (P< 

0.05) that of the non-shaded treatment (Table 33). 

Results of shoot mass and leaf area are shown in Tables 34 and 35, 

respectively. Shoot mass results showed significant differences between 

treatments for all species tested Shoot mass for the non-shaded treatment 

for both species was greater (P< 0.05) than for the shaded treatment (Table 

32). There was no significant difference revealed for shadeXspecies 

interaction. Shading did not affect leaf area for all species. Austrian Winter 

Pea had the greatest leaf area expansion for both treatments while Renumex 

Sainfoin had the least. 

Root mass-shoot mass and root length-leaf area ratios are summarized 

on Tables 36 and 37, respectively. Ratios of approximately one indicate 

relatively linear growth of roots and shoots for all forage species except Chief 

Crimson Clover, which indicated better root growth (ratio= 2). Under shaded 

conditions, ratios of root to shoot growth tended to favor shoot growth (ratios 

<1) for 5 of 6 species. The favorable shoot growth was especially true for 

Crimson Clover which favored shoot growth to a great extent over root 

growth. Asher and Ozanne (1966) reported ratios of 1 or more for pasture 

legumes and attributed better root penetration to increased photoassimilates. 

Root length-leaf area ratios showed that root growth was favored over leaf 

area for all selections in both treatments with the exception of Austrian 

Winter Pea. The higher ratios of Sainfoin and Winter Pea may indicate better 

establishment of these species due to higher root mass. In conclusion, the 

effects of shading on root penetration and root biomass are consistent with 
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the hypothesis that root growth is regulated by the supply of carbohydrates 

(Kramer. 1983). 

Summary and Conclusions 

Main root lengths for the two treatments were significantly different 

for all 6 forage species plant. The results indicated shoot mass for all species 

for the shaded treatment had significantly greater accumulation (P< 0.05) 

than those for the non-shaded treatment. Root mass-shoot mass ratios were 

less than one for shaded conditions and greater than one for non-shaded 

conditions. The shading effect on leaf area was not significantly different 

between treatments. There were genetic variations in main root length 

among forage species for both treatments. Renumex' Sainfoin ranked one for 

shaded conditions, however Vanguard' Vetch ranked one for the non-shaded 

treatment. 

In conclusion, shading in general did affect (P> 0.05) main root 

elongation of the forage species. Also, there was genetic variation in main root 

elongation among species similar to those of previous studies. These findings 

confirmed the fact that the slant-tube technique could be used to screen 

forage legumes by utilizing root elongation variation to select plants with the 

maximum root penetration rate for subsequent field establishment. 



58 
Table 30. Main root length means at termination of experiment of 

six winter-annual forage legumes under two shading levels (Jan.-Feb., 
1988). 

Chief Crimson Clover 

Austrian Winter Pea 

Vanguard Vetch 

Hairy Vetch 

Paraponto Gama Medic 

Renumex Sainfoin 

Shading 

23.3 a* 

36.6 a 

41.0 a 

45.3 a 

46.4 a 

52.6 a 

Shading Levels 

— (cm) —-

No Shading 

34.3 b 

42.9 b 

62.2 b 

41.2 b 

50.6 b 

46.8 b 

SE- 16.54 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Table 31. Main root length means at termination of experiment of six 
forage legumes under shading conditions with ranking. 

Entries 

Renumex Sainfoin 

Hairy Vetch 

Vanguard Vetch 

Austrian Winter Pea 

Paraponto Gama Medic 

Chief Crimson Clover 

Root Length 

(cm) 
52.6 a* 

45.3 ab 

41.0 ab 

36.6 abc 

26.4 be 

23.3 c 

Ranking 

I 

2 

3 

4 

5 

6 

*Means in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Table 32. Main root length means at termination of experiment of six 

winter-annual forage legumes under non-shaded conditions with ranking. 

Entries Root Length Ranking 

(cm) -

Vanguard Vetch 62.2 a* 

Renumex Sainfoin 55.5 ab 

Paraponto Gama Medic 50.6 ab 

Austrian Winter Pea 42.9 ab 

Hairy Vetch 41.2 ab 

Chief Crimson Clover 34.3 ^ 

* Means in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multi-Range Test. 
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Table 33. Shading effect on root mass means at termination of 

experiment of six winter-annual forage legumes. 

Entries 

Chief Crimson Clover 

Austrian Winter Pea 

Vanguard Vetch 

Hairy Vetch 

Paraponto Gama Medic 

Renumex Sainfoin 

Shading 

0.0087 a* 

0.1858 a 

0.1017 a 

0.0912 a 

0.0322 a 

0.0430 a 

Shading Levels 

----- (g) -

No Shading 

0.0449 b 

0.2181 b 

0.1309 b 

0.1098 b 

0.0682 b 

0.0367 b 

SE = 0.0284 

*Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Table 34. Shading effect on shoot mass means at termination of 

experiment of six winter-annual forage legumes. 

Entries 

Shading Levels 

Shading No Shading SE = 0.0281 

Chief Crimson Clover 0.0486 â  
(g) 

0.0193 b 

Austrian Winter Pea 0.2351 a 0.1921 b 

Vanguard Vetch 

Hairy Vetch 

Paraponto Gama Medic 

Renumex Sainfoin 

0.1296 a 

0.1690 a 

0.0436 a 

0.0371 a 

0.0955 b 

0.0807 b 

0.0472 b 

0.0260 b 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Table 35. Shading effect on leaf area means at termination of 

experiment of six winter-annual forage legumes. 

Shading Levels 

Entries Shading No Shading SE = 6.24 

(cm2) 
Chief Crimson Clover 11.11 a* 9.70 a 

Austrian Winter Pea 49.32 a 38.84 a 

Vanguard Vetch 13.72 a 19.15 a 

Hairy Vetch 27.34 a 23.95 a 

Paraponto Gama Medic 14.80 a 12.35 a 

Renumex Sainfoin 6.31 a 5.99 a 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Table 36. Shading effect on root mass/shoot mass ratios at termination 
of experiment of six winter-annual forage legumes. 

Entries 

Chief Crimson clover 

Austrian Winter Pea 

Vanguard Vetch 

Hairy Vetch 

Renumex Sainfoin 

Shading Levels 

Shading 

0.1787 

0.7905 

0.7844 

0.5398 

0.7398 

1.1590 

No Shading 

2.3255 

1.1352 

1.3713 

1.3606 

1.4436 

1.4100 
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Table 37. Shading effect on root length/leaf area ratios at termination 

of experiment of six winter-annual forage legumes. 

Entries 

Chief Crimson Clover 

Austrian Winter Pea 

Vanguard Vetch 

Hairy Vetch 

Paraponto Gama Medic 

Renumex Sainfoin 

Shade 

3.5404 

0.7418 

2.9883 

1.6568 

1.7824 

8.3368 

Shading Levels 

— (cm/cm2) — 

1 

No Shade 

2.0931 

6.2547 

3.2475 

1.7187 

4.0955 

7.8052 



CHAPTER VI 

DETERMINATION OF THE EFFECT OF TWO 

COMPOSITIONS OF TUBE MATERIAL ON 

ROOT ELONGATION OF TWO 

FORAGE LEGUMES 

Introduction 

For root penetration studies, materials such as glass tubes, polyvinyl 

chloride (PVC) tubes, and clear acrylic plastic (CAP). 5 cm in diameter and up 

to 120 cm long have proven satisfactory (Kittock and Patterson. 1959; Taylor 

et al.. 1978; Bohm. 1979; Kaspar et al.. 1984). Plexiglass and P.V.C. tubes with 

removable observation windows consisting of transparent acetate plastic 

have also been used by Murdock et af (1974). Another special piece of 

equipment was developed by hanging transparent tubes about 6.5 mm in 

diameter and about 1 m long from a scaffold which maintained the tubes in an 

inclined position (Nilsson 1965, 1969. 1973). The practical application of this 

method is that it can be used successfully by plant breeders for screening 

cultivars (Mac Key. 1973). 

Even with the frequent use of clear acrylic tubes, plexiglass, PVC tubes, 

and other materials, no investigations have been made to find out if there is 

any influence of cast of tube material on main root elongation. Therefore this 

investigation was aimed at the impact of PVC and clear acrylic tubes on main 

root elongation of two winter-annual forage legumes. 
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Materials and Methods 

Two winter-annual forage legumes. Austrian' Winter Pea and 'Chief 

Crimson Clover were grown, using the slant-tube technique at the Texas Tech 

University greenhouse from November through December 1987. Treatments 

were clear acrylic (covered with black plastic) and PVC tubes, arranged as a 

completely randomized design, replicated 6 times. The slant-tube technique, 

sand preparation, thermocouple insertion, seeding, irrigation, harvesting, and 

measurement procedures were similar to those used in Chapter II. 

Results and Discussion 

Main root length with ranking, total root length, and root mass are 

shown in Tables 38, 39. and 40. An analysis of variance procedure performed 

upon main root length means showed that for both species, there was no 

difference (P> 0.05) between the two treatments. Results of variation of main 

root elongation among species showed a significant difference between 

'Austrian' Winter Pea (AWP) and 'Chief Crimson Clover (CCC) (Table 38). 

There was no significant speciesXcomposition of tube interaction. There was a 

significant difference in total root length between treatments. Also there was 

total root length variation among species These results are similar to those of 

Voorhees (1975) who explained the attraction of root to PVC surface as due to 

the negative charge by the many oxygen atoms. Similarly, when root mass 

means of the two treatments were compared, composition of tube material 

did have (P< 0.05) influence on root mass accumulation of the two forage 

species (Table 40). Shaded plants accumulated more root mass than non-
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shaded ones. Also, shoot mass and leaf area had no significant difference 

between treatments (Tables 41 and 42). 

Root length-leaf area ratios were similar for AWP in both treatments, 

but differences were observed in CCC. The ratio of 6.5, associated with PVC 

material, is the result of increased root mass compared to leaf area. This 

might be indicative of PVC material influencing root and/or shoot growth. 

Results obtained from the root zone temperatures of the two compositions of 

materials showed no significant difference between treatments (Appendix, 

Table 45). 

Summary and Conclusions 

Results showed that tube composition did not affect root length 

elongation, shoot mass accumulation and leaf area. Root mass and total root 

length were influenced (P< 0.05) by composition of tube material Root 

length-leaf area and root mass-shoot mass ratios were similar for both 

treatments. 

In conclusion, both tube materials are suitable for use in the slant-tube 

method to characterize rooting development of forages. PVC tubes were 

equally as good as clear acrylic plastic tubes, but roots could not be monitored 

in them during the growing period. Moreover, washing of roots in PVC tubes 

at harvest was more difficult and time consuming because roots were stuck 

on the under sides of the tubes. An advantage of the PVC tubes was that 

plant roots could be kept completely in the dark. Clear acrylic tubes, on the 

other hand, were transparent but allowed roots to be monitored as they grew 

along the underside of the tubes. Roots in the tubes during harvesting could 
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be washed from the sand particles easily. Injury and root loss was reduced 

to a minimum. Light impact on the forage legumes was a big problem. This 

problem could be solved by wrapping black plastic over the clear acrylic 

plastic tubes. Another alternative is to cover the wooden frame with 1 5 cm 

expanded polystyrene sheets that would prevent light from penetrating the 

root system and stabilizes drastic air temperature fluctuations about the root 

portion of the plants. 
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Table 38. Main root length means at termination of experiment of two 
winter-annual forage legumes under two compositions of tube material (Nov.-
Dec. 1987) 

Composition Of Tube Material 

Entries C.A.P Tubes PVC Rank 

Austrian Winter Pea 86.6 a* 73.5 a 1 

Chief Crimson Qover 52.9 a 56.9 a 2 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 

Table 39. Total root length means at termination of experiment of two 
winter-annual legumes under two Compositions of tube material. 

Composition Of Tube Material 

Entries CAP tubes PVC Tubes SE - 3.07 

(m) 

Austrian Winter Pea 28.95 a* 21 57 b 

Chief Crimson Clover 6.02 a 3.70 b 

'Means in the same row followed by same letter are not significantly 
different at the 5% level of probability according to Duncan's Multiple-Range 
Test. 
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Table 40. Root mass means at termination of experiment of two winter-
annual forage legumes under two compositions of tube material. 

Composition Of Tube Material 

Entries CAP Tubes PVC Tubes SE = 0.0212 

(g) 

Austrian Winter Pea 0.3165 a* 0.2832 b 

Chief Crimson Clover 0.0302 a 0.0268 b 

* Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan s 
Multiple-Range Test. 

Table 41. Shoot mass means at termination of experiment of two 
winter-annual legume forages under two compositions of tube material. 

Composition Of Tube Material 

Entries CAP Tubes PVC Tubes SE = 0.0300 

(g) 
Austrian Winter Pea 0.2079 a* 0.2222 a 

Chief Crimson Clover 0.0531 a 0.0468 a 

*Means in the same row followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's 
Multiple-Range Test. 
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Table 42. Leaf area means at termination of experiment of two winter-
annual forage legumes under two compositions of tube material. 

Composition Of Tube Material 

Entries CAP Tubes PVC Tubes SE = 7.88 

(cm2) 
Austrian Winter Pea 38.32 a* 32.31 a 

Chief Crimson Clover 11.20 a 8.70 a 

*Moano in the eamo row followed by tho same letter in both tables are 
not significantly different at the 5% level of probability according to Duncan s 
Multiple-Range Test. 

Table 43. Root length/leaf area ratios at termination of experiment of 
two winter-annual legume forages under two compositions of tube material. 

Composition Of Tube Material 

Entries CAP Tubes PVC Tubes 

(cm/cm2) 
Austrian Winter Pea 2.2 2.3 

Chief Crimcon Clovor 4.7 6.5 
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Table 44. Root mass/shoot mass ratios at termination of experiment of 
two winter-annual forage legumes under two compositions of tube material. 

Composition Of Tube Material 

Entries CAP Tubes PVC 

Austrian Winter Pea 1.5 1.3 

Chief Crimson Clover 0.6 0.6 



CHAPTER VII 

GENERAL CONCLUSIONS 

The effect of light on main root elongation of Austrian' Winter Pea and 

Chief Crimson Clover showed a significant difference between the two 

treatments. Also, a large difference in rooting depth occurred between the 

two winter-annual forage legumes. For example. 'Austrian' Winter Pea main 

root elongation was greater (P< 0.05) than Chief Crimson Clover. 

There was no significant difference between irrigated and non-

irrigated plants for main root elongation of the two winter-annual legumes. 

However. Austrian' Winter Pea had a longer main axial root length than 

Chief Crimson Clover for both treatments. 

Main axial root length means at termination of the experiment of six 

winter-annual legumes for two temperature treatments (20° and 30° C) 

showed a significant difference between treatments. Taproot elongation of 

annual legumes species and varieties were in general, longer (P< 0.05) at 20° 

C than at 30° C. There was temperatureXspecies interaction. These results 

were similar to those of previous studies which concluded that 20° C was the 

optimum temperature for most winter-annual forage legumes. 

The shading treatments on the main root length of the six winter-

annual forage legumes were not significant. However, significant variation 

occurred among species and varieties under shaded and non-shaded 

conditions. 
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Composition of tube material (clear acrylic plastic tubes) had no 

significant influence on main axial root elongation of the forage legumes. 

'Austrian' Winter Pea had greater (P< 0.05) main root penetration depth than 

Chief Crimson Clover. 

The light effect on root elongation of forage species during 

measurements could be prevented by growing plants with their roots 

completely in the dark using expanded polystyrene sheets and taking 

measurements only at termination of experiment. Since PVC tubes did not 

influence taproot elongation rates, they can be used in the slant-tube 

technique. Alternatively clear acrylic tubes covered with black plastic to 

shield roots from direct sunshine can also be useful. The optimum 

temperature suitable for using the slant-tube method is about 20° C. 

Container-grown experiments allow researchers to isolate individual 

environmental factors which have interacting influence on root growth in 

natural soil profiles. A great deal of basic information can be obtained 

regarding the significance of single environmental factors and the interactions 

between these factors on root growth. 

A major advantage of the slant-tube technique rests in the fact that 

plants are easier to handle and study than field-grown plants. Also, the 

growing conditions can be uniformly replicated many times. 

Finally, previous studies showed that the slant-tube technique is 

suitable for investigating taproot elongation rates of a large number of plant 

species in a short time and at low cost. The analysis of the slant-tube 

technique showed its usefulness in characterizing rooting development of a 

large pool of forage legume species and varieties for subsequent field 
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establishment. This method is fast, cost effective, easy to adopt, and can be 

used all year round. Results of several studies showed that root depth of 

forage legumes in the greenhouse correlated strongly with those of the field 

environment (Bojorquez et al.. 1986, and Brar et al., 1989. Texas Tech 

University. UnpubUshed Paper). 
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Table 45. Weekly greenhouse ambient temperatures during 

experiments 1 & 2 (Influence of light and water stress on root growth 

respectively) 

Period Day (max.) Night (min.) 

11/04/87-11/11/87 23.0 13.0 

11/11/87-11/18/87 28.0 15.0 

11/18/87-11/25/87 36.0 9.0 

11/25/87-12/02/87 31.0 17.0 

12/02/87-12/09/87 35.0 16.0 

12/09/87-12/16/87 30.0 16.0 
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Table 46. Root-zone temperatures for light and compositons of tube 

material experiments (°C) 

Date Clear Acrylic Black-Plastic-Covered Polyvinyle Chloride 
Tube (CAT) I &2* Tubes (BPC) 1 kl Tubes (PVC) 1 &2 

11/05/87 

11/07/87 

11/09/87 

11/11/87 

11/13/87 

11/15/87 

11/17/87 

11/19/87 

11/21/87 

11/23/87 

11/25/87 

11/27/87 

11/29/87 

12/01/87 

12/03/87 

12/05/87 

21 

26 

28 

27 

26 

25 

28 

32 

31 

21 

29 

30 

30 

28 

28 

25 

20 

25 

24 

28 

25 

26 

29 

35 
30 

22 

29 

32 

34 

28 

32 

27 

20 

25 

26 

27 

26 

25 

28 

32 

31 

21 

26 

28 

30 

27 

35 

25 

19 

23 

23 

25 
24 

24 

26 

29 

26 

22 

28 

30 

31 

28 

30 

26 

20 

24 

24 

26 

25 

23 

26 

33 
30 

22 

28 

28 

30 

28 

29 

24 

20 

25 

24 

24 

25 

25 

25 

31 

31 

22 

32 

32 

32 

30 

30 

• 27 

*Columns I and 2 of each treatment represents replicates 
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Table 47. Average daily greenhouse ambient temperatures during 

experiment II & IV (Impact of temperature and shading on root growth) 

Date Temperature (°C) 

01/13/88 21.0 

01/15/88 21.0 
01/16/88 22.0 
01/17/88 21.0 
01/18/88 22.0 
01/19/88 18.0 
01/20/88 21.0 
01/22/88 18.0 
01/23/88 18.0 
01/24/88 21.0 
01/26/88 21.0 
01/28/88 21.0 
01/29/88 18.0 
01/30/88 18.0 
01/31/88 18.0 
02/01/88 18.0 
02/02/88 19.0 
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Table 47 continued. 

Date Temperature (°C) 

02/03/88 18.0 
02/04/88 18.0 
02/05/88 19.0 
02/06/88 20.0 
02/07/88 19.0 
02/08/88 20.0 
02/09/88 19.0 
02/10/88 19.0 
02/11/88 19.0 
02/12/88 19.0 
02/13/88 20.0 
02/14/88 20.0 
02/15/88 20.0 

Overall Mean Temperature 20.0 



Table 48. Hoagland's full strength nutrient solution. 
87 

sm Concentration 
—(g/liter) 

CaS04 . 2H20 1.033 

MgS04 . 7H20 0.493 

K2S04 

KH2P04 

K2HP04 

CaCl2 

NH4NO3 

Salt (trace elements) 

FeEDDHA 

H3BO 

MnS04 . 4H20 

ZnS04 . 7H20 

CuS04 . 5H2O 

C0CI2 . 4H20 

Na2Mo04 . 2H2O 

0.279 

0.023 

0.145 

0.056 

105.0(mg/liter) 

Concentration 
(me/liter) 

16.67 

1.43 

1.02 

0.22 

0.08 

0.10 

0.05 



Table 49. Analysis of variance for main root length means at 
termination of experiment of two winter-annual forage legumes under two 
light treatments 

Source of 
Variation 

Light 

Species 

Degree of 
Freedom 

1 

I 

LightXSpecies I 

Error 

Total 

19 

22 

Sum of 
Squares 

402.25 

2546.58 

1211.95 

8084.35 

12245.13 

Mean 
Squares 

402.25 

2546.58 

1211.95 

425.49 

F Value 

0.95 ns 

599* 

2.85 ns 

Standard Error = 20.63 

'Significant at 0.05 probability level: ns = not significant 
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Table 50. Analysis of variance for light impact on total root length 

means at termination of experiment of two winter-annual forage legumes 

Source of 
Variation 

Degree of 
Freedom 

Light 1 

Sum of 
Squares 

262.72 

Mean 
Squares 

262.72 

F Value 

16.27* 

Species 1 1932.51 262.72 119.66 * 

LightXSpecies 1 

Error 19 

112.14 

306.84 

112.14 

16.15 

6.94* 

Total 22 2614.21 Standard Error = 4.02 

'Significant at 0.05 probability level: ns - not significant. 
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Table 51. Analysis of variance for root mass means at termination of 

experiment of two winter-annual forage legumes under two light treatments 

Source of 
Variation 

Degree of 
Freedom 

Light 1 

Sum of 
Squares 

0.0035 

Mean 
Sqaures 

0.0035 

F Value 

2.82 ns 

Species 0.4368 0.4368 355.79 * 

LightXSpecies 1 0.0007 0.0007 0.54 ns 

Error 19 0.0233 0.0012 

Total 22 0.4642 Standard Error = 0.0350 

'Significant at 0.05 probability level: ns = not significant. 
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Table 52. Analysis of variance for shoot mass means at termination of 

experiment of 2 winter-annual forage legumes 

Source of 
Variation 

Degree of 
Freedom 

Light 1 

Sum of 
Squares 

0.0002 

Mean 
Squares 

0.0002 

F Value 

0.12 ns 

Species 1 

LightXSpecies 1 

Error 19 

0.1755 

0.0009 

0.0312 

0.1755 

0.0009 

0.0016 

107.04* 

0.58 ns 

Total 22 0.2079 Standard Error = 0.0405 

'Significant at 0.05 probability level: ns = not significant. 
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Table 53. Analysis of variance for leaf area means at termination of 

experiment of two winter-annual forage legumes under two light treatments 

Source of 
Variation 

Degree of 
Freedom 

Sum of 
Squares 

Mean 
Squares F Value 

Light 1 50.11 50.11 0.68 ns 

Species 1 

LightXSpecies I 

Error 19 

Total 22 

4981.50 4981.50 

1211.95 

1393.98 

6479.79 

1211.95 

341.04 

67.90 * 

0.74 ns 

Standard Error = 8.57 

'Significant at 0.05 probability level; ns = not significant. 
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Table 54. Analysis of variance for main root length means 10 DAE of 

Austrian Winter Pea and Chief Crimson Clover under two irrigation levels 

Source of 
Variance 

Degree of 
Freedom 

Irrigation 1 

Sum of 
Squares 

0.7704 

Mean 
Squares 

0.7704 

F Value 

0.01 ns 

Species 444.6204 444.6204 07.35 ' 

IrrigationXSpecies 1 119.2604 119.2604 1.97 ns 

Error 20 1210.0483 60.5000 

Total 23 1774.6995 Standard Error = 7.78 

'Significant at 0.05% probability level; ns = not significant. 
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Table 55. Analysis of variance for main root length means 15 DAE of 

two winter-annual forage legumes under two irrigation levels 

Source of 
Variation 

Degree of 
Freedom 

Irrigation I 

Sum of 
Squares 

Mean 
Squares 

171.2004 171.2004 

F Value 

2.12 ns 

Species 872.4204 872.4204 10.82 * 

IrrigationXSpecies I 45.1004 45.1004 0.56 ns 

Error 20 1612.5183 80.6259 

Total 23 2701.2395 Standard Error = 8.987 

'Significant at 0.05% probability level; ns = not significant. 
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Table 56. Analysis of variance for main root length 20 DAE of two 

winter-annual forage legumes under two irrigation levels 

Source of 
Variation 

Degree of 
Freedom 

Irrigation 1 

Sum of 
Squares 

354.75 

Mean 
Squares 

354.75 

F Value 

4.07* 

Species 376.36 376.36 4.32 ' 

IrrigationXSpecies I 68.87 68.87 0.79 ns 

Error 19 1655.18 87.11 

Total 22 2455.16 Standard Error = 9.33 

'Significant at 0.05% probability level; ns = not significant. 
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Table 57. Analysis of variance for main root length means 25 DAE of 

two winter-annual forage legumes under two irrigation levels 

Source of 
Variation 

Degree of 
Freedom 

Irrigation 1 

Sum of 
Squares 

18.78 

Mean 
Squares 

18.78 

F Value 

0.13 ns 

Species 749.77 749.77 5.00' 

IrrigationXSpecies 1 23.52 23.52 0.16 ns 

Error 18 2697.21 149.84 

Total 21 3489.27 Standard Error = 12.24 

'Significant at 0.05% probability level; ns = not significant. 
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Table 58. Analysis of variance for main root length means at 

termination of experiment at a lower temperature (20°C) of six forage legume 
species 

Source of 
Variation 

Temp 

Rep(Temp) 

Species 

TempXSpecies 

Error B 

Total 

Degree of 
Freedom 

I 

10 

5 

5 

45 

66 

Sum of 
Squares 

7329.94 

947.14 

7039.59 

9458.21 

7138.69 

32292.94 

Mean 
Squares 

7632.56 

94.71 

1407.92 

1891.64 

158.64 

Standard Error 

F Value 

48.11 * 

0.65 ns 

8.88 * 

11.92 * 

= 12.59 

'Significant at 0.05 probability; ns - not significant. 
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Table 59. Analysis of variance for temperature effect on root mass 

means at termination of experiment of six winter-annual forage legumes 

Source of 
Variation 

Degree of 
Freedom 

Sum of 
Squares 

Mean 
Squares F Value 

Temp I 0.0001 0.0001 0.14 ns 

Rep(Temp) 10 0.0155 0.0015 2.95 * 

Species 0.1998 0.0399 75.87 * 

TempXSpecies 5 0.0036 0.0007 1.39 ns 

Error B 39 0.0205 0.0005 

Total 60 0.2396 Standard Error = 0.0229 

'Significant at 0.05 probability level; ns = not significant. 
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Table 60. Analysis of Variance for temperature effect on shoot mass of 

six winter-annual forage legumes 

Source of 
Variation 

Temp 

Degree of 
Freedom 

1 

Sum of 
Squares 

0.009 

Mean 
Squares 

0.009 

F Value 

12.71 

Rep(Temp) 10 0.014 0.001 4.86 * 

Species 0.361 0.072 101.73* 

TempXSpecies 5 

Error B 43 

0.031 

0.031 

0.006 

0.001 

8.59 * 

Total 64 0.466 Standard Error = 0.027 

'Significant at 0.05 probabihty level; ns = not significant. 
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Table 61. Analysis of variance for temperature effect on leaf area at 

termination of experiment of six winter-annual forage legumes 

Source of 
Variation 

Temp 

Degree of 
Freedom 

1 

Sum of 
Squares 

541.40 

Mean 
Squares 

541.40 

F Value 

15.89 * 

Rep(Temp) 10 430.32 43.03 3.96* 

Species 5 15751.64 352.33 92.48 * 

TempXSpecies 5 

Error B 45 

1761.31 

1532.96 

352.26 

34.07 

10.34* 

Total 66 20937.76 Standard Error = 5.84 

'Significant at 0.05 probability level; ns = not significant. 
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Table 62. Analysis of variance for main root length means at 

termination of experiment of six winter-annual forage legumes under two 
shading levels 

Source of 
Variation 

Degree of 
Freedom 

Sum of 
Squares 

Mean 
Squares F Value 

Shade 1 1052.00 1052.00 3.85' 

Rep(Shade) 10 2924.04 292.40 2.14 ns 

Species 5 3347.92 669.58 2.45 ' 

ShadeXSpecies 5 2088.44 417.69 1.53 ns 

Error B 44 12032.05 273.46 

Total 65 23220.06 Standard Error = 16.54 

'Significant at 0.05 probability level; ns - not significant. 
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Table 63. Analysis of variance for shading effect on root mass means at 

termination of experiment of six winter-annual forage legumes 

Source of 
Variation 

Shade 

Degree of 
Freedom 

1 

Sum of 
Squares 

0.0077 

Mean 
Squares 

0.0077 

F Value 

9.55' 

Rep(Shade) 10 0.0021 0.0002 0.53 ns 

Species 0.2455 0.0491 61.07' 

ShadeXSpecies 5 

Error B 44 

0.0036 

0.0354 

0.0007 

0.0008 

0.90 ns 

Total 65 0.2971 Standard Error = 0.0284 

'Significant at 0.05 probabihty level; ns = not significant. 
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Table 64. Analysis of variance for shading effect on shoot mass means at 
termination of experiment of six winter-annual forage legumes 

Source of 
Variation 

Degree of 
Freedom 

Sum of 
Squares 

Mean 
Squares F Value 

Shade 1 0.0211 0.0211 26.65 • 

Rep(Shade) 10 

Species 

ShadeXSpecies 5 

0.0039 

0.2857 

0.0119 

0.0016 

0.0571 

0.0024 

0.99 ns 

72.19 ' 

3.00 * 

Error B 44 0.0348 0.0008 

Total 65 0.3653 Standard Error = 0.0281 

'Significant at the 0.05 probability level; ns = not significant. 
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Table 65. Analysis of variance for shading effect on leaf area means at 

termination of experiment of six winter-annual forage legumes 

Source of 
Variation 

Degree of 
Freedom 

Sum of 
Squares 

Mean 
Squares F Value 

Shade I 

Rep(Shade) 10 

Species 5 

ShadeXSpecies 5 

Error B 42 

Total 63 

79.03 

364.28 

79.03 

72.86 

10951.88 2190.38 

347.26 

1636.91 

69.45 

327.38 

2.03 ns 

1.87 ns 

16.20' 

1.78 ns 

13612.49 Standard Error = 6.24 

'Significant at 0.05 probability level; ns = not significant. 
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Table 66. Analysis of variance for main root length at termination of 

experiment of two winter-annual forage legumes under two compositions of 
tube material 

Source of 
Variation 

Degree of 
Freedom 

Sum of 
Squares 

Mean 
squares F Value 

Composition 1 211.42 211.42 1.30 ns 

Species 3287.02 3287.02 20.23 * 

CompositionXSpecies 1 274.58 274.58 1.69 ns 

Error 18 2924.66 162.48 

Total 21 6697.68 Standard Error = 12.76 

'Significant at 0.05 probability level; ns = not significant. 
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Table 66. Analysis of variance for main root length at termination of 

experiment of two winter-annual forage legumes under two compositions of 
tube material 

Source of 
Variation 

Composition 

Species 

CompositionXS 

Degree of 
Freedom 

I 

1 

pecies I 

Sum of 
Squares 

211.42 

3287.02 

274.58 

Mean 
squares 

211.42 

3287.02 

274.58 

F Value 

1.30 ns 

20.23 ' 

1.69 ns 

Error 18 2924.66 162.48 

Total 21 6697.68 Standard Error - 12.76 

'Significant at 0.05 probability level; ns = not significant. 
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Table 67. Analysis of variance for total root length at termination of 

experiment of two winter-annual forage legumes under two compositions of 
tube material 

Source of 
Variation 

Degree of 
Freedom 

Composition 1 

Sum of 
Squares 

Mean 
Squares 

141.14 141.14 

F Value 

14.97* 

Species 2496.96 2496.96 264.91 • 

CompositionXSpecies 1 38.51 38.51 4.09 ns 

Error 20 188.52 9.43 

Total 23 2865.12 Standard Error - 3.07 

'Significant at 0.05 probability level; ns = not significant. 
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Table 68. Analysis of variance for root mass means at termination of 

experiment of two winter-annual forage legumes under two compositions of 
tube material 

Source of 
Variation 

Degree of 
Freedom 

Sum of 
Squares 

Mean 
Squares F Value 

Composition 1 0.0020 0.0020 4.49 * 

Species 0.4418 0.4418 980.44 ' 

CompositionXSpecies 1 0.0013 0.0013 2.95 ns 

Error 20 0.0090 0.0005 

Total 23 0.4542 Standard Error = 0.0212 

'Significant at 0.05 probability level; ns = not significant. 
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Table 69. Analysis of variance for shoot mass means at termination of 

experiment of two winter-annual forage legumes under two compositions of 
tube material 

Source of 
Variation 

Degree of 
Freedom 

Composition 1 

Sum of 
Squares 

0.0001 

Mean 
Squares F Value 

0.0001 0.07 ns 

Species 0.1636 0.1636 119.74* 

CompositionXSpecies 1 0.0006 0.0006 0.46 ns 

Error 20 0.0273 0.0014 

Total 23 0.1917 Standard Error - 0.03 

'Significant at 0.05 probability level; ns = not significant. 
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Table 70. Analysis of variance for leaf area at termination of 

experiment of two winter-annual forage legumes under two compositions of 
tube material 

Source of 
Variation 

Degree of 
Freedom 

Composition 

Species 

1 108.84 

3868.09 

Sum of Mean 
Squares Squares 

108.84 

3868.09 

F Value 

1.75 ns 

62.20 * 

CompositionXSpecies I 18.36 18.36 0.30 ns 

Error 20 1242.25 62.11 

Total 23 5232.54 Standard Error - 7.88 

'Significant at 0.05 probability level; ns = not significant. 
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