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Abstract:
Hannchen and Betzes barley lines (Hordeum distichum L.) iso-genic for leaf width (narrow, midwide
and wide) were evaluated for their influence on water-use efficiency (WUE) 1973-1975. The effects of
three planting patterns; 30.5 cm between rows and 6.6 cm within rows, 15.2 cm between rows and 13.2
cm within rows, and 15.2 cm between rows and 6.6 cm within rows, on WUE were evaluated in 1973
using Hannchen isotypes.

Total evapotranspiration (ET),yield and WUE were consistently lower for the wide-leaved isotypes.
Yields of the narrow and mid-wide-leaved isotypes were similar in 1973 and 1975. The midwide
isotype had the greatest WUE in 1974 and 1975, but did not differ from the narrow isotype in 1973.

The higher density planting in 1973 (802,000 plants/ha) produced a 12.4% higher yield (3620 kg/ha)
than planting in 30.5 cm rows at the lower density (414,000 plants/ha). When planted in a near
equidistant pattern at the lower density, yields were similar to the higher population density and
exceeded yields obtained from 30.5 cm row spacings at the same lower density. The more uniform
distribution of plants at the lower population density also pro-duced a 14% higher stand establishment.

The wide-leaf isotype produces fewer tillers per plant, but more kernels per ear and a higher weight per
kernel.

Stomatal density differed between varieties and among iso-types and decreased with each successively
lower leaf on a plant tiller. Mean stomatal aperture lengths differed between varieties, among isotypes,
among leaf positions on a tiller, and between adaxial and abaxial surfaces of leaf blades. There was an
inverse relationship between stomatal density and aperture length.

Root data suggest that lateral root branching of the Hannchen narrow-leaved isotype is not as extensive
in the upper soil profile as it is for the other two Hannehen isotypes.

Root data and stomatal observations could not be correlated with water use or WUE.

Altering barley leaf width affects yield and yield components, stomatal density and aperture length, leaf
area duration, cumulative water use, and WUE. 
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. ABSTRACT.'
Hannchen and Betzes barley lines (Hordeum distichum L.) iso

genic for leaf width (narrow, midwide and wide) were evaluated for 
their influence on water-use efficiency. (WUE) 1973-1975. The effects 
of three planting patterns; 30.5 cm between rows and 6.6 cm within 
rows, 15.2 cm between rows and 13.2 cm within rows, and 15.2 cm 
between rows and 6.6 cm within rows, on WUE were evaluated in 1973 
using .Hannchen isotypes.

Total evapotranspiratioh (ET),yield and WUE were consistently 
lower for the wide-leaved isotypes. Yields of the narrow and mid- 
wide-leaved' isdtypes were similar in 1973 and 1975. The midwide 
isotype had the greatest WUE in 1974 and 1975, but did not differ 
from the narrow isotype in 1973.

The higher density planting in 1973 (802,000 plants/ha) 
produced a 12.4% higher yield (3620 kg/ha) than planting in 30.5 cm 
rows at the lower density (414,000 plants/ha). When planted in a . 
near equidistant pattern at the lower density, yields were similar 
to the higher population density and exceeded yields obtained from 
30.5 cm row spacings at the same lower density. The more uniform 
distribution of plants at the lower population density also pro
duced a 14% higher stand establishment.

The wide-leaf isotype produces fewer tillers per plant, but 
more kernels per ear and a higher weight per kernel.

Stomatal density.differed between varieties and.among iso
types and decreased with each successively lower leaf.on a plant 
tiller. Mean stomatal aperture lengths differed between varieties, 
among isotypes, among leaf positions on a tiller, and between 
adaxial and abaxial surfaces of leaf blades. ’ There was an inverse ' 
relationship between stomatal density, and aperture length.

Root data suggest that lateral root branching of the Hannchen 
narrow-leaved isotype is not as extensive in the upper soil profile 
as it is for the other two Hannehen isotypes.

Root data and stomatal observations could not be correlated 
with water use or WUE..

Altering barley leaf width affects yield and yield components, 
stomatal density and aperture length, leaf area duration, cumulative 
water use, and WUE.



INTRODUCTION
Plant life is completely dependent upon water. It constitutes 

more'than 80% of most actively metabolizing plant cells and tissues. 
At every stage of plant development, the availability of water influ
ences the direction and extent of differentiation. In the semiarid 
regions of the world, cereal crop production is limited primarily by 

moisture availability.
Water use from soil profiles is usually estimated as total 

evapotranspiration (ET) during the growing season. ET includes both 
evaporation from the soil (E) and transpiration from the plant (T). 
Rapid production of ground cover by plants will reduce water loss by 
E early in the growing season, thus conserving soil moisture for 
plant use. Most water removed from the soil by plants diffuses into 
the surrounding air by transpiration. If plant transpiration can be 
reduced without a corresponding reduction in yield, or if plant water 
use can be made more efficient, grain production from the available 
water can be increased and barley production can be enhanced in arid 

climates.
The relative amount of leaf area in a crop canopy affects not 

only photosynthetic potential, but also the amount of transpiration. 
Also,heat loss from a plant canopy appears to be inversely related to 

the characteristic leaf size. Numbers and size of stomata may 
influence the amount of transpiration per unit of leaf area. .Exten
siveness of plant root systems may determine what proportion of total
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soil moisture the crop can. extract from different soil depths.

This study was initiated to compare the effect of different 
barley leaf width isotypes on water-use efficiency (WUE). Changes 
in characteristics associated with different leaf width genes, 
principally rooting patterns, stomatal densities and aperture lengths, 
grain yield components, and vegetative development patterns, were 
also examined for modification of WUE.



REVIEW OF LITERATURE
Available moisture usually limits yields of crops grown on 

semiarid lands, receiving less than 50 cm annual rainfall (34). Not 
only is total rainfall insufficient, but rainfall distribution often 
does not coincide with plant requirements for water, resulting in 
below maximum yields. Efficient use of available soil water then, 
becomes an important factor in determining what percentage of the 
maximum yield potential is realized.

The Influence of Water Stress oh Plant Development 
Plant growth occurs by the division of cells in localized 

regions and by the expansion and enlargement of these cells. Differ
entiation of plant tissues, both in form and function, results from 
specialization of cells formed in the meristematic regions. This 
specialization of cells controls the final shape of the mature plant. 
The terms plant development and morphological development are used 

interchangeably throughout this text, as referring to the■combined 

activities of growth and differentiation.
Plant growth is controlled directly by the effect of internal 

water stress on turgor and only indirectly by the soil water content 
(27). Plant water stress occurs when plant cells and tissues are 
less than fully turgid. Since plant water is absorbed by the root 
system and lost primarily through transpiration (62), plant water 

stress develops when water loss exceeds water absorption. Since 
there is considerable resistance to movement of water through plants
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and soil, water uptake commonly lags behind water loss (28). There
fore, measurement of the water status of the plant should, give a 
better prediction of the influence of drought on morphological develop
ment than measurement■of soil moisture content.

Almost every process occurring in plants is affected by water 
deficits. With this, close relationship between plant water status 
and plant development, even small water shortages can significantly 
reduce plant development (58). Not only is total growth diminished, 
but changes occur in the patterns of growth. Increased water deficits 
of a few bars (I bar = 1.02 kg/cm2) may affect photosynthetic pro

cesses, reduce growth and influence physiological processes building 
sinks for storage of photosynthates (54). As water stress becomes 

more severe, the rate of cell division is usually markedly reduced 

and cell enlargement virtually ceases (16). As metabolic processes 

slow down, respiration gradually decreases (62).
Plantd subjected to prolonged water stress will generally 

exhibit changes in morphological development such as smaller leaves, 
smaller cell size and reduced plant height (26). Stomatal density.
(6, 8), rooting density (27), leaf area (64, 66) and grain yields 
(I, 30) are reduced under conditions of water stress. Collective 

data support the contention that the organ which is growing most 
rapidly at the time of stress, is the one most severely affected (27).

■ Water becomes progressively less available to the plant as
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water content of the soil decreases. Thus, as soil water content 
declines, water uptake also declines, reducing transpiration. If a. 
moisture stress persists, a permanent reduction in plant growth will 
occur (62) since maintenance of cell turgidity is essential for 
continued extension of cell walls.

Water Stress and Its Effect on Barley Root Growth 
Water movement within the soil occurs along gradients of de

creasing water potential (15, 55). Depletion of soil moisture by 
root absorption can create a gradient conducive to water uptake when 
the pull exerted by plant roots is greater than the force imposed by 
the soil matrix (55). The movement of water through the soil to the 
plant root, however, will seldom exceed ,4 cm (55).. With high soil 
moisture content, the extensiveness of the plant root system is less 
important as there is greater contact of.roots with available soil 
water. In unsaturated soils where water movement through the soil 
is too slow to supply plant water requirements, roots must penetrate 
new soil zones making contact with soil water held at a lower ten
sion than the force exerted by the roots (46).

In general, the greater the volume of soil containing a plant1
root system, the greater the amount of water available.to the plant 
and the longer it can survive without replenishment of soil water. 
Breizeale (4) studied root systems in soils of differing moisture 
potentials. He concluded that roots can elongate into,and absorb

nutrients from,dry soil where water is unavailable to the plant.
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provided that a portion of the root system is in moist soil. Roots 
in wetter soil can transport water to the roots in drier soil and an 

increase in the soil moisture content of the drier soil can occur as 

a result of root exudation.
Roots penetrate most soils partly by growing through existing 

voids and partly by moving soil particles from the path of root elong
ation (59). Successful root, development .and subsequent functioning 
as absorbing surfaces depends largely upon the extent of opposition 
offered by the soil. This opposition changes in response to water . 
supply, aeration and mechanical resistance of the soil.

The potential for rapid extension of root systems growing in 

favorable environments is phenomenal. Richards and Wadleigh (51) 
found that a single rye (Secale cereale L.) plant grown four months 
in 0.28 up of soil, produced an average of 5.05 km of root length 
per day. From the average diameters of the roots and root hairs., they, 
estimated that new root production came in contact with a cylinder of . 
soil 2 mm in diameter and 5.05 km long daily. The fact that the same 
volume of soil was being exploited repeatedly by different roots, 
suggests that even greater root extension .is possible under unconfined 

field conditions. In soils which have a low water holding capacity, 
even under saturated conditions, increasing effective rooting depth 

would increase the potential for meeting plant water demands.
The total surface area of roots and the distribution of root
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systems are usually reduced when grown in competition with other root 
systems of the same or different species (29). Pavlychenko (45) 
reported that the total root length in root systems of barley (Hor.d- 
eum . sp.) and wheat (Triticum sp.) was nearly 100 times longer when 
grown without competition than when grown in rows 12 cm apart. Kirby 
and Rackham (26),working under field conditions with varying soil 
moisture contents, found that with increasing competition, most of 
the barley roots in all moisture regimes could be found above a soil 
depth of 30 cm. Although the plants in the higher population dens
ities had less extensive root systems, they had higher root weights 
per unit volume of soil and roots were even more concentrated in the 
upper soil layers, especially above a soil depth of 12 cm. All soil 
water measurements showed.appreciable extraction of water down to the 
greatest depth measured which was 1.2 meters.

Scientists do not agree whether roots located at a distance 
from the stem of a plant are as effective in absorbing water as those 
located nearby. Researchers have consistently shown that plant sur

vival is linked to the extensiveness of the root system (35, .37, 57). 
Taylor's (60) work with corn (Zea mays L.) indicated that, at any 

given time, roots deeper within the profile extract water more effect
ively per cm of root length than do foots nearer the soil surface. As 

this pattern of water extraction was consistent for the entire growing 
season, this greater effectiveness of deeper roots was attributed



-  8 -

mostly to the roots being younger, less crowded and present in wetter 
soil. Gardner (15) determined that the rate of water uptake per unit 
length of root is proportional to the total transpiration fate and 
inversely proportional to the effective length of the root system.
His work did not indicate, however, whether the absorption efficiency 
of distal root portions was greater than proximal root portions or if 
efficiency was relatively constant throughout the. root system.

Davis (7) reported that when most of the soil near corn roots 
was reduced to the permanent wilting point, roots in moist soil at 
a distance of one meter or more from the stem were unable to extract 
water fast enough to prevent the plants from wilting. Pearson (46) 
found that root extension decreases as soil moisture decreases, but 

he also observed that rooting depth can be restricted by increasing 
soil moisture within the available moisture range. Plant roots in 

continuous contact with saturated soil elongate at a much slower rate 
than roots growing in systems where available water is maintained at 

levels lower than saturation. Salim et al. (52) also found little or 

no penetration by barley roots when they encountered soil dry enough 
to prevent water uptake. It appears that although the pattern of 

water uptake in a root zone is dependent upon root distribution, root 

permeability and the available water content in the soil, the distance 

of the root from the stem is less important than the extent of root 
contact with soil containing available water.
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Water Stress and Its Influence on Stomata
There has been disagreement concerning.the possible value of 

transpiration to a plant. Most of the water.lost from plants is by 
evaporation from the internal leaf surfaces. Many scientists believe 
transpiration is an inherent plant function, unavoidable because of 
the structure of leaves and necessary for conducting efficient gas
eous exchange with the atmosphere (27, 62). The question usually 

arises whether a reduction in.the amount of water transpired by a 
plant would also reduce growth and plant development, and if. so, by- 

how much?
Because transpiration is primarily a passive phenomenon, it 

does not necessarily cease at any given stress level . (54). Trans

piration is slowed, however, when the plant is subjected to moisture 
stress. The chief means by which transpiration is reduced is by 
stomatal closure (36, 50). Drying of the' intercellular spaces and 
dehydration of the leaf cuticle (62) also reduces transpiration.

Stomatal closure is induced during the early stages of moisture 
stress and stomata will remain closed if a water shortage persists (36). 

The degree of stomatal closure is dependent upon the water, deficit 
within the plant, previous stresses imposed upon the plant, the plant 

species and the evaporative potential of the atmosphere (62). When 
stomata close, transpirationsI loss by the leaf is greatly reduced.
The greater the stomatal closure, the greater the reduction in water
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Glover (18) observed the effects.of drought on."stomataI behavior 
in corn crops grown in Kenya. After several days of severe drought 
stress where the stomata remained closed, they would completely re
cover within two days if the soil water supply was replenished. When 

water was added to the soil following dry periods longer than one 
week in duration, the stomata would open to less than one half the . 
normal aperture, even though the.leaves completely recovered their . 
turgor and resumed their normal functioning. Stomata on leaves that 
developed following the drought period were not affected "by the 
stress conditions imposed on the stomata of the older plant leaves. 
Eventually, the plant consisted of two types of leaves, those with 
stomata which could not open fully, and those with normal stomataI 

responses. Glover concluded that the c o m  plant.was better able to 

adapt to and survive drought stress at an earlier stage of develop
ment than if stressed at a later development stage when all leaves 
have developed. This pattern of stomatal response has not been 
studied or observed in barley.

In a given barley leaf, the developmental stages of the stomata 
occur in sequence and the stomata develop in parallel rows (10).
As barley leaves develop and mature in sequence from the bottom of 

the plant upward, it is possible that the stomatal- response to drought

loss (36, 43). By the time a plant shows visible symptoms of moisture
stress, the stomata are usually completely closed (36).



-  11
stress in barley plants may be similar to that in corn. Presumably, 
plants having greater ability to control stomata! apertures in- 
response to moisture tension,'would.be better suited for semiarid 
environments.

Marked variations in the density (number per unit of leaf area) 
and size of stomata occur not only among different varieties of the 
same species, but also within individual varieties (8, 9, 17). The 
greatest variation is usually observed in densities father than in 
size. Miskin and Rasmussen’s (39) work with barley showed that the 
flag leaf had the highest stomataI density of the leaves examined.
Each leaf below the flag leaf, had a significantly lower stomatal 
density than the leaf immediately above it. Their observations also 
indicated that differences in stomatal density of barley leaves do not 
exist between adaxial and abaxial leaf surfaces.

Environmental factors during growth influence, stomatal number 
per unit area at a given leaf position within the same, species or var
iety (10, 36, 39). Investigators have also observed difference with

in species and varieties in the total length of stomatal pore per unit 
area (the number, of stomata per unit of leaf surface multiplied by 

the average pore length) (8, 19, 41). The difficulty in correlating 

plant water loss directly with stomatal density is due principally 

to the environmental influences on density and to the inverse relation

ship usually found between stomatal length and stomatal density (32,68).
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Recent work with stomata.has shown that open pore width may be the 
most important factor in estimating the amount of water lost by a 
plant (32, 55). Because stomataI development and function is 
highly influenced by environment, many researchers have measured the 
resistance of the leaf to gaseous diffusion to assess a plant’s res
ponse to water stress (22, 23).

Evapotranspiration and Water-Vse Efficiency in Barley 

Soil moisture losses include evaporation from.the soil surface 
as well as transpiration losses from the plants. Under high soil 
moisture conditions, available soil water may also be lost by water 
moving below the plant root zone (56). When downward water move
ment is negligible or is ignored, the combined.evaporation of water 
from soil and plant surfaces is commonly termed evapotranspiration 
or ET (55). In practice, it is difficult to separate water loss by 
soil evaporation from water loss by transpiration. Procedures for 
separating these two components are described by Slatyer (55) and 

involve empirically calculating soil evaporation from measured meteor
ological variables. ET can be estimated by using any one of several • 
methods (33, 55) including; gravimetric sampling, the neutron scatter 

method, lysimeters, energy balance measurements and vapor flow measure 
ments. Assuming no water loss from downward percolation, ET may be 
estimated as the difference between the soil water content at two 

different times plus the rainfall during that interval.
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Evaporation from soil and transpiration from plants are con

sidered alternate pathways for water movement to a surface for 
diffusion into the atmosphere. Evaporation from uncropped soil sur
faces or ET from soil surfaces having limited plant leaf coverage 
will,in most cases, be less than ET from soil surfaces covered by 
dense vegetation (31). Increases in plant densities, plant height 
or leaf area per plant increase ET. The ratio of evaporation from 
plant surfaces to evaporation from soil surfaces will increase as 
the crop matures, at least until demand for water by the crop de- 
dines(31). Evaporation from bare soil fluctuates with moisture 

content near the soil surface. In general, as available moisture 

declines near the soil surface, the rate of water evaporation from 

the soil also declines.
Kirby (25) found that with heavy rainfall during the first 

two months of the growing season, only slight differences in soil 
water content existed among barley canopies with differing densities 

After the initial two months of growth, ET was more rapid for the 
higher plant densities until grain filling when ET was more rapid 

for the lower plant densities. Kirby felt that the differences in 
ET prior to anthesis were due primarily to differences in rooting 
densities and that the reduced ET under the higher plant densities 
later in the growing season resulted from less available soil water 

remaining in the profile at higher densities.
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Felton (47) found that when rainfall was limiting throughout 

the growing season, ET- from spring wheat was greatest at the highest 
density and least at the lowest density. He was of the opinion that 
the influence of plant density on ET was probably due to differences, 
in leaf area index (LAI). .

Both Kirby and Felton observed that total ET for the.entire 
growing season was similar for all plant densities, even though the 
timing of water use was different. Kirby, in his measurements of 
soil moisture, found the rate of moisture loss was greatest in the 
uppermost soil stratum and decreased progressively in deeper strata, 

which substantiated his belief that the pattern of water loss in the 

soil is similar to the rooting pattern'.
WUE has been defined by Viets (64), as the ratio of the dry 

matter production to the amount of water -transpired by a crop in the 
field. Transpiration ratio is defined as the units (weight or mass) 

of soil water required per unit of above ground dry matter produced. 

When a crop is being grown for grain, WUE is usually calculated on 
the basis of grain yield instead of total above ground dry matter 

production.
The efficiency of water use varies among crop plants. Gen

erally , the greater the total dry matter yield, the more efficiently 
the water is used since dry matter production increases more rapidly 
than water loss (27). As evaporation .from soil and plant surfaces
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both represent a loss of available soil moisture during a growing 
season, WUE is usually calculated from ET values.

The Contribution of Yield Components to Barley Grain Yield
It is difficult.to account for variations in grain yield by 

observing the development of the crop plant. ' The influence of 
environmental conditions on the plant's physiological processes and 
the interrelation between the different physiological processes and 
the genetic potential of the plant affect the final grain yield 
expressed (65). Since cereal crops are grown primarily for their
seed yield, the evaluation of the components* of grain yield is often

- . . . '
used to integrate the factors contributing to grain yield (40).
Yield components are sequentially determined. Once a component's 
maximum potential has been determined, its final expression is con
trolled by the influence of environment, on it and subsequent yield 
components.

The effectiveness of selecting for a single component to 
increase yield is complicated by the compensatory effects exhibited 

by the other components (40, 49). It follows that maximum grain 
yield of a crop may depend upon the compensatory effects of yield 
components, but a severe restriction in development of any component 
by the environment may limit development of one yield component so 
much that compensation by the other components cannot possibly be

T i I  c m  -h .Q

area
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great enough to realize the maximum yield potential.

Most fields of cereal crops consist of populations with similar 
genetic constitution. The greatest expression of individual plant 
potential is usually obtained when individuals are space planted to 
eliminate competition among neighbors (38). .As population density is 
increasedj each plant modifies the environment of adjacent plants, 
providing conditions less favorable for growth and thereby altering 
individual plant development (21, 61). Barley grain yields reach 
a maximum as plant density increases, after which additional increases 
in density reduce yield (20, 24).

Kirby (25) found that the main effect of increasing the density 
of barley plants was to increase the number of ears per unit area. 
Even' though ear number per plant, spikelet.number per ear and weight 
per grain all decreased with increasing plant density, ear and spike- 

let number per unit ground area were highest in the densest popu
lations. Willey (67) also found that barley ear number per unit 

ground area continued to increase through the highest plant popu
lation studied. Both concluded that when population density is 

altered, the number of fertile spikes per unit of ground area is 
the most limiting component of grain yields. Paris (14) observed 
that if the number of barley plants per. unit area is kept constant, 
the .number of seeds per fertile head is the component most closely 
associated with grain yield.
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The greater the number of .kernels produced per unit of ground ' 
area, the higher the yield attained. Below a given population den
sity, increased tillering, even when accompanied, by compensation in 
other yield components * cannot attain maximum potential for kernel 
number per unit ground area (5). Ear number, and to a large extent, 
kernel number per unit of ground area, is restricted by the number 
of surviving fertile tillers produced. The product of plant den
sity, fertile heads per plant and kernels per head, determines 
kernel number produced per unit of ground area.

Because yield components are interdependent, increases in one 

are often accompanied by decreases in one or more of the others.
When near optimum seeding rates are used, tillering probably becomes 
the most important compensatory mechanism in yield determination (3). 

Tillers failing to produce fertile ears may still be of some value 
in maintaining a continual supply of nutrients and carbohydrates to• 

the ear bearing shoots during the later stages of kernel develop

ment when moisture is not limiting (42, .49). The extent of the con
tribution of infertile tillers has been debated under nonirrigated 
conditions due to their depletion of soil moisture needed for grain 
filling by the fertile tillers. The size of the sink of carbo

hydrates and nutrients accumulated, by infertile tillers prior to 

establishment of the final ear number would also govern their 
potential worth to fertile tillers.
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The components of grain yield in cereal crops are determined 

at different stages in the ontogeny of the plants. For example, 
Cannell (5) observed that barley tillers which appeared after the 
main axis had five leaves failed to head, which led to the conclusion 
by Rasmusson and Cannell (48) that the potential number of heads 
per plant is determined at an early stage of plant development. . In. 
wheat, the number of spikelets is determined at the time of floral 

initiation, but in barley, spikelet production can extend for a 
longer period of time (2). In both wheat and barley, the maximum 
potential number of kernels is determined before emergence of the 
head (2) .

Water stress immediately prior to or after flowering has little 
or no effect on grain numbers per ear, but can result in thin and 

shriveled kernels (I). Moisture stress commencing as late as the 
grain swelling stage, however, can significantly reduce grain size 

and weight (I), indicating that sufficient soil water must be present 
following anthesis for maximum grain filling.

Plants with the genetic potential for heavy kernel weight 
should have .an advantage in all environments (46). Since kernel 
weight is the last yield component to be developed (40), its final 
level of expression should.not produce a compensating change in other 

yield components. Evans et al. (13) suggested that increased effi

ciency of water use could result from restriction of the plant's
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ability to extract soil water during early crop growth, leaving more 
soil water to support the grain filling stage..

An important determinant of the number of grains which develop 

per ear is the amount of dry matter utilized for the development of 
the ear between its initiation and anthesis (67). Kirby (25) observed 
that maximum grain yield may be expected when total dry matter pro
duction nears the maximum. Other researchers have shown that when 
the plant is continuously exposed to environmental stress, for 
example, with windy conditions (22), maximum vegetative production 

does not always produce maximum grain yields. Efficient use of soil 
water by plants has been shown to be such an important factor in 
determination of final leaf size, that many plants have the genetic 
ability to produce different leaf sizes in different microenvironments 
(22). The tendency for plants, when subjected to moisture stress, is 
to produce smaller leaves (44, 53). .



MATERIALS AND METHODS
Isogenic analysis (12) is a research approach which measures, 

the "worth” of a gene. For any pair of genes at two loci, four 
homozygous geneotypes are possible. When thse combinations are 
present in plants with equivalent genetic backgrounds, the effect 
of a single morphological characteristic on plant development and 
function can be studied.

This method was used to compare morphological changes and 
water-use efficiency (WUE) among barley lines (Hordeum distichum L.). 
isogenic for leaf width, width being determined by measuring the 
widest part of the leaf blade. Three homozygous.genotypes: Narrow
(aaBB), Midwide (AABB), and Wide (AAbb) leaved Hannchen isotypes, 

developed from radiation induced mutants (48), were studied under 
field conditions in 1973, 1974 and 1975. During 1975, Betzes leaf 
width isotypes with the same three homozygous gene combinations 
developed through backcrossing (11), were, added to the study to 
observe the effects of the leaf width genes in two different genetic 
backgrounds.

All field work was conducted at the Crops and Soils Field 
Research Laboratory located eight kilometers west of Montana State 

University. The Research Laboratory is located at latitude 45.7°N, 

longitude 111.2°W, and at an elevation of 1460 meters. The soil 
series is predominantly Amsterdam Silt Loam, subgroup Cryoborall, 

which is a loess deposited soil. Approximately 30 cm of plant avail
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able water is held per meter of soil depth at field capacity.

1973 Research
In 1973, the effects of leaf width and planting, pattern upon 

water use, yield and WUE, were studied. The experiment was con
ducted in a split-plot design with four replications. Three 
planting patterns; I) 30.5 cm between rows and 6.6 cm within rows, 
2) 15.2 cm between rows and 13.2 cm within rows (near equidistant 
spacing), and 3) 15.2 cm between rows and 6.6 cm within rows, were 
randomly assigned to the whole plots. Three Hannchen isotypes 

were randomized within the subplots.

Seeds were hand planted and their planting position staggered 

between alternate rows. The rows were oriented north-south with 

two border rows planted around the perimeter of the experiment to > 

minimize edge effects. An effective planting date was attained by 

planting into dry soil and allowing a May 20 rain to germinate the 

seeds. The total growth period from the effective planting date to 
harvest on August 30 was 102 days.

Fertilzer was not applied to the experimental area. A peren

nial legume crop had received annual applications of nitrogen and 
phosphorus fertilizers before being plowed under in the Autumn of 
1972. Plots were hand weeded regularly.

Metal access tubes were placed in the center of each subplot
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to a soil depth of approximately two meters. Soil moisture was meas
ured by the neutron scatter technique as described by Hillel (20). Bi

weekly measurements were taken from June 25 to August 9 in 30.5 cm 
increments, to a total depth of 1.8 meters. Moisture readings were 
not obtained after August 9 due to equipment failure. Evapotrans- 
piration (ET) values were calculated by adding precipitation measure
ments to weekly decreases in soil moisture content. Plant available 
water remaining in the soil profile was not determined.

Vegetative samples were harvested from 0.9 m of row at 38, 51 
and 62 days after planting. These samples were used to determine 
tiller numbers per plant, leaf areas and leaf area indexes (LAl's) 

for leaf widths and planting patterns.
One-hundred-two days after germination, 5.4 m^ samples were 

harvested for determination of grain yields, grain yield components 
and WUE. WUE values (kg of grain per ha divided by water use in cm) 
were calculated from ET values estimated for the 46-day period during 
which soil moisture was measured. These WUE values are only rela-. 
tive values and are higher than would be obtained using the entire 
growth season. The reported values should, however, be valid for 

the portion of the growth season considered.
On days 41, 49 and 68 following germination, N-I leaf blades 

(the leaf blades located immediately below the top leaves on each, 
tiller) were collected to investigate stomatal morphology. Leaf blades
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were coated on both sides with a transparent acrylic spray. The 
resultant film was allowed to harden for a minimum of 10 minutes 
and then peeled from the leaves and mounted on slides for micro
scopic examination. Stomatal densities were calculated from counts 
of stomatal inprints embedded in the acrylic plastic.

1974 Research
In 1974, the effects of leaf width on water use, yield and WUE 

were again studied using Hannchen leaf width isotypes. A grain drill 
was used to plant approximately 275,000 seeds per ha with east^west 
oriented rows spaced 15.2 cm apart. The experiment was conducted 
using a randomized block design with each 30.5 m x 46 m plot re

plicated twice. Fifty seven kg/ha of nitrogen and 8.3 kg/ha of 
phosphorus were incorporated into the soil immediately prior to 

planting on May 25. Weeds were controlled by hand hoeing. All 
samples were taken from areas at least six meters from plot edges.

Two metal access tubes for a Troxler Neutron Probe were placed 

in each plot to a soil depth of two meters. Soil moisture was meas
ured weekly from 22 days after planting until 116 days after plant
ing. ET was estimated by the procedure described for 1973.

Vegetative samples were collected at ten-day intervals on six 
dates commencing the 25th day after planting (June 18). Leaf areas 
and vegetative dry weights were determined and.growth analyses were 

made to compare growth rates of the three Hannchen isotypes.
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After heading, eight fully expanded N-I leaves were collected 
from each plot. Leaf lengths and widths were measured and leaf 
areas determined with a Hayashi Denko Automatic Leaf Area Machine.

One-hundred-sixteen days after planting, plots were windrowed 
and the grain was threshed for yield determinations seven days 
later. Following harvest, soil cores were obtained with a Giddings 
Soil Sampler for determination of root masses in successive 30.5 cm 
soil depths. Four soil cores, each 4.45 cm in diameter and 1.8 m 
deep were taken from each plot. To reduce bias from differences in 
plant crown sizes due to random plant placement within rows, samples 
were taken at the midpoint between adjacent plant rows. Soil samples 
were washed and screened to separate the roots from the soil. Each 

root sample was oven dried at 100 C for 30 minutes, weighed, ashed at 

600 C for two hours, and reweighed. The root fresh weight was the 

difference between the two weights. This procedure minimizes errors 

from soil adhering to plant roots.
1975 Research

In 1975, the final year of this study, the influence of the 
leaf width genes was studied using three Betzes leaf width isotypes 

and the three leaf width isotypes of Hannchen. The experiment was 
conducted as a split-plot design and seed of the six isotypes was 

planted on May 24. The two barley varieties were assigned to whole 
plots and leaf width isotypes were randomized in the subplots. Each
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treatment was replicated four times„
Fertilizer containing 20% nitrogen and 9% phosphorus was broad

cast over the experimental area at an approximate rate of 235 kg/ha. 
Rows were sown north-south, 15.2 cm apart using a grain drill.
Planting rates were adjusted among isotypes to obtain stands approx
imating 275,000 plants per hectare. A 14.6 m wide border of barley 
was planted around the experimental area to reduce edge effects.

Metal access tubes were placed in each plot to a soil depth of 
two meters and weekly soil moisture readings were taken from day 39 

through day 111 after planting. ET was again estimated by the pro
cedure described for 1973.

On July 17, after plants were headed, duplicate samples of each 
of the top four leaves from individual tillers of different plants 
were collected from all six isotypes. Stomatal impressions were 
made from both sides of each leaf blade using the same procedure 

as in 1973. Stomatal densities and aperture lengths were deter
mined for all combinations of leaf side, leaf position (N through N-3), 
lead width, and variety. Leaf sides were also segmented into thirds 
from the leaf tip to the leaf base, to determine if stomataI density 
and aperture length were affected by location on a leaf side. Sto- 
matal density was multiplied by the average aperture length to esti
mate total aperture length per unit leaf area. Impressions were also 
taken from both sides of the flag leaf sheath.for determination of
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stomatal density and aperture length.

On July 21, twelve plant tillers of each barley isotype were
'randomly collected. The top four leaves were stripped from each . 

tiller. Individual lengths and widths were measured and leaf areas 
determined with a Hayashi Denko Leaf Area Machine.

Vegetative samples were collected on August 27 for estimation 
of plant densities. For each isotype, one meter of row was sampled. 
Leaf numbers and leaf areas were determined from a five plant sub

sample. Vegetative dry weights were determined and analyzed for 
both individual subsamples and total samples.

Five meters of row were harvested from each plot on September 
12. Grain and dry matter yields and grain yield components were 
determined. WUE was estimated, using ET values calculated from 

measurements of soil moisture content. Areas harvested for yield 
determination had been rogued for weeds throughout the growth season.

Due to a heavy wild oat (Avena barbata L.) infestation through
out the remainder of the experimental area, three replications of 
one square meter samples were taken to determine the effect of wild 
oat competition on grain yields. Barley and oat plants were separated 
and vegetative dry weights obtained for each. These barley grain 
yields were compared with grain yields from the rogued areas.



RESULTS AND DISCUSSION
Morphological Attributes

, Leaf Dimensions. • • •'
Leaf area of N-I leaf blades of Hannchen barley isotypes grown 

in 1973 and 1975 increased significantly ;with leaf width and ranked 
w i de mi dw i de >  narrow (Tables I and 2). 1975 comparisons of leaf . 
blades at other positions on the same tiller showed similar results 
. although differences were not always. significant. Leaf, area of 
Betzes isotypes grown in 1975 also increased with increasing leaf width 
(Table 2). Differences existed in leaf width and in leaf area between 
Hannchen and Betzes wide-leaved isotypes: Within isotypes of each
variety, the flag leaf was narrower, shorter and had less leaf area 
than any other leaves measured. Leaf lepgth was similar among all 

isotypes.
These data show that leaf width and leaf area vary among iso-- 

types between and within varieties. Different leaf dimensions are 
available for use in a barley breeding program.
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Table I. Leaf blade dimensions and area of N-l* leaves of Hannchen 
barley isotypes grown in 1973.

Measurement
Leaf Width

Narrow Midwide Wide

Widest width (cm) 0.70at 0.93b 1.42c .

Length (cm) 15.8a 16.6a 16.3a
Leaf area (cm2) 8.5a 11.3b 14.1c

*

t
N refers to the top or flag leaf
Values within rows followed by the same letter do not differ 
significantly (P <  .05).



Table 2. Leaf blade measurements of the top four leaves of Hannchen and Betzes barley 
isotypes grown in 1975.

Bariev Line and Leaf Width
Hannchen Betzes

Measurement Narrow • Midwide Wide .Narrow Midwide Wide

Widest width (cm) 
N* ' : 0.53at 0.78bc 1.20d . 0.49a 0.63ab 0.88c
N-I 0.78a 1.17bc 1.73d ■ 0.78a 1.06b . 1.39c
N-2 Oi 83a 1.13bc 1.58d 0.85a I.OOab 1.37cd

■ N-3 0.76a 1.02bc 1.28d d.78ab 0.87ab I.17cd
Length (cm)

N 8.8ab 9.8ab 12.1b 7,6a 9.5ab 9.9ab
N-I 16.5ab 18.lab 19.1b 15.3a 16.9ab 16.4ab
N-2 . 22.5ab . 23.lab . 23.3b 20.7ab 19.6a 18.9a
N-3 ' 23.5a 22.8a . 23.1a 22.1a 20.2a 19.5a

Xeaf area (cm2)
N 2.9a 3.4a 7.6a 1.8a 3.3a 3.5ab
N-I 8.1a 12.4b 19.1c 7.2a 11.3ab 12.9b
N-2 13.3ab 15.9b 23.6c 10.7a 11.9ab 14.2ab
N-3 • 13cOab 15.1b 19.5c . • 10.9a . 9.8a 12.3ab

" N refers to the top or flag leaf . - .
Values within rows followed by the same letter do not differ significantly (P.<  .05).



Roots
Root samples collected for narrow, midwide and wide Hannchen 

isotypes, respectively, showed that 52,: 66 and 63% of the total root 
samples collected were in -the.top one-third of the 183 cm soil pro
file sampled (Table 3). -

Taking samples midway between adjacent rows created a systematic 
bias which did not reflect a true ratio, of total root weights at
each 30.5 cm depth. Nearly 50% of the root weight of the narrow-

/ '

leaved isotype was collected from 61 to 183 cm in depth. This 
inferred that lateral root branching of the narrow isotype is not as 
extensive in the upper soil profile as for the other two Hannchen 
isotypes.

These data suggest that narrow-leaved Hannchen might extract 
water more rapidly from the top 61 cm of the soil profile if planted 

in narrower rows.

-  30 -
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Table 3. Fresh weights of increments of 474 cm3 volume root samples, 
of Hannchen barley isotypes grown in 1974.

Depth (cm)
Weight (mg)

Narrow Midwide Wide

0-30.5 63.9 • 95.3' 94.8
.63.9* ,95.3 . 94.8

■ 30.5-61.0 46.2 70.8 66.9 .
. 110,1 ' 166.1 161.-7

61.0-91.5 40.3 38.3 42.1 .
150.4 204.4 203.8

91.5-122.0 27.8 25.6 ' 24.9
178.2 230.0 228.7

122.0-152.5 18.3 14.1 ’ 15.9
196.5 244.1 244.6

152.5-183.0 16.7 8.9 11.6
213.2at 253.0b . 256.2b

Weights on the second line at each depth are cumulative, 
t Values within rows followed by the same letter do not differ 

significantly (P <  .05).



Stomata
Stomatal densities of Hannchen barley were significantly higher 

than those of Betzes barley (Table 4). Narrow-leaved isotypes had a 
higher stomatal density than midwide or wide-leaved isotypes. Dif
ferences in densities did not exist between adaxial and abaxial leaf 
surfaces. The flag leaf had the highest average. -stomatal density of 
the leaves examined and each successively lower leaf on a tiller had 
a lower density than the leaf immediately above it. These observations 
agree, with Miskin and Rasmussen's findings with five different barley 

cultivars (39).
Counts on leaf blades segmented into three sections of equal 

length showed.the middle third of the leaf had the greatest density 

of stomata.
Length of the stomatal apertures differed between. Hannchen and 

Betzes as well as among isotypes within each line (Table 5). Stomatal 

aperture lengths were nearly one micron longer on abaxial than on 
adaxial leaf surfaces.

Stomata aperture length among leaf sections ranked tip >  middle;> 
base. Aperture lengths were shortest on the flag leaf and increased 
with each successively lower leaf. This pattern of aperture length 
also parallels leaf age on the plant.

A regression of aperture length on stomatal density showed a
significant (r = .44, P ^  .05) inverse relationship between these 
two variables. This relationship is apparent between varieties and

- 32 -
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among leaf positions. (Tables 4 and 5)„

Total aperture length per mm2 0f leaf area was estimated by- 
multiplying stomata per mm2 by mean aperture lehgth (Table 6). Total 
aperture length was influenced more by densities than by length of 
the stomatal aperture. Differences in aperture length between leaf . 
sides were influenced by mean aperture length, but not by stomatal 
densities which were , similar.

A brief examination of flag leaf sheaths showed that stomata 
are present on both adaxial and abaxial surfaces. As the technique 
used for obtaining stomatal impressions was less successful for the 

leaf sheath than for the leaf blade, statistical analyses were not . 

made. It appears, however, that stomatal density does not differ 
between the inside and outside of the sheath although the densities 
observed were approximately 20% of those found on the leaf blades. 
Stomatal apertures on the leaf sheath were shorter than those observed 

on leaf blades.
The purpose and function of stomata on the inside of the leaf 

sheath are not clear (63). It is possible that respiratory carbon 
dioxide may be reused in photosynthesis instead of diffusing out of 
the leaf sheath, thereby increasing photosynthetic efficiency of the 
leaf sheath.

Significant interactions among densities, aperture lengths and 
total aperture length per unit leaf area (analysis of variance in
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Appendix Table 12) are not discussed, but are included in Tables l-ll 
of the Appendix.
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Table 4. Stomatal densities of Hannchen and Betzes barley isotypes 
grown in 1975, major effects.

Observation Stomata/mm^

Hannchen Betzes
Varieties 79.6a*. 70.9b

Narrow Midwide Wide
Leaf Width Isotypes 77.1b 75.0a 73.7a

Nt N-I N-2 ■ N'
Leaf Position 85.9a 81.7a 73.4b 60

Adaxial Abaxial
Leaf Side 74.6a 76.0a

TiE. Middle Base
Leaf Section (3rd1s) ' 73.0b 78.8a 74.0b.

Values within rows followed by the same letter do not differ
significantly (P <  .05).
N refers to the top or flag leaf.t
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Table 5. Aperture lengths (closed) of stomata of Hannchen and Betzes 
barley isotypes grown in 1975, major effects.

Observations Aperture Length (p)

Varieties
Hannchen Betzes
30.50b* 32.61a

Leaf Width Isotypes
Narrow
31.00c

Midwide Wide
32.30a 31.38b

Leaf Position
N+' • 

30.07d
N-I N-2 N-3
30.36c 31.88b 33.91a

Leaf Side
Adaxial Abaxial
31.13b . ■ 31.99a

Leaf Section (3rd's)
Tip Middle Base
34.43a 30.79b 29.45c

* Values within rows followed by the same letter do not differ
significantly (P <  .05).

"t" N refers to the top or flag leaf.
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Table 6. Total aperture lengths (density x length) of Hannchen and 
Betzes barley isotypes grown in 1975, major effects.

Observation Total Aperture Length (mm/mm2)

Hannchen •• Betzes
Varieties . 2.39a*. ■ 2.29b

Narrow Midwide Wide
Leaf Width Isotypes 2.36b 2.40a 2.28c

■ Nt • N-I ' ' .N-2 • N-3 .
Leaf Position 2.57a 2.45b. 2.32c . ■ 2.03d

Adaxial Abaxial .
Leaf Side 2.30b 2.39a

Tip ■ Middle ■ Base
Leaf Section (3rd's) 2.48a 2.40b 2.15c

* Values within rows followed by the same letter do not. differ
significantly (P'< .05).

"t" N refers to the top or flag leaf.
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Vegetative Analyses and Yield

Vegetative Growth

Vegetative samples of Hannchen barley isotypes were collected 
on six dates during the 1974 growth season. Analyses of plant growth. 
were made and mean, values are reported in Tables 7-10. Net Assimi
lation Rates (NAR) and Relative Growth Rates’ (RGR) did not differ . 
significantly among varieties. NARj mg plant dry weight increase/ 
cm2day (mg/cm^d), average 0.49 between June 18 and July 9 and 0.51 
between July 8 and July 28. RGR, gram's plant dry weight increase/ 
gram day (g/gd), averaged 0.041 between June 18 and July 8 and 0.069 
between July 8 and July 29.

LAR, leaf area/plant dry weight ratio, of the wide-leaved iso
type was significantly higher than for the other isotypes on July 18 

and July 28 (Table 7). On these dates, RGR and NAR tended to change 

in opposite directions. This,explains why LAR, which is equal to RGR 
divided by NAR',, was the only significant growth measurement of the 
three. ;

LADj the sum of LAI■(leaf blade area/ground area) for suc
cessive days, was greater for the wide-leaved isotype (Table 8) 
through the last three dates. Since no leaf expansion occurred, after 
heading, this implies that leaves of the narrow and midwide isotypes are 
shed ear Lier than leaves of the wide isotype. Another possible explan
ation is that leaf area/leaf weight ratios (LALW) appeared greater for '
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the wide-leaved isotype after the first sampling date (Table 7), 
indicating a difference in leaf thickness among isotypes.

Significant differences in LAI among leaf width isotypes were 
not observed at any time during the three growth seasons. Mean LAI • 
values for six dates are reported in Table 9 for Hannchen isotypes 
grown in 1974.

Significant differences in LAI among planting patterns were 
observed on day 38 of the 1973 growth season (Table 10). The higher 
density plant population had the greater LAI on this date. The 
higher population was expected to have a greater LAI early in the 
season when competition between neighboring plants was minimal. As 
competition between plants reduced the number of tillers produced 

per plant at the higher density planting (Table 14), it was also 
expected that differences in LAI would be less later in the growth

season.
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Table 7. . Leaf Area Ratio (LAR, dm^/g) and its components (LWR) 

and (LALW, dm^/g)* of Hannchen barley, isotypes grown in 
1974.

Leaf Widths
Date Growing Days Narrow Midwide Wide .

June 18 
LWR

25
0.64 0.71 - 0.63

LALW . 0..78bt ' ..0.63a 0.63a
LAR . 0.49 . 0.45 0.44

June 28 
• LWR

35
0.63 0.63 0.65

LALW 2.17 2.22 2.38
LAR 1.36 . 1.38 1.52

Julv 8 
LWR

45
0.46 0.47 0.49

■ LALW' 2.94 2.86 . 3.13

' LAR 1.36 1.38 . 1.53

Julv 18 . 
LWR

55
0.30 0.29 0.36

LALW 2.50 2.88 ■2.88
LAR . 0.74 a 0.85a 1.04b

Julv 28' 
LWR

65\ /' 0.19 0.19 0.26

LALW . 1.74a 1.75 a 2.18b

LAR .. 0.33a 0.33a . 0.47b
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Table 7. (continued).

Leaf Widths
Date Growing Days Narrow Midwide . Wide

August 8 
LWR

76
0.11 0.10 0.13

LALW 2.17 2.22 2.17
LAR 0.25 0.22 0.31

* LWR = Leaf Weight/Plant Weight, Ratio 
LALW = Leaf Area/Leaf Dry Weight, Ratio 
LAR = Leaf area divided by plant; weight 

"I7 Values within rows followed by the same letter do not differ 
significantly (P <  .05). ‘ .
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Table 8. The influence of Hannchen barley isotypes upon Leaf Area 

Duration (LAD)* in 1974 (LAI days).

Date Growing Days Narrow
Leaf Widths 

Midwide Wide

June 18 7.2 . 7.8 6,5 '
June 28 35 17.7 20.0 18.9 .
July 8 45 43.3 46.5 49.1 \
July 18. '55 . 78.5a+ 81.1a 93.8b
July 28 65 111.2a 114.7a . 144.9b

August 8 76 ' ' . ■ 143.0a 140.9a 184.3b

LAD = LAI days = Xaverage leaf blade, area/ground area) x elapsed 
, days. . . -T .Values within rows followed by the same letter . do not differ 

significantly (P <  .05).
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Table 9. Leaf Area Index 
in 1974.

(LA!)* of Hannchen barley isotypes grown

Leaf Widths
Date • Growing Days Narrow ■ Midwide Wide

June 18 . 25 0.57 0.62 0.52
June 28 35 1.53 1.81 . 1.95

July 8 45 3.59, . 3.49 4.08

July 18 55 3.44 3.42 4.85

July .28 . 65 3.09 3.30 . 5.37

August 8 .76 1.69 1.46 2.51

* LAI = Leaf Area/by Ground Area, Ratio

Table 10. Leaf Area Index (LAI)* averaged across Hannchen barley 
isotypes• grown with different planting patterns in 1973.

Planting Patterns. (cm x cm)̂ *
Date Growing Days 30.5 x 6.6 15.2 x 13.2 15.2 x 6.6

June 28 38 0.67a=h 0.67a 1.06b
July 11 51 ' 1.97 2.94 2.87
July 22 62 2.70 3.08 2.96

x LAI - leaf area divided by ground area.
"t* Between row spacing x within row spacing.

Values within rows followed by the same letter do not differ 
significantly (P <  .05).
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Yield and Yield Components .

The greatest average yield for all three years was attained with 
the midwide isotype even though yields did not differ between the 
narrow and midwide isotypes during 1973 and 1975 (Table 11). Grain 
yields were significantly lower for the wide-leaved isotypes during 

all three years.
Ranking of yield components among leaf-widths for 1973 Hannchen 

isotypes and 1975 Hannchen and Betzes isotypes is similar (Tables 12 
and 13). In all instances, heads per ha and heads per plant ranked 
narrow> midwide> wide.. Kernels per head and weight per kernel, how
ever, increased with increasing leaf width. It is probable that the 

larger leaf area per fertile tiller of the wide-leaved isotypes 
resulted in more kernels per head and greater kernel weight. Increases 
in these two yield components help the wide-leaved isotypes compen

sate for the lower tiller number produced per plant.
Although 1975 grain yields were significantly lower than 1973 

grain yields (Table 11), the weight per kernel, yield component was 
similar. All other yield components were significantly lower in 
1975, reflecting the influence of the higher plant populations 
(Table 13). The reduction in kernels per head appeared to have the 
greatest effect on the 1975 yield reduction.

Analyses of 1973 planting patterns (Table 14) indicates that 

the arrangement of plants as well as plant density influences grain
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yield. When planted in rows, doubling plant density from approx
imately 410,000 plants per hectare produced a yield increase of 
nearly 13%. However, when the lower density was planted in a near 

equidistant pattern (15.Zccmx 13.2 cm),a yield equivalent to the 

higher plant population was attained.
Planting the lower density in a near equidistant pattern also 

produced a significant increase in heads.per unit ground area and 
in heads per plant. Leubs et al. (33) in an earlier study found 
fewer heads and lower, yields produced with hexagonal plantings of 
"Arivat" barley than when planted in rows. They felt the increased 
distance between plants with hexagonal spacing may not have been 
sufficient to increase the number of heads over other patterns, but 
could offer no explanation for the reduction in. heads produced. As 
the density of the hexagonal plantings by Leubs et al. was three 
times the density of near equidistant plantings in this study, the 
results of the studies are not directly comparable.

There are several implications of a yield increase and an 
increased production of heads with the near equidistant pattern; a 
more optimum distribution of rooting systems, maximum exposure of 

leaf area by individual plants and uniform competition from neigh

boring plants. Increasing plant density reduced the number of fer

tile ears produced per plant, the number of spikelets produced per 

head and kernel weight, agreeing with findings by Kirby (25) and
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Willey (67).

Comparison of 1975 barley yields between rogued and non-rogued 
areas showed that yields were significantly (p .05) lower in the 
areas infested with wild oats (Avena barbata L.). The percentage 

reduction in yields was similar among isotypes.
In 1975, Hannchen wide-leaved isotypes produced significantly 

less grain per gram of plant dry weight than the Hannchen narrow and 

midwide isotpyes (Table 15). Betzes wide-leaved isotypes produced 
significantly less grain per gram of plant dry weight than did the 
Betzes narrow isotypes. These differences were expected, as prev
iously reported data from this study showed significant differences 

in LAD and grain yields among isotypes.
During all three years, the narrow and midwide isotypes were 

50% headed 5 or 6 days earlier than the wide-leaved isotypes. Head

ing date for all three years was within one week of the same date 

(July 25) even though planting date, mean air temperature and 
precipitation varied among years.
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Table 11. Grain yields of 1973, 1974 Hannchen and 1975 Hannchen and 

Betzes barley isotypes (kg/ha).

Year.
Leaf Width 1973 . . 1974 1975* Avgi

Narrow 3630bt 2140b 2910b 2890b
Midwide 3700b 2450c 3000b 3050c

Wide 3050a 1630a 2240a . 2310a

Avg. 3460l= . 2070 2720

* Varieties and variety x isotype interactions were not significant 
(P <.05).

"I* Values within columns followed by the same letter do not differ 
significantly (P<T.05).
The average yield for each year differed from those of other 
years (P <" .05).

Table 12. Grain yield components of Hannchen barley isotypes grown
in 1973.

Leaf Width
Plants 
per ha

Heads 
per plant

Million, 
heads 
per ha

Kernels 
per head

Mg per 
kernel

Narrow 573,500c 12.9c 7.40c 20.4a 33.6a

Midwide ■ 523,200b 11.4b 5.97b 21.5b . 38.3b

Wide 487,400a 8.9a 4.34a 22.8c 42.1c

Values within rows followed by the same letter do not differ
significantly (P <C .05).
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Table 13. Grain yield components of 
isotypes grown in 1975.*

Hannchen and Betzes barley

Leaf Width
Plants 
per ha

Heads 
per plant

Million 
heads 
per ha

Kernels'^ 
per head

Mg per 
kernel

Narrow l,732,600jf 3.9b 6.76 13.7a 33.5a

Midwide 1,483,900b 3.6b 5.34 14.2a 37.9b.

Wide 1,357,300a 3.0a 4.07 15.7b 42.1c

* Variety and variety x isotype interactions were not significant 
(P <  .05). .

t  Hannchen averaged 1.5 kernels per head higher than Betzes 
(P<.05).

Ts Values within columns followed by the same letter: do not differ ■ 
significantly (P -C .05).



Table 14. Grain yield and grain yield components for different planting patterns of 
Hanhchen barley isotypes grown in 1973.

Planting" 
Pattern 
(cm)'

Plants 
' per ha

Heads 
per plant

Million 
heads 
per ha

Kernels 
per head

Mg per 
kernel

Yield 
(kg/ha)

30.5 x 6.6 414,OOOcf 11.4b 4.72 21.6b 37.9ab ■ 3220a
15.2 x 13.2 471,700b 12.6c 5,94 21.9b 38.8b 3550b
15.2 x 6.6 802,000c 9,0a 7.22 21.0a • 37.4a 3620b

*
Distance between rows x distance within rows.

"t" Values within columns followed by the same letter do hot differ significantly
' (PC.05).

I
•F-
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Table 15. Grain/straw ratios of 1973 
Betzes barley isotypes.

and 1975 Hannchen and 1975

Leaf Width
Line Year ■ Narrow Midwide Wide

Hannchen 1973 1.48c* . 1.37b 1.09a
Hanncherii" 1975 1.09b 1.07b 0.82a

Betzes^ 1975 1.24b I.13ab 1.03b

w Values within rows followed by the same letter do not differ 
significantly (P <  .05).

"I* Wide Hannchen and Betzes isotypes and narrow Hannchen and Betzes 
isotypes are significantly different (P <  .05).
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Water Use and Water-Use Efficiency 

Evapotranspiration (Water Use)

ET differed significantly among isotypes of Hannchen and Betzes 
during the seasonal growth periods (Tables 16ji 17, 18). Although ET 

and WUE were influenced by such factors as rainfall, air temperature, 
yield and the duration of soil moisture measurements, the relation-

Iships among isotypes were remarkably consistent among the three 
years of this study.

The soil moisture measurement periods, were 45 days during 1973,
94 days during 1974, and 71 days during 1975. This represented 44,
81, and 70% of the total number of days in the respective growth 
seasons.

Although soil moisture readings were taken at 30.5 cm incre
ments to a total depth of 183 cm, data from below the 152 cm depth 
are not used. The reasons for excluding these readings are presented 
below. Significant differences in water removed were not found at 
this depth (152-183 cm) among isotypes for any period of soil mois
ture measurement. Root samples taken in 1974 showed that only about 

5% of the root weights were below 152 cm. The literature does not 

report that significant amounts of soil moisture have been extracted 
from this depth by roots from spring seeded barley. Significant 
differences in water removed from the 61 cm immediately above the 152 cm 
depth were found among isotypes for all three years of this study
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(Table 20). These data indicate that had plants been extracting 
significant amounts of soil moisture below .152 cm in depth, differ
ences in moisture removal would have been observed among isotypes 

in this zone. As significant amounts'.of soil moisture were lost 
from the 152-183 cm depth, it is assumed that.this water moved 
primarily downward below the 183 cm depth.

Total ET differed among isotypes during 1973 and 1975 (Tables 

16 and 18). The similarity of ET values among isotypes in 1974 
(Table 17) may be explained, at least in part, from precipitation 
and temperature measurements during the growth seasons (Appendix 
Tables 13 and 14). In 1974, precipitation from planting until July 
31 was 4 cm less than in 1973 and 6.3 cm less than in 1975 for the 

same time period. Mean temperature for May-July. in 1974 was 15.2 C, 
0.6 C higher than in 1973 and 1.3 C higher than in 1975 for the same 
time period. As soil moisture content was high at the beginning of 
all growth seasons, it is presumed that with less rainfall in 1974 
to replenish the soil water supply and with higher mean temperatures 
influencing ET, less available water was held in the soil profile 

through July 31. With less plant available water throughout the 
soil profile, root extension and water extraction may have been 
restricted below the 91.5 cm soil depth.

The possibility of less plant available water in the soil pro
file during. 1974 is supported by the data in Table 20. Significant 
differences among isotypes in water use occurred from the 91.5-152.5
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cm depth during the 1973 and 1975 soil moisture measurement periods.
ET differences among isotypes from the 122 cm-152.5 cm soil depth 
also occurred during 1974. No significant differences in ET among 
isotypes from the 0-91.5 cm soil depth were found.

The greatest difference among isotypes in weekly ET, occurred 
during the 1975 season (Tables-16, 17, 18). Relative water use 
among isotypes varied from week to week. The most rapid water use 

occurred during the first one-half of the measurement periods.

The gains in soil moisture on September 13, 1974 and September 4, 
1975, resulted from precipitation, exceeding ET during the proceeding 

week (Tables 17 and 18). Since the plants were physiologically mature 

at these times, water use was low.
Differences in total ET among 1973 planting patterns were hot 

significant (Table 19). The reason for similar ET1S over the soil 
moisture measurement period is unknown as it was anticipated that 

the 30.5 x 6.6 cm pattern would use less water due to the significantly 

lower yields (Table 14).
Mean evaporation from bare plots to a depth of 152.5 cm 

was 8.48, 13.67 and 11.23 cm respectively, for the annual measure
ment periods (Tables 16-18). While not directly comparable to ET 
values obtained under crop canopies, they do indicate that consider
able evaporation from the soil surfaces may occur with growing vege
tation, especially when LAI1s are low. Also, these values give an



indication of how much soil moisture might have been lost from a
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fallowed field.
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Table 16. Weekly evaportranspiration to a depth of 152.5 cm for

Hannchen barley isotypes grown in 1973. '

Evapotranspiration,(cm)
Date (end of week) Narrow Midwide Wide

June 2 8 0.41 0.86 0.53
July 5 4.14bT 3.79 a 3.81a

12 5.02 4.98 4.90 .

19 3.20b 3.12b 2.87a

26 1.91 1.85 1.91

August 2 3.91b 4.06b 3.58a

9 2.16b 1.91b 1.80a

Totals ■ 20.75b - 20.57b 19,41a

Evaporation from bare soil during this period was 8.48 cm

3-day reading period
~t~ Values within rows followed by the same letter do not differ 

significantly (P -C .05).
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Table 17. Weekly evapotranspiration to a depth of 152.5 cm for
Hannchen barley isotypes grown in 1974.

Evapotranspiration (cm)
Date (end of week) Narrow ' Midwide Wide

June 18f 0.89at 1.07ab 1.24b
25 . 2.23b 2.08b 1.48a

July' 2 1.99a 2.40b 2.55b
9 3.40a 3.73ab 3.88b

16 3.94b 3.99b 3.31a

23 1.93 1.75 1.68
30 2.40 2.05 2.36

August 6 0.56ab , 0.28a 0.88b

13 2.10 2.07 1.66

20 4.02 4.18 3.88
27 1.36 1.67 1.56

September 3 0.45ab 0.13a 0.49b

13 -0.23 . 0.03 -0.04

17 0.39 0.30 0.28

Totals 25.43 25.73 25.21
Evaporation from bare soil during this period was 13.67 cm.

3-day reading period.
"t" Values within rows followed by the same letter do not differ 

significantly (P ■< .05).
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Table 18. Weekly evapotranspiration to a depth of 152.5 cm for Hann-
chen and Betzes barley isotypes grown in 1975.

Date
(end of. week)

Evapotranspiration (cm)
Hannchen Betzes'

Narrow Midwide Wide Narrow ■ Midwide Wide

July 9 I.55d* 0.86b 0.61a 1.02c 1.55d . 0.91b
16 5.21bc 5.41bcd 4.32a 5.79cd 5.08b 5.66cd
23 3.18ab 3.35b 4.67c 2.54a 3.33b .2.92ab
30"t"

August 6^ 4.39c 3.51b 2.79a 5.77e 3. IOab 4.95d

13 2.11a 2.26a 2.72ab 2.41a 3.10b . 2. Slab.

20 1.73 : 1.50 1.52 ',1.22 . 1.55 1.35

27 0.66a 0.99a 1.27c, 1.63d 1.27c 1.30c

September 4 -0.46b 0.25c -0.97a -0.53b . -0.74ab -0.86a.■

12 0.61b 0.00a 0.36ab . 0.30ab ' 0.48b , 0.41b

Totals 18.98c 18.13b 17.29a 20.15d 18.72bc 19.15c

,Evaporation from bare soil during this period was 11.23 cm

Values within tows followed by the same letter do not differ 
significantly (P <  .05).
ET was not estimated.
Total ET for two.,weeks.
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Table 19. Weekly evapotranspiration to a depth of 152.5 cm for
different planting patterns in 1973.

Date
(end of week)

Evapotranspiration (cm) 
Planting Patterns^

30.5 x 6.6 15.2 x 13.2 15.2 x 6.6

June 28x . 0.48 0.81 0.51
July 5 4.02 3.71 3.99

12 4.85 5.11 4.95
19 3.10 3.02 3.12

26 . 1.88 1.90 1.86

August 2 3.70a^ 3.Slab 4.06b

9 2.06b 1.83a I.93ab

Totals 20.09 20.19 20.42

Evaporation from bare soil during this period was 8.48 cm

x 3-day reading period.
"I" Distance between rows (cm) x distance within rows (cm) 
f  Values within rows followed by the same letter do not differ 

significantly (P <  .05).



- 59

Table 20. Total evapotransplration for the measured time periods
of Hannchen and Betzes barley isotypes from 91.5-122.0 cm
and 122.0-152.5 cm soil depths.

Evapotranspiration (cm)
Soil Depth (cm) Narrow Midwide Wide

June 24 - August 9, 1973^
91.5-122.0 . 3.4b* 3.7c . 2.7a

122.0-152.5 2.06 1.9b 1.5a
June 11 •- September 17, 1974^

91.5-122.0 3.6a 3.5a 3.5a

122.0-152.5 2.5ab 2.6b 2.3a

July 2 - September 12, 1975^
91.5-122.0 2.7b . 2.8b 2.5a

122.0-152.5 2.4b . 1.9a 1.8a

* Values within rows followed by the same letter do not differ 
significantly (P <  .05).

* Hannchen leaf width isotypes. ■ . .
f  Hannchen and Betzes leaf width isotypes. Variety and variety 

x isotype interactions were not significant (P •< .05).
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Water-Use Efficiency

Mean WUE values differed among isotypes during 1973, 1974, and 
1975 (Table 21). In all cases, the wide-leaved isotype had a signif
icantly lower WUE than either the narrow or midwide isotype. In 
1974 and 1975, WUE was greater for the midwide isotype than for the 
narrow isotype.

The lower WUE by the wide-leaved isotypes is due to the lower . 
yields since they use less water during the growing season. In 1974, 
the greater WUE by the midwide isotype was attributed primarily to 
higher yields as there was no significant difference in water use 
among isotypes. In 1975, however, the greater WUE by the midwide 
isotype was due primarily to differences in water use as yields were 

similar for narrow and midwide isotypes.
Mean WUE values for 1973 planting patterns and leaf widths are 

reported in Table 22. The higher population density and the near 

equidistant planting pattern gave the greatest efficiency of water 
use. At the high density planting (15.2 cm x 6.6 cm), however, WUE 

of the midwide isotype was greater than WUE of the narrow isotype.
As this density was comparable to 1974 and 1975 populations, these 

data indicate that the midwide isotype used water the most efficiently 

except at the lower density populations.
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Table 21. Water-use efficiency values for 1973, 1974 Hannchen and 
1975 Hannchen and Betzes barley isotypes (kg/ha , grain y- 
cm water used).

Leaf Width 1973
Year

1974 1975 Avg.

Narrow 148b"f 84b 147b 126b ;

Midwide 151b . 95 c 162c 136c
Wide 131a 65a ' 122a 106a .

Avg. 143 81 144

* Variety and Variety x isotype interactions were not significant 
(P <  .05).T Values within columns followed by the same letter do not differ 

significantly (P <  .05).
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Table 22. Water-use efficiency values of Hannchen barley isotypes 
for planting patterns used in 1973 (kg/ha grain f cm 
water used).

Planting. 
Patterns (cm)

Leaf Widths
Narrow Midwide Wide Avg.

30.5 x 6.6 48.9b 47.2b 42.0a 46.0
15.2 x 13.2 53.9b 54.2b 47.1a 51.8

15.2 x 6.6 48.8b ■ 58.2c 47.6a ’ 51.5
Avg. 50.6b 53.2b 45.5a

Values within rows followed by the same letter do not differ 
significantly (P <  .05).



SUMMARY AND CONCLUSIONS
Man, in domesticating barleys, has selected species and var

ieties best adapted for producing the highest yields. Whether 
intentionally selected or not, the best 2-row barley varieties have 
historically contained narrower leaves than the 6-row varieties.

The data presented in this manuscript indicate that 2-row barleys 
are more productive with narrower leaves than with wide leaves. Al
though the wide-leaved isotypes consistently extracted less moisture 
from the soil, their yield and WUE were significantly lower in all 
instances.

The most apparent reason for yield reduction in wide-leaved 

isotypes, was the production of fewer tillers by individual plants.

This may be because the same amounts of leaf area (LAI1 s) represent 
fewer tillers in wide-leaved isotypes than in narrow-leaved isotypes. 

The yield components,kernels per head and weight per kernel, how

ever, were greater for the wide-leaved isotype in .both 1973 and 1975, 
but compensation by these components was not sufficient to produce 
yields comparable to the narrow and midwide isotypes.

The higher density planting in 1973 produced a higher yield 
than planting in rows at the lower density. When planted in a near 

equidistant pattern, the low density yields were similar to the high 
density population and exceeded yields obtained using 30.5 cm row 
spacings at the same density.

Differences in root mass among leaf width isotypes could not
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be related to WUE. More extensive root sampling might show signif
icant differences in rooting patterns among leaf width isotypes, 
which would affect the optimum spacing of plants for maximum water 
uptake.

Differences in stomatal densities were observed between Hann- 
chen and Betzes barley, among isotypes,among leaf positions in the . 

canopy, and for different positions on a given.side of the same leaf. 
Stomatal aperture lengths were inversely related to stomata! den
sities. Total stomatal aperture per unit of leaf area was influenced 
more by density than by mean aperture length. Stomatal observations 
were not correlated with WUE.

LAI values for individual dates were hot correlated with 
water use. In 1974, although the wide-leaved isotype had the 
greatest leaf area duration (LAD, LAI days), it used the least 
water. This shows that water use by barley is not necessarily pro
portional to the leaf, area exposed to the atmosphere (LAD). LAR, 
(leaf area/plant dry weight) ratios, which are an indication of leaf
iness, were greater for the wide-leaved isotypes late in 1974. 
Grain/straw ratios were lower for the wide-leaved isotypes indicating 

that a smaller percentage of the total phofcosynthate was translocated 

to the grain.
A preliminary study of stomata on flag leaf sheaths was con

ducted. Flag leaf sheaths represent a potential for significant
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photosynthetic contribution. As leaf sheaths constitute a large pro
portion of total flag leaf area, their photosynthetic activity could 
greatly influence grain filling in the barley ear.

The data from this study do not indicate whether WUE can be. 
increased by regulating water loss from • the plant. It is concluded 
that Hannchen and Betzes 2-row barleys with wide leaves will not 
produce high yields or efficient use of water under conditions of low
. rainfall.
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Appendix Table I. Significant variety x leaf position interactions

of stomatal density (P ■< ̂ Ol), mean aperture
length (P -C.05), and total aperture length
(P <  .01) for 1975 observations.

Variety
Leaf Position

N N-I N-2 N-3 Avg.

Stomatal Densitv (number/mm2)
Hannchen 91.1 . 88.6 78.1 60.5 . 79.6
Betzes 80.7 74,8 . 68.7 59.7 7,1.0

Avg. 85.7 81.7 73.4 60.1

Aperture Length {») .

Hannchen 28.6 28.7 31.1 33.4 30.5
Betzes 31.5 32.0 32.5 34.4 32.6

Avg. 30.1 . 30.3 31.8 33.9

Total Aperture Length (mm/mm2)

Hannchen 2.60 2.51 2.43 2.02 2.39

Betzes 2.55 2.39 2.30 2.05 2.33

Avg. 2.58 2.45 2.37 2.04



68
Appendix Table 2. Significant variety x leaf width interactions of

stomatal density (P <T .05), mean aperture length
(P <  .01), and total aperture length (P ■< .05)
for 1975 observations.

Leaf Width
Variety Narrow Midwide Wide Avg.

Stomatal Density (number/mm^)

Hannchen 84.6 75.1 79.0 79.6
Betzes 69.5 75.0 68.4 71.0

Avg. 77.1 75.1 73.7

Aperture Length (y)
Hannchen 29.8 31.8 29.8 30.5
Betzes 32.3 32.8 32.8 32.6
Avg. 31.1 32.3 31.8

Total Aperture Length (mm/mm2 )

Hannchen 2.48 2.36 2.32 2.39

Betzes 2.24 2.51 2.23 2.33

Avg. 2.36 2.44 2.28
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Appendix Table 3. Significant leaf section x leaf position inter
actions of stomata! density and mean aperture
length for 1975 observations (P <  .01).

______________Leaf Position______________
Leaf Section N________N-I_______N-2______ N-3_____ Avg.

Stomatal Density (number/mm2)

Tip 85.7 75.1 68.1 62.4 72.8

Middle 89.2 85.9 78.8 62.0 79.0

Base 82.5 83.5 73.8 55.8 73.9

Avg. 85.7 81.7 73.4 60.1

Aperture Length (p)
Tip 31.1 33.5 36.1 36.9 34.4

Middle 29.6 30.3 30.5 32.8 30.8

Base 29.6 27.2 28.9 32.1 29.4

Avg. 30.1 30.3 31.8 33.9
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Appendix Table 4. Significant leaf width x leaf position interaction
of stomatal density for 1975 observations. (P -< .01).

Leaf Width
Leaf Position

N N-I ■ N-2 N-3 Avg.

Stomatal Density (number/mm^)

Narrow 83.0 86.1 77.8 61.3 77.1
Midwide 84.9 80.3 73.3 ' 61.7 75.1
Wide 89.8 78.7 69.3 57.2 73.7 .
Avg. 85.7 81.7 73.4 60.1

Appendix Table 5. Significant leaf side x leaf position interaction 
of stomatal density for 1975 observations (P <" .01).

Leaf Position
Leaf Side N N-I N-2 N-3 Avg.

Stomatal Density (number/mm^)

Adaxial 82.8 80.1 74.3 60.8 74.5

Abaxial 89.0 83.3 72.6 59.4 76.1

Avg. 85.7 81.7 73.4 60.1
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Appendix Table 6. Significant leaf side x leaf width interaction of 
, stomatal density for 1975 observations (P <  .05).

Leaf Side
Leaf Width

Narrow Midwide Wide Avg.

Stomatal Density (number/mm2)

Adaxial 75.7 73.3 74.5 ' 74.5
Abaxial 78.4 76.8 _ 73.0 76.1

Avg. 77.1 75.1 .73.7

Appendix Table 7. Significant leaf side x leaf section interaction 
of stomatal density for.1975 observations 
( P < . 05).

Leaf Section
Leaf Side Tip Middle Base Avg.

Stomatal Density (number/mm^)

Adaxial 75.9 78.4 73.3 74.5
Abaxial 71.8 79.3 77.1 76.1

Avg. 72.8 79.0 73.9
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Appendix Table 8. Significant variety x leaf width x leaf section
interactions of stomataI density and total aper
ture length for. ,1975 observations (P ■< .05).

Variety and 
Leaf Width

■Leaf Section
Tip . ' Middle Base Avg.

Hannchen Stomatal Density (number/mm^)

Narrow 81.6 ' . 87.0 85.2 84.6
Midwide 72.1 .80.2 ' 72.8 , 75.0
Wide ' 80.0 82.8 74.3 . 79.0

Avg. 77.9 83.8 77.4
Betzes

Narrow 67.2 73.4 68.1 69.6

Midwide 71.5 79.2 74.1 ■' 74.9

Wide 64.9 70.6 70.0 68.5

Avg. 72.8 79.0 73.9

Hannchen Aperture'Length (u)

Narrow 2.57 ■ 2.51 2.38 2.49

Midwide . 2.52 2.42 2.11 2.35

Wide . 2.58 2.37 2.02 2.32

Avg. 2.55 2.43 2.17
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Appendix Table 8. (continued).

Variety and Leaf Section
Leaf Width Tip Middle Base Avg.

Betzes Aperture Length W
Narrow 2.32 2.28 2.19 2.49
Midwide ■ 2.62 2.52 2.18 2.44
Wide 2.25 2.29 ■ 2.16 2.23
Avg. 2.39 ■ 2.36 2.17

Appendix Table 9. Significant variety x leaf width x leaf position .
interactions of stomatal density and total aper
ture =Iength for 1975 observations (P <  .01).

Variety and 
Leaf Width

Leaf Position
N N-I N-2 N-3 Avg.

Hannchen Stomatal Density (number/mm2)

Narrow 84.8 100.8 92.8 64.5 84.6

Midwide 89.5 82.7 71.6 56.8 75.0

Wide 99.0 82.4 77.2 60.2 79.0

o3 91.1 88.6 80.5 60.5

Betzes
Narrow 81.2 71.4 67.4 58.2 69.6

Midwide 80.3 77.9 75.0 66.6 74.9
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Variety and Leaf Position
Leaf Width N N-I N-2 ' N-3 Avg.

Betzes Stomatal Densitv (numberAnm^)

Wide • ' 80.7 75.0 63.8 . 54.2 • 68.5
Avg. ■ 85.7 81.7 73.4 60.1 ' ••

Hannchen Total Aperture Length (mrn/mm̂ )

Narrow 2.75 2.79 2.61 2.13 2.49

Midwide 2.73 2.56 . 2.51 2.20 2.35

Wide 2.66 2.32 . 2.30 2.02 2.32

Avg. 2.75 2.62 2.57 . 2.12 .

Betzes - ' "
Narrow 2.53 2.28 . 2.17 1.96 2.26

Midwide 2.61 2.49 • 2.64 2.30 2.44

Wide 2.51 2.40 2.11 1.91 2.23

Avg. ' 2.58 2.45 2.37 2.04
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Appendix Table 10. Significant leaf section x leaf width inter

actions of mean aperture length (P <C .01) and 
total aperture length p? <  .05) for 1975 
observations.

Leaf Width
Leaf Section ■ Narrow Midwide Wide Avg.

Aperture Length Ga)

Tip 33.2 36.1 34.0 34.4
Middle 30.1 31.3 30.9 30.8
Base 29.7 29.5 29.1 29.4

Avg. 31.1 32.3 31.3

Total Aperture Length (mm/mm2)

Tip 2.44 2.54 2.41 2.46

Middle 2.39 2.47 2.33 2.40

Base 2.24 2.14 2.06 2.15

Avg. 2.36 2.38 2.27
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Appendix Table 11. Significant leaf side x leaf section x leaf
position interaction of total aperture length 
for 1975 observations ( P C  . 05) .

___________Leaf Position____________ ;
Leaf Side x Leaf Section N N-I N-2 N-3 Avg.

Adaxial _____Total Aperture Length (mm/mm^)
Tip 2.51 . 2.51 . 2.52 2.35 2.47
Middle 2.59 2.49 2.36 2.04 2.37

Base 2.28 2.12 2.09 . 1.69 2.05

Avg. 2.46 2.37 2.32 2.02

Abaxial

Tip 2.80 2.50 2.40 2.24 2.49

Middle 2.63 2.66 2.39 2.01 2.42

Base 2.59 2.41 2.15 1.88 2.26

Avg. 2.58 2.45 2.37 2.04



Appendix Table 12. Analysis of variance for stomata! densities 
aperture lengths (mm/mm2). -

(number Anm^ ̂ mean aperture lengths )} and total

Total
Aperture 'Aperture

Density Length ■ Length
Variation due to: df M.S. M.S. M.S.

Replications .1 305.5** ■ . 195.8** 1.9** '
Error ■3168 25.4 7.8 0.1

Leaf Side I ■. 1,657.7 ■ 638.9 7.7
Error I 931.8 5.6 1.8

Leaf Position . 3 112,817.0** 2,678:8** 46.6**
Error 3 331.7 27.4 . o . 4 :

Leaf Section 2 11,149.9 ■ 7,644.3* 33.1** •
Error 2 1,184.3 109.9 ‘ 0.2 1

Leaf Section x Leaf Side 2 5,672.4* 106.4 3.4
Error 2 96.7 18.0 0.2 I

Leaf Position x Leaf Section 6 3,739.6** 566.7** 2.0
Error 6 433.8 34.9 0.8

Leaf Position x Leaf Side 3 3,393.0** 33.7 3.5
Error 3 31.6 77.1 0.4

Leaf Position x Leaf Side x Leaf Section 6 522.6 16.0 0.7*
■ Error 6 476.9 32.2 0.2

Variety , I 64,909.0** 3,840.1** 8.4**
Leaf Width. 2 3,290.3** 519.4** ■ - 4.1**
Error . H9 413.2 ' 67.8 • 0.5



Appendix Table 12. (continued) .

Total
Aperture Aperture

Density Length Length
Variation due to:_____________________________________________________ df__________ M.S.___________M.S.____________M.S.

Variety x Leaf Width 
Variety x Leaf Side 
Variety X Leaf Section 
Variety x Leaf Position 
Leaf Width x Leaf Side 
Leaf Width x Leaf Section 
Leaf Width x Leaf Position

Variety x Leaf Width x Leaf Side 
Variety x Leaf Width x Leaf Section 
Variety x Leaf Width x Leaf Position 
Variety x Leaf Side x Leaf Section 
Variety x Leaf Side x Leaf Position 
Variety x Leaf Section x Leaf Position 
Leaf Width x Leaf Side x Leaf Section 
Leaf Width x Leaf Side x Leaf Position 
Leaf Width x Leaf Section x Leaf Position

Variety x Leaf Width x Leaf Side x Leaf Section 
Variety x Leaf Width x Leaf Side x Leaf Position 
Variety x Leaf Section x Leaf Side x Leaf Position 
Variety x Leaf Section x Leaf Width x Leaf Position 
Leaf Side x Leaf Section x Leaf Width x Leaf Position 
Leaf Side x Leaf Section x Leaf Width x Leaf Position x Variety 

Error

2 16,577.9** 304.1* 8.1**
I 162.1 29.3 0.5
2 949.1 20.4 1.1
3 6,413.5** 262.0 2.3**
2 1,773.2* 101.6 1.2
4 408.5 240.1** 1.3*
6 3,906.4** 141.4 1.1
2 209.4 32.2 1.1
4 1,229.6* 28.3 1.7*
6 5,685.8** 134.5 2.2**
2 178.0 143.1 0.4
3 308.9 50.2 0.2 I
6 409.6 70.9 0.5
4 331.2 83.4 0.7 00
6 531.5 25.7 0.6 I12 287.8 109.9 0.3

4 668.7 66.1 0.2
6 689.4 47.7 0.5
6 344.0 42.6 0.4
12 1,424.9** 95.9 0.6
12 273.7 15.2 0.5
12 503.2 22.4 0.6
119 413.2 67.8 0.5

*

**
( P <  .05)
(PC .01)
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Appendix Table 13. Daily precipitation.from May through August in
1973, 1974 and 1975 (cm) at Rozeman, Montana.

Day
May

Precipitation (cm/dav)
June

1973 1974 1975 1973 1974 1975
I .20 ; 1.42
2 ..10 1.17 .
3 ■ . 64
4 .08 .84 .10 .08
5 .08 1.24 .51 -
6 2.03
7 .15 2.46 .10
8 .36 .30 , .05 2.39
9 .10 .38

10
11
12 1.70
13 1.02
14 . .25
15 mCM .69
16 LO O

17 2.18
18 .18
19 .81 .69
20 1.17* 1.60 .13 .25
21 .15 .71 .10
22 .03 COCO

23
24 .15 .23 .66
25 .46 * .20
26 .10 * .81
27 .20 .41
28
29 .43 2.29
30 . 3.00 1.19 /
31 OCM

Total 2.75 7.47 10.31 9.27 1.09 6.89

* Date of planting
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Appendix Table 13. (continued).

Day
July

Precipitation (cm/dav)
Aueus t

. 1973 1974 1975 1973 1974 1975
I
2
3 .94 .

4 .25
5
6 .20
7 .15 1.47 1.22
8 1.91 -
9
10
11 .36
12 .43 .13 . .21
13
14 .20 oo .59
15 . .76
16 .74
17 .25 .20
18 .10 .69
19 .38 .13 1.40 .15
20 .10 .08
21 .05 .66 .15
22 .48 ' OCO .20 . .64
23 .81 - .58 .10
24 .21 .41 .81
25
26
27 .36
28
29
30
31 .36

Total 1.17 2.87 6.37 2.57 5.59 3.99

Harvest dates: August 30, 1973, September 19, 1974, and September
12, 1975.
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Appendix Table 14. Monthly mean temperature May through September
in 1973, 1974, and 1975 at Bozeman, Montana.

- 81-

Temperature 0C
Year and Month Maximum Minimum Average

1973

May 17.9 1.9 9.9
June ■ . 22.8 . . 6.2 14.5
July 28.2 9.4 18.8
August 27.9 8.6 18.3
September 19.3 . 4.1 11.7
1974
May. ■ ■ 15.8 1.4 8.6
June 26.1 8.9 17.5
July 29.3 9.4 19.4
August 24.3 7.9 . 16.1
September 21.8 . 2.5 ; 12.2

1975
May 15.6 1.4 8.5
June 21.1 5.8 13.5
July 28.2 11.2 19.7
August 24.0 . 7.2 15.6
September 21.7 • 4.7 . 13.2
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