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ABSTRACT 

Little is known about the crown system and its 

association with plant growth and development in spring 

cereals. This study investigated temperature, seeding depth 

and genotipic effects on crown development of barley; 

relationships between crown and seminal root systems; and 

classification and description of crown systems under deep 

seeding. Two greenhouse experiments were performed using PVC 

tubes. Low temperature and deep seeding reduced percentage 

and rate of emergence but increased crown number, crown 

depth, and crown weight in most genotypes. Crown number, 

crown depth and crown weight showed increased associations 

with seminal root, whole root, and shoot weight at low 

temperature and deep seeding in most genotypes. Deep 

plantings showed that crown systems of barley can be 

classified as unicrown, bicrown and multicrown types with 

some variants. One line produced plants with no subcrown 

internode under 12.5 cm planting. Our results suggested that 

the crown is a potential source of crown roots and tillers. 
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The root system plays an important role in plant growth 

and development. In small grains, the root system consists 

of seminal roots, adventitious roots and the subcrown 

internode. Seminal roots grow from the seed as soon as 

germination starts. Adventitious roots grow from the crown 

node as tillers develop. The subcrown internode is the main 

axis that separates the crown from the seed (Taylor and 

Nguyen, 1987). 

The crown node is particularly important because it is 

a potential source of adventitious roots and tillers (cf. 

Webb and Stephens, 1936). Its placement is directly related 

to winter survival in winter cereals and probably with 

performance under soil moisture limitations. 

When seed of small grains is planted shallow (2-5 cm), 

a single crown usually develops between 2 and 4 cm from the 

soil surface (Taylor and Nguyen, 1987). Crown placement can 

be modified by environmental and genetic factors. Light, 

temperature, seeding depth and genotype have been reported 

to influence crown depth in wheat, barley and oats. The 

majority of these reports come from studies with winter 

cereals as there is a strong association between winter 

survival and deep crowned genotypes. 

It is generally recognized that the root system cf 
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cereals is important for crop production. However, the 

particular role of the crown, its relationships with the 

root system and shoot, and the environmental and genotypic 

effects on this part of the plant have not been sufficiently 

investigated. Although there is some information about the 

role of the crown in winter cereals, the degree of 

association between the crown and the root system may be 

different in spring barley, particularly in different 

cultivars and under varying environmental conditions. 

Associations may have important consequences for plant 

performance and yield under stress conditions, however, 

there is not sufficient information in the literature to 

support these suppositions. 

The generation of more detailed information about the 

root system of spring barley is necessary for a better 

understanding of plant growth and development. Such 

knowledge should be of great value to breeders in their 

development of successful cultivars. 

The objectives of this study were: 1) to investigate 

the effects of temperature, seeding depth and genotype on 

the crown and root characteristics of some spring barleys; 

2) to study relationships between the crown and rooting 

patterns of these barleys under the influence of temperature 

and seeding depth; and 3) to identify and describe root 

systems of spring barley based on crown characteristics. 
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LITERATURE REVIEW 

The root system of cultivated plants has received much 

less attention than above ground parts. The techniques 

available to study root systems are time consuming and 

require special equipment to obtain the desired information. 

There is little doubt that selection and deliberate breeding 

for root characteristics will result in additional 

yield advances. However, as indicated by Troughton and 

Whittington (1969), the study of root systems is difficult 

and many methods require destruction of plants. (For a 

complete description of methods of studying root systems see 

Bohm, 1979). 

Most of the information about roots has been obtained 

from plants grown under controlled conditions. However, as 

Marshall and Kolb (1982) indicated, absolute control of 

environmental variation is impractical and probably 

impossible. The conditions at experimental sites usually 

differ to some extent from those of commercial fields. The 

physical and chemical characteristics of the root zone may 

be highly variable in a relatively small piece of land in a 

certain field. Consequently, the root system of a successful 

cultivar must readily adapt to a range of soil environments. 

Thus, as a result of soil variations, a specific rooting 

pattern may not necessarily occur for a certain species nor 
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even within a certain cultivar. An efficient adaptation and 

acclimation to a range of changeable environments could be 

achieved by a specific physiologic mechanism or root 

morphological plasticity, but, no evidence exists in the 

literature to verify this supposition. 

METHODS OF ROOT CLASSIFICATION 

Hoshikawa (1969) suggested a method of classification 

of root systems in Gramineae. He studied 219 species in 88 

genera and recognized four types of roots: (1) a primary 

seminal root, (2) transitionary node roots, (3) mesocotylar 

roots, and (4) cotyledonary roots. The seminal roots and 

transitionary node roots form the seminal root system, while 

the mesocotylar and cotyledonary roots form the adventitious 

root system. Two classifications were suggested, one based 

on morphology of the root system, and the other based on the 

mode of establishment at the seedling stage. The 

morphological characteristics considered for root 

classification were: (a) presence or absence of seminal 

roots, (b) elongation or non-elongation of the subcrown 

internode, and (c) presence or absence of adventitious 

roots. The clasification of roots by mode of establishment 

was based on a) root length, b) rate of elongation, and c) 

number of roots developed from different root systems. From 
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this study, six types of root systems based on morphology 

and seven types based on mode of establishment were 

determined. 

Klepper et al (1984) proposed a system to classify root 

axes based on both root associations with a specific node 

and root direction with respect to the leaves at that node. 

According to Klepper et al, the common classification of 

cereal roots is not sufficiently precise to identify 

associations between roots and specific tillers and nodes. 

They maintained that the common root classification in 

cereals distinguishes seminal roots when they originate from 

seed primordia, and, nodal, crown or adventitious roots, if 

they come from primordia developed after germination. They 

pointed out that by definition, there is only one seminal 

root, and that all other roots may be associated with nodes. 

MORPHOLOGY OF THE ROOT SYSTEM OF SMALL GRAIN CEREALS 

The root system plays a very important role in plant 

growth and development. It is responsible for water and 

mineral uptake, and represents the supporting organ of the 

plant. 

In small grains such as barley and wheat, the root 

system is commonly characterized by seminal roots, 

adventitious roots and a subcrown internode (Taylor and 
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Nguyen, 1987; Briggs, 1978). Seminal or primary roots grow 

from the seed at the time of germination while adventitious, 

secondary, nodal or permanent roots develop from the crown 

during tiller development (Briggs, 1978; Klepper et al, 

1984; Reid, 1985). The subcrown internode, rhizome or 

rhizomatous stem is the main axis that separates the crown 

node from the seed (Taylor and Nguyen, 1987). Growth and 

development of adventitious roots and the subcrown internode 

are highly affected by genotype and environment. 

THE CROWN NODE 

The part of the stem situated at or near the soil 

surface and carrying the leaf bases begins to swell early in 

the season and gives origin to the crown (Briggs, 1978). The 

crown of barley has been described by Webb and Stephens 

(1936) and Briggs (1978) as a series of nodes with short 

internodes packed closely together and usually located at 

the basal region of the stem below the soil surface. 

According to Briggs (1978), no scheme has been presented for 

the vascular anatomy of this region, but he indicated that 

barleys with up to 13 nodes are not uncommon and many dwarf 

types have branching stems rather than tillers arising from 

the crown. 

The relationship between deep crowned genotypes and 
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winter survival has been well studied in winter cereals. 

However, the knowledge and understanding of the crown node 

and its role in plant growth and development under types of 

stress other than winter injury is very poor. Webb and 

Stephens (1936) reported that the subcrown internode 

elongates above the coleoptilar node to determine the 

position of the crown. Crown placement is also affected by 

temperature, light, seeding depth and genotype (Webb and 

Stephens, 1936; Ferguson and Boatwright, 1968; Martin et 

al., 1988). Besides its role in winter survival, crown depth 

also plays an important role in plant responses to stress 

caused by root rot, wind, grazing, heaving, and soil 

moisture limitations (Taylor and McCall, 1936; McKenzie, 

1971). 

THE SUBCROWN INTERNODE 

With some exceptions, when the seed of barley is 

planted deep, an elongated subcrown internode is formed from 

above the coleoptile node (Briggs, 1978). This author 

reported that the subcrown region may consist of one or 

several internodes, and that the nodes may carry 

adventitious roots. Tillers arise from nodes of the crown 

and Briggs (1978) reported that in some genotypes tillers 

may also arise from the basal nodes of the tillers. 
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Most research concerning the subcrown internode has 

been closely associated with the crown as crown depth and 

subcrown internode length depend on each other (Poulos and 

Allan, 1987). The elongation of the subcrown internode has 

also been associated with stand establishment, cleoptile 

length, and plant height in different cultivars of wheat 

(Allan and Pritchett, 1973; Ashraf and Taylor, 1974; 

Bacaltchuk and Ullrich, 1983). Briggs (1978) indicated that 

the anatomy of the subcrown internode of barley has not been 

studied in detail. However, Ramage and Scoles (1978) 

reported that seed size and plant height are not associated 

with coleoptile length in 'CCXXXII-78', a short straw barley 

population developed for lodging resistance. 

SEMINAL AND ADVENTITIOUS ROOTS 

Boatwright and Ferguson (1967) pointed out that plant 

residues, soil moisture, soil nutrients, soil compaction, 

and soil aeration affect the development and distribution of 

plant roots. According to Gregory et al (1978), the number 

of root axes produced by wheat may have an effect on the 

morphological and physiological characteristics of the root 

system. In addition, it has been suggested that adventitious 

roots are physiologically more active than seminal roots 

(Boatwright and Ferguson, 1967). 
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Young seminal roots have a large central vessel, and 

young crown roots have an essentially similar structure 

except that several scattered large inner metaxylem vessels 

occur in this region (Briggs, 1978; Reid, 1985). According 

to Briggs (1978), the deepest roots are usually of seminal 

origin and the upper layers of the soil tend to be packed 

with adventitious roots. Troughton and Whittington (1969) 

indicated that extension in depth is important to provide 

access to a potentially large supply of water and nutrients, 

while lateral extension is important for their utilization. 

Lee (1960) found differences between the barley cultivars 

'Atlas 46' and 'Vaughn' in their ability to compete for 

nutrients. When grown in a mixture, Atlas 46 plants 

developed an early and dense mass of adventitious roots 

which resulted in a more efficient nutrient uptake from a 

limited area of the soil causing severe stress in Vaughn 

plants. Lee concluded that competition is conditioned by the 

proximity of the individual plants of the mixture to each 

other, such that the poorer competitors suffer reduction in 

yield of various products. 

The maximal extent of the root system occurs at about 

the time of anthesis and declines thereafter (Troughton and 

Whittington 1969; Briggs, 1978). Briggs (1978) indicated 

that the adventitious roots grow out of the crown and 

simultaneously tillers develop from adventitious buds. The 
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adventitious roots arise from the base of the crown as a 

series of irregular whorls. Briggs reported that some young 

and waxy-white adventitious roots do not branch at all for 

some distance, and that initially, many of the adventitious 

roots extend horizontally in the soil and tend to be thicker 

and less branched than the seminal roots. 

Klepper et al (1984) reported that number of crown 

nodes depends on cultivar, planting date, and weather 

patterns. Tillers physically separated from the plant can 

grow supported by adventitious roots only, but under drought 

conditions, the adventitious roots sometimes do not develop, 

and these plants may reach maturity relying only on seminal 

roots (Locke and Clark, 1924; Webb and Stephens, 1936; 

Briggs, 1978). Locke and Clark (1924) observed that the 

seminal roots provided sufficient moisture for winter wheat 

plants to reach maturity, or until rains occurred and 

adventitious roots were able to develop normally. 

Associations between N-P uptake and number of 

adventitious roots have suggested that initial differences 

in the adventitious rooting pattern such as time of root 

initiation, root number, and root elongation could affect 

availability of nutrients and water (Black, 1970). 
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SHOOT:ROOT RELATIONSHIPS 

SHOOT:ROOT INTERDEPENDENCE 

The type of root system to be developed for each crop 

and each mode of cultivation depends on knowledge of the 

relationship between specific root systems and crop yield. 

So far, information available about this field is extremely 

limited (Troughton and Whittington, 1969). 

Mac Key (1973; 1980; 1987) has investigated and 

discussed the relationships between aerial and below-ground 

parts of cereals. His studies of wheat and barley have 

shown significant correlations between plant height and root 

depth (r=.51 and .27), number of tillers and crown roots 

(r=.73 and .67), and between dry weight of shoot and root 

prior to seed set (r=.85 and .77) for wheat and barley, 

respectively. 

Mac Key (1980) reported that the relationship among 

dry weight of grain, straw and root in small grains under 

favorable growth conditions is of the order of 5:3:2. When 

deficient levels of temperature, minerals and water exist in 

the root zone, roots suffer less than shoots, but when 

excess levels occur, roots are more affected than shoots. 

Troughton and Whittington (1969), suggested that the basis 

of tolerance to mineral toxicity depends upon differential 
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transport from roots to shoots. They reported that the 

ability of roots to change the pH in their immediate 

neighborhood, and the properties of the root cell walls 

have also been used to distinguish between tolerant and non-

tolerant plants. However, they indicated that efficiency of 

mineral absorption (i.e.,dry matter produced per unit of 

mineral absorbed) is usually more important than the actual 

rate of absorption. 

The shoot:root interaction has been emphasized in 

studies aimed to detect genetic variation of the root system 

(Troughton and Whittington, 1969). Shoot:root ratio 

according to Mac Key (1980), is a polygenic trait influenced 

by some major genes, where the highest interdependence 

occurs before anthesis, when supply and demand regulate such 

interaction. During this period, both shoot and root benefit 

from each other when the lower green surfaces of the shoot 

supply the roots with assimilates, while seminal and 

adventitious roots benefit the main culm and tillers 

correspondingly. 

Natural selection has been shown to have a great 

influence on the shoot pattern and it is expected to have a 

similar effect on the root system (Troughton and 

Whittington, 1969). Lee (1960) suggested that natural 

selection acting on populations under intra-specific 

competition might be a negative but important factor in 
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molding the gene pool to condition greater adaptability to 

the environment. According to Troughton and Whittington, 

(1969), some ecotypes have evolved and developed genetic 

resistance to root diseases, mineral deficiency or toxicity, 

and drought as a result of natural selection. 

Domestication based on shoot manipulation has an 

indirect effect on the root system and results in its 

modification (Mac Key, 1980). Consequently, artificial 

selection may lead to the development of plants with many 

different patterns of root growth, with variation in 

efficiency for mineral and water absorption, and with 

different levels of resistance to soil-borne diseases 

(Troughton and Whittington, 1969). According to Mac Key 

(1980), intensive farming with dense stands and high water 

and fertilizer inputs results in cultivars with shallow, 

smaller, and early branching root systems while cultivation 

under stress conditions results in a more vigorous and 

deeper penetrating root with better ability for water 

extraction from the soil. 

The ideal shoot:root relationship might vary widely 

with environment. According to Troughton and Whittington, 

(1969), the longer the life span of a plant, the greater is 

the percentage of root growth. They maintained that the 

ability of shoots to produce photosynthates is greater than 

the demand by roots, and consequently, the greater the shoot 
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growth, the smaller the proportion of photosynthates used in 

root growth. 

A tall and vigorous plant with high biomass possesses a 

natural ability to compete in mixed stands probably as a 

result of a corresponding larger root system (Lee, 1960; 

Briggs, 1978; Mac Key, 1980). However, as indicated by 

Troughton and Whittington (1969), indirect selection of root 

systems based on the above ground part of the plant may or 

may not be effective. They suggested that a mixture of lines 

with uniformity of top growth, and time of maturity, but 

different rooting systems, might result in higher yields as 

a result of better exploration and exploitation of water and 

nutrients in the soil profile. On the contrary, the 

development of dwarf genotypes under non stress conditions 

based entirely on photosynthetic capacity may endanger 

drought tolerance as a consequence of insufficient, or too 

shallow, root development (Mac Key, 1980). 

ADVENTITIOUS ROOTS AND TILLERS 

Under field conditions, the crown typically contains a 

main stem, and two or three tillers (Briggs, 1978). Klepper 

et al (1984), working with winter wheat, reported that 

number of roots per culm can be calculated from the number 

of leaves, and that nodal roots begin to appear at the time 
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of tillering, about the time when the third leaf is 

expanding. 

Webb and Stephens (1936) pointed out that the roots 

arising from the coleoptile node are not true seminal roots, 

and that crown roots are those that form at nodes above the 

coleoptile node. They suggested that a tiller may be formed 

from each node in the crown, and that the internode above 

the coleoptile node usually is the only one to elongate 

below the crown in wheat plants. 

All roots, whether shallow or deep, seminal or nodal, 

are able to take up nitrate and other nutrient salts 

(Briggs, 1978), but the relationship between adventitious 

roots and tillers is of major importance for plant 

performance (Boatwright and Ferguson, 1967). Yield is highly 

dependent on tillers producing spikes and spike development 

has been associated with adventitious roots (Black, 1970). 

Boatwright and Ferguson (1967) evaluated the importance of 

seminal and adventitious roots of spring wheat under 

different levels of P and soil water, and observed that 

restriction of either seminal or adventitious root 

development caused late tillering (at or before plant 

maturity) and reduction of grain yield. Their findings 

indicated that adventitious roots contributed more to yield 

than seminal roots. 

Tillering is a character that is strongly influenced by 
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growth conditions. According to Briggs (1978), the duration 

of the different development periods is widely variable and 

depends on the area of cultivation, the time of sowing, and 

the cultivar being grown. Boatwright and Ferguson (1967) 

concluded that late tillering in spring wheat was associated 

with root development rather than soil water content and P 

fertility. 

Black (1970) indicated that low temperature, low 

moisture, and low soil phosphorus availability restrict 

adventitious root development and tillering. He studied the 

relationship between adventitious roots and tillers, spikes, 

and grain yield of spring wheat. His results showed a high 

correlation between adventitious roots/plant and 

tillers/plant (r2=.96), and between adventitious roots/ha 

and spikes/ha (r2 =.94). Associations between nutrient 

uptake and number of adventitious roots suggested that 

initial differences in the adventitious rooting pattern such 

as time of root initiation, root number, and root elongation 

could affect availability of nutrients and water in the 

soil. It was concluded that the number of adventitious roots 

present at the end of tillering could be one of the factors 

determining number of spike-producing tillers, and that 

grain yield predictions based on number of adventitious 

roots per plant are more reliable than predictions based on 

tiller counts. 



29 

Webb and Stephens (1936) observed that under certain 

conditions, one or more internodes above the coleoptilar 

node may elongate, and that a tiller and some roots may 

develop from each node. They observed wheat plants with a 

tendency of two or three internodes to elongate under 

certain conditions, and indicated that the elongation occurs 

more frequently in plants seeded deep or under high 

temperatures. Under low temperature and slow growth 

conditions, they found that as high as 50% of the plants in 

some varieties developed a tiller from the coleoptile node 

(coleoptile tiller) which may continue to grow after the 

main crown is entirely removed. They concluded that the 

development of the coleoptile tiller may be a distinct 

advantage to plants in recovering after the crown has been 

badly injured. Wheat and barley plants grown in dry surface 

soils commonly yield poorly because they fail to develop 

crown roots. Under these conditions, plants grow to maturity 

relying only on the seminal roots. Webb and Stephens (1936) 

reported that plants without crown roots are at a 

disadvantage because they usually break over just below the 

soil surface when they reach maturity. 
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CROWN PLACEMENT AND SUBCROWN INTERNODE LENGTH 

GENETIC VARIATION AND ENVIRONMENTAL EFFECTS 

Webb and Stephens (1936) were among the first to report 

genotypic variation for subcrown internode length and 

recognized a possible association between crown depth and 

winter hardiness. Sallans (1961) noticed a relationship 

between frost damage and shallow crown placement in wheat 

cultivars, and concluded that crown depth is an important 

heritable character not only in winter cereals, but also in 

spring cereals. Dobrenz (1967) reported an association 

between winter survival and deep crown placement in barley 

indicating that deep crowned plants are better protected 

against severe winds and low temperatures. According to 

McKenzie (1971), cultivars with short subcrown internode and 

deep crowns are more resistant to spring frost injury, have 

a greater ability to escape damage by root rot, and 

establish a better adventitious root system when soil 

moisture in the top soil layer is limited. Kail et al (1972) 

suggested that the crown and the meristematic tissue are the 

most winterhardy portion of a winter wheat plant, and that 

plants with deep crowns would also be less likely to be 

blown out of the ground by wind. Taylor and McCall (1936) 

maintained that crown location can influence tillering, 
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crown root development, heaving, and winter injury. 

Webb and Stephens (1936) found cultivar differences in 

ability to form crown roots under certain cultural and 

environmental conditions, and that crown depth was 

influenced by cultivar, temperature, and seeding depth. 

Their results indicated that winter cultivars form deeper 

crowns than spring cultivars, and that winter hardiness is 

associated with deep crown placement while non-hardiness is 

associated with shallow crowns. They showed that low 

temperature and deep seeding resulted in deeper crowns than 

high temperature and shallow seeding. They observed that 

crown depth did not necessarily change in proportion to 

depth of planting, and that time of crown root development 

differed among genotypes. Sallans (1961) also reported 

inherent differences in crown depth among genotypes of 

spring wheat and barley, and suggested that selection of 

plants under field conditions would be best at planting 

depths of 2.5 to 3 inches (6.3 to 7.6 cm). Hunt et al (1983) 

found differences in crown depth among 17 winter wheat lines 

planted 7 cm deep under two temperature regimes (15/10 and 

20/15 C day/night). They concluded that the variation 

available for crown depth has not been sufficiently 

exploited and that the advantages in crown depth under some 

stress conditions may be disadvantageous under other 

conditions. 
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Differences in crown depth of winter barley cultivars 

when grown under controlled temperatures of 10, 16, 22 and 

27 C were found by Kail et al (1972). These cultivars showed 

a tendency to place the crown deeper as temperature 

increased. Winter survival under field conditions was 

correlated with crown placement and temperature in the 

growth chamber. Winter survival was greater for cultivars 

with the deepest crowns when grown at 10 C. 

Taylor and McCall (1936) studied the effects of four 

temperatures (12,16,20 and 24 C), two seeding depths (18 and 

45 mm) and two seeding dates in winter and spring wheat 

cultivars. Like Webb and Stephens (1936), these authors 

observed that some genotypes developed a coleoptile tiller, 

which was in effect a second plant with its crown usually 

located deeper in the soil than the main crown. The ability 

to produce tillers from the coleoptile node depended on 

genotype and was inhibited by high temperature. It was 

suggested that the deepest, secondary crown, is an 

additional safeguard against injury to the upper crown 

caused by low temperature, heaving, winds, grazing and dry 

upper soil. It was pointed out that the significance of the 

secondary crown has not been studied in detail, but that the 

development of the coleoptile tiller is apparently 

determined by food reserves associated with slow growth rate 

caused by low temperature. In this study, deep seeding had 
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more effect on coleoptile length than high temperature. 

However, elongation of the subcrown internode was more 

affected by high temperature than seeding depth. It was 

indicated that a morphological study of coleoptile and 

subcrown internode elongation should always consider seeding 

depth. 

Ferguson and Boatwright (1968), reported that the 

amount of straw on the soil surface reduced crown depth, and 

that winter hardy cultivars had deeper crowns than non-hardy 

cultivars with less straw cover. Low light and high 

temperature induced shallow crowns, and there was a strong 

interaction with genotype. Dry soil caused formation, but 

not elongation, of crown roots. Moisture above 15 bars 

around the crown caused normal elongation of adventitious 

roots. 

Ashraf and Taylor (1974) recommended selection for 

long subcrown internode in order to increase winter survival 

in winter wheat. They based this recomendation on 

observations of plants grown under dark conditions. In the 

dark, the more winter hardy cultivars had shallow crowns, 

but this response was independent of temperature effects. 

Boatwright et al, (1976) evaluated the effect of 

surface-soil temperature (0-3cm) around the crown on early 

growth, nutrient uptake and nutrient translocation of spring 

wheat. Soil temperature below 19 C, and above 22 C, reduced 
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shoot growth but not root growth. Increase of temperature 

resulted in accumulation of nutrients in the shoot, and 

translocation of rubidium from the roots. Copper and zinc 

were accumulated in the roots at lower temperatures. It was 

concluded that low temperatures restrict nutrient 

translocation through the crown node reducing top dry yield, 

and that, unlike the shoot growing point (meristematic 

region), the crown node (transition region) seems to be the 

plant organ most sensitive to low surface-soil temperature. 

Martin et al (1988) studied the effect of temperature 

and light on subcrown internode length of genotypes of 

spring wheat and barley. Results showed that low temperature 

and high light intensity reduced the subcrown internode 

length in both species. A high genotypic variation for the 

trait was observed in both wheat and barley. All wheat 

genotypes and most barleys showed similar responses to light 

and temperature variations, except one of the barleys 

(Arizona Sel-309) which placed the crown at or near the seed 

across all light and soil temperature regimes. It was 

concluded that cereal breeders should consider the selection 

of short subcrown internode as an advantageous 

characteristic under semiarid conditions. 
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ABILITY TO EMERGE FROM DEEP PLANTINGS 

Adequate moisture for germination must exist in the 

soil at the depth of seed placement. Wiegand (1962) reported 

that soil moisture for adequate germination depends on (a) 

moisture condition required for germination, (b) moisture 

distribution in the planting zone, and (c) the drying depth 

as a function of time after irrigation or rainfall. He 

indicated that soil moisture changes very rapidly with 

depth, and suggested that increasing seeding depth may make 

a large difference in the amount of moisture available to 

the seed. He maintained that although planting depth depends 

on the seed size of the species, depth of seeding in small 

grains can undoubtedly be safely increased over that 

commonly used. This idea agrees with the observations and 

suggestions made by Webb and Stephens (1936) and Taylor and 

McCall (1936) in relation to development of secondary crowns 

and coleoptile tillers in wheat and barley. The information 

available about seeding depth effects on the root system, 

plant emergence and plant performance is relatively 

incomplete for small grains. Most of the information in this 

area comes from studies of rice, and very little from wheat 

and barley. The majority of the studies on seeding depth 

have considered factors such as temperature, light, 

genotype, emergence, coleoptile elongation, plant 
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establishment, and plant height. Some others have included 

seed size, cell size, cell number, and subcrown internode 

length. Surprisingly, none has investigated the relationship 

between seeding depth and type of root system in detail. For 

example, Bacaltchuk and Ullrich (1983) used laboratory, 

greenhouse and field experiments to study the effects of 

genotype, temperature, and seeding depth on coleoptile 

length, rate of emergence, stand establishment, plant height 

and yield of barleys from the USA and Brazil. Results from 

the laboratory indicated that maximum coleoptile elongation 

was at 20 C, but that some variation for coleoptile length 

was caused by genotype and temperature. Under greenhouse 

conditions, seeding depth was negatively correlated with 

rate of emergence, and final stand establishment. At deep 

plantings, the Brazilian genotypes showed better ability to 

emerge and had better final stand establishment than USA 

genotypes. USA genotypes had short coleoptiles and showed a 

negative relationship with rate of emergence and stand 

establishment. This kind of association was not observed in 

the Brazilian genotypes. Results from the field indicated 

that spring and summer plantings affect emergence rate more 

than final stand establishment. It was concluded that the 

strong relationships among coleoptile length, stand 

establishment and plant height commonly reported for wheat 

did not occur in the barley genotypes used in this study. 
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Ashraf and Taylor (1974) studied six winter wheat 

genotypes and five seeding depths (2.5, 5.0, 7.5, 10.0 and 

12.5 cm) and recorded coleoptile length, emergence rate , 

seedling height and subcrown internode length. Results under 

dark controlled conditions indicated significant differences 

between genotypes and seeding depths for all the 

characteristics in the study. Deep seeding increased 

coleoptile length and subcrown internode length, but reduced 

rate and time of emergence in all the genotypes. Emergence 

rate by seeding depth interaction indicated that genotypes 

differed in their emergence response to depth of planting. 

It was suggested that 10 cm should be effective in 

differentiating genotypes for emergence rate. 

On the other hand, Ramage and Scoles (1978) concluded 

that seed size and plant height are not associated with 

coleoptile length in CCXXXII-78, a short straw barley 

population developed for lodging resistance. 

Turner et al. (1982) concluded that elongation of 

mesocotyl and coleoptile differ in their contribution to 

emergence in rice, and that genotype and planting depth (l 

to 10 cm) influenced elongation. In addition, a large 

variation was found for both mesocotyl and coleoptile length 

within a genotype at the same planting depth, but the 

variation obtained for the sum of these two components was 

very small. They concluded that the sum of coleoptile and 
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mesocotyl of an emerged seedling was equal to the planting 

depth of the seed. 

Sunderman (1964), evaluated the effect of three seeding 

depths and two temperatures on ability to emerge and 

coleoptile length in nine winter wheat genotypes. He found 

highly significant differences between genotypes for these 

traits and a strong association between them at a planting 

depth of 4 inches (10 cm). They concluded that selection for 

long coleoptile in the laboratory at 85 F (29.4 C) using 

vermiculite, or selection for survival from repeated field 

plantings at 4 inches, should be effective methods to obtain 

better emerging lines. 

Takahashi (1978) indicated that the elongation of 

mesocotyl and coleoptile in cereals is markedly affected by 

light, temperature and moisture. He observed that moisture 

condition of the seed bed affected the relationship between 

mesocotyl and coleoptile growth of rice. It was indicated 

that under field conditions, the elongation of the mesocotyl 

raises the coleoptilar node, the bases of foliar leaves, and 

the apical meristem to a few mm from the soil surface, 

regardless of the depth of seeding and provided elongation 

potential of the internodes. He concluded that the plastic 

variability of growth of the mesocotyl, coleoptile, leaves, 

and other internodes may be an adaptive response of rice to 

water tension of the soil. 
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Allan et al. (1962) studied the length and number of 

parenchyma cells of short and standard coleoptiles of wheat 

genotypes. They indicated that the genetic mechanisms 

controlling the expression of coleoptile length appeared to 

be related to cell size in some genotypes and with cell 

number in others. In general, genotypes with long 

coleoptiles had more and longer cells than those with short 

coleoptiles, and the number of coleoptile parenchyma cells 

was not affected much by high temperature. They observed 

that a temperature of 60 F (15.6 C) increased the length of 

cells and coleoptiles in all genotypes, while 90 F (32.2 C) 

reduced these values. Their conclusion was that high 

temperature inhibits cell elongation, which results in a 

reduced coleoptile length. 

Kaufmann (1968) indicated that barley is generally more 

responsive to deep seeding than oats and wheat. He studied 

the effects of genotype, seeding depth, temperature, seed 

size and soil type on the length of coleoptile and emergence 

ability of barley, oats and wheat. Cultivar differences in 

coleoptile length within barley and oats genotypes were 

found at temperatures of 8 and 21 C, while differences 

between wheat genotypes were observed only at 8 C. Seeding 

depths of 2.5, 5.0 and 7.5 cm caused marked differences in 

coleoptile length and percentage of emergence of barley 

genotypes, but the coleoptile differences in wheat and oats 



were considered unimportant because of a lack of variation 

in emergence. Seed size effect on coleoptile length was 

considered of doubtful practical importance. Seeding depth 

of 7.5 cm in soil low in humus resulted in marked cultivar 

differences for coleoptile length and emergence ability in 

barley. Short coleoptile was associated with low percentage 

of emergence. It was pointed out that, although high 

emergence percentage was observed in the short coleoptile 

cultivars 'Olli' and 'Gateway' when seeded at 7.5 cm deep, 

their leaves were severely etiolated. It was suggested that 

due to its high genotypic variation, coleoptile length 

should be considered as a selection criteria in a barley 

breeding program. Dilday et al. (1990) indicated that 

semidwarf rice cultivars tend to produce short mesocotyls 

and coleoptiles which may cause poor emergence and 

inadequate stand establishment. They studied the 

relationships between coleoptile and mesocotyl elongation 

and stand establishment, seedling vigor, and plant height in 

rice. Semidwarf genotypes had shorter coleoptiles and 

mesocotyls lengths than normal height genotypes. In general, 

higher soil compaction in the field caused less emergence 

than in the greenhouse. Deep seeding (7.5 cm) in the field 

resulted in poor stand establishment of semidwarf genotypes 

and was associated with short mesocotyls and coleoptiles. It 

was concluded that each genotype has a threshold seeding 
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depth, and that an inadequate stand can be expected if it is 

planted deeper than this threshold. Semidwarf germplasm with 

long coleoptile and mesocotyl was developed from crosses 

between tall and short cultivars. It was shown that linkage 

instead of pleiotropism exists between plant height and 

length of coleoptile and mesocotyl in rice. 

INHERITANCE OF CROWN DEPTH AND SUBCROWN INTERNODE LENGTH 

McKenzie (1971) pointed out that wheat cultivars with 

short subcrown internode and deep crowns are more resistant 

to spring frost injury, have more ability to escape damage 

by root rot, and establish a better adventitious root system 

when soil moisture in the top soil layer is limited. 

A study of the inheritance of subcrown internode length 

in four spring wheat cultivars made by McKenzie (1971) 

showed that the genotype with short subcrown internode, 

'Tatcher', differed by two genes from the long subcrown 

internode genotype, 'Rescue'. The genotypes with 

intermediate subcrown internodes, 'Cypress' and 'Chinook', 

had the same gene complement and differed by one gene from 

the short and long subcrown internode genotypes. No 

dominance was found for this character, and it was concluded 

that inheritance of deep crown and/or short subcrown 

internode is not complex, and therefore it should be 
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relatively simple to transfer this character from one 

genotype to another. 

Poulos and Allan (1987) pointed out that in order to 

select for crown depth it is important to determine if the 

elongation of the subcrown internode defines the position of 

the crown, or if the position of the crown defines the 

length of the subcrown internode. They recognized a lack of 

nondestructive screening techniques for crown depth or 

subcrown internode length. Genetic studies of crown depth 

and subcrown internode length in crosses involving semidwarf 

and normal-height winter wheat cultivars with different 

subcrown internode lengths revealed that variation for 

coleoptile length, crown depth and subcrown internode length 

was higher in the greenhouse than in the field. Heritability 

estimates were low and phenotypic standard deviations were 

small, therefore expected responses to selection per 

generation were modest. Parent-Progeny heritabilities in the 

greenhouse ranged from .32 to .42 for crown depth and from 

.29 to .48 for subcrown internode length, and from .00 to 

.37 for crown depth and from .03 to .24 for subcrown 

internode length when F4 field data were regressed on F3 

greenhouse data. Seeding depth was reported to have a 

greater effect on subcrown internode length than on crown 

depth and therefore subcrown internode length was considered 

to be of less utility as a selection criteria than crown 
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depth. Dominance or overdominance was obtained for shallow 

crown and long subcrown internode. Continuous variation and 

transgressive segregation for crown depth and subcrown 

internode length was observed in most segregating 

generations. The expected gain from selection at a 10 

percent selection intensity was 2.9 mm for crown depth and 

3.3 mm for subcrown internode length. 

Dofing and Schmidt (1984) studied the inheritance of 

subcrown internode length in winter barley and concluded 

that shortness of the subcrown internode is primarily 

controlled by recessive gene(s) with major effects, although 

the influence of other genes with small effects was also 

detected. The high parent-offspring heritability (86.9%) and 

the presence of a major gene(s) for short subcrown internode 

suggested that a backcross breeding scheme followed by 

selection for short subcrown internode in the F2 should be 

effective and provide a potential means to improve 

winterhardiness in winter barley. Simultaneous selection for 

short subcrown internode and long coleoptile was also 

suggested to improve emergence and final establishment 

especially if deep planting is practiced. 

Gul and Allan (1978) studied the inheritance of 

subcrown internode length, crown depth and crown tissue 

regrowth after low temperature treatments (-18 C x 4 and 8 

hrs) in a winter wheat cross. They concluded that the 
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inheritance of subcrown internode length and crown depth is 

not complex and that they are genetic characters closely 

related to one another, but their expression is independent 

from crown tissue regrowth after cold treatment. Use of 

subcrown internode length and/or crown depth was said to be 

more effective than selection for tissue regrowth after 

exposure to low temperatures. These three characteristics 

were inherited independently from the dwarfing character 

conferred by the gene Rh2 present in the cultivar 'Gaines'. 

Allan and Pritchett (1973) studied the inheritance of 

subcrown internode length and its association with 

coleoptile and culm length in a winter wheat cross. Broad 

sense heritability for subcrown internode length ranged from 

38.4 to 49.7 %. Correlations of subcrown internode length 

with coleoptile length (r =.79), and culm length (r =.77) 

indicated linkage or pleiotropism. It was concluded that the 

growth mechanisms determining shortness of the subcrown 

internode, coleoptile, and culm, are closely related in the 

semidwarf wheat selection C.I.13253, and that the genetic 

association between coleoptile and subcrown internode with 

culm length were somewhat divergent. One-gene semidwarf 

types could produce plants with both short and long subcrown 

internodes and coleoptiles, and therefore unrestricted 

selection for short subcrown internode and long coleoptile 

could result in types with poor emergence and/or shallow 
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crowns. 

Allan et al (1961) Indicated that slow and poor 

seedling emergence is a major problem in semidwarf winter 

wheat, and that growth rate and coleoptile length are 

factors involved in emergence. They studied the inheritance 

and association between culm and coleoptile length in winter 

wheat and concluded that coleoptile length is apparently 

governed by more complex mechanisms than those controlling 

culm length. They found high phenotypic and genotypic 

correlations between the characters, and suggested that the 

coleoptile length of F3 lines could be predicted accurately 

from the culm lengths of F2 plants. The possibility of 

finding semidwarf plants with normal or long coleoptile was 

low, however. 

Marshall and Kolb (1982) indicated that the degree of 

injury to the crown determines plant survival in winter 

small grains, and that selection in field plots for winter 

hardiness has been unreliable and inefficient and has 

resulted in poor genetic gains. They indicated that absolute 

control of environmental variation is impractical and 

probably impossible, but that selection techniques aimed at 

detecting genetic variation should be developed. Exposure to 

temperatures of -5.6 and -6.7 C for individual crown 

selection for resistance to freezing stress in winter oats, 

proved to be efficient to improve winter hardiness in oats. 
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GENOTYPIC ROOT VARIATION, WATER DEFICIENCY, 

AND PLANT GROWTH 

Drought resistance seems to be related to root 

distribution in certain environments (Troughton and 

Whittington, 1969). However, it is difficult to establish 

the role of root growth in determining yield since yield is 

controlled by many genes (Hurd, 1968 and 1974). Hurd (1968) 

suggested that the period when root growth occurs relative 

to tillering or heading, etc., and the ability of roots to 

grow in relatively dry soil may be of major importance. 

Briggs (1978) reported that the pattern of water removal 

from the soil is similar to the profile of root 

distribution. He indicated that barley roots, however, do 

not grow into dry soils (at or below the permanent wilting 

point) nor will they appreciably penetrate a stationary 

water table, presumably because of a lack of oxygen. 

Gregory et al. (1984) and Brown et al (1987a and 1987b) 

found differences in the rooting pattern of barley as a 

result of variation in soil, climate, N-P fertilization and 

cultivar. Salim et al (1965) reported that the extent of 

roots of wheat, barley and oat genotypes was highly 

correlated with soil moisture level, and that little root 

penetration occurred at or below the permanent wilting point 

(10 atm). According to Troughton and Whittington (1969) and 
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Brown et al (1987a), maximum root development may occur deep 

or shallow depending on the moisture distribution within the 

soil profile. Salim et al (1965) observed that the most 

drought tolerant cultivars and species had more and longer 

seminal roots, and that susceptible ones showed a marked 

tendency of continuous leaf growth. According to Richards 

and Passioura (1981a and 1981b), under conditions of limited 

stored water, an increase in the axial resistance to water 

flow in the roots would conserve some water for critical 

periods such as flowering and grain filling. They maintained 

that resistance to water flow in wheat depends largely on 

the number of seminal axes and on the diameters of the main 

xylem vessels. Hurd (1968), pointed out that water uptake in 

wheat depends considerably on extent and depth of root 

growth, and suggested that an extensive root system will 

help to avoid yield reductions caused by inadequate supply 

of water, but it won't assure high yields itself. However, 

he suggested that an early developed and extensive root 

system could lead to a shortage of water late in the season. 

Gregory et al (1984) reported that total water used by the 

barley 'Beecher' varied with environment and time, but that 

it was largely unaffected by fertilization. They concluded 

that a rapid and early growth of both shoots and roots may 

be more beneficial than a deep and extensive root system in 

arid regions where water below usual depths is available 
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only in years of high rainfall. According to Mac Key 

(1980), the capacity of the root system to extract water 

depends on three main characteristics: 1) effective root 

surface, 2) efficiency of root surface, and 3) spatial 

distribution of root surface in the soil profile. 

Troughton and Whittington (1969) discussed the 

significance of genetic variation in root systems, and 

indicated that few experiments have tried to study the 

genetic control of root variation. Comparative studies of 

roots have considered the growth, form, and metabolism of 

the root system. Although root weight has been the most 

frequently used criteria for comparison, other morphological 

characteristics such as volume, length, diameter, depth of 

penetration, distribution in the soil, degree of branching, 

number of root hairs and anatomy of the root system have 

also been used (Troughton and Whittington, 1969). Hurd 

(1968), suggested that more attention should be given to 

root weight than to root length, although root length is an 

indication of what is going on during the growing period. 

According to Troughton and Whittington (1969), the genetic 

variation of the root system can be analyzed in three ways: 

(1) by a study of excised root systems; (2) by a study of 

the growth of a grafted plant; and (3) by a study of the 

growth of plants with different types of roots systems. 

Advance in selection depends on heritability of the 
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desirable character, and very few heritabilities have been 

obtained for root characteristics (Troughton and 

Whittington, 1969). Based on heritability values for rye 

grass, wheat, and tomatoes, these authors concluded that 

selecting for root characteristics would give more or less 

the same rate of response as selection based on shoot 

characters. In this experiment they found that the root 

system was less subject to environmental variation than the 

shoots, and that the environmental variation on the shoot 

was not wholly transmitted to the roots. However, they 

pointed out that it is wrong to assume that top growth 

necessarily results in equivalent root growth. 

Some studies have investigated the effects of water 

limitations, soil characteristics, and genetic variation of 

the root system on plant development. Brown et al. (1987b) 

observed differences in the pattern of root distribution and 

length between two barley cultivars grown under contrasting 

rainfall conditions. They reported that fertilizer increased 

total root length of both cultivars at the beginning of stem 

elongation, at anthesis, and at maturity. Hettinger (1986) 

used PVC tubes to compare root patterns of barley genotypes 

identified as high and low yielding under drought 

conditions. The high yielding genotypes showed a general 

tendency to develop longer seminal roots under high and low 

moisture levels, and a higher mean transpiration rate under 
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low moisture conditions. In another study, Hurd (1968) 

examined the root pattern of seven spring wheat varieties 

under high and low moisture levels and concluded that the 

root patterns of the different genotypes helped to explain 

their yield performance at different moisture regimes. His 

results indicated that loam soil affected the response to 

moisture levels more than clay soil. The study revealed 

interactions between cultivar and soil type, and between 

cultivar and moisture level, but in general, soil compaction 

and root penetration showed a negative relationship. They 

found that total root length and/or total root weight are 

not necessarily correlated with final yield because some 

plants appear to conserve water or to use it more 

efficiently than others. Troughton and Whittington, (1969) 

reported that root growth after spike emergence decreases 

considerably in cereals, thus root distribution at this time 

is of great importance under drought conditions. Hurd (1968) 

reported that root growth of wheat continued after heading 

in several cases, and that amount of root material affects 

the amount of water made available to the plant. He 

suggested that other environmental factors, if limited, may 

determine yield, even when sufficient water is in the soil 

and is efficiently absorbed by the roots. Hurd (1968) 

concluded that it is important for plant breeders to make 

selections on soils and moisture conditions representative 
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Gregory et al (1978) pointed out that the number of 

root axes produced by wheat may have an effect on the 

morphological and physiological characteristics of the root 

system. They indicated that little genetic variation exists 

for number of axes produced by wheat cultivars, although 

unfavorable soil physical conditions such as drying and 

crusting of the surface may cause only partial development, 

or complete failure, of the crown root system. 

Richards and Passioura (1981a and 1981b) studied the 

effects of several factors on variation of number of seminal 

axes and diameter of the main xylem vessels in wheat. 

Increasing seed weight from 19 to 56 mg increased vessel 

diameter (62 to 75 um), number of seminal axes (3.3 to 5.1) 

and the proportion of seminal axes with multiple metaxylem 

vessels (15 to 54 %), while drought during grain filling 

(irrigated vs non-irrigated), and high temperature (4 to 24 

C) and drought (-.01 to -1.5 MPa) before seedling emergence, 

caused a reduction in these seminal root characteristics. 

The genotypic variation found in over 1000 accessions of 

modern and primitive wheats, and populations derived from 

them, indicated that the diameter of the xylem vessel proved 

to be a more tractable character than number of seminal 

axes. They concluded that because of the absence of any 

genotype x environment interactions, screening and selection 
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for increased resistance to water flow based on vessel 

diameter could be effective under controlled conditions, and 

that any additional increase in the resistance to water flow 

in the roots could be achieved by selecting small seed, or 

by using seed affected by drought during its formation. 

Hurd (1964) observed differences in root patterns of 

three wheat genotypes even when soil moisture and soil type 

were changed. Root penetration was reduced by low moisture 

and high soil compaction. Roots of the cultivar 'Thatcher' 

penetrated more quickly and were seven inches (17.8 cm) 

deeper than 'Cypress' in non-watered boxes, and 2.5 inches 

(6.4 cm) deeper in watered boxes. These root patterns helped 

to explain varietal differences in resistance to damage by 

soil cracking and drought. It was concluded that root weight 

is more reliable than root length in identifying root 

differences, but that one disadvantage of using root weight 

is that some roots may dry up before the plant matures. 

Therefore root weight and root length serve to complement 

information about patterns of root growth. 

Barley varieties differ in the efficiency with which 

they utilize soil moisture (Briggs, 1978). Hurd (1974) 

maintained that root patterns are heritable characters, and 

that an extensive root system is advantageous for plants 

grown under moisture stress. Hurd (1968) pointed out that 

differences in root patterns could explain cultivar 



differences in resistance to drought and damage by soil 

cracking, but that little is known about the genetic 

variation of root systems. Several characteristics involved 

in the response to water deficiency have been reported to be 

under genetic control. For example, Mac Key (1980) reported 

that effective root surface, efficiency of the surface, and 

spatial distribution root surfaces in the soil profile are 

genetically controlled during early development. Briggs 

(1978) maintained that stomatal evaporation resistance, 

capacity and efficiency of the xylem for water transport, 

and the ability of the root system to absorb water from the 

soil are under genetic control. 

Hurd (1974) suggested that direct selection for yield 

in large populations under drought conditions results in 

selection of lines with extensive root system. Therefore, 

genotypic differences in root patterns explain why semidwarf 

wheats yield poorly under dry conditions. Hurd (1974) 

maintained that dwarf and semidwarf cultivars have less 

roots than normal height wheats because no selection 

pressure for extensive root system and/or for survival under 

moisture stress has been done in developing dwarf genotypes. 

However, he indicated that more roots do not necessarily 

mean a greater water use. Extended periods of hot and dry 

winds cause excessive transpiration loads on the plants. 

Under these conditions water transport from the root system 
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is too slow to replace high transpiration losses and plants 

experience very low water potentials. Therefore, desiccation 

tolerance and ability to avoid excessive low water 

potentials under such conditions becomes the most important 

part of drought resistance (Hurd, 1974). 

Hurd (1974) indicated that an extensive root is only 

one of a number of plant characters that lead to higher 

yields under drought conditions. He suggested that extra 

ability of the plant to take up water under severe stress at 

midday may allow enough evaporation to cool the leaf 

slightly and prevent damage. Therefore, a very extensive 

root system may make the difference in water uptake at 

crucial times. 

Breeding for drought resistance, tolerance, or 

avoidance, is no different from breeding for yield in any 

environment, and breeding for drought resistance requires 

the selection of parents that: (1) have extensive root 

systems, especially at the lower depths; (2) resist a decay 

of their photosynthetic operation under stress; (3) have the 

ability to conduct water under stress; and (4) grow fast at 

early stages and thus build up a reserve of assimilates that 

can be used by the plant at later stages when stress occurs 

(Hurd, 1974). The same author maintained that selection for 

yield in stress environments should allow the combination of 

two or more of these attributes in one cultivar which should 



be superior to either parent. He referred to this as plant 

engineering for more efficient water use. 

Levitt (1980) pointed out that roots can contribute to 

drought avoidance in three ways: 1) the plant can decrease 

water loss from roots to dry soil by restricting the root 

surface and decreasing its permeability to water. 2) In the 

case of many succulent plants, the shallow spreading root 

system functions by quickly absorbing the small amounts of 

water supplied by light rains. "Rain roots" may develop 

within a few hours after a shower, and as soon as the soil 

dries up, they disappear. 3) Due to their high resistance, 

roots can decrease transpiration from the shoot. Drought 

resistant water savers may have a higher hydraulic 

resistance, which would decrease water flow to the shoots 

and the accompanying water loss. As a result wheat plants 

are forced to rely on one seminal root, grow on stored water 

and therefore use less water, but produce greater yields 

than normal plants. It was suggested that breeding for small 

vessels may help by increasing root resistance. A small root 

system is presumably a water saving mechanism as far as soil 

water is concerned. Although this factor may contribute to 

water saving, it is a little difficult to understand how 

decreasing the movement of water from roots to the shoot 

could increase shoot growth. Perhaps root growth would be 

prolonged, permitting the roots to seek out wetter soil. 
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MATERIALS AND METHODS 

This study consisted of two experiments. Experiment I 

was conducted to answer questions related to the effect of 

temperature, seeding depth and genotype on the crown node 

and root characteristics of spring barley, and to determine 

interrelations between crown node and rooting pattern. 

Experiment II was based on the results of Experiment I and 

was designed to identify and describe root patterns of 

spring barleys based on crown characteristics under deep 

seeding. Both experiments were conducted in greenhouses at 

the USDA/ARS facility at 2000 E.Allen, Tucson, AZ 85719 

during the spring 1990. 

PROCEDURE 

A technique was designed to obtain undamaged root 

systems of plants growing in a mixture of equal amounts of 

perlite, vermiculite and peat moss. 

The technique used 144 PVC tubes 10.2 cm diameter x 

96.5 cm long, distributed in two benches of 72 tubes each. 

The tubes on each bench were grouped in nine rows with eight 

tubes each. The tubes were lined with polyethylene sleeves 

and filled with 1170 g of the mixture. After filling, each 

tube was irrigated with tap water. The wet mixture in the 



tubes was compacted to the desired level. Seed was placed on 

the surface in the tubes and covered with moist planting 

mixture to approximately 2.5 cm from the top of the tube. 

This procedure permitted good control of compaction below 

and above the seed while giving enough room for irrigation 

and drainage. 

Water soluble fertilizer (20-20-20 Champion Geranium 

Food, 1 tsp/gallon of water) was provided to plants once a 

week. Tap water was used for irrigations between fertilizer 

treatments. Plants grow quite well with this method. 

When the plants reached the desired stage of 

development, the root system was recovered by pulling the 

sleeves out of the PVC tubes, slitting them length-wise and 

washing out roots with a low water pressure hose. 

Roots were stored in cold water when measurements could 

not be done immediately after washing. Although not used in 

this study, other root preservatives such as formalin at 5% 

or alcohol at 15 to 20% are also recommended (Bohm, 1979). 

EXPERIMENT I 

In the first experiment, eight spring barley genotypes 

were evaluated at three seeding depths and two temperature 

regimes. The genotypes used in this experiment were: 

Arivat, Prato, California Hariout, Gustoe, Seco, Solum, the 
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line 309 from Arizona and a two-row barley from Yemen. 

Seeding depth treatments were: 2.5 cm, 7.5 cm, and 12.5 cm. 

The regimes of temperature consisted on a 'Warm Treatment' 

(21 to 37 C) and a 'Cold Treatment' (5 to 27 C). 

GENOTYPES 

The genotypes used in this experiment represent 

selections for a broad range of environments. Arivat (CI 

7534) is a classic barley selected in Arizona in 1940 from 

the original Arivat (CI 6573), one of the four highly 

successful varieties selected from the cross Atlas x Vaughn 

made in California in 1927. Arivat has some drought tolerant 

characteristics and has been grown under irrigation in 

Arizona since 1948 (Wiebe and Reid, 1961). Prato (CI 15815) 

is a short variety with moderately strong straw and good 

disease resistance that is widely adapted to the major 

barley producing areas of California. It was developed and 

released by the California Agricultural Experimental Station 

in 1978 (Schaller et al, 1979). California Mariout (CI 1455) 

is a classic salt tolerant variety. It was introduced to the 

USA from Egypt in 1905 and released to California farmers in 

1912. In Egypt it is grown with about 8 inches (20.3 cm) of 

rainfall along the Mediterranean (Wiebe and Reid, 1961). 

Gustoe is currently the highest yielding barley in Arizona 
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under high input cultivation. Gustoe was selected from 

Composite Cross XXXII, a male sterile facilitated recurrent 

selection (MSFRS) population for short straw and high 

biomass. The variety Seco (PI 508552) was released in 1987 

(Ramage, 1989). Seco, Solum (PI 555747), and the 

experimental line 309 were developed through MSFRS in 

Arizona and were selected from Composite Cross XXXIX, a 

MSFRS population selected for performance under a one 

irrigation culture regime. These cultivars perform well 

during the winter in Arizona under conditions where one 

heavy irrigation is given at planting and no more water is 

provided to the crop during the growing season. The 2-row 

Yemen barley came from an environment where high 

temperatures and low moisture are commonly present. Under 

these conditions, water comes in small and sporadic rains 

and because of the very high temperatures, water is rapidly 

evaporated from the soil surface. These genotypes are 

supposed to have rooting patterns capable of exploiting the 

type of soil and water distribution of the environments in 

which they were selected. 

CONTROL OF TEMPERATURE 

Two adjacent greenhouses were used to control 

temperature. Different temperature regimes were maintained 



by setting the cooler and heater of each greenhouse to 

operate at different ranges. Greenhouse 1 was used as the 

"Warm Treatment" and, although the thermostats were set to 

maintain a temperature between 24 and 35 C, the average 

daily temperatures were between 21 and 37 C for the "Warm 

Treatment". Greenhouse 2 was used as the "Cold Treatment". 

In this greenhouse the thermostat was set to maintain a 

temperature below 24 C, however, actual temperatures in the 

"Cold Treatment" ranged between 5 and 27 C. The temperatures 

in each greenhouse were measured with use of a 

hygrothermograph (Belford Instrument Company, 1600 S. 

Clinton St., Baltimore, MD 21224). Graph paper (Chart No 5-

208-WB, Belford Instrument Company) and ink (#10 Purple, 

Belford Instrument Company) were replaced weekly according 

to manufacturer's instructions. No artificial light was 

provided during the experiment. 

EXPERIMENTAL DESIGN 

Seeding depth treatments and genotypes were arranged 

in a split-plot design with three replications. Seeding 

depth represented the main plot and genotype the subplot. 

The experimental unit consisted of a tube with five seeds. 

The same experiment was and evaluated in the two different 

greenhouses representing the temperature treatments. 
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Planting was done on 26 of January, 1990. Seed of each 

genotype was treated with fungicide (Vitavax-200 at 2.6 

ml/kg seed), and tested for percentage of germination. Seed 

of all the genotypes had greater than 95 % germination. 

SAMPLING AND DATA COLLECTION 

Plants were sampled at the tillering stage (21-23 

Zadoks scale). Before sampling, the level of the soil 

surface was marked on each plant by drawing a line with 

permanent red-colored felt-tip marker. Root length and plant 

height were measured from the soil surface and recorded 

immediately after washing. The plants then were divided in 

two parts, the aboveground or shoots and the belowground or 

roots. The roots were separated in two systems, the crown 

system and the seminal root system. The crown system 

consisted of the subcrown internode(s), the crown node(s) 

and the adventitious roots. The seminal root system was 

sectioned in three segments, 0 to 20 cm, 20 to 40 cm and >40 

cm deep. The shoots, the crown system, and each section of 

the seminal root system, were placed into uniformly 

perforated paper bags and oven dried. Each bag having 

shoots, crown systems, or a portion of the seminal roots 

represented the number of plants recovered per tube or the 

equivalent of one experimental unit. 



The following observations were recorded and 

transformed as indicated: 

Percentage of Emergence. Number of plants emerged per 

experimental unit divided by five times 100. 

Minimum Time of Emergence. Number of days from planting to 

emergence of the first plant. 

Crown Number per Plant. A crown is a node with either 

adventitious roots or tillers. 

Deepest Crown per Plant. The distance in cm between the soil 

surface and the deepest crown node present on a single 

plant. 

Shallowest Crown per Plant. The distance in cm between the 

soil surface and the shallowest crown node present on a 

single plant. 

Weight of the Crown System per Plant. Dry weight in mg of 

the surface-to-seed section of the sampled plants divided by 

their number. 

Seminal Root Weight per Plant at 0 to 20 cm. Dry weight in 

mg of the 0 to 20 cm depth seminal root section of the 

sampled plants divided by their number. 

Seminal Root Weight per Plant at 20 to 40 cm. Same as above 

for the 20 to 40 cm depth seminal root section. 

Seminal Root Weight per Plant at >40 cm. Same as above for 

the >40 cm depth seminal root section. 

Weight of Total Seminal Root System. Sum of dry weights of 
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the seminal root sections 0 to 20, 20 to 40 and >40 cm. 

Weight of the Whole Root System per Plant. Sum of dry 

weights of the crown system plus total seminal root system. 

Shoot Weight per Plant. Dry weight of the above ground part 

of the sampled plants divided by their number. 

DATA ANALYSIS 

General linear model procedures were performed in order 

to test the effects of temperature, seeding depth and 

genotype. Data for all 12 variables were analyzed in a 

combined analysis including both temperature treatments. 

Means, ranges and standard deviations for temperature, 

seeding depth, genotype and their combinations were also 

calculated for each variable. Duncan's Multiple Range Test 

was used for means comparison within temperature, seeding 

depth, and genotype effects. Linear regression analysis were 

also determined for crown characteristics (crown number, 

deepest crown, and crown weight) and the other variables. 

Regression analysis were used to study relationships between 

crown characteristics and rooting patterns. 

All statistical analysis, data transformations, tables 

and figures were performed on a PC using the Statistical 

Analysis System (SAS) version 4.0, LOTUS 123 version 2.2, 

and FREELANCE PLUS version 3.01. 
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Experiment II was designed to identify and describe 

root systems of different spring barley lines based on 

observations on crown characteristics of plants recovered 

from deep seedings. 

Following the same procedure described for root studies 

in PVC tubes, 67 advanced lines selected from CCXXXIX, and 5 

varieties: Signal, Bold, Arivat, Seco and Solum, were 

planted at two seeding depths: 2.5 and 12.5 cm and grown in 

a greenhouse. Two sets of 72 tubes each representing the 

seeding depth treatments were placed in the same greenhouse. 

The 72 lines were randomly assigned to each set of tubes. 

Planting was done on the 10 of March, 1990 using ten random 

seeds for each combination (genotype x seeding depth) 

without replications. Plants were removed from the tubes at 

the tillering stage, and the mixture was washed out of the 

roots. The following observations were recorded: percent 

emergence, minimum time of emergence, crown number per 

plant, deepest crown and shallowest crown per plant. After 

the measurements, all plants recovered from the deep 

treatment were transplanted into pots, grown to maturity in 

a greenhouse, and seed harvested for future studies. 

The identification and description of rooting patterns 

were based on the examination of crown number and crown 
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placement of plants emerged from 12.5 cm. The genotypes were 

also rated according to their ability to emerge from deep 

plantings based on percentage of emergence. 

Temperatures in the greenhouse ranged from 16.1 to 45.0 

degrees centigrade (Figure 1). Average minimum and maximum 

daily temperatures were 21.6 and 41.2 C respectively. The 

average temperature for the experiment was 31.4 C. 



Experiment II 
daily minimum and maximum 

temperatures 
temperature (C) 
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Figure 1. Minimum and maximum daily temperatures registered in the 
greenhouse during experiment II 
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RESULTS AND DISCUSSION 

EXPERIMENT I 

STATISTICAL ANALYSIS 

The deepest planting (12.5 cm) caused partial or 

complete inhibition of emergence in all genotypes. The small 

number of plants recovered from the deepest planting in some 

experimental units, and the complete absence of plants in 

others, resulted in an unbalanced design. Therefore all the 

data, with the exception of emergence percentage, were 

analyzed following the General Linear Model Procedures (GLM) 

on the Statistical Analysis System (SAS). Data on percentage 

of emergence was analyzed following the ANOVA procedure in 

SAS, which is recommended for a balanced design. 

CONTROL OF TEMPERATURE 

The minimum and maximum daily temperatures for each 

greenhouse are presented in Figure 2. The range of 

temperatures was larger than desired. Control of temperature 

in each greenhouse was difficult because of the small size 

of the greenhouses. The average daily temperature for the 

warm treatment was 29.0 C, with an average minimum of 20.5 
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Figure 2. Minimum and maximum daily temperatures registered 
in each greenhouse during experiment I 
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and average maximum of 37.4 C. Extreme temperatures in the 

warm greenhouse were 7.2 and 41.7 C. On the other hand, 

daily temperatures for the cold treatment averaged 16.2 C, 

with a minimum average of 5.0 C and a maximum average of 

27.4 C. Extreme temperatures for the cold treatment were 

-2.8 and 31.1 C. The mean difference in temperature between 

the two greenhouses was 12.8 C. 

EMERGENCE 

Percentage of emergence and time of emergence of each 

cultivar under all treatments of temperature and seeding 

depth are shown in Table 1. The effect of temperature and 

seeding depth on percentage of emergence and time of 

emergence of each cultivar is illustrated in Figure 3 and 

Figure 4. The analysis of variance for percentage of 

emergence and time of emergence is presented in Table 2. 

No significant interactions were detected between 

genotype x seeding depth x temperature indicating that all 

genotypes responded in a similar manner to seeding depth and 

temperature variations. 

In general, temperature variation had a very small effect 

on percentage of emergence, but low temperature increased 

significantly the time of emergence in all genotypes 

regardless of the depth of seeding (Table 3, Figure 5). 
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Table 1. Temperature and seeding depth effects on emergence of eight barley genotypes 

PERCENTAGE OF EMERGENCE 
----2.5 cm 7.5 an 12.5 em-

Genotype n mean range s n mean range s n mean range 
% X X 

UARM TREATMENT 
line 309 
Seco 
Solum 
Cal Mariout 
Arivat 
Gustoe 
Prato 
Yemen line 

3 86.7 80-100 11.5 3 66.7 40-80 23.1 3 6.7 0-20 11.5 
3 100.0 100-100 0.0 3 100.0 100-100 0.0 3 26.7 0-80 46.2 

3 100.0 100-100 0.0 3 86.7 80-100 11.5 3 13.3 0-20 11.5 

3 100.0 100-100 0.0 3 100.0 100-100 0.0 3 20.0 20-20 0.0 

3 100.0 100-100 0.0 3 46.7 20-60 23.1 3 0.0 0-0 0.0 

3 100.0 100-100 0.0 3 46.7 20-100 46.2 3 13.3 0-20 11.5 

3 93.3 80-100 11.5 3 53.3 40-80 23.1 3 0.0 0-0 0.0 

3 100.0 100-100 0.0 3 80.0 80-80 0.0 3 13.3 0-40 23.1 

COLD TREATMENT 
line 309 3 100.0 100-100 0.0 3 66.7 60-80 11.5 3 26.6 20-40 11.5 
Seco 3 93.3 80-100 11.5 3 93.3 80-100 11.5 3 13.3 0-20 11.5 
Solum 3 100.0 100-100 0.0 3 73.3 60-80 11.5 3 20.0 0-60 34.6 

Cal Mariout 3 100.0 100-100 0.0 3 93.3 80-100 11.5 3 46.7 40-60 11.5 

Arivat 3 100.0 100-100 0.0 3 80.0 60-100 20.0 3 6.6 0-20 11.5 

Gustoe 3 80.0 80-80 0.0 3 46.7 20-60 23.1 3 0.0 0-0 0.0 

Prato 3 100.0 100-100 0.0 3 60.0 20-100 40.0 3 0.0 0-0 0.0 

Yemen line 3 100.0 100-100 0.0 3 80.0 40-100 34.6 3 13.3 0-20 11.5 

Genotype 
2.5 cm--

mean range 
days 

-TIME OF EMERGENCE 
7.5 cm 

n mean range s 
days 

12.5 cm-
mean range 

days 

UARM TREATMENT 
line 309 3 4.0 4-4 0.0 3 5.3 5-6 0.6 1 8.0 8 0.0 

Seco 3 4.0 4-4 0.0 3 5.0 5-5 0.0 1 6.0 6 0.0 

Solun 3 4.0 4-4 0.0 3 5.0 5-5 0.0 2 6.0 6-6 0.0 

Cal Mariout 3 4.0 4-4 0.0 3 5.0 5-5 0.0 3 8.0 8-8 0.0 

Arivat 3 4.0 4-4 0.0 3 5.6 5-6 0.6 --
... ... ... 

Gustoe 3 4.0 4-4 0.0 3 7.3 6-9 1.5 2 9.0 7-11 2.8 

Prato 3 4.0 4-4 0.0 3 6.0 5-7 1.0 -- ... ... ... 

Yemen line 3 4.0 4-4 0.0 3 5.0 5-5 0.0 1 6.0 6 0.0 

COLD TREATMENT 
line 309 3 6.0 6-6 0.0 3 10.0 10-10 0.0 3 11.7 11-12 0.6 

Seco 3 6.3 6-7 0.6 3 8.7 8-9 0.6 2 15.0 12-18 4.2 
Solun 3 6.3 6-7 0.6 3 8.3 8-9 0.6 1 12.0 12 0.0 

Cal Mariout 3 6.3 6-7 0.6 3 8.3 8-9 0.6 3 11.7 11-13 1.2 

Arivat 3 6.3 6-7 0.6 3 9.0 9-9 0.0 1 13.0 13 0.0 

Gustoe 3 6.7 6-7 0.6 3 10.3 9-12 1.5 --
... ... ... 

Prato 3 6.7 6-7 0.6 3 10.3 9-12 1.5 --
... ... ... 

Yemen line 3 6.0 6-6 0.0 3 8.0 8-8 0.0 2 12.0 11-13 1.4 
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Table 2. Analysis of Variance for percentage of emergence 
and time of emergence 

M E A N  S Q U A R E S  
Source of emergence time of 
Variation df percentage df emergence 

Temp 1 100.0 1 283.3 ** 
Error a 2 1608.3 2 0.9 

Depth 2 88469.4 ** 2 166.7 ** 
DxT 2 75.0 2 12.4 ** 
Error b 8 418.1 8 1.1 

Var 7 1763.5 ** 7 3.1 ** 
VxT 7 354.0 7 0.8 
VxD 14 488.5 * 13 1.2 
VxDxT 14 195.6 11 1.2 
Error c 84 232.1 62 0.7 

** (P<0.01) 
* (P<0.05) 

Table 3. Effect of temperature on percentage of emergence 
and time of emergence 

Treatment n mean range 

Warm 
Cold 

emergence 

72 60.6 a 0-100 
72 62.2 a 0-100 

n mean range 

time of emergence 
days 

58 5.2 b 4-11 
60 8.7 a 6-18 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 
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The mean difference between the cold and warm treatment 

was 2.6 % for percentage of emergence and 67 % for time of 

emergence. 

Variation in temperature influences the time of 

emergence more than the percentage of emergence. Bacaltchuk 

and Ullrich (1983) observed a similar effect in barley under 

field conditions, as spring and summer planting affected 

emergence rate index more than final stand establishment. 

As a general rule, low temperatures slow down the 

physiological and biochemical processes of plants, and may 

explain the slow emergence observed in the cold treatment. 

However, it is difficult to know if the effect of 

temperature was stronger during germination or during tissue 

elongation after germination. 

The effect of temperature on percentage and rate of 

emergence may be different under temperature extremes. Also, 

other effects such as light, soil moisture, soil compaction, 

seeding depth, and genotype, are known to strongly affect 

the ability of small grains to emerge (Wiegand, 1962; 

Kauffman, 1968; Bacaltchuck and Ullrich, 1983). 

Deep seeding increased the time of emergence in all 

genotypes, however, the effect of deep seeding on percentage 

of emergence varied among genotypes. The mean effect of 

seeding depth on percentage of emergence and time of 

emergence across temperatures and genotypes is presented in 
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Table 4, and illustrated in Figure 6. 

Table 4. Effect of seeding depth on percentage of emergence 
and time of emergence 

Seeding 
depth n mean range n mean range 

emergence min. time of emergence 

2.5 cm 48 97.1 a 80-100 48 5.2 c 4-7 
7.5 cm 48 73.3 b 20-100 48 7.3 b 5-12 
12.5 cm 48 13.8 c 0-80 22 10.1 a 6-18 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 

Time of emergence with 7.5 cm plantings was 40 % longer 

compared to 2.5 cm plantings. With 12.5 cm plantings, time 

of emergence was 94 % longer compared to 2.5 cm plantings. 

Percentage of emergence was highest in the shallowest 

planting, which differed by 24.5 % from the medium planting, 

and by 86 % from the deep planting. Percentage of emergence 

of some genotypes was more affected than others by seeding 

depth variations. The significant interaction between 

genotype and seeding depth for percentage of emergence 

suggested that some genotypes have more ability to emerge 

from deep plantings than others, and that optimum depth of 

planting varies among cultivars. A detailed observation of 

Figure 3 shows that percentage of emergence of 'Seco' and 

'California Mariout' was not affected by increasing planting 

depth from 2.5 cm to 7.5 cm at both temperatures. The same 
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variation in seeding depth reduced percentage of emergence 

of Gustoe and Prato by more than 50 %. 

The negative but varying effect of deep seeding on 

ability to emerge in different cultivars, as measured by 

percentage and rate of emergence, indicates that it may be 

possible to increase ability to emerge from deep plantings 

by genotypic selection. Similar results were obtained by 

Bacaltchuk and Urllich (1983) with barley, and by Ashraf and 

Taylor (1974) with winter wheat, as rate of emergence and 

final stand establishment were negatively correlated with 

deep seeding. 

Table 5 and Figure 7 show the mean variation among 

genotypes for percentage of emergence and time of emergence. 

Table 5. Genotypic effects on percentage of emergence 
and time of emergence 

Genotype n mean range n mean range 

emergence min. time of emergence 

line 309 18 58.9 cd 0-100 16 7.4 a 4-12 
Seco 18 71.1 ab 0-100 15 7.2 ab 4-18 
Solum 18 65.6 be 0-100 15 6.3 c 4-12 
Cal. Mar. 18 76.7 a 20-100 18 7.2 ab 4-13 
Arivat 18 55.6 cde 0-100 13 6.8 abc 4-13 
Gustoe 18 47.8 e 0-100 14 7.4 a 4-12 
Prato 18 51.1 e 0-100 12 6.8 abc 4-12 
Yemen line 18 64.4 be 0-100 15 6.6 be 4-13 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 
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Arithmetically, the highest percentage of emergence 

accross temperatures and seeding depths was obtained with 

'California Mariout' (76.7 %), and the lowest percentage 

with 'Gustoe' (47.8 %). The mean difference in percentage of 

emergence between the highest and lowest genotype was 60.5 

%. Average minimum time of emergence across treatments 

ranged from 6.3 days with 'Solum' to 7.4 days with line 309 

and 'Gustoe'. The mean difference between these genotypes 

for minimum time of emergence was 1.1 days (17.5 %). 

Host genotypes used in this study showed similar 

responses to low temperature and deep seeding, however, 

there were some interesting differences detected in some 

genotypes. It is important to understand that deep seeding 

is a very uncommon condition in cultivated as well as wild 

populations of cereals. Therefore, the genetic potential for 

ability to emerge from deep plantings has not been 

exploited, as no selection pressure has occurred for this 

condition. The observed genotypic variation between and 

within some cultivars for percentage and rate of emergence 

under deep seedings is only a small indication of the 

genetic potential available for that condition. 

Genotypic variation for emergence ability can be 

detected only under deep plantings. However, adequate depth 

of planting to detect genotypic differences is difficult to 

establish. Most genotypes, if not all, emerge well from 
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shallow plantings, but deep plantings may result in complete 

inhibition of emergence. Results of this experiment suggest 

that a good planting depth to discriminate between genotypes 

for emergence ability should be between 7.5 and 12.5 cm. 

Genotypic variation for percentage and rate of emergence has 

been reported for wheat (Ashraf and Taylor, 1974; Sunderman, 

1964) and barley (Bacaltchuk and Ullrich, 1983). 

The ability to emerge has been associated with 

coleoptile length in rice (Dilday et al, 1990), oats, wheat 

and barley (Kaufmann, 1968). Kaufmann (1968) concluded that 

short coleoptile was associated with poor emergence in most 

barleys, and that coleoptile length should be considered as 

a selection criteria for emergence ability in a barley 

breeding program. The same author, however, reported that 

the leaves of the short coleoptile varieties 'Olli' and 

'Gateway' were severely etiolated when seeded at 7.5 cm, 

even when final emergence of these varieties was good. We 

have no information on coleoptile length of the varieties in 

this study, but some plants that emerged from 12.5 cm 

plantings in our study had etiolated leaves, which may be an 

indication of short coleoptile, which suggests that 

coleoptile length may not necessarily determine ability to 

emerge from deep plantings. 

Our conclusion is that whatever the mechanisms are that 

control percentage and rate of emergence under deep seedings 
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in barley, there must exist good emergence ability in a 

cultivar in order to have success with deep plantings. 

CROWN NODE CHARACTERISTICS 

Crown number and depth of the deepest crown increased 

with low temperature and deep seeding in all genotypes, but 

shallowest crown and crown weight differed among genotypes 

with temperature and seeding depth variation (Table 6, 

Figures 8-11). The number of plants recovered from 12.5 cm 

plantings was very small in some genotypes under both 

temperatures, and single observations were made in some 

cases. There was no emergence from 12.5 cm of 'Arivat' in 

the warm treatment, 'Gustoe' in the cold treatment and 

'Prato' at both temperatures. 

The analyses of variance for crown number, deepest 

crown, shallowest crown and crown weight are shown in 

Table 7. 

The differences between temperature treatments for 

crown number and crown depth were non significant, but a 

significant increase of 91 % in crown weight was detected 

with the cold treatment over the warm treatment (Table 8, 

Figure 12). 

Most cultivars placed the shallowest crown deeper in 

the cold treatment regardless of planting depth, however 
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Table 6. Temperature and seeding depth effects on crown characteristics of eight barleys 

Genotype 
2.5 cm--

mean range 

---CROUNS PER PLANT--
7.5 cm 

n mean range s 
12.5 cm 

n mean range 

UARM TREATMENT 
line 309 13 1.0 1-1 0.0 10 1.4 1-2 0.5 1 1.0 1 0.0 
Seco 14 1.0 1-1 0.0 14 1.1 1-2 0.3 1 1.0 1 0.0 
Solun 14 1.0 1-1 0.0 13 1.8 1-2 0.4 2 2.0 2-2 0.0 
Cal Mariout 15 1.1 1-2 0.3 15 1.3 1-2 0.5 2 2.0 2-2 0.0 
Arivat 15 1.1 1-2 0.3 7 2.0 2-2 0.0 - - - - - - - -

Gustoe 14 1.0 1-1 0.0 5 1.8 1-2 0.4 2 2.0 1-3 1.4 
Prato 15 1.0 1-1 0.0 6 1.2 1-2 0.4 - - - - - - - -

Yemen line 15 1.1 1-2 0.4 11 1.4 1-2 0.5 1 4.0 4 0.0 

COLD TREATMENT 
line 309 15 1.0 1-1 0.0 8 1.6 1-2 0.5 4 1.8 1-2 0.5 
Seco 14 1.1 1-2 0.3 13 1.1 1-2 0.3 2 2.5 2-3 0.7 
Solun 14 1.2 1-2 0.4 11 1.4 1-2 0.5 3 2.0 2-2 0.0 
Cal Mariout 15 1.3 1-2 0.5 15 1.8 1-3 0.6 4 2.3 2-3 0.5 
Arivat 15 1.2 1-2 0.4 12 2.3 2-3 0.5 1 2.0 2 0.0 
Gustoe 11 1.0 1-1 0.0 7 2.0 2-2 0.0 -- - - -- - -

Prato 15 1.1 1-2 0.4 8 1.5 1-2 0.5 - - -- -- --

Yemen line 15 1.7 1-2 0.5 12 2.4 2-4 0.7 2 3.0 2-4 1.4 

.nccBccT rortfjii. UtXfXd I LKUHN 
,9 c 7 e . _ .19 C ~nt_ Cmj cm- * 

Genotype n mean range s n mean range s n mean range s 
cm "• " cm 

WARM TREATMENT 
line 309 13 2.0 1.2-2.5 0.5 10 4.5 3.3-6.4 0.9 1 2.5 2.5-2.5 ... 

Seco 14 1.9 1.3-2.6 0.4 14 2.8 1.7-4.5 0.7 1 4.5 4.5-4.5 ... 

Solun 14 2.0 1.4-2.3 0.3 13 4.1 3.0-5.8 0.9 2 6.7 6.1-7.2 0.8 
Cal Mariout 15 2.4 2.0-3.2 0.4 15 3.6 3.1-5.0 0.5 2 6.7 6.6-6.8 0.1 
Arivat 15 2.0 1.4-2.6 0.3 7 3.5 3.2-3.9 0.2 -- ... ... ... 

Gustoe 14 1.9 1.3-2.8 0.4 5 3.7 3.1-4.5 0.6 2 7.5 4.8-10.2 3.8 
Prato 15 2.2 1.6-2.6 0.3 6 3.0 2.3-3.9 0.5 -- ... ... ... 

Yemen line 15 1.3 0.6-1.6 0.4 11 2.4 1.0-5.5 1.2 1 5.0 5.0-5.0 ... 

COLD TREATMENT 
line 309 15 2.2 1.8-3.0 0.4 8 5.4 3.1-7.0 1.7 4 8.2 4.3-12.5 3.6 
Seco 14 2.3 2.0-2.6 0.2 13 3.6 2.4-6.6 1.2 2 6.8 5.6-7.9 1.6 
Solun 14 2.4 1.5-2.8 0.3 11 4.1 3.5-5.0 0.5 3 9.8 8.7-10.6 1.0 
Cal Mariout 15 2.8 2.4-3.2 0.2 15 5.5 3.0-7.4 1.4 4 7.7 6.2-8.9 1.1 
Arivat 15 2.5 1.8-2.8 0.3 12 5.8 3.5-9.0 1.7 1 7.6 7.6-7.6 ... 

Gustoe 11 2.2 1.3-2.7 0.4 7 5.3 4.4-6.0 0.6 - - ... ... ... 

Prato 15 2.3 1.9-2.8 0.2 8 5.7 3.3-7.4 1.2 - - ... ... ... 

Yemen line 15 2.3 1.5-3.1 0.5 12 5.1 2.6-7.0 1.7 2 8.8 5.1-12.5 5.2 
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Table 6 cont. Temperature and seeding depth effects on crown characteristics of eight barleys 

SHALLOUOUEST CROWN 
2.5 on 7.5 cm 12.5 cm-— 

Genotype n mean range s n mean range s n mean range 
—cm --cm cm 

WARM TREATMENT 
line 309 13 2.0 1.2-2.5 0.5 10 4.0 2.3-5.2 1.1 1 2.5 2.5-2.5 ... 
Seco 14 1.9 1.3-2.6 0.4 14 2.7 1.7-4.5 0.7 1 4.5 4.5-4.5 ... 
Solum 14 2.0 1.4-2.3 0.3 13 2.8 2.1-4.0 0.5 2 4.2 3.4-5.0 1.1 
Cal Mariout 15 2.4 2.0-3.2 0.4 15 3.1 2.0-4.0 0.6 2 3.5 3.0-3.9 0.6 
Arivat 15 2.0 1.4-2.6 0.3 7 1.9 1.2-2.5 0.4 ... ... ... 
Gustoe 14 1.9 1.3-2.8 0.4 5 2.6 2.1-3.5 0.5 2 5.5 4.8-6.2 1.0 
Prato 15 2.2 1.6-2.6 0.3 6 2.7 0.6-3.9 1.1 . . .  . . .  ... 
Yemen line 15 1.1 0.8-2.4 0.3 11 1.9 0.1-2.8 0.8 1 0.1 0.1-0.1 . . .  

COLD TREATMENT 
line 309 15 2.2 1.8-3.0 0.4 8 4.3 2.6-6.0 1.1 4 5.5 3.8-7.2 1.7 
Seco 14 2.3 2.0-2.6 0.2 13 3.4 2.4-6.6 1.1 2 4.8 4.4-5.2 0.6 
Solun 14 2.4 1.5-2.8 0.3 11 3.4 1.8-4.7 1.0 3 4.2 3.8-4.9 0.6 
Cal Mariout 15 2.7 2.4-3.2 0.2 15 3.1 2.2-4.0 0.5 4 3.5 3.0-3.9 0.5 
Arivat 15 2.5 1.8-2.8 0.2 12 2.7 1.4-4.6 1.0 1 1.6 1.6-1.6 ... 

Gustoe 11 2.2 1.3-2.7 0.4 7 2.8 1.5-3.4 0.7 ... ... ... 

Prato 15 2.3 1.9-2.8 0.2 8 4.6 3.3-6.0 1.1 ... ... ... 

Yemen line 15 1.7 0.8-2.8 0.6 12 1.7 1.4-2.2 0.2 2 4.5 2.8-6.2 2.4 

Genotype 
-2.5 ar

range 
-mg 

-CROWN WEIGHT— 
7.5 cm-

mean range 
-mg-

12.5 cm 
mean range 

mg 
WARM TREATMENT 
line 309 3 32.7 25-40 7.5 3 70.0 60-85 13.2 1 60.0 60 0.0 
Seco 3 50.0 40-60 10.0 3 72.7 54-82 16.2 1 210.0 210 0.0 
Solun 3 40.0 40-40 0.0 3 77.0 60-95 17.5 2 250.0 240-260 14.1 
Cal Mariout 3 46.0 40-50 5.3 3 89.3 70-102 17.0 2 110.0 70-150 56.6 
Arivat 3 47.3 38-52 8.1 3 92.0 73-120 24.8 ... ... 

Gustoe 3 38.0 32-44 6.0 3 41.5 30-53 16.3 1 70.0 70 0.0 
Prato 3 37.3 30-44 7.0 3 74.3 60-83 12.5 ... ... 

Yemen line 3 32.0 28-36 4.0 3 82.7 63-98 17.9 ... ... 

COLD TREATMENT 

line 309 3 83.3 68-98 15.0 3 145.7 137-160 12.5 3 188.3 180-200 10.4 
Seco 3 91.3 80-110 16.3 3 147.3 143-156 7.5 1 300.0 300 0.0 
Solun 3 90.3 63-112 25.0 3 119.3 113-125 6.0 1 150.0 150 0.0 
Cal Mariout 3 103.3 86-122 18.0 3 133.3 112-160 24.4 3 220.0 190-240 26.5 
Arivat 3 109.3 98-118 10.3 3 136.0 117-158 20.7 1 160.0 160 0.0 
Gustoe 3 117.3 65-167 51.1 3 135.7 90-167 40.5 ... ... 

Prato 3 89.3 70-102 17.0 3 176.7 150-200 25.2 ... ... 

Yemen line 3 76.7 58-86 16.2 3 116.0 108-130 12.2 2 225.0 160-290 91.9 
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Table 7. Analysis of Variance for crown characteristics 

M E A N S Q U A R E S 
Source of crown deepest shallowest crown 
Variation df number crown crown df weight 

Temp 1 0.7 62.5 15.5 1 69329.4 ** 
Error a 2 1.4 6.4 2.8 2 564.6 

Depth 2 16.4 ** 314.8 ** 42.6 ** 2 64556.0 ** 
DxT 2 0.2 18.2 * 2.1 2 233.8 
Error b 8 0.6 2.2 1.0 7 796.5 

Var 7 2.2 ** 4.0 * 7.2 ** 7 2262.4 ** 
VxT 7 0.2 2.3 1.5 * 7 2439.7 ** 
VXD 13 0.9 ** 3.0 3.4 ** 13 2258.9 ** 
VxDxT 11 0.5 2.5 1.7 ** 10 2235.3 ** 
Error c 60 0.3 2.0 0.7 59 422.7 

** (P<0.01) 
* (P<0.05) 

Table 8. Effect of temperature on crown characteristics 

Treatment n mean range 

Warm 
Cold 

crown number 

205 1.2 a 1-4 
216 1.5 a 1-4 

n mean range 

deepest crown 

205 2.7 a 0.8-10.2 
216 3.9 a 1.3-12.5 

Warm 
Cold 

shallowest crown 

205 2.3 a 0.1-6.2 
216 2.8 a 0.8-7.2 

crown weight 

54 70 b9 25-260 
59 134 a 58-300 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 
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'California Mariout' and the 'Yemen line' planted at 7.5 cm 

showed no real response to temperature variation. Also, when 

planted at 12.5 cm, 'Gustoe' placed the shallowest crown 

deeper in the warm treatment. 

Crown weight of most genotypes was strongly increased 

by low temperature at all seeding depths, but 'Solum' 

planted at 12.5 cm had less crown weight in the cold 

treatment than in the warm one. 

Temperature effects on crown depth observed in this 

experiment agree with most of the studies reporting deep 

crown placement in response to low temperature (Webb and 

Stephens, 1936; Taylor and McCall, 1936; Dobrenz, 1967; 

Ferguson and Boatwright, 1968; Martin et al, 1988). 

Crown number, crown depth and crown weight of most 

genotypes increased in proportion to the depth of planting 

regardless of temperature. However, deep planting had no 

real effect in crown characteristics of some cultivars, and 

had a negative effect in others. 

Crown number at 7.5 and 12.5 cm plantings, averaged 

across genotypes and temperature treatments, was increased 

by 45 and 91 % over 2.5 cm plantings respectively. The 

deepest and shallowest crown, were 95 and 43 % deeper with 

7.5 cm plantings, and 236 and 95 % deeper with 12.5 cm 

plantings respectively, compared to 2.5 cm plantings. Crown 

weight in the medium and deep plantings differed from the 
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shallow planting by 59 and 174 % respectively. The main 

effect of seeding depth on crown characteristics is 

presented in Table 9, and illustrated in Figure 13. 

Table 9. Effect of seeding depth on crown characteristics 

Seeding 
depth 

2.5 cm 
7.5 cm 
12.5 cm 

n mean range 

crown number 

229 1.1 c 1-2 
167 1.6 b 1-4 
25 2.1 a 1-4 

n mean range 

deepest crown 

229 2.2 c 0.8-3.2 
167 4.3 b 1.0-9.0 
25 7.4 a 2.5-12.5 

shallowest crown crown weight 

2.5 cm 229 2.1 c 0.6-3.2 48 68 c 25-167 
7.5 cm 167 3.0 b 0.1-6.6 47 108 b 73-200 
12.5 cm 25 4.1 a 0.1-7.2 18 186 a 60-300 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 

Deep planting seems to provide adequate conditions for 

the differentiation of the crown into crown nodes, while 

high temperature appears to stimulate the elongation of the 

internodes below the ground. Low temperature inhibited 

internode elongation, but stimulated vegetative growth as 

more crown roots and tillers were developed from the crown 

nodes in the cold treatment. Thus, a crown node appears to 

be a potential source of crown roots and tillers. 

When the seed is deep planted, the crown will tend to 
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differentiate into its crown nodes in most genotypes, but 

the elongation of the internodes below the ground will 

depend highly on temperature. If temperature is high, the 

increased internode elongation will probably result in less 

crown nodes below the ground, but if temperature is low, 

less internode elongation will result in more crown nodes 

under the ground, from which crown roots and tillers will 

very likely develop. 

Based on these assumptions, a shallow planting (e.g. 

2.5 cm) should limit the crown system to 1 or 2 shallow 

crowns, that may determine a less developed crown system. On 

the contrary, by increasing planting depth, one could expect 

an increased differentiation of the nodes and internodes 

between the seed and the soil surface, an increased number 

and depth of crown nodes per plant, and a better chance of 

crown roots and tiller development per node. 

Although, these reasonings may help explain why crown 

number, crown depth and crown weight increased with deep 

seeding and low temperature, the final development of the 

crown system will depend on the intrinsic crown 

characteristics of the genotype and its response to deep 

seeding and temperature stimuli. 

Observations on crown characteristics under deep 

seedings have not been investigated in detail. One of the 

most interesting observations of this experiment was the 
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increased number of crown nodes per plant caused by deep 

seedings. Klepper et al (1984) recognized that number of 

crown nodes depends on variety, planting date, and weather 

patterns, but didn't mention the particular effect of deep 

seeding. Crown weight seems to be related to the ability to 

develop crown roots, and it is known that crown root 

development is highly influenced by environment. Moisture 

around the crown is one of the most important environmental 

factors that determine crown root development, however, Webb 

and Stephens (1936) found varietal differences in the 

ability to form crown roots and the time of crown root 

initiation. Early initiation of crown roots as well as high 

rate of crown root development are probably advantageous 

when moisture is available around the crown for a limited 

period of time. The existence and/or availability of 

genetic variation for time of initiation and rate of 

development of crown roots in small grain cereals is 

unknown, and therefore an area that should receive more 

attention. 

The effect of genotype on crown characteristics was 

evident as most cultivars showed some differences in their 

response to temperature and seeding depth variation. 

Genotypic variation increased with depth of planting in the 

two temperature treatments, indicating that a particular 

environment is necessary for the best expression of a 
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particular character or genotype. In this case, the eight 

cultivars showed little variation for crown characteristics 

under shallow plantings, but under deep plantings the 

variation was very large. The existence of genetic 

variability for crown node differentiation and internode 

elongation under deep plantings has important implications 

in plant breeding. The variation among genotypes, averaged 

over all temperature and seeding depth treatments for crown 

characteristics is presented in Table 10 and illustrated in 

Figure 14. 

Genotypic variation for crown placement is quite well 

documented in winter cereals as there is a strong 

relationship between deep crown and winter survival. Sallans 

(1961) noticed a relationship between frost damage and 

shallow crown placement in wheat cultivars, and concluded 

that crown depth is an important heritable character not 

only for winter cereals, but also for spring cereals with 

some physiological and pathological effects. Our results 

indicated that crown depth varies among spring cultivars, 

and that a deep crowned genotype may be advantageous under 

deep plantings. The importance of crown depth and the 

variation among cultivars for crown placement was detected 

by Taylor and McCall (1936), McKenzie (1971), and Kail et al 

(1972) when they noticed that placement of the crown in 

relation to the soil surface affected tillering, crown root 
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Table 10. Genotyplc effects on crown node characteristics 

Genotype n mean range 

crown number 

line 309 51 1.2 cde 1-2 
Seco 58 1.1 e 1-3 
Solum 57 1.4 bed 1-2 
Cal. Mar. 66 1.4 be 1-3 
Arivat 50 1.5 ab 1-3 
Gustoe 39 1.3 bede 1-3 
Prato 44 1.2 de 1-2 
Yemen line 56 1.7 a 1-4 

shallowest crown 

line 309 51 3.1 a 1.2-7.2 
Seco 58 2.7 be 1.3-6.6 
Solum 57 2.7 be 1.4-5.0 
Cal. Mar. 66 2.9 ab 2.0-4.0 
Arivat 50 2.3 d 1.2-4.6 
Gustoe 39 2.4 cd 1.3-6.2 
Prato 44 2.7 be 0.6-6.0 
Yemen line 56 1.7 e 0.1-6.2 

n mean range 

deepest crown 

51 3.6 ab 1.2-12.5 
58 2.8 d 1.3-7.9 
57 3.6 abc 1.4-10.6 
66 3.9 a 2.0-8.9 
50 3.4 abed 1.4-9.0 
39 3.1 bed 1.3-10.2 
44 3.0 cd 1.6-7.4 
56 2.9 d 0.8-12.5 

crown weight 
-mg 

16 101 abed 25-200 
14 114 ab 40-300 
15 109 abc 40-260 
17 117 a 40-240 
13 101 abed 38-160 
12 86 d 30-167 
12 94 cd 30-200 
14 98 bed 28-290 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 
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development, heaving, frost damage, wind injury, and root 

rot escape. 

The genotypic effect on crown weight seems to be 

related to growth rate at early development of the cultivar, 

since Gustoe, which is known to produce final high biomass 

in the field, showed the poorest crown weight in this 

experiment. California Mariout, which had the heaviest 

crown, is known to have an intense rate of early growth, as 

shown by additional studies on growth rate of root-shoot 

(data not presented). Crown weight must be a good indication 

of the degree of development of the crown root system. In 

this experiment the crown system was considered to be formed 

by any tissue developed between the seed and the soil 

surface. Therefore, the degree of development of crown roots 

should be reflected by the weight of the crown system. We 

detected considerable genotypic variation for crown weight 

in this experiment, however, it seems that no information is 

available in the literature for this characteristic. 

SEMINAL ROOT WEIGHT AT DIFFERENT ROOTING DEPTHS 

The effect of seeding depth and temperature on seminal 

root weight at different rooting depths for each genotype is 

shown in Table 11 and illustrated in Figures 15-17. 

The analysis of variance for each portion of the 
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Table 11. Effect of temperature and seeding depth on seminal root weight at different rooting 
depths of eight barley genotypes 

Genotype 
2.S cm--

n mean range 
mg 

-SEMINAL ROOT WEIGHT AT 0-20 cm-
7.5 cm 

n mean range s 

"9 

12.5 cm---
n mean range 

WARM TREATMENT 
line 309 3 77 70-86 8.2 3 93 80-110 15.6 1 150 150 
Seco 3 95 70-118 24.1 3 83 72-94 11.0 1 170 170 
Solum 3 97 90-108 9.6 3 89 65-113 23.8 2 185 170-200 
Cat Mariout 3 85 80-88 4.2 3 101 96-106 5.0 2 130 130 
Arivat 3 96 92-100 4.0 3 151 90-250 86.4 - - - - - -  .  

Gustoe 3 58 55-60 2.5 2 116 73-160 61.9 1 170 170 
Prato 3 64 60-66 3.5 3 115 75-140 35.0 - - - - - -

Yemen line 3 83 78-90 6.1 3 93 68-107 22.1 

0.0 
0.0 

21.2 

0.0 

0.0 

COLD TREATMENT 
line 309 3 113 108-118 5.0 3 131 115-160 25.5 3 145 115-170 27.8 
Seco 3 129 120-142 11.7 3 151 118-173 29.2 1 220 220 0.0 
Solun 3 120 106-140 18.0 3 132 115-143 15.0 1 100 100 0.0 
Cal Mariout 3 126 120-132 6.0 3 137 106-154 26.6 3 162 150-170 10.4 
Arivat 3 148 128-184 31.2 3 133 113-145 17.0 1 160 160 0.0 
Gustoe 3 154 100-230 67.5 3 106 60-130 38.5 
Prato 3 113 98-130 16.2 3 150 116-190 37.3 
Yemen line 3 134 106-176 37.0 3 126 112-150 20.9 2 165 150-180 21.2 

Genotype 
2.5 cm--

n mean range 
-mg-

•SEMINAL ROOT WEIGHT AT 20-40 cm-
7.5 cm 

n mean range s 
mg 

12.5 cm-
mean range 

mg 
WARM TREATMENT 
line 309 3 31 28-33 2.8 3 45 33-65 17.5 1 20 20 0.0 
Seco 3 30 25-36 5.5 3 30 26-32 3.5 1 20 20 0.0 
Solum 3 36 30-44 7.5 3 42 34-55 11.3 2 45 40-50 7.1 
Cal Mariout 3 39 36-40 2.3 3 56 48-68 10.6 2 25 20-30 7.1 
Arivat 3 31 20-42 11.0 3 79 27-160 71.2 - - ... ... ... 

Gustoe 3 30 26-35 4.5 2 36 30-43 8.8 1 20 20 0.0 
Prato 3 27 24-30 3.1 3 48 10-100 46.8 - - ... ... ... 

Yemen line 3 27 24-32 4.2 3 30 13-53 20.9 - - ... ... ... 

COLD TREATMENT 
line 309 3 55 46-72 15.0 3 83 30-115 46.1 3 38 30-50 10.4 
Seco 3 53 34-63 16.3 3 51 33-68 17.8 1 60 60 0.0 
Solun 3 52 44-66 12.4 3 56 40-67 14.3 1 17 17 0.0 
Cal Mariout 3 67 46-84 20.0 3 90 82-94 6.9 3 72 40-110 35.5 
Arivat 3 51 42-64 11.4 3 60 30-80 26.5 1 60 60 0.0 
Gustoe 3 81 43-120 38.8 3 102 30-60 37.2 - - ... ... ... 

Prato 3 50 32-70 19.1 3 117 60-180 60.3 -- ... ... ... 

Yemen line 3 57 38-78 20.1 3 55 40-75 18.0 2 65 20-110 63.6 



101 

Table 11 cont. Effect of temperature and seeding depth on seminal root weight at different 
rooting depths of eight barley genotypes 

Genotype 
- 2.5 cm--
n mean range 

-SEMINAL ROOT WEIGHT >40 cm-
7.5 cm 

n mean range s 
mg 

12.5 em— 
n mean range 

WARN TREATMENT 
line 309 3 21 10-28 9.7 3 33 18-50 16.3 1 0 0 0.0 
Seco 3 17 10-22 6.1 3 19 16-24 4.2 1 80 80 0.0 
Solum 3 17 13-24 6.3 3 26 20-33 6.3 2 95 70-120 35.4 
Cal Man'out 3 26 24-28 2.0 3 37 28-50 11.4 2 90 80-100 14.1 
Arivat 3 21 18-24 3.1 3 59 27-120 52.9 -- ... ... ... 

Gustoe 3 23 20-28 4.3 2 10 0-20 14.1 1 90 90 0.0 
Prato 3 18 12-22 5.3 3 38 0-90 46.8 - - ... ... ... 

Yemen line 3 15 12-16 2.3 3 21 13-30 8.8 -- ... ... ... 

COLD TREATMENT 
line 309 3 34 28-40 6.0 3 67 57-85 15.5 3 88 45-120 38.8 
Seco 3 29 22-34 6.1 3 37 30-44 7.0 1 110 110 0.0 
Solum 3 32 30-34 2.1 3 41 33-47 7.3 1 40 40 0.0 
Cal Mariout 3 46 38-52 7.2 3 47 42-56 7.6 82 75-90 7.6 
Arivat 3 35 32-38 3.1 3 35 26-43 8.7 1 60 60 0.0 
Gustoe 3 60 28-80 28.6 3 63 53-80 14.5 -- ... ... ... 

Prato 3 32 28-40 6.9 3 70 34-90 31.0 -- ... ... ... 

Yemen line 3 31 28-32 2.3 3 36 26-50 12.5 75 60-90 21.2 

Genotype 
2.5 cm--

n mean range 
-mg-

-SEMINAL ROOT UEIGHT 20-40 cm-
7.5 cm 

n mean range s 
mg 

12.5 cm-
mean range 

nig 
WARM TREATMENT 
line 309 3 31 28-33 2.8 3 45 33-65 17.5 1 20 20 0.0 
Seco 3 30 25-36 5.5 3 30 26-32 3.5 1 20 20 0.0 
Solun 3 36 30-44 7.5 3 42 34-55 11.3 2 45 40-50 7.1 
Cal Mariout 3 39 36-40 2.3 3 56 48-68 10.6 2 25 20-30 7.1 
Arivat 3 31 20-42 11.0 3 79 27-160 71.2 -- ... ... ... 

Gustoe 3 30 26-35 4.5 2 36 30-43 8.8 1 20 20 0.0 
Prato 3 27 24-30 3.1 3 48 10-100 46.8 -- ... ... ... 

Yemen line 3 27 24-32 4.2 3 30 13-53 20.9 — — ... 

COLD TREATMENT 
line 309 3 55 46-72 15.0 3 83 30-115 46.1 3 38 30-50 10.4 
Seco 3 53 34-63 16.3 3 51 33-68 17.8 1 60 60 0.0 
Solun 3 52 44-66 12.4 3 56 40-67 14.3 1 17 17 0.0 
Cal Mariout 3 67 46-84 20.0 3 90 82-94 6.9 3 72 40-110 35.5 
Arivat 3 51 42-64 11.4 3 60 30-80 26.5 1 60 60 0.0 
Gustoe 3 81 43-120 38.8 3 102 30-60 37.2 -- ... ... ... 

Prato 3 50 32-70 19.1 3 117 60-180 60.3 -- ... ... ... 

Yemen line 3 57 38-78 20.1 3 55 40-75 18.0 2 65 20-110 63.6 
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seminal root system is shown in Table 12. 

Table 12. Analysis of Variance for seminal root weight at 
0 to 20, 20 to 40, and >40 cm of rooting depth 

Source of M E A N S Q U A R E  S 
Variation df 0-20 cm 20-40 cm >40 cm 

Temp 1 11419. 8 13030. 3 3646.2 * 
Error a 2 2408. 9 5021. 3 171.2 

Depth 2 15172. 5 * 3765. 6 12259.8 ** 
DxT 2 4077. 2 111. 2 238.1 
Error b 7 2494. 2 1960. 6 848.3 

Var 7 744. 2 673. 4 714.4 ** 
VxT 7 867. 5 840. 7 920.0 ** 
VxD 13 484. 1 534. 8 390.9 * 
VxDxT 10 1774. 1 ** 320. 3 698.5 ** 
Error c 59 520. 0 445. 8 197.6 

** (P<0.01) 
* (P<0.05) 

No significant effects of temperature, seeding depth, 

genotype or their interactions were detected in the middle 

portion (20-40 cm) of the seminal root. The major 

significant effects were observed on the bottom portion (>40 

cm), and small effects on the top one (0-20 cm). Although 

there were some significant interactions between 

temperature, seeding depth and genotype, all three portions 

of the seminal root system were heavier in the cold 

treatment in most genotypes, compared to the warm one (Table 

11, Figures 15-17). Arivat differed from the other genotypes 

in the 7.5 cm planting, and Solum in the 12.5 cm planting, 
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as they were heavier in the warm treatment than in the cold 

one under these planting depths. 

It seems that the response of some cultivars to 

temperature depends on the depth of seeding. The response of 

Arivat and Solum to temperature seems to be modified by 

seeding depth. Low temperature increased seminal root weight 

of Arivat and Solum under shallow (2.5 cm) plantings, but 

under deep plantings (7.5 cm in Arivat and 12.5 cm in 

Solum), low temperature had a negative effect on seminal 

root weight of these cultivars. 

The main effect of temperature on weight of seminal 

roots at different depths is shown in Table 13 and 

illustrated in Figure 18. 

Table 13. Effect of temperature on seminal root weight at 
three rooting depths. 

Treatment n mean range 

seminal root 0-20 cm 

Warm 54 102 a 55-250 
Cold 59 136 a 60-230 

seminal root >40 cm 

Warm 54 32 b 9 0-100 
Cold 59 50 a 22-120 

n mean range 

seminal root 20-40 cm 

54 37 a 910-160 
59 65 a 17-180 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 
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The mean difference between the cold and warm treatment 

was 33, 76, and 56 % for the 0 to 20, 20 to 40, and >40 cm 

respectively. The difference between temperature treatments 

was significant for the >40 cm portion, but non-significant 

for the 0 to 20 and 20 to 40 cm portions. 

The significant difference between temperatures for the 

deepest portion (>40 cm) is interesting, but unfortunately 

it is difficult to associate differences in seminal root 

weight with differences in root length in this experiment 

because of the inability of the method to detect root length 

differences at the programmed stage of sampling. 

The effect of seeding depth across temperatures and 

genotypes is shown in Table 14 and illustrated in Figure 19. 

Table 14. Seeding depth effects on seminal root weight at 
different rooting depths 

Seeding 
depth n mean range n mean range 

seminal root 0-20 cm seminal root 20-40 cm 

2.5 cm 48 106 c 955-230 48 45 a? 20-120 
7.5 cm 47 119 b 60-250 47 62 a 10-180 
12.5 cm 18 158 a 100-220 18 44 a 17-110 

seminal root >40 cm 

2.5 cm 48 29 b 9 10-80 
7.5 cm 47 41 b 0-120 
12.5 cm 18 78 a 0-120 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 
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Deep plantings (7.5 and 12.5 cm) compared to the 

shallow planting (2.5 cm) significantly increased the weight 

of the seminal root at 0 to 20 and >40 cm, but not at 20 to 

40 cm depth. 

The top portion of the seminal root with 7.5 and 12.5 cm 

plantings was 12 and 49 % heavier than shallow plantings 

respectively. With 7.5 and 12.5 cm plantings, the bottom 

portion (>40 cm) was respectively 41 and 69 % heavier than 

2.5 cm plantings. 

Weight of the middle portion was arithmetically 

heaviest with 7.5 cm plantings, but differences between 

seeding depths were non significant for this portion. 

The pattern of response of the genotypes to deep 

seeding was basically the same for the top and bottom 

portions, but not for the middle portion. The top and bottom 

portions of most genotypes showed a stronger response to 

deep seeding under high temperature. 

The differences between genotypes, and genotype 

interactions with temperature and seeding depth were non 

significant for the top and middle portions, but they were 

significant for the bottom portion. 

The variation among genotypes for different portions of 

the seminal root system across temperature and seeding depth 

treatments is presented in Table 15 and illustrated in 

Figure 20. 



Table 15. Genotypic effects on seminal root weight at 
different rooting depths 

111 

Genotype n mean range s 

seminal root 0-20 cm 

line 309 16 114 a 70-170 
Seco 14 126 a 70-220 
Solum 15 119 a 65-200 
Cal. Mar. 17 123 a 80-170 
Arivat 13 134 a 90-250 
Gustoe 12 113 a 55-230 
Prato 12 111 a 60-190 
Yemen line 14 117 a 68-180 

seminal root >40 cm 

line 309 16 46 ab 0--120 
Seco 14 35 be 10-110 
Solum 15 39 be 13--120 
Cal. Mar. 17 53 a 24--100 
Arivat 13 39 be 18-120 
Gustoe 12 46 ab 0-90 
Prato 12 39 be 0-90 
Yemen line 14 33 c 12-90 

n mean range s 

seminal root 20-40 cm 

16 48 a 20-115 
14 41 a 20-68 
15 44 a 17-67 
17 60 a 20-110 
13 56 a 20-160 
12 61 a 20-120 
12 60 a 10-180 
14 46 a 13-110 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 
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The main difference (61 %) in seminal root weight at 

>40 cm was between the Yemen Line (33 mg) and California 

Mariout (53 mg). 

The heaviest portion of the seminal root was in the 

top 0 to 20 cm, but significant variation among cultivars 

was detected only for the deepest portion. Genotypic 

differences for the bottom portion may indicate some 

different abilities for early seminal root development and 

deep penetration into the soil profile. California Mariout, 

is a salt tolerant variety that was introduced to California 

from Egypt where it is grown with only about eight inches 

(20.3 cm) of rainfall along the Mediterranean (Wiebe and 

Reid, 1961), and therefore it is expected to have some 

ability to extract water from deep layers in desert soils in 

order to complete its cycle. The ability of California 

Mariout to extract deep water must depend on a very 

efficient root system, both, in terms of penetration and 

rate of development. On the other hand, the Yemen line came 

from an environment where high temperatures and low moisture 

are commonly present. Under these conditions, water comes in 

small and sporadic rains and because of the very high 

temperatures, this water is rapidly evaporated from the soil 

surface. Therefore, this line is expected to have a well 

developed root system in the top layer of the soil, and a 

poor root system at deeper layers in the soil profile. 
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Results of this experiment show a very close relationship 

between the observed and expected seminal root patterns for 

these two contrasting genotypes. 

Genotypic variation on seminal root weight at different 

rooting depths gives an idea of which portion of the seminal 

root system is more affected by genotype. We conclude that 

the deepest portion of the seminal root is more responsive 

to genotypic effects, compared to the other two portions 

under study (0 to 20 and 20 to 40 cm). Genetic variation for 

root system has been widely reported in the literature 

(Troughton and Whittington, 1969; MacKey, 1980; Hurd, 1964, 

1968, 1974; Brown et al, 1987b). Salim et al (1965) observed 

cultivar and species variation for drought hardiness, and 

indicated that the most hardy ones had more and longer 

seminal roots. Briggs (1978) reported that the deepest roots 

are usually of seminal origin, and that the upper layers of 

the soil tend to be occupied by adventitious roots. However, 

Troughton and Whittington (1969) suggested that extension in 

depth is important to provide access to a potentially large 

supply of water and nutrients, while lateral extension is 

important for their utilization. Our observations suggest 

that in fact the environment plays a very important role in 

shaping the root system of plants, and that knowledge of the 

specific environment where a cultivar or species has been 

developed, provides information about the type of root 



system of that cultivar or species. 
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TOTAL WEIGHT OF ROOTS AND SHOOTS 

The effect of seeding depth and temperature on total 

weight of the seminal root, whole root and shoot of each 

genotype is shown in Table 16 and Figures 21, 22 and 23. The 

analysis of variance for total weight of seminal root, whole 

root system and shoot is presented in Table 17. 

The interactions between genotype and temperature, and 

between genotype, seeding depth and temperature were 

significant for seminal root and whole root. 

Total weight of the whole root and shoot were 

significantly heavier in the cold treatment compared to the 

warm one, but no significant differences between 

temperatures were detected for seminal root (Table 18, 

Figure 24). 

Although most genotypes had heavier seminal root, whole 

root, and shoot systems in the cold treatment regardless of 

seeding depth, Arivat, Solum and Prato had varying responses 

to temperature with seeding depth variations. For example, 

weight of the roots and shoot of Solum was in some way 

negatively affected by low temperature in the deep plantings 

as roots and shoot of this cultivar showed a general 

tendency to weigh less in the cold treatment. 
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Table 16. Temperature and seeding depth effects on total weight of roots and shoot of eight 

barleys 

Genotype 
2.5 cm--

n mean range 

"9 

—SEMINAL ROOT SYSTEM--
7.5 cm 

n mean range s 
mg 

12.5 cm 
n mean range s 

mg 
HARM TREATMENT 
line 309 3 129 113-144 15.8 3 171 130-225 48.9 1 170 170 0.0 
Seco 3 142 105-170 33.6 3 133 116-150 17.0 1 270 270 0.0 
Solum 3 149 134-160 13.4 3 158 123-200 39.3 2 325 290-360 49.5 
Cal Mariout 3 149 146-154 4.2 3 194 182-214 17.4 2 245 240-250 7.1 
Arivat 3 148 132-156 13.9 3 289 167-530 208.8 - -

Gustoe 3 111 104-118 6.8 2 163 135-190 38.9 1 280 280 0.0 
Prato 3 109 108-110 1.2 3 200 130-320 104.4 - -

Yemen line 3 125 124-126 1.2 3 144 100-190 45.0 - - ... ... ... 

COLD TREATMENT 
line 309 3 202 188-226 20.9 3 281 203-323 67.0 3 272 195-340 72.9 
Seco 3 210 180-238 29.1 3 239 180-274 51.3 1 390 390 0.0 
Solun 3 204 184-236 28.3 3 229 188-257 36.5 1 157 157 0.0 
Cal Mariout 3 239 204-270 33.1 3 274 244-290 26.0 3 315 300-335 18.0 
Arivat 3 235 206-286 44.6 3 228 187-250 35.5 1 280 280 0.0 
Gustoe 3 296 170-430 130.2 3 271 240-303 31.7 --

Prato 3 195 170-228 29.1 3 337 210-460 125.0 -- -- -- --

Yemen line 3 221 176-282 54.6 3 217 182-275 50.6 2 305 290-320 21.2 

Genotype 
2.5 cm--

n mean range 
mg 

---WHOLE ROOT SYSTEM---
7.5 cm 

n mean range s 
mg 

12.5 cm-
mean range 

mg 
WARM TREATMENT 
line 309 3 162 146-184 20.1 3 241 190-310 62.1 1 230 230.0 0.0 
Seco 3 192 145-220 41.2 3 205 170-232 31.9 1 480 480.0 0.0 
Solum 3 189 174-200 13.4 3 235 183-295 56.7 2 575 530-620 63.6 
Cal Mariout 3 195 194-196 1.2 3 283 252-316 32.0 2 355 320-390 49.5 
Arivat 3 195 184-208 12.1 3 381 243-650 233.1 -- ... ... ... 
Gustoe 3 149 136-156 10.9 2 204 188-220 22.6 1 350 350.0 0.0 
Prato 3 147 140-152 6.1 3 274 213-380 91.9 -- ... ... ... 
Yemen line 3 157 154-162 4.2 3 227 163-277 58.2 -- ... ... — 

COLD TREATMENT 
line 309 3 285 260-310 25.0 3 426 340-483 75.7 3 460 380-520 72.1 
Seco 3 302 264-348 42.7 3 386 323-430 56.1 1 690 690.0 0.0 
Solun 3 294 254-332 39.2 3 348 313-377 32.7 1 307 307.0 0.0 
Cal Mariout 3 342 290-372 45.2 3 407 400-418 9.5 3 535 490-565 39.7 
Arivat 3 344 310-404 52.1 3 364 304-404 52.9 1 440 440.0 0.0 
Gustoe 3 413 235-550 161.4 3 407 360-453 46.7 -- ... ... ... 
Prato 3 284 244-324 40.0 3 513 390-610 112.4 -- ... ... ... 
Yemen line 3 298 262-368 60.6 3 333 292-405 62.6 2 530 480-580 70.7 



117 

Table 16 cont. Temperature and seeding depth effects on total weight of roots and shoot of 
eight barleys 

Genotype 
•2.5 cm-

range 

"8 

---SHOOT UEIGHT--
--7.5 cm--

n mean range 
mg 

12.5 em—-
mean range 

mg 

WARM TREATMENT 
line 309 3 130 100-175 40.0 3 188 168-213 23.0 1 220 220 0 

Seco 3 229 184-280 48.0 3 248 178-322 72.0 1 630 630 0 

Solum 3 166 148-203 32.0 3 261 193-315 63.0 2 695 630-760 92 

Cal Hariout 3 209 184-260 44.0 3 365 364-366 1.0 2 270 200-340 99 

Arivat 3 173 138-220 42.0 3 302 217-360 76.0 -- ... ... ... 

Gustoe 3 133 92-182 46.0 2 130 90-170 57.0 1 210 210 0 

Prato 3 138 122-170 28.0 3 518 240-1060 489.0 -- ... ... ... 

Yemen line 3 165 136-208 38.0 3 299 258-350 47.0 -- ... ... ... 

COLD TREATMENT 
line 309 3 381 296-496 103.0 3 458 357-512 88.0 3 415 350-495 74 
Seco 3 432 345-518 87.0 3 483 470-495 13.0 1 930 930 0 

Solun 3 344 220-432 111.0 3 386 360-423 33.0 1 420 420 0 
Cal Mariout 3 479 334-656 163.0 3 441 386-476 48.0 3 551 270-760 253 

Arivat 3 379 284-428 83.0 3 341 313-364 26.0 1 510 510 0 

Gustoe 3 628 245-897 341.0 3 411 80-590 287.0 -- ... ... ... 

Prato 3 355 264-444 90.0 3 348 10-575 299.0 -- ... ... ... 

Yemen line 3 417 354-452 54.0 3 434 390-462 39.0 2 645 340-950 431 
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Table 17. Analysis of Variance for total weight of seminal 
root, whole root, and shoot 

M E A N  S Q U A R E S  
Source of seminal whole 
Variation df root root shoots 

Temp 1 79347. 5 297015. 9 * 585436. 5 * 
Error a 2 17139. 2 14980. 9 14419. 4 

Depth 2 63147. 2 * 255028. 2 ** 262652. 1 * 
DxT 2 7059. 4 5660. 8 61886. 7 
Error b 7 11451. 0 15309. 7 32388. 2 

Var 7 3146. 9 4997. 3 ** 38851. 5 
VxT 7 5819. 3 * 14172. 0 ** 39365. 7 
VxD 13 2948. 0 7738. 8 ** 36990. 0 * 

VxDxT 10 4705. 3 * 11799. 4 ** 19001. 8 
Error c 59 2218. 8 2921. 4 19422. 1 

** (P<0.01) 
* (P<0.05) 

Table 18. Effect of temperature on total weight of roots 
and shoot 

Treatment n mean range 

Warm 
Cold 

seminal root system 

54 171 a9 100-53 
59 251 a 157-46 

n mean range 

whole root system 

54 241 b 136-650 
59 385 a 235-610 

Warm 
Cold 

shoot weight 

54 256 b 5 90-1060 
59 444 a 10-950 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 



500 r-
450 1 

400 -
350 -• 
300 -
250 1 

200 -

150 -
100 -

50 1 

0 -

seminal root system whole root system 

500 
shoot weight 

warm cold 
temperature 

Rgure 24. Temperature effects on weight of the seminal root system, 
the whole root system, and the shoot 



123 

The root organ has two main components, the seminal 

root system and the crown root system. Our results show a 

strong effect of temperature on the crown system, and on the 

whole root system, but a weak effect on the seminal root 

system. These observations suggest that the crown system is 

more responsive to temperature variation than the seminal 

root system, and that temperature effects on the crown 

system are in some way reflected by the whole root system. 

This suggestion has important implications in the process of 

variety development and crop management. If low temperature 

really increases the biomass of the root organ via crown 

root system, one could try to select genotypes with ability 

to develop heavy crown systems under cool environments in 

order to induce a large root organ to support a larger 

above-ground development. These are only suppositions based 

on results of this experiment, and therefore more research 

is necessary to verify this idea. 

The interaction between genotype and seeding depth for 

seminal root weight was non significant, however, 

significant interactions were detected for whole roots and 

shoots. Such interactions can be explained by the varying 

response of some genotypes to deep seeding. Some genotypes 

showed no response to seeding depth variation, some 

responded only to either 7.5 or 12.5 cm plantings, and 

others responded to all seeding depth treatments. Deep 
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seeding across genotypes and temperature treatments 

increased the total weight of the seminal root, whole root 

and shoot as shown in Table 19 and illustrated in Figure 25. 

Table 19. Seeding depth effects on total weight of roots 
and shoot 

Seeding 
depth n mean range 

seminal root system 

2.5 cm 48 179 b? 104-430 
7.5 cm 47 222 ab 100-530 
12.5 cm 18 281 a 157-390 

n mean range 

whole root system 

48 2479c 136-550 
47 330 b 163-650 
18 467 a 230-620 

shoot weight 

2.5 cm 48 297 b? 92-897 
7.5 cm 47 356 b 10-1060 
12.5 cm 18 502 a 200-950 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 

The mean values for total weight of roots and shoots of 

each genotype across seeding depths and temperatures are 

shown in Table 20 and illustrated in Figure 26. 

The analysis of variance showed no difference between 

genotypes for total weight of seminal root system and shoot. 

The absence of significant genotypic variation for seminal 

roots and shoots was probably due to some kind of 

compensatory effects among root components. As previously 

discussed, these cultivars showed some degree of variation 
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Table 20. Genotypic effects on total weight of roots and 
shoot 

Genotype n mean range n mean range 

line 309 
Seco 
Solum 
Cal. Mar. 
Arivat 
Gustoe 
Prato 
Yemen line 

seminal root system 

16 208 a9 113-340 
14 202 a 105-390 
15 202 a 123-360 
17 236 a 146-335 
13 229 a 132-530 
12 220 a 104-430 
12 210 a 108-460 
14 195 a 100-320 

whole root system 

16 31o'ab 146-520 
14 316 ab 145-690 
15 310 ab 174-620 
17 353 a 194-565 
13 330 ab 184-650 
12 305 b 136-550 
12 305 b 140-610 
14 293 b 154-580 

shoot weight 

line 309 16 309 a 100-512 
Seco 14 410 a 178-930 
Solum 15 352 a 148-760 
Cal. Mar. 17 393 a 184-760 
Arivat 13 315 a 138-510 
Gustoe 12 332 a 80-897 
Prato 12 340 a 10-1060 
Yemen line 14 374 a 136-950 

Within columns, means followed by the same letter are not 
significantly different at P = 0.05, according to Duncan's 
Multiple Range Test 
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for crown weight and seminal root weight at >40 cm, but no 

variation for seminal root at 0 to 20 cm and 20 to 40 cm. 

There were also large standard deviations within genotypes 

that resulted mostly from the strong effect of seeding depth 

treatments. The absence of variation for some components of 

the total root, and the presence of variation in others, in 

addition to large standard deviations, probably caused the 

lack of significant variation among cultivars for total 

seminal roots and shoots. 

RELATIONSHIPS BETWEEN CROWN CHARACTERISTICS 

AND THE ROOT SYSTEM 

The association between all four crown characteristics 

and all root components was measured by simple regression 

analysis, using the mean values from Tables 1, 6, 11 and 16 

(genotype x seeding depth x temperature). The independent 

variable (X) was the one related with the crown, and the 

dependent variable (Y) the one related with the root system. 

RELATIONSHIPS WITH CROWN NUMBER 

The association between crown number and other crown 

characteristics (deepest crown, shallowest crown, and crown 

weight) is illustrated in Figure 27. Crown number is closely 
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associated with deepest crown (r2 = 0.48) and crown weight 

(r2 = 0.39), but not with shallowest crown (r2 = 0.01). The 

positive relationship between crown number and deepest crown 

indicates that when the number of crown increases crown 

placement is deeper. As previously discussed, crown number 

and crown depth increased with deep seeding and low 

temperature in all genotypes. A graphic illustration of 

placement of each possible crown, up to four, is presented 

in Figure 28. The association between crown number and crown 

depth is mutually dependent. It is difficult to establish if 

one depends on the other. 

The relationship between crown number and crown weight 

(Figure 27) indicates that weight of the crown system 

increases with an increase in crown number. Therefore, a 

factor influencing crown number, is expected to influence 

crown weight. If every crown is a meristematic region with 

the potential to produce adventitious roots and tillers, 

then, the more crowns the more crown roots and tillers, and 

therefore the larger the crown system. 

Regression analysis showed close associations between 

crown number and seminal root weight at 0 to 20 cm (r2 = 

0.27), >40 cm (r2 = 0.36), and between crown number and 

total weight of the seminal root system (r2 = 0.36) as 

observed in Figures 29 and 30. The association between the 

crown system and the seminal root system raises several 
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questions: Is there any cause and effect in the relationship 

between the crown system and the seminal root system ?; Is 

the crown system actually more responsive to environmental 

variation than the seminal system as previously suggested ?; 

Do increased vegetative growth of the crown system affect 

growth potential of the seminal root system ?; Is it 

possible to achieve substantial changes in the total root 

system by inducing a large crown system ?. These and other 

questions need to be answered. What we can observe here is 

that there is a definitive association between crown number 

and weight of the seminal root system, and that such 

association is probably influenced by the general effect 

seeding depth, temperature, and genotype. 

The association between crown number and whole root 

system was higher (r2 = 0.40), than that between crown 

number and shoot weight (r2 = 0.21) as illustrated in Figure 

30. The strong relationship between crown number and whole 

root system is a good indication of the importance of crown 

number as a means of improving the biomass of the whole root 

system. 

The association of crown number with shoot weight 

suggests that crown number is a large component of the crown 

system, and that increasing number of crowns not only 

results in the improvement of the whole root system, but 

also in the improvement of the shoots. 
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RELATIONSHIPS WITH CROWN DEPTH 

A strong association was detected between crown depth 

and crown weight (r2 = 0.53) as shown by Figure 31. This 

association suggests that crown weight increases when the 

crown is placed deep. Deep crown placement is strongly 

associated with crown number, which in turn favors crown 

root development (and tillers), that results in a final 

increase in weight of the crown system. 

Deepest crown was also associated with shallowest crown 

(r2 = 0.43) as observed in Figure 31. Although, crown 

placement was highly influenced by seeding depth, 

temperature and genotype, in most cases, placement of the 

deepest crown was proportional to the placement of the 

shallowest crown. The range of crown placement was 

determined by the shallowest and the deepest crown, and any 

additional crown was found within that range. In general, 

the range increased with deep seeding and crown number, but 

was influenced by temperature and genotype. 

Deep crown was strongly associated with total weight of 

the seminal root system (r2 = 0.38) and its portions at 0 to 

20 cm (r2 = 0.30) and >40 cm (r2 = 0.54) as illustrated in 

Figure 32. Crown depth also showed a strong relationship 

with the whole root system (r2 = 0.49) as illustrated in 

Figure 33. The association between deep crown and root 
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weight and the role of seeding depth, temperature, and 

genotype have been disscused. Deeper crowns and heavier root 

systems were observed under deep seeding and low temperature 

in most genotypes. The increased association between deep 

crown and total weight of roots under deep seedings and low 

temperatures confirm the advantage conferred by a deep 

crowned genotype. As previously suggested, a deep crown can 

be induced by genotype and environment. 

A deep crown is desirable for various reasons. In 

winter cereals, a deep crown is important for winter 

survival, since the chance of frost injury increases with 

exposure of the crown to winter temperatures that 

predominate close to the soil surface. Crown root 

development depends on moisture availability around the 

crown. In cultural regimes where irrigation water or 

rainfall is limited after planting, a deep crown has more 

chance of being exposed to moist soil than a shallow crown. 

Crown root development is also inhibited, in most genotypes, 

by high light intensity, and a shallow crown is more exposed 

to high light than a deep crown. 

RELATIONSHIPS WITH CROWN WEIGHT 

Figure 34 shows the relationship of crown weight with 

seminal root weight at 0 to 20 cm (r2=0.64), 20 to 40 cm 
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(r2 = 0.16) and >40 cm (r2 = 0.68). The shallowest and 

deepest portions of the seminal root system showed stronger 

associations with crown weight, compared with the middle 

portion. 

The strongest associations were detected between crown 

weight and total weight of seminal roots (r2 - 0.72), whole 

root system (r2 = 0.92), and shoot (r2 = 0.77) (Figure 35). 

The strong relationship of the crown system with seminal 

roots and total roots indicate that the whole root system 

and its components is modified when the crown system 

changes. Thus, the crown system plays a very important role 

in the development of the root organ. The whole root system, 

its components, and the contribution of each component is 

illustrated in Figure 36. The effect of seeding depth and 

temperature on each component of the root system is also 

illustrated for each genotype. Total weight of the root 

system increases with deep seeding and low temperature in 

most genotypes. The contribution of the crown system to 

total weight of the whole root increases with deep seeding 

and low temperature in most genotypes. Our observations 

indicate that the crown system is a very important component 

of the root organ; that the whole root system changes in 

proportion to changes of the crown system; that the crown 

system is highly responsive to variations in temperature and 

seeding depth in most genotypes; that deep seeding and low 
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temperature have positive effects on the crown system and 

on the whole root system of most genotypes; that responses 

of the crown system to seeding depth and temperature 

variations are under genetic control; that different degrees 

of response to seeding depth and temperature can be expected 

from different cultivars. 
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EXPERIMENT II 

ABILITY TO EMERGE FROM DEEP PLANTINGS 

Results of experiment II (Table 21) indicated that 23 

(32 %) of the 72 lines had the ability to emerge from deep 

(12.5 cm) plantings. Percentage of emergence in the shallow 

planting (2.5 cm) ranged from 50 to 100 %, with a standard 

deviation of 11.5 and a mean of 87.9 %. For the deep 

planting, percentage of emergence, relative to the shallow 

planting, ranged from 0 to 44 %, the standard deviation was 

10.2, and the mean of 5.9 %. The mean difference in 

percentage of emergence between the shallow and the deep 

plantings was 93.3 %. This difference indicates that 

emergence from the deep planting was only 6.7 % relative to 

emergence from the shallow planting. 

The variation in percentage of emergence among the 23 

barley lines recovered from deep plantings is shown in 

Figure 37. There seems to be no relationship between 

emergence in the shallow plantings and emergence in the deep 

plantings as most of the lines with high percentage of 

emergence in the shallow plantings did not show high 

percentage of emergence in the deep plantings. 

Lines 24 and 46 (Solum) showed the highest percentage 

of emergence (38 and 44 % respectively) from deep planting, 



Table 21. Percentage of emergence of 72 barleys 
at two seeding depths (2.5 and 12.5 cm) 

EMERGENCE (%) 
line shallow deep 

1 90 0 
2 90 0 
3 90 0 
4 80 25 
5 100 0 
6 90 22 
7 100 10 
8 100 20 
9 100 0 
10 100 0 
11 100 0 
12 80 0 
13 90 11 
14 90 22 
15 90 11 
16 100 0 
17 90 0 
18 80 0 
19 70 0 
20 70 0 
21 80 0 
22 80 0 
23 100 20 
24 80 38 
25 100 0 
26 90 0 
27 70 0 
28 100 0 
29 80 0 
30 100 0 
31 60 0 
32 90 11 
33 90 0 
34 90 11 
35 100 20 
36 90 0 

EMERGENCE (%) 
line shallow deep 

37 60 0 
38 100 0 
39 90 22 
40 90 0 

41 (309-1) 90 0 
42 (Signal) 90 0 
43 (Bold) 80 13 
44 (Arivat) 70 0 
45 (Seco) 90 11 
46 (Solum) 90 44 

47 90 11 
48 100 30 
49 90 0 
50 100 0 
51 90 0 
52 90 0 
53 100 30 
54 100 10 
55 100 0 
56 80 0 
57 90 11 
58 90 0 
59 90 
60 60 0 
61 80 0 
62 80 0 
63 100 10 
64 70 0 
65 90 11 
66 100 0 
67 100 0 
68 80 0 
69 80 0 
70 100 0 
71 50 0 
72 80 0 

max 100 44 
min 50 0 
sdev 11.5 10.2 
mean 87.9 5.9 
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which contrasts with the poor or null emergence observed in 

the other lines. The degree of variation among genotypes for 

emergence ability observed in this experiment confirms the 

existence of a tremendous genetic variability in barley for 

emergence under deep plantings. Natural and/or artificial 

selection for emergence ability under deep plantings seems 

to be a very uncommon condition in wild and/or cultivated 

barley since deep seeding is very unlikely to occur. 

However, it seems that there is some genetic potential for 

emergence ability stored in some cultivars. The 

physiological and genetic mechanisms controlling the ability 

to emerge from deep plantings in barley are unknown. 

CROWN NUMBER AND PLACEMENT 

Table 22 shows the number of crowns per plant and range 

of crown placement (deepest and shallowest crown) of the 23 

barleys recovered from deep plantings. Crown number per 

plant across genotypes ranged from 1 to 7. The plant showing 

the most crowns (7 crowns) was obtained from line 39. The 

lowest number of crowns (1 crown) was observed in 11 lines. 

Average crown number per plant across genotypes ranged 

between 1.8 and 2.1. The maximum crown number per plant for 

the 23 lines is illustrated in Figure 38. The deepest and 

the shallowest crown of the 23 lines is shown in Figure 39. 



Table 22. Crown number and placement of 23 barleys 
recovered from deep seedings (12.5 cm) in 
the greenhouse 

CROWN NUMBER CROWN PLACEMENT 
line obs* min 

-4-
max deepest shallowest 

4 2 
JT 
2 

w 
2 

CHI 
11.5 3.9 

6 1 1 1 3.9 3.9 
7 1 1 1 6.3 6.3 
8 2 1 1 12.5 5.3 
13 1 2 2 12.5 7.7 
14 1 1 1 3.5 3.5 
15 1 2 2 2.9 2.0 
23 2 3 3 7.5 3.5 
24 3 1 2 9.5 4.9 
32 1 2 2 4.5 3.3 
34 1 1 1 2.5 2.5 
35 1 3 3 12.5 4.1 
39 2 5 7 4.0 0.0 
43 1 2 2 2.9 1.5 
45 1 1 1 4.5 4.5 
46 4 1 3 7.5 3.7 
47 1 4 4 6.9 2.7 
48 3 1 3 8.9 4.9 
53 3 2 2 9.8 6.9 
54 1 1 1 4.3 4.3 
57 1 1 1 5.9 5.9 
63 1 2 2 10.9 4.5 
65 1 2 2 8.1 7.5 

max 4.0 5.0 7.0 12.5 7.7 
min 1.0 1.0 1.0 2.5 0.0 
sdev 0.9 1.0 1.3 3.3 1.8 
mean 1.6 1.8 2.1 7.1 4.2 

(*) obs = number of observations or plants 
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Crown depth ranged from 0.0 cm (line 39) to 12.5 cm 

(line 8). The average deepest crown across the 23 lines was 

7.1 cm, while the average shallowest crown was 4.2 cm. The 

range of crown depth given by the shallowest and deepest 

crown shows a large variation for crown placement among 

these lines. 

The high variation for crown number and placement among 

genotypes was maintained under conditions of high 

temperature (up to 45 C). A particular plant from line 8 

developed no sub-crown internode at all, and it seems to 

have a stem arising from the seed.. Such plant was 

identified and isolated because it seems to develop a unique 

and non-typical crown system, which calls for more research 

in this area. 

DESCRIPTION OF CROWN ROOT SYSTEMS 

Crown root systems were described based on observations 

on crown number and placement of the 23 barleys recovered 

from deep plantings. Three main types of crown system were 

detected according to the number of crowns. Crown types 

were: (l) unicrown, (2) bierown, and (3) multicrown. Each 

type in turn showed some variants. Crown types and variants 

are described in Table 23, and illustrated in Figure 40. 
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Table 23. Classification and description of crown root 
systems based on 23 barley lines recovered from 
deep (12.5 cm) plantings 

CROWN ROOT SYSTEMS 
(Crown types* and Variants**) 

m UNICROWN TYPE 

(l.a) 

Most common type. 
No coleoptile 
tiller. 
All crown roots 
and tillers arise 
from one main 
und i f f erent iated 
single crown. 

( 2 )  BICROWN TYPE 

( 2 . a )  

Two main crowns. 
No coleoptile 
tiller. 
Crown roots and 
tillers arise 
from each crown. 

(l.b) 

One main crown and 
coleoptile tiller. 
Crown roots and 
tillers arise from 
one main single 
undi f ferentiated 
crown. 

(l.c) 

The main crown arises 
at the seed, thus, no 
subcrown internode 
develops. Crown roots 
and tillers arise 
from the main crown 
at the depth of seed
ing. Secondary crowns 
may arise from the 
stem or tillers. 

(2.b) 

Two main crowns and 
a coleoptile tiller. 
Crown roots and 
tillers arise 
from each crown. 

(2. c) 

Two main crowns. 
A third crown may 
arise from the 
subcrown internode 
with crown roots, 
but no tillers. 

m MULTICROWN TYPE 

(3.a) 

2-row shallow 
multicrown barley. 
Lateral arrangement 
of nodes and tillers. 
High capacity for 
tillering and crown 
root development at 
each node. Typical 
of two-row barleys. 

(3.b) 

6-row deep multi-
crown. Most crown 
roots and tillers 
arise from several 
nodes along the 
culm. Longitudinal 
type resulting from 
differentiation of 
a main thick crown. 

(3.c) 

6-row multicrown 
type with a node 
at the subcrown 
internode, from 
which, crown 
roots, but no 
tillers, may 
develop. 

(*) crown types based on crown number; (**) crown variants 
based on crown placement and distribution 
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Figure 40. Types and variants of the crown root system of barley 
under deep seeding 
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The classification and description of crown systems was 

based on the degree of crown differentiation, crown 

placement, and crown distribution. 

The unicrown type consists of a main single crown from 

which all crown roots and tillers develop. In most cases, 

the crown meristem is not differentiated into nodes and 

internodes. The elongation of the subcrown internode, (the 

internode below the crown), is highly variable, ranging from 

no subcrown internode elongation in one cultivar, to a long 

subcrown internode in others. In those plants that have no 

subcrown internode, the main crown is located at the depth 

of seeding, from which the culm, tillers and crown roots 

arise. The culm and tillers arising from the crown may 

develop additional nodes below the soil surface, which in 

turn may develop crown roots and tillers. 

In plants or cultivars with a long subcrown internode, 

the main crown is located relatively shallow, but additional 

nodes may arise somewhere along the subcrown internode. The 

nodes arising at the subcrown internode may develop crown 

roots but no tillers. 

The coleoptile node located at the seed level may 

develop a coleoptile tiller in some cultivars, but not in 

others. The development of a coleoptile tiller is apparently 

related to the amount of reserves stored in the seed, but it 

seems not to be related to a particular type of crown. 
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The bicrown type consists of a system that develops two 

main crowns from which crown roots and tillers develop. The 

bicrown system is in reality a thick crown differentiated 

into two crown-portions. The second crown arises from the 

culm of the first crown, however, although they never 

separate widely from each other, the first crown is always 

deeper than the second one. 

Depth of both crowns varies among cultivars, and is 

determined by the elongation of the subcrown internode. Some 

cultivars develop a node at the subcrown internode from 

which crown roots, but no tillers, may develop. Other 

cultivars make a coleoptile tiller, but cultivars having 

nodes at the subcrown internode, in addition to a coleoptile 

tiller, were not observed. 

The multicrown type is characterized by a high 

frequency and well distribution of nodes. The high frequency 

and distribution of nodes seems to have a different 

explanation for two-row and six-row barley. In two-row 

barleys, the multicrown or multinode type has a wide 

arrangement, and it seems to result from a high tillering 

capacity of each node, and, to the short elongated 

internodes of each tiller. The main crown of this type makes 

some tillers that develop 2 or 3 nodes each, that in turn 

branch into 2 or 3 tillers, which in turn make nodes that 

may produce tillers, and so on. Thus, nodes and tillers of 
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this type of barley have a logarithmic increase with lateral 

branching. The capacity of each node to produce crown roots 

and tillers varies among cultivars and is in some way 

inhibited by light intensity, low moisture, and plant 

competition. 

The multicrown type in six-row barleys originates from 

a thick crown that becomes well differentiated into several 

nodes and short internodes along the culm. Usually, the main 

crown of this type is deep, therefore, most nodes arising 

along the culm become located below the soil surface. Each 

node of the culm develop one or two tillers that in turn may 

develop nodes below the ground. Normally, all nodes located 

under the ground develop crown roots and tillers, except 

those nodes located at the subcrown internode when it is too 

long. All tillers arising from nodes at the culm or from 

nodes of tillers, usually stay strongly attached to each 

other giving the characteristic longitudinal arrangement of 

six-row barleys. The longitudinal arrangement of nodes in 

six-row barley is given by the short separation of nodes 

from a single thick crown, which contrasts with the lateral 

arrangement observed in two-row barley, given by a high 

branching capacity of each node not present in six-row 

barleys. 

In summary, the multicrown type had three variants: (a) 

shallow multicrown with lateral distribution of crowns, 
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typical of two-row barleys; (b) deep multicrown with 

vertical distribution of crowns, typical of six-row barleys; 

(c) multicrown with nodes at the subcrown internode giving 

rise to crowns roots, but no tillers. 
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SUMMARY AND CONCLUSIONS 

The crown system, defined as the crown number, crown 

depth and crown weight, is a very important component of the 

root organ as it is a potential source of adventitious roots 

and tillers. 

The crown system is highly responsive to variation in 

seeding depth and temperature. Crown number, crown depth and 

crown weight increase with deep seeding and low temperature 

in most genotypes. 

There exists some variation among genotypes for crown 

characteristics. The variation in crown number, crown depth 

and crown weight among genotypes increases with deep seeding 

and low temperature. 

Deep seeding and low temperature reduce percentage of 

emergence and rate of emergence in most genotypes. 

Ability to emerge from deep plantings is a mechanism 

that is not very well understood in barley. There has been 

little natural or artificial selection for ability to emerge 

from deep plantings. Therefore, some degree of variation 

among and within small grain cultivars for emergence ability 

should be expected with deep seedings. 

Changes in weight of the crown system are accompanied 

by changes in weight of the seminal root system. The 

relationships of crown characteristics with seminal root, 
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total root and shoot are stronger with deep seeding and low 

temperature in most cultivars. 

Substantial improvement of the root system can be 

obtained by direct selection of genotypes and cultural 

practices aimed to enhance the development of the crown 

system. Enhancement of the crown system of spring barley may 

have important implications under cultural regimes where 

irrigation water or rainfall is limited after planting. 

The success of improving the total root system of 

plants based on a large crown system implies the use of 

genotypes with good ability to emerge, and adequate 

potential to attain a substantial crown system, under deep 

seedings. Selection for ability to emerge and deep 

multicrown genotypes, under deep plantings, should be 

addressed by plant breeders. 

Crown root systems under deep seedings can be 

classified and described according to crown number, crown 

placement, and crown distribution. Three types of crown root 

systems with three variants for each type were classified 

and described based on observations of 23 barley lines 

recovered from deep plantings (12.5 cm). 

Line 8 from experiment II, had a plant that developed 

no subcrown internode when planted at 12.5 cm. This plant 

was grown to maturity and seed harvested for further 

research. 
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