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MESSAGE 

I feel great pleasure in introducing this book on Physiological Aspects of 

Dryland Farming edited by Dr. U. S. Gupta of this University. This ts the first 
compilation of its kind in the world literature where the physiological principles 

underlying Dryland Farming have been discussed by reputed specialists in different 

aspects of this field, working in different parts of the world. This brings out a 

clear concept of the subject. The treatment is authoritative and international in 

scope, providing basic information to Plant Breeders and Agronomists, engaged 

in increasing crop production. I am confident, this will enthuse a lot of interest 

in young scientists to take up farming in dry regions as a challenge. I consider 

this publication, most timely, when millions of people are at the verge of starvation. 

N. N. Kasyyap 

Vice-Chancellor 

Haryana Agricultural University 

Hissar, India 
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FOREWORD 

The future of humanity lies in the arid and the semiarid lands, as 

the humid and more favourable rainfall areas have been extensively and 

intensively cultivated and heavily populated by the human beings. It 

is also recognised that even if all the available financial resources are 

mobilised to develop irrigation for the arid and semiarid areas, still largest 

percentage of land in these areas will remain unirrigated and practice 

dry farming. Thus there is a well recognised and urgent need for deve- 

lopment of dry farming technology for increasing agricultural production 
in these areas of low rainfall and its erratic distribution. 

The establishment of international research institutes like the Inter- 

national Crops Research Institute for the Semi-Arid Tropics (ICRISAT) 

at Hyderabad, and the projection of another International Research 

Center for Agriculture in the Dry Areas (ICARDA) at Beirut are proofs 
of the urgency and importance which the world community attaches to 

dry farming research. 

The whole philosophy of dryland farming revolves around the 

principle that water is a limiting factor in these areas and one needs to 
maximise the efficiency of the natural rain water for agricultural production. 

The physiological aspects of dryland farming are of great significance 

for successful agriculture under these conditions. I am glad that Dr. U.S. 

Gupta could persuade a number of leading scientists to write on the different 

aspects of plant physiology relative to dry farming situations. 

The topics discussed are very important and the contributors combine 
deep knowledge of the subject and experience of dry farming research to 

physiological aspects of crop production, drought, photorespiration and 

crop maturity. Besides it has good reviews on root patterns of crops, 

mulches for soil moisture conservation, use of antitranspirants, humidity 

and the wind effect on crop production. 
The authors have reviewed the existing knowledge on these aspects. 

The topics are important for understanding the problems of crop produc- 

tion by plant physiologists and agronomists. The arrangement of topics 

and their interrelationship may not be ideal, but these are the aspects 

which have a direct bearing on the problems of crop production in dry- 
land agriculture. I think the information contained in this book will be 

useful to all interested in research, extension and development of agriculture 

under dry farming conditions. 

January 1975 J. S. Kanwar 





PREFACE 

Since the dawn of civilization, man started cultivating plants and in 

doing so he was faced with several problems. These problems were and 

are still scientifically studied and published in scientific journals. The 
literature is not only large but also diffuse, with isolated pieces of informa- 

tion scattered among a variety of journals. As a result, the accumulated 

knowledge has been difficult to grasp by the students, teachers, researchers, 

and farmers. 

In a wide belt across parts of South Asia, India, Africa, the Middle 

East, and in other areas from northern Argentina and north-east Brazil 

to Mexico, food production for millions of people in the semiarid tropics 

is limited primarily by the erratic nature of the rains. Some of the 

countries of major concern within the seasonally dry and semiarid tropics 

include: Senegal, Mali, Guinea (North), Upper Volta, Niger, Ivory Coast 
(North), Chad, Liberia (North), Central African Republic, Ghana (North), 
Nigeria (North), Sudan, Ethiopia, Kenya, Uganda, Somalia, Tanzania, 

Pakistan and India. Other countries in southern Africa, Central and 

South America, and an important area of Australia also fall within this 
ecological zone. The semiarid tracts are not only large but also agri- 

culturally important. In India, such tracts cover 84 districts, spreading 
over 47 million hectares which is more than one-third of India’s net sown 

area. ‘They constitute 60 per cent of the total area under cotton, 74 under 
groundnut, 73 under chick pea, 83 under sorghum, 81 under pearl millet, 

66 under Ragi (Eleusine coracana), 40 under barley, 30 under wheat, 47 under 
pegion pea and 36 under oil seeds. But their out turn constitutes about a 

fifth of the total food grain production in the country. 

The need for a scientific approach towards farming in rainfed dryland 

areas was felt with the increasing realization that the occurrence of drought 
is more or less inevitable. The only way to beat the drought is to join 

hands with it. Instead of waiting and hoping for adequate rain, the 

modern concept is to make the cropping strategy so flexible that it can be 

suitably changed even at short notice to suit the pattern of rainfall avail- 

able. Short duration varieties, the concept of ratooning, high yielding 

fodder crops and water harvesting techniques, all make this basic strategy 

feasible. New agronomic practices like balanced nutrient management, 

tillage and weeding are strongly recommended. In dry regions, crop 

production is not a simple question of introducing new varieties and 

supplying adequate fertilizers. In dryland agriculture each season is a parti- 

cular season, and therefore cropping practices must considerably be geared 

to the dictates of that particular season. 
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The factors on which yield depends must be identified, often in the 
face of the differing interpretations of the data and no proper understanding 

of causal relationships. The gigantic variability of these factors must be 
determined, and for.this the breeder needs suitable information. The 

break-through leading to a new order of yield in crop production in dry 

regions will most likely come from a long term team effort of breeders and 

physiologists where both are involved directly in the experiments, evaluation 

and decision making, at every step of the process. 
For a better understanding of the physiological problems of crops 

under dry regions, with a view to increasing production by assisting agro- 

nomists and plant breeders, this book was planned. Care has been taken 

to discuss the prevailing conditions in such regions. which affect crop 

production, such as low humidity, high wind velocity, loss of moisture 

both from the plant and the soil, high light intensity and temperature 
which affect the photosynthate balance. Such plant characters like 

drought resistance, root patterns, and photorespiration are also important 

considerations. All these aspects have been reviewed by specialists in 

their field and arranged in a manner to develop a clear concept of the 

Science of Crop Physiology under Dryland Agriculture. 

This book is authoritative, well-documented, and international in 

scope. It represents the distillate of experience and knowledge of a group 
of authors of demonstrated competence from universities and government 

laboratories in England, Israel, America, Canada, New Zealand and 

Japan. I would like to express my deep personal appreciation to each 

of the authors for his contribution and patience during the production 

phases. I would further express my grateful thanks to Dr. J. S. Kanwar, 
Associate Director, International Crops Research Institute for the Semi- 

Arid Tropics, Hyderabad, India, for kindly writing the Foreword of this 

book. 

January 1975 U. S. Gupta 
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1 PHYSIOLOGICAL PRINCIPLES. OF 
e DRYLAND CROP PRODUCTION 

ISAAC ARNON 

Settlement Study Centre 

Rehovot 

Introduction 

Tue Basic PROBLEMS OF RAIN-FED CROP 

PRODUCTION IN Dry REGIONS 

Regular arable crop production, depending on rainfall only, is not 

possible in the truly dry regions but is practised in the so-called semiarid 

regions. The minimum rainfall for producing a crop in the dry regions is 

estimated as 250-350 mm in winter rainfall areas, and 500 mm in summer 

rainfall areas (Koéppe & Long, 1958) though local factors and rainfall 

distribution may cause deviations from these figures. A semiarid climate 

is, however, not necessarily always intermediate between dry and humid, 

but is generally a mixed climate, in which a completely dry season alter- 

nates with a fairly humid season. A further characteristic of the semiarid 

regions is that the drier the climate, the greater the variability of the rain- 

fall, so that years of scant rainfall may alternate with seasons of above- 

average rainfall, and the dividing lines between arid, semiarid and humid 

may shift from year to year (Fig. 1.1). 
Therefore, the basic characteristic of crop production in the semi- 
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Fic. 1.1. Seasonal variability of rainfall in a dry region (Bersheeba, Israel). 

arid region is that, even in a given location, it is carried out under a wide 

spectrum of soil moisture regimes, ranging from seasons with below-average 

conditions, under which it may be difficult to avoid complete crop failures, 

Fic. 1.2. Typical seasonal patterns of rainfall 

distribution in semiarid (Jerusalem) and 

humid (London) climates with approximately 
the same annual precipitation rates (averag- 

ing 600 & 620 mm, respectively). 

to seasons with a moisture 

supply that may be almost 

or as favourable as that 

usually obtained in a tem- 

perate and fairly humid 

climate (Fig. 1.2). 

At first sight, therefore, 

the choice of crops and 

varieties, as well as the 

production methods to be 

adopted must be directed 

towards two diametrically 

opposite tendencies: 

1. Grow and manage 

crops that can be profit- 

able under the near-arid 

conditions of the rainfall 
deficient years, during 

which drought resistance 
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or tolerance and low water use are the main requirements, and 

2. Grow and manage crops that are capable of making the most 
efficient use of the favourable environmental conditions provided during 

the good rainfall years. 

It must further be pointed out, that even during favourable seasons, 

soil moisture in at least part of the root zone will usually fluctuate in a 

range between soil saturation and permanent wilting point. Therefore, 

more or less severe water stress may be experienced, at’ any stage of 

development. 

As there is no possibility of knowing in advance the kind of rainfall 

season and the distribution of rainfall that are to be expected, the crops 

and varieties to be grown and the management practices used must, therefore, 

be adapted to the wide range of possible conditions, from near-arid to highly 

favourable. ; 

In the final analysis, the aim will have to be to choose crops, varieties 

and management practices for the efficient use of water—under conditions 

of a limited moisture supply during the years of below-average rainfall, 

and of a favourable moisture regime such as is provided during good 

rainfall years. 

WatTER Use EFFICIENCY 

Water use efficiency (WUE) is the yield of marketable crop produced 
x 
ET’ 

where Y=yield of marketable crop and ET =evapotranspiration or 

‘seasonal water use’’. 
If yield were completely independent of ET, any factor which caused 

an increase of yield, or a decrease of ET, would have a favourable effect 

on WUE. If yield were proportional to ET, water use efficiency would be 

constant. Actually, the numerator and denominator of the formula, are 

not independent of each other. Both Y and ET can be influenced, either 

independently or differentially, by crop management and environment. 

The numerator Y is also greatly dependent on moisture regime, in particular 

in dryland farming: the more water available to the crop, the higher the 

yields will generally be. The greater water supply will, however, also 

increase the denominator ET. 

‘The two terms: “Evapotranspiration” (ET) and ‘‘Water. Use’ (WU) 

are generally considered to be identical. This may be true quantitatively, 

but actually these two alternative terms highlight the dilemma. presented 

by this formula. 

The term “Evapotranspiration” implies a loss of water, which should 

be reduced to the lowest possible level in order to increase WUE. The 

per unit of water used in evapotranspiration. Therefore, WUE= 
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term ‘‘Water Use” implies the beneficial utilization of water for producing 

a commercial crop. From the purely mathematical point of view— 

increasing the denominator will decrease WUE; however, from the 

physiological point of view, it is essential to increase ET (up to a certain 

level) in order to achieve an increase in the numerator Y—our basic 

objective. 

The practical cGuclitione to be drawn from the above is that every effort 

should be made to increase the amounts of water available to the crop for 

production, and reduce to the minimum the losses of water due to evapora- 

tion and transpiration. At first sight, these two objectives may appear 

to be at cross-purposes—but in practice the contradiction is more apparent 

than real: fortunately, the effect on yields of an increase in ET will almost 

always be greater than the actual increase in ET involved, so that the WUE 

is generally improved by animproved water supply, even though the latter 

signifies an increase of the denominator of the formula. 

Because the effects of climate on both yield and evapotranspiration 

are so intricately interwoven, we shall, for the sake of convenience, consider 

its effect on both numerator and denominator together. We shall then 

review separately the other factors that mainly affect the numerator Y, 

and then those mainly affecting the denominator ET. The complex of 

factors involved in water use efficiency and the interrelationships between 

them are shown schematically in Fig. 1.3. 

The numerator Y depends on environmental factors—in particular 

moisture supply, the kind of crop grown, and is, of course, amenable to factors 

that increase yield; first and foremost being crop improvement for efficient 

water use, and concurrently management practices such as fertilizer use, 

planting dates, plant populations, etc. 

The denominator ET depends on atmospheric conditions, on the amount 

of stored soil water available at the time of sowing and on osmotic compo- 

nents of the soil water; on effective rainfall during the growing season; on 

the ability of the plant to take up water and the control it exerts over water 

uptake (root.system) and water loss (transpiration) ; and to a small degree, 
on the actual yield obtained (Y). 

Increased water storage in the root zone can be achieved by control of 

runoff, improved infiltration and by water. harvesting methods. Crop 

management practices such as tillage and rotation are also very effective 

in this respect and can incidently also improve yields. 

Reducing water losses due to evaporation from the soil can result from 

mulching and from chemical treatment: of the soil, water losses due to 

transpiration can be reduced by plant treatments aimed at directly decreas- 

ing transpiration and indirectly by management plactices such as weed 

control, planting eh | ee Spa 
Vu 



PHYSIOLOGICAL PRINCIPLES 

‘asn 
193eM 

JO 
u
O
N
e
a
d
s
u
e
n
o
d
e
a
s
—
T
q
 

‘pfetrsA—A 

:sdrysuorvjois93ut 
11943 

pue 
(| 

M
)
 
AousIoyo 

osn 
J9}VM 

UT POATOAUT 
s1OJOeT 

"ET 
“OA 

aBp10}s 
J139}0M 

DasDaJoU} 
S3SSO} 

19}0M 
p
a
o
n
p
a
y
 

Buipaaug 

}UD)d 

SO1}SI49}ODIDYS 
}UD)d 

So
ol

, 
ob

ud
 

J
U
S
W
S
s
D
D
U
D
N
 

|
-
-
-
|
 

S
u
b
e
r
 

-s
in

is
io

ul
 

io
s 

\ 

S4O}OD} 

a
}
 

D
W
]
 

D
 
o
e
 

aS
N 

4J
3}
DM
 

UO
 

SP
j—
aI
A 

JO
 

S}
99
44
F 

his 

EX 

py
ai
A 

uo
 

aw
iB
as
 

au
ny
si
ow
 

JO
 

$}
93
}4
5 



I, ARNON 

Climatic Factors and Their Effect on Yield (Y) 

and Evapotranspiration (ET) 

ATMOSPHERIC MOISTURE 

Rain 

The distinctive trait of the arid lands is, of course, insufficient precipi- 

uy GILAT(NORTHERN NEGEV) 

JFMAMJJASOND 

TOTAL PET: 12@8.mm 

JFMAMJJASOND 
0-- -ORAINFALL 

—t 
RQQ WATER DEFICIT 

(MMM) water surevus 

Fic. 1.4. Comparison of seasonal precipitation 

and potential evapotranspiration: annual march 

of rainfall and potential evapotranspiration (PET) 

through the year at two contrasting regions 

of Israel (PET was calculated according to 

Penman’s formula). 

TOTAL PE T :1375MM 

TOTAL RAINFALL :229MM 

RAMAT DAVID (YEZREEL VALLEY) 

TOTAL RAINFALL: 4@3MM 

tation. Where precipita- 

tion is sufficient for the 

production of — rain-fed 

crops, the so-called semi- 

arid areas—these are 

generally seasonally dry 

areas—receiving practi- 

cally all their precipita- 

tion during one season of 

the year, while the rest of 

the year is more or less 

dry. The following cycle 

of water supply and 

water use usually occurs 

in regions with alternat- 

ing wet and dry seasons 
(Thornthwaite, 1956) :(a) 

a period during which 

precipitation is in excess 

of water requirement and 

water accumulates in the 

soil and in reservoirs, and 

(b) a dry period, during 

which a water deficiency 

occurs, as stored water is 

used for evapotranspira- 
tion and actual evapo- 

transpiration falls below 

potential evapotranspira- 

tion (Fig. 1.4). 

Excluding the mon- 

soonal deserts of Asia, as a 

general rule the semiarid 

fringe bordering on the 

temperate deserts gets 
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winter precipitation, while the similar fringe bordering on tropical deserts 

gets summer rainfall (Bagnold, 1954). The season of the year at which 

precipitation occurs has a considerable bearing on rainfall efficiency and on 

the amount of runoff. It has already been pointed out that cool-season 

rainfall is more efficient than that which is concentrated during the warm 

season, when evapotranspiration is at its maximum. Depending on the 

season, precipitation may occur mainly as rain or as snow. If the ground 

is frozen, infiltration will be low or nil. If the vegetation is in full leaf, 

a larger proportion of the rainfall than otherwise will be intercepted and 

lost by evaporation before reaching the soil. If most of the vegetation is 

dormant, the soil will become saturated sooner than when the vegetation is 

active, thereby also increasing runoff. 

Dependability of rainfall 

Variability of rainfall is the greatest hazard to crop production in the 
semiarid regions. In above-average rainfall seasons, cultivators may be 

tempted to plough and sow large areas on the drier fringe of a semiarid 

region; then in the following below-average seasons, which are usually 

accompanied by higher-than-average temperatures, disastrous crop 

failures may result. 

In a study covering a period of 68 years, from 1878 to 1946, on the effect 

of rainfall variability on the prosperity of agriculture in eastern Montana, 

the following picture emerged (Lommasson, 1947): 

Table 1.1. Rainfall variability in eastern Montana 

Distribution of rainfall over a No. of _ Percentage of total 

period of 68 years years No. of years 

Abundant rainfall (double the average) a ie 3 4.4 

Average or above-average rainfall is £3 31 45.5 

Dry years, below average zs aN 24 Dio 

‘Killer’ years, with extreme droughts ay is 10 14.8 

The probability of obtaining a bumper crop in this ‘wheat region’ is 

not more than one year out of twenty-three while complete crop failures, 

as a result of drought, can be expected in one year out of seven. 

Frequency of rainfall and its intensity 

A further characteristic of rainfall in the arid regions is that rain 

frequently comes in a few heavy showers of short duration, which engender 

considerable runoff. It is not uncommon for 50 per cent of the annual 

precipitation to occur on 10-15 per cent of the rainy days (White, 1966). 

In connection with conditions under which light rainfalls only wet the 
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soil surface and usually evaporate without having any appreciable effect, 

the concept of effective rainfall has been proposed; this is the minimum amount 

of rainfall, occurring on a single occasion, that ensures at least some water 

storage under favourable soil conditions. To be reasonably safe from eva- 

poration, the rain must penetrate to a depth of at least 10-12 cm (Staple, 

1964). The amount needed for this has been estimated as 15-20 mm for a 

single rainfall. The annual effective rainfall commonly amounts to about 

one-third of the total rainfall (Bagnold, 1954). 

Relation between rainfall and yield 

Notwithstanding the major influence of rainfall on yield levels, yields 

are not always directly proportional to the amount of precipitation. 

Generally, yield levels are determined by the amount of precipitation above 

the basic minimum required to enable the crop to achieve maturity. If, 

for instance, under given circumstances 250 mm is the necessary minimum 

precipitation for a grain crop, 225 mm or a reduction of only 25 mm 

may result in complete crop failure. Conversely, 50 mm above the mini- 

mum requirement may double the yields. In experiments with rain-fed 

groundnuts in a low rainfall area of India, WUE was found to equal 1.71 kg 

of pods per mm of rain when actual ET was limited by low rainfall to 67.6 

mm during the growing period from the 36th to 91st day. This compares 

with 4.32 kg of pods per mm, when ET during the same period was 243 mm 
(Bhan & Misra, 1970b). 

It is accordingly important in dryland farming to have even a relatively 

small amount of water stored in the soil, prior to sowing the crop. This 

is the main justification for maintaining a period of fallow—even if this 

method is generally wasteful of land and of water. ‘The response to addi- 

tional rainfall will also depend on soil fertility. 

Rainfall may also be in excess of the optimum and thereby cause re- 

duced yields. This may sound paradoxical in relation to semiarid climates. 

However, it will be remembered that the total rainfall in a semiarid 

region may equal that characterizing a humid climate and yet be concen- 

trated in a very short period. When this rainfall is concentrated in 4-5 

months of the year, there may easily be periods when the rate of precipitation 

exceeds the capacity of the soil to absorb the rainfall. As a result, consi- 

derable runoff occurs from the waterlogged soil, plant nutrients are leached 

out of the root zone, and crops are adversely affected by anaerobic conditions 

—especially if the excess precipitation occurs during the cool season. 

The distribution of the rainfall and the coincidence or otherwise of a 

plentiful supply of soil moisture at periods of maximum crop requirement, 

also have a bearing on yield levels. A period of drought at the time of 

earing of cereals will have a more adverse effect on yields than if it occurs 
earlier or later in the growing period. Excess moisture after sowing may 
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reduce germination; heavy rainfall during earing may cause lodging and 
impair pollination. 

Dew 

The formation of dew occurs mainly at night because it depends on 

radiational cooling of leaf and soil surfaces until they reach dew-point 

temperatures. The total amount of dewfall is unlikely to exceed 1 mm 

nightly (Slatyer, 1967). 

Effects of dew on plant growth 

Dew absorption has been found to vary widely with plant species; 

it is largely dependent on the intensity and duration of dewfall as well as 

on the soil moisture regime, being higher under dryland conditions than 

under irrigation (Waisel, 1958). Dew can only provide a very small propor- 

tion of the water requirements of a normally transpiring plant, but may be 

of some importance to plants under water stress. Occurring as it does 

at night, it may accelerate the restoration of leaf turgor, and in the morning 

can delay the onset of renewed stress (Slatyer, 1967). In dry regions, dew 

may, therefore, be beneficial to plant growth and make a positive contribution 

to the water balance of the plant. However, Monteith (1963) estimates 

that these benefits are probably of little significance as in cloudless summer 

weather, in an arid climate, the ratio of potential condensation to evapora- 

tion is approximately 1:4. Moreover, the severest stress for plants that 

. are inadequately supplied with water occurs during the hottest hours of the 

day, long after the dew has completely evaporated. 

Fog 

When a warm, saturated air mass rapidly replaces a cool, dry air mass 

over a cool surface, fog or mist results. During overcast nights, this may 

cause the deposition of relatively large amounts of water on plants and on 

the soil surface (Long, 1958). Fog is of very frequent occurrence along 

rather narrow coastal regions which border on oceans with cold currents 

that run parallel to the coast. It affects plant growth through the high 

air-humidity, through wetting of the aerial parts of plants, and through 

humidification of the surface of the soil (Emberger & Lemée, 1962). There 

are no accurate measurements of the amount of moisture supplied by fog 

to the hydric balance of plants, but both type and density of vegetation 
appear in places to be influenced by the frequency of fog occurrence. 

Frequent fogs or mists, by reducing evapotranspiration, may consi- 

derably increase the effective humidity of a region without this being reflected 

in the various formulae devised for defining aridity (Troll, 1958). 

4 
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Relative humidity 

The desiccating effect of the atmosphere is the main factor influencing 
the water needs of the plant. The plant is a water conducting system 

between the soil and the atmosphere. The overall free energy difference 

of the water moving into, through, and out of the plants is from 0.1 to 

15 atm in the soil, and about 1000 atm in the atmosphere, when relative 

humidity of the air is 47 per cent (Richards & Wadleigh, 1952). 

Relative humidity has a considerable effect on evapotranspiration, 

and hence on the water requirements of crops. At constant temperature, 

changes in atmospheric humidity affect transpiration by modifying the 

vapour pressure gradient from leaf to air (Kramer, 1969). In the dry 

regions relative humidity tends to be low, a mere 12-30 per cent being 

common around mid-day (Trewartha, 1954). The low humidity combined 

with the high temperatures increases the difficulties of maintaining an 

adequate supply of water to the plants. 

The effect of relative humidity, through its influence on transpiration, 

is important as a determinant of WUE. High relative humidity tends to 

counteract low soil moisture, and low relative humidity tends to exaggerate 

soil moisture deficiencies (Tranquillini, 1963). 

The lower the relative humidity is, the greater will be ET, and the 

lower WUE. Moderately low air humidity is favourable for seed-set in 

many crops, provided soil moisture supply is adequate. For example, 

seed-set of wheat was higher at 60% relative humidity than at 80%, when 

water availability in the soil was not limiting (Campbell e al., 1969). 

When relative humidity is high, pollen may not be dispersed from the 
anthers (Kaufmann, 1972). 

Dry regions are generally favoured for seed production. However, 

excessively low air humidity may have an adverse effect on fertilization, by 

causing excessive dehydration of pollen.or stigma. (Also see the chapter on 

“Effect of humidity on crop production” by Prof. J. W. O’Leary in this 

volume.) 

SOLAR RADIATION 

The arid regions are characterized by predominantly clear skies during 

both day and night, permitting a large amount of solar energy to reach 

the earth. Solar energy provides two essential needs of plants: (a) light 

required for photosynthesis and for many other functions of the plant, 

including seed germination, leaf expansion, growth of stem and shoot, 

flowering, fruiting and even dormancy (Stoughton, 1955); and (b) thermal 

conditions required for the normal physiological functions of the plant. 

However, radiation also increases evapotranspiration. Transpiration rates 

increase almost in proportion to the intensity of solar radiation, while in 
many crops, the rate of photosynthesis increases less rapidly. 
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Light 

The three characteristics of light which affect plant growth and develop- 

ment are duration, intensity and quality (wavelength). 

Duration or length of day 

The duration of light is of major importance to the growth and develop- 

ment of plants. The effect of photoperiodism—the relative length of daily 

light and dark periods—on the vegetative and reproductive stages of deve- 

lopment is well-known. Actually, the duration of the night or of complete 

darkness is more important than the length of daylight. Most typical 

tropical crops are short-day plants (requiring long nights for flowering), 

while those of the higher latitudes are generally long-day plants. Some 

plants have different photoperiodic requirements for different developmental 

stages: wheat, for example, is day-neutral for floral initiation, but long-day 

for fruiting. Control of the time of flowering is extremely important for 

the adaptability of a crop to a given environment (Calder, 1966). 

Light intensity 

While the formative processes under the influence of photoperiodism are 

usually influenced by very low light intensities for optimal photosynthesis 

high light intensities are essential (Wassinck, 1954). The large amount 

of sunshine is a great potential asset of the semiarid regions for agriculture, 

and may reach 75-90 per cent of the possible sunshine. Even during 

the winter months in the semiarid areas, with winter rainfall, sunshine is 

plentiful. The hot and the mild semiarid regions of the world are better 
endowed with long hours of bright sunshine, combined with moderately 

high temperatures, than are many other parts of the world. 

As moisture supply is frequently limiting in rain-fed crop production, 

the high potentials of these regions cannot always be realized. However, 

in relatively good rainfall seasons, very high yields can be achieved, if 

appropriate measures are taken. 

Minimum light requirements 

It has generally been found that at low light intensities, for the indivi- 

dual leaf, there is a linear relation between light intensities and rate of 

photosynthesis. Theoretically, photosynthesis is possible at any light 

intensity, however low; practically, respiration dominates when light 

intensity is too low. Net assimilation will be zero at a light intensity of 

500 foot candles, and a minimum of 500 to 1000 foot candles is required 

for effective rates of photosynthesis, at which the photosynthetic gas ex- 

change is greater than the respiratory gas exchange (Blackman & Black, 

1959). 



14 I. ARNON 

Light saturation 

With increasing light intensity, photosynthesis of the single leaf obeys — 

the law of diminishing returns. Extremely high light intensities even have 

an inhibitory effect on photosynthesis—a phenomenon called solarization 
(Wang, 1963). In most crop plants, light saturation for single leaves is 

reached at a light intensity of 0.2 cal/cm?/minute, which is typical of the 

light intensity on an overcast day with the sun at its zenith. Ona clear day 

light intensity may be four times as great (Wit, 1967), so that a large propor- 

tion of the light is far in excess of what fully exposed leaves can utilize. 
For this reason, it was previously assumed that light could not generally 

become limiting for crop production. 
However, in the field, light is not spread evenly over the photosynthetic 

surface but commonly passed by reflection and transmission through several 

layers of leaves, its intensity falling off exponentially with the path-length 

through absorbing layers. The fully exposed leaves in the canopy may 

absorb several times the amount of light needed for saturation, thereby 
absorbing a large proportion of the available light energy without increasing 

photosynthesis. The intensity of the light falling on the leaves in the lower 

layers depends on the initial light intensity, on the ratio between direct 

and diffuse light, or the number and size of the leaves, their angle of inci- 

dence, and distribution, and on the transmission and reflection of the leaves 

(Verhagen et al., 1963). At ground-level, the final light intensity is usually 

below compensation point, i.e. that light intensity at which the gas exchange 

resulting from photosynthesis is equal to that resulting from respiration 

(Bonner, 1962). 

Very high light intensities are, therefore, rarely capable of saturating the 
whole canopy in the field, and the photosynthetic rate of the foliage as a 

whole continues to increase up to very high light intensities, as more and 

more leaves in the shaded parts of the canopy reach light saturation. 

On a worldwide basis, photosynthetic efficiency is less than 1 per cent, 

generally as a result of deficiencies in nutrition, limited moisture supply, 

inadequate crop production methods, etc. 

Much of the difference, between actual yields in the field, and the 

calculated potential yield based on maximum possible conversion of light 

energy by the photosynthetic process (estimated at 77 g of dry matter per 

square metre per day (Loomis & Williams, 1963), appears to be due to light 

saturation of the upper part of the canopy only, while the lower leaves may 

be contributing very little on clear days, and possibly show a negative 
net assimilation on cloudy or rainy days. Therefore, as long as light 

saturation of the canopy as a whole does not occur, any increase in light 

intensity will increase productivity, provided other factors are not limiting. 

Even in environments with very high peak intensities, productivity was 

found to show a linear relationship with the logarithm of relative light 
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intensity (Loomis et al., 1967). For example, the growth-rate of 

‘Subterranean Clover was found to be determined solely by the amount of 

light-energy received, and to be independent of temperature. However, 

this is only a part of the picture. A leaf subjected to such radiation heat- 

loads must be able to dissipate rapidly the greater part of the absorbed energy, 

or its temperature could rise to as much as 100 °C over air temperature with- 

in less than a minute (Idso et al., 1966). This dissipation of heat occurs 

in three ways: by thermal radiation from the leaf, by removal of heat via 

convection currents and by transpiration. 

Solar radiation can, therefore, affect plant productivity in two different 

ways simultaneously: directly by its intensity, and indirectly by its effect 

on leaf temperature. 

On a relatively cool day, the rate of photosynthesis follows the incidence 

of solar radiation closely, for both shaded and unshaded leaves. By 

contrast, on a. warm day, the sunlit leaf undergoes a mid-day slump at which 

it stops photosynthesizing, resuming the process only just before sunset. 

The shaded leaf, on the other hand, shows only a slight reduction in its 

rate of photosynthesis during the mid-day period, but keeps on photosyn- 

thesizing throughout the day, so that its total daily photosynthesis is three 

times as great as that of the sunlit leaf—in sharp contrast to what occurs 

on a cool day (Idso et al., 1966). The mid-day slump is only partially due 

to an internal water deficit, the major reason being the effects of the energy 

environment on leaf temperatures. \ 
Visible light, which has no direct effect on evaporation, affects the rate 

of transpiration by influencing stomatal aperture (Kramer, 1969). 

Cloudy weather, especially during the cool season causes decreased stomatal 

opening in most species that are native to sunny habitats (Wilson, 1948). 

Light quality 

Many factors, such as the amount and kind of cloud cover, fog, air 

pollution, and the colour of the foliage interrupting light, influence the 

quality of the incident light. Radiation up to 0.25 micron (ultraviolet 

spectrum) is harmful to most plants; from 0.30 to 0.55 micron it has a photo- 

periodic effect; from 0.40 to 0.69 micron it is most effective in photosynthesis. 

Above 0.74 micron (the infrared spectrum), ‘light’ has practically no effect 

on photosynthesis; its main effect is thermal, and respiration is encouraged 

(Wang, 1963). 

‘TEMPERATURE 

Temperatures in the hot arid climates are the highest in the world 

(Critchfield, 1966). The generally clear skies facilitate maximum radiation 

in day, and rapid loss of heat in night—resulting in high diurnal ranges of 
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temperature, which may reach 30 to 40 °C in the hot deserts during the 

summer. 
The annual ranges of temperature are less marked in hot deserts than 

in many other regions, but are far greater than in the humid tropics. Daily 

average ranges during the hottest months in the hot desert area are 27-35 °C, 

with daily maxima of 37-43 °C. The coolest months in these areas average 

around 10°C, with occasional night frosts. ‘Temperatures in the semiarid 

hot climate are generally similar to those of the more arid regions (Critch- 

field, 1966). 

Effects of Temperature on Crop Production 

Plants can grow only within certain limits of temperature. For each 

species and variety there are not only optimal temperature limits, but also 

optimal temperatures for different growth-stages and functions, as well 

as lower and upper lethal limits. 

We have seen that light has an overriding effect on the rate of photo- 

synthesis. However, it is involved in only one aspect of the photosynthetic 

process, namely, as a source of energy for the conversion of carbon dioxide 

and water to carbohydrates. There are certain biochemical processes 

preceding and following the reduction of carbon dioxide, which are affected 
mainly by temperature (Gaastra, 1963). As long as light is limiting, 

temperature has little effect on the rate of photosynthesis. However, when 
light is not limiting, as is generally the case in dry regions, the biochemical | 

processes associated with photosynthesis become the limiting factor, so 

that the effect of favourable temperatures on the rate of photosynthesis is 
increased. 

In general, high temperatures accelerate growth processes. Rarely 

are high temperature per se the direct cause of death of plants, provided the 

water supply is adequate. However, beyond a certain limit, which depends 

on the crop, the stage of development, and the physiological process involved, 

high temperatures may have detrimental effects on crop production. The 
photosynthetic process appears to become heat-inactivated at excessively 

high temperatures which, however, do not inhibit respiration, so that 

apparent photosynthesis declines rapidly under these conditions (Moss 
et al., 1961) (Fig. 1.5). 

Retardation of growth and difficulties in fertilization, even in heat-loving 

crops such as maize and sorghum, occur at temperatures that are often 

well below the lethal limit. The harmful effects of excessive temperatures 

are usually aggravated by lack of available moisture. Hot dry winds will 

further increase the damage. The yield of grain sorghum is adversely 

affected by heat waves occurring at flowering (Skerman, 1956). The dam- 

age can be the result of high temperature, water stress or both factors. It 
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was found that there was a loss of pollen viability due to dryness, not heat, 
which was, however, insufficient to reduce the number of grains set. The 

reduction of grain set recorded was found to be entirely due to heat, and not 

dryness. The degree of damage caused by high temperature depends 

on the phenological stage of the plant at the time of heat wave, yield being 

most affected at, or soon after, the boot stage (Pasternak & Wilson, 1969). 

In the Great Plains 
: 70 

of U.S.A., it was found, 

that high summer tem- 5 60 
peratures may even & 
override the effects of s 50 
summer rainfall onthe 9° 

: 40 
yields of crops. Thus ¥ 
variability in yields of , 30 

spring wheat wasclear- 2 
. " : < 

ly associated with vari- 3% 26 
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mum temperatures in § 
i . “7° . .) 
June, and variability in 0 

maize yields’ was most 20 30 40 _ 50 60 

closely associated with DEMPER ATURE 20°) 
variability in average Fic. 1.5. Effect of temperature on net photosyn- 

maximum temperatures thesis of sorghum and cotton leaves (Slatyer, 1967, 

after El-Sharkawy & Hesketh, 1965) (by 

in July (Moldenhauer courtesy of the J. Aust. Inst. agric. Sci.). 
& Westin, 1959). At- f 
mospheric temperature affects evaporation through its influence on 

leaf temperature and hence on leaf water vapour pressure (Kramer, 1969). 

With increasing temperatures, evapotranspiration increases. Hence, a 

moisture supply that is adequate in a cooler climate may be deficient in a 

warmer region—a situation which may be aggravated by hot winds. 

Frosts 

The clear skies at night permit considerable radiation from the earth 

in arid regions. The rapid cooling of the land at night causes an inversion 

of temperature, the air near the cool soil becomes heavy and does not rise, 

so that night temperatures at soil level are typically low in the desert and 

may reach freezing point, even after a relatively hot day. Cold air will 

tend to flow into low places, so that localized pockets of frost may occur 

in an area which is generally frost-free. In the middle-latitude dry zones, 

the incidence of killing frosts determines the length of the growing season, 

which is practically limited to the time-interval between the last killing frost 

of spring and the first killing of autumn. The shorter this period is, the 
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earlier maturing will be the varieties that can be grown and the lower 

their potential yielding ability. 

In warm regions, occasional and exceptional frosts may do considerable 

damage because the crops grown in such regions are usually very susceptible 

to low temperatures. 

WINDS 

The dry regions are characterized by frequent and strong winds, which 

are due partly to considerable convection during the day. The usually 

sparse vegetation is not capable of slowing down air movement, so that dust 

storms are a frequent concomitant of wind movement. Much of the dust 

is carried for considerable distances to form loose deposits in neighbouring 

regions. The heavier sand particles carried by the wind scour the soil 

surface. 

Winds also affect growth mechanically and physiologically. The 

sand and dust particles carried out by wind may damage plant tissues. 

Emerging seedlings may be completely covered or, alternatively, the roots 

of young plants may be exposed by strong winds. Winds may also cause 

considerable losses by inducing lodging, the breaking of stalks and the shed- 

ding of grain. 

The physiological effect of winds consists mainly in increasing trans- 

piration as well as evaporation from the soil. Winds increase transpiration 

by removing the moist air surrounding the leaves; they decrease transpira- 

tion by cooling the leaves. The former effect will be most marked at low 

levels of radiation and the latter at high levels (Knoerr, 1966). Hot dry 

winds may also adversely affect photosynthesis, and hence productivity, 

by causing closure of the stomata even when soil moisture is adequate 
(Crafts ef al., 1949). 

The arid regions are under the influence of winds which originate either 

over the sea or over deserts. In summer, the desert regions become heated 

to high temperatures; the heated air rises, causing an indraught of winds 

from neighbouring regions. If these winds pass over an ocean, they become 

moisture-laden. ‘These are the monsoon winds, such as those that invade 

the Sahara from the south-west during the northern summer. 

During the winter, the opposite effect occurs: the desert areas are cooler 

than. the adjacent tropical areas and the winds blow from the deserts 

towards the tropical areas. These winds are relatively cool and dry 

at the beginning of the growing season, but become progressively hotter and 

drier as the spring advances. They are called Harmattan in most of tropical 

West Africa north of the Equator, Khamsin in the Near East, and Loo in 

India. The total number of days in spring during which these dry, hot 

winds blow may be relatively small, but their effect on the crops and their 
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yields may be considerable. Overnight temperatures may soar from 25 to 
46 °C, and the relative humidity may drop to 5-10 per cent. 

If the cereal crops are earing when a Khamsin strikes, the ears may be 

actually ‘blasted’, turning white, without any seed formation following. 

When the Khamsin occurs at a later stage, seeds may shrivel and mature 

ahead of time. 

The hot dry winds may also occasionally have beneficial effects. The 
main reason for the low incidence of the very dangerous Yellow Rust of 

Wheat (Puccinia glumarum) in the Far East, is the susceptibility of the pathogen 

to the high temperatures that occur when the sirocco winds blow. In the 

rare years when no Khamsins occur in the spring season, this Rust may cause 

devastating reductions in yield (Arnon, 1972). 

Moderate winds have a beneficial effect on photosynthesis by conti- 

nuously replacing the carbon dioxide absorbed by the leaf surfaces. The 

favourable effect of wind on photosynthesis is most marked at the lower 

leaf-layers; increasing wind strength permits ever deeper leaf-layers to 

approach the maximum rate of photosynthesis possible under the amounts 

of radiation received (Lemon, 1963). (Also see the chapter on “‘Wind 

effects and their amelioration in crop production” by Dr. J. W. Sturrock 

in this volume.) 

MIcCROCLIMATE 

Microclimatology deals with the pertinent factors of the environment 

in the zone lying between the highest level reached by the plants and the 

lowest depth to which air penetrates into the soil (Albe & Fournier, 1958). 

Microclimate at Plant Level 

The microclimate just above a crop and under its canopy (ecoclimate) 

is influenced by the particular type of crop, and may be strikingly different 

from the climate of the surrounding environment. Even emerging seedlings 

will alter the climate near the soil surface, by reducing air movement and by 
shading the ground. As the plants grow, the extremes in temperatures of 

the soil surface are reduced; even so, the range of temperatures at the soil 

surface may be double that of the temperatures recorded in the standard 

meteorological screen. 

The ecoclimate may be more humid and cooler than the atmosphere 

above the crop, which circumstances may create favourable conditions for 

the spread of certain diseases. Leaf temperatures in sunlight may be higher 

than the air temperature in day and lower than the air temperature in night. 

The intensity and quality of light change as the rays pass through the 

plant canopy. 
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Soil Microclimate 

The climate in the soil may be strikingly different from that of the at- 

mosphere above it. Only part of the radiation that reaches the soil surface 

is absorbed, the amount reflected depending on certain characteristics of 

the soil’s surface. The percentage of the incoming radiation that is re- 

flected is called the ‘albedo’, which varies according to plant cover, soil 

type, and moisture content, etc., as shown by the figures in Table 1. 2. 

Table 1.2.. Albedo of different soil surfaces (Thornthwaite, 1958) 

Surface Albedo 

(Percentage of incoming radiation) 

Wet sand au 2 ets 9 

Dryland re Be a 18 

Grass cover, green crops 28 EG ae 15-30 

Forest ae ake “ifs 15-18 

As a result of differences in albedo, different thermal regimes will 

exist on different types of soil surface layers and the air above them—even 

when the amounts of incoming radiation are identical. For example, 

a mulch on the surface of the soil absorbs most of the incoming radiation; 

the soil remains cool, while the surface of the mulch itself and the overlying 

air become very hot during the daytime and cool rapidly during the 
night hours. 

Wet soils absorb more radiant energy than dry soils. Most of the 

energy is used for the evaporation of the soil water; the remaining radiant 

energy will warm deeper soil layers. By contrast, the surface of dry soils, 

and the air layer above them, will be at higher temperatures than is the 
case with moist soil. x 

At field capacity nearly 80-85% of the incoming energy is used for 

evapotranspiration; as soil moisture depletes, this proportion decreases. 

In arid regions, as a result of the low moisture content of the soil and the 

sparse vegetation, actual evapotranspiration is low and most of the incoming 

radiation serves to heat the soil and the air above it. When the surface of 
a moist soil is covered by vegetation, the amount of evapotranspiration is 

determined mainly by the amount of incoming radiation and is otherwise 

affected by differences in albedo between different plant covers. However, 

as the soil dries, the ability of different types of vegetation to use soil moisture 
will make itself felt, and thereby affect actual evapotranspiration. 

In dry regions, diurnal temperature fluctuations in the seed-bed zone 
frequently reach, and even exceed an amplitude of about 20°C on bright 

dry days and about 10°C during cloudy and rainy periods (Tadmor et al., 
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1964). The temperature of the top layer of the soil is usually higher than 

that of the overlying atmosphere, while daily fluctuations in temperature 

decrease with increasing depth in the soil. At a depth of 50 cm, daily 

variations of temperature in the soil practically cease (Migahid, 1962). 

At a depth of 1-3 m, temperatures are fairly stable throughout the year. 

As a result of the heating of the soil surface, which may be considerable 

in arid climates, a steep temperature gradient occurs, which may. cause a 

considerable movement of water through the soil. There is also a conti- 

nuous exchange of air between soil and atmosphere. When water penetrates 

into the soil, air is expelled; as the soil dries, fresh air is drawn into the 

soil. The air in the soil is usually moisture saturated, excepting under 

conditions of extreme dryness. 

Soil temperature has considerable influence on plant growth and on the 

soil microorganisms. Warm (20-30°C), moist soils are a favourable medium 

for most of the cultivated crops that are grown in arid regions. However, 

as the soils dry, temperature tends to rise. High soil temperatures can 

severely limit root growth, and may eventually rise to a level at which roots 

‘are injured and even killed (Kramer, 1969). The reduction in growth is 

attributed to water stress caused by reduced absorption of water at high 
temperatures (Brouwer, 1964), 

Interrelationships between Yield (Y) and 

Moisture Supply (ET) © 

Crop RESPONSE TO MoisTuRE SUPPLY 

Soil Factors 

For many years, the important question of crop response to various 

levels of soil moisture has been debated by research workers; one view holds 

that soil moisture is equally available to plants over the whole range from 

Field Capacity* (FC) to Permanent Wilting Point** (WP), while the op- 

posing view contends that plant growth is adversely affected as soon as the 

* Field Capacity (also called Capillary Capacity) is the water content of the soil, to 3 

days after a thorough wetting of the soil by rain or irrigation after drainage of gravitational 

water has become very slow and water content is relatively-stable. It is not a true equilibrium 

value, but movement of water is too slow that for practical purposes it can be considered 

as the upper limit of soil water storage for plant growth. 

** Permanent Wilting Point (or Percentage) is the water content of the soil at which 

plants remain permanently wilted, unless water is added to the soil. Soil water potential 

at wilting has a mean value of about —15 bars [a unit of pressure in the metric system, 

equal to 106 dynes per cm? (slightly less than the English unit of one atmosphere.)] This 

should be considered as an approximation which holds true for most crop plants. . 
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soil moisture stress is increased beyond a certain level, long before the 

WP is reached. Itis now widely agreed that soil moisture becomes progres- 

sively more limiting to plants as soil moisture stress increases. 
The work required to withdraw water from the soil increases gradually 

as soil moisture is progressively depleted—until near WP, when, in certain 

soil types, it increases steeply. 
For most.crop plants, which are generally mesophyllic in nature, the 

considerable amount of work required to remove water from the soil, as it is 

gradually depleted, will definitely affect growth and development and, there- 

fore, crop yields. For these crops, maximum yields are generally dependent 

on maintaining the soil moisture between the limits of FC and some critical 

range of soil moisture that is higher than the WP. This critical range will 

depend on the type of crop and its stage of development, on the nature of the 

the marketable produce, on soil characteristics, and on the environmental 

conditions under which the crop is grown. 

The sensitivity of plants to increasing soil moisture stress increases 

under conditions of high temperature, low relative humidity, high wind 

velocity, and increased light intensities—all conditions which increase the 

transpiration rate considerably. Therefore, on a hot dry day, the rate of 

transpiration is so much in excess of water uptake that plants will wilt at a 

soil moisture content at which on a cooler or more humid day they would 

not have shown any sign of stress. For each day, there is therefore a stress- 

point, which is the moisture content of the soil that is required to keep 

plants from being subjected to moisture stress under the prevailing atmos- 

pheric conditions. Days on which a moisture content is reached that is lower 

than the stress point are called ‘stress days’. In maize, there is a linear 

relation between dry matter production and the number of stress days (Shaw 

& Burrows, 1966), showing that the relative water availability fluctuates 

according to weather conditions as well as to the soil moisture content. 

Thus, an inadequate supply of soil moisture has an adverse effect on 

plant growth and productivity; the same is true of excess moisture in the 

soil. Both conditions are therefore conducive to low WUE. There is, 

therefore, no basis for the assumption that plants grown under dryland 

conditions will generally be more efficient in water use than the same crop 

grown under irrigation, or that water stress improves WUE. For each 

crop and combination of environmental conditions there is a narrow range 
of soil moisture levels at which WUE will be higher than with a lesser or 
greater supply of water. 

Plant Factors 

Crops differ in their capacity to absorb water, to transpire water and to 
react to moisture stress. These differences in crops become more and more 
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evident as the difficulties of maintaining an adequate water balance increase. 

The physiological processes of the plant are primarily a function of the water 

status of the plant and only indirectly affected by soil and atmospheric 

water stress (Kramer, 1969). Therefore, a certain level of soil water stress 

will not necessarily be accompanied by an equivalent degree of plant water 

stress. 

The water status of plant tissues depends on: 

(a) resistance to flow of water in the soil, which varies with water 

content; 

(b) resistance to flow from the stomata into the atmosphere, which 

varies with atmospheric conditions; and 

(c) resistance to flow within the roots and other tissues of the plant, 

which depends on physiological factors and is by no means 

constant. Hence, it is usually impossible to predict the internal 

water status of a plant from conditions in the soil alone or the 

atmosphere alone, and it is possible for a plant to wilt with abun- 

dant water in the soil and to remain turgid when the soil is rela- 

tively dry (Gardner, 1964). 

The principal plant factors which affect the availability of water are 

rooting characteristics and the ability to withstand an adverse water 

balance. 

Rooting characteristics \ 

Both root proliferation and depth of penetration are important 

characteristics. Roots may have an enormous surface area in intimate 

contact with soil particles. 

When a major portion of the plant’s root system is subject to water 

stress at the WP, permanent injury to the plant may result; the degree of 

injury and the rate of recovery will depend mainly on the length of time that 

elapses before water is added to the soil, and on the proportion of the root 

system that is in soil with a moisture content above the WP. When the 

plant has an extensive and efficient root system, penetrating a deep, well- 

structured soil, it can, under favourable climatic conditions, maintain an 

optimum supply of moisture to its aerial parts until part of the root zone 

reaches WP, without growth being markedly affected. 

This combination of circumstances is the exception rather than the 

rule, especially in arid climates. Young plants, with an underdeveloped 

rooting system, will be adversely affected at a level of soil moisture at which 
full-grown perennial plants, such as most grasses, remain unaffected. The 

latter have a wide and deep root system which penetrates the soil to a consi- 

derable depth. Therefore, when part of the root zone is already at WP, 

other parts will continue to supply water from soil that is still moist. As 

water movement in an unsaturated soil is extremely slow, a continuous 



24 I. ARNON 

supply of water to the plant will depend largely on the growth of the roots 

towards the water. A crop whose root system develops rapidly will be able 

to explore the soil for moisture and will therefore be at an advantage over 

crops whose root systems grow slowly. The latter will suffer as soon as the 

water supply in the soil which is in intimate contact with their roots gets 

exhausted. Root elongation decreases as soil becomes water deficient 

(Gingrich & Russell, 1956), so that not only does it become progressively 

more difficult for the roots to extract water, but their ability to seek it is 

also affected adversely. 
Deep penetration by their roots provides many crops with a continued 

supply of soil moisture, even when the upper layers, which usually dry 

out between rains or irrigation, have already reached WP. However, there 

are great differences between different crops, and even between different 

varieties of the same crop, in the characteristics of their rooting systems 

(see Table 1.3). 

Table 1.3. Characteristics of rooting systems of three crops (Dittmer, 1938) 

Crop Root surface area (in?) Number of root hairs 

per in of soil per in? of soil 

Oats eg s 15 150,000 

Rye os 6 30 300,000 

Kentucky Bluegrass an hee 65 1,000,000 

In the examples presented in Table 1.3 Kentucky Bluegrass should be the 

most efficient, and oats the least efficient, in extracting moisture from the 

soil. 

Plant growth may be retarded by the drying out of the upper soil layers, 

even when there is ample moisture available in lower layers of the root zone, 

in cases in which some essential element is concentrated in the dried out 

layer and therefore becomes unavailable to the plants. There are indications 

that certain plants are capable of depleting water from the soil to much drier 

levels than the WP, to an ultimate extent that is equivalent to several 

hundred atmospheres of stress (Slatyer, 1958). Wheat plants with a well- 

developed root system were found to be capable of absorbing water at ten- 

sions greater than 26 atm (Haise et al., 1955). The moisture absorbed at 
levels below WP is not effective in maintaining vegetative growth but affects 

yield and quality of the grain (Kozlowski, 1964). Therefore, in considering 

the amount of water available to native plants in arid soils, the WP is of 

little significance as the lower limit of soil moisture. The lowest limit of 

availability will depend on the species involved and on the prevailing 
conditions. 

A further possibility raised by Slatyer (1958) is that moisture may 
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even be absorbed by plants from an unsaturated atmosphere, as long as 

there is a favourable diffusion-pressure deficit gradient. This is of special 

significance in semiarid and arid regions, where high humidity levels and 

dewfall are frequent at night may be considered of importance for survival, 

if not for growth. (Also see the chapter on “Root patterns in crops as 

related to water and nutrient uptake” by Dr. E. A. Hurd and Dr. E. D. 

Spratt in this volume.) 

Ability to withstand an adverse water balance 

This aspect will be treated in detail on p. 47 under the head ‘Plant 
adaptations to growth in dry regions.” 

Climatic Factors 

The important climatic factors affecting the plant’s response to moisture 

regime are temperature, relative humidity, light intensity and wind 

velocity. All these factors influence the water needs of the plant, as has 

‘already been described. There is a relatively complex interaction between 

the plant, climate and soil factors which determines the plant’s reaction to 

a given moisture regime. All climatic factors conducive to high rates 

of evapotranspiration will accelerate the adverse effect of soil moisture 

stress and vice versa. Therefore, plants may be under severe water stress-~ 

under conditions of high temperature, and/or low relative humidity, even 

when soil moisture is not limiting; conversely, a fairly high soil moisture 

tension may have no adverse effect on the crop when environmental condi- 
tions are not conducive to high transpiration rates. 

The discrepancy between water supply to the roots and loss of water 

by transpiration may be aggravated by the considerable resistance to move- 

ment of water through the roots. On the other hand, the parenchyma 

tissue acts as a buffer losing water when transpiration exceeds absorption 

and gaining water when the reverse occurs (Kramer, 1969). 

” 

EFFECT OF YIELD LEVELS ON CONSUMPTIVE UsE OF WATER 

As ET is largely regulated by the evaporative demand of the aerial 
environment, increases in yield due to inherent productivity or management 
practices have relatively little influence on ET, when soil moisture is not limiting 

and once the crop stand attains complete soil cover. 

However, conditions under which soil moisture is not limiting are not 
exactly characteristic of the semiarid conditions with which we are con- 

cerned. An increase in yield obtained under these conditions usually 

results in increased ET; however, very wide differences in yield may result 

in only relatively small differences in ET. 
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The possibility of increasing yields significantly under conditions of 

water deficiency without an appreciable increase in the use of water may be 

due to a number of reasons. 

Certain practices, such as fertilizer use, which enable the crop to 

develop a more extensive root system, and to extract water from deeper 

depths and possibly higher tensions than an unirrigated crop, may increase 

ET significantly. In this and similar cases, the increase in yield is due both 

to the direct effect of the fertilizer, and to its indirect effect in increasing the 

amount of water that becomes available to the crop. 

Another possible way in. which the relationship between yield and ET 

may be influenced under conditions of water deficiency, is by changes in 

the rate of water use at different periods of growth (Black, 1968). For 

example, crested wheatgrass grown under desert conditions in Oregon, 

when fertilized—made more rapid growth early in the season, exhausted 

the water supply more rapidly, matured earlier and produced higher yields of 

dry matter than did the unfertilized grass (Sneva e¢ al., 1958). In this case, 

the higher yield was achieved without a change in the total seasonal ET. 

PHYSIOLOGICAL EFFECTS OF WATER STRESS 

~ Water deficit occurs in the plant whenever transpiration exceeds water 

absorption: this may be due to the excessive water loss, reduced absorption 

or both. According to the degree of internal water deficit and its duration, 

one can distinguish between incipient, temporary and permanent wilting 

(Kramer, 1959). A small loss in turgor, causing incipient wilting, is an 

almost daily occurrence in warm, dry weather, even when the soil is moist. 

This does not produce visible symptoms of wilting. A more severe loss of 

turgor, causing leaf drooping and subsequently spreading through the plant, 

will reduce growth. If plants regain their turgidity when the water supply 

is re-balanced, this is termed ‘temporary wilting’. A longer period of 

dehydration causes ‘permanent wilting’, from which plants are no longer 

able to recover—even in a saturated atmosphere. 

Moisture stress does not affect all aspects of plant growth and develop- 

ment equally: some processes are highly susceptible to increasing moisture 

stress, while others are far less affected (Shaw & Laing, 1968). The final 

yield of the crop will be the integrated result of these effects of stress on 

growth, photosynthesis, respiration, on metabolic processes, reproduction, 

etc. These various effects will. therefore be discussed separately. 

Turgor 

With the onset of dry conditions, a progressive and continuous decline 

in turgor of the plants is observed. At first, the lag in absorption behind 
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transpiration results in loss in turgor which appears to be due to a 

rapid rise in transpiration due to the increase in atmospheric dryness. 

with the onset of the dry period. As atmospheric conditions become 

more static, the continued decline in turgor may be attributed pri- 

marily to the influence of soil moisture stress, in limiting absorption 

(Slatyer, 1958). ; 

In Australia, the response of three crops: grain sorghum, cotton and 

groundnut ‘to moisture stress was studied. Of the three crops, sorghum, 

with the best developed root system, also appeared to possess the most effec- 
tive internal control over transpiration. This was reflected in generally 

higher turgor levels in sorghum than in the other crops, and a slower rate of 

decrease in turgor with the onset of dry weather. Cotton appeared to be 

the least well-equipped of the three crops to withstand moisture stress, and 

reacted with a rapid decrease in turgor. ‘The differential resistance to turgor 

loss was reflected in growth rate reductions in cotton, which occurred as 

soon as soil moisture stress appeared, while in sorghum these did not appear 

until severe soil moisture stress was evident. The groundnut responses 

were intermediate of the two other crops (Slatyer, 1958). 

Photosynthesis 

Photosynthetic activity is related to three main groups of processes, 
all of which are affected by moisture stress: 

(a) the supply of GO, tothe photosynthetic sites ; 

(b) the photochemical process associated with the utilization of light 

energy; and 

(c) dark chemical processes associated with the chemical reduction 

of CO,. 
As soil moisture stress increases, photosynthesis drops to the com- 

pensation point (Pallas ef al., 1962). Water stress can affect photosyn- 

thesis directly, by affecting various biochemical processes involved in 

photosynthesis, and indirectly, by reducing the intake of CO, through 

stomata as a result of their closure in response to water stress. The 

translocation of assimilates can also be affected by water stress, and the 

resulting assimilate saturation in the leaves may limit photosynthesis 

(Hartt, 1967). 

In studies on the effect-of water stress on photosynthesis in wheat, it 

was found that from the onset of wilting, there was a progressive decline 
in the rate of photosynthesis (Wardlaw, 1967) (Fig. 1.6). 

In maize, apparent photosynthesis was reduced by 40-50%, when soil 

moisture tension reached 1 atm, and signs of wilting were barely visible. 

Recovery of photosynthetic efficiency always occurred immediately on 

reduction of the moisture stress (Baker & Musgrave, 1964). Soil water 
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stress and atmospheric water deficit act additively in reducing the rate of 

photosynthesis (Baker & Musgrave, 1964). 

An adverse water re- 

gime also reduces leaf area 

and hastens leaf senescence, 

thereby decreasing the pro- 

ductivity of the crop to a 

greater extent than the 

depressive effect resulting 

from a reduced net assi- 

milation rate (Fisher & 

i geet Hagan 1905) a Bor sent 
_e°? SUGHTLY WILTEO ample, water stress that 

-* reduced the net assimila- 

’ tion rate by only 50 per 

Pd cent was sufficient to cause 
complete cessation of leaf 

growth, indicating that leaf 

area is more affected by 

—o— — —o- ———o water stress than is the case 

a or a SEVERELY WILTED for net assimilation rate 

: (Ashton, 1956). 
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the deficit becomes more severe, it decreases (Evenari, 1962). For ex- 

ample, in studies with wheat plants, CO, output was found to increase in 

the early stages of drought before there was any measurable effect on the 

water content of the shoots. More severe drought lowered water content 

and respiration (Kaul, 1965). 

Anatomical Changes 

Periodical water stress leads to many anatomical changes: these 

include decrease in the size of cells and of intercellular spaces, thicker cell 

wall, and greater development of the mechanical tissues (May & Milthorpe, 

1962). However, the number of stomata per unit of leaf surface tends to 
increase (loc. cit.). 
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Metabolic Reactions 

The proportion of water in the plant is far higher than in the soil, 

and very small fluctuations, within very narrow limits, can interfere with 

active metabolism (Slatyer, 1967). Almost all metabolic reactions are 

affected by plant water deficits. Severe water deficits generally cause an 

overall decreasé in enzymatic activity. These effects are however selective: 

as the cytoplasm is dehydrated, activity of some enzymes involved in syn- 

thesis is reduced before that of others, while levels of others increase as a 

result of water deficit. For example, in maize, an increase in water stress 

causes nitrate reductase activity to decline at a much greater rate than 

peroxidase activity (Todd, 1972). Levels of enzymes involving hydrolysis 

or degradation usually either remain the same or increase, but they do not 

decrease until fairly severe desiccation has taken place. Hydrolytic re- 

actions therefore increase: starch is hydrolysed into sugars, and proteins 

into amino acids. It has been found in cotton that, as a result of water 

stress, the sugar content of the leaf increases and starch content decreases. 

‘By contrast, in the stems, the concentration of both sugar and starch in- 

creases—indicating that the reduced water supply not only affects photo- 

synthesis, but also that the ability of the plant to utilize the products of 

photosynthesis is still more impaired (Eaton & Ergle, 1952). Similar 

results were obtained with wheat, in which the percentage of soluble carbo- 

hydrates in the leaves of plants under moisture stress increased steadily, 

reaching a level from three to four times as high as that in unstressed plants 

—after which death followed (Petinov, 1961). 

The conversion of starch to sugars, and their accumulation, increases | 

osmotic pressure. ‘This causes a reduction in the permeability of the plant 

cell, so that internal resistance to water flow increases, thereby lessening 

water loss (Shields, 1958). 

Water deficits impair the nucleic acid:system as a result of increased 

R-Nase activity; the degradation of RNA proceeds more rapidly than its 

synthesis, and this, in turn, affects enzyme production and growth (May & 

Milthorpe, 1962). West (1962) studied the effect of water stress on growth 

of and metabolic processes in young maize seedlings. Protein and nu- 

cleotide contents were reduced, while RNA accumulated in the seedlings. 

The reduced growth of the stressed seedlings was attributed to an alteration 

in the nucleotide composition of the RNA. Water stress also results in a 

changed base content of RNA. 
Protein synthesis is intimately connected with the activities of the nucleic 

acid system, and is therefore very much affected by drought (Kessler, 1961). 

These adverse effects are more marked in drought susceptible varieties 

than in drought resistant varieties (Charles & Todd, 1968). Substantial 

accumulation of certain amino acids, especially proline, occurs concomitantly 
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with water stress in many plants (Todd, 1972). This accumulation prob- 

ably relates to decreased protein synthesis. In controlled environment 

experiments, it was found that barley plants, when subjected to water 

deficit, showed considerable accumulation of free proline in their leaves, 

and there were marked differences in this respect between varieties (Singh 

et al., 1972). It has been suggested that the accumulation of proline may 

be a protective agent; the application of proline helped wheat plants 

to recover from drought (Tyankova, 1967). 
Certain plant species, of which Atriplex sp. is an outstanding example, 

are capable of maintaining a high protein content even when grown under 

severe moisture stress. This implies that these plants can maintain the 

organization and functioning of protoplasts despite severe internal water 

deficits, though perforce at a low level of activity (Gates, 1968). For ex- 

ample, A. vesicaria, of vital importance to the sheep industry of Australia, 

was able to maintain levels of approximately 20% protein, throughout the 

year, though exposed to severe water stress (Gates & Muirhead, 1967). 

It should however be noted that most agricultural and pastoral plants do 

not have such proportion (Gates, 1968). 

Hormone Relations 

Water stress exerts a profound effect on hormonal distribution in plants, 

particularly on the contents of cytokinins and abscisic acid (ABA). As a 

consequence of water deficit, cytokinin activity is reduced whereas ABA is 

increased (Livne & Vaadia, 1972). The enhanced aging in shoots of stressed 

plants may be due to a reduced supply of cytokinins from the roots (Itai & 

Vaadia, 1965). Abscisic acid appears to be involved in the regulation of 

physiological responses of plants under moisture stress (Mizrahi e¢ al., 1970). 

A several fold increase in ABA was observed after two hours in wilted leaves 

of wheat seedlings (Wright, 1969). 

Protoplasmic Dehydration 

There are great differences between plant species in their ability to 

endure desiccation, in relation to both the duration and the degree of de- 

hydration. The more water the plant can hold in its tissues under stress 

conditions, the greater will be the ability of the protoplasm to withstand 

permanent injury during drought. The ‘bound water’* prevents the 

* Bound water: Due to the presence of hydrophilic colloids, a fraction of the water 

in the tissues is so tightly held, that the energy of the water molecules is apparently reduced 

to such a low level that other properties are also changed. ‘This fraction is called ‘bound 

water’ (Currier, 1967). 
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protein molecules of active sites from coagulating (Vaadia & Waisel, 1967). 

As tissue becomes desiccated, protoplasm becomes increasingly dense and 

its viscosity gradually increases; when dehydration is severe, complete 

gelation of the protoplasm occurs and finally it may become rigid to the 

point of brittleness (Levitt, 1956). 

Root Development 

Root development is affected by soil water potential in a number of 

ways, among which we should note the following: 

1. The growth-rate of roots decreases with increasing water stress; 

however, growth of the roots is less affected by water shortage than is that 

of the aerial parts, so that the overall shoot: root ratio is increased 

(Peters & Runkles, 1967). 

Drought was found to reduce the weight of roots produced in 

groundnuts (Bhan & Misra, 1970a) and in wheat (Kmoch eé¢ al., 1957), 

without appreciably reducing their number. The roots were finer and 

more fibrous under the dry than under more favourable moisture 

conditions. Roots subjected to moisture stress tend to become suberized 

up to their tips and thereby lose part of their absorbing capacity 

(Kramer, 1969). A marked reduction in growth of flax roots was 

observed when soil water potential was reduced to —7 bars, but some 

growth was still found to occur, in soil drier than —20 bars. Root 

growth in each soil layer appeared to’ be independent of the moisture 

content in other soil layers or in the shoot (Newman, 1966). Plants 

of Phalaris tuberosa were found to survive when the water potential in 

the upper metre of the soil was below —15 bars, because some of the 

roots penetrated to deeper horizons which contain readily available water 
(McWilliam & Kramer, 1968). S 

2. Roots grow towards water in the soil, provided the a from 

the water is small (Hunter & Kelley, 1946). 

3. When rains are light and frequent, only a small fraction of the poten- 

tial root zone is wetted, root penetration will be restricted to a shallow 

layer and the crop will be particularly sensitive to drought periods at a 

later stage. 

Growth 

Growth is suspended during moisture stress and resumed upon its 

elimination. The extent of the damage caused to the plants depends on 

their physiological age, the degree of water stress, and the species concerned 

(Gates, 1968). Generally, the organ growing most rapidly at the time of 

stress is the one most affected (Aspinall ef al., 1964). 
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The effect of water stress on the growth of embryo and seedlings was 

studied in wheat (Milthorpe, 1950). Three distinctly different degrees of 

susceptibility, related to seedling age at the time of drying, was found. 

Seedlings were completely resistant from the dormant embryo stage until 

the coleoptiles were 3 to 4 mm long. At later stages, however, growth was 

permanently impaired by small water losses (Fig. 1.7). Susceptibility to 

drought increased markedly after rapid expansion of the first leaf began; 

however, the capacity to recover from severe drought was not entirely lost, 

as long as some root primordia remained in a meristematic condition. 

If functional roots became active in water uptake, leaf primordia were 

able to resume growth. 
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Fic. 1.7.. Approximate duration of three phases of drought resistance (A, B & C) 

in relation to shoot length and »water content of developing wheat seedlings. 

Drought stress was imposed by drying over sulphuric acid solutions for varying 

times (Gates, 1968, based on data of Milthorpe, 1950). 

Growth is reduced by a decrease in relative turgidity to below 90 

per cent (May & Milthorpe, 1962). The relations between turgor and 

growth are, however, not fully understood (Kramer, 1959). Water deficits 

cause dehydration of the protoplasm, associated with loss of turgor. ‘The 

expansion of cells and cell division are reduced, resulting in a decrease 

in the growth of stems, leaves and fruits. 
The final effect on growth will depend on the frequency and the 

duration of the periods of water stress. 
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Reproduction and Grain Development 

The reproductive cycle can be divided into three stages (Kaufmann, 

1972): (a) flowering, beginning with the initiation of flowers and culminating 

in fruit set. Moisture regime during this phase largely determines the 

number of fruits which will be produced; (b) the period of fruit enlargement, 

during which considerable amounts of nutrient reserves are transported into 

the fruit. The weight of the individual fruit will be mainly affected by 

moisture supply during this phase. Severe moisture stress during this period 

will usually result in small or shrivelled grains; and (c) ripening, which in- 

volves dehydration and certain biochemical processes. Moisture regime 

during this stage has very little effect on yield components, but may affect the 

length of the ripening period. 

Moisture stress during the vegetative phase may stimulate the re- 

productive phase in some plants (Richards & Wadleigh, 1952). Aerial 

or storage parts of the plant may be adversely affected by a certain low level 

of soil moisture, while the economic yield may remain unaffected. For 

example, cotton was found to show marked difference in growth at different 

levels of moisture supply that had no significant effect on the yield of 

cotton seed (Adams e¢ al., 1942). 

For many crop plants, moisture stress at the flowering period is critical. 

Aspinall eé al. (1964) studying the effect of moisture stress at varying stages of 

plant development, found that all stages were affected, but the most sensitive 
stage was between the completion of spikelet formation and anthesis. Even 

a short period of water stress at anthesis will markedly reduce the number 

of flowers that set seed (May & Milthorpe, 1962). The critical period in 

cereals begins with the appearance of pollen mother cells (pollen viability 

appears to be particularly susceptible) and ends after pollination (Henckel, 

1964). This is especially marked in crops with determinate flowering, 

in which the period of pollination through seed-set is relatively short. 

Grain yields of maize were found to be reduced by 25 per cent when soil 

moisture was depleted to WP for two days during the tasselling period, and 

by 50 per cent when the period of stress was increased. up to six to eight days 

(Robins & Domingo, 1953). Yield was reduced because grains were formed 

on only a part of the ear. 

When the linseed variety Punjab, was subjected to water shortage at 

the time of appearance of the inflorescence, seed yield was depressed to 

65% of the control, but the 100 seed weight was scarcely affected. The 

oil content of the seed was also slightly reduced, and oil yield at maturity 

was reduced by nearly 40% (Tiver & Williams, 1943). 

The effects of stress during grain maturation are far less marked, than 

during flowering. Wardlaw (1967) found in wheat, that the development 

of the grain, which constituted the main “‘sink’’ for the flag assimilates, 
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was initially unaffected by a water deficit that caused wilting of the leaves 
and reduced photosynthetic rates. The reduced photosynthetic activity of 

the leaves and ear were compensated for by an increased translocation of 

assimilates to the grain from the lower parts of the plant. 

In cotton, a plant with indeterminate flowering, water stress during the 

period of early flowering caused shedding of new flower buds, but had no 

effect on current flowering or on boll retention. A similar stress during 

peak flowering caused flower bud shedding and also reduced boll retention, 

while a late stress reduced current flowering and almost completely pre- 

vented boll retention (Grimes ¢é al., 1970). 

Crop Yield 

The effect. of water stress on yield will depend largely on what propor- 

tion of the total dry matter produced is considered as useful material to be 

harvested (Fisher & Hagan, 1965). When the yield consists of most or all 

of the aerial part of the crop (forage crops, tobacco, etc.), the effects of stress 

on yield are much the same as those on total growth. When the yield con- 

sists of storage organs other than seeds or fruits (stock beets, potatoes, etc.), 

it will generally be as sensitive to moisture stress as in the plant’s total growth. 

When the yield consists of the seeds or fruits, the situation is very different, 

and it has been shown for a number of crops that the dry matter stored in 

the seeds or grain is mainly the result of photosynthesis that occurs after 

flowering (Thorne, 1966). The effect of water stress will, therefore, depend 

on the stage of growth at which it occurs. At an early stage, the number of 

primordia formed may be reduced; on the other hand, the drastic effect 

of stress at the time of flowering has already been indicated. In general, 
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Fic. 1.8. Response of seed yield and vegetative dry-weight of Ladino clover to soil 
moisture potential (from Hagan, 1957) (by courtesy of California Agric.). 
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water stress, except at the most critical time, will have less effect on the yield 

of grain than on the plant’s total growth (Fig. 1.8). 

When the yield is a chemical constituent (sugar, pharmaceuticals, 

fibres, etc.), the economically valuable part of the crop is only a small frac- 

tion of the total dry matter produced, and moderate stress that affects growth 

may have no or even a beneficial effect on yield. The assumption being 

that wilting favours the decomposition of starch and proteins which may 

favour the formation of certain chemical constituents. Cool and humid 

growing conditions have been found to reduce the alkaloid content of many 

plants (Mothes & Romeike, 1958). 

SEQUENTIAL ErrectTs OF WATER DEFICITS ON PLANTS 

Slatyer (1967) has described the sequence of effects on plants of water 

deficits as they become progressively more severe: a plant that has an 

adequate water and nutrient supply, and normal transpiration, will have 

accelerated breakdown of RNA and possibly DNA (without any cessation 

of RNA synthesis). Metabolism will, at first, be impaired only during the 

daily periods of maximum water deficit; but these periods will become pro- 

gressively longer. Stomatal closure during these periods will lead to reduced 

transpiration and also GO, absorption; photosynthesis is reduced and leaf 

temperatures are increased. Increased respiration will further reduce 

apparent photosynthesis. . 

As the moisture stress in the soil approaches the WP, turgor pressure 

in the plants approaches zero. Cell enlargement virtually ceases, and the 

rate of cell division is markedly reduced (causing a slowdown in the ex- 

pansion of leaf area and growth rates). The stomata remain closed for 

most of the day and transpiration is limited to cuticular transpiration. 

Leaf temperature increases markedly. Most metabolic processes, including 

respiration, slow down apparent photosynthesis and production of dry 

matter becoming practically nil. 

The disruption of normal cell metabolism is accompanied by the 

breakdown of proteins and carbohydrates, causing an increase in the concen- 

tration of sugars; leaf phosphorus and nitrogen migrate from older leaves to 

the stem. Finally, as protoplasmic dehydration -continues, individual 

cells and tissues die. Root hairs die and the roots suberize. In some cases 

the tops of plants die before the roots, in others the opposite occurs. 

EFFecTs oF RENEWED MoisTuRE SUPPLY AFTER STRESS PERIODS 

While cases of crop desiccation and hence complete loss are not rare 

in arid and even semiarid regions, what generally happens is that the 

crops suffer periods of stress of varying duration and severity, terminated 
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each time by a renewed supply of moisture. It is consequently important 

to understand crop reactions to a renewed water supply after periods of 

stress of various degrees of severity and duration and at different stages 

of growth. 

Recovery of photosynthetic efficiency occurs immediately on reduction 

of moisture stress (Baker & Musgrave, 1964). The initial decrease in the 

rate of photosynthesis as a result of water deficit may even be followed by an 

increase to a point exceeding the original level (Eckardt, 1953). This 

phenomenon is not well-understood (Evenari, 1962). Rapid drying has 

a more adverse effect on the rate of photosynthesis than does slow drying 

(Stocker, 1960). 
The ability of stomata to recover after moisture stress may be impaired, 

so that the plant is unable to reestablish its normal functions even after 

regaining turgescence. There are, apparently, differences between various 

crops in the ability of their stomata to recover from the effects of water 

stress, and this may be a factor in their apparent drought resistance. 

Presumably, this is one of the reasons for the greater ability of sorghum to 

recover from the effects of drought as compared to maize (Glover, 1959). 

If the moisture supply is renewed only shortly before death would have 

occurred, metabolic processes do not immediately return to normal 
(Denmead & Shaw, 1960). The death of the root hairs and the suberiza- 

tion of the roots delay recovery—because of the reduced capacity for water 

uptake (Slatyer, 1967). The adverse effects of water stress are less severe 

at some stages of growth than at others. At certain stages, there may be 

irreversible damage which will affect the final yield while at other stages, 

a renewed water supply may stimulate growth to such an extent that the 

plant may ‘catch up’. 

Sorghum is characterized by an unusual ability to interrupt growth 

under moisture stress for extended periods and resume growth as soon as 

favourable conditions again occur. When sorghum plants were subjected 

to wilting prior to floral initiation, growth in height virtually ceased; upon 

rewatering, growth resumed and showed little influence of the previous 

drought. Flower emergence was delayed for approximately the same time 

as the duration of drought and the seed-set per head was not affected 

(Whiteman & Wilson, 1965). 

Droucut HARDENING 

Drought resistance of many plants can be increased by subjecting them 

for several days to moderate dehydration, to low temperatures, or to treat- 

ment with growth retarding substances. Plants that recover from a period 

of drought are also usually less affected by a renewed period of water stress 

(May & Milthorpe, 1962). When hardened plants are subjected to drought, 
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their protoplasm shows a lower viscosity and higher permeability to water 
than that of similar but non-hardened plants. Thus the adapted protoplasm 
does not become rigid and brittle as soon as that of unadapted plants, and 
is better ablé to hold water against dehydrating forces (Levitt, 1956). 

Higher rates of photosynthesis, lower rates of respiration, and a higher 

root/shoot ratio, also characterize hardened plants (May & Milthorpe, 

1962). Todd and Webster (1965) also found that four varieties of wheat 

were able to carry on photosynthesis at a higher rate when the plants were 

previously subjected to a single drought period. Drought hardened plants 

are also better able to survive exposure to heat than are unhardened plants 
(Levitt, 1956). 

Presowing Hardening of Plants to Drought 

Very young seeds, which are still in the milky stage, and have attained 

only one-eighth of the volume of the mature seed, can be completely air- 

dried without losing their vitality (Hubac, 1962). The excised embryo 

can be dried to a moisture content of 5 per cent, and will resume normal 

development and germinate if remoistened and placed on a suitable 

substrate. As germination proceeds, the sprouting embryo rapidly loses 

its ability to withstand desiccation without loss of viability. The critical 

period occurs at the time of emergence of the radicle (or first seminal root). 

It is the radicle that dies first under dehydration, but, before it reaches this 

point through desiccation the seed or embryo can be submitted to a number 

of alternate hydrations and desiccations without harm. Indeed, a succes- 

sion of alternate hydrations and desiccations of the seeds was found to in- 

crease the resistance of the seedlings to desiccation. As long as dehydration 

and desiccation have only a purely physical effect on the colloids of the 

embryo, its vitality is not affected. By contrast, biological dehydration, 

involving death of the radicle, is irreversible. 
Based on these findings, a method for increasing drought resistance of 

plants by treatment before sowing was proposed and developed by Russian 

researchers (Genkel & Henckel, 1961). The method consists in repeated 

cycles of soaking the seeds in water or other dilute solutions, such as 0.25% 

CaCl,, and drying. 
In field experiments in Queensland, it was found that presowing drought 

hardening (soaking the seed, then drying) reduced the rate at which critical 

levels of leaf relative water content (RWC) declined and critical levels are 

reached during periods of severe internal moisture stress. These differences 

of RWC were reflected in a greater retardation of growth of the plants 
from untreated seeds, which could have caused a loss in apical domi- 
nance of the main stem and may explain the increased number of regrowth 

tillers formed on plants from untreated seeds (Aspinall et al., 1964). The 
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consequently increased inter-tiller competition, under conditions of limited 

moisture supply, may be partially responsible for reduced grain set and hence 

occasionally lower yields (Woodruff, 1969). However, grain increases due 

to the hardening varied from 0 to 20% in different experiments. The varia- 

tion in yield response is ascribed to the phenological stage at which RWC 

differences occurred, and to the transient effect of the RWC differences 

(loc. cit.). 

Husain e¢ al. (1968) found that presowing hardening increased the size 

of the grains by 15% in treated plants that were stressed at a late stage, 

but this was partially counteracted by the lower number of treated plants 

surviving to maturity in these treatments, so that there was no statistically 

significant effect on yield in these trials. 

In Yugoslavia, pre-treated seeds of maize gave an average yield in- 

crease of 526 kg/ha; the pre-treatment decreased transpiration rate at tassel- 

ing (Pencic ef al., 1966). In Israel, hardening pre-treatment of seed 

increased the resistance of leaves of sorghum to water loss, but had no effect 

on yield under conditions of severe drought (Jacoby & Oppenheimer, 1962). 

Other methods of presowing ‘“‘hardening’’ of seeds have also been 

investigated; solutions containing various inorganic salts, organic acids, 

mannitol, CCC, auxins, extracts from different plant tissues, etc. were used. 

Seed treatment with 0.09% solution of succinic acid, for 3 hours before 

sowing, was found to improve germination, promote plant growth and 

increase crop survival (Manohar & Mathur, 1966). 

Presoaking of seeds of wheat in 3% solutions of NaCl and Na,SO, 

gave quite considerable increases in yield in trials carried out in western 

Rajasthan (Yields of 1620 and 2326 kg per ha, respectively, as compared to 

376 and 733 kg/ha for the untreated controls—Puntamkar et al., 1971). Field 
experiments in Azerbaidzan, under moderately saline conditions, with seeds 

soaked in a 0.2% MgSO, solution before sowing, resulted in the following 

yield increases: of seed cotton : 29.8%, of wheat : 15.39%, and of maize : 

6.2% (Azizbekova, 1962). 

In India, presowing exposure of seeds to gamma radiation (3000r) 

was found to induce drought tolerance in barley plants. Growth was 
improved and an active metabolism was maintained in plants, even under 

conditions causing wilting (Garg ef al., 1972). Many. other successful 

attempts to induce drought resistance by various presowing hardening 

treatments of seeds are reported in the Hieeatare SS Agri- 
cultural Bureaux, 1971). 

However, the favourable results from drought hardening obtained by 

certain authors were not confirmed by experiments carried out in the 

United States (Waisel, 1962), in Israel (Evenari, 1962; Jacoby & Oppen- 

heimer, 1962); in: Argentina (Jarvis & ties 1964) and in Australia 
(Philpotts, 1972). 
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The extremely variable results obtained from experiments on presowing 

drought hardening of wheat can be ascribed to (a) differences in the tech- 

niques of drought hardening used, (b) differences in the degree, duration of 

the drought, and the phenological stage at which it occurred (Woodruff, 

1969), and (c) differences in varietal response (Salim & Todd, 1968). 

For example, Evenari (1962) applied cyclic drought treatments from 

emergence onwards. Ifthe premise on which the technique is based, namely 

that the resistance of plants to water stress is increased by a previous history 

of exposure to stress (Levitt, 1956) is correct, the cyclic treatments could not 

have been effective (Woodruff, 1969). It is quite possible that yield ad- 

vantages due to the treatments would be apparent when the drought was not 

too severe, and be obliterated by extreme moisture stress. Differences in 

response can also be expected in accordance to the phenological stage at 

which the stress occurred, and the stress duration. Salim & Todd (1968) 

found that different varieties of the same species reacted differently to seed 

presowing treatments, both in character and degree of response, and there- 

fore assumed that this may be one of the reasons of the contradictory reports. 

Crop Productivity (Y) in Dryland Farming 

THE PuysioLocy oF YIELD 

Maximum Dry Matter Production 

The first prerequisite for high yields is a high production of total dry 

matter per unit area. Carbon compounds account for 80-90 per cent of 

the total dry matter produced by plants. Photosynthesis is the basic process 

for the building of organic substances by the plant, whereby sunlight provides 

the energy required for reducing carbon dioxide, with sugar as the end- 

product of the process. This sugar serves as ‘building material’ for all the 

other organic components of the plant. The amounts of dry matter pro- 

duced will therefore depend on the effectiveness of photosynthesis of the 

crop and, furthermore, on plants whose vital activities are functioning 

efficiently. 

The effectiveness of photosynthesis is dependent on: (1) a large and effi- 

cient assimilating area, (2) an adequate supply of solar energy and carbon 

dioxide, and (3) favourable environmental conditions. The total products 

of photosynthesis throughout the lifetime of the crop growing in given 

circumstances will depend on the size of the assimilating area, the efficiency 

with which it functions, and the length of the period during which it is 

active. Differences in productivity between cultivars will therefore depend 

to a large extent on inheritable characteristics of the structure and function 

of the organs involved in photosynthesis (Stoy, 1963). 
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A proportion of the organic substances produced by photosynthesis 

will be needed for the vital processes of the plant, and consumed—by 

respiration—by the plant itself. The respiration intensity depends on 

hereditary characteristics and on growing conditions. The total yield of 

dry matter will therefore be the total amount of dry matter oe less 

the photosynthates used in respiration. 

Finally, the manner in which the net dry matter produced is distributed 

among the different parts of the plant will determine the magnitude of the 

economic yield. 

Assimilating Area 

The leaves of a plant are normally its main organs of photosynthesis, 

and the total area of leaves per unit area of land surface, called leaf area 

index (LAI), has therefore been proposed by Watson (1947) as the best 

measure of the capacity of a crop for producing dry matter; this he called 

its productive capital.* 
Variation in total leaf area (LA) of a plant may result from changes 

in leaf number or in leaf size. ‘The number of leaves present at any parti- 

cular time equals the total number of leaves produced minus the number of 

leaves that have been lost by abscission. Leaf number depends on the num- 

ber of growing points, the length of time during which leaves are produced, 

the rate of leaf production during this period, and the length of life of the 

leaves. Leaf size is determined by the number and size of the cells of which 

the leaf is built, and is influenced by light, moisture regime, and the supply 

of nutrients. 

Growth curve of leaf area index—optimum LAI 

After germination, LAI increases very slowly at first, over a fairly long 

period; then follows a period of rapid expansion (Fig. 1.9). As LAI 

increases, light absorption and the rate of dry matter production increases, 

until the foliage becomes sufficiently dense to cause mutual shading. Then 

less light penetrates to the lower leaves, whose photosynthetic activity is 

therefore reduced. As shaded leaves respire about as actively as leaves 

receiving full sunlight, their contribution to the total assimilation pool of 

the crop becomes less or often negative. There is therefore an optimum 

LAI for maximum dry matter production, which is reached when the lowest 

leaves receive just sufficient light for photosynthesis to balance respiration— 

e.g. when the lower leaves are at the compensation point, and the canopy 

* It would appear logical to include also the area of other green parts, such as leaf- 

sheaths and the ears of cereals. In these, the assimilating area of the ears provides about 

half the assimilates usec in grain formation (Asana & Mani, 1949). 
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as a whole has reached maximum net assimilation. Below optimum LAI, 

light energy is not being fully intercepted; above optimum LAI, the leaf 

- area is not being utilized at maximum efficiency. 

Differences in op- D; 
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the light intensity (being 7 Cy aN 
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thetic efficiency is 

higher than with more intense illumination (Watson, 1967). For crops with 

horizontally oriented leaves, such as sesame, optimum LAT may be between 

3 and 4. For crops with upright leaves, such as cereals, optimum LAI may 

be as high as 6 to 9 (Fig. 1.9). When LAI increases beyond the optimum, 

the lower leaves lose carbohydrates and will eventually die—usually long 

before the leaf canopy as a whole reaches the compensation point (Donald, 
1961). 

The rate of loss of the lower leaves increases as LAI increases, until a 

point is reached at which it equals the rate of production of new leaves; at 

this point LAI has become static, and leaf area is at its maximum. At this 

stage dry matter production is still increasing, though usually at a somewhat 

slower rate than at ‘optimum LAI’. When LAI exceeds its optimum, many 

of the leaves of the lower levels will actually be ‘parasitic’ even under 

conditions of full light intensity. At the same time the formation of new 
top leaves is stimulated, as is stem elongation; in many crops this is conducive 

to excessive vegetative development at the expense, for example, of grain 

formation (Nichiporovic, 1966). 

DAYS FROM EMERGENCE 
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Effect of canopy structure on light interception 

The proportion of incident light that is intercepted by the canopy 

does not depend on LAT alone, but also on the so-called ‘architecture of the 

plant community’ (Loomis ¢ al., 1967; Baker et al., 1974). In a crop, 

the leaves are not isolated but are arranged in a canopy. The way they 

are arranged will affect the proportion of incident light that is intercepted 

by the crop canopy as a whole. The extinction coefficient (K) is a measure 

of the light intercepting efficiency of the leaf area (Wilson, 1969). Leaf 

characters of importance in this respect are: leaf angle, leaf area, continuity. 

of leaf layers and randomness of dispersion of leaves (Donald, 1961). 

Interrelationship between LAI and K 

Under conditions of limited moisture supply which can support only a 

relatively low plant population per unit area, the LAI optimum is low and 

a high K is therefore advantageous in maximizing interception. By con- 

trast, when moisture is not limiting, a low K becomes beneficial because it 

enables optimum LAI to be high. Under these conditions, photosynthetic 

efficiency of light utilization is optimal: at high LAI, a lower K ensures 

that the total light available is dispersed over a greater area of leaves, but the 

light is proportionally weaker. Photosynthetic efficiency of light utilization 

being greatest in weak light, this is a manifest advantage in improving dry 

matter production. 

All these characters influencing K are controlled genetically, and could 

serve as a basis for breeding with the aim of increasing the optimum level of 

LAI. It has been stated that the high productivity of modern varieties of 

sugar beet, as compared with the ancestral wild beet, is due to a different 

disposition of the leaves. Instead of the rosette of the ancestral type, the 

upright leaves of the cultivated varieties enable a more efficient use of light 

(Watson, 1967). This aspect will be further considered in the discussion 

on breeding for high yielding potential in semiarid conditions Gorn gey Oye 

Biological and Economic Yields 

We have discussed the ability of the plant to produce a high yield of 

carbohydrates. In certain crops, such as those produced for forage, the 
total dry matter production or biomass has economic significance; however, 

this is not the case with most cultivated crops.. Generally, only a part of the 

crop is important to the farmer, the rest being either of inferior value (such 

as in the case of straw of cereals), or a nuisance to be disposed of (as in the 

case of stalks of cotton). It is the part of the biomass that is converted into 

the economic product, that has been called the ‘economic yield’ (Nichiporovic, 
1960). The relationship of the economic yield to the total, or ‘biological 

yield’, is expressed as the ‘coefficient of effectiveness’ or ‘harvest index’ 
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(K), according to the equation: 

Y pio X K=Yecon . 

A balance between the productive parts of the plant and the reserves 

which form the economic yield is essential. Experience has shown that a 

considerable increase in the yield of the economic product is usually dependent 

on an increase in the total dry matter produced. However, this is not an 
absolute relationship; indeed, in extreme cases, the opposite may be true. 

In cereals, high plant populations, which produce the greatest biomass 

(and are therefore the most efficient in utilizing radiant energy) may produce 

little or no grain because of excessive competition between the plants for 

light or for moisture. 

In many cereals, most of the dry matter in the grain is produced by 

photosynthesis after the ears emerge. Grain yield therefore depends to a 

large extent on the photosynthetic activity of the parts of the plant that are 

still green after anthesis. In wheat, barley, and similar cereals, the photo- 

synthetic activity of the ear, which is situated at the top of the stalk, makes 

a considerable contribution to grain formation (Rawson & Bremner, 1974). 

Practically all the dry matter of the grain is produced by the part of the 

shoot above the flag-leaf node; of this dry matter the ear contributes about 

50 per cent in wheat (Asana & Mani, 1949) and up to 70 per cent in barley 

(Frey-Wyssling & Buttrose, 1959). Asana et al. (1958) have shown that the 

importance of photosynthesis in the head was greatest in dry environments 

which favoured the early senescence of the flag leaf. However, the size and 

longevity of these organs, as well as the number and potential size of the 

grains, are determined during the vegetative phase. The importance of 

the influence of the vegetative phase is demonstrated by the effect of yellow 

rust of wheat, which, when attacks the early leaves of wheat, causes a consi- 

derable decrease in the yields of total dry matter and of grain (Bunting & 

Drennan, 1966). 

From the foregoing, it can be assumed that, provided LA before anthesis 

is adequate so.as to allow the full genetic expression of kernel number and 

size, grain yield per plant in cereals should be proportional to the photo- 

synthetic area above the flag-leaf node, assuming there are no marked differ- 
ences in NAR between varieties. This hypothesis was tested on 120 varieties 

of wheat under green-house conditions by Simpson (1968), who found high, 

positive correlation coefficients between grain weight and the components 

of photosynthetic area above the flag-leaf node, both on per tiller and per 
plant bases. However, the author stresses that these findings, obtained under 

green-house conditions, require confirmation under field conditions. 

The possibility has been raised that an increase in size of the storage 

organs (the economic yield) results from a stimulation in the productivity 

of photosynthesis or from a greater transfer of photosynthates from other 

organs of the plant to the storage organs and that, therefore, an increase in K 



44 I. ARNON 

is possible without a corresponding increase in Ypio1 (Stoy, 1963). The 

latter possibility is illustrated by the following example: 

Table 1.4.. Ear/Shoot ratios of two varieties of barley 

(Thorne, 1962) 

Stage/Variety Plumage-Archer Kenia 

Emergence es ae 13.8 12 

Anthesis a ans 22D 20 

Maturity aA < _ :128.0 150 

The relative ear/shoot ratios of the two varieties of barley changed com- 

pletely between emergence and maturity. As the absolute dry matter 

production values of the two varieties were similar, the assumption is justi- 

fied that there exists a mechanism whereby the growing kernels are able to 

withdraw varying amounts of photosynthates from other parts of the plant. 

It is not known whether this is an active or a passive process, but it appears 

from the work of Mothes (1956) that certain substances, such as kinetin and 

benzimidazole, have a profound influence on the movement of nitrogen to 

different parts of the plant. There might therefore be an activating 

principle, produced by the rapidly growing parts of the plant, in amounts 

that are genetically controlled, which affects the above-mentioned 

process. 
It is important that after the harvestable part has been initiated, all 

dry matter in excess of what is required for the maintenance of an efficient 
photosynthetic structure should be diverted to the economic part of the 

plant. In addition, the maximum possible of dry matter should be 

translocated from the non-harvestable parts of the plant to the economic 

product during the later stages of maturation. 

The Components of Economic Yield 

Attempts have been made to achieve better understanding of the eco- 

nomic yield of many crops, so as to provide criteria for management and 

breeding purposes, by breaking down yield into yield components. 

A familiar formula for grain yield of cereals is: 

Y=axbxexd 
in which Y= grain yield per unit area, 

a = number of plants per unit area, 

b = number of fertile tillers per plant, 

c = number of grains per ear, and 

d = weight of the individual grain. 

At first sight, an increase in one of the components on the right hand 
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side of the equation should lead to an increase in yield. To understand 

why this is not necessarily so, requires an understanding of the influence 

of various components on yield, and the effect of crop management on each 

of them. 

Tillering 

The first genetically controlled component of yield is the number of 

ears or of fertile tillers per plant.. The number of ears per unit area is a func- 

tion of planting density, tillering and tiller survival; it is influenced by geno- 

type and is amenable to agronomic practices. Grains per ear and weight 

per grain are functions of physiological processes of growth and development. 

The optimum number of ears per unit area is, of course, closely de- 

pendent on the soil moisture regime during the growing period of the crop. 

Most cereals have a considerable capacity to increase the number of tillers 

per plant, when sufficient space is available to the individual plant. An 

optimum number of ears per unit area can therefore be achieved in two 

different ways: by a low plant density compensated by an increased number 

of fertile tillers per plant, or by a high plant density which will keep the 

number of tillers per plantlow. At first glance, the former approach appears 

to be the more rational: savings in seed can be achieved by it, and the plant 

will autoregulate the number of ears per unit area according to whether 

environmental conditions are favourable or not. In practice, however, 

this approach has a number of drawbacks. Thus a sparse stand is more 

susceptible than a dense one to weed infestation, and unfavourable condi- 

tions may reduce plant population below the point at which increased 

tillering can compensate for missing plants. The principal limitation, how- 

ever, is that the tiller is not an independent unit: it is considerably influenced 

by other tillers produced on the same plant. There is therefore a great 

difference in principle, in whether the number of ears per unit area is deriv- 

ed from a large number of plants with a few fertile tillers each or from 

relatively few plants with abundant tillers. The following considerations 
seem most pertinent in this connection: 

(a) The ear-bearing capacity of an individual tiller depends on the 

number of tillers per plant. A negative correlation is known to exist between 

tiller production and tiller survival, indicating the existence of a regulatory 

mechanism which keeps the rate of ear production per plant down on a 

determined level (Frankel, 1935). It has been shown that only tillers formed 

before a certain period in the life of a plant will produce ears (loc. cit.). 

Therefore, on the same plant, tillers appearing at a relatively late date will 

have less chance of producing ears. The final number of ears per unit 

area can therefore be achieved by increasing either tillering or the 

proportion of those tillers that survive and produce ears. There 

appears to be better justification to produce fewer tillers and 
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increase the survival rate than vice versa. 

In India, in field trials with 13 cultivars of rain-fed wheat, it was 

found that the main shoots contributed the major proportion of the crop 

production and that ears of tillers contributed very little to grain yield 

(Asana et al., 1968). 
(b) The primary tiller usually produces the largest ear, each successive 

ear-bearing tiller producing ears of decreasing size. The second and third 

ears are generally nearer in size to the first ear than are the subsequent 

ones to be formed. The tendency in recent years has therefore been to 

breed for varieties with sparse tillering capacity but higher ear-producing 

tiller survival, and to adjust plant density so as to decrease dependency on 

tillering as a means of achieving optimum density. However, retaining a 

limited ability to tiller (2-3 tillers per plant) enables auto-adjustment of 

the plant according to environmental conditions and compensation for 

missing plants, without adversely affecting the ultimate yield. It has also 

been shown that one-ear plants may produce smaller ears than two-ear 

plants—mainly because the former are frequently weak or diseased (Frankel, 

1935). 

(c) Finally, it has been found that tillering is undesirable in dry areas 

because favourable conditions during tillering may establish many tillers 

that use up moisture rapidly and cause the plant to suffer from moisture 

stress later in the season. Thrifty plants with few tillers tend to yield more 
in dry years (Hurd, 1971). 2 

Number of grains per ear and weight of the indwidual grain 

Increased carbohydrate production will contribute to increased yields 

only when the total storage capacity of the plant is adequate, in other 

words, an adequate ‘sink’ is required, that is capable of receiving the carbo- 

hydrates in excess of the metabolic needs of the cereal plants. It has been 

shown in non-cereals that there is a feedback effect, in the sense that 

the size of the ‘sink’ affects the production and the movement of carbo- 

hydrates in the plant. It is therefore possible that in cereals also, too few 

grains, or unsatisfactory grain development, may restrict the photosyn- 

thesis of the shoot (Thorne, 1966). Consequently, the number of grains 

per ear, is important (Rawson & Bremner, 1974). As the maximum yield 

that can be achieved under given environmental conditions has a ceiling 

that cannot be surpassed, an increase in the number of seeds must be 

accompanied by a decrease in the weight of the individual grain, and 
vice versa. 

Generally speaking, factors acting early in the season mainly influence 

the grain number, while the size of grain is affected by the factors acting 

after anthesis. The significance of these facts for plant breeding will be 

discussed later. 
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Crop IMPROVEMENT FOR EFFICIENT WATER USE 

Little systematic work for the specific objective of breeding crop varie- 

ties for drought resistance has been carried out. Drought resistance is 

the result of many, frequently independent, morphological and physiological 

characters, whose interaction has not yet been sufficiently elucidated. 

Most physiological components of resistance are polygenic, and general 

analysis of the heredity of this complex has not yet been achieved. 

Drought itself is not a uniform concept; the relation of the plant is | 

different to atmospheric drought and to soil moisture deficiency, and will 

also depend on the stage of development at which drought occurs. 

Atmospheric Drought 

This is caused by low air humidity, frequently accompanied by hot 

dry winds. It may occur even under conditions of relatively high soil- 

moisture (Aamodt & Johnston, 1936). For example, hot dry winds occur- 

ring at the time of earing of wheat may completely kill the young ears, 

irrespective of the amount of water available in the soil. Actually, plants 

that have grown continuously under favourable soil moisture conditions, are 

the most susceptible to atmospheric drought. (Also see the chapters on 

“Effect of humidity on crop production” and “Effect of wind and their 

amelioration” in this volume.) 

Soil Drought 

This occurs when soil moisture supply lags behind evapotranspiration: 

it is usually gradual and progressive. Plants can therefore adjust, at least 
partially, to the increased moisture stress. 

Plant Adaptations to Growth in Dry Regions 

Levitt (1972) distinguishes between two basic ways in which plants 

can grow and survive in dry habitat: (a) escaping drought, and (b) actual 
drought resistance. 

Escaping Drought 

Evading the period of drought is the simplest means of adaptation of 

plants to dry conditions. Many desert plants, the so-called ephemerals 
germinate at the beginning of the rainy season and have an extremely short - 

growing period, which is confined to the rainy period. Between germina- 

tion and seed maturity, as few as five (Polunin, 1960) to six (Kassas, 1966) 

weeks may suffice. These plants have no mechanism for overcoming 
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moisture stress and are therefore not drought resistant. 
The presence of germination inhibitors in such seeds serves as an ‘internal 

rainguage’, which permits germination only after an amount of precipitation 

has fallen that will be sufficient to remove the inhibitor (Went, 1952). 

Early maturity 

In cultivated crops, the ability of a cultivar to achieve maturity before 

the soil dries out is the main adaptation to growth in a dry region. How- 

ever, only very few crops have such a short growing season, that they can 

be considered similar to the ‘ephemerals’ in escaping drought. One ex- 

ample is of certain varieties of millets that can produce mature seeds within 

60 days from germination. Even the earliest maturing varieties of most 

crops have longer growing periods and will usually experience one or more 

periods of moisture stress during their lifetime. While their ‘earliness’ 

reduces the number and the time of incidence of the moisture stress periods 

in relation to the phenology of the plants, and is therefore an important 

characteristic; it does not ensure their escaping drought completely as do the 

real ephemerals. They therefore need, and usually have, actual drought 

resistance attributes. 

Drought Resistance 

Plants that cannot escape periods of drought can adapt to these condi- 
tions essentially in two ways: 

(a) Avording stress 

Stress avoidance is the ability to maintain a favourable water balance 

and. turgidity even when exposed to drought conditions, thereby avoiding 

stress and its consequences. Stress avoidance is mainly due to morphologi- 

cal-anatomical characteristics, which themselves are the consequence of 

the physiological processes induced by drought (Levitt, 1972). These 

xeromorphic characteristics are quantitative and may vary according to the 
environmental conditions. 

A favourable water balance under drought conditions can be achieved 

either by: (i) conserving water, by restricting transpiration before or as soon as 

stress is experienced (the so-called water savers); or, (ii) accelerating water 

uptake sufficiently, so as to replenish the lost water (water spenders). 

The mechanisms for conserving water—(1) Stomatal mechanisms: Stomata 

of different species vary widely in their normal behaviour and 
range from staying open continuously to remaining closed continuously. - 

Many cereals open their stomata only during a short time in the early 

morning and remain closed during the rest of the day. There are however 

differences in this respect between varieties of the same crop, as shown by 

the following examples: in two varieties of oats, the one more resistant to 
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drought opened its stomata more rapidly in the early morning when moisture 

stress is at its minimum and photosynthesis can proceed with the least loss 

of water (Stocker, 1960). An interesting observation made in the course 

of trials on the effects of soil moisture regime on different wheat varieties, 

was that the stomata of a semidwarf variety remained open throughout the 

day, while those of the tall variety were open for only a few morning hours, 

remaining closed thereafter even under favourable conditions of soil moisture 

and transpiration (Shimshi & Ephrat, 1970). 
The relative transpiration (T/E) of a drought sensitive variety of ground- 

nuts was found to be generally greater than that of a more drought resistant 

variety (Gautreau, 1970). These differences were however apparent only 

in water-stressed plants, indicating that the mechanism of stomatal regulation 

of water loss is not operative above a certain threshold level of water content. 

However, mechanisms of conserving water based on the closure of stomata 

will inevitably lead to reduced photosynthesis and may lead to “drought 

induced starvation injury” (Levitt, 1972). 

(2) Increased photosynthetic efficiency: One possibility for overcoming the 

limitations on photosynthesis imposed by stomatal closure as a means for 

increasing resistance to loss of water by transpiration would be a higher 

rate of CO, assimilation for a given stomatal opening (Hatch & Slack, 

1970). A number of important crop plants (maize, sugarcane, sorghum, 

proso, foxtail and finger millets) (Hatch et al., 1967) as well as certain forage 

species, Bermuda grass (Cynodon dactylon), Sudan grass, Bahia grass (Pas- 

palum notatum), Rhodes grass, (Chloris gayana) (Murata & Iyama, 1963) 

and certain Atriplex spp., fix most of the CO, into the C, of malic and as- 

partic acids; the so-called Cy,-dicarboxylic acid (C,) pathway. They 

have a primary carboxylating enzyme which has both a high potential 

activity and a high affinity for CO,. With such an enzyme, high rates of 
fixation of CO, can be maintained with much lower internal concentrations 
of CO, and with relatively restricted stomatal opening (Loomis e¢ al., 1971). 
The species using the Cy pathway have a high rate of CO, assimilation for 
a given stomatal opening, higher temperature and light optima for photo- 
synthesis (El-Sharkawy et al., 1968), and higher light saturated rates of appar- 
ent photosynthesis (El-Sharkawy & Hesketh, 1965). 

There appears to exist a threshold value for the concentration of CO, in 
the air, below which no assimilation takes place. Most plants in a closed 
system will reduce the CO, concentration in the air to a minimum value 
between 50 and 100 ppm. For these plants, not more than two-third of 
the CO, in the atmosphere is available for photosynthesis. There are how- 
ever striking differences in this respect between species; both maize and 
sugarcane are capable of reducing the concentration of CO, to less than 
10 ppm (Moss, 1962). 

A close relationship has been established between the photosynthetic 
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pathway used by most cultivated crops, the so-called Calvin cycle, and a 

light dependent release of CO,, called photorespiration,which does not occur 

in plants with the C, cycle (Jackson & Volk, 1970). Photorespiration contri- 

butes to the lower rates of apparent photosynthesis of the Calvin cycle 

species (Downton & Tregunna, 1968). It has been found that when photo- 

‘respiration is inhibited by special treatments, the net photosynthesis of these 

species has been enhanced by as much as 50% (Downes & Hesketh, 1968). 

Moreover, the photosynthates are translocated very rapidly from leaves of 

the C, species (Moss & Rasmussen, 1969); thereby preventing the slow- 

down of photosynthesis resulting from the accumulation of assimilates in the 

leaves. For these reasons, the Cy species have higher growth potentials and 

more efficient use of water as compared with plants that use the Calvin cycle 

under the same moisture regime. (Also see the chapter on “Photorespira- 

~ tion in relation to crop yield” by Dr. A. Goldsworthy in this volume.) 

Another photosynthetic process which reduces water loss without a 

concomitant reduction in photosynthesis is found in a number of succulent 

plants, which keep their stomata closed during most of the day. These 

plants have the so-called Crassulacean acid metabolism (CAM) which en- 

ables them to fix large amounts of CO, as organic acids at night and convert it 

into carbohydrate during the day. As the primary assimilation of CO, 

occurs at night, the lower temperatures prevailing limit the amount of 

water transpired for a given stomatal opening. The pineapple, for 

example, which has the CAM type of photosynthesis, produces about the 

same amount of dry matter per year as sugarcane, but often uses only 10 

to 20% as much water (Ekern, 1965). With the exception of the pineapple 

and certain Agave spp. grown for fibre and paper pulp, CAM plants have 

not been exploited agriculturally (Loomis et al., 1971). 

Plants having the C,-dicarboxylic acid pathway belong to a taxa 

whose predominant natural distribution is in areas having intense solar 

radiation, and hot daytime temperatures—mainly in the drier parts of these 

areas, in particular those with a regular severe drought for a part of the year 

(Loomis et al., 1971). Similarly, CAM plants are probably all nonhalophytic 

succulents and generally adapted to arid environments (loc. cit.). Because 

of anatomical adaptations of Cy species and their frequent exposure to 

drought in their natural habitats, it has been suggested that these species 

are less sensitive to periods of desiccation than species not possessing this 

pathway (Laetsch, 1968). 
There is no doubt that the C, photosynthetic pathway is extremely 

efficient; sugarcane and maize are among the most highly productive crops 

when grown under favourable conditions of moisture regime, nutrient 

supply etc. The biochemical, physiological and structural features shared 

by the C, species are apparently adaptations to high light intensity, by in- 

creased resistance to photosynthetic photo-saturation (Laetsch, 1968). 
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Whether the C, pathway can be considered as a mechanism for drought 
resistance appears however to be much more doubtful. If we compare 

two crops with the same C, mechanism, such as maize and sorghum, the 

considerable differences in actual drought resistance exhibited by the two 

indicate that the resistance is due to factors other than the actual photo- 

synthetic process. Many types of millets, another group of Cy, crops, are 

able to produce reasonable yields with a limited amount of rainfall because 

of their extremely short growing periods; their ability to survive drought 

under conditions of severe moisture stress, even for short periods, is far lower 

than that of a typical C, crop such as barley. This view is confirmed by 

Boyer (1970) who studied rates of net photosynthesis in maize (a Cy, plant) 

and soybean (a Calvin-cycle plant). Rates of photosynthesis in maize 

were inhibited whenever leaf water potentials dropped below —3.5 bars, 

while photosynthesis of soybean remained unaffected by desiccation until 

leaf water potentials were below —11 bars. Soybeans were also less subject 

to death of tissue during severe drought than was maize. On the basis of 

these findings, soybeans appeared better able to withstand drought than 

maize. However, the photosynthetic rate of maize was higher than that of 

soybean over most of the desiccation range. It appears therefore that the 

main characteristic of CG, and CAM crops is their high water use efficiency 

and not drought resistance per se. 

(3) Low rates of cuticular transpiration: The typical example is the 
cactus. 

(4) Decreasing transpiration by a deposit of lipids on the surface of the 

leaves on exposure to moderate drought. This has been shown to occur 
in soybeans (Levitt, 1972). 

(5) Reduced leaf area: The principal means of reducing water loss of 

xeromorphic plants is their ability to reduce their transpiring surface. Apart 

from the common means of keeping the aerial parts small, perhaps the sim- 

plest form of this reduction of the transpiring surface is the rolling or curling 

of leaves at times of water stress, a characteristic phenomenon exhibited by 

many grasses. The rolling of leaves has been shown to reduce transpiration 

by almost 55 per cent in semiarid conditions, and by 75 per cent in desert 
xerophytes (Stalfelt, 1956). 

(6) Leaf surface: Various morphological characteristics of leaves help to 
reduce the transpiration rate and may affect survival of plants under drought 
conditions: leaves with thick cuticle, a waxy surface and with the presence 
of spines, etc., are common and effective. In certain species, drought 
stimulates the production of epidermal hairs (Shields, 1958). The mere 
presence of pubescence on the leaves is no longer considered as an advantage 
in reducing transpiration (Kramer, 1959), unless it be through increasing 
their albedo. 

(7) Stomatal frequency and location: A smaller number of stomata can 
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retard the development of water deficits. In certain species, the stomata 

are located in depressions or cavities in the leaves, which is a feature that 

can further reduce transpiration by limiting the impingement of air currents. 

(8) Effect of awns: Awned varieties of wheat predominate in the drier 

and warmer regions, and have been found to yield better than awnless 

ones, especially under drought conditions, though there are exceptions 

(Grundbacher, 1963). Awns have chloroplasts and stomata and so can 

photosynthesize; it has been found that the contribution of the awns to the 
total dry weight of the kernels was 12% of that by the entire plant (Mc- 

Donough & Gauch, 1959). 

Accelerating water uptake—(1) Efficient root systems: The root systems of 

drought resistant plants are characterized by a wide variety of apparent 

adaptations. ‘These are responses to such predominant soil conditions as 

the duration of soil dryness and the depth that is normally wetted, the pre- 

sence and nature of soil constituents and the degree of soil salinity. Plants 

become adapted to dry conditions mainly by developing an extensive root 

system, rather than by structural modifications of the roots (Shields, 1958). 

The concept “‘extensive root system”’ also includes, in addition to growth in 

depth and lateral growth, the density of roots per unit volume of soil and the 

number of secondary hair roots (Oppenheimer, 1960). 

There are considerable differences between cultivated plants in the 
extent, depth, and efficiency, of their root system. Sorghum has nearly 

twice as many small branch roots per unit length of main roots as has maize 

and it is assumed that this is one of the main reasons for its greater drought 

resistance. Another adaptation of some xerophytes is their speedy response 

to a rewetting of the soil by the rapid formation of secondary rootlets (‘rain 

roots’) which may appear only two to three hours after a fall of rain (Evenari, 

1962). An important characteristic of certain cultivated plants is their 

ability to respond quickly to fluctuations in moisture content by having roots 

that grow rapidly towards sources of available moisture. It has been shown 

experimentally that drought resistance of varieties of spring wheat is related 

to the rapidity of growth of the primary roots (Aamodt & Johnston, 1936). 

Plants are also known to differ with respect to the ability of their root 

systems to penetrate relatively dry soils. Oats, wheat and barley show little 

penetration of the soil, at or below wilting point, while two range grasses— 

Side-oats grama (Bouteloua curtipendula) and Love-grass (Eragrostis eragrostis) 

penetrated the soil quite extensively (Salim et al., 1965). 

(2) High root-to-top ratio (R/T): A high root-to-top ratio is a very effec- 
tive means of adaptation of plants to dry conditions (Killian & Lemée, 

1956), as under such conditions the growth rate of the roots considerably 

exceeds that of the shoots. The transpiring surface is thereby reduced, while 
the root system of the individual plant obtains its water from a large volume 

of soil. Simonis (1952) has shown that an increased root : top ratio may 
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actually result in a greater amount of total dry weight of plants grown under 

dry conditions as compared to similar ones grown with full moisture. 

(3) Differences in osmotic potential of the plants: Levitt (1958) has 

calculated that a difference of 0.5% in the soil moisture content that induces 

permanent wilting, could supply a plant with enough water to keep it alive 

for 6 days; this could mean, in certain cases the difference between survival 

and death. 
(4) Conversion of water spenders to water savers: Because of their increased 

water absorption, water spenders are characterized by very high rates of 

transpiration. However, as soon as the absorption rate becomes insufficient 

to keep up with water loss, the water spenders generally develop some of the 

characteristics of the water savers (Levitt, 1972). 

(6) Drought tolerance 

When the plant is actually submitted to low water potentials it can show 

drought tolerance by either mitigating the actual stresses induced by the 

moisture deficiencies, or by showing a high degree of tolerance to these stresses. 

Mitigating stress: Adaptations to drought based on mitigating the effects 

of stress permit the plants to maintain a high internal water potential in 

spite of drought conditions. They therefore are able to maintain cell turgor 

and growth, avoid secondary drought induced stress, as well as direct or 

indirect metabolic injury due to dehydration (Levitt, 1972). 

(1) Resistance to dehydration: The simplest method of avoiding drought 

induced damage is by resisting dehydration—preferably to the extent of 

maintaining turgor, and at least by avoiding cell collapse after loss of turgor 
(Levitt, 1972). 

Together with the morphological adaptation already mentioned, a 

higher internal osmotic pressure obtained by accumulating sufficient 

solutes helps to prevent dangerous internal desiccation, and apparently 

makes the plasma itself more drought enduring (Vaadia & Waisel, 1967). 

The cells can retain their turgor and therefore can continue to grow when 

exposed to drought stress. 

When plants are grown in their natural environments, their osmotic 

potentials tend to be characteristic for each ecological group: most crop 

plants have values of 10-20 atm, xerophytic plants commonly have values 

of 30-40 atm, halophytes may reach values of 100 or more atm. 

(2) Prevention of leaf collapse: In many instances the principal effect 

of leaf adaptation to dry conditions, such as thick cell walls, is to prevent 

wilting or collapse of the leaf, rather than to ensure reduced water loss 

(Kramer, 1959). Indeed the palisade type of mesophyll actually favours 

higher transpiration (Shields, 1958). This explains why xeromorphic 

types of leaves frequently transpire more, when amply supplied with water, 

than mesomorphic types (Shields, 1958; Kramer, 1959), and thus make 
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possible an efficient use of water during the short periods of wet conditions 

which are typical for dry environments. As soon as the soil moisture-level 

again becomes critical, the stomata close and the morphological adaptations 

to reduced water supply mentioned above, become operative. 

Tolerating stress—(1) Resistance to metabolic strain: The greater the elastic 

dehydration strain*, the greater the danger of a resulting plastic metabolic 

strain. When dehydration occurs, there are mechanisms for tolerating an 

accompanying plastic metabolic strain. 

(i) Starvation: The greater the dehydration a plant can tolerate and 

still keep its stomata open the lower will be its dehydration compensation 

point**, This kind of drought tolerance will be due to the specific ability of 

the guard cells to remain turgid even when the leaf cells are wilted, and is 

possibly due to an increase in the solutes of the guard cells (Levitt, 1972). 

However, crop plants generally possess only a very modest degree of 

starvation avoidance, and in all probability an ability to maintain stomata 

open at a greater degree of dehydration would do more harm than good. 

Not only injury due to a higher transpiration rate would be more likely, 

but photosynthesis would still slow down and stop, notwithstanding continued 

CO, uptake, because of the slowdown of translocation of the assimilates 

(Goesicit:):: 

Plants that drastically reduce their metabolic activity below their hy- 

dration compensation point will have low carbohydrate needs and therefore 

a greater tolerance to low net assimilation rates than do plants that are with- 

out this mechanism. This may be one reason for the high drought resistance 

of succulents (loc. cit.). 

(ii) Protein loss: The avoidance of protein loss under drought conditions 

is the net result of two processes: a decreased rate of protein breakdown or 

an increased rate of synthesis. Young leaves are more resistant to drought 

than older leaves and this is ascribed to their greater protein content 

(Mothes, 1956). In drought resistant plants, the net loss of RNA is pre- 

vented and the plant is able to continue to synthesize proteins (Chen e¢ al., 

1968). In tests with varieties of winter wheat, for example, water stress 

caused a greater decrease in RNA content in a nonresistant variety than in 

the resistant variety (Stutte & Todd, 1967). 
Protein breakdown may result in an accumulation of products to a toxic 

level. A mechanism for decreasing the toxicity would then increase tolerance 

to protein loss. This might be an explanation for the accumulation of proline 

that appears to be associated with drought tolerance (Levitt, 1972). 

(2) Avoidance or tolerance of direct drought-induced plastic strain: Some 

* Cell dehydration is elastic and completely reversible up to a point, beyond which it is 

plastic, irreversible and therefore injurious (Levitt, 1972). 

** This is the water potential at which rates of photosynthetic CO, absorption and res- 

piratory CO, evolution are equal, so that net photosynthesis equals zero, 
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higher plants may show little restriction of transpiration during drought 

and can become air dry without suffering permanent injury. Grama grass, 

for example, may lose 98.3% of its free water without injury (Oppenheimer, 

1960). Exposure to a sublethal stress may cause an increase in resistance 

so that the plant is able to survive an otherwise lethal stress. This has led 

to the developing of methods for increasing hardiness of crop plants. 

There are great differences between different plant organs in their ability 

to withstand desiccation. Seeds that are filled with good reserves but have 

no vacuole can survive very long dry periods, often of many years. Buds 

of higher plants also have no vacuole, and are very resistant to desiccation. 

Certain plants survive a degree of desiccation that causes the death of their 

leaves, as the buds on the stems remain alive and resume growth when the 

drought ends. 5 

In many species of perennial plants, the above-ground parts die off 

at the onset of the hot dry season and the underground parts, such as 

rhizomes, bulbs, corms, and tubers, remain alive but dormant (Vegis, 1963). 

Heat Resistance 

\ 

In arid lands, dryness and high temperatures are generally associated 

with each other. Because of the high net radiation and the little water that 

is available for evapotranspiration, resistance to heat by the plant plays a 

very large role (Emberger & Lemée, 1962). Growth of plants ceases at. 

below-lethal temperatures; the longer the plants are exposed to high tem- 

peratures, the longer it takes them to recommence growth (Levitt, 1972). 

The resistance of plants to heat is accordingly just as relevant to their adapta- 

tion to arid conditions as their resistance to drought. When the plant 

has an ample supply of water, its metabolism may be adversely affected by 
excessively high air or soil surface temperatures, that may eventually cause 
the death of the more susceptible species. 

The simplest kind of metabolic injury due to heat is starvation, because 

of the higher optimum temperature for respiration than for photosynthesis. 

The temperature at which respiration and photosynthesis are equally rapid 

is called the temperature compensation point (Levitt, 1972). When plant tem- 

peratures rise above the compensation point the reserves are depleted, and if 

the temperature stress continued, ultimately death due to starvation will 

result. Injury may also be due to the production of toxic substances: injury to 

seedlings of Bajra (Pennisetum typhoides) as a result of exposure to 48°C for 
12-24 hours has been attributed to the appreciable quantities of ammonia-N ~ 
formed in the plants (Lahiri & Singh, 1969). 

It is assumed that at certain temperatures, specific essential enzymatic 
reactions are completely inhibited. This limits or prevents the elaboration 
of certain metadolic products that are essential to the growth of plants. If. > 
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for each plant, it were possible to ascertain what specific metabolic step is 

affected by high temperatures, it might be possible, by an appropriate inter- 

vention, to improve plant productivity under high temperatures (Kurtz,1958). 

Heat may cause the breakdown of proteins. This was shown to be the 

case in 3-week old plants of Bajra growing under favourable soil moisture 

conditions, when exposed to 48 °C for durations up to 24 hours (Lahiri & 

Singh, 1969). Heat stress during seed maturation may affect germinability, 

either negatively or favourably, depending on the stage of maturation at 

which the stress occurred: germination of freshly harvested barley seed was 

reduced by heat stress 7-10 days after awn emergence, and was increased 

by the same degree of stress 3 weeks after awn emergence (Khan & Laude, 

1969). 

According to Soviet workers (Petinov & Molotkovsky, 1962), the pro- 

tective mechanism of heat resistant plant is based on the regulation of the 

respiration process. Under the influence of excessive heat, protein formation 

is seriously affected, leading to excessive formation and accumulation of 

HN3, which is toxic to plant tissues. Heat resistant plants react by the 

accelerated production of organic acids during the respiratory process; 

these organic acids bind HN, in the form of salts, thereby minimizing the 

effects of heat.. The researchers found that foliar zinc sprays increased 

the heat resistance of plants, because zinc activates certain enzymes and 

stimulates oxidation reactions in vegetative cells. 

Basic BREEDING OBJECTIVES FOR RAIN-FED Crop PRODUCTION 

UNDER SEMIARID CONDITIONS 

-Drought resistance can be defined in a number. of ways, particularly in 

terms of the ability of plants to (1) survive under drought conditions, (2) 
endure drought without injury, and (3) be efficient in their use of water. 

Survival under drought conditions 

Typically xerophytic plants have frequently adapted themselves to arid 

conditions by developing survival mechanisms, of which the most prominent 

is usually a reduced transpiring surface resulting in dwarfed plants with very 

limited total leaf surface. Survival is therefore achieved at the expense of 

productivity. However, the farmer is not concerned with the survival of 

the species and varieties he grows; in case of crop failure he can always buy 

a new supply of seeds from a commercial source, he is concerned rather with 

the productivity of his crops. Many of the typical xerophytic characteristics 

are therefore not, a priori, necessarily desirable in cultivars to be grown 

under conditions of limited water supply. 
Kaul (1969) assessed the drought resistance under field conditions in 

Saskatchewan (Canada) of wheat varieties and found consistently significant 



58 I. ARNON 

differences between some varieties and their water potential and osmotic 

pressure values. However, no consistent positive or negative relationship 

between water status and yield could be demonstrated. Conversely, varieties, 

that did not differ in water potential or osmotic pressure values, showed 
striking differences in productivity: the author postulates that under 

conditions of restricted water supply, a delicate balance needs to be main- 

tained between water flow in the plant and water stress. Presumably, 

wheat varieties, when grown under semiarid conditions, differ in their 

ability to balance water flow and water stress optimally, either because they 

close their stomata at too low stress levels, or maintain too high transpira- 

tion rates, thus inducing too high stress levels. 

In general, no satisfactory physiological, anatomical, or morphological 

characteristics have yet been defined which could serve as reliable criteria 

in selecting for drought resistance. 

Nevertheless, many attempts have been made to use xerophytic charac- 

ters as indices of drought resistance for breeding purposes, the osmotic pres- 

sure of germinating seeds (Buchinger, 1930), viscosity (Schmidt e¢ al., 1940), 

resistance to artificial atmospheric drought and heat in drought chambers 

(Aamodt & Johnston, 1936), etc. Most of these tests have given inconsistent 

correlations with yields under drought. This inconsistency is, according to 

Asana (1957), probably due to the fact that desiccation tests assess only 

the capacity of tissues to endure dehydration but they do not indicate 

the relation of yield to dehydration of tissues. These tests could therefore 

serve at best for screening strains that are more or less capable of enduring 

drought, but without any direct relation to their productive ability. 

Ability to endure drought without injury 

A more modern school of thought believes that the only true criterion 

of drought resistance is the ability to endure drought without injury. In 

this sense, drought resistance is defined as “the ability of plants to adapt to 

the effect of drought and to grow, develop, and produce normally under 

drought conditions, because of a number of properties acquired in the process 

of evolution under the influence of environmental conditions and natural 

selection”? (Henckel, 1964). 

The ‘ratio of the yield under dry conditions to the yield under optimal 

conditions of water supply’ is considered as a valuable criterion of this 

concept of drought resistance (Levitt, 1951). However, two examples 

will suffice to show that this criterion of drought resistance can be misleading 
in practice. 

Harrington (1935), in varietal trials with wheat in semiarid Sas- 

katchewan, found that the variety Marquis gave more constant yields over 
a period of ten years and was less affected by drought than the variety 

Reliance. According to the above criterion, Marquis could be considered 
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the less drought susceptible variety of the two (Ashton, 1948). Yet during 

five of the seasons, which had a favourable moisture supply, Reliance out- 

yielded Marquis by an average of 645 kg/ha; during dry seasons, the 

difference in favour of Reliance was reduced to an average of 41 kg/ha. 
The advantage for the whole period was clearly with Reliance; indeed this 

variety which is apparently more susceptible to drought, but which has a 

higher yielding potential, produced for the ten-year period 3430 kg/ha 

more than Marquis (Harrington, 1935). Even in drought years, the yield 

of Reliance was not lower than that of Marquis. 

In trials with three varieties of barley submitted to moisture stress at 

various stages of growth, the variety that was most tolerant to stress gave the 

lowest yields and did not use water more efficiently than the other varieties 

(Wells & Dubetz, 1966). 

In these examples, if the farmer has chosen the ‘more drought resistant 

variety’, he would have been the loser. A further point that has to be consi- 

dered is the great variability in rainfall from season to season that character- 

izes all dry regions—indeed, the greater the aridity is, the greater will be this 

variability. : 
A farmer will in all probability be better off if he grows varieties that 

have the yielding potential to give good returns in the good seasons, even 

if they are relatively disappointing in drought years. In general, the 

varieties with typical xeromorphic characters will also give poor yields in 

drought seasons, without being able to make up for this deficiency in 

seasons with favourable moisture conditions. 

Of course, there exist adaptations to an inadequate or fluctuating mois- 

ture supply which do not affect productivity adversely and these, of course, 

can and should.serve as important characters, mainly for the selection of 

suitable parents in breeding programmes. These aspects will be later 

treated in more detail. 

Adapted varieties or varieties with wide adaptation 
One of the traditional tenets of plant breeding is the importance of 

‘adapting varieties to the specific conditions of each region’. As a result, 

enormous efforts have been expended the world over in breeding varieties that 

are adapted to narrow ecological niches. This approach is, however, 

basically unsound—at least so far as arid regions are concerned. A variety 

with very specific adaptations is limited in its ability to adjust to changing 

conditions. But arid climates are characterized by their great variability— 

variability within a region and variability from one season to another. 

It appears almost self-evident that the objective of the breeder, at least 

for. dry regions, should therefore be to obtain varieties with the maximum 

ability to adjust to a wide range of ecological conditions. 

In uniform varietal trials carried out in 18 localities in the Near East 
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under the auspices of the International Wheat Programme, the variety 

Pitic 62 bred in Mexico, yielded close to 2275 kg/ha—about 650 kg/ha 

more than the average of the 25 varieties tested, and 1300 kg/ha more than 

the average national yields in that area. Three varieties: Pitic 62, Penjamo 

62, and Nainari 60, gave the highest yeilds in 14 out of the 18 locations. 

Pitic 62 gave the highest yield in 9 locations (Stakman ef al., 1967). The 

trials were located between 35 °S and 17 °N latitude and at elevations from 

about 170 m below sea-level to 1700 m above sea-level. Soil fertility ranged 

from low to high; temperature, length of day, and incidence of pests and 

diseases, varied considerably; at some locations the wheat was rain-fed and 

at others it was irrigated. Obviously, the three outstanding varieties, and 

in particular Pitic 62, had a very wide adaptability. 

An important characteristic of varieties with wide adaptation is their 

stability. In contrast to most varieties with specific disease resistance, which 

commonly breaks down after ten to fifteen years of commercial production 

because new strains of the disease organism have evolved, a variety such as 
Florence < Aurore wheat, that is outstandingly successful in all the North 

African and Middle Eastern countries, has maintained its superiority un- 

impaired for over thirty years. 

Fortunately, in most of the important crops, one or more varieties that 

perform extremely well over a wide area have ‘happened’ in the course of 

breeding work in different parts of the world. Examples are varieties such 

as Florence X Aurore wheat, and more recently some of the Mexican semi- 

dwarf wheats, and Rs 610 hybrid sorghum, that are very successful over 

wide areas in semiarid lands. Ofcourse, the term ‘universal’ is a misnomer; 

but it is accepted for denoting varieties with a very wide range of adaptability. 

An example of the fallacy of the requirement to breed varieties with 

very specific adaptation is the early introduction and breeding work on 

wheat which was carried out in Palestine by the present author (Arnon, 

1961). By tradition, almost every district in Palestine grew a standard 

local variety of wheat. These ‘land’ varieties were remarkably uniform in 

their respective types, probably as a result of mass selection and adaptation 

over a very long period. In view of this centuries-old tradition, it was 

originally thought that the breeding programme should aim at creating 

improved varieties adapted to the specific conditions prevailing in 

various districts. In consequence, a large number of selections and 

crosses were made among native varieties, and a comprehensive introduction 
programme was initiated. However, after a few years, it became apparent 

that the views on which this programme was based were not well-founded. 

_ In the course of the first six years of work on this crop in Palestine, 51 

experiments were carried out at 11 locations, from Dan in the north to 

Negba in the south, each location being typical of a certain district. The 

annual rainfall recorded during these trials ranged from 300 to 940 mm; 

G 
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the varieties sown experienced drought, waterlogging and dry hot winds, 

the so-called ‘khamsins’. The experimental sites were located at altitudes 

varying from 100 m below to 500 m above sea-level, and the soil types on 

which the experiments were carried out ranged from loose to heavy soil. 

These trials were therefore representative of most conditions that were 

likely to be encountered in the country by wheat, and the generalizations 

drawn from the data could be considered well-founded. 
The surprise result of these trials was to find that it was not the local, 

‘adapted’ varieties that gave the best overall results, but that one or two 

varieties were outstanding in almost all trials, notwithstanding the great 

range of environmental conditions encountered. 

In the light of this work, the objectives of the breeding programme 

were revised. ‘The development of special varieties for specific local condi- 

tions at district level was abandoned as an objective, and efforts were directed 

towards the development of varieties with as wide adaptation as possible. 

This approach was justified subsequently by the results obtained from intro- 

duction and breeding programmes with such other field crops as barley, 

maize, sorghum, cotton and sugar-beets. In all these crops it was found that 

breeding designed to adapt varieties to suit each of the numerous ecological 

niches in the country was a waste of effort; practically in every case it was 

found that the outstanding varieties were those which excelled in most 

districts and most seasons. . In fact, outstanding varieties of all the crops 

mentioned showed not only countrywide adaptation but also regional 

adaptation, and proved successful in most countries in the Mediterranean 

region. Apparently these outstanding varieties combine high yielding 

ability with a great degree of adaptability. 

The basic genetic reasons for the superiority of varieties with a wide 

range of adaptability are not known. ‘These varieties appear to be equipped 

with physiological and/or structural buffers that enable them to adjust to 

changes in environment (Grafius, 1956). 

SPECIFIC BREEDING OBJECTIVES FOR RAIN-FED Crop PRODUCTION 

UNDER SEMIARID CONDITIONS 

From the foregoing it is clear that the emphasis in selecting or breeding 

varieties for growing in semiarid regions, in which moisture deficiencies 

occur in some seasons, or during part of the growing period, should be on 

achieving a high efficiency of water use, as eee in the ratio of yield 
produced per unit of water. 

High yielding potential 

Basically, this will first and foremost be a question of selecting for high 

yielding potential under the semiarid conditions, under which they are 
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to be grown. An enormous effort has been expended on this objective; 

it is, however, doubtful whether much of this effort was specifically directed 

toward high productivity per se. Varieties have been selected that are 

disease resistant, early maturing, or possessed other important characters 

influencing yield. Efforts have also been made to isolate the most productive 

individuals from within big populations, but without direct knowledge 

of the genetic and physiological factors responsible. Impressive results 

have been achieved by these methods, but further major breakthroughs 
will require new approaches and a more basic understanding of the factors 

involved. 

The ultimate yield of a crop is determined by the interaction of its 

genetic characteristics with the environment in which it is grown and the 

management practices to which it is subjected. In the warm, dry regions, 

the combination of favourable temperatures and the large amount of sunshine 

make possible very high levels of crop production, if moisture supply is 

adequate and crop management efficient. 

When growth is not limited by light, temperature, water, or nutrients, 

the remaining limiting factor will be the genetic characteristics of the plant, 

which should enable it to make full and efficient use of the available growth 

factors. Breeding for high yields can follow either of the two pathways: 

eliminating characters that limit productivity or cause it to fluctuate from 

season to season, or combining characters that increase the potential pro- 

ductivity of the plant. The two pathways are not in conflict with each 
other—on the contrary, they are mutually complementary. Examples of 

the first approach are breeding for drought resistance and for resistance 

to diseases and pests. 

In the following paragraphs, we are concerned with breeding aimed 
directly at high yielding ability. 

The Genetic Approach 

We have seen that breeding for drought resistance, with the objective 

of ensuring maximum returns to the farmer, in the present state of our know- 

ledge, can only be based on yielding ability under a fairly wide range of 

varying moisture regimes, both during a given season, and between seasons. 

There are, however no genes for yield per se, and therefore there can be 

no heretability of yield. There are genes determining only the components 

of yield (Grafius, 1959). According to Asana (1957), varietal differences 

in yield can be accounted for on the basis of such characters as branch 

number, flower number, fruit number and its size. 

A very large number of genes are involved, making the genetic analysis 

of the sum total of effects of yield components, as a basis for scientific breed- 

ing, extremely complicated. It is also always very difficult to distinguish 
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between the effects of the various genotypes, as these are frequently masked 

or modified by the environment. 

The planned maximum accumulation of genes for productivity into a 

single genotype, capable of transmitting this complex intact to its progenies, 

is not feasible at the present stage of our knowledge. This does not, however, 

preclude using ‘“‘yielding ability” as the basic criteria for breeding for 

drought resistance, as suggested by Hurd (1971). The method he proposes 

is “designed to accumulate plus genes that are plus in a semiarid climate’. 

Hurd stresses. the need for careful selection of parents well-adapted to dry 

growing conditions and with different genotypic backgrounds, large 

segregating populations and early generation yield tests. 

The key to his approach is that the selection for desirable combination 

can only be done by “‘selecting for yield under stress’. Hurd insists that 

“in breeding for drought resistance it is more important to breed for maxi- 

mum yield in the most adverse year rather than the highest yield in a good 

year”. The fallacy of this approach has already been pointed out (pp. 58-59), 

and it is the author’s opinion that the criterion that will give the farmer the 

highest overall return is ‘breeding for maximum average yield over a number 

of seasons, good and bad’, 

Heterosis: The great success of commercial hybrids in increasing the 

productivity of maize and, hence, the efficiency of water use by this crop, 

is well-known (Wittwer, 1974). One of the most important developments in 

plant breeding of recent times has been the extension of the use of hetero- 

sis (hybrid vigour) to many other crops, by the use of male sterility charac- 

teristics. In Texas, the best hybrid sorghum, in dryland tests, yielded on 

an average 39.5 per cent more than the best-adapted open-pollinated strain; 

under irrigation, the yield advantage of the hybrid was 27 per cent (King 

& Collier, 1961). 

In Israel, the best sorghum hybrids out-yielded the best-adapted open- 

pollinated variety on an average by 20 to 28 per cent under dryland 

conditions, by 67 per cent with supplemental irrigation, and by 103 per cent 

with full irrigation. Their advantages were, therefore, considerable under 

conditions of both limited moisture supply and optimal soil moisture. Their 

ability to utilize the additional moisture—mainly for grain production was far 

greater than that of the best self-pollinated varieties (Arnon & Blum, 1964). 

The Physiological Approach 

One of the principal tools of the plant breeder has always been the 

choice of appropriate parents for crossing programmes, in which the objective 

is to breed new genotypes, combining the favourable characters of the 

parents. A serious limitation of this method has been the lack of knowledge 

of the physiological processes on which crop productivity depends making 
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the choice of the parents a haphazard process. In recent years, great 

efforts have been made to clarify the physiological basis of yield and to 

draw practical conclusions that would be applicable to defining breeding 

objectives. These aspects have been discussed by Rawson and Bremner 

(1974) in “Crop Physiology” edited by the present editor. 

An understanding of plant characters which are related to efficient 

utilization of light could serve as a guideline for defining model plants for 

breeding work. For example, in barley varietal trials it was found that the 

three highest yielding varieties had narrow upright leaves which permitted 

light to penetrate deep into the leaf canopy, while the three low yielding 

varieties had wide, drooping leaves. Approximately 300 lines of wheat, oats, 

and barley, were evaluated visually on the basis of the angle of incidence and 
width of the leaves. With few exceptions, it was possible to select the high 

yielding varieties on this basis alone (Tanner & Gardner, 1965) (Fig. 1.11). 

It should also be: possible to 

develop new varieties which have 

higher specific net assimilation rates, 

4} even when submitted for certain 

| Vj periods to water stress. Photorespi- 

ration does not appear to be essen- 

tial for productivity of crop plants; 

elimination or reduction of photo- 

me OS é respiration in plants having the 

G ' Calvin cycle could result in sus- 
tained higher rates of photosynthesis 

(Loomis et al., 1971). (Also see the 

chapter on ‘“‘Photorespiration in 

9) 

Fic. 1.11. Contrasting plant types: 

Left—plant with drooping leaves (see relation to crop yield’ by Dr. A. 
width); Right—plant with same Goldsworthy in this volume.) 
number of relatively erect leaves. There is also considerable op- 

portunity for selection for varia- 

tion in light-saturated net photosynthesis. The latter exhibits more 

variation and correlates better with yield than light-limited net photo- 

synthesis (Loomis et al., 1971). Work along these lines has already been 
initiated in a number of crops (loc. cit.). Large intervarietal differences 
of 10 to 200% of net photosynthesis, at light saturation, has been observed 

in maize (Heichel & Musgrave, 1969). 

The ability of the stomata in certain crops to resume normal functioning 

rapidly after a period of water stress has already been mentioned. The 

drought resistance of sorghum and certain varieties of maize and groundnuts 

is attributed, at least partly, to the ability of the stomata to resume 
their normal functioning rapidly after a period of waters tress (May 

& Milthorpe, 1962). 
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Differences in the depth, extent and efficiency of the rooting system, 

may enable plants to withdraw the maximum possible amount of water 

from a limited supply in the soil. Pelissier, which is reported to be the most 
drought resistant cultivar of wheat grown in western Canada, has a very 

extensive root system, and only a very small proportion is in the surface 

0-10 cm. By the time the upper soil layer has dried out, Pelissier has been 

found to have established an extensive root system deep in the soil and was 

thus less affected by drought than were other varieties (Hurd, 1971). 

Bagga et al. (1970) attributed the consistently higher yields of two varie- 

ties in wheat varietal trials under dryland conditions in India, to their deeper 

root growth and therefore better moisture exploitation from deeper soil zones. 

ADDITIONAL BREEDING OBJECTIVES 

A number of additional breeding objectives can be useful in improving 

yielding ability under conditions of limited water supply, and thereby 
improving the yield/water ratio. 

Phenology 

In most crops, the adverse effects of drought vary in intensity according 

to the stage of growth. It is therefore important that the critical stage of 

development of the crop, when it is most susceptible to drought, should not 

coincidé with the period when drought usually occurs. In cereals, for 

example, adverse moisture conditions during the period of earing, pollina- 

tion, and seed formation, have disastrous effects on grain yield. Adjusting 

the growth rhythm of the crop to fit the precipitation pattern that is normal 

for the region is, therefore, an important breeding objective. Varieties with 

the desirable phenological characters can be selected or bred. Usually, 

though not always, this will entail breeding for early maturity, as the rainy 

season is commonly short in the dry regions. 
For example, in trials in Australia, earliness in plant maturity appeared 

to be by far the most important characteristic of drought tolerant varieties. 

The highest yields of grain were obtained from wheat varieties which pro- 

duced ears early in the growing season, because these varieties avoided the 

late season drought. The water use was also less for these varieties (Derera 

et al., 1969). Chinoy (1960) found that the greater susceptibility of late 

flowering varieties to drought during their shooting and flowering stages 

was not due to any hereditary differences in their drought resistance. The 

increase in susceptibility of progressively later flowering varieties was the 

result of progressively higher temperatures prevailing at the flowering and 

the concomitant more rapid drying of the soil at this critical stage. 
However, there is generally an inverse relationship between early 
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maturity and yielding potential, so that care must be taken not to shorten 

the growing period more than is absolutely essential. For example, in a 

recent study of a number of wheat varieties in India, it was found that 

varieties whose earing occurred 60 to 100 days after emergence gave, on the 

whole, better yields than earlier varieties of 60 to 70 days duration (Bagga 

et al., 1970). The advantage of the later varieties was attributed to their 

ability to exploit moisture from deeper soil zones. There are even cases, 

as in certain regions of the Soviet Union, in which late maturity is an ad- 

vantage, as dry periods occur relatively early in the growing season 

(Fuchs & Rosenstiel, 1958). 

The Ratio of Economic to Biological Yield 

There exist two different, though not necessarily antagonistic, pathways 

that can be followed in breeding for high yields. These are: 

(a) increasing the total production of dry matter (Ypio1), which has 

already been dealt with, and 

(b) increasing the proportion of the total dry matter produced that is 

accumulated in the parts of the plant which are of economic 

importance (Yecon), e.g. by increasing the coefficient of effective- 

ness (K) (see pp. 42-43). 

Plant breeding efforts aimed at increasing the coefficient of effectiveness 

(K) have shown that it is definitely possible to increase the ratio of economic 

yield to biological yield. The most striking success achieved in this respect 

in recent years is probably the development of the semidwarf wheat varieties, 

which characteristically have short straw, fewer leaves, and a very large 

ear. This is illustrated by a few examples. In a trial carried out in Israel, 

comparing the standard wheat variety, Florence x Aurore, with a semidwarf 

variety which produced the same biological yield, the following results 

were obtained (Ephrat e¢ al., 1964): 

Table 1.5. Biological and economic yields of two 

wheat varieties (kg/ha) 

Yoior K ee on 

Florence X Aurore te A ae 9500 0.43 4130 

N 67 (dwarf variety) oa a ee 9350 0.65 6220 

In fertilizer experiments on clay loam soils in Pantnagar (India), 

during three years, comparing the effects of N-fertilizers on tall and semi- 

dwarf wheats, it was found that in the best treatments, the yields of the 

dwarf wheats were double than those of ten tall wheats, whereas straw 

yields were almost equal for both types (Sharma et al., 1970). 
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The main advantage of dryland wheats, in a semiarid region of 

Australia, was found to reside in their ability to produce larger ears, a higher 

proportion of ear weight at anthesis, to set more grain and to have a higher 

ratio of grain weight to post-anthesis leaf area than was the case for the con- 

ventional wheat types. There was little difference between the varieties 

in their total dry matter production at anthesis (Syme, 1969). 

Another example is that of the recently introduced sorghum hybrids. 

Thus in trials with sorghum in Israel, the grain weight of outstanding hy- 

brids equalled that of the vegetative material, while in the best open- 

pollinated variety—Martin—grain production constituted only one-third 

of the total above-ground production of the plant (Arnon & Blum, 1964). 

When the biological yield is limited by external conditions, this does 

not always imply that the economic yield will be reduced, as surplus carbo- 

hydrate may move to the grain (Thorne, 1966). There may also be condi- 

tions in which an increase in K, accompanied by an overall decrease in 

potential biological yield, may be desirable—e.g., under conditions of 

drought, a crop with less vegetative growth than others will be less affected 

by drought. Thus, cereal types with very short straw and large ears may 

be more efficient under relatively arid oe than types having the 

opposite characteristics. 

Improving the Components of Yield 

When we consider that the economic yield of grain in cereals, 

for example, is largely dependent on the number of ear-bearing tillers 

per plant, number of grains per ear and the weight of the individual 

grain, it is easy to understand that in the past, a considerable amount of 

attention has been paid by plant breeders to these factors in the hope that 

yields could be increased by combining in a single genotype, a combination 

of components such as increased tillering capacity, large ears, heavier 

grain, etc. 

Tillering capacity 

An important agronomic practice, enabling adaptation to limited soil 

moisture supply, is the adjustment of plant population to the expected mois- 

ture regime. This is practically impossible to achieve with crop varieties 

that have a too strong tendency to tiller. Tillering may be profuse in the 

early stages of growth, when soil moisture is still adequate, producing an 

excessive vegetative cover and a number of ears which cannot be brought 

to maturity because of the early depletion of the limited moisture supply. 

Breeding for limited tillering can therefore be very useful, in crops such as 

wheat, barley, sorghum, etc., for growing under dry conditions. 
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Number of grains per ear and grain size 

In breeding wheat for drought resistance, it was found that when soil 

moisture was adequate, the yield component which had the greatest effect 

was number of ears per unit area; under conditions of moisture stress the 

grain number per ear and, occasionally, average grain weight, have as much 

effect as the number of ears. Asana (1962) therefore suggested grain- 

number per ear and 100-kernel weight as criteria for selecting varieties for 

dryland production. 

Attempts to obtain high yielding varieties by combining high tillering 

capacity, large ears, and large kernels, into a single genotype, have generally 

not been successful.. Experience has shown that an inverse correlation exists 

among the yield components, and that the highest yielding cereal varieties 

are not those with extremely large heads or heavy kernels, but usually those 

in which these components attain only average size. 

_ From the lack of achievements in breeding work resulting from the use 

of yield components as criteria for selection of desirable prototypes, it should 

not be assumed that no worthwhile significance can be attached to the 

traditional yield components. It is true that yields cannot be increased 

beyond an upper limit by manipulating individual yield components; but 

much can be done to approach this limit by breeding for yield components 

that are well-balanced and adjusted to the environmental conditions in which 

the crop is to be grown. 

MANAGEMENT PRACTICES FOR INGREASING YIELDS 

It can be stated as a general rule that all factors which increase plant 

production do so without markedly increasing the amount of evapo- 
transpiration, and will, therefore, improve water use efficiency. Hence, 

we can conclude that good crop management is a precondition for the most 

efficient use of water by the crops. 

Fertilizer Use 

The general physiological effects of plant nutrients, with the exception 

of nutrition < moisture supply interactions, are not specific to rain-fed crops 

grown in dry regions and, therefore, do not need to be treated here. In arid 

agriculture, the basic problem in plant nutrition is that of adjusting fertilizer 

applications to the moisture regime under which the plants are expected to 

grow. Even under conditions of limited moisture, nutrient deficiencies will 

reduce WUE and, therefore, a moderate amount of suitable fertilizers, adjusted 

to the soil moisture level, may increase WUE. If, however, the fertilizers 
increase water use excessively in’ the early stages of growth, so that severe 

water stress occurs at the critical stages, the opposite effect will result. 
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Basically, the problem is one of nutrient soil moisture interactions. 
At one end of the spectrum, under conditions of sparse rainfall, is the need 
to limit fertilizer application to rates which will not promote more growth 
than the available soil moisture can sustain until harvest—or in other 
words, to prevent upsetting the very delicate and critical balance between 
vegetative and reproductive growth under conditions of limited moisture. 
At the other end of the spectrum, when rainfall is favourable, the farmer’s 
aim is to ensure a level of nutrient supply that will enable the plant to make 
full and efficient use of the favourable moisture conditions which it enjoys. 

The dynamics of response to fertilizers in dry regions 

In the non-irrigated soils of the arid regions, the weathering of the soil 

and the leaching of soluble salts are minimal. Nitrate content of the soil 

depends mainly on the amount of plant cover present. As this is usually 

very sparse, the decomposition of organic debris cannot provide large 
amounts of available nitrogen. 

Most arid and semiarid soils originally have large reserves of potassium 

and these are generally adequate for rain-fed cropping. By contrast, the 

soil phosphorus reserves have generally been considerably depleted by 

cropping and the amounts of available phosphorus are usually inadequate 
for satisfactory yields. 

The nutrient status of these soils, and hence the response of crops to 
fertilizers, does not remain static. Changes occur—either in the direction of 

continued depletion or of a build-up of soil fertility—according to the crop- 

ping system and the management practices adopted. Both these factors are 

dependent, in turn, on the moisture regime under which the crops are grown. 

In the semiarid areas, in which rainfall can suffice for arable crop 

production, land which has previously laid undisturbed under scrub or 
other vegetation usually has sufficient natural fertility to produce cereal or 

forage crops for a more or less prolonged period without the addition of 
fertilizers. Eventually, however, yields begin to decline. 

It is suggested that after a build-up of phosphorus reserves has been 

achieved during the early growth period, relatively small applications 

of superphosphate to each cereal crop at sowing time are sufficient. These 

supply an easily available source of phosphorus when the root system of the 

plants is still small, thereby stimulating the crop at an early stage and securing 

good establishment and better root penetration. The graph in Fig. 1.12 

illustrates dramatically the residual value of phosphorus applied in pre- 

vious years, showing that it is possible to build-up reserves that provide 

adequate P independently of current application. Experience in Israel 

shows that, once the initial severe phosphorus deficiency has been overcome, 

a single application of phosphorus to the leguminous crop in a three course 

rotation (legume-wheat-sorghum) is sufficient to supply all the needs of the 
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cereal crops in the rotation. Nitrogenous fertilization continues to be 

effective on rain-grown cereals, even under conditions of improved fertility. 

The optimum time of application of nitrogen varies, as it is dependent 

on rainfall distribution. 

YIELD RESPONSE TO 120KG/HA 

0 — 500 1000 1500 
TOTAL SUPERPHOSPHATE PREVIOUSLY APPLIE 0 (KG/HA) 

Fic. 1.12. Effect of prior applications of superphosphate on the 

response by wheat to a current application of phosphorus 

in western Australia (after Donald, 1954). 

Micronutrient deficiencies are frequent in the alkaline and calcareous 

soils which are prevalent in many of the dry regions, and in which the avail- | 

ability of certain elements, such as boron, iron and manganese, is relatively 

low (Jewitt, 1966). In India, appreciable increases in yields have been 

obtained by applications of magnesium, zinc, molybdenum and iron in 

crops like sorghum and bajra (Pennisetum typhoides) (Misra, 1964a). 

Soil moisture and response to fertilizers 

Soil moisture affects the efficiency of fertilizer use mainly in two ways: 

by improving the uptake of nutrients and by increasing dry matter produc- 

tion, When considering the effect of soil moisture level on the uptake of 

nutrients by plants, indirect ‘effects of soil moisture must also be allowed 

for—such as the effects on the physiological activities of the plant, on soil 

aeration, and on the osmotic pressure of the soil solution (Brown ¢¢ al., 

1960). The effects of soil moisture on the availability and uptake of macro-. 

and micronutrients have been discussed by Dr. E. A. Hurd and Dr. E. D. 
Spratt in this volume. 

Effect of fertilization on ET and soil water depletion 

Under dry, subhumid conditions, it was found that applications of N- 

fertilizer which substantially increased yields. of winter wheat, also increased 
total water use (Brown, 1972) and daily water use. The depletion of 
stored soil moisture was also accelerated, as shown in Table 1.6. 
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Without N, soil water extraction was largely limited to the upper 
91 cm; while with N, wheat plants extracted water to double this depth. 
N increased water use efficiency (WUE) by an average of 56% (Brown, 

1972). By contrast, in spring wheat, depth of extraction of soil water is 

generally limited to a depth of about 120 cm, presumably because of the 

shorter growing period involved, as compared to winter wheat. 

Table 1.6. Effect of N-fertilization on ET and soil water depletion 

(Brown, 1972) 

N rate Yield ET Extraction of stored Amount of stored water WUE 

(kg/ha) (kg/ha) (mm) soil water (mm) remaining at maturity (mm) 

0 1,610 221 61 180 71 

67 3,090 272 112 132 . 114 

268 3,630 315 155 96 115 

In field experiments with spring-sown dwarf wheat varieties in the 

Northern Plains, U.S.A., it was found that N-fertilization increased total 

seasonal ET by 14-28%, according to season. The applied N had little 

effect on the depth of water extraction; the increased water uptake due to 

N-fertilization came from the same rooting’depths as for non-fertilized 

wheat. Each year, most of the increase in water use caused by applied N 

occurred during the tillering to heading stage, and coincided with the 

period of peak vegetative growth. Total dry matter production by 

N-fertilized wheat from jointing to heading was two to three times as great 

as with no N application. However, the greater depletion of soil water 

reserves by the N-fertilized wheat between tillering and heading, caused 

a reduction in ET from heading to harvest, in seasons in which water use 

after tillering was appreciably greater than precipitation, and the soil water 

reserves were inadequate to meet the excess water requirement. When 

this was the case, applied N did not increase grain yields. When available 

moisture was sufficient to maintain ET by the N-fertilized crop between 

heading and harvest, yields were markedly increased by fertilization 

(Bond et al., 1971). 
Brag (1972) has clearly shown that the transpiration rate of two species, 

wheat and peas, is affected by potassium both species showing the same 

pattern of reaction. Low potassium concentrations in the nutrient solution 

during a long growth period produce plants with a high transpiration rate. 

Short-term experiments, investigating the effects on transpiration rate of K 

concentration in the nutrient solution, showed that transpiration rate could 

_be regulated by varied K concentrations.. Adding KCl to K deficient wheat 
plants, resulted in a decrease in the transpiration rate of up to 50 per cent 

within two hours. This effect was ascribed to changes in stomatal aperture. 
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In peas, plants with high amounts of K had the lowest transpiration 

rates, and stomatal aperture was found to be correlated with K concentration 

in the leaves. It is still not clear whether the decrease in transpiration rate 

is due to a slower water uptake produced by changes in the osmotic potential 

of the nutrient solution, to changes in the permeability of the root mem- 

branes, or to some other influences on the stomata by the ions (Brag, 1972). 

Relationships between rainfall and fertilizer practice 

Where rainfall is too limited for arable cropping, the land is generally 

used to support a very extensive pastoral economy. Even in developed 

countries such as Australia, fertilizers are not commonly used under these 

conditions. 
A special problem arises on the fringe of the semiarid regions in which 

rainfall is normally low and droughts are frequent. In these regions the 

effects of fertilizers under varied conditions of precipitation have not been 

studied as intensively as in the humid regions; many of the fertilizer experi- 

ments that have been carried out in semiarid regions are not sufficiently 

reliable for predicting crop response to fertilizers. The results of the ferti- 

lizer trials are erratic, and often fail to correlate with chemical soil tests. 

Therefore, no clear-cut answer has yet been formulated to the question of 

whether and when fertilizer application is justified under conditions of 

low moisture supply. 

The following example gives an indication of the difficulties with which 
farmers and researchers are faced in deciding on fertilizer policy under 

these conditions. In one season, yields of wheat were increased significantly 

by fertilizer application in Oklahoma in seven locations out of eight; in 

the following season, which was much drier, a yield increase with fertilizer 

application was obtained in only one location out of these eight (Eck & 
Stewart, 1954). 

Basically, there are profitable responses to P on P-deficient soils, even 

when yields are very low because of lack of moisture, but this is not the case 
with N (Russell, 1967) (Fig. 1.13). 

Long-term weather records may be helpful for calculating the probability 

of a good or a dry season, so that the farmer may know what are the ‘odds’ 
of fertilizer applications being profitable. Less guess-work is involved when 

the crop is not dependent exclusively on precipitation that falls during the 

growing season. In research carried out in Kansas on sorghum, for example, 
it was found that the greater the depth of soil moisture occurring at seeding 
time, the greater was the effect of nitrogen on yields (Orazem & Herring, 
1958). The depth of soil moisture at seeding time can be determined with- 
out difficulty, and this information will, therefore, reduce the amount of 
uncertainty involved in deciding on whether to apply fertilizers, and if this 
decision is in the affirmative, at what rates. 
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2000 

Fic. 1.13. Mean yearly 

response of wheat (grain 

+straw) to fertilizers in 

relation to precipitation 

(mean of four locations 

during the seasons 

1956-61) (Russell, 1967) 

1000 

RESPONSE OF GRAIN STRAW (LB/ACRE) 

0(3%,1957 (by courtesy of Aust. J. 

sal exp. Agric. & An. 

67497, 1965 Husb.). 

471%, 1959 

(0) 1195 23 46 

‘ NITROGEN APPLIED AS AMMONIUM SULPHATE 
(LB N/ACRE) 

Under the distinctive climatic pattern of the dry regions, with their 
relatively limited and erratic rainfall and long drought periods, certain 

patterns of fertilizer use have been evolved. Farmers have frequently been 

disappointed, under conditions of limited moisture supply, by crop response 

to fertilizers; in certain cases their use was actually detrimental to yields. 

Under such conditions, an extremely cautious use of fertilizers should be 

made; even progressive farmers usually employ limited rates of application. 

However, when judiciously applied, fertilizers make possible increased 

utilization of the limited moisture available to plants. 

Minimum precipitation required, 

When soil moisture is definitely inadequate, crops may fail to respond 

to fertilizers, or the response may be too small to be economic. The mini- 

mum amount of rainfall needed to ensure a fairly satisfactory yield level 

of grain crops which, in turn, makes possible an economic return on the 

fertilizers applied, depends on many factors, such as the efficiency of the 

rainfall, moisture reserves in the soil, preceding crop history, temperature, 

evaporation, etc. An empirical and somewhat arbitrary figure is 300 mm 

of rainfall in a winter rainfall region, combined with soil moisture reserves 

from fallow or else a moisture conserving crop, and about 500 mm in a sum- 

mer rainfall area. 
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Table 1.7. Relation of rainfall and crop sequence to response of winter 

grain to nitrogen fertilization (Martin & Mikkelsen, 1960) 

Per cent of tests responding to nitrogen with seasonal rainfall of 

250 mm 250-300 mm 300 mm 

Annual barley i 20 46 - 96 

Fallow barley ie 30 35 56 

Fallow wheat Be ol 50 56 

Average oe 27 44 67 

The results presented in Table 1.7 show clearly the effect of both rainfall 

and fallow on the crops’ fesponse to fertilizers in a winter rainfall region. 

With less than 250 mm of rainfall, moisture is the only limiting factor, and 

less than one-third of the tests showed a response to nitrogen—and even 

then fertilization was not profitable. When rainfall was in excess of 300 

mm, grain yields were almost increased under continuous cropping; how- 

ever, when the crops were grown after fallow, which allowed a build-up 

of available nitrogen, not more than half the tests responded to fertilization, 

notwithstanding ample soil moisture. 

In experiments with rain-fed groundnuts in a low rainfall area of India, 

WUE was slightly improved by moderate amounts of nitrogen (20 kg 

N/ha) and phosphorus (30 kg P/ha), during two seasons. In the first season, 

the rainfall was only 186.8 mm (plus 75.1 mm stored water in 1 m depth of 

soil) and the second season 357.3 mm (plus 67.2 mm of stored water) (Bhan 

& Misra, 1970b). 

In Mysore State (India), hybrid sorghum growing under conditions of 

summer rainfall during the growing period of 508-590 mm, responded 

well to N applications. The best results were obtained with a dose of 

67 kg N/ha, applied in two equal rates, at sowing and one month later. 

The average yields for two years were 2906 kg/ha without fertilizers and 
5110 kg/ha with the optimum N treatment (Lingegowda et al., 1971). 

In a 2-year field trial at Agra (India), it was found that applying half the 

amount of fertilizers as a top-dressing to the soil and half sprayed on the 
foliage gave higher yields and a higher protein content of the grain of 

wheat than when the full amount was top-dressed (Sharma et al., 1966). 

Timing and balanced fertilizer application 
Fertilizers, especially nitrogen, may stimulate early growth and thereby 

exhaust the soil moisture supply before the period of maximum water 
requirement of the crop, as shown in the following example: applications of 
N and P on sowing to rain-fed groundnuts in India, increased root growth, 
improved the root/shoot ratio, gave higher ET values and increased total 
dry matter production but caused a considerable decrease in yields of pods. 
The rapid increase in root development and leaf area apparently caused 
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depletion of the limited soil moisture supply early in the growing period 
(Bhan & Misra, 1970a). 

Occasionally, early stimulation of crop growth may enable a more rapid 

and deeper penetration of the roots into the subsoil, so that the fertilized 

crop is able to draw more effectively on the subsoil reserve of water that has 

accumulated during the previous period of fallow; or possibly the stimulation 

may favour a more active root system with greater water extraction ability 

(Smith, 1954). Phosphorus has been found to improve yields of wheat under 

conditions of relatively low rainfall, provided the drought is not too severe, 

by improving early growth and vigour, favouring increased root develop- 

ment, and advancing the maturity of the crop (Norum, 1963). 

In India, it was found that applications of N and P to groundnuts grown 

under conditions of limited moisture increased root length, root number, 

root weight and nodule weight when compared with unfertilized plants. 

Separate applications of N and P were less effective. When soil moisture 

was deficient, the plants fertilized with P, however, showed a greater 

ability to take up available moisture than those fertilized with N (Bhan 

& Misra, 1970a). 

Except in cases in which drought is so severe as to prevent normal ab- 

sorption of nutrients, P is usually beneficial in improving drought resistance. 

For example, in a year of extreme drought, on a phosphate deficient red- 

brown soil, yields of wheat were extremely low, and yet response to phospho- 

ric fertilizers, in relative terms, was.very striking, as is shown in Table 1.8. 

Table 1.8. Effect of phosphorus application on yield of wheat 

grown under drought conditions (Piper & Vries, 1964) 

T : Yield Percentage of 

peatmens (kg/ha) control 

Control 7 ie ie 81 100 

12.4 kg P,O;/ha ae Se ae 236 289 

24.8 ke P,O;/ha ai me ae 466 574 

Nitrogen can also be effective under conditions of limited moisture. In 

Nebraska, wheat fertilized with nitrogen was found to remove 25-50 mm 

more water from the 2 m soil profile than did the non-fertilized wheat. The 

additional soil moisture was removed at tensions greater than 15 atmospheres, 

presumably as a result of the increased root growth stimulated by the nitro- 

gen (Ramig & Rhoades, 1963). 
Generally speaking, a balanced nutrient supply is beneficial even 

under conditions of limited rainfall, as it actually enables the crop to make 

more efficient use of the limited soil moisture available. By applying only 

a phosphoric fertilizer at the time of sowing (or to the preceding crop) and 
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withholding the nitrogenous fertilizer until the cereal crop, by its appearance, 

shows the need for a stimulant, excessive initial growth can be avoided. 

This was found to be the case in Nebraska, where water use efficiency in 

rain-fed grain crops was increased by an average of 29 per cent, when nitro- 

gen application was delayed so as to coincide with the period of maximum 

requirement. Excessive vegetative development of the young crop was 

thereby avoided, and maximum efficiency in water utilization resulted 

(Olson et al., 1964a). When nitrogenous fertilizers are applied in this way, 

they can actually advance crop maturity by as much as 10-14 days and un- 

favourable crop reactions occur, when excessive and unbalanced nitrogenous 

fertilizer is applied. 

In trials in India, N application in sorghum markedly advanced the 

time of earing resulting in earlier maturity. The earlier emergence of the 

ears was ascribed to a more rapid development of the leaves, resulting in 

an earlier optimum LAI, with parallel acceleration of photosynthesis, en- 

abling an earlier initiation of the reproductive phase (Shrivastava & Singh, 

1970). However, when the rainfall is insufficient to ensure a satisfactory 

crop, the additional yield resulting from the fertilizer may be too small 

to be economically justified. 

The use of fertilizers on forage crops is less critical than on grain crops 
under dry conditions. Their growing period is shorter, and any stimulation 

of growth improves yields—irrespective of when the stimulation occurs. 

Many of the forage crops are lezumes, to which only phosphoric fertilizers 

need be applied. As has already been pointed out, except in cases in which 

drought is so severe as to prevent normal absorption of the nutrients, 

phosphorus is usually beneficial in improving drought resistance. 

In soils which are deficient in potassium, which are the exception 
in semiarid regions, it was found that large responses to fertilizer potas- 

sium are obtained when rainfall is low. The responses to fertilizer decreased 

as rainfall increased, presumably because of increased availability of 

native soil K (Paauw, 1958). : 

Crops grown on stored soil moisture 
In regions where a summer drought alternates with a winter rainfall 

season, it is possible to grow summer crops whose entire moisture supply 
is provided by water stored in the soil during the rainy season. Typical 
crops which give fairly good yields under these conditions are sorghums, 
cotton, sesame and cucurbits. 

Under these conditions, crops do not usually respond to fertilizers 
that are applied to them directly. Although early growth may be somewhat 
stimulated by such application, under the conditions of limited moisture 
supply, this is no advantage. The lack of sustained response is probably due 
to the fact that the fertilizers are applied in the top-soil. By the time the 
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plants have reached a stage of development when nutrient requirements 

are maximal, this soil layer has completely dried up, and the nutrients con- 

tained in it are virtually ineffective. This view is supported by the fact 

that crops grown on stored soil moisture give very poor yields on low fertility 

soils, but react favourably to a fertility build-up resulting from fertilizing 

preceding crops. 

The situation is different when a crop that is abontiee on stored water 

also receives a limited amount of rainfall, as in summer rainfall areas. The 

results of 66 trials on wheat, grown in North Dakota on non-fallow land, 

show that the response to fertilizers increased with increasing amounts of stored 

water and of rainfall occurring during the growing season. On the basis of 

these results, fertilizer recommendations are being made by regions, accord- 

ing to the probability of rainfall during the growing season, and for each 

region they are related to the amount of stored moisture at the time of 

sowing (Weiser, 1960). For example, in Nebraska, it is recommended 

_ to,apply 25 kg N/ha for every 75 mm available water in 2 m soil profile 

(Tisdale & Nelson, 1966). 

Trends: The general tendency, even in advanced agriculture, to be 

extremely cautious in fertilizer use has already been mentioned. In the 

dry regions of developed countries, the general trend is for a more and 

more. widespread use of fertilizers, even where it was formerly taken for 

granted that fertilizer use was detrimental (Viets, 1967). This is due, in 

part, to nutrient deficiencies becoming more acute, as the original native 

fertility of the soil is gradually depleted through continuous cropping. 

However, the main factor in promoting this trend: efforts to improve 

‘moisture storage and reduce moisture losses by crop rotation, improved 

tillage practices and chemical weed control, result in a more favourable 

moisture regime which increases crop responses to fertilizers. 

Planting Dates 

In arid and semiarid regions, the choice of an appropriate planting 

date may have a considerable effect on water use efficiency (in relation to 

economic yield) by ensuring that the pattern of growth of the crop is adjust- 

ed to the pattern of precipitation or to available soil moisture. 

Adapting sowing dates to precipitation patterns 

It has already been pointed out that a semiarid climate is usually a 

mixed climate, in which a completely dry season alternates with a fairly 

moist season. The humid season of the semiarid regions can be subdivided 

into three principal periods (Cochemé & Franquin, 1967) (Fig. 1.14). 

(a) The pre-humid period, during which, precipitation is markedly inferior 

to potential evapotranspiration. This period begins with the first rain 
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RAINFALL 
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Fic. 1.14. Subdivisions of the cropping season in a semiarid climate: 

A,—beginning of rainy season; A,—beginning of transition period 

(precipitation=half of PET); B,—end of transition period, 

beginning of humid period; B,—end of humid period; C,—end of 

rainy season; C,—exhaustion of moisture reserves in the soil (from 

Cochemé & Franquin, 1967) (by courtesy of Food & Agric. 

Org., United Nations). 

(point A, in the figure) and ends when precipitation equals potential evapo- 

transpiration (point B,). This period is normally the time for sowing in 

dry soil if it precedes the first effective rainfall, or in a moist soil if unusually 

early rains occur. Sowing in dry soil of course involves the risk that the 

rainfall, while sufficing to cause germination, may fail to provide sufficient 
moisture for emergence and continued growth. Only crops that can effec- 

tively withstand a number of periods of desiccation between the beginning 

of germination and full emergence—such as wheat and barley, can be sown 

under these conditions. The risk involved in sowing in dry soil is considered 

to be justified by the possibility of increased yields, due to the likelihood of 

a longer growing season and more effective use of precipitation early in 
the season. : 

Where the risk of sowing in dry soil is too great, or in regions in which 

the soil is too dry and hard for tillage with primitive equipments, the pre- 

humid period is mostly devoted to the preparation of a seed-bed if appropriate 
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equipment is available. The tillage operations in this case become easier 
as one approaches point B,; but once this point is passed, they become 

increasingly difficult and even impossible in heavy soils as the soils become 

too wet for effective tillage. 
At point A, on the graph, precipitation equals one-third to one-half of 

potential evapotranspiration (depending on albedo). This is the normal 

mean evaporation rate of a bare soil (or one with a sparse vegetative cover) 

which is only occasionally moistened by rainfall. In principle, this is the 

time when germination and emergence become possible, and from this 

period onwards real evapotranspiration will increase exponentially, together 

with leaf area, until the crop shades the soil entirely. Ideally, this should 

coincide with point B, on the graph. 

(b) The humid period, during which, total precipitation is in excess of 

potential evapotranspiration and, therefore, potential and real evapotrans- 

piration are equal. The ‘humid’ period does not coincide with the rainy 

season: it begins later and ends earlier. During the humid period, the 

excess of precipitation over real evapotranspiration, provided it is not lost 

as runoff, is stored in the soil. If precipitation is sufficient, the entire 

root zone is saturated to field capacity, and excellent moisture conditions 

for crop production and especially for crop maturation during the third 

(c) period will prevail. Excess precipitation will either cause runoff or 

drain beyond the root zone, or both. 

The relative positions of B, on the graph, and the dates of flowering 

(or earing for cereals), have a considerable impact on potential yield levels. 

The longer the humid period, and the later it ends, the greater will be the 

prospects for the maturation under favourable conditions of a larger number 

of fruits per unit area. However, the greater the coincidence of flowering 

period and peak-moisture supply, the greater will be the danger of epidemic 

diseases. | 

(c) The post-humid period, in which, total precipitation is inferior to poten- 

tial evapotranspiration; at the end of the rainy period, real evapotrans- 

piration continues until the reserves of water in the soil formed during the 

humid period are exhausted. 
Crop production may also be possible during the completely dry period, 

provided the land remains fallow during the humid season, and precipita- 

tion has been sufficient to fill the soil reservoir to the depth of the root zone. 

Adapted crops can then be sown during the dry season, and even produce 

high yields without receiving a drop of rainwater throughout their growing 

period. . 
The date of sowing may affect yields, and water use efficiency. In 

trials with hybrid sorghum, grown entirely on stored soil moisture, Blum 

(1972) found that early planting,-under conditions of limited moisture 

supply, increased grain yield as the result of a more favourable seasonal 
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water use distribution. During the period prior to heading, early planted 

sorghum used roughly half the amount of water compared to late-sown 

sorghum. Thus more water was left for the critical period from heading to 

seed formation. The total amount of water used up to heading was the 

same for early and for late plantings. 

Plant Population and Distribution Patterns 

The number of plants required per unit area to achieve the highest 

yields will depend on the nature of the crop and on its environment. This 

number cannot be too small, or not all the production potential will be fully 

utilized; nor can it be too large, or excessive plant competition will reduce 

the overall efficiency of the crop, in particular because of excessive moisture 

stress. 

Maximum exploitation of the factors needed for growth is achieved 

only when the plant population exercises maximum pressure on all the pro- 

duction factors (Donald, 1963). As a result, the individual plants are under 

relatively severe stress because of inter-plant competition. In Subterranean 

clover, for example, the total dry matter produced per plant at a wide 

spacing (6 plants/m?) was 34 g, while at the density which produced maxi- 

mum yields (1500 plants/m?) the individual plant produced only 0.6 g, 

or less than 2 per cent of the former amount (Donald, 1954). Thus we 

come to the somewhat paradoxical conclusion that maximum yields are 

obtained from plant populations which do not allow the individual plants 

to achieve their maximum potential. 

Economic yield ’ 

Many studies have shown that the relationship of yield of seed or fruit 

(economic yield) to density is different from that of total dry matter pro- 

duction (biological yield). In the latter; total production rises with in- 

creasing density to a maximum, which then remains practically constant 

(Donald, 1963). At this density, any increase in total dry matter yield per 

unit area due to an additional number of plants, is offset by an equal loss 

due to the decrease in weight per plant. 

' The relationship of seed production to population density is different. 

As plant density increases, the yield of seed increases to a maximum, which 

remains constant within a certain range, and then declines more or less 

steeply as population pressure increases still further—even when moisture 

and nutrients are not limiting (Holliday, 1960). With maize, for example, 

the decline in yields is fairly steep when the optimum density is exceeded, 

while with cotton—a crop in which individual plants have a far greater 
ability to adjust to population density—the graph depicting yield of cotton 

seed exhibits a fairly wide plateau of optimum densities (Fig. 1.15). 
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Donald (1963) points out that the two curves of seed yield and biological 
yield are interdependent, and that peak seed yields occur approximately 

at the same density at which the biological yield starts levelling off. He, 

therefore, suggests that ‘the minimum density giving the ceiling biological 

yield may also be the density giving the maximum seed yield.’ 
In the young plant, most 

of the net assimilates are used ‘ 

for the production of addi- 

tional leaves. With the ap- 

pearance of the inflorescence, 

competition for assimilates 

between the leaves and the 

inflorescence takes place. 
Then, when seed formation 

starts, most of the assimilates 

move to the grain. Thus 

there exists an internal com- 

petition within the individual 

plant in its vegetative and 
reproductive organs. This Fic. 1.15. Generalized curves showing effect 

of plant population on biological and 

economic yields: 

‘ A—maize (grain); B—cotton (seed cotton). 

“ BIOLOGICAL YIELO 

YIELO 

PLANT POPULATION DENSITY 

internal competition becomes 

more severe as competition 

between plants increases, 

e.g., with increasing plant population pressures. As plant density is increased, 
changes may occur in the allocation of assimilates to different parts of the 

plant, as a result of which a greater proportion of the plants (or of the 

reproductive parts of an individual plant) may become barren. Grain 

production then shows a decline in yield, whereas the total dry matter 

production may remain constant (Harper, 1961). 

As a result of differential effect of competition on biological and 

economic yield, the amount of stover required to produce a kilogram of 

grain in maize decreases with increasing plant density up to a certain level; 

further increase in density beyond this level then results in a lower grain/ 

stover ratio (Dungan ¢et al., 1958). 

Components of yield 

As planting density increases, most components of yield of the individual 

plant are reduced. An interesting feature is that among the several highly 

plastic components of plant yield, the weight of the individual seed is only 

rarely influenced by changes in plant density. Harper (1961) considers 

this to be an internal or physiological homeostasis with respect to the organ 

that is essential for reproduction and dispersal. However, there may be 

very considerable differences in the manner in which different crops react 
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to plant density in other connections. 
Crops with indeterminate growth systems, such as Vicia faba, ‘in which 

the flowering apices do not arise directly from the major vegetative apices’, 

respond to density mainly by changes in the number of parts formed. On 

the other hand, crops with determinate growth, such as sunflowers, respond 

mainly by changes in the size of the parts. 

Crops in which a determinate phase follows an indeterminate phase 

(after vernalization and photoperiodic response), such as winter wheat, may 

respond by changes in the number of parts during the indeterminate phase, 
and by changes inthesize of parts during the determinate phase (Harper,1961). 

In wheat, it has been shown that when moisture supply is adequate, 

ear number (i.e., plant population density) had the most marked effect on 

grain yield—whereas under water stress the grain number per ear, and occa- 

sionally the 100-grain weight, had the same effect as ear number (Asana 

& Singh, 1967). This explains why, when soil moisture was limiting, re- 

duced seeding rates were found to increase yields of spring wheat in Sas- 

katchewan, provided weeds, insects and diseases were efficiently controlled. 

Low seeding rates (22 & 45 kg/ha), on an 8-year average, gave significantly 

higher yields than did the higher seeding rates (67 & 101 kg/ha). Low 

seeding rates produced longer heads, heavier kernels and in some cases, 

taller plants. The number of mature kernels per unit area did not differ 

significantly for the different rates tested (Pelton, 1969). 

Interrelationships between Plant Density and Factors Affecting Production 

Moisture supply 

It is well-known that the optimum density for a crop has to be lower 

than normal under conditions of a limited water supply. 

Nutrients 

All available evidences indicate that, at highest levels of nutrient 

supply, more plants per unit area are required to exploit fully the higher 

soil fertility potential and thereby to produce maximum yields, than is the 

case at lower levels of supply. Conversely, as plant density increases up 

to a certain limit, the crop will continue to respond to higher levels of added 

nutrients. 

At low levels of nutrient supply, dense populations may have specific 

adverse effects on crop plants. In spacing experiments with rye grass 

(Lolium rigidum) in Australia; it was found that when the nitrogen supply 

was limited, the nitrogen content of the grass fell from 1.8 per cent for widely 

spaced plants to 1 per cent for extremely crowded plants (Donald, 1954). 

In addition, the total nitrogen taken up by the sward was less with crowded 

plants than with more widely spaced plants. Donald (1963) suggests that 
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the plants submitted to excessively severe competition have a poorer root 
system and _ are less efficient in the uptake of nutrients from the soil than 

the less stressed plants. 

Light 

Water regime and nutrient supply to the crop can be regulated to enable 

the maximum number of plants to achieve their full yielding potential; 

however, increasing the number of plants per unit area will reduce the 

amount of light available to the individual plants, due to greater shading. 

There is a basic difference in competition between plants for light and 

for other factors needed for growth. Moisture, nutrients, and CO, are 

withdrawn by the plants from a common pool. In plant populations of 

a single crop, assuming that differences in competitive ability between indivi- 

duals of a similar genotype are not very great, the plants will share equally 

in the supply, until it is exhausted. By contrast, there is no pool of light that 

becomes exhausted as a result of withdrawal by the plant community 

(Donald, 1963). A sparse stand by withdrawing less water from the 

common pool at an early stage of growth, may ‘save’ water that will be 

available to the crop at a later, more sensitive stage. Any available light 

that is not intercepted by the canopy at a given moment, is lost to the crop. 

‘Light energy is instantaneously available and it must be instantaneously 

intercepted’ (loc. cit.). 

Competition for light is universal and is absent only for a short period 

after emergence, or in the very wide spacings that are characteristic of 

plant communities which have become adjusted to arid conditions. In 
the latter, leaf cover never reaches a density which ensures the most effective 

utilization of radiation (Blackman & Black, 1959). In contrast, with compe- 

tition for water or nutrients, which increases in severity with decreasing 

availability, competition for light in a dense population will be equally 

acute under conditions of high light intensity and of overcast skies (Donald, 

1963). Competition between plants is not a static process, and the intensity 

of competition will depend on the time when it occurs. In the early growth 

stages, there still be little mutual shading and even at relatively low light 

intensities the plant will be able to photosynthesize with full efficiency. 

As the plants develop, mutual shading increases, and light begins to become 

a limiting factor. When plants reach the flowering stage, they may even 

lose weight on cloudy days (Jackson, 1963). Competition for light may be 
between plants, when one casts a shadow over any other, or within a plant, 

when one leaf shades another. 

Essentially, there are two basic ways of ensuring maximum interception 

of light by the canopy: by improving the foliage pattern, and by increasing 

plant density. 
Improving the foliage pattern: ‘Vhe most efficient plant canopy is not that 
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with the most leaves, but that in which the inter-plant and intra-plant 

competition for light is reduced to a minimum, so that the canopy as a whole 

intercepts a maximum of light. 
Increasing plant density: The light intensity required to give a maximum 

rate of photosynthesis by the individual leaf is about 1500-2000 foot-candles, 

while light intensities in the field may reach 10,000 foot-candles (Donald, 
1963). It is therefore possible to reduce the distance between individual 

plants, so as to increase the efficiency of the plant canopy as a whole in 

utilizing the available sunlight. However, there is an optimal ratio of 

leaf area to ground surface (LAI) beyond which increasing plant density 

will increase excessively the proportion of the foliage which is below the 

compensation point. 
The general conclusion that can be drawn is that the more favourable 

the conditions, under which a crop is grown are, the greater willbe the plants 

density required to exploit fully the potential and to achieve maximum yield; 

conversely, higher than average plant densities will require more favourable 

growing conditions. 

Other effects of plant density 

Root systems: The extent and distribution pattern of root systems are 

markedly influenced by plant density. Very widely spaced plants of maize, 

which were presumably free from competition, developed a circular distri- 

bution of the roots, with a radius of about 75 cm. At high densities, the root 

systems of the individual plants interpenetrated to a high degree. At a 

2.5 cm spacing within rows, portions of no fewer than 32 overlapping root 

systems could be recorded at any one point beneath or near the row of 

plants, while at a 80 cm spacing there were only two overlapping systems 

(Haynes & Sayre, 1956). 

Plant heaght: With increasing density and competition for light, plant 

height may be markedly increased. For example, the average heights of 

wheat plants grown in rows spaced 30, 15 and 7.5 cm apart were 63, 75 and 

85 cm, respectively at the age of 16 weeks (Wassermann, 1963). 

Lodging: The risk of lodging is markedly increased by high population 

levels (Dungan é¢ al., 1958). 

Plant mortality: At very high densities, competition may be so severe 

among the plants of a population that a proportion of them will die. In 

wheat, at a density of 1078 plants/m?, only 40 per cent of the plants survived 

to the age of 6 months (Puckridge, 1962). This ‘self-thinning’ did not re- 

duce plant density to that giving the highest yield of grain per unit area. 

Thus, ‘plant survival had precedence over total seed production per unit 
area’ (Donald, 1963). 

Disease incidence: When sorghum seeds were sown more closely in the 

rows, the more rapid spread of seedling diseases was assumed to be one of the 
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reasons for the relatively smaller number of plants established, as compared 

with sowing more sparsely (Porter et al., 1960). However, there are occa- 

sional instances in which very close planting is effective in reducing the 

incidence of disease—as is the case for rosette disease of peanuts. 

Maturity: In maize hybrids, silking was found to be delayed by one day 
for each additional plant per m® (Lang e¢ al., 1956). 

Planting patterns: Planting patterns can have a direct effect on yield, 

on thé absorption of radiant energy, and on water evaporation and thus an 

indirect effect of water use efficiency. .The following planting patterns 

might conceivably have such influence: square arrangements, rectangular 

arrangements, very elongated rectangles (wide row interval with very small 

intervals within rows), irregular spacings in the row (pockets or hills within 

the row), and the direction of the rows. 

Adjusting Planting Patterns to Limited Moisture Supply 

Plant population must be adjusted to available soil moisture levels, 

either within rows or between rows. Increasing the distance between sor- 

ghum plants, for example, within the row in order to adjust to low moisture 

levels generally defeats its own purpose: the young plants, with little or no 

intra-row competition, show excessive vegetative growth: soil moisture 

is rapidly depleted, and the plants are unable to form satisfactory panicles 

or to mature their grain normally. The alternative is to space plants more 

closely within the row, and to increase the distance between rows in order 

to compensate for low moisture levels. In the wide-spaced rows, the soil 

moisture supply is not exhausted as rapidly as in narrow rows (Brown & 

Shrader, 1959). 

While working on relative water loss between crop rows, Larson and 

Willis (1957) found that soil moisture increased from within the row to the 

middle point between the rows. This was more pronounced in the wider 

rows, and apparently reflects decreasing root density as the distance from 

row increases. Intra-row competition prevents excessive vegetative 
growth. In addition, for individual plants, the normal circular root pattern 

changes to oblong as a consequence of inter-plant competition. Closely 

spaced plants show increased root elongation into the space not already 

occupied by roots (Haynes et al., 1959), where the laterally developing 

roots have to grow to reach moisture. They, therefore, continue to find 

available moisture between the rows later in the season, when it can be used 

for grain production—provided the distance between the rows has been well- 

adjusted to the available soil moisture. The heads are small but relatively 

numerous under these conditions, and maturity is more uniform than with 

plantings in close-spaced rows. 

An example of the effect of adjusting row width on yields under 
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difficult moisture conditions is provided by an experiment in rain-fed 

groundnuts, grown in a dry region of India. Ina poor rainfall season with 

a total precipitation of 186.8 mm (plus an equivalent of 75.1 mm stored 

in the soil up to a depth of 1 m, before sowing) the best WUE was obtained 

from a planting distance of 60 cm X25 cm. Inthe following year, with more 

favourable moisture conditions due to a rainfall of 357.3 mm (plus 67.2 mm 

of stored water) the best WUE resulted from a spacing of 45 cm X 25 cm. 

In both seasons, the close spacing of 30 cm X 25 cm gave the lowest WUE 

(Bhan & Misra, 1970b). 

It might be assumed that the wide row spacings, by exposing large 

areas of bare soil to radiation, would increase moisture losses due to evapora- 

tion thereby defeating the purpose of the wider spacings. However, under 

dryland conditions, evaporation is influenced more by the moisture supply 

at the soil surface than by radiation. Therefore, once the upper soil layer 

has dried, further moisture losses by evaporation become negligible. Under 

these conditions, wide rows are not more conducive to greater water loss 

by evaporation than are narrow rows. 

Row direction 

Very few investigations on the effect of row direction on yields have been 

conducted. The few results have been surprisingly similar with different 

crops grown under widely different conditions. In Australia, yield in- 

creases in dry matter production by wheat, of 6.5 and 11 per cent respective- 

ly, were obtained in two experiments with north-south sowings as compared 

to east-west sowings (Santhirasegaram, 1962). In the U.S.S.R. spring 

wheat sown N-S produced from 100 to 300 kg/ha more than when sown 
E-W. It is assumed that sunlight and moisture were used more fully in the 

N-S than in the E-W rows, and that the plants in the N-S rows were less 

subject to excess heat (Perekaljskii, 1951). 

In India, it has been found, that maize planted in a _ north-south 

direction yielded significantly more grain and forage than when it was 

planted in an east-west direction (Dungan et al., 1955). Similar results 

were obtained with wheat (Shekhawat ef al., 1966). In Illinois, spring oats 
drilled in a north-south direction yielded slightly more grain than when it 

was drilled in an east-west direction; the advantage of the north-south row 

increased as inter-row spacings increased (Pendleton & Dungan, 1958). 

While a full explanation for these results is not available, it is possible 

that sunlight and the amount of reflected light are influenced by row 

direction, with N-S rows enjoying better lighting than the northern exposure 
of the E-W rows. 

Establishing a stand 

The establishment of an adequate stand is a prerequisite for a successful 
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crop; and depends on proper germination and emergence of the seedlings. 

This aim is not easily achieved under arid conditions. The soil surface is 

wetted intermittently, generally at relatively longer intervals; it dries out 

rapidly, often before the seeds have had the time to germinate or the young 

seedlings to establish themselves. Many of these soils form a hard crust 

on drying, especially after rains of high intensity, so characteristic of these 

regions. The seedlings are unable to emerge through the crust, and a large 

proportion may be smothered under the surface. 

Germination and emergence: The physical and chemical conditions~re- 

quired for germination are an adequate supply of water, a favourable 

temperature, suitable aeration, illumination for certain species, and the 

absence of toxic or inhibitory substances. For a rapid and adequate emer- 

gence of seedlings both a high soil temperature and a sufficient moisture 

content are essential. However, under field conditions in arid regions, 

this combination is seldom obtained; because high temperatures are generally 

related to a rapid drying out of the upper soil layer which constitutes the seed- 

bed (Feddes, 1971). 

Motsture relations: Water uptake in germination usually occurs in two 

distinct stages: (a) zmbzbition stage, during which water adsorption by the seeds 

is largely passive, and (b) growth stage, which begins with the appearance 

of a radicle, that becomes increasingly active in water uptake. Between 

these two stages there is generally a period of internal physiological processes 

(respiratory, enzymatic, etc.) that initiate the onset of actual growth 

(Hillel, 1972). 
Typically, the moisture in the seed-bed may vary from saturation, 

- shortly after a rain, to extremely dry, after a dry period. The germination 

and. emergence of most field crops are progressively delayed and reduced 

as the soil water tension increases; however the response, and in particular 

the critical suction for germination varies with crop species and even with 
varieties within a given species. 

For example, the total emergence of sorghum was found to decrease 

from about 96 to 86% as the soil moisture tension increased from 1/3 to 

approximately 8 atm. Thereafter, the total emergence decreased very 

rapidly (Lyles & Fanning, 1964). In cotton, total emergence was not 

affected by changes in soil water tension between 1/3 and 3 bars; it was 

however reduced significantly at 4 bars; a sharp decrease was observed at 

a tension of 8 bars and no emergence at all occurred at tensions 

greater than 12 bars (Jensen, 1971). The rate of emergence and growth 

rate of the cotton seedlings first decreased progressively as tension increased 

from 2 to 4 bars; thereafter, as tension increased still further, the time re- 

quired for emergence increased rapidly, and the rate of growth decreased 
sharply (loc. cit.). Threshold soil water tensions reported for some other 

crops are: 12.5 bars for maize, 6.6 bars for soybeans and 3.5 bars for sugar 
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beets (Hunter & Erickson, 1952). 
Temperature requirements: Each crop species has definite minimal, optimal 

and maximal temperatures for germination. Above and below the optimal 

temperatures, the metabolic activity preceding germination is reduced 

(Sosebee & Herbel, 1969). However, some species germinate better at 

alternating temperatures (Cuddy, 1963). Too low temperatures prevent 
germination and are conducive to seed-rot. Higher than optimum tempera- 

tures may induce seed dormancy. Soil temperatures of 20°C were found to 
be most suitable for all varieties of dwarf wheat tested in the Punjab. Both 

lower (15 °C) and higher (35 °C) temperatures reduced the elongation of the 

coleoptile and shoot, impaired the synthesis of chlorophyll, and caused an 

increase in the level of RNA. The increased level of RNA was, however, 

not conducive to protein synthesis at higher temperature (Singh & Gill, 

1972). Treating the seeds with kinetin ensured good germination at the 

higher soil temperature levels (30-35 °C) and alleviated the negative effect 

of higher temperature on the level of chlorophyll (loc. cit.). 

Gupta and Sarla Sharma (1974) studied the germination and early 

growth responses of tall, one- and two-gene dwarf wheat cultivars to tempera- 

ture at 5 °C intervals from 5 to 35°C. The dwarf cultivars with Norin genes 

are more tolerant to cold than the tall ones. Sonora 64 and P. V. 18 appear 

to possess more cold tolerance, and Kalyan Sona maximum heat tolerance 

out of the seven varieties studied. The optimum temperature for germina- 

tion and seedling growth is 5 °C less for dwarf wheats. 

In winter rainfall regions, low temperatures may limit germination 

and seedling growth at times though soil moisture conditions are highly 

favourable. Soil temperatures also have a considerable influence on seed- 
ling development. Unfavourable soil temperatures, in particular, reduce 

the rate of root penetration (Troughton, 1957). This reduced rate of root 
growth may be critical for the establishment of the seedlings before the upper 
soil layer dries out. 

Aeration: As soon as the seeds start imbibing water, there is a steep 

increase in their respiration rate (Toole et al., 1956) and most crop varieties 

require an adequate supply of oxygen during germination. There may be 

a. conflict between the requirements of a high moisture supply to the seeds 

and adequate aeration. Oxygen can be taken up by the seeds only after 

passing through the water film surrounding them. The diffusion coefficient 

of oxygen in water is smaller by a factor of 104 than the diffusion coefficient 
in air (Hillel, 1972). 

Importance of rapid germination and emergence 

In the first stage, seeds that have not absorbed sufficient water for germi- 
nation may dry again without loss of viability. However, when germina- 
tion is delayed because of unfavourable environmental conditions, seeds and 
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seedlings are generally debilitated or killed by diseases and insect pests. 

Fungal hyphae can develop at levels of soil moisture too low for germination 

or seedling growth (Griffin, 1963). 

The time required for emergence has been found to be a good indicator 

of the vigour and yielding ability of cotton plants; as shown by the following 

figures (Wanjura et al., 1969). 

Table 1.9. Effect of time required for emergence, on survival 

rate and yield of cotton (Wanjura ¢ al., 1969) 

Time from sowing to Average survival rate Average relative yields 

emergence (days) (%) (%) 

ow, 87 100 

8 70 46 

12 30 20 

These results illustrate the dangers inherent in the rapid drying of the 

seed-bed, after sowing, which is so characteristic of rain-fed agriculture in 

dry hot regions. 

Crop rotations 

A well-planned crop rotation should have the following advantages 

over monoculture or a haphazard succession of crops; it should: 

1. Maintain, and even improve, soil fertility, 

. Prevent the build-up of pests, weeds, and soil-borne diseases, 

Control soil erosion, 

Ensure a balanced programme of work throughout the year, 

Stabilize income, and 

Conserve moisture from one season to the next. DR wh 

Types of crop rotations adapted to semiarid regions 

While crop rotations may vary considerably in different regions, 

depending on tradition, the type of crops grown, local economic factors, 

etc., certain prototypes have developed which will be discussed here, as 

well as the fundamental principles on which they are based. 
Winter rainfall regions with mild winters: In the transition region between 

aridity and semiaridity, where the average precipitation fluctuates between 

250 to 400 mm, rain-fed crop production becomes possible, but is fraught 

with great dangers. In favourable seasons, when precipitation is above 

average, exceptionally good yields of grain can be obtained as a result of 

fertility build-up during the season of low rainfall and crop failure. Large 

areas are usually ploughed up and sown, to become dust bowls when there 

is a succession of drought years. 
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The principal crop rotations followed in these areas are: 

1. Continuous wheat (or barley), with crop failures during the dry 

years serving as unplanned fallow periods. If good yields are to be obtained 

during the favourable seasons, heavy nitrogenous fertilizer applications 

are essential. Inputs are therefore high, with a low probability of 

success. 

2. Cereal fallow: In Australia, in the wheat growing regions with an 

annual precipitation of 250 to 375 mm, experience shows that the fallow- 

wheat sequence usually assures the farmer of a crop, whereas continuous 

wheat would generally be a complete failure (Callaghan & Millington, 

1956). 
In the low rainfall regions, a succession of drought years is of frequent 

occurrence and, therefore, even the additional moisture stored by the 

fallow may be insufficient to ensure a good crop. Cultivated fallow 

may promote an initial stimulation of yields, but in the long run 

it usually has adverse effects of which wind and water erosion are the 

ultimate outcome. This system also requires fairly high inputs (tillage, 

fertilizers, etc.) with, however, uncertain returns. ; 

3. Leguminous leys: In some countries with advanced agriculture, 

rotations have been adopted in which cultivated fallow is replaced 

by leguminous leys. A ley rotation adapted to semiarid conditions is 

based on alternating periods of two or more years of annual, self-seeding 

legumes—grazed by cattle or sheep—with one or more years of grain 

crops. 
This system has a built-in auto-regulatory device ensuring a yearly, 

albeit fluctuating, income. In the good rainfall seasons, the legume and the 

stubble of the cereal crop produce year-round grazing (provided the number 

of head of stock is properly adjusted to the carrying capacity), while good 

grain yields are also harvested. In the poor rainfall seasons, the relatively 

low production of the legumes is supplemented by grazing the cereal fields 

which have no prospect of producing a satisfactory grain crop. What 

would have been a total loss in an exclusively grain producing system, will 

give a fair yield of forage—even in conditions under which no grain is form- 

ed. The legumes may produce from 100 to 500 feed units per hectare even 

with a yearly rainfall of not more than 60-100 mm; with 200 mm, which is 

insufficient for grain production, the cereal may still produce 1000 to 1300 

FU/ha. In a good year, the legumes will produce around 2000 FU/ha 

and the grain stubble will provide another 300-500 FU/ha (Arnon, 1972). 

This integrated system of animal husbandry and cereal cropping also 

has the advantage of relatively low inputs: the annual legumes are self- 

seeding, so that no tillage, or only a minimum, is required. Only phosphatic 

fertilizers are needed, and if applied in excess of current requirements, the 

residues are not wasted. The legumes provide all the nitrogen. that is needed 
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by the cereal crop, but in a very good year additional nitrogen may be 

top-dressed. The cereal can be seeded into the legume stand by a chisel- 
drill without additional tillage; excessive legume volunteer plants in the 

cereal can be controlled by herbicides. Grain volunteer plants in the 

legumes provide balanced grazing. Perennial weeds such as Jhonson 

grass and Couch grass, are kept in check both by the grazing and by the 

competition of the cereal crop. 

The effectiveness of the whole system depends on how animal numbers 

are in balance with the fluctuating forage supply. It is estimated that in 

Australia, the use of clover leys in the cereal areas has contributed to a 50 

per cent increase in yields of grain (Donald, 1960) with practically no appli- 

cation of fertilizer nitrogen. The fertility levels of originally poor soils have 

been dramatically raised to moderate and even high levels of fertility by 

sowing Subterranean clover fertilized with superphosphate, and, where 

deficiencies of micronutrients occur, with sources of copper, zinc and molyb- 

denum. The effect of this cropping system on soil fertility is illustrated by 

the figures in Table 1.10. 

Table 1.10. Effect of inclusion of a fertilized clover ley on soil fertility 

(Donald & Williams, 1954) 

Treatment N (percent) P(percent) S (per cent) 

Original soil 0.076 0.012 0.010 

Subterranean clover (with fertilizer) 0.184 0.028 0.024 

Semiarid regions with 400 mm rainfall and above 

Traditional crop rotation: ‘The main objective of arable farmers in these 

regions is usually the production of cereals, preferably wheat. In the more 

problematic areas, wheat is replaced by barley. Farmers are usually aware 

that continuous cereal growing invites disaster, and therefore most of the 

wheat—or barley in the drier regions—is grown in alternate years. As nor- 

mally only a single crop can be grown each year, the two-course rotation 

predominates throughout the region. Some of the variations of these 

rotations are: wheat-weed-fallow; wheat-pulses (beans, lentils—chick peas) ; 

wheat-cultivated summer crops; and wheat-barley. When three- or four- 

course rotations are practised, they usually take the form of wheat-barley- 

fallow, or of wheat-pulses-barley-fallow. 

The farmers do not usually adhere rigorously to any of these rotations. 

If the rains are early and abundant, and the season bodes well, they are 

usually tempted to sow a wider area than that allocated to wheat in the 

rotation. Cultivated summer crops help in the control of weeds, which 

pose serious problems in continuous wheat growing. However, when the 

summer crop has a detrimental effect on the moisture status of the soil, it 
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may offset any beneficial effect in regions in which soil moisture is the limiting 

factor. For this reason, in western Kansas, yields from wheat that has been 

sown immediately after the harvesting of cultivated summer crops (sorghum, 

maize, etc.) are frequently lower than those obtained from ‘continuous’ 

wheat. Between the harvesting and seeding of two successive wheat crops, 

three months elapse, during which time cultivated fallow will conserve soil 
moisture that will remain available to the wheat crop (Laude et al., 1955). 

Improved crop rotation: The traditional crop rotations described above 

are all exhaustive and make no contribution to soil fertility. The basic 

problem is, therefore, to devise a type of crop rotation that.will raise the level 

of soil fertility, thus making it possible for the following crop to benefit fully 

from the favourable moisture regime prevailing during its growing period. 

It is frequently assumed that pulses are desirable preceding crops for 

winter cereals, and it was originally thought that extending the area under 

pulses would have a beneficial effect on soil fertility. Many Ministries of 

Agriculture in the semiarid regions have adopted the inclusion of pulses 

in the rotation as an official policy aimed at improving overall productivity. 

However, results are always disappointing, as harvesting a seed crop from - 

the legume usually results in a drop of at least 30 per cent in the yield of the 

following wheat crop, as compared with wheat following fallow. The 

legume removes more nitrogen than the root nodules produce. The soil is 

also left in a very unfavourable physical condition, and weed infestation in 

the subsequent cereal crops is heavier than usual (Arnon, 1972). 

Leguminous crops that are not allowed to mature seed, but are used for 

pasture, soiling, hay, silage, or for turning under as green manure, have been 

shown to be very important for improving soil fertility. They also enhance 

the response of the winter cereals to other factors affecting production. 
ec 

Green manures 

At first, green manures were considered the ideal solution for rapidly 

raising the level of soil fertility. On the whole, the results obtained in semi- 

arid conditions have been disappointing, and green manures have generally 

shown little, if any benefit over results derived from leguminous forage 

crops, as shown by long-term experiments. In regions with less than 375 mm 

precipitation, for example, in long-term experiments in Montana, where 

annual precipitation ranged from 290-375 mm, a green manure crop of sweet 

clover had no beneficial effect on dryland wheat yields (Army & Hide, 

1959). The negative results may be ascribed to the kind of crop used for 

turning under (frequently a cereal), to the soil moisture depletion by the 

growing crop, to the drying out of the soil due to inversion when ploughing 

under the green manure, and, finally, to the decomposition of the mass 

of organic matter. Where green manures have been beneficial, the 

increase in yield rarely justified the loss ofa cropping season or the risks 
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and expenditure involved. 

Thus, it may be said that the most promising approach towards raising 

the level of soil fertility in semiarid regions of sufficient rainfall (400 mm and 

above) is the inclusion in the rotation of a leguminous forage crop. When 

the legume is cut before seed is formed, the amount of plant nutrients remov- 

ed from the soil is relatively small, while the soil is enriched in nitrogen and 

organic matter. Weeds are cut before flowering and are therefore well con- 

trolled. The soil can be ploughed when still moist and an excellent tilth is 

obtained. Residual soil moisture may be almost as high as after fallow. 

As regards the types of rotation, the areas devoted to a soil improving 

crop may vary from one-third to one-sixth of the total area, with a tendency 

to devote as large an area as possible to the winter cereal in the crop rotation. 

Hence we get a plethora of three-, four-, and six-year crop rotations, with 

various sequences of crops, in which the winter cereals occupy an important 

position. The best overall results in Israel have been obtained with the 

following three-course rotation: 

First year—winter cereals (wheat, barley, or oats). 

Second year—summer crops (sorghum, maize, sunflowers, sesame, or 

chick peas). 

Third year—leguminous forage crops (vetch, annual clover, etc.). 

A different sequence is sometimes adopted, in which the winter cereal 

follows the summer crop. This is justified when the fields are infested by 

grassy annuals, such as Phalaris and wild oats. In such a case it is the sum- 

mer crop which is assigned the best place in the rotation, thereby benefiting 

from residual moisture after the legume and the favourable nitrogen status 
resulting from the latter. 

Summer rainfall regions in the middle latitudes 

Continuous cereal growing: In the semiarid regions of the world in which 

grasslands have been ploughed up for crop production in modern times 

(as in the Great Plains of the U.S.A.) and rainfall is generally adequate, 
the general tendency is to practise monoculture with wheat grown conti- 

nuously for long periods. In the areas with relatively favourable precipita- 

tion, alternate wheat-fallow is practised only occasionally—either when 

weed infestation has become a serious problem, or when exceptionally defi- 
cient soil moisture at sowing time makes wheat sowing too hazardous. 

Experience has shown that the accumulated fertility of soils which have 

always been under native grass before they were ploughed up, enables 
continuous wheat cropping without declining yields for 30 years or more— 

provided weeds are kept under control (Harper, 1959). However, during 

this period, at least half the original organic matter and nitrogen will have 
disappeared, and so it is difficult to. prophecy whether (and, if so, when) 

continued monoculture will start to have undesirable results. Even if a 
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satisfactory level of soil fertility is maintained, sooner or later a build-up 

of grassy weeds occurs, which makes wheat growing unprofitable. Under 

these conditions, a 3-year rotation of fallow-wheat-sorghum was found to 

give good weed control, as well as providing for efficient use of water and 

nitrogen and giving satisfactory protection against wind erosion. It also 

gave a higher gross income than a fallow-wheat-wheat rotation (Ramig 

& Smika, 1964). 

Summer rainfall regions in the low latitudes 

In the semiarid zone of Africa, south of Sahara, the two principal 

crops—sorghum and millets—are extensively grown on freshly cleared 

brush. ‘These are extremely sensitive to soil depletion in organic matter. 

After a relatively short period of continuous sorghum or millet, yields become 

too low even for primitive farming, and the land has to be abandoned. 

The rapid degradation of the soil resulting from cereal monoculture 

is an almost irreversible process under the conditions of primitive agriculture 

employed in this region. The exhausted soil, abandoned by the farmer, is 

covered only sparsely with vegetation. The process of regeneration is de- 

layed by overgrazing and brush fires, so that it takes many years to return 

to the original level of soil fertility. Non-cultivated fallow alternating with 

cereal production is therefore incapable of maintaining an acceptable level 

of production after brush-clearing. The situation is no better when ground- 

nut, another important crop of the region, is sown continuously. Yields 

decline rapidly, and even mineral fertilizers are unable to maintain a satis- 

factory fertility level. Alternating a groundnut crop with two or more 

years of fallow (non-cultivated) alleviates the situations without, however, 

providing a radical solution, as illustrated by the example given in table 1.11 
(Gillier, 1960). 

Table 1.11. Effect of fallow on yields of groundnuts 

(average rainfall 421.8 mm) (Gillier, 1960) 

Yields of unshelled Increase over Duration of fall 
uration ol Jallow (years) groundnuts (kg/ha) control (%) 

On depleted soil (control) see is 355 — 

2 ap se 440 +24 
3 an ee 610 +72 
6 50 Er 640 +80 
SS 

It is clear that simply alternating groundnuts with periods of fallow does 
not allow for the production of high yields. Even with mineral fertilizers, 

yields are increased by only 270 kg/ha. Further, the respite provided by 
fallow in the depletion process is very transitory: after two years of cropping, 
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even if six successive years of fallowing is followed, the drop in yield is 
considerable (Gillier, 1960). 

It has been found that an alternation of crops is the first essential to 
maintaining a reasonable level of fertility. Short cycles of sorghum-ground- 
nuts, with light doses of mineral fertilizers, alternating with fallow, have 
been found not only capable of maintaining the original level of soil fertility, 
but even of gradually increasing yields. 

Thus alternation of crops, with short periods of cropping alternating 

with fallow periods of sufficient length and the use of mineral fertilizers at 

moderate doses, have given the possibility of economic production within the 

framework of traditional agriculture. But the inclusion of green manures 

in traditional farming has not been found to be justified (loc. cit.). 

Mixed cropping 

Mixed cropping is a characteristic of primitive agriculture dating from 

antiquity. Itis a method which attempts to make the most of the potentiali- 

ties of the environment. By planting together a number of crops with vary- 

ing planting and harvesting times and growth habits, plant nutrients in 

different soil layers are better exploited and light energy is more effectively 

intercepted. Plants of the same species compete more intensively with each 

other than do plants of different species—mainly because of differences in 

the root systems and periods of peak water requirement, so that a limited 

water supply is used more efficiently in a mixed cropping system than in 

pure stands. The risks due to diseases, pests, and climatic factors, are 

reduced and also better distributed, while weeds more effectively smothered. 

When primitive varieties are used, the total yield from a given area under 

mixed cropping may be greater than from pure stands (Baldy, 1963). 

A notable example of mixed cropping, practised by primitive people, 

is the maize-beans-squash complex, which originated in Mexico during the 
period 1500-900 B.C. It was so successful that it spread out from Mexico 

and became the basis of practically all prehistoric Indian agriculture and 

in all parts of America. The complex of three crops exploited the soil and 

light energy most effectively: the beans climbed on the maize stalks, exposing 

their leaves to the light without excessive shading of the maize leaves; 

the squash grew prostrate on the ground and choked out weed growth. 
The mixed cropping also produced a highly balanced diet: the maize supplied 

most of the carbohydrates and certain amino acids in which beans are 

deficient; the beans supplied the bulk of the protein, and also phosphorus, 

iron, and the vitamins—riboflavin and nicotinic acid. The squashes added 

calories and an increment of fat (Stakman et al., 1967). 

Intercropping is still practised on a large scale in the Mediterranean 

region, in Africa, and in India. In east Africa, it is exceptional for peasants 

to sow pure stands. Evans (1960) doubts whether it will be possible to 
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introduce a rotational system of agriculture based on pure stands so long as the 

hoe is the main agriculturalimplement. He found that intercropping maize or 

sorghum with groundnuts generally gave higher crop production per unit 

area than growing these cropsin pure stands. ‘This was found to hold true in 

two areas of contrasting fertility as well as under conditions of contrasting 

rainfall; namely low, irregularly distributed rainfall and favourable rainfall. 

The combinations castorbean-groundnuts and castorbean-soybean 

also usually showed an overall gain in production per hectare. When 

severe attacks of mirids reduced castor yields drastically, the associated 

crop gave a compensating yield increase (Evans & Sreedharan, 1962). 

Intercropping of cotton, both rain-fed and irrigated, with a wide variety of 

crops, in varying proportions, is widely practised in India. Common 

combinations are of cotton with sorghum, pulses, sesame, cucurbits, ground- 

nuts, or castorbeans. Usually, one or two rows of the associated crop 

alternate with 8-10 rows of cotton. ‘The mixed cropping generally gives a 

larger total yield than the pure crop of each does in the aggregate; it provides 

insurance against complete crop failure, and it reduces soil erosion— 

particularly if one of the two associated crops has a trailing habit. In an 

investigation on root-rot (Rhizoctonia sp.) conducted in the Punjab, it was 

found that cotton, when intercropped with beans (Phaseolus aconitifolius), 

was much less damaged by the disease than when grown in a pure stand 

(Sawhney & Sikka, 1960). 

In a 5-year experiment at Kota (India) a mixture of wheat and chick 

peas or gram (Cicer arietinum) was found to give a significantly higher mone- 

tary return than when each crop was grown singly; in very dry years, the 

cereal failed completely, while the chick peas gave at least some yield; in 

good years, the mixture gave higher yields than each crop grown singly 
(Dayal et al., 1967). 

With very few exceptions, particularly among forage and pasture 

crops, modern agriculture is based on pure stands. Weed control, whether 

mechanical or chemical, as well as pest and disease control, are hindered in 

mixed stands. Rational fertilizer applications are difficult to adjust toa 

mixture of different crops. However, probably the main limitation to mixed 

cropping in modern farming is that efficient mechanical harvesting of a 
mixed crop is not possible. 

The Moisture Regime in Dryland Crop Production 

EVAPOTRANSPIRATION (ET) 

Actual and Potential Evapotranspiration 

Water is lost by evaporation from a bare, moist soil surface at about the 
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same rate as from a free water surface having the same exposure and 

temperature. Paradoxically, in arid regions, losses of water by evaporation 

from the soil are relatively low, the main component of water loss being 

plant transpiration. The surface soil dries quickly; as the dry layer pro- 

duced deepens, evaporation is reduced until it becomes almost imperceptible. 

This is because at a soil water potential of approximately 15 bars the conti- 

nuity of the liquid films is broken, and water diffuses only in the form of 

vapour (Kramer, 1969). This movement is very slow; according to Gardner 

(1958) the rate at which water can be lost under these conditions is usually 

less than 20% of the rate of loss by evaporation from a moist soil surface. 

After the upper soil layer has become too dry to contribute to evapora- 

tion, plants continue to take up water from the lower moist layers. The 

high conductivity of the plants for water makes up for reduced evaporation 

from the dry soil surface and the plant cover will therefore maintain the 

level of water loss for sometime; the more dense the plant cover is, the 

greater will be the water loss. As available water is exhausted, the decrease 

in availability counterbalances the effect of increased plant cover on water 

loss. Therefore, after a while, the density of plant cover has no further 

effect on water loss. 

The leaf area of plant stands in often three to six times the area of the 

land in which they grow and most leaves lose water from both surfaces, 

nevertheless, transpiration from a crop never exceeds that from a similar 

area of wet soil or open water surface under the same environmental condi- 

tions (Kramer, 1969). 

In field measurements it is difficult to distinguish between the two sources 

of losses; they are therefore usually estimated together and called evapo- 

transpiration (ET), or consumptive use. When the water supply is un- 

limited, evapotranspiration is equal to the evaporation from a free water 

surface, and therefore reaches the highest level possible under the prevailing 

conditions of radiation, wind velocity, temperature, air humidity, etc. It is 

then called potential evapotranspiration (PET). 
In the dry regions the rate of potential evapotranspiration, as contrasted 

with precipitation, varies relatively little from year to year. As a general 

rule, conditions that cause a reduction in the amount of precipitation will 

at the same time favour an increase in potential evapotranspiration. There- 

fore, the discrepancy between water requirements and water supply in arid 

regions is still further aggravated in years of deficient rainfall. 

It is fairly common for potential evapotranspiration to exceed precipi- 

tation considerably in regions with limited rainfall as indicated by the follow- 

ing examples: at Las Cruces, New Mexico, average annual precipitation was 

found to be 216 mm, as compared with 2337 mm for potential evapotrans- 

piration. At Yuma, Arizona, potential evapotranspiration is 55 times as 

great as rainfall (Koéppe & Long, 1958). 
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Relationship between Actual ET and PET 

When soil moisture is at field capacity, the initial values of ET are 

approximately equal to PET. As the amount of available soil moisture 

decreases, relative to PET, there is a progressive decline in actual ET, 

for all crops. As soil moisture stress increases, differences between crops 

in the rate of decline in ET, become apparent (Fig. 1.16). Thus, sorghum 

with its extensive root system and greater ability to withstand atmospheric 

desiccation, maintains ET at a relatively high level for sometime, whereas 

in cotton, with its less extensive and efficient root system, ET is reduced 

almost immediately; soil-water depletion commences. 

However, the cumulative seasonal evapotranspiration for grain sor- 

ghum, even under relatively favourable moisture conditions, may be only 

18 
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Fic. 1.16. Actual evapotranspiration in relation to potential! evapo- 

transpiration as a function of soil moisture (from Slatyer, 1958) 

(by courtesy of the Neth. J. agric. Sci.). 
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65% of PET (Jensen, 1968); in many farm crops seasonal water use may 

range from 55 to 75% of PET, under conditions in which in lucerne water 
use is 90% of the PET (Ripley, 1966). 

IMPROVING THE WATER SUPPLY AVAILABLE TO THE CROP 

Below a certain level of water supply, crop production is not possible. 

Relatively small increases in moisture supply may give quite marked in- 

creases in yield. Hence, even relatively small increments of water to the 

soil or reduced water losses may have disproportionally large effects on 

crop yields. Inevitably, ET will also be increased as a result of the improved 
moisture regime, but the effect on yields will always be greater under 

moisture deficient regimes, so that water use efficiency will be improved. 

The improved moisture regime in the soil can be achieved in two ways: 

(a) by increasing the amounts of water stored in the root zone, and 

(b) by reducing losses due to evaporation and transpiration. 

These two approaches can be complementary, and certain management 

practices, such as tillage, may have both effects concurrently. However, 

for convenience, the two approaches will be treated separately. 

Increasing Water Storage in the Root Zone 

The soil, up to the bottom of the root zone, constitutes a moisture 

reservoir of vital importance to agriculture. Water that infiltrates into 

this reservoir can be stored with relatively little loss for fairly long periods— 

longer than is generally realized. In the Mediterranean region, crops such 
as sorghum, melon and sesame, can be grown during the hot summer 

months, without receiving a drop of rainfall from sowing to harvest; they 

can produce high yields on the moisture stored in the soil during the winter 

months. In the Great Plains of North America, numerous investigations 

have proved that the amount of moisture stored in the soil, prior to the 

sowing of winter wheat, largely determines the yield level that can be 
expected. 

The amount of precipitation taken in by the soil depends on runoff 

and infiltration. By reducing runoff and increasing infiltration, the 

amount of water stored in the soil can be increased—with beneficial effects 
on crop production, provided the total amounts of effective rainfall are 

sufficient. 

Runoff control 

It is somewhat paradoxical that the drier the climate is, the greater will 

be the havoc caused by rainfall. Precipitation in arid regions generally 

occurs as torrential rains, the sparse natural vegetation affords very little 
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protection to the soil, and infiltration rates are rapidly reduced while run- 

off is increased. Most soil conservation methods, such as strip cropping, 

contour ploughing, terracing, etc. aim at reducing runoff, and are there- 

fore also effective in increasing the amount of water that is stored in the soil. 

Studies on moisture conservation in India, on a shallow loam soil 

receiving 400 mm rainfall annually showed that bunding increased soil 

moisture content by 50 to 100%. Yield increases of up to 700% have 

been obtained as a result of the additional moisture stored in the soil 

(Misra & Mishra, 1966). 
The protection provided by vegetation is usually a major factor in run- 

off control. Plants intercept part of the rainfall and reduce the velocity of 

rain drops; they also obstruct or slow down the movement of water on the 

soil surface. The indiscriminate destruction of the plant cover in water- 

sheds increases soil erosion and causes excessively rapid runoff that cannot 

be controlled. 

Increasing infiltration 
The maintenance of a high infiltration rate is an important objective 

of soil management; it reduces runoff and thereby increases the efficiency 

of rainfall, at the same time minimizing soil losses by erosion. The rate of 

infiltration of water into the soil depends on soil structure, soil cover, the 

degree of dryness of the soil, and the intensity and duration of the rainfall. 

As rain falls on a bare soil, the surface aggregates are destroyed by the impact 

of the drops of water and the pores of the soil surface become clogged with 

the particles; this rapidly reduces the rate of infiltration of the water. 

The surface of many clay soils can be easily sealed and infiltration 

capacity reduced drastically, by a few minutes of heavy rainfall. Mulches 

of straw or crop residues, by breaking the impact of the rain drops, markedly 

improve infiltration (Fig. 1.17). Mulching was also found to reduce runoff 

by about half the amount that occurred without mulching. 

Cultivated row crops, such as cotton, maize, and sorghum, usually 

afford less protection against the effects of rainfall on the soil than do 

densely-growing crops such as herbage and small grains, and therefore the 

former tend to lower infiltration rate. The frequent cultivations which 

they require also reduce soil aggregation. All factors that improve and 

maintain soil structure, also improve infiltration, and vice versa. However, 

if the subsoil is impervious, runoff will eventually occur even with a very 

permeable top-soil. Whenever the rate of water supply is in excess of the 
rate of infiltration, ponding or runoff will occur. 

Water harvesting 

In humid climates, runoff usually occurs only when rain falls on a 

saturated soil. The more arid the region, the rarer are situations in which 
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the soil is saturated by rainfall, and the more frequent is the occurrence of 
runoff from soil that is not saturated, following rains that exceed a certain 
intensity. Under very arid conditions, reducing runoff and_ increasing 

infiltration rates are ineffective, as the amounts of moisture that can be stored 

in the soil do not, in any case, suffice for crop production. Rather efforts 
should be made in the 

opposite direction: to in- STRAW 

crease runoff and reduce —— 
infiltration in certain areas 

which can then serve as 

asource of water supply 
for other areas. 

Water harvesting me- 

STRAW REMOVED 

thods: In principle, water 5 2 

harvesting consists in $ 
using water derived from © 
an area that has been é 
treated to increase runoff 

of precipitation in order 

to supplement soil mois- 

ture in an adjacent area, 

situated at a lower eleva- 

tion. In many dry regions, 

in which contemporary 

precipitation alone is not 0 

sufficient to ensure a crop, 20 40 60 80 
harvested water plus that TIME (MINUTES) 

accumulated in the soil Fic. 1.17. Effect of straw mulch on intake of 

will suffice, if a proper water by soil (from Duley, 1939) (by courtesy 
ratio between donor area of the Soil Sci. Soc. Am.). 

and recipient area is 

established. 

Water harvesting was developed to a fine art about 2000 years ago by 

the Nabateans; modern technology is attempting to develop more effective 

methods, aimed at reducing the ratio between donor and recipient areas. 

There are two main methods of water harvesting: conveying the water from 

barren hillsides to the adjacent relatively level land, and creating a micro- 

relief within a more or less level field. . 

Microwatersheds: Cropping systems have been developed in which run- 

off water from parts of a field are concentrated in strips in which crops 

are planted. The crop is sown in narrow strips between wide intervals that 

are ridged as artificial miniature watersheds. These latter are compacted to 

increase runoff of water to the crop rows. The relative widths of the water- 
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shedding strips and of the crop-producing strips depend on the amount of 

annual precipitation that can be expected. The usual ratios are from 2 : 1 

up to 4:1 (Fig. 1.18). This system is considered to be more efficient than 

following, in which water is conserved from one season to the other and the 

entire area is cropped in one year out of two. 

4:25 

Fic. 1.18. - Microwatersheds: 

Above—microwatersheds for small grains; Below—microwatersheds 

for row crops (from Kemper, 1964) (by courtesy of the U.S.D.A.). 

Various methods for increasing the runoff from the water-supplying 

strips are being investigated in the arid west of the United States, in Israel, 

and elsewhere. The two main approaches used are (1) ground covers of 

plastic films, rubber or metal sheeting materials, and (2) waterproofing 

and stabilizing soil surfaces by spraying with low-cost materials can be 

used to reduce infiltration, by dispersing the soil colloids and sealing soil 

pores. Using sodium carbonate at the rate of 45 kg/ha, 70 per cent runoff 

was obtained from a cleared and smooth clay-loam soil. This method, too, 

is dependent on effective erosion control, in the absence of which the treated 

soil may be removed within one season. A number of water repellent 

treatments with materials such as silicone, to make the soil hydrophobic, 

have given encouraging results. Finally, sprayed asphalt appears to offer 

promise of providing a relatively low-cost and enduring sealing and binding 
coating (Myers, 1967). 

The main disadvantages of the various films are the high cost and 

susceptibility to damage by winds. Research is continuing on developing 

new, less expensive and more durable materials, as well as methods of re- 

ducing damage—such as bonding the films to special asphalt pavements 

(Myers, 1967). Immediately, most promising approaches, however, appear 

to be the waterproofing and stabilizing of the soil surfaces. The simplest 

of these methods consists of creating a cleared smooth surface. On a well- 

structured clay-loam soil, with a 4 per cent slope, this method produced 
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21 per cent runoff of a 195 mm rainfall (Hillel et al., 1967). However, this 
method is applicable only when erosion hazards are minimal. 

Conservation bench terraces: A terrace system for semiarid regions has 
been designed by Zingg and Hauser (1959) that not only reduces water 
erosion, but also spreads runoff water over a levelled bench, where it is 
stored in the soil for use by the crop (see Fig. 1.19). Experience in the field 
with these terraces shows that good results can be achieved with this method, 
provided that (1) precision levelling is carried out, (2) there are adequate 

terrace outlets to handle excess water, and (3) fertilizers are applied so that 

the stored water is used efficiently. In a region with an average rainfall 
of 470 mm (mainly summer rainfall in the south-western Great Plains), 

it is recommended to use one-third of the field area for establishing the ter- 

races, and the remaining two-third for watershed areas (Hauser & Cox, 

1962). 

SLOPE OF RIOGE AT MAXIMUM 

COMPATIBLE WITH STABILITY 

TERRACE’ RIOGE os 

/ Z CUT paiginALt® 

CONTOUR} CONTRIBUTING AREA 
—_ VERTICAL DISTANCE 

HORIZONTAL DISTANCE 

Fic. 1.19. Cross-section of the slope-control practice of conservation benching 

(from Zingg & Hauser, 1959) (by courtesy of the Am. Soc. Agron.). 

Management Practices for Improving the Moisture Regime 

Tillage 

Role: Before the advent of mechanization, the general attitude towards 

tillage was that its importance could hardly be overstated. This attitude, 

equating a maximum number of tillage operations with good husbandry, 

was further strengthened by the fact that the cost of upkeep of draft animals 
was practically thé same, whether they were working in the field or were 

stalled; farm labour was also cheap and _plentiful. 
The importance formerly attached to cultivation as an objective 

per se, is vividly reflected in the following quotation from the Standard 

Cyclopedia of Horticulture. ‘It would have been a sorry thing for agriculture 

if there had been no weeds. They make us stir the soil, and stirring the soil 
is the foundation of good farming’ (Bailey, 1950). In short, weeds justify 
their existence simply by obliging the farmer to cultivate the soil ! 
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It was only following gradual replacement of draft animals by tractors, 

that these traditional concepts of tillage were submitted to close scrutiny. 

For cost of tillage operations had become a substantial part of the overall 

production cost. Changes in the number and depth of soil cultivations 

could make considerable saving possible. Many experiments on the effects 
of tillage on crop production have been carried out since the beginning of 

the present century, and the results obtained were most surprising to the early 

investigators. The overall picture that emerged was that the need and 

justification for numerous tillage operations had been grossly exaggerated 

in the past. As a result of the objective reappraisal of the effects of soil 

cultivation, a new understanding, new attitudes, and new methods, have 

been evolved. 

Most of the classical concepts concerning tillage were first developed 

in north-west Europe, and later in the U.S.A., and they were naturally 

adapted to the temperate regions, and their aim was certainly not water 

conservation. Under the cool and humid conditions of these regions the 

soil is almost permanently moist; also rainfall is very rarely torrential and 

therefore is not conducive to erosion. Basic cultivation has been based on 

the mould-board plough, which cuts and inverts a furrow, completely 

covering all weeds, trash, stubble, and manure, and leaving a clean surface. 

Subsequently, disking, harrowing, and rolling, are needed to pulverize the 

furrow, compact the soil and prepare a seed-bed. 

When these methods were transferred to arid lands, whether for the 

development of areas that had previously not been cultivated or to replace 

traditional cultivation methods, results were frequently disastrous. Opti- 
mum moisture conditions for cultivation are not encountered frequently 

in dry regions: during the rainy season, torrential downpours occur frequently 

and the soil may be too wet for heavy equipment; during the dry season, 

the soil generally dries out almost completely. European style ploughing 

shatters the soil, breaking the land into clods whose size and hardness depend 

mainly on the compaction caused by previous farming operations on land 

that was still moist; the heavy and frequent disking needed to break these 

clods pulverizes the soil into dust, breaking down soil aggregates, causing 

wind and water erosion. The soil is therefore easily eroded by water in winter 

and by wind in summer; soil compaction may cause hard-pans and reduce 
water infiltration. 

With the advent of modern equipment, an entirely new concept of 

tillage methods developed in the dry regions—different from that of modern 
tillage in temperate humid climates and from traditional tillage in arid 
zones. Heavy equipment, drawn by tractors, made possible the cultivation 

of dry or almost dry soils. The effects achieved are entirely different from 

those of cultivating moist soil. The effects of tillage methods on crop growth 

and yields are to a large degree attributable to an increased soil moisture 
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reservoir: (a) by creating soil conditions that favour root growth and pene- 
tration, and (b) by improving infiltration and conservation of water. 

Water is lost by surface runoff, by infiltration beyond the root zone, 
through evaporation from the soil surface, and through transpiration by 
plants. 

Tillage can be effective in reducing surface runoff if it is carried out 

according to approved soil conservation practices. These operations 

increase infiltration by reducing runoff and minimizing crust formation 

and may double the amount of water stored in the soil. These effects can 

be further enhanced by a mulch of crop residues which protects the soil 
from raindrop impact. 

The influence of soil compaction on loss of water by evaporation de- 

pends on the moisture content of the soil. At high moisture levels, conduc- 

tion of water to the soil surface, is greater in a compacted soil than in a loose 

one. When the soil surface is dry, however, water moves as vapour through 

the pore spaces, and evaporation will then be greater in a loose soil. There- 

fore, coarse tillage may increase water losses due to evaporation by leaving 

large cavities among clods, and thereby enabling an increase in vapour 

movement. On the other hand, by effectively destroying weeds, it may 

considerably reduce losses caused by transpiration. 

Crop response to tillage will depend on the amount and seasonal distri- 

bution of the rainfall. In seasons during which precipitation provides 

adequate water to the crop throughout the growing period, differences 

in soil moisture regime due to tillage have little or no effect on yields. 

Conversely, tillage methods that increase available soil moisture are marked- 

ly beneficial to the crop in years of less than optimal rainfall. For example, 

in an investigation of tillage methods in Iowa, listed maize consistently 

out-yielded conventionally tilled maize in the six of eleven years that crop 

showed signs of severe water stress. The yield increases due to listing (which 

was conducive to water conservation) ranged from 308 kg/ha to as much 

as 2588 kg/ha; the average increase being 1324 kg/ha. In the other five 
years of the investigation, yields were above average because of favourable 

precipitation patterns and there was little difference in yields among 

different tillage methods. 

The effects of the tillage treatments were most marked in years in which 

there was little soil-stored moisture at sowing time and when a large propor- 
tion of the early season precipitation occurred during the first six to seven 

weeks after planting (Amemiya, 1968). 
Deep ploughing, carried out during the summer months in dry soil 

(see below), is probably the most effective means of controlling perennial 
weeds as ‘couch grass’ (Cynodon dactylon) and Johnson grass (Sorghum hale- 

pense), two almost ubiquitous weeds of the warm semiarid areas. 
Depth of cultivation: Increasing the depth of ploughing and other tillage 
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operations has a very marked effect on costs: for every additional centimetre 

of increased depth, the amount of soil to be moved or turned is increased by 

about 150 tonnes per hectare. The enormous additional effort required 

cannot be accomplished without a considerable expenditure of fuel. Much 

research, aimed at determining the most effective depth of tillage, has there- 

fore been carried out, mostly in temperate climates. It was generally 

found that increasing the depth of ploughing beyond the minimum needed 

for a specific purpose—weed control, seed-bed preparaion shattering a 

plough-sole, etc.—did not improve yields. 

Similar results were obtained in experiments in dry regions to that with 

a moist soil. Moisture loss is increased by the depth of tillage—especially 

if the tilled soil layer is inverted. When a dry soil is rewetted by rain, the 
proportion of the moisture conserved varies inversely as the depth of dry 

soil at the surface (Staple, 1964). Soils dry rapidly as the depth of cultiva- 

tion increases; shallow tillage (up to 7 to 10 cm maximum) is less wasteful 

of rainfall than is deeper tillage. 

The dry surface soil has to be wetted by rain to field capacity before 

any moisture can penetrate to at least 10-12 cm, at which depth it will be 

relatively safe from evaporation, and will contribute effectively to crop 

production. By avoiding tillage implements that invert the soil, sub- 

surface moisture is not exposed and moisture losses are reduced. However, 

the cultivation of dry, or nearly dry soil, is typical of arid lands, and has 

no counterpart in temperate region cultivation. It has specific objectives 

and specific effects, and depth of ploughing has relevance to these effects. 
Deep tillage, to a depth of 50 cm and more, when carried out under the 

proper conditions, has marked beneficial effects that are difficult to achieve 

by other methods. These specific effects are sanitation, improvement of 
soil structure, and control of perennial weeds. 

Exposing a ploughed soil to the effect of sun-rays for prolonged periods 
is an age-old practice in arid lands, and is still in present-day use both in 

countries using traditional agricultural methods and also in those using 

modern ones. This is accompanied by a considerable rise in temperature, 

which may exceed 74°C, as recorded in black soils in Poona, India (Kasi 

Viswanath & Pillai, 1972). The effect of drying and wetting on the soil 

structure depends on the type of soil, temperature of drying, degree of 

dryness achieved and the intensity of the wetting process. 

Drying the soil has complex chemical, physical and biological effects. 
For the black soils of India, the main beneficial effect on crop growth appeared 

to be due to an improvement in the physical properties of the soil (Sreeniva- 

san & Aurangabadkar, 1940). This was confirmed by the more recent 

work of Kasi Viswanath and Pillai (1972) who found that the increase in 

size and percentage of water-stable aggregates could be considered as the 

immediate cause for the improved crop yields from dried and heated soils, 
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Deep ploughing of a sandy loam to a depth of 45 cm, improved soil structure 

and root penetration significantly (Subbarami & Dakshinamurti, 1971). 

A highly significant correlation between soil structure and root growth 
was observed. 

In a dry tropical region of Africa deep ploughing of the soil (up to 60 cm) 

increased yields of millets and sorghum. This was also ascribed to improved 

macrostructure; as a result the root system was more extensive and water 

and nutrient uptake improved (Poulain & Tourte, 1970). 

In order to achieve these beneficial results the soil has to be completely 

dried out before deep ploughing. The success of the deep ploughing 

depends, therefore, on the soil management during the year preceding the 

deep ploughing, and on the type of crop grown. The most desirable crop is 

one that withdraws all the available moisture by the time it is mature. 

A reasonable amount of soil compaction during seed-bed preparation and 

sowing of the crop is desirable, as it favours the formation of clods when the 

land is deep ploughed in the following summer. Deep-ploughing should 

not start before the land has dried out sufficiently, but should not be too 

late in the season as otherwise the time available for drying and weathering 

the clods will be too short. At least three months between the completion 

of ploughing and onset of the rains should be allowed for this purpose. 

Deep ploughing is a very expensive operation, requiring special heavy 

apparatus; in modern dryland farming it has, however, been found to be 

an important practice for maintaining a high level of yields. Practical 
experience has shown that a time interval of five to six years between one 

deep ploughing and the next, strikes a proper balance between the cost and 

the benefits of the operation. 

Newer concepts in tillage methods: The traditional concept of ‘clean’ 

cultivation, in which the farmer equated good farming practice with the 

complete burying of crop residues and weeds, has had to be abandoned in 

dry regions. Instead, a different approach has been developed—stubble- 

mulch farming, which aims at keeping the soil protected at all times, whether 

by a growing crop, or by crop residues left on the surface during fallow 

periods (Mishra & Misra, 1967). 

In experiments in Nebraska it was found that the rates of erosion of a 

mulched surface were about one-fifth of those resulting from ‘clean tillage’ 
with mould-board ploughing. Wind erosion was also substantially reduced; 

residues of various amounts and types, reduced the force of the wind 

immediately above the soil surface by 5 to 99 per cent. The crop (and 

weed) residues left on the surface of the soil not only offered protection 
against erosion, but improved water penetration and reduced losses from 

evaporation (Zingg & Whitefield, 1957). In a three-year grain rotation in 

Nebraska, a clean-ploughed loess soil lost 2 to 6 times as much runoff water 

and 4 to 8 times as much soil by erosion as did the stubble-mulched land. 
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Within certain limits, the control of runoff and erosion is proportional 
to the amounts of crop residues left on the soil surface; small amounts are 

more effective against wind erosion than against water erosion. When the 

total straw production of the crop does not exceed one tonne per hectare, 

very little protection can be expected from the residues left on the surface. 

Stubble-mulch tillage was found to improve moisture conditions in 

the seed zone significantly, when compared with disk tillage in years with 

high intensity rainfall. In the central Great Plains (Kansas), soil moisture 

at seeding time was significantly greater under stubble-mulch than on clean 
tilled plots in 3 out of 6 years, in a fallow-wheat crop rotation. This im- 

provement occurred in years with high intensity rainfall or when 4 to 6 

days of consecutive precipitation occurred more frequently than usual. On 

the other hand, stubble-much tillage had no influence on soil moisture 

storage at a depth of 1.30 m (Army et al., 1961). 

Mulches may reduce soil temperature for a period of 3 to 6 months, 

by as much as 3 to 6 °C at 2-5 cm depth, and by 2 to 4 °C at a 10 cm depth 

(McCalla & Duley, 1946). 

The high C/N ratio of the crop residues may depress nitrification, 

especially in the early growth period, and thereby adversely affect the growth 

of the crop and, ultimately, its yield. Research data appear to indicate 
that the response to stubble-mulch tillage is intimately linked with nitrogen 

availability, as is indicated by the greater response to nitrogen of cereals 

growing on stubble-mulch tilled plots as compared with conventional 

tillage, and also by the reduction in protein content of the grain and the 

reduced straw production of mulched plots. Soil analysis also showed 

reduced nitrates under stubble-mulching. The lower rate of nitrification 

under stubble-mulch, as compared to ‘clean-tilled’ plots, may be due to 

lower temperature, less effective aeration, and most important to nitrogen 
fixation by the crop residues, which decompose more slowly on the soil 
surface than when incorporated in the soil. 

The obvious conclusion to be drawn from these observations is that a 
favourable effect from stubble-mulching can be expected only if nitrogen 
applications are made in the quantities and at the times required to offset 

the negative effect of the mulch on available nitrate supply. 

Stubble-mulch tillage, however, presents practical problems: the residues 

left on the surface interfere with seed-bed preparation, weed control and 
sowing operations. The traditional tillage and sowing equipment is not 

suitable under these conditions, and a whole new class of equipment had to 
be developed before the new system became practical. 

Stubble-mulch farming has been found to be most effective and bene- 
ficial in regions and seasons of low rainfall, and is critically needed where 

wind erosion presents a considerable hazard. Under conditions of higher 
rainfall, negative results have been reported; apparently, the stubble-mulch 
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is then conducive to excessive soil moisture, with its resultant ill-effects. 

Minimum tillage: Research in recent years has repeatedly shown that 

frequent tillage operations are rarely beneficial, and frequently detrimental, 

in addition to being costly. It is a paradox that the modern heavy equip- 

ment used for tillage, cultivation, and harvesting, damage the soil structure 

and increase soil compaction, thereby reducing water infiltration and storage 

capacity. ‘Minimum tillage’ can be defined as a method aimed at reducing 

tillage to the minimum necessary for ensuring a good seed-bed, rapid 

germination, satisfactory stand, and favourable growing conditions. 
In recent years, studies of soil structure in the root zone of maize have 

shown that the optimum conditions in the row are different from what is 
optimum in the region between the rows. From this we may conclude that 

fields in which row crops are grown should be managed as two distinct 

zones, called by Larson (1962) ‘“‘seedling environment zone” and “‘water 

management zone” and by Shear (1965) “‘seed-bed zone” and “‘root-bed 

zone,” respectively. One example of the several minimum tillage methods 

developed, is wheel-track planting. 

Wheel-track planting: In this method, the field is ploughed as usual, but 

instead of using the conventional methods of seed-bed preparation, the seeds 
are planted in the area compacted by the wheels of the tractor. Experience 

has shown that tractor wheels make a firm, satisfactory seed-bed even on 

cloddy soil, ensuring rapid and even germination. The soil between the. 

rows remains rough and loose and is, therefore, better able to absorb mois- 

ture and to reduce runoff. Weed seeds lie dormant in the loose soil until 

rain falls. 

Wheel-track planting was found to save about 40 per cent of tillage 

costs (Peterson et al., 1958). By adding two extra rear wheels to the tractor, 

it is possible to use a 4-row planter. Experience has shown that the optimal 

soil moisture for ploughing is also optimal for seed germination (Hansen 

et al., 1958). Any delay between ploughing and sowing always reduces 

soil moisture, which may become too low for seed germination. In order 

to prevent the top-soil from drying out and becoming hard before sowing, 

it is essential to plough and plant the field in one and the same day. 

Certain problems related to the use of minimum tillage have not yet 

been resolved, in particular those concerning chemical weed control with 

which minimum cultivation has to be associated. 

Fallow: The favourable effect of fallow can be attributed to : better 

seed-bed preparation, weed control, improved supplies of N and the extra 

water available to the crop. In Australia, it was found that the two factors 

of greater importance were water, which accounted for 62% of the variation 

in grain yield, and nitrogen, which accounted for 29% (French, 1966). 

In the rainfall deficient areas, the main importance of cropping 

sequence is to provide the minimal quantity of moisture required by the 
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wheat crop; hence alternate wheat-fallow is almost inevitably the standard 

practice. By sacrificing a crop, moisture is conserved from one season to 

the next, so that the combined precipitation of two rainy seasons may suffice 
for producing one satisfactory crop. Fallow is considered essential for 

wheat production in the summer rainfall areas of the middle latitudes 

when annual precipitation is less than 350-375 mm (Mathews, 1951). 
Fallow is effective in conserving soil moisture only if the amount and, 

in particular, the distribution of rainfall during the fallow period is such 

as to permit moisture penetration in depth. Practically all available 

moisture in the upper 20 cm of the soil will be lost by evaporation. ‘There- 

fore, total seasonal rainfall must not only be sufficient, but individual rains 

must be sufficient to penetrate in depth. As losses by evaporation are con- 

fined mainly to the upper 10-20 cm of the soil surface, a far greater propor- 

tion of the total precipitation is lost from a relatively large number of light 

rains than from a smaller number of heavy rains. In an average season 

in southern Saskatchewan, less than 10 showers contribute to water storage 

in fallowed fields from May to October. In a wet season, twice as many 

showers contribute, but in drought years the storage is almost nil (Staple, 

1964). 
Conditions for infiltration must be satisfactory, and runoff must be 

minimized by proper cultivation measures. Moreover, the loss of the stored 

moisture must be minimized by effective weed-control. 

However, even with the best management practices, fallow is usually 

not efficient in moisture storage, as the following examples demonstrate. 
In the Great Plains of North America, under an alternate crop-fallow 

system, the average amount of moisture conserved in the soil during the 

fallow year was only 16.3 per cent of the total precipitation under conditions 

in which losses due to runoff and deep percolation were negligible and weeds 

were well-controlled (Mathews & Army, 1960). In North Dakota, in a 

region with an average annual precipitation of 400 mm; the average mois- 

ture storage efficiency over a 19-year period was 20 per cent (Evans & Lemon, 
19571). 

However inefficient, the additional 80-100 mm or so of water stored 

in the soil by fallowing may make the difference between success and com- 

plete failure of the succeeding crop in regions with marginal precipitation. 

Long-term weather records indicate that, in the southern High Plains of the 

United States, a wheat-fallow rotation will produce yields in excess of 700 

kg/ha in approximately eight summers out of ten, while with continuous 

cropping to wheat the chances of obtaining such yields are in only five sea- 
sons out of ten (Army ¢ al., 1959). 

In a cereal farming system, an increase of 100 per cent in yield on 

fallowed land, to compensate for the loss of a cropping year, is not a pre-_ 

condition for making fallow economically justified. Stability of production, 



PHYSIOLOGICAL PRINCIPLES 111 

distribution of labour, and economy in weed control, may justify fallow 

even under conditions of lesser response. 

Where precipitation is too low for successful crop production, fallow 

is indispensable. Where crops can be grown with a reasonable prospect 

of success, fallow is optional; its value is determined by other factors in addi- 

tion to the degree of crop response, and the areas under fallow will vary 

from year to year—depending inter alia on economic factors and soil moisture 

conditions. It is therefore far easier to decide in which regions fallow is 

essential and where its use is optional. 

Fallow and soil fertility: Fallow may have adverse effects on soil fertility 

which need to be taken into account. In southern California, from 30 to 

‘40 per cent of the organic matter has been lost from the surface 25 cm 

after 50 to 70 years of grain cropping, mostly in the alternate fallow-grain 

system (Luebs & Laag, 1964). In south Australia, the inherent fertility of 

the redbrown soils was quite rapidly depleted by the bare fallow-wheat 

rotation which was at first widely practised. The situation improved only 

after the introduction of Subterranean clover pastures into the rotation, which 

rapidly restored the productivity of worn out wheat soils. 

Simply resting the soil, even for a period of only one year (‘weedy’ 

fallow) is detrimental to yields and a very poor antecedent for the winter 

cereals. The depressant effect is due mainly to weed competition, for a 

cultivated fallow does not show the,same negative influence. 

Part of the value of fallow is that satisfactory moisture conditions may 

coincide with temperatures that are favourable for nitrification, so that suffi- 

cient amounts of nitrate nitrogen may be made available for the fallowing 

crop. Fallow is also effective in accumulating nitrate in the soil. In a 

semiarid winter rainfall area, fallow increased available nitrogen from 
five- to six-fold over recent cropping (Littlejohn, 1956). 

Forage legumes in the rotation: The benefits of cultivated fallow in regions 

of adequate rainfall are usually overrated and, except in years of unusually 

low rainfall, the yields obtained after a leguminous forage crop are generally 

higher than those obtained after a cultivated fallow. Under conditions in 

which the inclusion of annual forage legumes in the rotation increased 

the yields of the subsequent cereal crop, residual soil moisture after removal 

of the legume may be high, and not much less than after fallow, as is shown 
in Table 1.12. 

The earlier the legume was harvested, the higher was the amount of resi- 

dual moisture (Fig. 1.20). Green manure and silage were as effective or nearly 

as effective in conserving moisture as was cultivated fallow. By contrast, 

when a deep rooted legume crop such as lucerne or sweet clover was grown, 

the soil usually dried out to a considerable depth. For example, in Nebraska 

it was found that lucerne, a deep rooted, drought resistant crop, made 

excellent growth the first three years after seeding, quite independently of 
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Table 1.12. Effect of fallow and legumes in the rotation, on amount of 

residual moisture at the time of sowing the following wheat crop 

(Arnon, 1961) 

Amount of residual moisture in soil (30 to 120 cm depth) 
Preceding crop 

m’ perha_ . in percentage of control 

Fallow ae 3500 100 

Green manure (fenugreek) .. 3500 100 

Silage (horse-beans) 40 3230 92 

Hay (vetches) ays 2950 84 

Grain (fenugreek) as 2520 72 

current rainfall, because it was drawing on the water reserves in the soil to a 

depth of up to 9m. Subsequently, after the available water in the subsoil 

was depleted, yields declined and became closely associated with current 

rainfall. When cereals followed lucerne, it was found that subsoil moisture 
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was not replaced to a marked degree in the course of 15 years (Kramer, 
1969). 

A fallow-crop system, will reduce the organic matter content of the soil 

far more rapidly than does a continuous cropping system, and will eventually 

result in lower yields. The time required to reach this condition depends 
on the original level of soil fertility, the net quantity of nutrients removed 

annually, management practices (such as burning stubble, stubble-mulch 

farming, etc.), and the amount of precipitation. 

Better results both from the point of view of soil fertility and moisture 

regime can generally be achieved by including annual or leguminous 
forage crops in the crop rotation. 

Reducing Losses due to Evapotranspiration 

Reducing losses due to transpiration by the crop 

Role of transpiration: ‘There are two schools of thought regarding the role 

of transpiration. The one considers transpiration as a necessary evil, the 

other as an unavoidable evil. Transpiration is to some extent an evil, 

because inevitably absorption of water lags behind transpiration, causing 

water deficits in the plant tissues—with adverse effects on photosynthesis 

and growth, disruption of metabolic processes, and in extreme cases results 

in death of the plants. ae 

Transpiration is considered a necessary evil, because the foliage of a 

crop intercepts a quantity of radiation that is far in excess of its ability to 

utilize effectively, Leaves subjected to such a radiation load must be able 

to dissipate the excess energy quickly, or else their temperature would rise 

to lethal levels within less than one minute (Idso et al., 1966). This dissipa- 

tion of excess heat is made possible by three mechanisms: thermal radiation 

of the leaf, removal of heat by convection currents, and transpiration. The 
literature is full of conflicting claims regarding the relative importance of 

these mechanisms in dissipating excess heat from leaves. 

One group of authors maintain that, for most cultivated crops, the 

transpiration of large quantities of water is the main mechanism for this 

purpose (Thornthwaite & Mather, 1954), each gram of water evaporated 

removing the energy equivalent to 580 calories. 

Another school of thought states that the role of transpiration in cooling 

plants has little practical significance. Many research workers have shown 

that there is little relationship between leaf temperature and the rate of 

transpiration. The temperature of wilted leaves was found to increase by 
only 2-5 °C, when transpiration was slowed down. For them, the main 
factor in preventing an excessive rise in leaf temperature is the removal of 

heat by air movement (Ansari & Loomis, 1959). 

There is no doubt that transpiration participates in dissipating excess 
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heat; when leaf temperature approaches a lethal level, transpiration—by 

reducing leaf temperature by only a few degrees—may swing the difference 

between survival and death (Gates, 1964). When transpiration is reduced, 

however, convective cooling increases; only under extreme conditions of 

high radiation incidence and very low velocity, would there be a danger of 

excessive leaf temperatures as a result of reduced transpiration (Gale & 

Hagan, 1966). Moreover in hot, arid regions, the stomata of plants close 

during the hottest hours of the day, when the cooling effect of transpiration 
would be most needed. 

Transpiration is also an extremely important physiological process, 

because water movement in the xylem is essential to nutrient distribution in 

the plants. Transpiration produces the energy gradient which causes 

movement of water into and through plants, and the translocation of organic 

and inorganic materials between cells. However, water movement in the 
xylem is considerably in excess of that required for adequate nutrient trans- 

port (Crafts, 1968). Transpiration can also have considerable effects on 

respiration rates and various biochemical activities of the plant (Gates, 
1964). 

Transpiration is considered an unavoidable evil, because the entrance 

of carbon dioxide into the leaf for photosynthesis is essential; a plant structure 

that makes this possible will inevitably make possible water loss through 

transpiration. It has been shown that most plants which have very low 

rates of transpiration also have low rate of photosynthesis and grow slowly 

(Hygen, 1953). Maximum rates of photosynthesis and growth are 
related to a maximum rate of transpiration (Penman, 1952). 

All this does not imply that it might not be possible to reduce 

transpiration to some extent, and without adverse effects. For example, 

it has been found that small increases in carbon dioxide concentration 

can cause large decreases in stomatal apertures, and in transpiration, 

while net photosynthesis is increased (Moss et al., 1961). 

Methods for decreasing transpiration: In principle, transpiration can be 

reduced in the field in four ways: . 
(a) Increasing leaf resistance to water vapour loss by applying 

materials that tend to close or cover the stomata (antitranspirants). 
—see the chapter by Davenport and Hagan in this volume. 

(b) Reducing the net energy uptake by the leaves, by increasing 
~leaf reflectance. 

(c) Reducing top growth by growth retardants (Papadakis, 1974). 

(d) Increasing the air resistance to water vapour transfer, by using 

windbreaks—see the chapter by Sturrock in this volume. 

Stomatal closure: ‘The two types of gas exchange between plant and 

atmosphere: transpiration and CO, assimilation (appat. photosynthesis) 

are intimately linked. Stomatal resistance slows down simultaneously 
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both processes, the loss of water to the atmosphere and entry of CO, into 

the plants (Mingeau, 1969). ane 
The main objection to antitranspirants is that, by reducing trans- 

piration, they might cause an increase in leaf temperature to critical levels. 

It has, however, been estimated that under field conditions, transpiration 

cannot reduce the temperature of leaves by more than 5 per cent, and 

that under most conditions the higher temperature would not be critical 

(Gale & Poljakoff-Mayber, 1965). The best antitranspirants reduce 

transpiration by 30 to 40 per cent at the most. 

The possibility of inducing stomatal closure in such a way as to decrease 

transpiration to a greater degree than photosynthesis, has been given 

much attention. 

Inducing stomatal closure: Spray materials used for various purposes, 

such as certain herbicides, fungicides, metabolic inhibitors, and growth 

hormones, have been found to cause the closure of the guard cells of the 

stomata and thereby reduce transpiration (Gale & Hagan, 1966), and an 

extensive study of compounds to be used for this purpose has been made 

in the last decade (Poljakoff-Mayber & Gale, 1972). 

The main practical problem is to obtain materials that induce stomatal 

closure without toxic effects and that are long-lasting. This has not yet 

been achieved. For example, one of the initially most promising materials 

phenylmercuric acetate (PMA), a fungicide that also causes stomatal 

closure, was found to cause direct inhibition of mesophyll photosyn- 

thesis, making it unsuitable for use as an antitranspirant (Squire & Jones, 

1971). 

Film-type antitranspirants: Plastic and waxy materials that cover the 

stomata with a film which has more resistance to the passage of water 

than to that of COQ,, are being sought. The characteristics required, in 

addition to selective gas-permeability, are easy application, inexpensiveness, 
and non-phytotoxicity—also the ability to form a continuous film on the 

leaf surface, to resist degradation, and to retain elasticity (Gale & Hagan, 

1966). 

Film-type antitranspirants which present selectively permeable barriers 

to water vapour and carbon dioxide diffusion in the required direction 

have not yet been found. Those available are many times more permeable 

to water vapour than to GO,; however, as in practice they only cover 

part of the leaf, transpiration and photosynthesis are reduced to about 

the same degree (Poljakoff-Myber & Gale, 1972). In brief, methods for 

reducing transpiration have not yet proved to be of practical application. 

Should effective, non-toxic antitranspirants become available, their most 
promising use would possibly be during relatively short periods of extreme 

drought susceptibility, such as during flowering of maize, for example 

(Waggoner, 1966). 



116 I. ARNON 

Increasing leaf reflectance (leaf albedo): Among other moisture saving 

characteristics of desert vegetation, is the commonly light grey colour of 

the foliage, which has a high albedo and is considered by Thornthwaite 

(1958) to be one of the most important moisture conserving properties of 

such plants. 
Photosynthesis of leaves of many crops completely exposed to sunlight 

is usually saturated at relatively low light intensities. Furthermore, 

60% of the solar radiation is of a wavelength longer than 0.7, and is not | 

used in photosynthesis (Gates, 1962). ‘Therefore, the greater the average 

overall radiation in the dry regions, the higher is the transpiration/photo- 

synthesis ratio (Wit, 1958). Reflective materials, which reduce the amount 

of solar radiation absorbed by the leaves, could therefore reduce the trans- 
piration rate considerably more than photosynthesis. It has been cal- 

culated that increasing natural albedo from 0.25 to 0.4 of the incident 

short wave radiation, would enable a 30% saving in water use by the 

crop (Seginer, 1969). 

Under laboratory conditions, it was found that the application of 

kaolinite to leaves of different plant species induced a reduction in leaf 

temperature of 3-4°C and a decrease in transpiration of 22-28%. 

Photosynthesis was reduced only. at low light intensities (Abu-Khaled 

et al., 1970). Similar trials under field conditions do not appear to have 

been carried out. Selective materials, which reflect only wavelengths 

which are not used in photosynthesis (i.e. above 0.74) are not known at 

present (Poljakoff-Mayber & Gale, 1972). 
Growth retardants: Certain growth retardants have been found to 

reduce the plant susceptibility to water stress. Untreated plants wilted 

much more quickly and severely than did plants treated with growth 

retardants and they died sooner when exposed to stress. In view of the 

known antagonism between gibberellic acid and growth retardants, 

Livne and Vaadia (1972) propose the view that the apparent increase in 

drought tolerance of plants treated by growth retardants might be related 

to interference of these compounds with biosynthesis of gibberellic acid. 

A reduced level of gibberellic acid in the treated plants could result in reduced 

stomatal opening and hence lowered transpiration. However, Plaut 
et al. (1964) did not find that the treatments with growth retardants 

decreased the transpiration rate per unit leaf area. 
Although (2-chloroethyl) trimethyl ammonium chloride (CCC) is 

used to reduce lodging, numerous instances are cited in the literature in 

which increases in yield were recorded, even when no or negligible lodging 
occurred (Pinthus & Rudich, 1967; Humphries, 1968; Papadakis, 1968, 
197251974), 

In trials in Australia, in which CCC gave large increases in yield, 
the yield increases were not ascribed to lodging as the latter occurred late 
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in the life of the untreated plants and was not severe. The yield incre- 

ment was due to an increase in the number of grains per ear indicating a 

favourable effect of CCC prior to grain setting, at a time when drought 

occurred. Subsequently, summer rains relieved the moisture stress and 
provided moisture for grain filling (Philpotts, 1972). Lowe and Carter 

(1970) in Australia, also imputed yield increases obtained from CCC- 

treated wheat to a delay in ear emergence which could result in more 

florets per spikelet. : ; 

In trials in Israel, bean plants treated with CCC remained turgid and 

survived longer under stress conditions than control plants. At a moisture 

regime maintained near wilting point, the growth of the treated plants 

exceeded that of the untreated ones (Halevy & Kessler, 1963). In India™ 

too, it was found that foliar applications of CCC increased yields of wheat 

significantly, though the yield levels were generally low due to late sowing 

(Shrivastava et al., 1968). 

CCC was found to increase root growth at all depths (Hanus, 1967). 

Humphries (1968) also attributes the improved yields obtained from 

treating wheat plants with CCC, when no lodging occurred in the control, 

to the increased root growth. The increase in root growth in depth may 

enable more shoots of the treated plants to survive dry periods, especially 

at the time of ear emergence (loc. cit.), when drought is most critical. 

Plaut and Halevy (1966) ascribed increased yields of treated plants to 

their increased ability to regenerate new shoots on watering after wilting, 
but found no increase in root growth of the treated plants. 

Another effect of growth retardants (COC & B-995) that has been 

recorded, is a considerable delay in the senescence of detached leaves 

(Halevy & Wittwer, 1965). This delay in senescence may explain the 

increased ability of the treated plants to withstand drought. 
While growth retardants usually decrease the top/root ratio and have 

frequently proved effective in increasing yields under conditions of mois- 

ture stress, there is little evidence that their beneficial effect can be ascribed 

to a reduction in the transpiration rate of the treated plants. 

Windbreaks: Much work has been done on the effect on crop production 

in the semiarid steppes of the U.S.S.R. of planting shelter-belts of trees 
(Albenskii & Nikitin, 1956). Many shelter-belts were also planted in 

the semiarid plains of the United States. While some conflicting results 
have been recorded, the vast majority of reports indicate beneficial effects 
due to windbreaks, and their value in the semiarid regions of the world 

is well-documented (Rosenberg, 1967; Sturrock, 1974). 
In the U.S.S.R. it was found that the yields of grain crops were increased - 

by 20-30 per cent, and those of some grasses by 100-200 per cent, in the 

sheltered zone. The advantages of the shelter-belts were most marked in 

years of drought, as utilization of the limited water available for transpiration 
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was more efficient by the sheltered crops than by others (Albenskii & 

Nikitin, 1956). : 

Wind strip cropping: Wind strip cropping consists in growing annual 

crops between strips of perennial grasses, and has been found to be an 

effective method for efficient wind erosion control and moisture conservation 

in trials carried out at the Central Arid Zone Research Institute, Jodhpur 
(Misra, 1964 a,b). The width of the protective strips depends on soil and wind 

characteristics and the type of farm machinery used (Mishra-et al., 1968). 

Grass strips of Lasiurus sindicus, Panicum antidotale and P. turgidum gave good 

results. (For a detailed study on the effect of wind on crop production, 

readers are advised to refer the chapter by Dr. J. W. Sturrock in this volume.) 

The control of weeds | 

Since time immemorial, controlling weeds has been known to be one 

of the most effective means of increasing the amount of water available 

to the crops and, therefore, of increasing water use efficiency. Weeds 

frequently transpire greater amounts of water per unit of dry matter pro- 

duced than do the plants with which they grow in association. The leaf 

area of a single plant of Sinapis arvenis (Wild Mustard or Charlock) at 

blooming stage was found to be 7300 sq cm, as compared with 140 sq cm 

for a single wheat plant with which it was growing in association (Pavly- 

chenko, 1949). This disproportion in leaf area gives an indication of the 
relative demands of the weed and of the cultivated crop on soil moisture 

supplies, as well as on the amount of radiant energy intercepted by the weed, 

with its concomitant reduction of photosynthesis in the cultivated crop. 

It has been estimated that the amount of water saved by eliminating weeds 

in a maize field is equivalent to providing an entire irrigation at the time of 
maximum need (Mangelsdorf, 1966). 

The effects of weed competition are mainly felt in the young crop; 

the much more rapid rate of growth of both the aerial parts and the roots 

of many weeds gives them a considerable advantage in depressing and even 
crowding out the crop plants among which they are growing. 

Weeds are naturally endowed with a number of characteristics which 
increase their survival rate and their ability to compete with crop plants. 

Their vitality frequently helps them to overcome the ill-effects of herbicides. 

They produce enormous quantities of seeds. In many species the seeds 
germinate only when conditions favourable to the survival of the seedlings 
are assured. In others, the seeds have various periods of dormancy; only 

a fraction of the total quantity of seeds germinate at a given time, so that 

seed reserves are always available in the soil even if one or more ger- 

minations are destroyed by natural causes or by the efforts of the cultivator. 

Causes and prevention: Farmers are frequently responsible in the first 
place for causing the weed infestation of their fields. The most obvious 
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way in which weeds are introduced is by the use of contaminated seed 
supplies. Hence, the importance of seed laws to safeguard the farmer 

against unscrupulous or negligent seed suppliers, and of seed certification 

schemes to ensure proper supervision of seed production and distribution. 

The use of manure, especially that of sheep that have grazed in weedy 

areas, unless properly decomposed, can contribute enormous amounts of 
seeds to the fields. 

The introduction of combine harvesting has also favoured the spread 

of weed seeds. When cereals are harvested by hand or by binders and 

thrashing is concentrated in a single place,-weed seeds can be collected 

and destroyed. The combine-harvester does a preliminary cleaning job, 

separates a large proportion of weed seeds, and scatters them in the field 

behind the combine. 

Irrigation and drainage ditchbanks, uncultivated patches, fence rows, 

weedy banks of roadsides, and country lanes, are also permanent sources 

of weed reinfestation. 

Inappropriate tillage methods help to divide and disperse the roots 

and rhizomes of perennial weeds. Delays in tillage, in mowing, or in the 

harvesting of crops, may provide the weeds with an additional opportunity 

to disperse their seeds. Controlling the weeds in one crop, and neglecting 

weed control in the next, gives a new start to weed infestation. It is esti- 
mated that if only 1 per cent of a typical stand of weeds survive control 

methods, it is capable of producing over 100 million new weed seeds per 

hectare (Day, 1966). \ 
Mechanical control: Even with the effective modern chemical methods 

available, mechanical methods of weed control are still frequently justified, 

as they may be less expensive and less dangerous to neighbouring crops 

or orchards. However, even intensive cultivations, planned for effective 

weed control, cannot destroy in a single year more than about 50 per cent 

of the viable seeds. It is estimated that a 10-year control programme will 

reduce a typical weed seed population of 500 millions per hectare, to about 

half-a-million (Day, 1966). 
Hoeing and hand-weeding: Hoeing and hand-weeding are probably the 

oldest agricultural occupations, and the back-breaking work involved still 

forms a considerable and inevitable part of the human effort involved in 

primitive agriculture. 

Tillage 
Even after the advent of chemical weed-killers, tillage methods are 

still, for many situations, the most effective and economical means of weed 

control. Ploughing, cultivating, and harrowing, make possible weed control 

before sowing the crop, and there are appropriate tools that can do a satis- 

factory job even after its emergence. The younger and smaller the weeds 
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are, the more efficient and economical will be their control. 

The role of tillage in weed control consists in: 

(a) provoking the germination of weed seeds, which can then be 

easily destroyed by mechanical or chemical means; 

(b) bringing roots or stolons to the surface, where they will dry out 

under the sun; 

(c) repeated cultivation, depletes the food reserves of the plant; 

and 
(d) uprooting or smothering the weeds with soil. 

Tillage may consist of cultivating a field between cropping periods (clean 

tillage), in passing through a sown field with special equipment that destroys 

the weeds without severely damaging the crop (blind tillage), accomplished 

by harrows, rotatory hoes, finger weeders etc., or in inter-tillage of row-crops. 

The disturbance of the soil surface stimulates many weeds to germinate 

(King, 1966). Therefore, the first tillage operation usually stimulates 

the reappearance of a new wave of weeds, and needs to be followd by a 

second operation for their destruction. The implement chosen should be 

the one that under the given circumstances—soil condition, weed size, age 

of crop, etc.—will destroy weeds efficiently at the least cost to the farmer. 
Tillage operations should be as superficial as possible, and adjusted to the 

minimum depth needed for effective weed control. Deeper tillage is more 

expensive, brings a new supply of weed seeds to the surface, and in intertillage 

damages the roots of the cultivated crop unnecessarily. 

Chemical control: The development of the selective organic herbicides 

is probably the most significant advance in agriculture since World War II. 

A whole array of new techniques and chemicals—low volume spraying, 

improved surfactants, the precision application of herbicides to the soil, 

and granular formulations; new approaches such as presowing and pre- 

emergence weed control; the discovery of new herbicides that kill grasses 

selectively, and of chemicals that are converted into herbicides by the plant 

or in the soil—have supplied the farmer with means for selective control 

of weeds in most crops, even including those that were considered to be 

most susceptible to the hormonal herbicides. 

Kinds of herbicides: ‘The number and variety of herbicides have increased 

enormously in recent years; some disappear after a relatively short period 

of use, to be replaced by other, more effective compounds. New com- 

pounds are constantly being added to the list. Up to the present, about 

30 groups of herbicides have been investigated, including several thousands 
of active compounds, of which about 100 are already in commercial use 
(Day, 1966). 

It is interesting to note that most of the current weed control is actually 

being achieved with a very small number of chemicals. In 1964, three basic 

chemicals—2,4-D, Simazine and Diuron, and their homologues and 
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analogues—accounted for 75 per cent of all weed control by chemicals. 
Only two fundamental physiological effects on plants are involved in the 
action of these herbicides: 2,4-D causes abnormal plant growth, while 
Simazine and Diuron interfere with photosynthesis, and, for this reason, 
their herbicidal effectiveness depends to a large degree on light intensity 
(Overbeek, 1964). 

Problems resulting from the use of herbicides 

Persistence of herbicides in the soil: Herbicides in the soil may be destroyed- 

by microorganisms, may decompose chemically or by photodecomposition, 

may be inactivated by adsorption on the soil colloids, or may be lost by 

leaching or volatilization (Klingman, 1961). The principal factor involved 

in the degradation of the herbicides is biological. Decomposition of her- 

bicides to subtoxic levels by soil microorganisms may require a few days 

or up to a year or more. 

The problem of the persistence of herbicides in the soil has two con- 
tradictory aspects: persistence is desirable in order to ensure a weedfree 

environment for as long as possible, but it is undesirable if it interferes 

with the sowing of a, susceptible crop following the crop for which it had 

been used.. In addition, the build-up of residues may reach toxic levels 

for most, if not all, crops. ) 

The detrimental effects of herbicide residues are usually more serious 

in arid than in humid regions, and in rain-fed agriculture more than under 

irrigation. The erratic unpredictable rainfall of the semiarid regions 

makes it difficult to forecast the time that will be required for breakdown 

of-a herbicide to innocuous levels. The long dry periods may permit 

persistence of herbicidal activity, which may then interfere with cropping 

schedules. 

In Nebraska, phytotoxic concentrations of Simazine and Atrazine 

were found to have accumulated in the subsoil, 16 months after treatment 

(Burnside et al., 1963). 2, 3, 6-TIBA (2, 3, 6-trichlorobenzoic acid) was 

found to destroy soybeans five seasons after application. Monuron reduced 

oat yields in the third growing season after its application (Burnside et al., 

1965). 

The introduction of new, effective and selective weed control measures, 

has had a considerable impact on traditional management practices. Anew 

criterion in the choice of varieties is their relative susceptibility to the 

standard herbicides. Varieties such as dwarf wheats, which could not 

have held their own against broad-leafed weeds, can now be sown safely. 
When pre-emergence treatments are anticipated, the seed-bed has to be 
prepared accordingly; direct seeding can replace planting, and rates of 

sowing based on the need for subsequent thinning are no longer necessary. 

In general, rates of sowing and distances between rows can be reduced 



122 I. ARNON 

when the farmer is certain of a relatively weedfree stand. 

Chemical fallowing: Weeds and volunteer wheat often germinate during 

the fallow year and are difficult to control, especially with stubble-mulch 

tillage; appropriate herbicides can be used successfully for this purpose 

and it is this use that makes stubble-mulching practicable (Oveson & 

Appleby, 1971). ~ 
As a result of numerous studies on methods of utilizing herbicides in 

semiarid areas of weed control during fallow periods, ‘chemical fallowing’ 
is in many cases replacing the traditional clean-tilled fallow and even the 

newer methods of mechanical stubble-mulch farming (Wiese ef al., 1967). 

With chemical control of weeds in, fallow, yields were identical to those 
obtained from conventional tillage (Baker et al., 1956). Chemical fallow 

greatly increases the crop residues that are available for wind erosion 

control. With an initial amount of residue after harvest of approximately 

2k tonnes/ha, after 11 months chemical fallow left 80 per cent of this, sweep 

tillage left 66 per cent, and disking left less than 3 per cent (Wiese & 

Army, 1958). 

Chemical fallow reduces tillage operations, not only during the fallow 

period, but also subsequently in the growing crop.. For example, when 
Propazine was applied to wheat stubble, it was found that three tillage 

operations during the fallow period were eliminated, as was one in the 

fallowing sorghum crop. Soil moisture storage and sorghum yields were 

the same as those obtained by traditional tillage during fallow and inter- 
row cultivation of the sorghum crop (Wiese et al., 1967). 

Chemical fallow has also been shown to reduce costs of production. 

When atrazine was used for weed control in the fallow after wheat and 

a subsequent sorghum crop, net returns were markedly increased over 

those obtained with mechanical weed control methods (Phillips, 1964). 
Following chemical fallowing, mechanical harvesting has been facilitated 

in weedfree crops such as cotton, and is much improved in efficiency in 
other crops. 

Reducing evaporation losses from the soil 

Lemon (1956) has described three stages of evaporation from soils. 
The first stage.is characterized by a rapid and steady loss of water with the 

rate dependent on the net effects of water transmission rate through the 
soil and the above ground boundary conditions, such as wind speed, tem- 

perature, relative humidity and radiant energy. The second stage is 

one of rapid decline in the rate of loss as the soil reservoir becomes depleted. 
Here the above ground conditions are no longer as important, and intrinsic 

_ soil factors assume a dominant role in governing the rate of moisture flow 

to the surface. The third stage is extremely slow and is governed by 
adsorptive forces of molecular distances at the liquid-solid interface. 
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The greatest potentials for suppressing evaporation from soil lie within 

the first and second stages; these include methods for (i) decreasing turbulent 

transfer of water vapour to the atmosphere by plants, wind breaks, straw 

mulches etc., (ii) decreasing capillary continuity by rapid drying of the 

surface layer, and (iii) decreasing capillary flow and moisture holding 

capacity of the surface soil layers. Some applications in practice will now 

be considered. 

Soil mulches: At the beginning of the century, King (1914) carried out 

his ‘classical’ experiment from which he claimed that a surface mulch of 

dry soil 5-8 cm deep, by obstructing the rise of water to the surface through 

capillary action, effectively reduced loss of water as compared with a soil 

having an undisturbed surface. Following King’s experiment and con- 

clusions, a soil mulch for moisture conservation became standard procedure 

in dry regions, and dicta such as: ‘two cultivations can replace one irrigation’ 

became very popular. The too-frequent cultivations impaired soil struc- 

ture, however, and increased soil losses by erosion. These effects were 

most pronounced on the rowcrops, such as cotton, maize, and soybeans, 

which, for this reason, gained the reputation of being soil destroying crops. 

It has since been shown that after a rainfall, the top 7-10 cm of the 

soil dry out rapidly; in any case it would be impossible to prevent this loss 

by cultivation, because the drying out had already taken place by the time 

the soil surface was sufficiently dry for cultivation to be possible. Below 
the dry layer, moisture loss by evaporation from the soil becomes minimal, 

and further water losses are mainly due to plant transpiration—hence the 

favourable effect of weed control on water losses which are thereby reduced. 

An important benefit from maintaining a loose layer on the surface of 

the soil is obtained on soils that tend to shrink and crack deeply on drying. 

Such cracks, which penetrate deeply, may cause the loss of considerable 

amounts of moisture through much of the root zone. In Texas, it was 

found that the evaporation from the side walls of shallow shrinkage cracks 
in a clay soil varied from 33 to 91 per cent of that from a comparable area 

of surface soil (Adams & Hanks, 1964). ‘These cracks are filled and covered 

by the loose layer that is formed during cultivation of the soil surface. 

Straw mulches: As opposed to the effectiveness of creating a ‘dust 

mulch’ by cultivation, in order to reduce evaporation, straw and the other 

residues left on the soil surface have proved to be very effective. Where 

mulching is practiced both the amount of energy absorbed by the soil and 

air movement immediately above the soil are decreased and hence evapora- 

tion reduced. It has been estimated that a straw mulch saved the equi- 

valent of 50 to 75 mm of rainfall in dry weather (Stephenson & Schuster, 

1946). 
Chemical treatments: Experiments have been carried out with the 

object of reducing evaporation from the soil by using suitable chemicals. 
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It has been found that Hexadecanol, along chain alcohol mixed with the 

surface 1/4 inch of the soil, reduced evaporation by 43 per cent (Olson 

et al., 1964b). This material, which is resistant to microbial activity, 

remained effective for more than a year. The surface layer of treated soil 

' dried out more rapidly than that of untreated soil, creating a diffusional 

barrier to evaporation. Fewer cracks developed in the treated than in 

untreated soil, and the Hexadecanol also increased aggregate stability. 
(For a detailed study on mulches, the readers are advised to refer the chapter 

on “Role of mulches in dryland agriculture” by Dr. P. W. Unger in this 

volume.) 
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Introduction 

Drought is a hazard to successful crop production throughout the world. 

It occurs when various combinations of the physical factors of the environ- 

ment produce an internal water stress in crop plants sufficient to reduce 

their productivity. This reduction in productivity is brought about by a 

delay or prevention of crop establishment, weakening or destruction of 

established crops, predisposition of crops to insects and diseases, alteration 

of physiological and biochemical metabolism in plants, and alteration of the 

quality of the grain, forage, fibre, oil and other sought-for products (Larson 

& Eastin, 1971). Drought is often a factor in yield reduction even when the 

damage is not apparent. 

Role of Water 

Several functions of water in plants have been well-established (Russell 

et al., 1959), Water is a major constituent of tissue, a reagent in photo- 

synthetic and hydrolytic processes, the solvent for and mode of translocation 

for metabolites and minerals within plants, and is essential for cell enlarge- 
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ment and growth. Cell enlargement is correlated to turgor pressure which 

is reduced as water deficits occur. With occurrence of water deficits, many 

of the physiological processes associated with growth are affected, and 

under severe deficits, death of plants may result. 
Growth is reduced by a decrease of relative turgidity below 90%, and 

is approximately half of the normal growth rate when the relative turgidity 

reaches 85 to 83% (Mitchell, 1970). Nevertheless, limited growth will 

occur in some species even at a relative turgidity of 62%, which corresponds 

closely with the appearance of permanent wilting. 
In addition to the role of water in total growth, it is apparent, a defi- 

ciency of water will influence the growth of different organs in various ways. 
Among these are: (1) a decrease in the ratio of shoot to root growth, (2) a 

decrease in the proportion of lateral roots to total root length, and (3) a 

decrease in ratio of leaf to stem. 
Drought has generally been accepted as a deficiency of available 

soil moisture which produces water deficits in the plant sufficient to cause a 

reduction in growth. However, such a definition provides a qualitative 

indication of the amount of available water in the soil but does not take 

into consideration the water status within the plant. There occasionally 

are periods when the rate of transpiration exceeds the rate of absorption of 

water due to low relative humidities, high temperatures, and moderate wind 

velocities, even though the available soil moisture in the root zone is high. 

Progress in drought research has lagged because much of the past research 

on plant response to drought stress has been based on soil moisture rather 

than plant water status. 

Plant Response to Drought 

Total drought resistance consists of several complex mechanisms and 

interactions. It has been suggested that there are only two basic resistance 

mechanisms—these being avoidance and tolerance (Levitt, 1969, 1972). 

However, the plant may also exclude the drought stress from its tissues 

by its ability to complete its life cycle before the advent of environmental con- 

ditions causing drought stress. Sucha plant is called a drought escaper 

instead of a drought avoider, and as such does not represent a resistance 

mechanism. s banat} 

Plants may resist drought stress by their ability to maintain a high 
internal water content. This'is accomplished by a deep and extensive root 

system or a reduced rate of transpiration. Transpiration can be reduced 

by the presence of a very thick and highly impermeable cuticle and the 

closure of stomata during the hot and dry periods of the day. Severe 

desiccation may still be avoided when the stomata close, but diffusive résist- 
ance to carbon dioxide exchange ‘increases, photosynthesis decreases; and 
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the yield is usually reduced. Such a plant has drought resistance because of 
avoidance. 

- The plant may survive the drought stress even though it has a low 

internal water content. This resistance mechanism is tolerance (or hardi- 

ness), and plants. possessing tolerance exhibit the ability to recover and 

grow when soil water becomes available. The main method of survival in 

vegetative lower plants and in seed, pollen grains and other dormant parts 

of higher plants is through drought tolerance. However, in vegetative higher 

plants drought avoidance appears to be the major mechanism of survival. 

Tolerance seems to be more primitive of the two mechanisms because it 

is the only kind of resistance developed by lower plants. 

Environmental Stresses 

Crop plants may be subjected to stresses other than drought as the 

growth and development of plants are constantly under the control of the 

environment. ‘Temperature, radiation, nutrients, and gases, as well as 

moisture, can either enhance or retard growth and development, depending 

on the magnitude of these factors within the environment (Levitt, 1972), 
When these factors exist in-an abnormal amount or concentration sufficient 

to place a strain or stress on the plant or its component parts, the strain may 

be elastic and reversible, or it may be irreversible. Strains do occur as a 

result of the environmental stresses but in the resistant plants these are 

always reversible. Each environmental stress may produce its own kind 
of irreversible strain or stress injury. ; 

Temperature stresses can occur at temperatures being either too low 

or too high. Most actively growing plants are killed and.some dormant 

overwintering plants may be injured by freezing. This injury is called 

freezing or frost injury. Some warm season plants, such as corn and sor- 

ghum, may be injured or killed by continued exposure to temperatures 

slightly above freezing. This injury is called chilling injury. Plants 

“have a thermal death point under high temperatures, and when injury 

or death occurs from high temperatures, this is called heat injury. Injury 

due to heat or drought stress is difficult to assess because high temperatures 
are generally associated with low moisture. Whether the injury is due to 

heat or drought stress or from a combination of the two stresses has made the 

study of drought injury and resistance’ extremely complex under field 
conditions. zs nek &, 

Excess:moisture may injure or kill plants because of insufficient oxygen 

in the soil required by root cells for respiration and release of energy used 

in growth and development. This injury is called flooding injury. 

-Radiation stress has not been a limiting factor in crop production al- 

though radiation injury can result from ultraviolet radiation. Fortunately, 
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ultraviolet radiation from the sun is usually effectively screened by the at- 

mosphere and thus is of low intensity and seldom injures most plants. Injury 

due to the longer wavelengths of infrared radiation is a form of heat injury. 

Salt stress will occur in plants growing in soils high in any one of a large 

number of salts. Toxicity from these salts can directly limit plant growth 
and development, and the same salts can influence the movement of water, 

or the lack of water movement, into the roots from the soil. The latter 

response will cause a drought stress within the plant. 

Of these environmental stresses, cold and drought injury and resistance 

have received the greatest attention, with cold temperature stress being 
studied considerably more than drought stress. Nevertheless, present-day 

evidence suggests that the mechanism(s) responsible for cold and drought 

resistance (tolerance) is probably similar since both stresses desiccate cells. 

Supporting evidence for a similar mechanism(s) is as follows: (1) plants 

hardened to cold also become drought hardened and vice versa; (2) drought 
and cold tolerance are both associated with small cell size; (3) species, and 

occasionally varieties, have parallel rankings for drought and cold 

tolerance; (4) changes in drought and cold tolerance are associated with 

plant development and growth; and (5) many physiological changes 

that occur during hardening to drought and cold are similar (Levitt, 

1956). 

Mechanism of Stress Injury and Resistance 

The correlation between cold and drought tolerance suggests that freez- 

ing and drought injury in plants are the result of the dehydration process, 

The cause for injury by this process is not known although several suggestions 
for the cause(s) have been made: 

(1) Removal of water may concentrate the salts and other solutes to 
the extent that they become toxic to the protoplasmic constituents. 

(2) The cell through the lack of turgor may collapse to the point that 

a physical tension is exerted on the protoplasm sufficient to injure some 

sensitive component. 

(3) Proteins are forced into an irreversible aggregation as dehydration 
brings the proteins close enough together to form intermolecular bonds, 

In the dehydration process, the bound (protective) water which provides 

stability and protection for the protein molecule is removed, allowing for 

new chemical bonds to form among the protein molecules. 

Plants respond to progressive dehydration by changing the colloidal- 
chemical state of the protoplasm by increasing hydration and hydrophyllic 

activity of the colloids of the protoplasm. The same changes in the colloidal 

system occur from dehydration as from cell aging in that they lower the 
water-holding capacity of the colloids and their ability to swell. 
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Permeability of the protoplasm has become much higher with increasing 

dehydration (Henckel, 1964). Protoplasmic viscosity has been shown to 
first decrease and then increase in response to dehydration. The level in 

protoplasmic viscosity remains much higher after a drought than if no 

drought stress was imposed. This response of a higher protoplasmic 

viscosity in plants surviving drought, in all probability, is a protective- 

adaptive reaction of the plant to the effects of dehydration (Table 2.1). 

Abscisic acid (ABA) has been shown to have a marked increase on the 

permeability of plant tissues to water (Glinka & Reinhold, 1971). Water 

stress has led to a significant increase in abscisic acid concentration in leaves 

(Mizrahi e¢ al., 1970; Zeevaart, 1971). When water was withheld from 

spinach plants until wilting symptoms appeared, the abscisic acid content 

increased more than 10-fold over that of turgid plants (Zeevaart, 1971). 

Furthermore, treatment with ABA has reduced transpiration rates, probably 

through stomatal closure (Jones & Mansfield, 1970; Zeevaart, 1971). These 

results suggest an association between drought and permeability of mem- 

branes through ABA. ; 

Table 2.1. Changes in viscosity (time for plasmolysis) of 

protoplasm in tomato leaves subjected to drought stress! 

ee: Plasmolysis occurrence 
Stress condition 

(minutes) 

Control ; aay Ss 21 

Soil drought 5 fe 27 

Dry winds Mo ie 36 

Soil drought and dry winds Ns a 43 

1 Adapted from Henckel (1964). 

Drought and Physiological Processes 

The deleterious effects of drought are generally more pronounced in 
cells and tissues which are in stages of most rapid growth and development. 

There are periods of growth when plants have a great sensitivity to water 

stress as far as quantity and quality of the harvested crop are concerned 

(Denmead & Shaw, 1960; Reed, 1966). For example, drought stress during 

anthesis in corn (Zea mays) provides for little to no fertilization of the ovules 

which results in an ear void of grain (Table 2.2). Drought stress during the 

boot stage in barley (Hordeum vulgare) results in a low yield of grain which 

has a high protein percentage, a condition undesirable in the malting of 

barley (Table 2.3). : 
Since water plays an important role in plants, as previously described, 
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Table 2.2. Production of stover and grain of corn ‘plants 

subjected to various moisture stress periods* ~ 
a SL 

Dry matter yield (g) 

Stress period = ts She eae Se aa 
Stover Grain Stover-+ Grain 

Vegetative ae ag es 151 273 424 

~ Silking : ae Ax ao 153 183 336 

Ear si = Sa wle3 289 472 
Vegetative + Silking 5c ae fe 95 154 249 

__Vegetative+ Ear BF #6 ae 121 243 364 

Silking-+-Ear paste ee aeeSls 179 292 

1 Adapted. from Denmead. and Shaw (1960). 

Table 2.3. Per cent nitrogen and protein in the grain of Trophy barley 

subjected to drought stress at different stages of growth! 0 

Stage of % vO S/ 
growth Nitrogen Protein 

‘Control 1.36 8.5 
Tillering a 1.50 9.4 
Boot ae ONS 13.5 
Heading et 1.68 10.5 
Mature a aso 9.8 

1 Adapted from Reed (1966). 

it is not surprising that reduced water absorption and dehydration can have 

a deleterious effect on most physiological processes. 

Cell division and enlargement are very sensitive to drought stress. 

However, it has been observed that leaves of plants which have been 

‘exposed to drought stresses may contain a similar number of cells 

as leaves of non-stressed plants. Cell division may continue during stress 

at a reduced rate but upon removal of the drought stress.a relatively rapid 

resumption of expansion growth or cell enlargement may occur. Never- 

theless, during drought stress cell enlargement is affected and is the primary 

cause of plant stunting commonly observed under field conditions. Stem 

elongation or leaf enlargement can be inhibited by small diurnal water 

deficits that occur even with well-watered plants on days of high radiation 

incidence. The effect of inhibited leaf enlargement is‘a reduction in the 

size of the photosynthesizing surface causing a reduced crop growth. 

The effect .of drought. stress can be shown on nutrient absorption, 

carbohydrate and protein metabolism, and translocation of ions and meta- 

bolites. Little.is known about the effects of drought on root-development 
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although it has been suggested that root development is enhanced relative 

to shoot development during and following drought stress (Slatyer, 1969). 

When stem cuttings of alfalfa taken from control and drought stressed 

plants were placed in a propagation media under favourable growing condi- 

tions, the drought stressed cuttings rooted quickly, whereas control cuttings 

rooted poorly (Jung & Larson, 1972). . Most research has shown a progres- 

sive reduction in rate of root elongation as drought is imposed, and in some 

cases root elongation ceases before shoot growth. In addition, as rates of 

root elongation are reduced the rate of suberization exceeds the rate of 

elongation. The non-suberized zone is reduced until it is virtually eliminated 

in non-elongating roots. Such a response to severe drought stress greatly 

reduced the absorbing ability of roots. 

Stomatal closure is influenced by water deficits as turgidity of the guard 

cell is dependent on water content (Brix, 1962). Such a response has a signi- 

ficant effect in crop productivity as the amount of carbon dioxide taken into 

the leaf can directly regulate photosynthesis (Table 2.4). 

Table 2.4. Influence of drought stress on photosynthetic 

rates in tomato and loblolly pine! 

% 
ae Photosynthetic rate? 

Stress (DPD atm) 
\ Tomato Loblolly pine 

2 Saree e “100 100 
ex a 100 60 

8 <3 es 74 25 
510 lg pee 36 6 
12 e, , 12 0 
14° 3 az ple ney 0 
18 uy ee 0 
22 a a 0 0- 

1 Adapted from Brix (1962). 

2’‘Based on photosynthetic rate in plants grown in soil at field capacity. 

"Mineral uptake is frequently reduced in drought stressed plants (Slatyer, 

1969). One of the earliest signs of drought stress is the translocation of 

phosphorus from older leaves to the stems and meristematic tissues. .The 

translocation of nitrogen closely. follows that of phosphorus, suggesting the 

occurrence of protein hydrolysis and alteration of normal cell function. 
‘A recent inference supports the hypothesis that the uptake of phosphorus 

is influenced by the dieback of the absorbing roots during drought: Forde 

(1972) found that uptake of *P by surface roots of oil palm (Elaeis guineents 

Jacq.) was reduced under drought stress conditions. . He concluded: that 
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this inference has a direct bearing on the accepted mode of making fertilizer 

applications to the oil palm in West Africa. Broadcasting around the base 

of the palms early in the rainy season has been a sound recommended practice 

based on his study. 
Interruption of protein synthesis and proteolysis generally occur 

under drought stress (Slatyer, 1969). There is a close relationship between 

protein synthesis and ribonucleic acid (RNA) levels. Drought stress has 

been shown to impair the nucleic acid system. intimately correlated with 

protein synthesis. Others have shown that a decline in protein synthesis 

in droughted leaves is due to a deficiency of cytokinins (Richmond & Lang, 

1957; Osborne, 1965). Addition of cytokinins to leaves of a number of 

annual plants has been shown to retard chlorophyll degradation and has 

promoted amino acid incorporation and protein synthesis. Nevertheless, 

it has been suggested that the protein breakdown injures the drought 

stressed plant due to the accumulation of a toxic product of protein break- 

down, such as ammonia, rather than due to a protein deficiency. 

High levels of free amino acids and amides have been associated with 

drought stress in plants (Barnett & Naylor, 1966). Proline has been es- 

pecially high in stressed plants although understanding for this response is 

unknown (Table 2.5). It has been suggested that free proline serves as a 

storage compound for carbon and nitrogen during drought, when both starch 

and protein syntheses are inhibited. 

Table 2.5. Changes in amounts of several free amino acids in Bermuda 

grass (Cynodon dactylon (L.) Pers.) subjected to drought stress 

u moles/gram dry weight 

fag Control Moderate stress _ Severe stress 

Common 

Aspartic acid .. a ts 11.8 4.5 8.4 

Proline as He ass 271 30.5 69.3 

Glycine feo is SA 1.8 GU 1.2 

Alanine i ve i 31.9 15.2 11.6 

Total Ss 211.5 192.9 246.5 

Coastal 

Aspartic acid .. ae Sc 7.0 9.0 9.7 - 

Proline ae ae si 1.1 138.0 126.0 

Glycine ae af a 0.8 2.7 - 1.8 

Alanine a es HG 21.4 17.3 13.1 

Total es 128.0 377.4 302.5 

. 1 Adapted from Barnett and Naylor (1966). 
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Carbohydrate metabolism is affected by drought through direct and 

indirect effects on photosynthesis and through several intermediate compo- 

nents and processes (Slatyer, 1969). Net photosynthesis is reduced by water 

stress, partially by insufficient carbon ‘dioxide supply following stomatal 

closure and by a direct effect of dehydration on the photosynthetic system. 

Under drought stress (Eaton & Ergle, 1948), there is a conversion of starch 
to sugar (Table 2.6). This conversion is frequently associated together 

although there are reports of reduced polysaccharide lévels not being 

associated by an increase in sugar content. Reduced starch levels 

have been attributed to reduced photosynthesis and increased hydrolysis 

as well as to decreased synthesis. Starch content of wilted excised leaves 

of Phaseolus vulgaris decreased faster than it did in turgid leaves (Stewart, 

1971). The accelerated starch loss was accompanied by an increase in free 

(alcohol-soluble) sugars, primarily sucrose, in stressed leaves whereas no 
similar increase was observed in the turgid leaves. Total carbohydrate 

decreased at the same rate in both wilted and turgid leaves during dark 

incubation. This accelerated loss of starch due to wilting is a common 

occurrence. According to Stewart (1971) the rate of respiration was not 

affected greatly by wilting insofar as the rate of total carbohydrate loss was 
the same in the wilted as turgid leaves. Nevertheless, measurements of 
oxygen uptake using standard Warburg-technique indicated that wilting 

resulted in a decrease in respiration rate of about 10%. The effect of wilting 

Table 2.6. Influence of drought on hexoses, sucrose 

and starch in two cotton varieties! 

: 7, ”, A 
Stress Hexoses Sucrose Starch 

Acala 

Check a6 Ae 5 0.88 0.53 3.95 

Drought in Ae see 1.40 0.18 0.43 

Stonville 

Check ag ie a 0.61 0,72 3.05 

Drought ae of a0 1.60 0.36 0.94 

1 Adapted from Eaton and Ergle (1948), 

may be different in plants under natural moisture stress, whereas the above 
investigations were with excised leaves maintained in the dark after rapid 

wilting, Sugars serve to stabilize protoplasmic colloids, preventing their 
denaturation by replacing water molecules from the hydration shells. 

Artificial application of sugar solutions during desiccation has been shown 
to reduce desiccation injury. 

Abscission of leaves, fruits and seeds can be induced by plant water 
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deficits. For example, the yield of cotton can be reduced up to 70% of the 

yield potential by premature shedding of squares and young bolls. This 

response has been demonstrated insofar as low water content in plants and 

soil will increase shedding. 

The relation of plant water deficit to the aiscnaen process is not under- 

stood although McMichael et al. (1972, 1973) present data that greater- 

than-normal rates of ethylene production by intact cotton petioles are asso- 

ciated with severe plant water deficits. Ethylene is able to block basipetal 

transport of auxin in cotton petioles (Beyer & Morgan, 1971) which is consi- 

dered to regulate natural leaf abscission. These results suggest that shedding 

of squares and bolls can possibly be explained by water-stress-induced 

ethylene production by petioles. 

_ The influence of drought stress on the respiration of plants has been 

presented in several reviews (Crafts, 1968; Henckel, 1964) and it is generally 

agreed that under severe water stress respiration is drastically reduced. 

Nevertheless, the influence of limited stress on réspiration is debatable because 

some investigators have reported an initial stimulation in rates of respiration 

at low levels of stress (Schneider & Childers, 1941; Street & Opik, 1970) 

whereas others have reported a continuous reduction in respiration with 

stress (Boyer, 1970; Brix, 1962;. Flowers & Hanson, 1969). Bell et al. 

(1971) isolated mitochondria from etiolated corn shoots and found that 

drought had a marked effect on the respiratory capacity of mitochon- 

dria. Previous work (Miller et al., 1971) had shown that alterations of 

mitochondrial membrane function occur with increasing water stress. Bell 

et al. (1971) concluded that since membranes are the site of mitochondrial 

respiration and a structure-function relationship exists between membrane 

and _ respiration, changes in the phospholipid or protein structure of the 

mitochondrial membrane may cause*the suppression of oxidation rates 

of succinate, malate-pyruvate, and exogenous NADH in water stressed 

tissues. Therefore, the ultimate cause of the inhibited oxidation of 

respiratory substrates measured in mitochondria isolated from drought 

stressed corn may be due to altered membrane structure caused by depletion 
of water. 

Drought Stress and Grain Yield 

‘Three important stages of growth in relation to drought stress should 
be considered. These are stages of floral initiation and ‘inflorescence 
development, anthesis and fertilization, and grain filling (Slatyer,. 1969). 

Good evidence exists that a slight drought stress can reduce the rate 
of appearance of floral primordia. However, removal of a slight drought 
stress in barley has been shown to cause a more rapid rate of primordial 
initiation than for non-stressed plants (Nicholls &. May, 1963).°:"When a 
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severe drought stress was imposed, the recovery from drought was unsatis- 

factory and the total spikelet number was greatly reduced. Primordial 
initiation is more affected by drought stress than spikelet development, 

and thus, stress at the former stage can alter grain number more than at 

the latter stage. 

Drought stress at anthesis and fertilization will reduce the number 

of kernels because of the dehydration of pollen grains. _ Another factor is 

that pollen grain germination and pollen tube growth down the style into 

the ovary and ovule are affected: Wilting of the styles interferes with 
pollen ‘tube growth, and one might expect such a response to be more 

pronounced in species possessing long styles, such as corn. Crop plants 

which shed pollen over an. extended period of time will be more likely to 

avoid the influence of drought at this stage of growth than crop plants 

which shed pollen in a relatively short period of time. 

Drought stress at the stage of grain filling is pronounced as yield 

development, expressed by weight per grain, requires the accumulation 

of photosynthate in the grain. The two sources for the accumulation_ of 

these assimilates are photosynthesis in the grain itself and translocation from 

other plant parts. A portion of the photosynthate is synthesized prior to 

anthesis, stored in the stem or other organ and later translocated to the 

developing grain, but the greatest accumulation is synthesized after anthesis. 
Drought stress has been shown to reduce translocation from the leaves, 

and as drought. hastens maturation, this response in addition to reduced 

photosynthesis contributes to lower grain yield. 

Antitranspirants 

Antitranspirants have received attention in recent years as a means 

to decrease water loss from plant leaves by reducing the size or number of 

stomatal openings, and thus decreasing the rate of diffusion of moisture 

vapour (Fuehring, 1973). However, a supply of carbon dioxide diffusing 

into the stomatal cavity is necessary for the occurrence of photosynthesis, 

and if the reduction in openings results in a restriction of actual photosyn- 

thesis, yield reduction will result. Successful antitranspirant use must 

achieve a favourable balance in restricting moisture loss from leaves with- 

out restricting photosynthesis. Reducing the use of soil moisture during 

periods of drought will extend the period of time before growth is seriously 

affected. 
Another aspect in the use of antitranspirants which should be considered 

is the importance of transpirational cooling on leaf temperature. _William- 

son. (1963) has shown that antitranspirants have resulted in a rise in leaf 
temperature of tobacco by as much as 9 °F above the controls. Likewise, 

when determining heat injury in a temperature-controlled chamber, a doubl- 
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ing in injury was obtained by increasing the relative humidity from 50 to 

75% or from 75 to 100%, when heated to 43 °C for 8 hours (Kinbacher, 1969). 

Two means by which antitranspirants can be effective are through 

films that coat the leaf and chemicals that close the stomata (Davenport 

et al., 1972). Synthetic films that are sprayed on a leaf should ideally be 

resistant to water and completely permeable to carbon dioxide. Such 

specification is difficult to achieve. Gale and Hagan (1966) refer to polymer 

emulsions as materials forming relatively thick films, and have concluded 

that a major factor in their value as antitranspirants is their relative resistance 

to CO,, O, and water vapour transmission. -They further concluded that 

one of the main:practical problems in the development of improved film- 

forming antitranspirants is finding greater selectivity to gases and vapour. 

Their review cites numerous references where antitranspirants have been 

studied. Latex has been used successfully in reducing water usage by potted 

sweet orange seedlings (Malcolm & Stolzy, 1968). 

~ Davenport ef al. (1972) used a commercially available wax emulsion 

(Mobileaf) manufactured by the Mobil Oil Company, on peach trees and 

found resistance to water vapour diffusion from the leaves and also the water 

potential of those leaves increased. 

Stomatal closure by chemical sprays has been investigated and one of 

the most reliable inhibitors is phenylmercuric acetate (PMA) (Zelitch, 

1969). PMA has several desirable properties which make it useful as the 

chemical: (1) closes stomata when sprayed on leaves at low concentrations, 

(2) affects only the stomata in the sprayed area and is not likely to be trans- 

located, and (3) will inhibit stomatal opening for at least 4 days without 
apparent toxicity in many species. Fuehring (1973) studied the use of PMA, 

Atrazine, and Folicote (a hydrocarbon emulsion) on grain sorghum under 

limited irrigation. Mean grain yield increases of 5 to 17% were obtained 

with rates of approximately 60 g/ha for PMA, 130 g/ha for Atrazine, and 

2 litres/ha for Folicote. Application just prior to the boot stage was more 

effective than a later application. Zelitch (1969) cites numerous references 

on the use of inhibitors of stomatal opening as antitranspirants. 

Sij e¢ al. (1972) found that it was necessary to apply at least. 360 »M 

PMA in field-grown sorghum to maintain increased stomatal resistance up 

to 20 days. Their preliminary data showed that in short-term studies of 

3. to 4 days post-treatment, photosynthesis was temporarily reduced more 

than was transpiration by PMA concentrations that produced prolonged 
effects on stomata. 

Waggoner (1969) refers to the use of antitranspirants as stomatal manage- 

ment and has indicated that PMA is toxic to leaves and that the failure to 

increase yields by stomatal management may be caused by stomatal resistance 
to CO, or by the toxicity of PMA. Although PMA is still one of the most ~ 
effective chemicals used at low concentrations for inducing stomatal closure, 
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its effectiveness in increasing water use efficiency (photosynthesis/transpira- 

tion) has been inconsistent. 

Drought Hardening 

Plants subjected to slight drought conditions will upon recovery be 

more resistant to the influences of further drought stresses. The drought 

hardened plant exhibits increased viscosity of the protoplasm, higher rates 

of photosynthesis, lower rates of respiration, higher root-to-top ratio, and 

less yield reduction when subjected again to drought as compared to a non- 

drought hardened plant. Some other changes that have occurred in plants 

subjected to conditions favouring the development of drought hardiness 

are: (1) decreased relative turgidity and moisture content, (2) decreased 

nitrate reductase activity, (3) accumulation of nitrate, (4) increased total 

nitrogen per plant, and (5) decreased molybdenum levels in plants (Mattas 

& Pauli, 1965). 

Effective Drought Control 

Successful crop production in regions of frequent drought requires 

methods and practices for providing or maintaining sufficient available 

water for crop growth. Among these methods and practices are selection 

of crops that evade or endure periods of insufficient moisture, utilization of 

cultural and soil management techniques that increase soil water storage or 

decrease the rate of use of the limited soil water supply, and development 

of methods that reduce evapotranspiration (Viets, 1971). 

The selection of crops depends on the total water demand, timing of the 

need for water in relation to the supply,.and the ability of the crop to endure 

drought without damage. Even varieties within a crop species differ in 

ability to endure drought. Mederski and Jeffers (1973) reported that 

under high moisture stress conditions, the yield of the most stress resistant 

varieties of soybeans was reduced by about 20% while the yield of the least 

stress resistant varieties was reduced by about 40%. The absolute reduction 

in yield for the most stress sensitive varieties was approximately 1000 kg/ha, 

while the yield of the least stress sensitive varieties was reduced by about 

200 to 400 kg/ha. Total water requirements of crops vary because of the 

length and timing of their growth periods in relation to the evaporative 

demand. Crops which demand a long growing season, such as soybean 

and corn, generally do poorly in regions of low rainfall. Depletion of mois- 

. ture during peak water use or before the usable part of the crop is produced 

results in crop failure. Most crops havea critical stage of peak water use 

when the’ plant cannot withstand drought stress without considerable injury 

and yield reduction. For example, corn is subjected to great yield reduction 
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when. drought stress occurs at anthesis (tasseling and silking) (Shaw & Laing, 

1966). The critical stage in wheat is at heading and filling of the grain 

(Slatyer, 1969). The boot stage is critical for barley as stress at this time 

greatly reduces grain yield and quality, and increases the protein content 

which is undesirable in the malting industry (Reed, 1966). Drought stress 

during the period of fruit or grain growth leads to small fruit or grain size, 

primarily by a direct effect on photosynthesis or more likely by an indirect 

effect on the oxidative respiration system. It does appear that the total 

yield of grain is not reduced as much by drought at later stages of growth 

than at the earlier stages. 
Most cells are killed when 50-70% of their water content is lost. How- 

ever, in flowering plants meristematic cells can withstand desiccation better 

than extended cells. 

Various cultural practices are available to reduce the hazards of drought, 

in addition to selection of crops with tolerance and growing those adapted 

to the timing of soil moisture availability (Viets, 1971). One practice is to 

plant crops more thinly so that the transpiration and evaporation (ET) 

from plant and soil are less than the potential ET. Row spacing can be 

increased and plant populations decreased in order to utilize water more 

slowly to have an available supply when environmental conditions favour 

drought. A common practice is the use of a seeding rate of 44.8 kg of 

winter wheat per hectare on dryland, whereas 134.4 kg/ha are used under 

irrigation. In the case of corn, row spacings of 91.4 to 106.7 cm and popu- 

lations of 19,750 to 29,630 plants per hectare are used on dryland, whereas 

under irrigation row spacings of 61 to 76 cm and populations of 49,380 to 

61,730 plants per hectare are common. Lower planting rates are possible 

when plant pests, such as weeds, insects, diseases and nematodes are chemi- 

cally controlled. Weeds are especially competitive in thin stands and need 

to be controlled for successful crop production. With control of plant pests, 

low planting rates generally produce significantly more grain per plant than 

higher planting rates, with the greatest increases occurring in drought years. 

Soil fertility needs to be considered as a cultural practice to minimize 

drought injury. Correcting nutrient deficiencies that exist in the soil will 

increase the efficiency of water use. A plant with a limited supply of water 

has the potential to grow but because of a lack of essential nutrients no new 

growth is produced. The recommended use of fertilizer is a cheap and 

profitable way to increase water use efficiency. 
Modification of the microclimate to reduce the bison of ceotehi a has 

received attention. The use of shelter-belts and artificial barriers to reduce 

evapotranspiration and wind movement has occasionally Reus yield 
increases under dryland conditions. 

’ Practices which lead to increased water storage in the soil and the colléc- 

tion of runoff for crop production have been successful. Soil moisture storage 
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at time of planting is an important consideration in deciding whether to 

plant, the best planting rate, and the rate of fertilizer application. In some 

areas of rainfall less than 50 cm annually clean or weedless fallow is practised 

for the saving of rain in one summer for use in the next season. Summer 

fallow under extreme dryland conditions has often more than doubled 

wheat yields, although the use of fallow is recognized as being an inefficient 

process in conserving moisture. Only approximately 20 per cent of the 

precipitation which falls during the fallowing period is saved for next 

year’s crop. Nevertheless, an additional 2-5 cm of water, available at the 

critical stages of growth, can be extremely beneficial. 

Fallow controls weeds which has an added effect in conserving moisture. 

However, herbicides are now available which can be used for weed control. 

The practice has allowed mineralization of soil nitrogen which is an ad- 

vantage of fallow, but the availability of relatively cheap nitrogen fertilizers 

has lessened this advantage. Wind and water erosion has been a hazard 
to clean summer fallow. A method to alter this disadvantage is stubble- 

mulch, a practice to keep crop residues on the soil surface. The extra 

moisture retained by stubble-mulching has increased wheat yields in seasons 

with warm dry springs but have decreased yields in seasons with cool, wet 

springs. 

Practices have been developed to reduce water runoff and to increase 

infiltration of water. One method includes pitting of rangelands with heavy 

disks or similar equipment to make for a more rapid and complete infiltration 

of water. In sandy soils these pits have a life span of approximately 4 years. 

Pitting has not been widely accepted. Another method is the construction of 

contour ridges which run horizontally around the hills to reduce water runoff. 

In regions of snowfall, methods of intercepting snow and preventing 

it from blowing off the fields have been devised. Use of snow fences, spaced 

row crops (corn, sunflower, sorghum), and shelter-belts have been used for 

this purpose. 

Shaping of land so that the water stays where it falls or runs off from a 

Table 2.7. Crop yield on level benches for several crops at 

Mandan, North Dakota! 

Treatment Wheat Corn Alfalfa Brome grass 

1962-65 

Check ee OOD EDU 38.2 bu/A 

Level benches eS ee E (No a 40.4 ,, 

1963-66 
Check ye 180044 /A 189044/A 

Level benches ae 3890 ,, 3140 ,, 

1 Adapted from Haas and Willis (1968). 
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slope to irrigate a level bench below the slope has received attention. This 

method looks promising for more stable crop production in times of drought. 
Data collected in North Dakota have shown a yield advantage for wheat, 

corn, alfalfa, and bromegrass grown on benches (occasionally called level 

terraces). However, conservation benching has been more favourable for 

alfalfa and bromegrass than for corn and wheat (Table 2.7). 

This chapter has been devoted to drought injury and resistance in crop 

plants. It would have been desirable to precisely state the causes for injury 

and resistance of plants to insufficient water stress, but this is not possible 

because of inadequate drought research and knowledge, varied interpreta- 

tions of results among drought researchers, differences existing among species, 

and even differences existing among growth stages within a given species. 

Nevertheless, the author hopes that students using this chapter will have a 

better understanding of drought injury and resistance in crop plants and 

ways to overcome this hazard to crop production. 
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Introduction 

Grain crops can be considered as factories whose production is for the 

purpose of producing carbohydrate and protein which are stored in the seed. 

The raw materials are carbon dioxide from air and water and nutrients 

from soil. Water is also a medium for transport of materials within roots, 

phloem and xylem in plants. Chloroplasts in the leaves convert raw materials 

into storable products with the aid of sunlight as the source of energy. 
Plant roots gather minerals and water from soil and transport them to the 

4 Presently (1973-75) working as Joint Coordinator, All “India Coordinated 

Dryland Research Project, Indian Council of Agricultural Research, Rajendranagar, 
Hyderabad, A. P., India, Bie BAe Se, GEES Bia 
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stem through which they move to the green leaves. Stems and roots 

transport the photosynthate formed in the leaves to the growing parts includ- 

ing root tips. . 
While this account is over simplified to the point of error, it does indicate 

the primary function of plant parts in the production of seed; usually the 

end product in grain crop production. The task of the plant breeder and 

the agronomist, the applied researchers, is to produce more and better 

quality grain per unit area. This means increasing the efficiency of the 

plant factory. Plants are grown in different environments and there is not 

only a fine balance between the various parts of the plant (MacKey, 1973) 

but between the plant and the environment. If any physical part, or chemi- 

cal pathway of a plant 1 is changed, even to a character as simple as height, 

it will affect the functioning of many other parts. 

So as to select for optimum balance the breeder has no alternative 

but to select for yield in the environment for which the crop will be grown. 

Most of the cereal crops of the world are grown in semiarid climates where 

moisture is the main limiting factor. Thus the ability of the plant to utilize 

all available moisture is usually of primary importance and this largely 

depends on the root system. In spite of the importance of roots in the 

crop production, little practical research on roots has been carried out. 

This chapter brings together a considerable body of ad hoc root research. 

Since the main function of the root system is water movement and nutrient 

uptake, the principles involved will be considered prior to the discussion 
of the root system and its relationship to moisture stress. An understanding 

of the plant and its reaction to drought stress will greatly help the plant 
breeder in combining a number of advantageous characters from different 

parents into superior cultivars. 

Water Movement 

ENERGY AND, WATER MOVEMENT 

Crop plants survive and produce seed under drought because of factors 

affecting their intake or loss of water, or because they survive desiccation. 
The physiological process of water movement has been studied by many 

researchers (Slatyer & Gardner, 1965; Fogg, 1965; Feddes & Rijtema, 

1972; Gardner, 1960a, b, 1965, 1968; Slatyer, 1957, 1960, 1967, 1973b; 
Kramer, 1963; Dainty, 1969; Russell, 1957). ‘These reports have been ~ 

freely used in the preparation of this discussion. An attempt has been made 

to avoid details and to present instead a review that will be of use in under- 

standing the role of roots in plant growth under moisture stress. 
Water moves in response to a thermodynamic force. The free energy 

of a system (i.e. a plant) is the ability to do useful work. The authors do not 
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intend to discuss the thermodynamics or the nature of the force. Good 

reviews have been presented by Dainty (1969), Slatyer (1967, 1973a, b), and 
others. If, for example, we consider two parts of asystem, the root and the soil, 
and find that the chemical energy of each is equal, the system will be in equili- 
brium and no movement will occur. If the potential of one is greater than 
the other, water will flow and the relative amounts of free energy will change 

proportionately to the amount of water moved. More commonly used 

terminology is water potential gradient. Pure water flows freely but when 

it contains nutrients, they cause resistance in the system. Sometimes the 
transport of solutes is against the chemical potential gradient. Slatyer 

(1967) questions the movement of water against a gradient. In growing 

plants, the soil-plant-air system moves water through the soil to the root 

surface, into the root, through the root to xylem vessel, up the vessel to the 
leaf, through the leaf to the evaporating surface and through vapour 

to air. This is a gradient with resistances at various places in the 

system. 

Sor, TO PLANT WATER MoveMENT 

Where the soil is near field capacity water fills both the large and small 

pores—and is in close contact with solids and air. Since there are no mem- 

branes in the soil, water moves freely regardless of solutes. In wet soil, 

roots require a very low water potential (—1 bar) in order to maintain an 

adequate flow of water to the root (Gardner, 1960a). When soil dries out 

water disappears from the large pores and then from the small pores. In 

so doing the resistance increases, making the water potential required to 

move water high. If the soil potential were —15 bar, the water potential 

at the root surface would be about —30 bar (Dainty, 1969; Gardner, 1960a). 

If drying continues, the water potential at the root may be so low that the 

root cannot overcome it. : 

Water, in moving across the root, has to pass various membranes that 

act as resistances. Thus a gradient in water potential exists if water is to 

move. Root hairs increase the root surface layer by three or four times 
(Dainty, 1969). 

Dittmer (1937) and Kramer and Coile (1940) studied root hairs of 

winter rye and reported that the extension of root per day was sufficient 
to make available to the plant 1.6 litres of water in sandy soil and 2.9 

in heavy clay soil. These amounts could be adequate for normal plant 
growth. Dittmer found that there was from 700 to 1000 root hairs per 

millimetre of root. The amount of root hairs varied greatly between species 

but not between cultivars of cereals (Dittmer, 1949). 

Gardner (1960a) considered some water movement concepts. which have 

ready application in dryland cropping practices and related research. He 
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says that not all water in the soil can be used by the plant. Its avail- 
ability depends on the energy with which it is held by the soil, its rate 

of movement in the soil and the distance it has to move to reach the root, 

or on root distribution and ramification. As mentioned above, for water to 

move into the root and on through the plant a suction or free energy 
gradient must exist. The energy of the water in the plant is generally 
called diffusion pressure deficit (DPD). The DPD in the plant must be 
greater than the soil suction for water to be taken up. 

Slatyer (1967) has reviewed wilting. Because of their cell structure, 

cereal plants do not wilt in the traditional, visible manner but drought 

stress has the same effect on the plants. Gardner (1960a) says that 10 to 

20 bars suction is the range for wilting for most plants. Fifteen bars is 

often used as the lower limit of available water. 
Todd eéé al. (1962) emphasized the importance of measuring moisture 

tension in the plant rather than in the soil. When transpiration is so 
high that roots cannot keep up, the tension in the plant can become very 

high. Oppenheimer (1960) found that resistant wheat cultivars retained 

more water in the plant under this high stress than non-resistant ones. Kaul 

(1969) found’ that cultivars differed significantly in water potential and 

osmotic pressure. Kaul and Crowle (1974). suggest that pH measurement 

be taken on slowly stressed plants as a technique for selection for yield. 

Chinoy (1947) found that Indian cultivars resisted wilting at the beginning 

of tillering and that stress at this stage increased yield over those not wilted. 
Chinoy (1962) claimed later that severe stress was not useful in showing 

differences in resistance of cultivars. Wells and Dubetz (1966) showed that 

the effect of stress was greatest at anthesis and that moderate stress was 
useful in classifying drought resistance of cultivars. Wardlaw’s (1971) 

findings agree that anthesis is the critical stage. Stress reduced photo- 

synthesis and root growth and thus reduced final grain weight per ear. 

Soil structure has more influence on water holding capacity than texture. 

Improved aeration is a result of better structure and this results in a healthier 
more vigorous root system (Gliemeroth, 1952; Gardner, 1960b). Desir- 

able soil structure also leads to great infiltration. Gliemeroth (1952) 

found that there was a close relationship between the plants ability to take 

up water and the root system, its density and its spread or network of roots 
in subsoil layers. ‘Thus drought resistance is due to ability to take up water 

rather than having an abundant supply of water. He concluded that 

movement of water to roots from subsoil layers below root zone was not 

significant and Kramer and Coile (1940) agreed. Conrad and Veihmeyer 

(1929) say that capillary movement is too slow to be of any effect in 
California where the water table is far below the surface. Since direct 
evaporation occurs only in surface layer, plant transpiration must account 

for all changes in moisture below 8 inches. Conversely, changes indicate 
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the presence of roots. ‘They concluded that if the soil is wet at seeding time 

to the depth of normal root penetration, subsequent addition of water by 
rain or irrigation will not affect the extent of the root system developed. 

Water was removed in successive zones from the surface down. A negative 

correlation between wetness of soil and the density of roots showed that 

soil was dried because of the presence of roots. Rennie and Hutcheon 
(1965) concluded that rate of water use was not affected by fertilization. 

Water use is a function of plant rather than level of available water in 

‘a 4-foot profile. ‘They found no relationship between soil moisture stress 

and rate of water use. Viets (1972), in a review, showed evidence that 

whenever fertilizers increased yield, the water use efficiency, that is, dry 

matter production per unit of water used, was increased. He said that 

fertilizers play an important role in the efficient use and conservation © 

of water resources. 

Cereals have an extensive root system and thus have a lower rate of 

flow into roots per unit length than most other plants with less extensive 
roots... Thus. deficiencies around a root will build up much more slowly in 

cereals or in any plant with an extensive root system. Singh (1952) found 

in his studies that deeper roots were an advantage under moisture stress. 
He questioned the value of the green-house pots in moisture stress studies. 

Gardner (1960b) says that as the soil gets drier and soil suction increases, 

the suction in the plant root must increase more rapidly than in the soil to 

maintain transpiration. He found that widely different textures exhibit 

approximately the same wilting suction because the capillary conductivity 
is about the same. Burton (1964), on the other hand, says that clay soils 

hold water more tenaciously than sandy soils. If this is so, plants grown 

on heavy clays are under greater suction tension than those grown on sand 
with equal water content. 

The more extensive the root system the more water is available to the 

plant.and the lower the rate of water uptake per unit length of root (Gardner, 

1960a). A lower rate of uptake requires a smaller difference between 

DPD in the root and soil suction. This results in a lower stress in the plant 

for a given rate of transpiration. The average stress on a plant over a 

given period of time would be less for a large well-developed root system 

than for a small less extensive root system. Fischer (1973) showed that 

suction tension measurements taken in the xylem of a plant is a more 
critical measurement of water stress than tension taken in the leaves. 

Kramer and Brix (1965) claim that only DPD seems to have the quantitative 

character required for physiological research. They did not detail where 

it was best taken. 
Water uptake relates closely to root distribution. The rate of water 

uptake by roots is proportional to the difference between DPD in root and 

soil suction and the length of root per unit of soil. At first water is taken 
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from the surface layer. As suction increases in upper layer, the gradient 

is less between lower soil layers and roots in the lower layer, thus a gradual 

change in pattern of uptake takes place. 

According to Gardner (1960a) some workers have found the greatest 

root development under dry growing conditions while others report better 

growth under good moisture conditions. Hurd (1964, 1973) found that 

‘dry’ soil boxes had considerably less root than ‘wet’ boxes. The dryer the 

dry boxes the greater the difference. Perhaps a decrease in root in moist 

soils in some reports was due to poor aeration, a factor known to reduce 

root growth. Wheat plants do not respond to soil water contents greater 

than half field capacity. ‘Dry’ soils in these experiments may be about 

half field capacity and ‘more moist’ soils may have aeration problem thus 

reversing the normal trend. Roots do not grow in dry soil and it is pre- 

sumed that there is a slowing down with the change from moist to dry. 
Meige (1938) working in Morroco reported that roots were both 

hydrotropic and chemotropic. He described the root system as having 
plasticity, or ability to take advantage of favourable growing conditions. 

He said that roots were sensitive to environment; respond to friable, fertile, 

moist, but well-drained soils. There is no conflict here in results rather 

only in interpretation. Rather than roots growing toward water or 

fertile soils as suggested by Meige (1938), it seems more likely that they 

grow more vigorously in such soil and produce a healthier plant. The 

effects of soil fertility on root growth are discussed later. 

Wort (1940) found that root length and branching, as well as the 
tiller number and plant height, decreased as soil temperature rose from 

22 to 42 °C. Low temperature, on the other hand, influences water avail- 

ability by increasing suction and viscosity of water and thus decreases 
movement in the soil. 

A group of soil researchers in Texas (Ritchie, 1971, 1972; Ritchie 

& Burnett, 1970; Ritchie et al., 1972a, 1972b; Ritchie & Jordan, 1972) 

have studied plant water relations in black clay soil. They found that 

water moved down through cracks, and large pores much faster than in 

small pores and thus leaves soil moisture quite variable. Evaporation rates 

become limited by soil water availability at —5 bars tension, however, the 

figure varied considerably. Water potentials in the soil went down to —13 
to —18 bars. Root density was too low to take up water at depths of 100 cm. 

Evaporation rate was independent of available energy for evaporation and 

depended on root distribution. All water extracted by the roots moved from 

soil immediately surrounding the roots. They also conclude that there is 

a need in growing crops under moisture stress to have deep, dense, root 

systems, . 
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PLANT To AiR WATER MovEMENT 

Water-moves from the root to the leaves in the xylem, usually as a result 

of energy created by transpiration from the leaf surface. Where there is no 
transpiration, water may still flow and lead to guttation as a result of root 

pressure. Xylem, formed of end to end empty cells, is a multiple tube- 

like vessel that maintains columns of water from root to leaf. Some of 

these columns undoubtedly break under stress but are usually refilled during 

the night: In the leaf, the xylem bundles break up into many smaller 

bundles and to single xylem vessels. ‘These lead into parenchyma and thus 

to the intercellular spaces. Very little difference in water potential is 

required to move water in the leaf. In the movement of water in plants 

the vapour phase has the greatest resistance and thus controls water relations 

in steady state (Dainty, 1969). To complete the chain of events water 

must overcome stomatal or cuticular resistance as well as the diffusion 

resistance of the mesophyll cell wall and of the intercellular spaces. The 

cuticular resistance is usually high, so the only control the plant has is by 

closing and opening of the stomata. 

Vasiliev (1929) found that high soil moisture in south-east Russia would 

not protect the plant from suffering from atmospheric stress. Excessive 

transpiration causes the greatest drought losses, especially if severe stress 

occurs in the early growth stage of the crop. He suggested that moderate 

daily stresses may harden the crop and thus be an advantage. 

Mart’yanova (1960) and others have hardened cultivars by presowing 

wetting and drying of seed. Whiteside (1941) associated drought and frost 
hardiness and recommended spring X winter crosses. He said that there was 

no use testing unhardened cultivars and since uniform hardening was not 
possible, tests must be conducted over several years under dry field condi- 
tions. This agrees with conclusions of Grebner (1963) and Aufhammer 

et al. (1959). 
Ferguson (1965) concluded that evapotranspiration was controlled by 

meteorological phenomena when moisture is readily available but resistance 

at the leaf surface controls it when moisture is at an intermediate level 
and the soil surface is dry. When soil moisture is extremely limited, 

evapotranspiration is controlled mainly by soil resistance. Mack and 
Ferguson (1968) reported reductions in yield of wheat of 156+40 kg/ha 

per cm of water deficit from emergence to harvest and a reduction in yield 

of 311 kg/ha per cm of deficit from the fifth leaf to the soft dough stage. 
These results are similar to those obtained by Staple and Lehane (1954). 

Some workers (Pohjakas et al., 1967) reported that Kenhi spring 

wheat (Triticum aestivum L.) used 526 mm of water per season on a 4-year 
average. Barley and field peas used less. These plants were not under soil 

water stress as moisture was kept at about 50% of field capacity Grebner 
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(1963) stated that the amount of moisture used by cereals from an ample, 
regular supply has no relevance to water use under stress. He found that 

drought susceptible cultivars are damaged by drought stress and thus have 

less ability to utilize water when it became available later, than drought 
resistant cultivars. This adversely affects yield. With intermittent dry 

periods, resistant cultivars used less water per gram of grain than susceptible 

cultivars. This reflects an adaptability in resistant cultivars to reduced 
water utilization. 

Iljin (1957) stated that CO, enters some plants through the epidermis 

(if thin) as well as through thin stomata, so they can grow slowly with their 

stomata closed. He reported that species differed in ability to withstand 

desiccation because the time their cells remained alive after being under 

stress of 50 to. 55% relative humidity ranged from two hours to weeks. 
Cells of such plants have a large proportion of protoplasm and a small 

vacuole. Iljin also stated that plants exposed to severe drought are not able 

to re-establish normal functions. Vaadia et al. (1961) said that little is 
known about intracellular behaviour under stress yet growth itself is an 
expression of cell enlargement and division. Stomata open slowly and only 

partially though leaves look normal. Dobrenz et al. (1969) studied grasses 

and found that there were fewer stomata in drought tolerant clones per unit 
area than in drought susceptible clones. ; 

Monteith (1965) states that leaves can transpire an amount of water 

several times their own weight on bright sunny days. For each gram of 

water that evaporates 585 calories of heat are generated at the surface. 
Slatyer (1957) has measured DPD of 40 to 50 atm in days of rapid 

transpiration. Equilibrium will not be restored during the night so that 

in a lengthy dry spell plants may not recover for several days. Their 

ability to survive will depend on their desiccation tolerance. Kaul (1973) 
has shown that some wheat cultivars are damaged by stresses of about —24 

bars and their ability to grow has been irreversibly damaged while others 

recover from stresses as high as —40 bars. Resistant cultivars retain more 

water in the plant under desiccation than others (Oppenheimer, 1960). 

Russell (1959) believed that drought injury was due to mechanical disruption 

of the protoplasm rather than by loss of water per se. Slatyer (1967) discusses 

the use of dew and light sprinkle irrigation by plants under stress.. Some 

advantage from reduced evapotranspiration, which allows the plant to reduce 

water deficit, is substantiated but there is little evidence that water is taken 

in by leaves. 

Kramer (1963) emphasized that plant growth depends directly upon 
plant water stress and only indirectly on soil water stress. Plant water 

stress depends on rate of water absorption and water loss. It is not safe 
to assume that a certain soil water stress will always be associated with an 

equivalent degree of plant stress. 
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In order to understand how water stress reduced growth, it is necessary 

to know how water affects plant processes. Kramer (1963) outlines them 

as follows:. 
1. It is a major constituent of physiologically active tissue. 

2. It is the reagent in photosynthesis and in hydrolytic processes such 
as starch digestion. 

3. It is the solvent in which salts, sugars and other solutes move from 
cell to cell and organ to organ. 

4, It is essential for maintenance of the turgidity necessary for cell 

enlargement and growth. 

Water stress often increases root/shoot ratio, and leaf area is reduced 

but thickness increased. It reduces photosynthesis directly by lowering 
protoplasm capacity and indirectly by less leaf area and closed stomata. 
Slatyer (1973a) states that photosynthesis is progressively reduced by water 

stress. It sometimes causes increased respiration. ‘Transpiration rate is 

controlled by leaf area and structure, extent of stomatal opening, and 

environmental factors which affect steepness of water vapour pressure 
gradient such as temperature and vapour pressure of the atmosphere. 

The rate of absorption is controlled by rate of water loss, extent and effi- 
ciency of root systems and environmental factors such as soil aeration, soil 

temperature, concentration of soil solution and free energy status of soil 

moisture. Because of differences in factors controlling these two processes 
they do not always keep in balance. Resistance in the plant, especially in 

root, causes a lag in water movement. The common daytime loss of water 

is usually made up overnight. On days of high temperature and low 

humidity even plants growing on soil at field capacity may suffer from severe 
water stress and conversely plants growing in dry soil may not suffer stress 

on cool humid days. 

Plant and soil water potential are usually cial at dawn. because the 

internal gradient will have disappeared as the suction takes water in, 

while little or no evaporation takes place (Slatyer & Gardner 1965). In 
the absence of rain, water potential of both soil and plant gradually declines 

day after day. Eventually the wilting point is reached. Of course stomata 

start to close during the high stress period of the day, long before the plant 

wilts. This slows the trend of water loss and a new steady state results. 

Pirant MopeE.Line - 

Many studies of water movement have used formulae derived from 

detailed measurements of plant parts during growth, especially under 

moisture stress. From such detailed studies plant models are being develop- 
ed. While breeders and agronomists are not concerned with the detailed 

study, they need the information provided by plant modelling. Without 
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the coordination of the work of plant physiologist and soil scientist with 
that of the breeder and agronomist, applied research is relegated to a trial- 

and-error approach to solving crop production problems. Watson (1968) in 

his review encourages greater use of plant modelling in crop research. 

Newton and Martin (1930) classified wheat cultivars as well as grasses, 

for drought resistance according to bound water. Kuiper (1967) studied 

the regulatory effect or surface-active chemicals and found that one chemical . 

increased yield of potatoes by 27%. Van Bavel et al. (1965) developed a 

method of measuring transpiration resistance of leaves that was useful in 

predicting losses from plant canopies. 

Williams and Robertson (Robertson, 1968, 1973; Williams, 1962, 1969, 

1971, 1971/1972; Williams & Robertson 1965) have developed methods of 

predicting yield of crops from weather data for the large prairie area of 

western Canada. 

Gardner (1960a, 1968) stated that since movement of water is slow 

in the soil at low water content and conductivity through the vapour 
phase is as slow or slower than by capillary movement, the value of such 

water is negligible. Gardner has developed a method of measuring capillary 
conductivity and diffusivity of water in soils at high suctions which allow 

him to evaluate gradients near roots. He then developed equations des- 

cribing water movement in unsaturated soils. This gives a quantitative 

measure of the role of water movement and its availability to plants. He 

concludes that the pattern of water use in the root zone depends upon root 

distribution, root permeability, and upon water retaining and transmitting 

properties of the soil. These can be predicted. 
Molz and Remson (1970) also developed a mathematical model 

describing moisture removal from the soil by roots of transpiring plants. 

It describes both the removal by the plant and the induced movement in 

the soil. In comparing theory and data they show that extraction-term- 
models are computationally and physically sound. These models give insight 

into the mechanics of the moisture use process. Slatyer and Gardner (1965) 

and Gardner (1968) estimate water use by studying one main root and its 

branches and multiplying that by the number of main roots in the 
system. Molz and Remson (1970) consider the mass of soil in which 

the root is located in their model. 

Shawcroft et al. (1973) conclude that the water status of a crop must 

be evaluated to develop crop, soil and water management techniques that 

can be applied in practical agroclimatological problems. They have re- 

viewed meteorological tools and considered their combination with plant 

parameters for arriving at estimates of crop water status. They used various 

types of submodels and found reasonable agreement between the main 
model and the energy balance. 

Brouwer and DeWit (1969) have created a model for interpolating and 
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extrapolating knowledge from experimental results, Differences between 
simulated and actual results are useful for showing where the greatest gaps 

are in our knowledge. They say that this kind of study will show the plant 

breeder which properties are worth considering and which are not. 

Many plant scientists are developing models for various aspects of 

plant growth and are struggling to fill the gaps in present knowledge so 
as to make those models reliable measures of plant interaction with 

environment. Their work will greatly assist in reaching maximum potential 
yield. 

Nutrient Uptake by Roots 

SOURCE AND AVAILABILITY OF NUTRIENTS 

Higher plants extend their roots into soil to obtain a supply. of water 

and minerals for vegetative growth and ultimate reproduction, Many 

chemical, physical and biological processes are involved in nutrient uptake. 

Fried and Broeshart (1967) describe the dynamics of inorganic plant 

nutrition using the equation: M(solid)=M(solution)=M(plant root)= 

M(plant top) where M is a nutrient which continually moves through the 

soil plant system. By using an equation they illustrate that there are 

many physicochemical processes involved, each with rate constants that have 

the potential to be regulated by various factors. For the system to be 
functional energy must be available. In higher plants, energy comes 

from the absorption of light during the process of photosynthesis. Many 

books and reviews have been written on this subject, including McElroy 
(1961), Kok (1969) and Stoy (1969). 

Comments in this review will be restricted mainly to one aspect of 
the above equation, namely the absorption of nutrients by roots. To fully 

understand the dynamics of nutrient uptake one also needs a knowledge of 
soil solid : soil solution equilibria (soil chemistry) and ion translocation 

in plants (plant physiology). General statements on these subjects will be 

made here and details can be obtained from reviews in soil chemistry and 
biochemistry including Bear (1964), Kononova (1966), McClaren and 

Peterson (1967) and from reviews on the physiological aspects of nutrient 

translocation including Crafts (1961), Zimmerman (1969), Moorby (1974) 

and Leggett and Egli (1974). Books on soil-plant relationships bring all 

related subjects into perspective (Fried & Broeshart 1967; Black 1968). 

The source and availability of nutrients depends on the composition of 

the soil. The proportions of various primary minerals, such as feldspar, horn- 

blendes, quartz-mica, hematite, magnetite, apatite and calcite determine 

to a large extent the amounts of uncombined oxides and salts (oxides, car- 

bonates, sulphates, etc.) and influence the supply of Ca, Mg, S and Fe. The 
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organic matter content of soil and its rate of decomposition influences the 

release of nearly all nutrients since the organic matter originated from plants 

which contained all mineral nutrients. The secondary minerals, including 

clays such as kaolinite, montmorillonite and illites are responsible for 

many of the physicochemical properties of the soil that affect nutrient avail- 

ability. Finely divided organic matter and clay provide a reactive surface 

which absorbs cations in exchangeable positions. The intensity of the net 

negative charge, usually called the cation exchange capacity, and its effect 

on nutrient availability is dependent on the colloidal composition of the 

soil and the extent of weathering as influenced by the soil climate (humid, 

arid, €tc.), 
The physical-chemical properties of the soil will affect the composition 

of the soil solution, which is the major source of plant nutrients. As the 

water content of the soil increases the concentrations of nutrients decrease 

due to dilution. For anions such as NO,, SO, and Cl there is almost an 

inverse relationship between water in the soil and concentration since the 

whole stock of these ions is in the solution. For phosphate and cations 

like K, Na, Ca and Mg, the situation becomes complicated. Phosphate 

is readily ‘bound’ in soils and an equilibrium exists between ‘bound’ and 

‘solution’ phosphate which is affected by various physical, chemical and 
biological factors. The concentration of cations in solution and their 

dilution by increased water varies with the ion species and their valency. 
With more water there would be a relative increase of the monovalent 

K and Na ions in the soil solution as compared to the divalent Ca and Mg 

ions. Moss (1964) showed that the proportion of K ions to Ca plus Mg 

ions in the soil solution decreased from 0.20 to 0.13 as the pF values rose 

from 0 to 3. Oliver and Barber (1966) suggest that increasing the water 

content of the soil will decrease B concentration but increase the amounts of 

Fe, Zn and Al. The complexities of micronutrient equilibria in soils are 

explained in reviews by Lindsay (1972) and Stevenson and Ardakani (1972). 

The soil solution is generally not a reservoir for a significant amount 

of the soil’s nutrient ions but acts as an instantaneous supply to roots. As 

water and nutrients are removed from the solution they are replenished 
from the soil solids and organic matter through chemical and biological 
processes. 

Nutrients are absorbed by the roots along with water as a result of the 

demand of the growing plant. The rate of physiological development, 

the demand for nutrient storage, and the rate of water use (transpiration) 

as influenced by the environment, affect the demand for soil water and 

nutrients. Cowan (1965) has related the flow of water through plants to 

the evaporative power of the atmosphere. Nye (1966, 1968) suggests that 

research should be done to relate nutrient demand to plant growth rates 

and expected yields which are likewise controlled by meteorological factors. 
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Baldwin ¢ al. (1972) discussed the theoretical effect of rooting density and 

pattern on uptake of nutrients. Brewster and Tinker (1972) studied 

the rate of nutrient flow into roots of plants. The work of these researchers 
support the work of Nye. 

ABSORPTION MECHANISMS 

Contact exchange and root interception: Jenny and Overstreet (1939) 
showed that plant roots could absorb nutrients directly from. soil solids 

by a process they called ‘contact exchange’ and surface migration. How- 

ever, it was known that most nutrients existed in soil solutions so this method 

of uptake seemed insignificant. Wiersum (1961) and Barber e¢ al. (1963) 

both estimated that plants grow to and actually contact about 3% of the 
total volume of soil exploited by the root mass. The actual percentage 

of the total nutrition derived from root interception is even less (Barber 

et al., 1963). Most nutrients have to migrate to the root surface to be 
absorbed. 

Mass flow or convection: Bray (1954) described nutrient mobility in 

soils in terms of those ions which could move over relatively large distances 

(mobile nutrients) and those which could only move a few millimetres 

(immobile nutrients). Those nutrients which are not adsorbed by the 

soil colloids and exist primarily in the soil solution such as NOs, Cl and SO,, 

move with the soil water and are absorbed by the root when water is 

absorbed. Ideal soil moisture conditions would be favourable for this mode 

of supply. When soil water is not moving towards the roots, nutrients are 

absorbed by diffusion. The amounts of nutrient taken up by mass flow 

is directly related to the amount of water used by the plant (transpiration). 

Those ions which are adsorbed by the soil and which are in equilibrium with 

the soil solution do not move as readily with water when it is absorbed by the 
roots. These include all nutrients in the cationic form and most anions other 

than nitrates, chlorides and sulphates (e.g., phosphates, borates, zincates 

and molybdates). Barber (1962) and Barber e¢ al. (1963) demonstrated 

large differences in the amounts of the various ions transported by mass 

flow. Mass flow may supply the root with much of the plant’s need for 

nitrogen, calcium, magnesium, especially when in high concentrations, 

but seldom supplies the full requirement. of phosphorus or potassium in 

most soils. ‘ 
Diffusion: The process of thermodynamic movement of ions in a medium 

from a point of higher concentration to one of lower concentration is known 

as diffusion. Diffusion movement of ions in water means movement 

within the water with no movement of water. ‘The amount of ion migration 

by this means in soil depends on the concentration gradient and on the 

pathways of transport. Variations in soil water content have a large 
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influence on both. 
Barber et al. (1963) stated that most of the supply of phosphorus and 

potassium reaches the root by diffusion. Oliver and Barber (1966) found 

that 87 to 96% of the potassium absorbed by soybeans from a silt loam was 

supplied by diffusion. However, Fried and Broeshart (1967) and Wilkinson 
(1972) explain how all nutrient ions are taken up by diffusion. If water is 

able to move in the soil, mass flow supplements the supply of most nutrients 

to the roots. It is not quite valid to suggest, as does Barber (1962), 

that ions not associated with the soil particles move in the mass flow 

of water, whereas those associated with the soil particles move by 

diffusion. Movement of ions in the soil are influenced by both diffusion 

and mass flow. 

There is a certain volume of soil adjacent to plant roots which is 

continually supplied with nutrients capable of being delivered to the roots 

by diffusion. This diffusion volume, as it is sometimes called, is dependent 
on the diffusion coefficient of the ion in the soil system and the concentra- 

tion gradients between the soil solution and the plant root. The diffusion 

volume must take into account the capacity of the soil to maintain a certain 

concentration of the ions in the soil solution, e.g., the rate of exchange 

from solid to liquid phase (Olsen e¢ al., 1962). The diffusion volume is 
dependent on the requirements of the plant for the nutrient; if the nutrient 

requirement is low, more time is available for diffusion, and ions can thus 

diffuse for greater distances and still meet the plant’s need. The diffusion 

volume can be supplied with fresh ions by means of mass flow of water. The 
water containing these ions may not be taken up by the roots but the ions 

can be absorbed by diffusion. 

When ions reach the plant in amounts too high to be utilized by the 
plant, the diffusion’ and mass flow processes are effective in reverse. 

MINERAL NuTRITION OF Roots 
§ 

Roots, like plants on the whole, need proper nutrition or their growth 

will be restricted. Hackett (1969a) states that the major effect of nutrient 
deficiency on cereals is to decrease the length of root and the branching of 

the primary laterals. With barley he found that K deficiency reduced the 

mean length of the primary laterals by 33 to 67% and completely inhibited 

the formation of secondary laterals. P deficiency reduced the length of 
primary laterals by 33% but did not prevent the formation of secondary 

laterals. ‘Top growth depends on root activity. Watson (1968) said that 
the number of leaves per unit area of a crop, their size and persistence, 

depend on the supply of nutrients and water from the soil. He says that 
under intensive agricultural production: water and nutrients are usually 

plentiful in the’surface soil so that the extent of the root system may not have 
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“much influence. He may be referring to humid region agriculture but 

Danielson (1967) suggests that maximum root growth is needed for efficient 
production: under irrigation. Wiersum (1967a) suggests that there are 

many circumstances in agriculture where it is deemed desirable for plants 
to have deep penetrating roots. He showed that the uptake of N, P and K 

per unit of roots in contact with the soil was highest in the subsoil. Wheat 

and Brassica napus roots actively absorbed nutrients at a depth of 80 cm. 

Wiersum (1967c) found that oxygen supplies at this depth were adequate 

for nutrient uptake, with nutrient uptake activity and root growth having 

about the same oxygen requirement. Bergmann (1954) suggested that 

excessive CO, and not lack of O, is one of the most common factors to limit 

root growth in subsoil. 

Epstein (1973) explains how 24 elements of the earth crust play a func- 

tional part in living organisms and states that most of these elements 
come from the soil. The elements most likely to be deficient are N, P, 

K, S and a few of the micronutrients and much research has been reported 
on their effect on plant roots. 

Nitrogen: In general, deficiencies in soil nitrogen seem to limit foliage 
growth more than root growth; too high a concentration of N in the soil 

can restrict root growth. Troughton (1957), in a review, reports research 

that shows that root production can be increased by fertilizer N when soil N 

is limited and mentions other work that shows a decline in root growth as N 
supplies become overabundant. \ Excess nitrate taken up by the plant may 

be chemically reduced and combined with free carbohydrates to form amino 

compounds in the shoots, consequently the roots may be restricted in 

growth due to lack of carbohydrate translocation from the shoots (Murata, 
1969). 

At low levels of nitrogen supply, roots are stimulated to grow more 

than shoots which increases the translocation of carbohydrates to the root. 

Thus, nitrogen influences the distribution of metabolites among different 
organs (Murata, 1969). Roots take up nitrate readily at any stage of growth 

and excess nitrate can accumulate within plants any time during vegetative 
growth. Langer (1966) reports that the maximum N content of roots, 
shoots and leaves of wheat occurs just after ear emergence if there is ade- 

quate mineral nitrogen available in the soil, and that most of the nitrogen 
needed for grain filling is translocated from the rest of the plant. Hence, 
early uptake of nitrogen is important for maximum plant growth. However, 
Bergmann (1954) found that a continuous supply of nitrogen (split fertilizer 

applications) gave the best yields and the most roots. Too much nitrogen 
applied early decreased longitudinal growth of roots. Similarly, Bosemark 
(1954) found that increasing nitrogen in the soil increased the root growth 

near the surface of the soil at the expense of depth of penetration and root 
elongation. On the other hand, Holt and Fisher (1960) report that nitrogen 
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caused Bermuda grass (Cynodon dactylon) roots to penetrate deeply into soil. 

Danielson (1967) reports other research with various perennial grasses 

which shows that additional nitrogen increases root penetration. 

Phosphorus: Soil phosphorus deficiencies will reduce both root and 
shoot growth. Early workers such as Brenchley and Jackson (1921) and 
Lees (1924) showed that increasing soil phosphorus increased cereal yields 
and increased the growth of roots more than of shoots. Brenchley and 
Jackson (1921) found that phosphorus affected wheat more than barley. 

Lees (1924) found that adding phosphorus encouraged greater root pene- 

tration and speeded rate of growth of roots. However, Troughton (1957), 
in a review, cites examples of negative, positive and neutral effects of 

phosphorus on root growth. He discredits the old opinion that phosphorus 

has some special benefit to root growth. Bergmann (1954) found that 

phosphorus had the same effect as nitrogen in that it decreased longitudinal 

growth but increased branching in a moist soil. Nitrogen addition often 

enhanced the effectiveness of phosphorus (Rennie & Soper, 1958; Duncan 

& Ohlrogge, 1958). 
' Potassium: Plants low in potassium are frequently high in nitrogen 
and low in carbohydrates which limits the production of roots. Liebhardt 

and Murdock (1965) report the breakage of brace roots of maize when 

potassium was not supplied. In their experiments, nitrogen induced brace 

root breakage and lodging; phosphorus increased this tendency and potas- 

sium alleviated the problem. Bergmann (1954) found that excessive 
potassium inhibited longitudinal root growth but stimulated secondary 

growth. Potassium is essential for carbohydrate production and is there- 

fore very important for the growth of tubers and tap roots. However, 

cereals and grasses use less potassium and take up most of their needs during 

early vegetative growth. Haas (1958) showed that root production of 

grasses was seldom affected by potassium fertilization. In most studies 

potassium has been evaluated in combination with other fertilizer elements. 

Invariably, root development has been favoured by adding mixed 

fertilizer or other soil amendments which improve the general fertility 

of the soil. 

Micronutrients: The importance of micronutrients in root physiology 

and growth should not be underestimated. Boron and zinc have been shown 
to be important. for root meristem activity and growth (Carlton, 1954; 

Price et al., 1972). In reviews, Price e¢ al. (1972) and Olsen (1972) mention 

the influence of several micronutrients and nutrient interactions on root 

and shoot growth. They point to the need for more research to sort out 
the complexities of micronutrient use by plants. 

The implications of mineral nutrition of roots will be discussed in the 
latter section on soil and crop management practices. 
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Errects oF Limitep Sort Moisture oN Root GrowTH 

AND NuTRIENT UPTAKE 

Earlier sections discussed the importance of soil moisture for plant 
growth and the role of water in nutrient uptake. A flow of water towards 

the root can carry mobile nutrients to the roots and a good supply of capil- 

lary water enhances diffusion of less mobile ions. As the soil becomes 

progressively drier the water films around the soil particles becomes thinner 

thereby decreasing the rate of diffusion of certain elements to the plant root. 

Roots grow best when the soil water tension is low but growth can 

occur up to the wilting point (Fig. 3.1). Root growth is limited by excessive 
water and they will not penetrate beyond the capillary fringe above a water 

table (Wiersum, 1967b). Ideal moisture in a soil with no other physical 

limitations, increases both the mass and distribution of roots in the soil 

profile and thus more nutrients are taken up by exploring a greater volume 

of soil. To obtain a steady supply of certain nutrients roots have to conti- 

nuously grow into fresh zones of soil. If there are nutrient deficiencies 
which limit root growth, the uptake of nutrients and water will be limited 
especially if there is severe water stress (Wiersum, 1969). Cornforth (1968) 

found that the gross volume of soil exploited by roots influenced the uptake 
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( from Wiersum ,1969) 

Fic, 3.1. The relative growth of roots of maize, sorghum and 

flax as influenced by soil moisture suction, 
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of nitrogen but the intensity of root growth (mass per unit volume) was 

more important for phosphate uptake. Brouwer (1966) explains growth 

and extension rates of roots under different environmental conditions. 
Barley (1970) also wrote a review on this subject. 

Nutrient uptake and moisture use are definitely related. Brown e¢ al. 

(1960) observed that cotton and soybeans increased their absorption of N, 

P, K and Ca linearly in response to increases in soil moisture levels from 

the wilting point to field capacity. Watanabe e¢ al. (1960) obtained similar 

results with maize (Fig. 3.2). There are possibilities for interactions between 

form of nutrient absorbed and soil moisture conditions as found by Spratt 

and Gasser (1970). They found that wheat, with adequate water, used 
nitrate-N best but when water was limited, wheat used ammonium-N 

just as effectively. 
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Fic. 3.2. Relative uptake of phosphorus by maize seedlings in relation to soil moisture 

tension for two soils, named ‘Apishapa’ and ‘Tucumcari’ - (after Watanabe et al., 

1960) (by courtesy of Elsevier Publishing Co.). 

Nutrient uptake and moisture withdrawal from. the soil profile are 
related to rooting depths (Rennie & Clayton, 1967). Most research on 
the relationships between yield, water supply and soil fertility involve 
fertilizer studies. Fertilizer use is discussed elsewhere. 
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EFFECTS OF PuysIcAL FAcTors AND Root ENVIRONMENT ON 

Root GrowrTs AND NuTRIENT UPTAKE 

Soil texture and structure: Pore size, distribution, soil strength, soil air, 

soil water and soil temperature are all affected by texture, which in turn 
affects soil structure. The amounts of clay and organic matter affect 

both soil structure and soil fertility. 
De Jong and Rennie (1967) reviewed root penetration as related to 

bulk density and pore size. Several studies showed that penetration was 

prohibited when the bulk density was over 1.9 g/cm? and in clay soils root 

growth was limited with densities of 1.6 to 1.7 g/cm’. Some studies showed 

that soil strength and pore size, rather than bulk density, controlled root 

penetration. Roots penetrated only the pores which were larger than 

the root diameter unless the roots were able to enlarge the diameter of the 
pores (Wiersum, 1957). Wheat roots have diameters in the order of 300 p. 

The ability of roots to penetrate dense layers of soil depends on the pressure 

roots can exert and the anchorage of the roots. Root pressure varies with 
species and root vigour. Barley and Greacen (1967) report work done by 

Pfeffer in Germany with beans (Vicia faba) and maize (Zea mays) which 

shows that the axial pressure (longitudinally) ranged from 11.2 to 70 bars 
and the transverse pressure (radially) ranged from 4.3 to 6.1 bars. Maize 

exerted more root pressure than beans. Pressure exerted by roots will 

depend on growth activity which is dependent on oxygen concentrations 

in the soil, water supply, available nutrients, temperatures and other growth 

factors. Deep tillage can often improve root penetration by loosening hard 

pans and increasing water infiltration (De Roo, 1961). 
The effect of root hairs, root exudate, microbial stimulation and _ root 

environment on nutrient uptake: Root hairs have been shown to greatly 

increase the surface area of roots (Dittmer, 1937) and therefore they are 
generally believed to aid ion uptake by roots, especially the immobile ions 

such as phosphate and potassium. Drew and Nye (1970), using diffusion 

equations, showed that root hairs could beneficially affect the absorption 

efficiency of roots. Lewis and Quirk (1967) published autoradiographs 

which showed that the zone of phosphorus depletion corresponded to the 

zone of root hair development. However, the autoradiograph method 

cannot explain the reasons for phosphorus depletion. It may have been 

due to enhanced phosphorus diffusion in the root hair zone due to the 

presence of root exudates or rhizosphere microorganisms. Bole (1973), 
using wheat cultivars with and without root hairs, found that root hairs had 

no significant effect on the uptake of soil phosphorus. He found that rape 

(Brassica napus L.) and flax (Linum usitatissimum L.), which have roots virtually 

devoid of root hairs, took up from two to six times as much phosphorus per 

unit length as the wheat roots with root hairs. Strong and Soper (1973) 



186 E. A. HURD & E, D. SPRATT 

found that rape and buckwheat roots proliferated in the zone of fertilizer 
application and consequently took up more fertilizer phosphorus than wheat 

or flax. Thus, efficiency of plant roots varies amongst species independent 

of root hairs. 

Some of the processes in the root environment have been reviewed 
by Nye (1968) and Wilkinson (1972). Root exudates and microbial stimula- 

tion may change the pH near the soil root and may create a wide range 
of organic compounds. At least 10 sugars have been identified, with glucose 

and fructose being the most abundant. Alanine, glutamic acid and aspartic 

acid are the most common amino acids among the 23 which have been iso- 

lated from 15 plant species (Wilkinson, 1972). Organic acids, vitamins and 

enzymes have been identified in root exudates. Their effect on nutrient 

uptake should be studied but are expected to be complex. 

In respiration roots use oxygen and release carbon dioxide. In an 

isolated system of HJO-CO,-H,CO; with a partial pressure of 0.2% COz, the 

pH would approach 5.3. Also, if plants take up more cations than anions 

and it is assumed that Ht ions are excreted to maintain electrical neutrality 
at the root surface, the pH would also be lowered. In these two cases 

the lowered pH at the root surface should make nutrient elements more 

available. However, Cunningham (1964) found that most plants released 

HCQs, since they took up more anions (like NOg) than cations, thus raising 

the pH of the root surface. In a well-buffered soil (with clay and organic 

matter) the changes in pH would not greatly affect the local concentration 

of phosphate or micronutrients. _ . 
Researchers have assembled much’ knowledge about the way most 

cations and anions move through the soil in a root zone. Models can be 

made (Nye, 1968). However, the influence of various processes in the root 

environment on these models still need to be studied; for example, look at 

the influence of root hairs, hydrogen and bicarbonate ion concentrations, 

bacterial competition, organic exudates including root growth hormones, 

and other biochemical compounds. Parr (1967) has reviewed the effects 
of some of these compounds on nitrogen metabolism. 

Root Patterns and Drought Resistance 

PuystloLoGy AND FuncTION oF Root SysTEMs 

Roots of only a very few plants of themselves have economic value 
and cereals, oilseeds or grasses are not among them. Because a great 

preponderance of the acreage of these crops is grown in semiarid areas of 
the world and under rain-fed conditions, roots which are so necessary in the 

uptake of water, are very important for efficient production. “Most root 

researchers have stated that there is gross ignorance of the root patterns 
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of crops and their relationship to production and environment. In recent 

years a substantial number of scientists have undertaken root research and 

numerous specific studies have been reported, but these studies are unrelated 
and often of little value to the plant breeder or agronomist. Troughton 
(1962) summarized the state of knowledge of roots of cereal crops. He 

referred to his work as a “review of various scattered pieces of information’”’, 

not as a “resume of the work and life of cereal roots.’’ He said that 

knowledge of the latter would be invaluable to the farmer and agricultural 

scientist, but it was not available. 

Percival (1921) described roots of the wheat plant as having primary, 

seminal and nodal roots according to the place of origin on the seedling. 

The number varies with genetic and environmental control. Most re- 

searchers refer to only two kinds of roots on a wheat plant; seminal and 
crown (nodal or adventitious) (MacKey, 1973). Seminal roots are usually 

about five in number and are seldom more than eight (Weaver, 1926). 

Under dry surface conditions crown roots may not form and the plant is 

limited to seminal roots only (Cravzov, 1928; Engledow & Wardlaw, 1923). 

This has been observed by the authors in western Canada. Crown roots 

develop from the nodes, and under favourable growing conditions, can reach 
a large number. Crown roots anchor the plant by running out laterally 

and then going down, while seminal roots tend to go down and often pene- 

trate deeper than crown roots. Pavlychenko (1937) and Pavlychenko and 

Harrington (1934, 1935) found. that seminal roots were relatively more 

important than crown roots in thick stands, especially under water stress. 
Engledow and Wardlaw (1923) found that seminal roots were important 

in England with little water stress. They showed consistent differences 

in pattern of seminal and crown roots between two barley cultivars. De Roo 

(1969) stated that even under irrigation, plants that did not have a large 

branching root system are often subject to moisture stress and less than 

optimum growth. He said that root growth is genetically determined but 

the pattern is easily changed by chemical, or physical influences and by com- 

petition. Chinoy (1962) concluded that apparent differences in resistance 

to drought of cultivars are due to differences in environmental stage of 

growth condition and not due to genetic differences. Hoshikawa (1969) 

studied underground organs of seedlings in 219 species and 88 genera of 

Gramineae and classified them according to the morphology of their under- 

ground parts. Singh (1922) studied root systems of wheat in different soils 
and at different water levels. 

Rawitscher (1937) and Pittman (1964) have found that magnetotropism 
caused roots to orient in-a north-south direction. Dittmer (1937, 1949) 

and Dittmer and Reinhart (1948) studied root hairs and found that there 

is great variability, apparently controlled by environment and genetics. 

Knowledge of their relationship to water uptake and growth is vague. Root 
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hairs act to increase root surface and so are thought to facilitate water 
uptake under stress. 

Troughton (1962) reviewed the studies on the anatomy of different 

roots, root exudates and mineral nutrition. MacKey (1973), in bringing 
together some information on the wheat root referred to the importance 
of a balance between the amount of root that was needed and an excess 
that might use photosynthate which should go to fill the head. Consider- 

able evidence is available showing that roots of cereals slow down or stop 

growing at inflorescence, especially under stress (Hurd, 1968). An 

excessive root, to the point of being a liability to the plant, seems unlikely. 

Hurd (1968) found that some growth of roots occurred after initial in- 

florescence in favourable growing conditions and in cultivars with late 

tillers not yet headed. He found that roots of these cultivars stopped 
growing at inflorescence under drought stress. 

The classic work of Pavlychenko (1937) involved the tedious washing 

of the roots of weeds and crops from the soil where they were growing in 

competition with weeds. He recovered them intact and showed the original 

distribution pattern. While the work was time-consuming, no one has been 

able to duplicate his work in accuracy or detail by any simpler method. 

Pavlychenko estimated that one wheat plant had three million first and 

second order branches as well as unestimated third and fourth order 

branches. The length of a root of a Marquis (Triticum aestivum) wheat 
plant grown in a solid stand with 15 cm drill widths was near 900 m com- 
pared to about 72,000 m for a spaced plant. 

Eavis (1972) studied mechanical impedance, aeration and. moisture 

availability as influenced by bulk density and moisture levels in sandy 
loam soils. As impedance increases, pea roots were shorter and thicker 

except when aeration was poor. Restricted water availability of over 

—3.5 bars caused roots to be shorter and thinner. Denser soils had less 
air and a deficit of air acted in combination with density to retard growth. 

Warnaar and Eavis (1972) found that soil physical conditions affected 

seedling root growth. Mechanical impedance, aeration and moisture 

availability were influenced by the grain-size distribution and moisture 

content in silica sands. Coarser sand caused greater root impedance and 
this mechanical resistance increased with reduced aeration. Livingston 
(1906) stated that in water and in dry soil, roots were thinner and longer 

with fewer branches and fewer root hairs. He found more extensive branch- 

ing and in general, more vigorous growth of roots occurring in soil with 

manure added than in poor or dry soil. Pinthus (1969) found that roots 

developed from each tiller as well as from the main shoot and that the highest 
rate of root formation occurred between spike initiation and heading. 
Thus, the length of this period affects root production. Root production. 

of the main shoot and of the first one or two tillers terminated at heading 
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time. Under favourable environmental conditions early varieties were 

able to produce additional roots after heading due to renewed growth of 

late tillers:or the initiation of new tillers. Pinthus also found that durum 

wheat (7. durum L.) has greater capacity to produce roots on its main 

tillers than common wheat (T. aestivum L.). 

Fujii (1959) found a correlation between growth of primary roots 
and development of leaves at successive nodes on the main stem. He 

found that secondary roots began to branch regularly from base to tip 

with elongation of primary roots. If the top growth was reduced for some 
reason a similar reduction occurred in root growth. 

Cravzov (1928) used spiked boxes to keep roots in place during washing. 

He found that the primary root system of spring wheat remained fully 

operational until the plant was mature. Roots penetrated to 100 cm. 

In instances of dry soil on the surface the primary root carried the plant 

to maturity because the secondary root system could not become established. 

He reported that the secondary root system branched in the upper layers 

(30-35 cm) and could take advantage of summer rains. He concluded that 

selection for superior root system must be given priority in varieties for 

dry areas. Lundegardh (1942) developed a theory that growth of roots 

is regulated by the ion equilibrium and the electrical charge of the surface 

of the root. He based his theory on the thesis that the growth promoting 

quality of the auxin is linked with its ionic activity in the cellulose 

membrane. Soil temperature affects root and total plant growth (Nielsen 

& Humphries, 1966). 

Aufhammer et al. (1959) showed that an adequate root space was the 
most important requisite in drought resistance tests for cereals. Pot 

experiments gave the same results as obtained in the field if the pots 
were not too small. The cultivarial order was the same for long-term 

drought as for short periodic dryness. The most reliable criterion of 
drought resistance of a cereal is its average grain yield under drought 

in relation to normal yield capacity. Two types of resistance were 

differentiated: (a) production of a large number of grains though shrivelled, 

and (b) production of fewer, but well-developed grains. No useful relation- 

ship was found between shoot or root growth in young plants. They 

concluded that in testing drought tolerance, there was no substitute for 

yield tests under drought conditions. Belyakov (1968) studied the growth 

and development of primary roots of ten wheat and five barley cultivars. 

Davilchuk et al. (1971) studied root development of winter wheat cultivars 

which belong to different ecological groups and differed in productivity 

and drought resistance. These Russian workers associate root characters 

with ability to produce grain and discuss application of the data to breeding. 

Mack (1973) found that under all moisture and temperature conditions, 

Pitic 62 gave a much heavier root weight and a more fibrous root system 
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than either Manitou or QK3-13 (all T. aestivum L.). He found that high 
temperature depressed the yield of the Mexican cultivars, Pitic 62 and QK3- 
13, more than of Manitou. Manitou tended to have more tolerance for the 

wide range of temperature. The relationship of root pattern and drought 

tolerance of Manitou (Thatcher backcross) and Pitic 62 will be discussed 

later. 
Pinthus and Eshell (1962) studied roots of two durums and two bread 

wheats and found large differences between cultivars in total length of 

seminal roots from the seventh to the thirty-fifth day. Adventitious roots 

started to grow in the second week and even after five weeks showed no 

significant differences between cultivars. They found differences in 

adventitious roots at maturity and while there was an association with 
number of tillers they concluded that there was no additional cultivarial 
differences. They observed marked differences in the pattern of roots in 

the surface 25 cm, which was the only layer studied. Spacing altered 

tillering and thus altered adventitious root patterns, but may not have 

altered the root/shoot or root/head ratio. 

Several researchers (Slucker & Frey, 1960; Katyal & Subbiah, 1971; 

Pinthus & Eshell, 1962) have studied the root in surface layers and up to 

about 60 cm. In studying root systems under drought the most important 

zone seems to be below 60 cm (Weaver, 1926; Russell, 1957; Hurd, 1973). 

The majority of roots are in the surface to 60 cm layer, but in semiarid 
climates often all moisture is used up by the grain filling time and it is 

the root in the lower layers that keeps the plant alive and facilitates filling 

of the head. Troughton and Whittington (1969) state that drought 
resistance appears related to root distribution so that maximum quantity 

occurs in the wettest soil. : 
Russell (1959) stated that perennial crops develop a well-branched 

root system that permeates the soil to depths characteristic of the plant. 

Below that level, root density is less. Roots of some plants grow and 

branch rapidly and explore more moist soil as the surface becomes dry, so 
that they do not suffer. Others send only widely dispersed roots into lower 

layers and leave areas of moist soil between roots. When this happens, 

moisture determinations from core samples can be misleading and quite 
variable. Gliemeroth (1952) also found that under long drought periods 

moisture depletion was not uniform. 

Goedewaagen and Schuurman (1956) stated that the percentage of 
roots of grasses in the deeper layers was considerably less-than that of cereals, 

but grasses usually have a much more dense root system in the surface 20 

cm. Schuurman (1959) could not detect any water uptake from below 
50 cm, though there were roots in that soil zone. As long as the water 

supply is plentiful nearer to the surface, roots do not seem to take moisture 

from farther down. 
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Troughton and Whittington (1969) discussed genetic variation in root 

systems. They were pessimistic about the value of such knowledge to 

the plant breeder. They referred to a Ph.D. thesis report of Monyo in 

which chromosome substantiation was used in the study. Both root and 

shoot systems, when measured at ear emergence, were controlled by additive 

genetic systems with little dominance, but with more dominance in the 

shoot than in the root system. Monyo found segregation for shoot/root 

ratio in wheat crosses. When water was restricted and drying out occurred 

from the surface layer down, lines with more roots at lower depths yielded 

less grain than those with less root. Those with less root had less top growth 

and probably used the water more efficiently. 
Lehane and Staple (1962) found that grain yields were not much 

influenced by moisture stored above 30 cm but moisture stored below 30 cm 

had a marked effect on yield. They concluded from their research that 

under drought, plants growing on clay soils were most efficient in early 

stages of growth. Plants were smaller and used less water, thus leaving 

it available for filling grain in the head. ‘Troughton and Whittington 

(1969) emphasize the necessity of knowing the relationship between root 

patterns and crop yield. Doss et al. (1960) found that depth of rooting 

decreased as soil moisture increased. In surface layers the driest moisture 

regime had the most roots. At 90 cm the middle moisture level gave the 
greatest root but below that level to 130 cm the most moist soil had the 

greatest root growth. Miller (1916) found that sorghum had twice the 

amount of root to that of corn and half the leaf area. Cultivars of both 

corn and sorghum reached a depth of six feet. Kmoch et al. (1957) reported 
winter wheat penetrating to 400 cm (13 feet) but more commonly roots 

reach 120 to 240 cm (Weaver, 1926; Pavlychenko, 1937). 
Water cultures were used by Hackett in barley research (Hackett, 1968, 

1969a, 1969b, 1971; Hackett & Bartlett, 1970). In Hackett’s paper (1968) 

and the discussion that followed, reference was made to differential response 

in water and soil media, i.e., different pattern in branching. Hackett 
thought that water culture as a method was of use but cautioned extra- 

polation to field response. 
Bowen and Ravira (1969) and Neal e¢é al. (1970) showed effects of 

rhizosphere microflora on root growth. Bowen and Ravira (1969) empha- 
size that ‘‘any consideration of growth and activity of roots must take 

into account that it is the normal state of the roots to be colonized by bacteria 

and fungi’. Root studies in water culture have advantages, but discoveries 

thus made must be confirmed in field studies to be useful. Katznelson et al. 
(1956, 1962) and Chan eét al. (1963) studied root exudates and showed 

that they influence soil mycorrhiza. Griveva (1964) studied alcohol 

formation and excretion by plant roots under anaerobic conditions and found 

that even as short a time as a six-hour term of anaerobic conditions adversely. 
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affected plant activity. Anaerobiosis disrupts biochemical transformations 

and fosters accumulation of excretion of toxic products. 

Worzella (1932) found that in non-hardy varieties, many of the seminal 

roots developed almost horizontally in the early stages of growth, then 

turned downward, while other roots run obliquely outward. In general, 

in hardy cultivars studied, most of the seminal roots run obliquely or 

downward. Non-hardy cultivars showed a greater top growth in the fall and 

early winter than hardy ones. Oppenheimer (1960) says that it is a well- 

established fact that under dry conditions plants develop high root/shoot 

ratios. He calls this an evolutionary adaptation. In the Great Plains 

the top/root ratio of resistant grasses ranges from 1:3.5 to 1:6 compared 

with 1:3 in less resistant grasses. Troughton (1955, 1956, 1958, 1960a, 

1960b, 196la, 1961b, 1961c, 1963a, 1963b) studied root/shoot relations in 

grass swards, but drought was not a serious factor. His ratios were about 

12503 

Derera et al. (1969) studied the root pattern and drought tolerance 

of 15 cultivars. They concluded that the extent of root during jointing 

and flowering was the major determining factor in drought tolerance. In 

experiments by Derera et al. (1969) the diameter of the tubes appear from 
the diagram to be narrow, thus restricting spread of roots. The 

amount of soil and water available per plant is small and so all cultivars 
probably used all of the water regardless of root pattern. Roots were 

probably much denser than in normal) field conditions because of the 

restrictions in space. The earlier smaller plants were more efficient in their 
use of water than later ones which had not started to produce seed when the 

water ran out. In the driest areas of western Canada there is almost 
always unused water in the lower parts of the potential root zone (Hurd, 

1973). A later maturing plant with a deeper penetrating or more dense 

root system in lower layers of soil, where water remains, could demonstrate 

good tolerance (e.g., Pelissier durum), but would do poorly in tubes (Derera 
et al., 1969) while 40 to 90% of the variation in their experiments appeared 

to be due to earliness, the true drought tolerance of the 15 cultivars tested 

is likely quite different and earliness only one of many factors to be evaluated. 

Deep rooting is an advantage in crop plants if supply of water becomes 
limiting (Wiersum, 1967c; Gliemeroth, 1952; Hurd, 1973). Roots at all 

depths can take up nutrients. De Roo and Wiersum (1963) reported on 
their ability to train roots in plastic tubes to grow deeper than normal. 

Nye (1968) said that roots are cylinders with a concentration of soil solutions 

around them, but we are “extraordinarily ignorant” about the effect of 
variation in root soil relations, age of root, size of root or demands of the 

top of the plant. 

Hunter and Kelly (1964) set up experiments to check the ability of 
roots to grow in dry soil and take up nutrients. They found that corn roots 
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did penetrate dry soil below permanent wilting point, and increased 
the moisture content of the dry soil, but no nutrients were absorbed in 
dry soil. Slatyer (1960) states that root growth ceases at a water potential 

value slightly higher than that necessary to cause permanent wilting. This 

is to be expected because of the effect of wilting on photosynthesis. Goede- 

waagen (1955) found that drying out of the soil of upper layers increased 

growth of roots and uptake of water from below the dry soil layer. Salim 
et al. (1965), and Salim and Todd (1968) found that the extent of root growth 

correlated with soil moisture. The more drought-hardy cultivars and species 

had longer seminal roots and usually more of them. They said that little or 

no root growth took place at or below the permanent wilting point, but leaf 
growth continues especially in susceptible cultivars. Teare et al. (1973) 

studied water use efficiency in relation to several plant characters including 

root distribution. ‘Taylor (1973) studied growth and absorption with parts 

of roots at different water potentials. Salim et al. (1969) evaluated techniques 

for measuring drought avoidance in cereal seedlings. Slucker and Frey 

(1960) studied root weights of oat varieties to a depth of 24 inches. Some 

varieties had a higher percentage of their roots in the top four inches than 

others, but the mean dry weight was not significantly different at the root 

stage. No change in total root weight occurred by harvest time. 

Street (1969) outlined factors influencing meristem activity in roots 
and reported that there is an autonomy of the root system in controlling the 

distribution pattern of growth regulators and metabolic substrates. The 

root depends on the plant for metabolic materials used in growth, but appears 
to control whatever root auxins, cytokinins, and gibberellins that are present 

inroots. Williams (1960) studied growth of wheat in early stages of germina- 

tion and found that the root primordium grows faster than leaf primordium 

up to five days, but then a rapid increase in leaf growth rate is paralleled 
by a decline in root growth rate. Hackett and Stewart (1969) developed 
a method of studying primordia in axes of roots without sectioning. Lukeena 
and Slooshnaya (1971) studied the physiological characters of winter wheat 

with different strengths of root systems. They found that stronger root 

systems were associated with greater water content at heading stage than 
ordinary root systems. They also found that the RNA content was higher 
and the protoplasm permeability was slightly lower in strong rooted plants 
over ordinary ones. Kirichenko and Oorazaleiv (1970) studied the degree 

of inheritance of strength in root system and the plant mass in interspecific 

hybrids of wheat. The dry matter weight and maximum length of the tops 

and of the roots were greater in spring X durum hybrids than in either parent 

in F,, F, and F; generations. However, the average F, showed a marked 

increase over parents and over the F, average and the F; was even slightly 

less than F,. This showed the extent of hybrid vigour in such crosses. T. 

aestivum had a stronger root system than T. durum as well as more top growth. 
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MetTuHops oF STUDYING Roots 

Weaver (1926) studied roots in situ by digging a trench along side of 

the plant and then, by removing soil with a sharp knife, he was able to 

recover the root. Williams and Baker (1957) reported on their technique 

in trench method study which they used in herbage root investigation. 

Many have used modifications such as boring holes through the root zone 

and observing the appearance of the root and its rate of penetration. 
Weaver’s method was further modified to the use of water to wash away the 

soil on site. Miller (1916) put a wire mesh cage around the soil block 

and attached wires through the block so that the roots remained in place 

when the soil had been washed away. Pinthus and Eshell (1962) used a 
board with spikes in it which they pushed into the side of the trench. As 

the soil was removed from other sides, to leave a block of soil and roots, 

other boards were nailed to the spike board to make a box for transport. 
Long (1959) used trenches and heavy steel boxes which were forced into the 

side of the trench. The steel boxes each with a portion of the soil profile 
were taken to a washing site. This technique was suitable for fertilizer- 

response studies as he concluded that the application of phosphate fertilizer 

increased top growth, root and grain yield in wheat. Goedewaagen (1955) 

used a method of preserving soil profiles in a monolith. The monolith 

method can provide all of the information researchers might desire. Its 
only drawback is the time and work involved. 

Many researchers have used soil cores as a practical substitute for 
washing soil-root monoliths (Bloodworth, 1958; Fehrenbacker & Alexander, 

1955; Kelley et al., 1947). A steel shaft is thrust into the soil and the soil- 

root cores that are recovered are washed and the roots recovered by layers. 
Williams and Baker (1957) reported that the Grassland Research Institute 

split the tube to allow for easy removal of the core. Wooden and iron ham- 

mers used to drive the tube-into the soil have been replaced by hydraulic 

presses. Perhaps the quickest washing method of such cores is to place 
a section of the core in a 60-mesh sieve and wash with a strong jet of 
water (Williams & Baker, 1957). Soaking in a solution of sodium pyro- 

phosphate helps to break down the soil particles and leaves the roots 

suspended in the water. Williams and Baker found that the strong 
jet of water did not damage the root or cause appreciable losses of even 

root hairs. Fehrenbacker and Alexander (1955) described a method 

for studying root distribution using a  soil-core machine and shaker- 
type washer. 

In heavy clay soils separation of roots. from soil particles is slow, so the 

Grassland Research Institute built a root washing machine. «It has four 

30-cm diameter funnels with a 60-mesh screen in each. Perforated brass 

cylinders, 15 cm in diameter, are put into the funnels and samples are placed 
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in them. The whole apparatus is agitated continuously. The coarse 
mesh cylinder prevents the screen from getting clogged with larger particles 

of soil and stones or organic matter. Using this’ machine, 40 to 80, 30-cm 
long cores can be washed per day with two men. 

Weaver and Darland (1949) modified the method to study roots in 

solid stands of the crop in the field. Weaver and Voigt (1950) studied 
the effect of soil type on root pattern using monoliths (6 cm widex8 to 

15 cm deepX7 cm thick) taken to the laboratory and washed to recover 

roots from each 15-cm layer. They found that clays which tend to compact, 

retarded penetration and branching, but roots that did penetrate such a layer 
grow more vigorously at lower depths if they encountered a loose moist 

soil. 

Newman (1966) developed a method of estimating the total length of 

root in a sample. Measurement of root length is tedious because of the 

great length involved (Marquis wheat—about 300 m) (Pavlychenko, 1937), 

but length is considered more closely associated with surface than root 

weight. Newman’s technique called “line intersection method”’ places the 

recovered roots on a grid and counts the number of intersections with cross 

wires. This method was compared to actual measurement and shown to 
be a reliable estimate of actual length. Carly and Watson (1966) used a 
gravimetric method of estimating root surface area and Purkas et al. (1964) 

described a method of measuring volume of roots. 
Upchurch (1951) developed ‘the soil-elution method and found that it 

compared well with the trench-wash method. In the soil-elution method 

6-inch layers of soil placed in cotton bags by shovel were later transferred 
to drums with a mesh covered opening. Water was forced into the drum 

and the soil was floated out leaving the roots behind. This method takes 

more water and individual plant characters may be lost, but water does not 

have to be taken to the field and the soil-elutior method is faster. 
Read e¢ al. (1962) developed a self-irrigating device for green-house 

pots which within limits could control the moisture level depending on the 
elevation of a water supply connected by a continuous column of water to a 

filter cylinder in the soil. Hurd (1968) uses a similar device to control water 
in glass-faced root boxes. 

In the late 1950s, researchers began to use glass-faced root boxes 
of various dimensions to study the progressive growth of roots, the effect 

of herbicides and the relationship of roots to soil cracking (Lavin, 1961; 

Muzik & Whitworth, 1962; Minshall, 1957; Hurd, 1964; Ozanne et al., 

1965; Pearson e¢ al., 1970). The method used by the senior author has been 

described (Hurd, 1964, 1968, 1973). Root growth boxes (Figs. 3.3 & 
3.4) were used to study individual plants in the absence of competition. 

The boxes were filled with a reconstituted profile. This is thought to be 
important because in a comparison made between reconstituted profile 



196 E. A. HURD & E. D. SPRATT 

Fic. 3.3. Root boxes with a sloping glass face covered with a slide: watering is 

by continuous column of water connected to a porous filter candle installed in the 

soil. A 75 cm rise in water level from source to candle keeps moisture levels at 

just below field capacity and a mercury column on the lower candles is adjusted 

to maintain the same moisture tension. “Dry boxes’ are watered to this same 

moisture tension at planting time and then disconnected from the source so that 

no more water is added until maturity. 

and topsoil at all levels, there was a considerable difference in root pattern 
(Hurd, 1964). In these boxes there is no impediment to the development 

of the plants’ full potential root pattern except drought, which is the factor 
under study. Edwards et al. (1964) reported that root densities which limit 

root entrance to the soil layer, 1.80 g per cm’, was within ten per cent of 

that found in reconstituted or disturbed soil. Three or four-day old 
seedlings are transplanted into the boxes so that each box has a plant at 

the same stage. The root pattern is traced weekly on a transparent foil 

covering the glass. A different coloured pencil is used each week so as 

to allow for measuring growth at. each level at each stage. Figure 3.6 

shows tracing of the roots showing on the glass in “wet”? and “dry” boxes 
at maturity. “Wet” boxes are maintained at just below field capacity 

throughout the life of the plant by use of porous filter candles connected to a 

source of water by a continuous column of water (Fig. 3.4). ‘““Dry’’ boxes 
are wet in the same manner as wet ones at time of planting, but the filter 

candles are cut off from the water supply at seeding time, and no water is 
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CLEAR 
PLASTIC 
TUBING 

Fic. 3.4. Diagram of boxes illustrated in Fig. 3.3 showing details 
of construction and operation. 

\ 

Fic. 3.5, Soil is washed away and roots recovered layer by layer. Roots that 
break off during washing float on the water and are caught in fine screens, 
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PITIC 24 THATCHER WHITE GRAIN 
DEPTH(cm) WET DRY 

8 

20 
30 

60 

90 

120 

POTAM 

WET ORY 
¢ a Sy ath 

rigs aS? > v cos LeTY 
3 sree eas ao ‘ 

&:. Seine 

DEPTH (cm) 0 

8 
20- 
30 

60 

90 

120 

Fic. 3.6. Photograph of tracings of roots visible on the glass facing at maturity 

showing differences in response to two levels of moisture. 

added. This is not an abnormal condition during the life of roots of cereals 
grown in western Canada. On the semiarid prairies moisture is usually 

fairly plentiful in the spring from summer fallow storage and the melting 

of snow in spring. Stored moisture is augmented in June when the growth 

rate and water use are high by three or four inches of rain. Heading takes 

place and root growth usually stops early in July coincidental with the dry- 

ing out of the soil especially in the surface 60 cm. 

At maturity roots are recovered from the boxes (Fig. 3.5) by washing 

out each layer and weighing the roots. Fig. 3.7 illustrates graphically the 

weight of roots recovered from the boxes. The same cultivars are grown in 

the field and soil coring is used to give a similar graphic picture of roots 

in solid stands in the field (Fig. 3.8). Cores are taken between rows 

in the field so that the crown is not included as it is in the root boxes. 
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WEIGHT OF ROOTS PER PLANT 

PITIC THATCHER 
OEPTH(cm) WET ORY WET ORY 

7.95 gms. 5.73gms. 5.80gms, 499qms. 

WHITE GRAIN INIA 66 

ot WET ORY WET ORY 

26 
30 

60 

-90 

120 
7:08 gms. 3.57gms. 4.41gms. 3.89 gms 

YECORA POTAM 

one (cm) WET ORY WET ORY 

120: 
3.50gms. 2.l4gms 3.00gms. 2.18gms. 

Fic. 3.7. Weight of roots of cultivars shown in Fig. 3.6, 
illustrated by width of the bar at each depth. 

Other than having less weight of root recovered from the field in the surface 

layer, similar patterns have been obtained. Root boxes give much more 

information on rate of penetration, time of branching and other specifics 
of root pattern (Fig. 3.9). 

One substantial improvement in this method of study would be the 
installation of such boxes in a rootatron where the root would be growing 
in a basement room where cool temperatures could be maintained. The 

above-ground parts would be in the room above (green-house or growth 
cabinet) where high temperatures, wind and a dry atmosphere, similar to 

field conditions, could be maintained. In the above system temperatures 
are kept at 15-2 °C. 

In addition, the boxes should be five or six feet deep as some cultivars 
do penetrate to such depths and moisture is available but not being used 
by presently grown cultivars. Ellern (1968) designed a reusable container 

for the study of roots which combines convenience of use with flexibility. 

He uses irrigation clay pipes cut longitudinally and clamped together for 

use and opened for washing. The height and diameter can be chosen to 
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WEIGHT OF. ROOTS FROM CORE SAMPLES 

OEPTH (cm) THATCHER CYPRESS PITIC 62 WHITE GRAIN 
* : 

15 
30 

60 

90 

i20 

.38 gms. .34 gms. .56 gms .49 gms. 

DEPTH(cm) PELISSIER D.T. 317 LAKOTA HERCULES 

18 | 
30 

60 

90 

120 

.63gms. -45gms. .36gms. .37 gms. 

Fic. 3.8. Weight of roots recovered from cores taken in the field of some of the 

cultivars shown in Figs. 3.6 & 3.9. Cores are 6.5 cm in diameter taken at the mid- 

point between 22.5 cm spaced rows. This positioning of cores avoids the crown, 

and the multiplicity of roots near the crown, and thus gives a smaller amount of 

root in the surface layer related to the total single plant root recovered 

from boxes as shown in Fig. 3.7. : 

THATCHER 

loam 

1.2m 

Fig: 3.9, Photograph of tracings of roots visible on the glass facing at maturity © 

i showing differences in response to two levels of moisture. 
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suit the crop, The container sits in an attached saucer base. Handles 
allow for carrying and weighing in moisture controlled studies (Fig. 3.10). 

4.5 cm space 
for watering 

3.cm wide iron 
hoop —— 

eye welded on-— 

20.3 cm (8-inch) 
diameter asbestos 
cement pipe — 
sawed in half; 
joint rendered 
watertight (foam 
rubber ) Inset showing use of handles - 

50 cm-depth 
of soil Wire to hold 

_ saucer in place 

5.5m depth 
of grovel 

4 small blocks of | 
$6—wood to support pipe 

28.5 cm diameter 
saucer to catch 
excess water 

"Fic. 3.10. A flexible type of container for studying roots of plants used 

by S. J. Ellern (by the courtesy of Israel J. agric. Res.). 

Rogers (1969) described the East Malling Root Observation Labo- 
ratories’ underground root facilities. Detailed studies of root environment 

interaction were possible. The method overcomes the soil temperature 
question associated with green-house root boxes. Their facilities are much 

more elaborate than those available elsewhere, but there is no simple cheap 

way to study root patterns. 
Racz et al. (1964) developed an injection method of using **P in root 

studies. This was a modification of putting radioactive P in the soil at 

different levels and measuring the uptake to determine root presence in 

various parts of the soil. Racz et al. (1964) allowed five days for **P to 

equilibrate throughout the root system; then sampled. The soil-root 
cores were ashed and activity measured. ‘The results were compared to root 

washing data. When correlations were made for sampling, they said that 

they had close agreement, though soil-root core activity did not correlate 
closely with quantitative root measurements. They reported that P 

fertilization, soil type, soil moisture stress, and an increase in osmotic pres- 

sure in the soil solution are expected to influence root development. This 
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method is quick, but limited to non-quantitative studies, i.e., spread, depth 

and rate of growth. 
Katyal and Subbiah (1971) studied surface layers to 32 cm in nine 

cultivars using ®2P injection method. They made statements as to the 
relative drought resistance of cultivars based on small differences in root 
patterns. Performance data under even one environment were not produced. 

Vijayalakshmi (1971) used the injection technique and, by studying 

linear relationships of plant growth, activity and **P movement, was able 

to make quantitative measurements on wheat, mung and cowpeas. She 

pointed out that this method is not only easier, but may be more accurate 

than washing as it does not measure dead or decaying roots. Subbiah 
et al. (1968) stated that dead and decaying material can only be separated 

from active roots by the use of ?P or other injection-type procedure. Knievel 

(1973) suggested a method to identify live from dead roots. Perhaps a 
combination of injection and commonly used washing techniques will give as 

accurate a result as the tedious recovery and washing method used by 

Pavlychenko (1937). 
Kafkafi et al. (1965) found that *P uptake did not reflect water uptake. 

The amount of 3?P taken up by plants was much less proportionately than 

the water taken up from layers below 90 cm. The **P uptake reflected 

the P requirement of the plant which falls off very sharply even before 

roots have penetrated past 60 cm. They suggest 92P be misleading as a 

measure of root quantity or water uptake. 

Halstead and Rennie (1965) in using the **P injection technique, 

showed that the 9*P moved into new root growth much more quickly than 
in older roots. Soil moisture stress seemed to increase activity of roots. 

Russell and Ellis (1968) injected **Rb instead of **P and found it 
an improvement. The gamma radiation of rubidium has greater energy 

than the beta radiation of *2P. It is transferred more rapidly and can be 

detected well below the toxic level. 

Spinks et al. (1951) and Belcher et al. (1950) indepentlently reported 
on the use of neutron scattering to measure soil moisture. Stone ef al. 

(1954) made operational improvements. Pierpoint (1965) added a surface 

shield which increased accuracy near the surface especially in’ low moisture 

soils. Rennie and Clayton (1967), using a neutron probe, associated 
moisture withdrawal from the profile with root growth. 

In Sweden, root studies have been conducted in water culture (MacKey, 

1973) a method with many advantages but eventually results of such studies 

should not be compared with soil studies as was pointed out by Hackett 

(1969a) and Bowen and Ravira (1969). MacKey (1973) created stresses and 
studied their effect on the.root system in water cultures. Andrew (1966) 
compared root volume of plants growing in nutrient solution with root weight 

of plants growing in the field and obtained a .991 correlation. Neither 
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plant was under water stress. Asher et al. (1965) developed a mechanism 

for using nutrient cultures under a controlled root environment. 

A summary of what is known about roots of crop plants (mostly cereals) 
as gleaned from research: 

Ty An extensively branched, deeply penetrating root system is an ad- 

vantage to a plant especially in times of water shortage and also 

on irrigated land. 

When drought is severe the ramification of roots below 60 cm is 

important for survival and crop production. 

Root patterns are genetically controlled but are sensitive to the 

soil environment. 

Selection in segregating populations for plants with an advant- 

ageous root pattern (of one parent) can be successful if done 
in the field under conditions where that pattern is desired (i.e., 

selection for extensive, deep rooting pattern by growing yield trials 

under moisture stress and choosing highest yielders). 
Crown roots seem to dominate under conditions of adequate mois- 

ture but seminal roots are deeper penetrating and are more 

important to the plant when moisture is in short supply. Several 

researchers have observed plants with no crown roots because: of 
_dry surface layer. 

Most researchers agree that roots do not grow in dry soil. 

Roots of cereals usually penetrate the soil to a depth of 120 to 240 cm 

but under extreme drought they may not reach more than 60 cm. 

Roots of grasses are usually much denser in surface layers than 

those of cereals, but do not penetrate as deeply in the soil. 
Roots of cereals grow wellin moisture levels of half field capacity. 
Too much water causes anaerobic conditions to which roots are 

very sensitive. Most reports of increased root growth in less moist 

soil were of research conducted under mild drought and thus the 

“drier” condition may have been nearer optimum than the “wet”. 

CANADIAN CULTIVARS AND PARENTAL MATERIAL 

A greater understanding of root patterns of specific cultivars as affected 

by moisture stress and the application of that knowledge to agronomy 

and breeding, could make a substantial contribution to greater production 
under drought. Any method that could be used to obtain more complete 
occupancy of. the soil by roots, particularly in subsoil, would be of great 

value (Long, 1959). Others agree that deeper penetration and greater 

ramification would result in more effective water use (Hurd, 1964, 1968, 

1973; Russell, 1957; Weaver, 1926). 

Roots of Marquis wheat (T. aestivum L.) were studied in Nebraska 
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(Weaver, 1926) and in Saskatchewan (Pavlychenko, 1937; Simmonds & 

Sallans, 1933). Marquis roots spread 60 cm horizontally and reached 

depths of 120 to 150 cm. In very dry fields they penetrated only 65 to 

90 cm. Hurd (1964) studied three varieties and found three different 
patterns of root growth under stress. The cultivar Pelissier (T. durum L.) 

was found to have a very extensive root system but with a relatively small 

amount of that root in the surface 10 to 15-cm layer. As a consequence 

Pelissier was only slightly affected by loss of effective root as the soil dried 
out to four and later six inches from the surface. Pelissier in later experi- 

ments showed a proportionately greater amount of root in the 60 to 120-cm 

layer than other cultivars. Pelissier had more root in non-watered soil 

than in watered up to six weeks. ‘Thatcher (TJ. aestivum L.) grew faster in 

the first five weeks and penetrated the soil to the 120-cm layer (bottom of 

box) faster than the other two cultivars. Cypress (7. aestivum L.) branched 

more quickly behind the growing tip. ‘This research showed that differences 

in cultivars as to root pattern are considerable and when breeding for drought 
resistance, roots should not be ignored as they usually have been in the 

past. The extensive rooting system of Pelissier has been transferred to 

cultivars now grown in Canada (Hurd et al. 1972a, 1972b, 1973). This will 
be discussed. later. 

In another study of seven cultivars, Hurd (1968) found that the roots of 

Thatcher wheat penetrated more quickly in drying than in wet soil and more 

quickly than the six other cultivars. When soil dried out in surface layers 

roots of Thatcher increased in moist layers immediately below those drying 

out. Other cultivars did not show this response. Cultivars Nainari 60, 

Lemhi 53, and especially Koga II produced more root at high levels of 

moisture than Thatcher but suffered more under moisture stress. Thatcher 

appeared to escape drought by its rapid growth in the first seven weeks of 

growth. ‘This has been confirmed by Kaul (1973) who claims that Thatcher 

stores photosynthate in roots and stems which it uses to fill the grain 

when severe drought greatly reduces or stops growth. Steadily declining 

water potentials are a common occurrence as crops go into the filling period 

in the Canadian prairies (Kaul, 1969; Kaul & Crowle, 1971). For the past 

35 years Thatcher and its backcross derivatives have occupied 60 to 90% 
’ of the spring wheat acreage of western Canada. Its rapid spring growth 

provides these cultivars with a drought escaping mechanism, 

Hurd (1973) discusses Kaul’s classification of Canadian grown cultivars 

into three groups according to their ability to survive severe moisture stress. 

-One class has a high assimilation rate in initial stages of growth but plant 

growth rapidly declines as stress builds up to —24 atm or higher (e.g., 
Thatcher). The second type is slower growing initially but continues 

to grow at a relatively high rate under drought stress (e.g., Pitic 62) and 

-the third classification has cultivars that are slow growing in initial stages 
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but do not have the drought tolerance of Pitic (e.g., Selkirk). The stomata 

of class two may be more sensitive to stress by closing more quickly than 

other cultivars tested. Such a cultivar would suffer less desiccation than 
others and may open its stomata and commence growth more quickly when 

the temperature and wind are reduced. This theory suggests that they do 

not reach so low a water potential as other wheats which may take all night 

to regain water balance. Some may not reach this level of water potential 

for several days during a drought period while others like Pitic may grow 
a little every afternoon or morning. 

Kaul and Crowle (1971, 1974) failed to measure differences in water 

potential in cultivars under stress and concluded that there were other 

parameters of greater significance. ‘They showed that there were differences 

between cultivars in their decline in photosynthetic potential under moisture 

stress. ‘They showed that cultivars differ in photosynthetic desiccation 

tolerance. Stomatal impairment differences occurred but there is no known 

way to measure its effect on yield. ‘They also suspect that light interception, 

both early and late, in the growth cycle may play a part in productivity 

under drought. When water is not limiting, weight production is the pro- 

duct of light interception and net photosynthetic rate. On the Canadian 

prairies where water is the overriding limiting factor it is only in the early 

stage of growth when light interception is important (Kaul & Growle, 1974). 

The environment interacts with plant type to produce the crop. What 

has been learnt about the root system of Pitic, Thatcher and other cultivars 

is useful in interpreting the apparent relationship of other characters with 

ability to produce with limited moisture supply. 

SEMIDWARFS 

Roots of five Norin 10 semidwarfs were studied in root boxes and a 

preliminary report published (Hurd, 1973). Suggestions have been made 

that semidwarfs have less root than normal height cultivars, and that this 

accounts for the disappointing results in temperate rain-fed conditions 
(Briggle & Vogel, 1968). Pitic 62, a cultivar with a high yield potential, 

seems to be the exception as it yields well on the Canadian prairies in the 

driest years. In root studies in 1968-69, White grain and Penjamo, as well 
as Thatcher had more root than Pitic in watered boxes. Sonora 64 was 

about equal. In non-watered boxes Pitic had more root than all other culti- 

vars tested. 

In more extensive studies in 1972-73 (Figs. 3.6 & 3.7) Pitic had more 
root in non-watered boxes by weight and as shown on the glass than cultivars 
Thatcher, White grain, Inia 66, Yecora and Potam (Table 3.1). White 

grain had almost the same amount showing on the glass, but much less by 

weight. Weight of root of Thatcher was close to that of Pitic but the semi- 
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dwarfs ranged from one-third to two-thirds of Pitic. Potam, Yecora and 
Inia had only slightly more root in watered boxes than in dry ones while 

White grain had nearly as much root in watered boxes as Pitic. Pitic, 

Thatcher and Inia had more root in non-watered boxes up to shot blade 

(flag leaf) stage than in watered boxes as shown by root exposed on glass. 
This supports conclusions reached earlier that optimum growth of roots 

is substantially below field capacity. Hurd concluded that differences 

in root pattern and response to moisture stress are substantial. For some 

reason (to be discussed later) most of the semidwarfs did not grow as would) 

be expected under the conditions of the green-house box environment. 

In 1963 to 1965 two semidwarfs, Nainari 60 and Narino 59, were 

studied along with normal height cultivars. Nainari produced more root 

and yielded more in watered boxes than Thatcher and had more root but 

yielded less in non-watered boxes. Narino headed very early at both moisture 

levels and had few tillers as well as a sparse root system. As a result of this 
growth pattern its yields were low relative to Thatcher. 

Sage (1973) and his colleagues at Cambridge suggest that most of the 
Mexican produced Norin 10 semidwarfs are not suited to the long days of 

the northern Hemisphere. With the exception of Pitic, White grain and 

Nainari, the Saskatchewan work confirms these findings (Hurd, 1968, 1973). 

The lack of vigour as expressed by the production of few tillers and few roots 
supports this. The poor root system is only a reflection of their less vigorous 

plant growth. Some of the semidwarfs may contribute drought resistance 
characters if not influenced by sensitivity to long days. Breeders at Cam- 

bridge have transferred dwarf genes into long-day adapted cultivars (Sage, 

1973). They found that some semidwarfs had more root at lower levels in 
the soil than normal height plants, but in drought tests semidwarfs suffered 

more (Cannell & Drew, 1973). Since roots are only one aspect of drought 

resistance and selections were not made under moisture stress, interaction 
of factors may mask root effects. 

At time of writing, field core samples which had been taken to compare 

with root box data, had not been washed out and weighed, so no comparison 

can be made between roots in root boxes and in the field. Root cores taken 

in the field have given similar patterns of roots to those studied in root boxes 

(Hurd, 1973). 

BREEDING FOR IMPROVED RooTING Systems 

Few crosses have been made to study the inheritance of rooting charac- 

ters and a much smaller number still has been made with the objective 

of transferring a particular root character from one parent into a new 

cultivar. Troughton and Whittington (1969) ina review of genetic variation 

in root systems refer to several root characters that have been shown to be 
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controlled by single genes. The number of characters of the root is very 
large covering many aspects of growth, form and metabolism. Root weights 

have been most frequently studied but volume, length, diameter, depth of 
penetration, distribution in the soil, degree of branching, number of root 

hairs are all aspects of form (Troughton & Whittington, 1969). Ashton 

(1948) reviewed techniques of breeding for drought resistance but did not 

attempt to summarize or evaluate various methods. 

Raper and Barber (1970a, b) isolated two soybean cultivars (Glycine 

max L.) with different \root systems from a study of 26 cultivars. One 

cultivar, Harosoy 63, had about twice the root surface of the other, Aoda, 

though their top growths were similar. ‘Their method of study was soil cores 

and monolith in spaced and rowed plants in the field. Nutrient solutions 
were used to determine the rate of uptake of potassium. ‘The weak-rooted 

Aoda, showed twice the K uptake per unit of root in the seedling stage to 
that of Harosoy 63 at high levels of K.. They had similar uptake ratios 

when K was at a low level in the solution. Roots of plants appear to vary . 
greatly in their uptake rates, but the extent of the root would likely over- 

ride such differences under moisture stress much as it did when K was in 

short supply in the soybean studies. 

Engledow and Wardlaw (1923) studied two barley cultivars and showed 

distinct cultivarial differences in pattern of root, one being deeper rooted 
than the other. Miller (1916) associated drought resistance with extensive 

root system. He found that sorghum had twice the root of corn. As 
previously shown, roots vary genetically in their rate of uptake of ions. 

Pohjakallio (1945) crossed two oat cultivars—one, Klock III, a deep- 

rooted cultivar and the other Golden Rain, possessing physiological drought 

resistance (required less water). Promising high yielding selections were 

obtained. Todd and Webster (1965) used successive cycles of drought to 
test drought hardiness of wheat and oat cultivars. Plants were grown 
in flats in a closed system in which per cent turgidity and per cent photo- 

synthesis were recorded. All plants were able to carry on photosynthesis 

at low turgor after a single drought period. Variations in rate of photo- 

synthesis occurred, but were not large. Survival studies on nine wheats 

subjected to eight weekly cycles of drought followed by rewatering sorted 

the varieties into known drought hardiness classes. In three cultivars 

thus tested turgidity values dropped much lower than in six other cultivars. 

Two of the three seemed to withstand the low turgor while the other did not. 

All plants were assumed to be subjected to the same moisture stress. Thus 

cultivars vary in their ability to maintain turgor under stress and i in their 
ability to survive severe plant drought stress. 

The survival test is a modification of Platt and Darroch’s test (1942). 
Chinoy (1961) evaluated drought resistance in eight cultivars of wheat on 

the basis of growth analysis. Plants were grown in boxes subjected to 
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desiccation to wilting and then watered. Because of the small amount of 

soil in the boxes this treatment is quite severe whereas field drought 

usually occurs gradually giving the plant opportunity to adjust. For this 

reason the application of his findings to field experience is of limited value. 
Roma (1962) studied the heritability of root systems in 14 cultivars of 

wheat and found that parental systems were passed on in crosses. Hubbard 

(1938) found differences in diameter and weight of roots per unit length 

in four cultivars of spring wheat, but was unable to associate these differences 

with yield or drought resistance. Vijayalakshmi (1971) suggests that 
coarseness of roots in nutrient solution is of little importance. Syme 
(1970, 1972) studied the relationship of plant characters and yield in semi- 
dwarfs under favourable growing conditions. Derera et al. (1969) reported 
genetic difference under moist conditions, but did not measure drought 

effects on the root system. In the majority of reports of root research, 

little or no use is apparently made of the knowledge in developing improved 
varieties. Levitt et al. (1960) pointed out the difficulties in assessing 

drought resistance in field experiments because it is not possible to separate 
it from avoidance. Their results do not give encouragement to the possi- 

bility of significant hardening of plants. They suggest that the first step 

must be to demonstrate that a cultivar has drought resistance as differen- 

tiated from superior yielding ability. Then separate the two components 

drought avoidance from drought tolerance. If avoidance is responsible, 

determine which action(s) is (are) responsible, transpiration, absorption 
or translocation of water. If tolerance is responsible for resistance, deter- 

mine which action(s) is (are) responsible, cell sap concentration, bound 

water, etc. In the “etc.” part of Levitt’s statement tolerance to desiccation 

should be added (Kaul, 1966, 1973). The methods of testing for the above 

may not be worked out but if the physiologist can identify even a portion 

of the action responsible for drought avoidance or tolerance and can provide 

a quick method of measuring the difference in action between cultivars then 

he has provided the plant breeder and/or the agronomist with a tool that is 

useful in advancing yield under drought stress. Levitt e¢ al. (1960) designed 

a plexiglass drought chamber to evaluate a plant’s ability to resist water loss 

and tolerance to decrease in water. They used shoots with root removed. 

Their machine does not measure the plants ability to take up water, so 

ignores the root-plant relationship which seems at least as important as 
water use efficiency. Care needs to be taken in interpreting results of gene- 
tic research on roots because they are very sensitive to changes in environment 

but the majority of workers have tested root response in only one environ- 

ment. Genetic control of resistance to root diseases or insects which attack 

roots is one kind of information of immediate use by the plant breeder. 

Troughton and Whittington (1969) suggest that to select for a root pattern 

in segregating populations one would require vegetative propagation since 
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most methods of study require plant destruction. Otherwise the breeder 

will have to wait to test material until it is near homozygosity. The deve- 

lopment of creeping-rooted alfalfa (Heinrichs, 1963) is one of few examples 

of breeding for a root characteristic. More recently reports from the same 
institution describe a successful programme of breeding for a desirable root 

pattern in Triticum durum L. Hurd et al. (1972a, b, 1973) have transferred 

the Pelissier root pattern into Wascana and Wakooma, which are 
high quality cultivars with a 15 to 20% increase in yield over cultivars 

previously grown in the fairly arid durum growing area of Saskatchewan. 

Pelissier has been grown for many years in spite of being downgraded and 

not recommended. The reason of its persistence is that Pelissier under 
severe drought, has always given an economic return. Wascana and 
Wakooma, and a third cultivar in the series to be released in 1974, withstand 

severe drought, as well as Pelissier. Pelissier has been studied by Kaul 

' and Crowle (1971) and not found to have any particular ability to withstand 

severe desiccation or to escape drought by rapid early growth. Pelissier 

has a root pattern that allows it to escape drought and to utilize moisture 

stored deep in the soil. It may have other characteristics which have 
not been isolated in previous studies. Pelissier has few roots in the surface 
layer so drying out of the soil to a depth of 8 or 10 cm does not appear to re- 

duce root effectiveness as it probably does with most cultivars. Pelissier 
has a massive root system at lower depths, especially at the 60 to 120-cm 

levels relative to other wheat cultivars studied (Aamodt & Johnston, 1936; 

Hurd, 1964). Read (1973) has shown that there is nearly always moisture 

left in the soil at harvest time in these lower depths even on the dry prairies. 

Pelissier appears to take advantage of this reserve. 

In a study by the senior author, Pelissier was crossed and backcrossed 

to Lakota, a good quality disease resistant durum cultivar. About 1500 

lines from the backcross (P/*2L) were yield tested in F, and again in F, 

generations. Selection was made for yield on the dry prairie (Hurd et al., 
1972a, b). Figures 3.8 and 3.9 show the respective root pattern of the parents 
and one of the high yielding lines from the cross. The developers of these 
new durum cultivars conclude that root patterns are hereditary, that*ex- 
tensive root systems are an advantage to plants grown under moisture 
stress and that selection for yield in large populations grown under droughty 
conditions will result in the choice of lines that possess the extensive root 
system. : 

Simple techniques for screening out highly susceptible material early 
in the breeding programme are needed. Hurd (1964) reported that some 
cultivars of wheat produce more root in the seedling stage than other culti- 
vars and that these also had more at maturity by weight. Seedling tests 
were conducted to see if there was a relationship between rate of early growth 
and total length of root at maturity. If there was a positive relationship, 
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seedling tests could be used to screen populations for extent of mature plant 
root systems. Townley-Smith and McBean, colleagues at Swift Current, 

screened commonly grown cultivars, some of which had been studied in the 

root boxes. Sorting, according to length of root at five or six days, con- 
sistently placed cultivars in a known order of total root length and yield 

under moisture stress (Table 3.2). An experiment to verify the heritability 

of this relationship in a segregating population is underway at present along 

with germination in mannitol tests. Kaul (1973) found that in a 20 atm 
mannitol solution Pitic germinated 49% compared to 27% for Manitou and 
as low as 3% and 5% for other cultivars which are known to be drought 

susceptible. 

Table 3.2. Number and length of primary roots of 

durum cultivars at seven days 
| 

Culti Number of Total root* 
ultivar 

roots length (cm) 

Hercules ie 4.0 35.3a 

Kakota ae 4.3a 36.84 

Stewart 63... 4.4a 39.4ab 

Pelissier sel 4.85 46.2bc 

Wascana “i 4.9b 49.3¢ 

* Cultivars with the same letter were not shown to be significantly different. 

In a search for parents, Ivanov working in Russia in 1939, suggests 

a pattern of root growth worth looking for (reported by Ashton, 1948). He 

found that a cultivar Graecum 0289 (T. aestivum) had a small growth of 

foliage and low number of secondary roots in early stages of development 

and during tillering and ear emergence. This cultivar had the least root 

of all cultivars studied. But after ear emergence the root system grew 

vigorously while the foliage grew slowly. This cultivar had poor productivity 

generally but had drought resistance. 
Troughton and Whittington (1969) discuss work done by Monyo who 

showed that substitution lines could have the same top growth but differ 

in single plant root weights by 7.4 to 4.2 g. They suggest that if these 

differences are associated with different patterns such as feeding levels, 

there may be potential for increasing yield by mixing a number of lines to 

make a composite. 
Russell (1959) found that plants varied genetically in rooting charac- 

teristics. Plants show large differences in drought tolerance. These 
reflect the ability of the plant, first, to avoid internal water stress by effectively 

balancing water intake and water loss or, second, to adapt physiologically 

to such stress. Drought injury is thought by Russell to be caused by 
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mechanical disruption of the protoplasm rather than by loss of water fer se. 
Iljin (1957) reports that plants differ in respect to the duration and degree 

of the dry period which they can withstand. Cells having a large proportion 

of protoplasm and a small vacuole are least disturbed by desiccation. Kaul 

(1973) believes that a major factor in drought resistance is desiccation toler- 

ance and he has found large differences between wheat cultivars in this 

character. Haise et al. (1966) studied the relationships of soils at 15 and 

26 atm. Watson (1947) determined net assimilation rate (NAR) and leaf 

area throughout the growth of five field crops. ‘The NAR increased from 

wheat to barley, potatoes, mangolds and sugar beets, with sugar beets 

doubling the NAR of wheat. Significant cultivarial differences were 
measured for all crops except wheat. Leaf area varied much more from 

year to year than NAR and leaf area was much more important in determin- 

ing yield than NAR. Russell (1959) believes that water use efficiency can 
be improved by breeding. Cultivars having extensive root systems are more 

effective in meeting water needs. Since water use efficiency is reflected 

in yield, selection for higher yield under drought stress should be effective. 

Breeding for morphological or physiological traits depends on first 

establishing their significance and their inheritance characteristics. So 

far, there is very little established relationship of this kind and even where 

correlations have been found there is the cause-effect problem to solve. 
Milthorpe (1960) in studying the loss of water from the reservoir, root zone, - 

concluded that principles are well-established but the urgent task of the 

ecologist and soil physicist is to replace vague guesses by quantitative 

estimates. Frankel (1947) and Bell (1963) have said that increasing’ 

yield, up to that time, had come from overcoming limiting factors rather than 

assembling productivity genes. Bell also said that there is need for more 

fundamental physiological knowledge in barley to enable the breeder to 

produce higher yielding cultivars. Burton (1964) has said that geneticists 

have not made progress in selecting for drought resistance using physical 

characters (water requirement and transpiration rate) though these are 

agreed to be important. Klages (1960) claimed that little can be done to 

reduce transpiration losses. ‘Todd et al. (1962) found that cultivars differ in 
their ability to utilize available moisture. As has been noted here, cultivars 

differ in many characters related to drought, especially in rooting systems. 

Perhaps researchers have expected too simple a solution to drought resistance. 

Drought resistance is really, yield in a specific environment. Burton (1964) 

and Hurd (1968) have shown that cultivars that yield the highest under 
favourable growing conditions may be low under drought. 

Hurd (1969, 1971) outlines a successful method of breeding for yield 

in a droughty environment. Because genetic balance is so important in | 

plant-environment interaction, methods of breeding must be designed to 

allow and encourage the superior types to be present in segregating popula- 
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tions and to be identified. The South Saskatchewan Wheat Programme 

places its first emphasis on careful study of potential parents and judicious 

selection of a few three-way or double crosses. Once a parent with a superior 

character for avoiding or tolerating drought is identified (i.e., Pelissier with 

its root character) complementary well-adapted parents are chosen to 

combine with it. A F, of 20,000 or more are space planted and about 1000 

F, are raised in a winter nursery. A small percentage of high yielding 

lines is identified in replicated F, yield trials grown at two locations. 

Selections are made in these lines and the cycle is repeated. Yield tests 

are grown in normal droughty conditions. Aufhammer ef al. (1959) said 

that the most reliable criterion of drought resistance in cereals is its average 

grain yield under drought in relation to normal yield capacity. Only in 

this way can the rare genotypes that have the balance with the environment 

be present. With droughty weather conditions and careful testing, high 

yielding, well-adapted cultivars are being produced (Hurd, 1969; Hurd 

chal, Wi2a, 1973). 

Perhaps the greatest progress in crop production to be made in the next 

two decades in the semiarid areas of the world is through root and other 

drought investigation and in the use of the resultant expanded knowledge 

in the breeding of improved varieties. The difficulties in this kind of 

research have discouraged plant scientists heretofore, but the urgency to 

increase food production and the pressure to utilize marginal land is 

encouraging researchers to accept the challenge. Two blades of grass will 

grow where one grew before. 

Cultural Practices Affecting Root Growth 

Growth of roots, like that of shoots, is favoured by moist fertile soil. 

Therefore, management practices such as crop rotations, fertilizer use and 

moisture conservation which tend to improve the growing conditions of the 

soil will favour root growth and crop production. 

Crop ROTATIONS 

Work such as those reported by Haas (1958) and Spratt (1966) show 

that crop rotations can affect the chemical, physical and biological properties 

of soil and thus enhance yield potential. Deep-rooted legumes have a parti- 

cularly beneficial effect on subsequent crops as they did in the experiment 

described by Spratt and McCurdy (1966). In India, crops following pigeon 

pea (Cajanus cajan), a deep-rooted vigorous legume, are often better for two 

reasons: (1) due to root residue and fixed nitrogen, and (2) due to loosened 

subsoil for better infiltration of moisture. Their roots can penetrate through 

a rigid textural murrum found in red and lateritic soils whereas cereal 
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crops cannot. Post-harvest rains can then penetrate deep into the soil. 
However, the moisture withdrawn from depth during growth must be 

replaced before subsequent crops can be grown to their full potential. In the 

U.S.A., Fehrenbacker et al. (1960) showed that root development in a Cisne 

silt loam soil with a clay pan plough sole could be increased with adequate 
fertilization and a proper cropping system which included legumes. With 

optimum lime, phosphorus and potassium applications, the root systems of 

corn showed intensive development to five feet; whereas development was 

only to three feet where no fertilizer or lime was applied. 
Monyo in a Ph.D. thesis study found considerable variation in root 

distribution in substitution lines at heading time (Troughton & Whittington, 

1969). Monyo added no water to his plants after heading (grown in com- 

post in drainpipe containers). ‘The upper layer dried out first and thus, in 

later flowering lines, there was a_ significant correlation between the 

proportion of root system in bottom zone of the container and the degree 

of reduction in yield on control. 
By greater study of root systems of crops it may be possible to increase 

production per unit area by choosing cultivars that feed at different levels, 

i.e., extensive early surface feeder and a deep penetrating later feeder with 

extensively branched system below 40 cm. ‘The one would grow fast and 
build up a reserve of photosynthate in seedling to shot blade (flag leaf) 
stage while the other would grow more slowly but would continue growing 

and producing because it would feed at lower depths where moisture is still 

plentiful. One cultivar would be filling the head from stored photosynthate 

while the other would fill the head from currently produced photosynthate. 
In this respect the mixed cropping system of Cajanus and sorghum have 

been successful in India. 

EFFECT OF FERTILIZERS ON Root GROWTH 

As mentioned earlier, proper nutrition of roots is needed for maximum 

plant growth and yields. The most extensive plant roots are usually found 

where nutrients are most abundant. Wilkinson and Ohlrogge (1962) show 

how roots of soybeans concentrate in fertilizer zones. ‘The proliferation of 

roots in the fertilizer band is related to the build up of high nitrogen and 

phosphorus in the root cells which hastens cell division and elongation. 

It may also increase growth regulator auxins and thus increase branching. 

Rennie and Clayton (1967) showed that the level of phosphorus in 

the surface soil influenced the intensity of rooting of wheat but phosphate 

fertilizers also increased water use efficiency which in turn was related 

to depth of moisture withdrawal (or rooting depth). Continual use of 

phosphate fertilizers will increase the levels of available phosphorus in the 

surface and crop growth. 



ROOT PATTERNS IN CROPS 215 

Various species absorb fertilizer and soil nutrients with different degrees 

of intensity. Bole (1973) showed that rapeseed (Brassica napus) roots took’ 
up phosphorus six times faster than wheat roots. Also, Strong and Soper 

(1973) showed that rape and buckwheat took up more phosphate from a 
fertilizer band than wheat and flax, due to their intensive root systems 

near the concentrated fertilizer source. Flax was more efficient in absorbing 

soil phosphorus. Some varieties within species may also vary in this ability 

to absorb nutrients since their rooting patterns and potential for water uptake 

varies (as shown elsewhere in this review). This could lead to variety x 

fertilizer interactions. However, few of these types of interactions have been 

shown to be of practical significance (Worzella, 1943; Sen & Pal, 1953; 

Pendleton et al., 1953; Knott, 1974). The relationship between root growth 

and these interactions has not been studied. The effects of fertilizer use on phy- 

siological aspects of plant growth have been discussed in Chapter | of this book. 

EFFECT OF ‘TILLAGE Practices ON Root GRowTH 

Burton (1964) emphasized the importance of cultural practices to 

increase the root system. Soil treatments, both physical and chemical, 

that will increase rooting volume of the soil, will make for better crop 
yields and more efficient water use.. Bergmann (1954) stresses the im- 

portance of maintaining optimum aeration and fertility to encourage root 

growth. Mirreh and Ketcheson (1972) reported that soil moisture tension 

may have a double effect on root growth: (1) increase resistance to root 
growth, and (2) decrease the roots’ penetrating ability. 

' McCartney (1969) showed that a change in cultural practice from 

ploughing to surface tillage increased root penetration and branching at 

lower levels in the soil and gave substantially higher yields. He attempted 
to break up the hardpan by deep cultivation to a depth of 60 cm, but there 

was no advantage from such an operation. The hardpan disappeared 

probably by water movement, insects and root growth. Hardpans and - 

excessive compaction are often caused by ploughing which usually takes a 

narrow cut and thus many trips across the field. Ploughing has to be follow- 

ed by subsequent cultivations to prepare a level seed-bed. Surface tillage 

cultivates five to six times the area per trip with similar power and leaves 
the soil level for seeding or does the seeding in one operation. Surface 
tillage in addition to reducing soil compaction is much less expensive. Un- 

fortunately, it is not always sufficient to control weed growth. Surface 

tillage only works well when the soil surface is dry and remains dry for 
several days following cultivation. Chemical fallow avoids excessive travel 

over the land and may be used in conjunction with shallow tillage to encourage 

greater root growth below 20 or 30 cm. By keeping the soil free of weeds 

for six months with surface tillage in Kenya, yields from this practice were 
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about three times those of the traditional ploughing because of increased 
stored moisture and presumably a better root system due to absence of 

hardpan (Paulsen, 1973). Allmaras et al. (1973) agree that surface tillage 

results in yields that are at best equal to ploughing when moisture is limiting. 

They report, however, that when moisture is plentiful the use of surface 

tillage may decrease yield over ploughing. This may be due to a shortage 

of N on cooler soils under stubble mulch. Papendick et al. (1973) showed 
that the use of the Rod-weeder conserved more water than other implements 

that left the surface cloddy (plough leaves a very rough cloddy surface) 
because of less evaporation. Rod-weeding also keeps moisture near the 

surface and thus ensures better germination and early growth especially 

with small seeded crops. Anderson and Russell (1964) point out advantages 

for a straw mulch. 
Taylor and colleagues (Taylor, 1967, 1973; Taylor & Gardner, 1960; 

Taylor & Bruce, 1967; Taylor & Ratliff, 1969) studied root growth as 

influenced by soil strength or density as measured with a penetrometer. 

High strength soil pans reduced crop rate growth and yield especially 

under water or nutrient stress. Both worm holes and cracks in clay soils 

make root penetration easier. Meige (1938) showed that roots have a 

plasticity allowing greater adaptation to their environment than above- 

ground parts according to the author. He stressed the importance of provid- 

ing a friable soil accomplished by manuring, crop rotation, good drainage 

and good aeration. Deep tillage and subsoiling should be practised when 
necessary. Bowser and Cairns (1967) found that ploughing solonetz soil 

to a depth of 56 cm compared to 10 cm reduced salts to 150 cm depth and 
gave equal cereal yields but increased alfalfa-brome yields and rooting in 

ploughed soil. 
One advantage of surface tillage is the maintenance of a mulch on 

the surface which decreases evaporation from surface layers and keeps the 

soil cooler (Anderson &~ Russell, 1964). In northern areas where the 

soil is too cool for optimum growth this may tend to decrease root growth 

but in warmer climates it may encourage root growth. 

Eavis and Payne (1969) discussed the soil physical conditions as they 

affected root growth. They emphasize the importance of soil moisture 

as it has an overriding effect on oxygen in the soil, soil density and pore 

space, and soil temperature. Soil physical condition limits root growth 

‘in spite of genetic factors. De Roo (1969) says that there is little doubt 

that increased bulk density or decreased porosity decreases root growth. 

Cover crops or the turning in of residue provides a ‘cushion’ so that the 

traffic of implements does not cause excessive compaction. He says 
that the plough-pan formation can be a serious problem. Deep tillage 

may be necessary to allow roots to express their root growth potential. 

pe Roo suggests. where ploughing is necessary, that altering the depth of 
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cut or shattering of the hardpan just below plough depth in the same opera- 

tion are useful in increasing root penetration. Subsoiling as a separate 

operation ‘may occasionally be necessary to reduce compaction. Reduced 

compaction also results in greater penetration of the soil by moisture. 
Russell (1959) suggests that tillage encourages penetration of moisture and 

results in storage of that moisture where it is safe from evaporation losses. 

Warder et al. (1962) reported that fertilized crops used more moisture than 
unfertilized crops between germination and heading stages, but when increas- 

ed yields were produced by fertilizers, the fertilized crop used moisture more 

efficiently. Water stress at any stage will decrease yield but Day and 
Intalap (1970) found that the most critical time for stress was the jointing 

stage. Dubetz and Bole (1973), also studying wheat, reported that flowering 

time was the most critical. ‘Time of planting in some areas can be adjusted 

so that the critical stage of growth will coincide with or just follow the heaviest 

rain. 
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Introduction 

The practice of applying mulches to soil is possibly as old as agriculture 

itself (Jacks et al., 1955). Ancient Romans placed stones on the soil surface 

to conserve water and the Chinese used pebbles from streambeds for similar 

purposes. These practices were suitable to areas where hand labour was 
readily available, but became impractical when mechanized agriculture 

was introduced. The current trend under mechanized agriculture is to 

utilize crop residues as mulches on the area where grown or to use transport- 
ed and manufactured materials as mulches for some high-value crops. 

Reasons For Usinc MutcHEs 

Mulches are used for various reasons, but water conservation and erosion 

1 Contribution from the Soil, Water, and Air Sciences, “Southern Region, Agricul- 

tural Research Service, USDA, in cooperation with the Texas Agricultural Experiment 

Station, Texas A & M University, 
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control are undoubtedly the most important for agriculture in dry regions. 

While the effectiveness of mulches for water conservation is highly variable, 
mulches when properly managed definitely aid wind and water erosion 

control. Other reasons for mulching include soil temperature moderation, 

soil nutrient effects, soil salinity control, soil structure improvement, crop 

quality control, and weed control. 

DEFINITIONS 

For this review article, a mulch is any material at the soil surface that 

was grown and maintained in place; any material grown, but modified 

before placement; and any material processed or manufactured and trans- 

ported before placement. Some examples of the materials included are 

crop residues, leaves, clippings, bark, manure, paper, plastic films, petroleum 

products and gravel. 
In a broad sense, dryland agriculture implies agriculture without irriga- 

tion. This could occur in almost any geographic area. For this article, 

dryland agriculture is defined as agriculture in areas where potential evapo- 

ration and transpiration are greater than the amount of water supplied by 
precipitation. This definition applies to the dry areas of the 17 western 

states of the United States and to similar areas of other countries where the 

precipitation effectiveness index (P-E index) is less than 50 (Thornthwaite, 

1931). Considerable research on the use of mulches has been conducted 

in these areas. ‘This research forms the basis for this article, but where 

pertinent, research from other regions is cited. 

Webster defines agriculture as “‘the work of cultivating the soil, producing 

crops, and raising livestock.’’ In its broad sense, this definition includes 
field, range, horticultural, floricultural and silvicultural crops. A more 

restrictive meaning, namely the production of any crop under cultivated 

conditions, is adhered to in this article. Although the emphasis is on crop 

production without irrigation, some studies involving irrigated crops are 
mentioned. 

Previous REVIEWS 

Extensive reviews and summaries pertaining to mulches and specialized 
mulching systems have been published by Jacks et al. (1955), Johnson and 

Davis (1972), McCalla and Army (1961), and Zingg and Whitfield (1957). 

While reference is made to some work covered in these reports, the emphasis 
is on recent studies concerning the use of mulches for crop production, 

generally under field or simulated field conditions. 
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Effects of Mulches on Some Soil Properties and Conditions 

Numerous soil properties and conditions are affected by mulches, either 

directly or indirectly. Among those affected are soil water through runoff 

control, increased infiltration, decreased evaporation, and weed control; 

soil temperature through radiation shielding, heat conduction and trapping, 
and evaporative cooling; soil nutrients through organic matter additions, 

differential nitrification, and mineral solubility; soil structure; soil biologi- 

cal regime through organic matter additions, microbial and soil fauna popu- 
lations, and plant root distributions; soil erodibility; and soil salinity through 

leaching and evaporation control. Probably of greatest importance, how- 

ever, for agriculture in dry regions are soil water, temperature, structure 

and salinity. The effects of mulches on these properties and conditions 

are discussed in the following sections. 

Soi, WATER 

By their very nature, dry regions generally receive inadequate precipita- 

tion for good crop production. Furthermore, much of the precipitation 

that is received is lost by runoff and evaporation. Also, some water that 

enters the soil may evaporate before a crop is planted. For the interval 

| between crops, precipitation storage efficiencies ranging from 15 to 25 

per cent are common in the Great Plains of the United States (Mathews & 
Army, 1960; Unger, 1972). 

While precipitation is limited and erratic and the evaporation potential 

is high, good yields could be obtained if most precipitation that occurs in 

dry regions would be effectively conserved and used for crop production. 
For example, grain sorghum (Sorghum vulgare Pers.) in Oklahoma (U.S.A.) 

produced 6270 kg grain per hectare with only 17.8 cm of water use from 

the soil (Griffin et al., 1966). The soil surface was covered with a white 

polyethylene film to prevent evaporation and precipitation infiltration during 

the growing season. In a more northern region, corn (<ea mays L.) pro- 

duced 4330. kg grain per hectare with 37.8 cm of water use in 1960 and 

3930 kg grain per hectare with 19.8 cm of water use in 1961 (Willis et al., 

1963). The soil surface was ridged and 90 per cent covered with a black 

polyethylene film. Corn grain production at relatively high levels with 

similar amounts of water use was reported by Harrold e¢ al. (1959) and 
Peters (1960) for a more humid climate. The amounts of water used were 

well below the average annual precipitation received in many dry regions. 

Thus precipitation generally is adequate, but it is not efficiently used. for 

crop production. 
Numerous studies have been conducted to determine the influence of 

mulches on soil water storage, content and evaporation. Many different 
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materials have been used, but one of the more widely researched has been 

plastic film (included are polyethylene, polyvinyl chloride, and similar 

films, but the term “‘plastic” will be used hereafter). In Europe, Linden 

(1963), Manescu and Ciofu (1970), and Pusztai (1963) reported increased 

soil water contents due to plastic films, with increases ranging up to 32 per 

cent (Manescu & Ciofu, 1970). In North America, plastic films resulted 

in higher water contents than bare soil in most cases (Army & Hudspeth, 
1960; Lippert et al., 1964; Liptay & Tiessen, 1970; Willis e¢ al., 1963), but 

Schales (1964) reported a lower water content, apparently due to the film 

preventing infiltration. Other increases in soil water due to plastic films 

were reported by Bansal et al. (1971) and Baumer (1964). The higher water 

contents resulted from reduced evaporation, induced infiltration, reduced 

transpiration by weeds, or a combination of these factors (Austin, 1964; 
Hanks, ef al., 1961; Linden, 1963; Lippert etal., 1964; Liptay 

& Tiessen, 1970; Willis, 1962; Willis e¢ al., 1963). The effectiveness of 

plastic films depended upon the amount of surface covered (Austin, 1964; 

Lippert et al., 1964; Willis, 1962; Willis et al., 1963). 

Although plastic films generally resulted in higher water contents and 

reduced evaporation as compared with bare soil, they are relatively ex- 

pensive and difficult to manage, especially under large scale field conditions 

for low value crops. Consequently, less expensive and more readily appli- 
cable materials have been sought. Petroleum and asphalt sprays and 

resins have received considerable attention (Baroccio & Morani, 1965; 

Kowsar et al., 1969; Lippert et al., 1964; Nerpin & Pakshina, 1965; Sale, 

1966a; Takatori et al., 1971; Wendt, 1971). These materials affected soil 

water in a manner similar to plastic films. Their effectiveness depended 
upon the amount of surface covered (Lippert e¢ al., 1964). 

The greatest amount of research with mulches concerned crop residues 

and other plant waste products (straw, stover, leaves, corn cobs, sawdust, 

woodchips, etc.). These materials are cheap and often readily available, 

and they permit water to enter the soil readily. When maintained at ade- 

quate levels, these materials resulted in increased water contents and reduc- 

ed evaporation (Adams, 1966; Bansal et al., 1971; Hanks & Woodruff, 

1958; Mannering & Meyer, 1963; Moody et al., 1963; Prihar et al., 1968; 

Wiegand ef al., 1968). However, residue production in dry regions often 
is inadequate to result in substantial water conservation. Even where 

most or all residues from dryland crops were maintained on the soil surface 

through stubble-mulch tillage and chemical fallow, rather dismal water 

storage often occurred (Black & Power, 1965; Harris, 1963; Johnson & 

Davis, 1972; Mathews & Army, 1960; McCalla & Army, 1961; Unger, 

1972; Wiese et al., 1967; Zingg & Whitfield, 1957). Major reasons for the 

poor water storage results were the production of inadequate residues 
to enhance infiltration and to suppress subsequent evaporation, and 
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incomplete weed control with tillage and chemicals. 

Greb e al. (1967, 1970) conducted field studies with controlled residue 

levels to determine their influence on soil water storage during fallow in the 

Great Plains (U.S.A.). The results were: 

Residue level (kg/ha) % precipitation stored 

0 16-26 
1680 , 19-28 

3360 22-33 

6720 28-37 

The favourable water storage results obtained from higher residue levels, 

interest in reduced tillage systems, and the availability of new and improved 

herbicides caused renewed interest in chemical fallow in the Great Plains. 

Water storage efficiencies during fallow were 35 and 42 per cent for tillage 

and chemical treatments, respectively, in a 3-year wheat (Triticum aestivum L.) 
—sorghum (Sorghum bicolour Moensch)—fallow rotation (Smika & Wicks, 

1968). For a 2-year wheat-fallow rotation, efficiencies during fallow were 

25 and 44 per cent for the tillage and chemical treatments, respectively. 

Efficiencies for treatments involving both tillage and chemicals fell between 

those for tillage or chemicals only. In 1973, Wicks and Smika reported 

similar water storage efficiencies for the study when data for more years 

were evaluated. The good results obtained with chemicals were attributed 
to nearly complete weed control and better residue preservation. 

Significant increases in water storage resulted from the application of a 

cotton (Gossypium hirsutum L.) bur mulch to a loam soil (Koshi & Fryrear, 

1971). Each higher mulch level (5.6, 11.2 or 22.4 tons/ha) resulted in 

increased water storage over the no mulch treatment. Storage efficiencies 

ranged from 36 to 46 per cent with no mulch to 66 to 80 per cent with 22.4 

tons mulch per hectare in 1968 and 1969, respectively. The additional 

stored water significantly increased subsequent cotton lint yields. 
Unger et al. (1971) used tandem disk, disk plus sweep, and chemical 

weed control treatments during fallow between wheat harvest in July and 

grain sorghum seeding the following June. Residues at harvest of the irri- 

gated wheat crop were estimated at 11,000 kg per hectare. Effects of the 

treatments on subsequent surface residue levels, weed control, and water 

storage from 36.1 cm of precipitation during fallow were: 

Disk Disk + Sweep Chemicals 

Surface residues (kg/ha) <200.0 1100.0 4600.0 

Weed control (%) 76.0 52.0 100.0 

Water storage (cm) 7.9 Sul 142 
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The studies of Bond and Willis (1969, 1970, 1971), although conducted 

under laboratory conditions with soil columns initially wetted to a given 

level, suggest that water storage can be increased where residue levels are 

adequate to reduce initial evaporation and thus permit water from precipita- 

tion to penetrate to greater depths. However, large amounts of surface 

residues are required to obtain water savings over an extended period. 

The effectiveness of various other materials for use as mulches has been 

investigated. These materials have favourably influenced soil water content 

and evaporation in many cases, but their use does not appear practical 

under large scale conditions. Materials studied included gravel, stones, 

desert pavement, bitumen and similar granular materials, and manure 

(Adams, 1966; Dancer, 1964; Lyford & Qashu, 1969; Mustafaev, 1964; 

Nerpin & Pakshina, 1965; Qashu & Evans, 1967; Unger, 1971a). 

Sort TEMPERATURE 

When surface cover was adequate, mulches generally resulted in greater 

water contents and lower evaporation than bare soil; however, the effects 

of soil temperatures were highly variable. Although variable, results from 

numerous studies where temperatures were measured indicate that the 

effects are predictable. . 

Colour of plastic mulches greatly affected soil temperature. White or 

reflective plastic decreased temperatures (Pusztai, 1963) or had no effect 
(Schales, 1964), while clear plastic consistently resulted in higher tempera- 

tures than bare soil (Adams, 1970; Schales, 1964; Takatori e¢ al., 1964; 

Zakharov & Semikina, 1964). With black plastic, the results were variable. 

Linden (1963), Pusztai (1963) and Schales (1964) reported increased 
temperatures, Austin (1964) reported little effect, and Zakharov and Semi- 
kina (1964) reported generally lower temperatures with black plastic. 

For plastics in general, Adams (1962) stated that clear plastics result in 

higher temperatures because the soil directly absorbs most. of the energy 

from incoming solar radiation. With black plastic, the soil recéived only 

a portion of the incoming energy absorbed by the film. Apparently, 

degree of contact between soil and black plastic influences the extent of 

temperature increase under a black plastic. White and reflective plastics 
resulted in cooler temperatures because they did not absorb the incoming 
radiation. : 

Petroleum spray and resin mulches consistently resulted in higher tem- 
peratures than bare soil (Adams, 1970; Baroccio & Morani, 1965; Kowsar 
et al., 1969; Sale, 1966a; Schales, 1964; Takatori-et-al., 1964, 1971)... The 

maximum difference usually occurred during the hottest part of the day. 

At night, the mulches had slight or no effect on soil temperatures (Takatori 

et al., 1964, 1971). The effects of asphalt and related substances on tempera- 
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tures were similar to those of petroleum sprays and resins (MacMillan & 
Millette, 1971; Miller, 1968; Wann, 1969). These materials (petroleum, 

asphalt, etc.) absorbed the incoming solar radiation and, because of their 

close contact with the soil, readily conducted heat to the soil. Hence, the 
' consistently higher temperatures with these mulches as compared with the 

variable influence of black plastic. 
Mulches of plant materials (straw, stover, leaves, etc.) reduced soil 

temperatures (Adams, 1965; Allmaras et al., 1964; Anderson & Russell, 

1964; Bansal e¢ al., 1971; Bond & Willis, 1971; Brengle & Whitfield, 1969; 

Burrows & Larson, 1962; Dhesi et al., 1964; Evenson & Rumbaugh, 1972; 

Kohnke & Werkhoven, 1963; Schales, 1964). However, there were seasonal 

differences. Kohnke and Werkhoven (1963) and Onchev (1960) reported 

lower summer and higher winter temperatures, and Lehne (1961) reported 

lower spring and higher fall temperatures due to straw mulches as compared 

with bare soil. The combined effects of radiation interception and evapora- 

tive cooling were responsible for the lower temperatures under this type of 

mulch. However, the finding that each 2.2 tons of mulch in the 0 to 9-ton 
per hectare range reduced soil temperature at a 10-cm depth by 0.39°C 

(Burrows & Larson, 1962) suggests that evaporative cooling was less important 

in reducing temperatures than was radiation interception by the mulch. 

The thicker mulches reduce evaporation more than thinner mulches (Bond 

& Willis, 1969; Greb et al., 1967; Nerpin & Pakshina, 1965); hence, evapora- 

tive cooling would be less with thick mulches, 

A group of miscellaneous mulching materials variously and somewhat 

unpredictably influenced soil temperatures. Black granular materials 
(coke, bitumen, etc.) increased temperatures (Jordan & Sampson, 1967; 

Qashu & Evans, 1967), whereas gravel (lighter coloured than above 

materials) reduced temperatures as compared with bare soil (Adams, 1965). 

The dark materials absorbed more radiation than the lighter coloured gravel ; 

hence, the higher temperatures with the black materials. A colour effect 

was also reported-by Cohen et al. (1965). A black rubber mulch resulted 

in higher temperatures than a brown rubber mulch. The response was 

similar to that of plastic mulches. Wood shavings and strawy manure 
reduced temperatures (Dancer, 1964; Lavee, 1963). The response was 

similar to that caused by plant materials. Glass and water mulches (water 
in plastic bags) increased temperatures with the water mulches being effec- 

tive for reducing temperature fluctuations (Bowers, 1968; Miller, 1968). 

Sor, STRUCTURE 

In dry regions, the precipitation frequently occurs in high-intensity 

storms. When falling raindrops strike bare soil, soil particles are dispersed 

and surface sealing may occur, thus reducing infiltration. Consequently, 
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water that could be conserved for plant use is lost by runoff. ‘The dispersed 

soil at the surface often forms a hard crust when dry, which may adversely 

affect seedling emergence and plant growth. 
Beneficial effects on soil structure due to surface mulches result primarily 

from the mulches absorbing the energy of falling raindrops, thus reducing 

dispersion and surface sealing. Infiltration rates generally are maintained 

and subsequent crusting is reduced. Other benefits possibly result from 
greater microbe and fauna activity in the soil, greater root proliferation, 

and the cushioning effect, which reduce compaction due to tractor, imple- 

ment and animal traffic. 
The degree of protection provided at the soil surface is related to surface 

coverage provided by the mulch. Plastic films prevent raindrops from strik- 

ing the soil and thus prevent dispersion. However, unless special provisions 

are made (Willis et al., 1963), they also prevent water infiltration. Less 
compaction was also ascribed to a plastic mulch (Liptay & Tiessen, 

1970). 
Petroleum, bitumen, coke and desert pavement mulches reduced 

surface crusting and soil density (Jordan & Sampson, 1967; Lyford & 

Qashu, 1969; Qashu & Evans, 1967). Although not reported, the materials 

except possibly petroleum undoubtedly also resulted in greater water infiltra- 

tion. Although effective for reducing crusting, these materials do not pro- 

vide the necessary binding substances for improved soil aggregation. 
However, if the surface remains adequately covered, stable aggregates at 

the surface are less important than where the soil is partially or completely 
exposed. 

Crop residues and other similar mulches, when applied at adequate 

levels, have maintained high infiltration rates (Mannering & Meyer, 1963; 

Wann, 1969; Williams & Doneen, 1960) and resulted in less soil crusting 
(Mannering & Meyer, 1963). The high infiltration rates resulted from less 

surface sealing due to the protection against falling raindrops afforded by 

the mulches. Decomposition products of the mulches resulted in improved 

soil aggregation’ with respect to size, numbers and stability (McCalla, 
1943; Siddoway, 1963). Although aggregation was improved, the 

aggregates were not sufficiently stable to withstand the impact of water 

drops without a protective cover (McCalla, 1943). 

Stubble-mulch tillage, which maintains much of the crop residue on the 
surface, has given variable results with respect to soil structure. Army 
et al. (1961) reported reduced crusting and Ramig and Mazurak (1964) 

and Turelle and McCalla (1961) reported larger water stable aggregates 
and lower bulk densities as a result of stubble-mulch tillage than clean til- 

lage. Unger (1969) reported higher water stable aggregation for a delayed 

stubble-mulch treatment (tillage delayed until weed growth begins the 

spring after wheat harvest in June or July) than for clean tillage but no 
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effect when tillage was performed soon after wheat harvest. No effect 

on aggregation due to stubble-mulch tillage was also reported by McCalla 

et al. (1962). Where improved water stable aggregation occurred, the 

degree of aggregation was greatest soon after crop harvest and initial tillage, 
but decreased with time thereafter (Unger, 1972). 

Sort SALINITY 

Many dry region soils have a high salt content. Since some of the 
salts are readily soluble in water, they move with the water. The salts 
could be removed from the soil by leaching if precipitation were adequate. 

However, due to limited precipitation, they move only to a limited depth 

and readily return to the surface as the soil water evaporates. Under 
such conditions, susceptible plants, especially at the germination and seed- 

ling stages, may be severely injured by the salts. 

Under irrigated conditions, the salt problem may be aggravated by 

applying water having a high salt content and by applying insufficient water 

to move the salts well below the plant root zone. The management of 

saline soils has been widely investigated (U.S. Salinity Lab Staff, 1954), 

In this article, only the effects of mulches on salinity control are discussed. 

Since salts readily move with soil water, any practice that maintains 

infiltration rates and reduces subsequent evaporation should moderate 

the adverse effects due to soil salinity. In previous sections, reference 

was made to numerous studies for which infiltration rates were maintained 

and evaporation was reduced. However, the effects of mulches on salinity 

control were mentioned only in a few cases. 

Heilman ¢é al. (1968) reported significant reductions in soil electrical 

conductivity (0 to 6l-cm depth) from rainfall due to the application of 

sand and cotton bur mulches to saline soil. Similar results for a cotton 

bur mulch were reported by Carter and Fanning (1965) and Fanning and 

Carter (1963). The mulches, by reducing evaporation, reduced subsequent 
return of the salts to the leached zone. 

Since damage due to salts is most severe at germination and plant seed- 

ling stages, any practice that reduces the salt content in the seed zone should 
be beneficial for plant establishment. While complete soil covers may be 

too expensive and impractical for extensive areas, strip mulches (plastic 
films, petroleum sprays, etc.) that maintain a higher water content in and 

reduce evaporation from the seed zone should reduce the salinity hazard 
and aid plant establishment. Additional benefits should result if the 

mulches continue to reduce evaporation, and if the crop yield and quality 

are improved due to salinity control. 
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Effects of Mulches on Erosion 

Because of low residue production and dry soil. surface conditions, 

dry regions are highly susceptible to wind erosion. Dry regions are also 

highly susceptible to. water erosion because the precipitation frequently 

occurs during intense storms and the surface is inadequately protected by 
vegetation to effectively retard runoff. Therefore, to reduce erosion 

by wind and water is an important reason for using mulches in dry regions. 
The ease by which soil particles are moved by wind and water is related 

to particle size and to wind or water velocity. Although particles greater 

than 0.84 mm in diameter are generally considered non-erodible by wind, 

water may cause erosion of almost any sized particles. 
As indicated in the last section, decomposition products of some mulch- 

ing materials may increase soil aggregation, which should reduce the suscep- 

tibility of soil to erosion.’ The chief value of mulches with regard to erosion 
control, however, is not their effect on soil structure, but upon their moderat- 

ing the wind and water forces at the soil surface. Additional benefits for 

water erosion control result from high water infiltration rates and reduced 

surface runoff due to mulches. 
A wind erosion equation has been developed which relates soil loss by 

wind to the: (1) soil erodibility index measured in terms of soil clods greater 

than 0.84 mm in diameter; (2) climatic factor measured in terms of wind 

velocity and surface soil moisture; (3) soil surface roughness; (4) unshelt- 

ered field width; and (5) vegetative cover (Woodruff & Siddoway, 1965). 

Based on the equation and some selected conditions for Kansas (U.S.A.), 

Woodruff (1972) has shown that 1100, 2200, and 6600 kg/ha standing 
wheat, flattened wheat, and flattened sorghum residues, respectively, 

were required to keep wind erosion to a tolerable 11.2 tons of soil loss per 
hectare annually. These results show the importance of standing stubble 
for wind erosion control. Also, the residues should be anchored in the 

soil to prevent them from being blown away by the wind. 

The stubble-mulch farming system, widely used in North America, 

was developed primarily for wind erosion control. The value of stubble- 

mulch tillage for erosion control is widely recognized (Black & Power, 

1965; McCalla & Army, 1961; Wiese et 'al., 1967; Zingg & Whitfield, 1957). 

In general, erosion by wind decreased as the amounts of crop residues main- 

tained on the surface were increased by stubble-mulch tillage. Wind 

-erosion was even more effectively controlled where higher amounts of residue 

were maintained on the surface by chemical fallow (Black & Power, 1965; 

Wiese et al., 1967). 

Fryrear and Armbrust (1969) used a cotton gin trash mulch, a cotton 

ginning waste product, on a loamy fine sand to determine its effectiveness 
for wind erosion control. Each additional mulch increment further reduced 
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erosion over the no-mulch treatment, but about 11.2 tons of mulch per 
hectare were required to reduce erosion to tolerable levels. 

Standing stubble was more effective for wind erosion control than 
flattened stubble, but to shield against the erosive action of moving water, 
the mulch must oppose water flow at the soil-water interface. Hence, a 
maximum amount of the material should be in contact with the soil surface. 

Numerous studies concerning the effectiveness of mulches for reducing 
water erosion have been conducted (Mannering & Meyer, 1961, 1963; 
Meyer et al., 1970; Taylor et al., 1964). In general, erosion was reduced 
as the amount of mulch was increased. However, if the mulch was not in 
adequate contact with the soil, erosion could occur under the mulch. 

In recent years, no-tillage systems have received considerable attention. | 
Crop residues are maintained on the surface, weeds are controlled with 
chemicals, and subsequent crops are seeded with no more soil disturbance 
than that necessary to place the seeds in the soil. Excellent control of ero- 
sion by wind and water has been obtained (Fowler, 1972; Harrold & 
Edwards, 1972; Harrold et al., 1967). For a rain storm having over a 
100-year recurrence frequency, Harrold and Edwards (1972) reported the 
following: 

Tillage Slope Rain Runoff Sediment yield 

(%) (cm) (cm) (kg/ha) 
Ploughed, clean til- 

led, sloping rows 6.6 14.0 Lic? 50,700 

Ploughed, clean til- 

led, contour rows 5.8 14.0 5,8 7,200 

No-tillage, contour 

rows 20.7 12.9 6.4 71 

While this occurred ina more humid region (Ohio, U.S.A.), major reductions 

in erosion should be possible for dry regions where residue density at the 

soil-water interface is adequate. 

Effects of Mulches on Plants 

The effects of mulches on plants are operative through the effects of 

mulches on soil water, temperature, structure, salinity and erosion. Other 

factors mentioned in the introduction are also affected by mulches and have 

an effect on plants. However, those discussed are considered most im- 

portant. . Besides, little information is available concerning those factors 

not discussed as they relate to the effects of mulches on plants. 
One of the most critical periods in the life cycle of a plant is the period 
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of germination, emergence and seedling establishment, For germination 

to occur, viable seeds must be placed in a favourable environment with 
respect to water supply, temperature and aeration. After germination, 
the seedlings must emerge and become established. Due to their small 

size and tenderness, seedlings can easily be adversely affected by an un- 

favourable environment. Mulches can aid germination, emergence and 

seedling growth by moderating or improving the soil and aerial environment 

to which the seeds and seedlings are subjected. 

Higher soil water contents and reduced evaporation were major reasons 

for improved germination, emergence and seedling growth due to 
mulches (Army e¢é al., 1961; Kowsar et al., 1969; Mustafaev, 1964; Sale, 

1966a, b; Takatori e al., 1971; Unger, 1971b; Wann, 1969). Straw, 

petroleum, gravel, stones and plastic films increased germination and early 

growth, but the plastic films had to be slit or removed for continued growth. 
Higher soil temperatures due to mulches also improved germination, 

emergence and seedling growth (Adams, 1962; Dhesi e¢ al., 1964; 

Miller & Bunger, 1963; Mustafaev, 1964; Sale, 1966a, b; Willis 

et ali, 1957). The higher temperatures, either alone or in combi- 

nation with higher water contents, were also effective for promoting 

later plant growth and hastening plant maturity (Bowers, 1968; Linden, 

1963; Miller, 1968; Miller & Bunger, 1963; Mustafaev, 1964; Sale, 1966a, b; 

Takatori et al., 1964; Willis et al., 1957). Early seeding of sweet 

corn, made possible by using a clear plastic mulch, resulted in the corn 

being ready for harvest 2 weeks before corn seeded in bare soil (Miller 
& Bunger, 1963). 

Surface mats, which maintained a lower, more constant soil temperature 
than other materials after irrigation, were effective for improving early 
potato (Solanum tuberosum L.) growth (Dhesi et al., 1964). In other cases, 

lower temperatures due to mulches reduced germination and early plant 

growth (Allmaras et al., 1964; Burrows & Larson, 1962; Moody e¢ al., 

1963; Van Wijk et al., 1959). However, later growth sometimes was better 

on mulched than on bare soil due to improved water conditions under the 
mulch (Moody et al., 1963). 

A majority of the reports indicated higher yields when crops were 
grown with rather than without mulches, with most materials being effective 
for increasing yields (Adams, 1970; Austin, 1964; Bansal ef al., 1971; 

Baroccio & Morani, 1965; Baumer, 1964; Bowers, 1968; Carter & Fanning, 

1965; Dixit & Agarwal, 1971; Evenson & Rumbaugh, 1972; Griffin ¢¢ al., 
1966; Harrold eé al., 1959; Lehne, 1961; Linden, 1963; MacMillan & 
Millette, 1971; Moody ¢¢ al., 1963; Onchev, 1960; Puszta, 1963; Sale, 
1966a, b; Taylor et al., 1964; Willis et al., 1963; Zakharov & Semikina, 
1964). Although the yield increases generally were moderate, some 
very substantial increases were reported (Moody ¢¢ al., 1963; Pusztai, 1963; 
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Sale, 1966a; Zakharov & Semikina, 1964). These ranged from about 50 

to 300 per cent. ; 

Yield response due to mulches, although primarily related to soil water 
and temperature, was also affected by better plant populations (Sale, 1966a, b; 
Takatori et al., 1971), reduced root rot (Lavee, 1963), and reduced 

soil salinity (Carter & Fanning, 1965; Heilman et al., 1968). Undoubtedly, 

mulch effects on soil structure, nutrients, microbial activity, root distribu- 

tions, etc., also played an important role in the higher yields. 
Reduced crop yields due to mulches have been related to some specific 

condition, generally soil temperature. Corn apparently is very sensitive 

to low temperatures under a straw mulch early in the season when tempera- 

tures normally limit plant growth (Allmaras et al., 1964; Burrows & Larson, 

1962; Moody e¢ al., 1963; Van Wijk et al., 1959). . The adverse effects 

of low temperatures were reflected in_lower yields in more northern regions 

(Allmaras et al., 1964; Burrows & Larson, 1962; Van Wijk et al., 1959), 

but were largely overcome in the more southern regions (Moody et al., 1963; 

Van Wijk et al., 1959). For a black tar mulch, corn yields were increased 
in Quebec (Canada), apparently due to higher soil temperatures (MacMillan 

& Millette, 1971). A straw mulch in Alberta (Canada), however, delayed 

maturity and reduced wheat yields due to dower soil temperatures and 

increased soil shading, and occasionally due to lower nitrate production 
(Anderson & Russell, 1964). 

A gravel mulch in Texas (U.S.A.) reduced grain sorghum yields, but the 

yield reduction was not due to lower soil water contents or lower tempera- 

tures. Water was adequate and a straw mulch resulted in even lower 

temperatures than the gravel, but yields with straw were higher than with 

gravel. Plants on the gravel-mulch plots appeared nitrogen deficient, 

but the soil nitrogen content was not determined. Lower soil nitrate- 

nitrogen may have been a factor, but the quality and intensity of reflected 

radiation from the gravel may also have been factors contributing to the 

reduced yields (Adams, 1965). Apparent nitrogen-deficiency symptoms 

were also observed by Unger (1971b) for forage sorghum growing on gravel- 

mulched plots. The symptoms disappeared after ammonium nitrate 

fertilizer was applied. 
Tillage systems that maintain high levels of crop residue on the soil 

surface have resulted in variable responses with respect to crop yields in 

the western United States. At drier locations, stubble-mulch tillage 

generally resulted in higher wheat yields than moldboard ploughing, 

while the opposite generally occurred at more humid locations. One-way 

tillage, which incorporated crop residues with soil, resulted in yields between 

stubble-mulch tillage and moldboard ploughing, regardless of which 

method resulted in the higher yields (Zingg & Whitfield, 1957). In Texas 
(U.S.A.), 27-year average grain yields for one-way and stubble-mulch tillage 
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were 585 and 685 kg/ha, respectively, in a continuous wheat system, and 

927 and 1055 kg/ha, respectively, in a wheat-fallow system (Johnson & 

Davis, 1972). 
At the drier locations, wheat yield increases due to stubble-mulch 

tillage resulted from greater soil water contents at seeding (Johnson & 

Davis, 1972; Zingg & Whitfield, 1957). For a number of Great Plains 

(U.S.A.) locations, the average contributions to yield ofa centimetre of stored 

water at seeding were 64.6 and 72.5 kg/ha for spring and winter wheat, 

respectively. These values were based on the assumption that management 

practices affect yields solely through their effects on soil water (Johnson, 

1964). Yield reductions due to stubble-mulch tillage at more humid loca- 

tions resulted from fertility, weed control and residue management 

problems (Zingg & Whitfield, 1957). 

When weed control chemicals became available, chemical fallow systems 

were investigated at a number of locations. Although these systems main- 

tained the available crop residues on the surface at higher levels than 

where tillage was used for weed control, and thus gave better protection 

against erosion, crop yields generally were not increased and frequently 

were decreased (Army ef al., 1961; Black & Power, 1965; Wiese & Army, 

1958; Wiese efal., 1960, 1967). Residue levels at the beginning 
of fallow apparently were too low to increase infiltration and reduce subse- 
quent evaporation, especially in the southern Great Plains (U.S.A.). Hence, 

water storage was not increased. Poor water storage coupled with poor 

weed and volunteer crop plant control were major factors that contributed 
to the generally poor results with chemical fallow on dryland in the early 

- studies. 

With the introduction of suitable seeding equipment and more effective 
chemicals for weed and volunteer crop plant control, reduced and no- 

tillage cropping systems are gaining favour in the western United States. 
In the central Great Plains (U.S.A.), the use of chemical fallow for weed 

control resulted in greater water storage than where subsurface tillage 

was used for weed control. Chemical fallow also resulted in wheat and 

sorghum grain yields that were equal to or higher than those obtained with 
tillage (Smika & Wicks, 1968; Wicks & Smika, 1973). Residue production 

in the central to northern Great Plains apparently is adequate to increase 

infiltration and suppress evaporation. Also, standing wheat stubble is 

effective for increasing water storage during fallow through snow trapping. 

In the southern Great Plains (U.S.A.), residue production by dryland 
crops often is lower than at more northern locations and water storage 

during fallow also is lower. However, irrigated crops (wheat and grain 

sorghum), which are grown on extensive.areas of the southern Great Plains, 
produce large quantities of residues. . These residues, when maintained 
as a mulch on the surface, resulted in increased water storage during fallow 
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when weeds and volunteer crop plants were controlled with herbicides 

(Musick et al., 1973; Unger et al., 1971; Unger & Parker, 1974). The 

additional .stored water was effective for reducing pre-plant or seasonal 

irrigations for subsequent irrigated crops (Musick et al., 1973; Unger et al., 

1971) or for increasing yields of subsequent dryland crops (Unger & 

Parker, 1974). 

Conclusions 

Mulches have been used throughout much of the history of agriculture. 

Various mulching materials have been used and, where effective soil cover 
was afforded, substantial yield increases often occurred. The higher yields 

resulted from improved soil water and temperature regimes: improved 

soil structure; improved soil salinity and erosion control; and various other 
soil and plant environmental factors associated with the mulches. 

With respect to dryland agriculture, the greatest benefits due to mulches 

undoubtedly resulted from increased soil water for plant growth. Relatively 

high crop yields were obtained where plastic films covered wet soil and the 

crops were grown on stored soil water. The films, however, prevented 

water entry, were rather expensive, and sometimes difficult to manage. 

Consequently, their use as mulches was generally restricted to high value 

crops on limited areas. 

Crop residues have been widely used as mulches. These materials 
have conserved water for greater crop production when present at adequate 

levels. Under dryland conditions, residue production frequently was in- 

adequate to substantially increase soil water. Hence, the primary reason 
for their use has been for erosion control. The stubble-mulch tillage systems 

have been used to maintain a major portion of the available residues on the 

soil surface. 
In recent years, reduced and no-tillage cropping systems have been 

introduced wherein most or all tillage operations are eliminated and weeds 

and volunteer crop plants are controlled with chemicals. The residues are 

maintained on the surface as a mulch. Where residue levels and weed 
control were adequate, substantial increases in soil water were obtained 
and yields were often increased. At some locations, residues from irrigated 

crops have resulted in increased soil water storage, thus reducing irrigation 
water requirements for subsequent irrigated crops or increasing yields of 

subsequent dryland crops. The reduced tillage systems have given good 

protection against wind and water erosion. 
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Introduction 

It is well-known how the moisture content of the atmosphere affects 

traspiration, but comparatively little is known about its effects on overall 
growth of plants. One of the reasons for this apparent scarcity of informa- 

tion is the difficulty in accurately measuring and controlling atmospheric 

moisture content in the crop environment. Much of the information relat- 

ing transpiration and atmospheric moisture content has been obtained 

through the use of transparent leaf chambers within which the environment 
can be precisely controlled and monitored. ‘This becomes considerably 

more difficult to do, however, when one moves from the short term study of a 

single leaf or plant to a long term study of a crop of plants. Nevertheless, 

attempts have been made to study the effect of atmospheric moisture 

content on overall plant growth, and this information will be reviewed 
before considering the specific ways in which various physiological processes 

are influenced by the moisture content of the air. Most of these studies 
have utilized relative humidity (RH) as the indicator of the atmospheric 

moisture content, and this expression will be maintained for the present 

purposes. 
Another apparent reason for the scarcity of information is that little 
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importance has been attached to the effect of atmospheric moisture content 

on plant growth. Thirty years ago, after one of the most thorough investiga- 

tions of plant growth under controlled environmental conditions up to that 
time, Went (1944) concluded that relative humidity had no effect on growth 

of tomato plants. Several years later, Went (1957) still felt that, “relative 

humidity has only a minor effect on the growth of plants which have an 
adequate water supply.’ This view undoubtedly influenced other investi- 

gators since there was no mention of the effect of humidity on plant growth 
at the international symposium convened at the dedication of the Australian 

phytotron a decade ago, in which the main theme was the natural micro- 

climatic environments of plants and the responses of plants to the environ- 

ment (Evans, 1963). Cotter and Walker (1967) recently reviewed the 

literature on relative humidity and plant growth and concluded that, 

“there is, however, a lack of direct experimental information on the effect 

of relative humidity on the growth of plants.’ It is surprising to this 
author that such an attitude of little concern for the role of atmospheric 
humidity in controlling plant growth has prevailed for so long in view of 

the large part that plant water relations has played in the development 
and history of plant physiology. 

Survey of Plant Responses to Humidity 

Went (1944) compared growth of tomato plants at 45% and 75% RH 
and found no differences. However, Nightingale and Mitchell, (1934) 
had found that tomato plants grew more rapidly at 95% RH than at 35% 

RH. Rather than being exceptional, this apparent lack of agreement among 

the results with tomato plants is characteristic of the experiences of others. 

For example, Nieman and Poulsen (1967) found vegetative growth of cotton 

less at 85-100% RH than at 30-40%, while Hoffman et al. (1971) found the 

growth to be 40% higher at 90° RH than it was at 25, 40, or 65% RH. 

Nieman and Poulsen (1967) also found that vegetative growth: of bean 

(Phaseolus vulgaris L.) was less at 85-100°% than at 30-409% RH, while 

O’Leary and Knecht (1971) found no differences at 30-40%, 70-75% 

and 95-100% RH. Prisco and O’Leary (1973), however, did find that 

vegetative growth of beans was enhanced by high humidity. Bean seed 
yield was found to be reduced at the lower humidities (Hoffman ef al., 1971; 

O’Leary & Knecht, 1971). The quality of beans produced at the lower 

humidities is also less due to higher fibre content (Kaldy, 1966). McIntyre 
(1973) found that cotyledonary bud growth was also increased by increases 

in RH from 30% to 60% to 90%. 

Other crops in which vegetative growth seems to be increased with 

increasing RH include corn (Pareek et al., 1969), beets (Hoffman & Rawlins, 

1971), kale and sugar beets (Watson, 1964) and peanut (Fortanier, 1957). 
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Flowering and fruiting of peanut is also enhanced by higher RH (ice. 

90-95%) (Fortanier, 1957; Lee et al., 1972). Crops in which growth seems 

to be reduced at higher humidities include sunflower (Winneberger, 1958), 

cacao (Sale, 1970) and tobacco (Michael et al., 1969). Some crops have 

not shown a response to humidity, such as wheat (Watson, 1964), even 

though seed set in wheat is enhanced by low RH at low soil moisture stress 
levels (Campbell et al., 1969). 

There are several possible reasons for the apparent lack of uniformity 
among the results of such studies. Tromp and Oele (1972), for example, 

found that shoot growth of apple trees was considerably better at high 
relative humidity (75% day/100°% night) than at low relative humidity 

(45-55% continuous) as long as nitrogen fertilization was adequate. When 

the nitrogen level in soil was low, there was no response to relative humidity. 

This emphasizes an important point in studying the response of plants to any 

environmental factor. Care must be taken to ensure that some other factor 

is not limiting growth. Similarly, Brouwer and peWit (1969) found no 

difference in growth of Phaseolus vulgaris leaves at different relative humidities 

when root temperature was between 20 and 30 °C. However, when root 

temperature was either above or below this range, leaf growth was affected 

by relative humidity of the air. For example, at 15 °C root temperature, 

leaf growth was almost three times greater at 80°94 RH than at 65% RH, 

and at 35 °C root temperature, leaf growth at 80° RH was about double 

that at 65% RH. Much the same observation has been made by Watts 

(1972). Leaf extension in corn was about the same at 50% RH as at 100% 

over the range of root temperature from 15 to 25 °C. However, below this 
temperature range, leaf extension was better at 100° RH than at 50% RH, 

and above this temperature range, leaf extension was better at 50% RH. 
In this case, when root temperature was too low, root resistance to water 

uptake probably was. limiting leaf extension through its effect on water 

status of the leaves. Therefore, reducing transpirational loss of water by 
maintaining relative humidity high was beneficial. When the root 

temperature (and the temperature of the water around the roots) was 

maintained high, the transport of this warm water to the leaves may have 

affected leaf cell temperature, and increasing transpirational cooling by 

maintaining the relative humidity lower may have been the reason for the 

better growth at 50% RH than at 100% RH. 
In addition to effects on dry matter production in plants, there are 

morphological differences also associated with humidity. Stem length is 

greater, in general, at higher humidities (Went, 1944; Fortanier, 1957; 

Hughes, 1966; Sale, 1970). Leaf size also is affected. In cacao, leaves 

are smaller at higher RH (Sale, 1970), but leaf area increased with increasing 

RH in bean (O’Leary & Knecht, 1971), wheat, kale and sugar beet (Watson, _ 

1964). The dry weight per unit leaf area increased with increasing RH 
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in cacao, kale and.sugar beet but decreased in bean. In general, relative 

humidities that produced the best vegetative growth also resulted in most 
profuse flowering (Fortanier, 1957; Sale, 1970; Lee e¢ al., 1972). 

In assessing the responses of plants to RH, especially to extreme high 

humidities, consideration must be given to differences among species and 

types of plants. For example, plants that have evolved in tropical or 

naturally moist conditions should be expected to react differently to high 
humidity than plants that originated in drier climates. This is well illustrat- 

ed by the observation of Jensen (1972) in evaluating numerous tomato 

cultivars for use in green-houses where the humidity is maintained near 

saturation. He found that those cultivars developed in hot, humid areas 

grew best in the high humidity green-houses. Furthermore, the cultivars that 

did not originate from hot, humid areas exhibited growth anomalies in the 
high humidity, such as extended flower clusters and adventitious root pro- 

duction along the stem, while those originating in hot, humid areas had no 

such problems. The main problem in studies reviewed here, however, 

may be in the use of relative humidity<as the indicator of atmospheric 

moisture content. ‘This will be discussed in the following section. 

Humidity and Transpiration 

Obviously, the influence of atmospheric moisture content on plant 

growth is going to be exerted through its effect on plant-water relations. 

This primarily will result from the direct effect on transpiration, as shown 
in the following relationship, 

Seas Cleat — Cair 
Transpiration = eee (1) 

where, teat is the actual vapour pressure of the intercellular spaces of the 
leaf, eair—the actual vapour pressure of the bulk air outside the leaf, 
Yieat—the diffusional resistance of the leaf, and raiy—the diffusional 
resistance of the adjacent boundary layer of air. The intercellular air space 
usually is assumed to be saturated, and the vapour pressure therein is taken 
to be the saturation vapour pressure at that temperature (i.e., the leaf 
temperature). The vapour pressure of the bulk air is the actual vapour pres- 
sure of the air which is a direct indicator of the moisture content of the air. 
This vapour pressure is related to the saturation vapour pressure (es) at 
the same temperature by the following expression, 

Relative Humidity = = x 100, (2) 
8 ae 
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Thus, as air temperature changes, the relative humidity changes, even 
though the actual moisture content of the air remains the same. Relative 

humidity, therefore, is meaningless in itself in consideration of transpiration. 

Vapour pressure deficit (VPD) which often is used also as an indicator of 

atmospheric moisture content likewise is not of much value in itself unless 
. the leaf and air temperatures are identical. VPD is the difference between 
the saturation vapour pressure and the actual vapour pressure at the same 

temperature. If leaf and air temperatures are identical, the VPD of the 
air is the same as (€leat—€air) which is the information really needed for 

consideration of the transpiration rate. 

Under natural conditions, the vapour pressure may not significantly 

change during the course of a day, but the air temperature will. Thus, 
the relative humidity and vapour pressure deficit will change concomitant 
with the temperature change, even though the moisture content of the air 

remains the same. If leaf temperature increases, the vapour pressure 

inside the leaf changes (assuming the intercellular air space remains satu- 

rated, which probably is true most of the time), and this increases the vapour 
pressure gradient from leaf to air. The increase in transpiration from 

morning to afternoon, in other words, is due to the increase in leaf tempera- 

ture, not the decrease in relative humidity or increase in VPD.of the air. 
It is unfortunate that what little is known about the relationship between 

plant growth and atmospheric moisture content has been determined under 

conditions of continuous levels of RH rather than continuous vapour 

pressure. Comparison of results at similar relative humidities is dangerous 

unless the air temperatures are the same. Furthermore, the leaf tempera- 

tures should also be the same, but this probably rarely has been the case. 

Unfortunately, leaf temperature usually is not measured by investigators. 

As an example, consider two investigators studying the response of a plant 

in the same relative humidity conditions. They even assure that air 
temperature is the same. For discussion purposes, let the conditions be 

25 °C and 80% RH, which corresponds to a vapour pressure of 25.34 milli- 

bars (mb). If in one case, the radiation is high and air flow across the leaf 

surface is low, the leaf temperature may be higher than air temperature, 

say 30 °C. This corresponds to a vapour pressure in the saturated intercellu- 

lar air spaces of the leaf of 42.43 mb. However, if in the other case, the 

radiation is low, as it often is in controlled environment chambers, and air 

flow across the leaf surfaces is high, then leaf temperature may. be several 
degrees below air temperature. If leaf temperature were 22 °C, for example, 
the vapour pressure inside the leaf would be 26.43 mb. Thus, in the first 

case, the vapour’ pressure gradient from leaf to outside air is 17.09 mb, 

while in the second case it is only 1.09 mb. The water status of the plants 
in those two cases could be drastically different even though the air tem- 

perature and relative humidity were the same. This emphasizes another 
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important point in studies of effects of some environmental factor on plant 
growth. Other environmental variables must be carefully controlled, or 

at least well-monitored. 

Transpiration and Leaf Growth 

As pointed out in the previous section, humidity probably affects 

plant growth primarily through its influence on transpiration rate and 

consequently the water balance of leaves. This is because leaf growth 

depends not only on synthetic activities resulting from biochemical processes, 

but also upon the physical process of cell enlargement. The cell enlarge- 

ment occurs as a result of turgor pressure (TP) developed within the cells. 

There is a minimum TP required for any cell enlargement to occur (Cleland, 

1967; Boyer, 1968, 1970), and the rate of leaf enlargement is a function of the 

actual TP in the cells (Millar et al., 1971). Thus, it is important that leaf 

TP be maintained above the critical TP necessary for cell enlargement to 

occur. This critical TP is different for different plants and it is well above 

the point where visible wilting is evident. This means that a plant that 

looks turgid and seems not to be suffering from water stress may in fact 

not necessarily be actively growing. Water stress, if this means a situation 

where the water status of a tissue is limiting its growth rate, is not something 

that can be visibly detected. Furthermore, to obtain high growth rates, 

the turgor pressure of the leaf cells must be greater than the minimum TP 

necessary for cell enlargement. Millar et al. (1971) found that leaf growth 

rate was 10 times higher at 3 bars TP than at 1 bar TP for onions. This 

corresponded to leaf water potential values of —2 and —5 bars, respectively. 

Chances are most plant leaves would not look much different within this 

water potential range, yet the growth rates can be so significantly different. 

The greatest determinant of the TP value in a leaf probably is the 

transpiration rate. Even under conditions of high soil water potential, 

the transpiration rate can be significantly high enough that water absorption 

and transport to leaves is insufficient to maintain leaf turgor high, and leaf 

growth is correspondingly lowered (Millar & Gardner, 1972). Thus, it is 

not surprising that there is good correlation between vapour pressure of the 

air and leaf water potential (Elfving & Kaufmann, 1972; Elfving e¢ al., 

1972) and between atmospheric moisture content and leaf growth. For 

example, at soil water potential of —10 bars, wheat leaf water potential was 

— 18 bars at 80% RH and —24 bars at 50% RH (Yang & pe Jong, 1972), 

and this difference was consistent over a wide range of soil water potentials. 

The importance of these relationships between humidity, transpiration, 

leaf turgor, and plant growth is amplified by the realization -that there 

actually is a relatively narrow range of leaf water potentials (or turgor 

pressures) within which growth will occur. In soybeans, corn and sun- 
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flower, maximal leaf enlargement occurred at leaf water potentials of —1.5 

to —2.5 bars and was nearly zero at leaf water potentials of only —4 or —5 

bars (Boyer, 1970). These same relationships hold for crop yield also. For 

example, the range of leaf water potentials that corresponded to the differ- 

ence between no yield and maximum yield was 13 bars for beets, 6 bars for 

radish and only 4 bars for onion (Hoffman & Rawlins, 1971). The 

importance of humidity in determining the leaf water potential and 

consequent growth response is emphasized by the observation that at a very 

high soil water potential (—0.4 bars) beet yield was 50% higher at 90% 

RH than at 45% RH (Hoffman & Rawlins, 1971). 

Thus, the moisture content of the air becomes an important Seite 
limiting environmental parameter under many agricultural situations. 

When the radiant energy load on the crop is high and air temperature is 
high, the moisture content of the air can impose a considerable constraint 

upon the growth rate of the crop. This combination of high light, warm 
temperatures and low atmospheric moisture content .is typical of many 

irrigated agricultural areas. The warm temperatures and high number 

of cloudless days in the south-western United States dictates that this must 

be an intensively cropped area, for example, in spite of the low incidence 

of rainfall. ‘This means that considerable amounts of water must be used 

for surface irrigation, and this necessarily raises the cost of crop production. 

One of the greatest limits to the total productivity probably is the low 

atmospheric moisture content during a significant part of the growing 

season. ‘The transpiration rate is so high, much of the time that leaf water 

potentials, and turgor pressure, are below the critical threshold for leaf 

growth enough of the time to significantly limit the total crop production. 

This effect is especially intensified when the cropped areas are interspersed 

with non-cropped areas, as is typical in many of the irrigated areas of the 

world. Under such conditions, the movement of hot, dry air from over the 

barren soil through the cropped area leads to an advective heating of the 

leaves and thereby increases the amount of heat dissipation that must be 

done by latent heat transfer or transpiration. The transpiration rate then 

must be high enough to not only balance the radiation load but also must 

compensate for the increased heat load due to advection. This is the well- 

known “oasis effect”. Hanks et al. (1971) have observed this effect in 

wide-row sorghum crops adjacent to non-cropped areas in the Great Plains 

of the United States, for example. Crop growth in areas such as this is 

necessarily going to be maintained in spite of the large water consumption. 

However, productivity must be as high as possible. With the realization 
that the moisture content of the air in these areas is an important limiting 

factor to higher productivity, it becomes extremely important to examine 
ways and develop technology to modify or influence the humidity over and 

within cropped areas. 
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Humidity and Stomata 

In their excellent review of stomatal physiology, Meidner and Mansfield 

(1968) categorically state that “although stomatal behaviour is very sensitive 
to the turgor relations of the plant, it is comparatively unaffected by changes 
in the relative humidity of the ambient air.” In view of what we know 
about stomatal apertures as related to guard cell turgor pressure and the 

relationship of turgor pressure to transpiration rate as described above, 
this does not seem to be a justified conclusion. They apparently based 

their conclusion on one source of data (Wilson, 1948). However, there are 

sufficient examples in the literature now to justify negating that conclusion. 

As might be expected, stomatal aperture, in general, increases with increasing 

relative humidity of the air (Macklon & Weatherley, 1965; Otto & Daines, 

1969; Raschke & Kuhl, 1969; Raschke, 1970; Aubert & Catsky, 1970; 

Lange et al., 1971). The response of guard cell turgor, and thereby stomatal 

aperture to change in relative humidity is extremely rapid (e.g., Lange 

et al., 1971), and the rate of transpiration changes correspondingly (Macklon 

& Weatherley, 1965; Aubert & Catsky, 1970). The advantage to the plant 
of having such a tight coupling between stomatal aperture and atmospheric 

moisture content is great. For example, Hoffman et al. (1971) found that 
transpiration rate in cotton at 25°94 RH was only double that at 90% RH, 
even though the vapour pressure gradient from leaf to air was about six 

times greater at the lower RH. ‘This was due to reduced stomatal aperture 

at the lower RH. ‘The leaf diffusion resistance was 8 sec cm=! at 25% RH 

and 5 sec cm-! at 90% RH. Similarly, Drake et al. (1970) found that 

transpiration did not increase proportionately with the increase in Ae 

between 70% RH and 10% RH, which also was attributed to higher leaf 

diffusion resistance at the lower humidity. There are other examples in the 

literature that also support this conclusion. Whether the decreased turgor 

in the guard cells in response to lowering the atmospheric humidity is due to 

a water deficit incurred directly by the guard cells due to their own transpira- 

tion or is a response to a deficit incurred by the entire leafis not clear. Lange 

et al. (1971) feel that the stomatal aperture changes quickly in response to 

increased transpiration by the guard cells themselves, and they consider 

this an important advantage because it would result in reduction of trans- 
piration before the water potential of the other leaf cells drops. However, 

Raschke (1970) has demonstrated that stomatal aperture reacts extremely 

quickly to changes in water supply to other cells of the leaf, and it may be 
that all the cells of the leaf do in fact incur a water deficit regardless of 

where the primary site of origin may be. The range of water potentials 

involved may be so low, anyway, that it is not of significance. At least 
the changes may be so small that they are not measurable. The important 

point is that with increase in the evaporative demand of the air, plant control 
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is exerted through reduction of stomatal aperture, thereby increasing the 

diffusion resistance of the leaf, when the delivery of water to the leaves 

becomes limiting. As long as water supply to the leaf is maintained 

favourably, transpiration will follow the change in vapour pressure gradient 
from leaf to air. 

The advantage of this to the plant obviously is related to maintaining 

a favourable water balance. Macklon and Weatherley (1965), for example, 

found that even though changes in stomatal aperture led to changes in 
transpiration rate, the leaf water potential was unchanged. The advantage 

of maintaining the leaf water potential high is clear from the above discussion 

relating leaf expansion to leaf turgor and water potential. However, the 

consequence of reducing stomatal aperture to maintain leaf water potential 

high is an increased leaf diffusion resistance to CO,, and photosynthesis 

thereby will be reduced. Thus, the major effect of low relative humidity 

in limiting crop yields may be through its effect on CO, uptake rather than 
through its effect on development of water stress. 

Absorption of Atmospheric Moisture by Leaves 

Since Biblical times, man has been interested in the possibility of 

absorption of atmospheric moisture by plant leaves, especially in arid areas 

of the world (Wallin, 1967). Ifthe vapour pressure gradient in equation (1) 

above were reversed, i.€., eair Was greater than ejear, then it might be 

expected that water vapour would diffuse from the outside atmosphere 

into the leaf. The difficulty, however, is that the vapour pressure gradient 

rarely, if ever, would be in that direction. The intercellular air space within 

the leaf is saturated or nearly so, which means that the vapour pressure 

therein is the saturation vapour pressure for that temperature (i.e. the leaf 

temperature). Thus, even if the outside atmosphere is saturated, i.e., 

the RH is 100%, there would have to be a temperature gradient toward 

the leaf in order to have a vapour pressure gradient in that direction. This 

condition probably exists primarily at night in arid areas where outgoing 

radiation from leaves is high. Since the stomata of most crop plants typically 

are closed at that time, water vapour absorption by these plants does not 

seem too likely. However, if the leaf temperature is lower than air tempera- 
ture and the humidity of the atmosphere is sufficiently high, water will con- 

dense on the leaf surface, and this liquid water then is potentially available 

for absorption by the leaves. Vaadia and Waisel (1963) have shown quite 

clearly, in fact, that atmospheric moisture is preferentially absorbed as liquid 

after condensation on the leaf surface rather than directly by vapour 

diffusion, even when the stomata were open. Furthermore, it seems clear 

that most water absorbed in this way is absorbed directly through the cuticle. 

Condensation of moisture on leaves, or dew deposition, is a frequent 
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occurrence in arid areas of the world, and there is an extensive literature 

on this subject. Most of this literature has been reviewed by Stone (1957) 

and Wallin (1967). In many areas of the world where rainfall is scant, 
there is significant dew formation. Since many arid areas of the world 

lie reasonably close to continental coasts or near larger bodies of water, the 
humidity of air blowing inland across these areas of little rainfall often is 

high enough to favour condensation of moisture out of the air. Wallin 

(1967) cites many examples of relatively high amounts of dew formation 
in various parts of the world. There are many different methods used to 

measure dewfall, however, and this makes it difficult to accurately assess the 

importance of these values. ‘The agricultural significance of the condensed 

moisture is even more difficult to assess. It is difficult to imagine that much 

of the moisture which condenses on leaves ever finds its way down through 
the plant and even out into the soil, as some studies would suggest (Breazeale 

et al., 1950, 195la, b). The time needed to completely reverse the water 

potential gradient in the plant probably is greater than overnight, so at 

sunrise when transpiration resumes, the water potential gradient is re- 

established from soil to atmosphere, and water movement within the 
plant again is in the direction from roots to leaves. 

The most likely advantages to the plant from moisture condensed on 

leaves is through reduction of transpiration, and restoration of leaf cell 

turgor. Leaf growth is dependent upon a critical minimum turgor pressure 

(Boyer, 1968), and restoration of sufficient leaf turgor at night is dependent 

on the amount of stress developed during the day and the length of time 

it takes the plant to overcome the deficit incurred as a result of the daytime 

lag of absorption behind transpiration. If dew formation occurs, and 

moisture is absorbed by leaf cells directly through the leaf surface, restoration 

of leaf turgor is accelerated, and growth is thereby enhanced. Also, at 

sunrise when conditions for transpiration become favourable, there obviously 

is an advantage to the plant in having a film of water on the leaf surface 

to be evaporated first before cellular water is lost through transpiration. 

The delay in reduction of leaf cell turgor below the critical minimum each 

day may be of significant benefit toward total production of the crop. 
There is some feeling that this may not be a significant effect (Waggoner 

et al., 1969), but there has not been enough experimental work done yet to 
warrant any definitive conclusions at this time. 

While investigators may disagree on the amount of benefit plants derive 

from dew, they agree that dew does benefit plants in the absence of other 
moisture sources (Wallin, 1967). In some areas, the annual dewfall may 
even exceed the annual rainfall. For example, in the Avdat agricultural 

area in the Negev desert, during the extreme drought year of 1962, the annual 
dewfall was 23.0 mm while the annual rainfall was only 18.1 mm (Evenari 

et al., 1964). There may be some decided benefit under conditions of low 
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atmospheric humidity to light overhead sprinkling of crops prior to dawn. 

Research in this area would be worthwhile. For some crops, the problem 
of enhanced pathogen development in the free water on the leaf surface 

(Baier, 1966; Wallin, 1967) may outweigh the advantage of improving the 

water balance of the plant by artificially increasing the humidity of the 
atmosphere within the crop. 

Humidity and Salinity 

One of the major effects of excessive salinity in irrigation water is 

enhancement of the development of water stress in plants (O’Leary, 1970). 

As the salinity around plant roots increases, the plant responds by adjusting 

its Osmotic pressure correspondingly (O’Leary, 1971). One of the con- 

sequences of this increased osmotic pressure, however, is a decrease in 

hydraulic conductivity or permeability of the roots to water. This means 

that the osmotically adjusted plant is: more likely to incur a water stress 

because of the greater likelihood of transpiration rate exceeding the rate of 
water delivery to leaves. Thus, the evaporative demand of the air does 
not have to be as low to cause water stress in plants growing in saline condi- 

tions as it does in plants growing in non-saline conditions. It follows 

that more saline irrigation water can be tolerated in areas of higher humidity 

than in areas with relatively dry air. This conclusion is substantiated by 

work on bean, an extremely salt sensitive plant (Hoffman & Rawlins, 1970; 

Prisco & O’Leary, 1973), but with cotton, a relatively salt tolerant crop, 

humidity had no effect on the relationship between yield and salinity 

(Hoffman et al., 1971). In the halophyte, Atriplex halimus, high humidity 

did not relieve growth reductions due to increasing salinity either (Gale 

et al., 1970). Apparently, salt tolerance involves the ability by the plant 
to maintain water balance through regulation of stomatal aperture as well 

as tolerance to certain concentrations of various ions. In salt-sensitive 

plants, however, this ability is lacking, and the decreased water uptake under 

saline conditions (whether it be due to a decreased water potential gradient 
or decreased root permeability) is not mirrored by reduced transpiration, 

and water stress occurs. The water stress, of course, is masking the direct 

effects of salinity which limit the growth of all plants under saline conditions 

(O’Leary, 1971; Prisco & O’Leary, 1972), and humidity obviously does 

not affect these metabolic disruptions. Nevertheless, for use of saline irri- 

gation water on those crops classed as salt-sensitive, high humidity is a 

desirable environmental condition (Gallatin et al., 1963). 

High Humidity Effects 

So far discussion has been concentrated on the growth-limiting and 
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undesirable effects of atmospheric humidity being too low. However, there 

are some potentially harmful physiological effects of humidity being too 

high. One of these is heat damage. As humidity increases and transpira- 

tion thereby decreases, heat loss from leaves by conduction and convection 

becomes more important. The efficiency of conductive heat loss is highly 

dependent on the rate of air movement across the leaf surface. Thus, if 

high atmospheric humidity and little or no air movement through the crop 

occur simultaneously, the chances of leaves suffering heat damage are good. 

Kinbacher (1962) has clearly shown that heat damage in oats increases 

with increasing relative humidity, and this is because of the effect of relative 

humidity on transpiration rate from the plants. There apparently are 

varietal differences in the ability to tolerate high temperature and high 

humidity (Kinbacher, 1962). A close correlation between leaf temperature 

and atmospheric humidity also has been shown in soybeans (Carlson ef al., 

1972). . 
Another potential harmful effect of high humidity is related to damage 

from air pollution. Because of the greater stomatal aperture at higher 

humidities, plants are more severely damaged by atmospheric pollutants 
at high humidity. Otto and Daines (1969) found a close correlation between 

the ozone injury to bean plants and tobacco plants and the stomatal aperture, 

and both were correlated with relative humidity of the air. O’Gara (1956) 

also found the same relationships for SO, damage to several crops. In 

situations with harmful levels of atmospheric pollutants, a slight water 
stress seems to have important survival benefit (Ting & Dugger, 1971). 

If the atmospheric humidity is high, this could be achieved through control 
of the irrigation amounts and frequency. It must be remembered, however, 

that the price to be paid for reduced turgor and stomatal aperture is reduced 
growth, both from decreased cell turgor and decreased CO, uptake. 

The reduction in transpiration at high humidities reduces the amount 

of mass flow of water up through the plant, and this might be expected to 

reduce mineral delivery to leaves. For example, Gale and Hagan (1966) - 

said that “‘a very large reduction in transpiration may, under extreme 

circumstances, affect the plants’ mineral balance”. Several experiments 
have been conducted from which it is possible to extract some general 
conclusions. In general, there does not seem to be any serious reduction 

in total amount of salts transported to leaves, no matter how high the humidity 

may be (O’Leary & Knecht, 1972). However, there are suggestions that 

calcium transport may be reduced (Freeland, 1936; Nieman & Poulsen, 

1967), and this would be important in plants such as tomato and apple in 

which physiological disorders of the fruit are related to reduced calcium 
content (Wiersum, 1966). ‘Tromp and Oele (1972) did find less delivery of 

calcium to developing apple fruits at 75-100% RH than at 45-55% RH. 

O’Leary and Knecht (1972) did not find any significant reduction in calcium 
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transport to bean leaves under high humidity, however, boron transport 

to leaves also has been found to be reduced at 959% RH (Michael et al., 
1969; Bowen, 1972). 

In some plants, hormones such as gibberellins and cytokinins apparently 

are synthesized in the roots and transported to the leaves via the transpiration 
stream (Letham, 1967; Skene, 1967). Thus, it has been suggested that the 

reduced mass flow of water to leaves under high humidity might cause a 

decreased delivery of these hormones to the leaves (O’Leary & Knecht, 

1971), and the consequences of such a decreased hormone delivery have 

been discussed by Itai and Vaadia (1968) and O’Leary (1971). The forma- 

tion of adventitious roots on stems of plants grown at high humidity (Hughes, 

1966; Jensen, 1972) and abnormal flower development at high humidity 

(Jensen, 1972) suggest that there may be hormonal imbalance brought 

about by reduced transport of hormones from roots to leaves under high 

atmospheric humidity. This, however, has not been demonstrated yet 

for any plant. 

Crafts and Crisp (1971) have reviewed the literature relating the foliar 

absorption and translocation of exogenously applied materials to RH of 

the air. High RH greatly enhances the uptake and transport out of leaves 
of many different substances, from inorganic salts to growth regulators 

such as herbicides. ‘This applies to a wide variety of plants. Rossi. and 

Beauchamp (1971) also found more salts absorbed by soybean leaves from 

foliar application at 70% RH than at 25% RH. Conversely, it seems that 

translocation of photosynthate out of leaves is less at high RH. Ehara and 

Sekioka (1962) found that !4C labelled sucrose applied to sweet potato leaves 

was translocated to roots at a much higher rate under 70% RH than at 100% 

RH. Nightingale and Mitchell (1934) found that more carbohydrate 

accumulated in leaves at high humidity, which could also indicate decreased 

translocation of photosynthate at high humidity. They also found that the 

increased carbohydrate accumulation led to formation of thicker cell walls. 

Sale (1970) also found greater dry weight per unit leaf area at high humidity 

which suggests more cell wall material also. There obviously is a lot more 

information needed on translocation of photosynthate at various humidities. 

An interesting interaction between photosynthate translocation and mineral 
translocation brought on by high humidity is suggested by Wiersum’s (1966) 

observations in developing tomato and apple fruits. During the phase of 

most rapid growth of fruit, sugar is being translocated very rapidly to the 

fruit. Thus, there also is much water coming into the fruit via the phloem. 

If the RH of the atmosphere is high and transpirational water loss from the 

fruit is low, this may be more than enough water to fulfil the needs. Thus, 

xylem-water flow into the fruit may stop or even be reversed. Since calcium 

only apparently moves in the xylem, this would mean that calcium transport 

into the fruit is checked, and a calcium deficiency in the fruit results. This 
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could explain why Tromp and Oele (1972) found less calcium delivery to 

developing apple fruits at high RH, for example, while O’Leary and Knecht 

(1972) found no decrease in calcium delivery to leaves at high RH. 

Humidity and Water Use Efficiency 

As predicted by the previous discussion, there is a close relationship 

between rate of transpiration or water consumption and ambient humidity 

as long as water supply to the leaves is non-limiting (Wallace & Stout, 

1962; Slatyer & Bierhuizen, 1964; Chang, 1968). It might be expected, 

therefore, that the ratio of water consumed to dry matter produced (Trans- 

piration Ratio, Relative Water Use, etc.) should decrease with increasing 

humidity, or the Water Use Efficiency of the crop should increase with 

increasing humidity. In general, that conclusion seems to hold. Bierhuizen 

and Slatyer (1965) found a linear relationship between the transpiration 

ratio for cotton and the atmospheric humidity. Furthermore, they used 

the data collected by Briggs and Shantz (1913) to demonstrate that the 

same relationship holds also for wheat, oats, barley, rye, peas, corn and 

potatoes, grown in different parts of the world. Under controlled environ- 

ment conditions, O’Leary and Knecht (1971) found highly significant 

differences in the transpiration ratio for beans at different humidities, and 
the differences were due almost exclusively to differences in water consump- 

tion at the different humidities. In general, it can be concluded, therefore, 

that the efficiency of water use increases with the humidity of the air (Chang, 
1968). 

Conclusions and Suggestions 

Considering all of the beneficial and harmful effects of high vs low 

atmospheric humidity, it seems quite clear that the desirable situation for 
crop growth is to have a reasonably high humidity. It is clear that leaf 
water status must be maintained high for maximum growth rates. Further, 

it is clear thatthe prime determinant of the leaf water status is the rate of 

transpiration which in turn is a function of the humidity of the air. The 

common practice in the past to maintain leaf water status favourable has 

been to provide water to the root system attempting to maintain water deli- 

very to the leaves sufficient to keep up with the transpirational loss. It 

seems, however, that under conditions of low atmospheric humidity, these 

attempts may be insufficient regardless of the method of surface irrigation. 

Because of constraints at the root surface or within the plant itself, water 

‘transport to leaves may be unable to keep up with the high transpirational 
rate at the low ambient humidity and leaf water deficits result. Thus, 

it may be advantageous to try to reduce the transpiration rate by raising 



THE EFFECT OF HUMIDITY 275 

the ambient humidity. That is, rather than applying all of the water as 

surface irrigation, it may be wiser to apply some on the surface and some 

fraction of the total irrigation water via overhead sprinkling with the intent 

of reducing water loss directly from the plant. Overhead sprinkling has 

been used for this purpose in apple orchards (Unrath, 1972), and it raised 

the relative humidity from 62% to 70%. The additional cooling effect 

of the applied water also reduced fruit temperature by about 8 °F. This 

approach apparently has not been tried with field crops yet, but the justifica- 

tion exists for seriously considering it. As Hoffman and Rawlins (1971) 

found with beets, when the RH was 45% and the soil water potential was 

—0.4 bar, there was no way to improve yield by adding more water to the 

root system, but by increasing the RH to 90%, the yield was increased by 

50%. Thus, it is strongly recommended that intensive research be directed 

toward modification of humidity within crop canopies as a means of 

improving yield. This will require investigation of means of adding moisture 

to the air, the best times to do so, on which crops, and in what particular 

environmental situations it will be economical to do so. This may not 

seem to be a profitable venture to some, I am sure, but I also am sure that 

the possibility of significantly increasing the CO, concentration in the open 
field seemed just as unlikely, or more so, to many people. However, this 

recently has been done with a cotton crop (Harper et al., 1973) much to many 

peoples’ surprise. The CO, concentration was maintained significantly 
higher than normal within and over a cotton field by releasing GO, into the 

air within the crop, and daily net photosynthesis increased by 359%. The 

potential benefits from adding moisture to the air within a crop seem even 

more promising. 
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Introduction 

Wind affects plants in several ways. It affects the exchange processes 

between plants and the atmosphere, thereby influencing the heat and water 

balances; it exerts mechanical effects leading to breakage of plant parts; 

and it alters enzyme activities through metabolic changes arising from 

wind-induced water stress or from injury inflicted by wind-eroded soil 

particles. 

These changes are at once profound and complex. Long exposure to 

strong winds may produce morphological and anatomical changes. White- 

head and Luti (1962) and Whitehead (1962, 1963a, b) working with several 

species including maize and sunflower, showed that strong wind promotes 

the development of xerophytic characters, with production of thicker leaves, 

development of more woody and vascular tissue, changes in number and size 

of stomata and increases in root : shoot ratios. Plants may therefore, given 

time, “adapt” to windy situations, but recent theoretical and experimental 

work—to be described—hbased on the energy relationships of the transpiring 
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leaf has shown that transpiration does not necessarily increase with increasing 

wind speed. 
Although the main benefit from reduction in wind exposure arises from 

improved water balance, the “shelter effect’? is more complicated because 

the reduction in wind affects most of the parameters determining the shelter 

microclimate. Moreover, the shelter microclimate is subject to continual 

alteration depending on the prevailing weather, windbreak efficiency and 

changes wrought by growth of the shelter crop itself (Fig. 6.1). Hence, the 
terminal yield of a sheltered crop represents a complex integration of numer- 

ous interacting factors that have operated from sowing until harvest. For 

this reason, the interpretation of crop reaction to shelter has usually had to be 

inferred from the known response of plants to variation of individual environ- 

mental parameters, under carefully controlled experimental conditions. 

SHELTERBELT 
CHARACTERISTICS MACROCLIMATE 

LEESIDE AIR FLOW 

SHELTER 

MICROCLIMATE 

CROP GROWTH & 

a DEVELOPMENT 
CROP YIELD <—— 

Fic. 6.1. Scheme representing the interrelationships of major factors influencing 
shelter responses. Detailed investigations of these relationships 

may quantify the effect of shelter on crop yield. 

Fig. 6.1 presents the interrelations of broad groups of factors. Omitted 
from the diagram are insect pests and diseases whose severity may, in 
certain situations, be exacerbated by the microclimate formed by the shelter 
and thereby affect crop production. Progress towards quantifying and 
hence predicting the effect of shelter on crop yields consists of linking together 
the major factors shown in Fig. 6.1.. Thus wind tunnel experiments and 
field tests using artificial windbreaks have begun to link the nature of the 
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approaching wind and windbreak characteristics to the features of the lee- 

ward flow. Also, more detailed work on the relation between leeward flow 

and the induced microclimate has commenced. A beginning, too, has been 

made in the study of the complex relation between shelter microclimate and 

the crop itself. 

In this chapter some of the recent work is described, with an outline 

of practical measures that can be taken to improve tolerance to wind. 

Air Flow and the Nature of the Shelter-belt 

The main factors affecting air flow in shelter are the height, length, 

shape, orientation and porosity of the barrier, and the turbulence of the 

approach wind, its angle of attack, and the roughness of the surface over 

which it blows. 

Much work has been devoted to the question of barrier porosity. A 

dense barrier with little porosity deflects most of the approaching air over 

the top, to descend further out and mix turbulently with the underlying air. 

In extreme cases part of the flow may be reversed; a large eddy forms that 

flows back to the barrier because of a drop in leeside pressure. This 

mechanically-induced turbulence is manifestly undesirable. Further, 

barriers of low porosity cause speed to be more quickly restored than barriers 

with greater porosity, so shortening the shelter zone. On the other hand, 

an open type of windbreak prevents the development of significant turbulence 

but in this case shelter protection is sacrificed. The importance of porosity 

to leeside speed recovery is shown in Fig. 6.2. The essential aerodynamic 

problem is to find the best compromise between porosity and leeside flow 

100 

—::= very dense 

—— dense 

20 } 
—--— medium 

Windward 

0 
10 4 O 4 8 12 16 20 24 28 

Distance x h 

Fic. 6.2. Wind speed reductions by belts of different porosity (after Nageli, 1946). 
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in terms of minimum turbulence and maximum area of usefully reduced 

wind speed. 
Tests of artificial barriers have shown that the best porosity is 40-50%, 

the gaps being evenly distributed. In Fig. 6.2 the “medium” density con- 

forms to this porosity. 
The turbulence of the approach wind considerably modifies the leeside 

flow pattern. An air layer flowing over a roughened surface becomes tur- 
bulent. In addition, heating of the lower layers causes thermal mixing, 

and warmed air may be further displaced by buoyancy forces. This mixing 

of air under unstable atmospheric conditions ensures quicker speed restoration 

of underlying layers that have been checked by an obstacle such as a wind- 

break than occurs in stable conditions. In a stable layer of air the tempera- 

ture gradient is negligible or inverted, and the air shows little tendency to 

rise and mix with faster-moving air above; hence restoration of speed is 

delayed and the shelter zone extended. 

The extent of the differences in protection that arise from the thermal 

stratification of air was shown by Smalko, cited by Van Eimern (1968). 

Behind a dense shelter-belt of height h, 90% of open wind speed was reached 

at a horizontal distance of 14-15h with a superadiabatic lapse rate; at 22h 

in isothermal stratification; and at 44h with an inversion. Van Eimern 

recommended that measurements of wind profiles in the vicinity of shelter- 

belts should cover representative differences in air mass thermal stratification. 

For a given level of turbulence in the approach wind, the relative reduc- 

tion of wind speed, 100 (1-U,/Uw), where U, is wind speed at a given lee- 

ward position and Uw is the average speed of the incident flow, measured 

predominantly in the horizontal plane, is independent of incident wind speed 
up to speeds at which significant movement of branches and leaves changes 

the porosity of the shelter-belt. Nageli (1965) and Brown and Rosenberg 

(1972) have, however, shown that a lower speed limit also exists; below wind 

speeds of about 1.2 to 1.5 metres per second, shelter becomes less effective. 

Between these limits the wind-reducing ability of shelter-belts can be 

compared under different absolute wind speeds. However, in view of the 

influence of prevailing turbulence level on leeside flow, valid comparisons 

can only be made by measuring or estimating atmosphere stability. More- 

over, most leeside measurements rely on conventional anemometers and 

since these cannot measure flow that is markedly divergent from horizontal, 

" some ambiguity arises regarding the value of the indicated speed reductions, 

particularly behind the denser kinds of barrier. Studies recently initiated, 

using sophisticated equipment, will yield more details of leeside flow. 

Knowledge of turbulence levels is required to interpret shelter-belt effects, 

particularly regarding microclimatic influences on crop growth. 

The extent of leeward protection is directly proportional to height. 

A system of parallel belts, however, fails to produce a cumulative breaking of 
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the wind because of diffusion of momentum from the deflected flow. Nageli 

(1965) showed that it was possible for turbulence produced by the first 

barrier to increase velocity between the second and third barriers (Fig. 6.3). 

ae eT Las : 

60 alee 

Windward 

15°40 5 
O 

Distance x h 

Fic. 6.3. Wind speeds between parallel barriers (47% porous) 10h apart (solid line) 

and after removal of alternate barriers from the system (dashed line), 

with wind normal to the barriers (after Nageli, 1965). 

Under neutral conditions of stability and with wind at 90° to the barrier, 

a medium-porous shelter-belt effects a mean reduction in horizontal speed 

out to 30h of about one-third. With less porous belts the mean speed reduc- 

tion is less (Fig. 6.2). 

It is obviously important to orientate shelter-belts across the prevailing 

wind. With oblique winds the area of shelter behind medium porous belts 

is reduced in geometric proportion to the angle of the wind. With dense 

belts there is relatively greater reduction in the shelter zone with increasing 

obliqueness of wind direction, and correspondingly lesser reduction than 

geometrically predicted with very open belts (Van Eimern, 1968). These 

effects arise because changes in wind angle alter the effective porosity and 

hence the size of the protected zone (cf. Fig. 6.2). Nageli (1965) found that 

average speed reductions over the lee area extending to 25h from a medium 

porous barrier were 46, 37, 19 and 5% with wind directions of 90°, 65°, 40° 

and 15° respectively in relation to the barrier. Shelter-belts of good length 

however, effectively reduce oblique winds provided the angles are not too 

great; long belts also protect more land and reduce to a minimum the effects 

from wind blowing around the ends. 

The former tendency in the United States and Russia to use elaborate, 

multi-row plantings of trees and shrubs often produced shelter-belts that were 

excessively dense. In general, more efficient use of land and better air 

flow characteristics are achieved by narrow, straight sided belts. Barriers 
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which in cross-section are an inverted “‘V” are aerodynamically unsound, 

since they deflect too much air over the barrier and prevent adequate filter- 

ing of wind through the trees. 

Shelter Microclimate 

Turbulence, because of its importance to the transfer of momentum, 
heat, water vapour and carbon dioxide, plays a dominant role among the 

features of microclimate. Except behind dense windbreaks, where strong 

vertical flow may increase exchange rates, well-designed wind barriers 

reduce turbulent transport. As a consequence there occurs reduced loss of 

heat by upward dissipation or consumption in evaporation, increased day- 

time temperatures and reduced night temperatures, increased vapour pres- 
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Fic. 6.4. Ratio of exchange coefficients in shelter (K’) and in the open (K) 

as a function of wind direction and distance from two-row corn windbreaks 

(after Brown & Rosenberg, 1971). 
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sure and lower saturation deficits, and initially at least, increased soil moisture 
content and soil temperature. 

Some attempts have been made in Russia and the United States to 

determine the exchange coefficient within shelter. Technically this is diffi- 

cult because the surface boundary layer is reforming downwind from the 
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Fic. 6.5. Mean diurnal trends in vapour pressure above and within the canopies 

of sheltered and exposed beans (Phaseolus vulgaris) (after Rosenberg, 1966). 
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barrier and representative conditions are not easily found. However, Brown 

and Rosenberg (1971) found that the exchange coefficient over an irrigated 

sugar beet crop grown between parallel maize windbreaks was 25% lower 

on an average than in the open (Fig. 6.4). 

In the case of water vapour, this reduction in mass transfer explains the 

increase in absolute humidity that is a consistent feature of well-designed 

windbreaks (Fig. 6.5). 
Together with the reduction in wind velocity this lowers potential 

evaporation. Daily average vapour pressure increases of as much as 4 mb 

have been reported. 
Suppression of upward sensible heat flux may on an occasion be counter- 

ed by increased consumption of energy in transpiration, leading to cooling of 

the leaves and so of the air in shelter. Hagen and Skidmore (1971) showed 

that air temperature patterns are also influenced by the leeward eddy zone, 

rising air currents near the barrier increasing temperatures and descending 

flows further from the barrier decreasing temperatures relative to the open 

field. 
A reduction in the exchange coefficient might be expected to affect 

the availability of CO, to shelter plants, but Brown and Rosenberg (1972) 

found that on average daytime CO, concentration was reduced by only 

one ppm, with a negligible effect on photosynthesis and this was substantially 

offset by increased CO, flux due to decreased stomatal resistance (Brown & 

Rosenberg, 1970). Air mixing in shelter thus appears to be sufficient to 

maintain normal concentrations of CO,. — 

In warm, dry crop areas evaporation of moisture may be increased by 

wind transfer of energy (advection). There have been suggestions (Ripley, 

1967; Carr, 1972a) that shelter-belts around tea crops grown in East Africa 

might be beneficial in reducing the effect of advection. Even in humid areas 

advection may at times contribute significantly to total energy balance, 

and here, as in dry regions, the effectiveness of shelter-belts has not been 

investigated. 

The radiant energy moeity is affected by the shadow cast by the barrier 

but probably only slightly in the remainder of the shelter zone; it is possible 

that differential growth of shelter and exposed plants may lead to differences 
in net radiation receipt. 

Similarly, rainfall distribution does not appear to differ Sedincantly 

between shelter and the open ground beyond the immediate rain-shadow 

area. Dewfall, on the other hand, is promoted by barriers and increases 

in dew extend beyond the immediate barrier zone. The significance of dew 

to plant growth is difficult to assess, however, although it may contribute 

to the development of certain disease organisms. 

Other features of the microclimate, including soil moisture, are more 

conveniently considered in the next section. 
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The Nature of Crop Responses 

WATER RELATIONS 

The reduction of potential evapotranspiration leads to an expectation 

that the rate of actual transpiration will be reduced in comparison to that 
from plants grown fully exposed to wind. Both theoretical and experimental 

work has shown, in humid and sub-humid climates at least, that. plant 

water deficits usually increase less quickly and photosynthesis proceeds for 

longer periods in shelter, so allowing better dry matter production and in- 

creased efficiency in the use of water. The overall use of water may thus 

be less than or equal to that used by the crop in the open. 

However, evaporation from leaves and soil depends on the energy 

partitioned for it from the total energy budget, and for surfaces other than 

those that are wet, by various resistances to diffusion of water vapour that in 

turn are affected by various plant and meteorological factors. The rate 

of transpiration (E) is given by: ; 

E=Ae/r= [es (To) —eo (Ta) ] /(ty-+ra) 

where Ae is stomatal saturation vapour pressure at leaf temperature minus 

vapour pressure in free air at air temperature, and r—the sum of leaf 

resistance and leaf boundary layer resistance. At a dry leaf surface the 

vapour pressure is always less than the stomatal saturation vapour pressure 

during transpiration, and the surface air is never saturated. The environ- 

mental factors besides radiant energy affecting E are air temperature, relative 

humidity and wind speed. Plant factors include stomatal structure, leaf 

dimensions, leaf age and the geometry of the crop canopy. 

Theoretical and leaf model work by Monteith (1965) and Gates (1968) 

showed that an increase in wind speed may increase or decrease transpiration, 

or have no effect, depending on the temperature and vapour pressure 

differentials between leaf and air, concomitant changes in leaf boundary- 

layer resistance, and alteration to internal leaf resistance. 

Fig. 6.6, from Gates (1968), shows relationships between transpiration 

and variation in wind speed, temperature and humidity for the fixed condi- 

tions given. Changes in the internal leaf resistance (effectively stomatal 

resistance) brought about by changes in leaf water potential in response to 

atmospheric evaporative demand or soil water supply modify the transpira- 

tion: wind-speed relationships. 
Gates (1968) concluded that within a crop transpiration will, on the 

whole, be increased with increase of wind speed, and only occasionally will 

it be reduced. The basis for this expectation is the likely influx during 

morning hours of warmer drier air from outside the canopy, increasing leaf 
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Fic. 6.6. Transpiration rate as a function of wind speed for various air temperatures 

and relative humidities for a leaf of dimensions (D & W) of 5 cm x 5 cm and total 

resistance (r) of 2 sec cm}, with radiant energy absorption (Qabs) of 1.2 cal cm-! 

(after Gates, 1968). 
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temperature and hence water vapour pressure within the leaf, and thereby 

increasing the driving force for transpiration, i.e. A4e. On the other hand, 

Monteith’s. analysis predicts, at least for temperate climates, that transpira- 

tion will usually be insensitive to changes in wind speed and when stomatal 

resistance exceeds a critical value the transpiration rate will decrease 

as wind speed increases. 

Evidence which supports Monteith’s prediction was lobed: in recent 

field work that showed increased use of water by sheltered plants of beans 

(Rosenberg, 1966) and tea (Carr, 1972b). Greater depletion of soil water 

by sheltered crops of soybeans (Sturrock, 1970a) and peas was observed in 

Canterbury, New Zealand. After approximately four to five weeks’ growth, 

during which moisture remained significantly greater in the upper soil 

horizon in shelter, moisture values became significantly less than correspond- 

ing values in the open crop and remained thus for the rest of the growing 
season, or until the crop lodged (Figs. 6.7 & 6.8). 
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Fic. 6:8. Changes in soil moisture content (% dry soil) in the 0-15 cm horizon 

under sheltered and exposed plants of peas, together with summaries of Class-A pan 

evaporation and solar radiation. Short vertical lines represent least significant 

differences (P<0.05) between treatments (after Sturrock, in press). 

Earlier work in Canada (Staple & Lehane, 1955) showed that greater 

use of soil water, accumulated during winter, accompanied increase in 

wheat yields between shelter barriers (Fig. 6.9). 

Rosenberg’s investigations (Rosenberg, 1966) revealed that the stomata 

on sheltered plants were open wider and for longer period during the day 

(Fig. 6.10). 
He observed increased water use in sheltered irrigated plants of Phaseolus 
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vulgaris with the same leaf area as exposed plants. It could be expected 

also that larger leaf areas, often found in sheltered plants (see Fig. 6.15) 

would contribute to increased transpiration. Bigger root systems often 

accompany increases in leaf area, and in dry climates their greater foraging 

ability for water may sustain increased growth of wind-protected plants. 

Sheltered plants of soybeans produced more roots than exposed plants 

(Sturrock, 1970a). Most of the roots were found in the upper horizon. 

Additional moisture for enhanced growth of the sheltered plants (Fig. 6.15) 

and a yield increase of 30% probably came from below the main root zone, 

as was shown by Jordan and Ritchie (1971) for cotton growing under nor- 

mally exposed, dry conditions. Such a mechanism is consistent with the 

contemporary view that tolerance to drought depends more on the ability’ 

of crops to obtain and conserve moisture than on their being able to maintain 

low rates of transpiration. The experimental results obtained by Denmead 

and Shaw (1962) are also relevant to the shelter situation, since they show 

that initial plant water deficits are reached at lower soil moisture contents 

when potential evapotranspiration levels are also reduced (Fig. 6.11). 

Some shallow rooting species can be expected to be at a disadvantage 

in shelter in dry climates. After the greater initial supply of soil moisture in 

Gh 
e July 30- Clear, dry 
a Aug 5-Heavily overcast, humid 

4 Aug 13-Partly cloudy, humid 

Transpiration rate, mm/24 hrs 

20 46 har 25 30 35 Field 
percentage Volumetric soil moisture content, °/ capacity 

Fic. 6.11. Effect of soil moisture contents on transpiration rate in maize. Potential 

evapotranspiration rates, July 30, 6.5 mm day~!; August 5, 1.4 mm day}; 

August 13, 4.5 mm day} (after Denmead & Shaw, 1962).- 
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shelter has been exploited, the effect of shelter on final yield will be criti- 

cally dependent on the amount and distribution of summer rain or on irriga- 

tion. Thus Guyot (1963) and Fougerouze (1968) found that under very dry 

conditions windbreaks reduced yield in the absence of supplementary water. 
In shelter the initial soil moisture advantage to germination and seed- 

ling growth obviously depends on the moisture status of the soil and the 

efficiency of the shelter in minimising evaporative loss of soil moisture. This 

advantage may be made more apparent by slower development of the plant 

canopy in the open (Rosenberg et al., 1967). 

Farrell et al. (1966) advanced a theory, since taken up by others, that 

vapour transfer through soil near the surface can be expedited by wind-induced 

pressure fluctuations near the surface. Such a mechanism would hasten dry- 

ing of the soil in the open before a crop cover was achieved. It might also 

contribute to the increased evaporation reported behind dense shelter-belts 

because the increased turbulence there, would favour vapour transfer by this 

means. However, a similar pressure fluctuation at the leaf surface caused 

by leaf flutter did not significantly affect plant transpiration (Wooley, 1961). 

Rapid plant growth after seedling emergence is important to overall 

production, since until a crop forms a complete canopy of leaves, dry matter 

production depends on leaf area index, and restriction of growth at this 

stage can limit dry matter production over the whole growing season. 

On the other hand, in wet seasons earlier production of the leaf canopy in 

shelter may not necessarily lead to greater yield (Fig. 6.12). 

Optimal leaf area index 

Log leaf area index (_—__ —— ——- —=) Log-total dry matter ( 

S= sheltered crop 
E= exposed crop 

Fic. 6.12, Generalized response of crops to shelter in a wet season (after Caborn, 1971). 
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Recent work has shown that very small decreases in soil and plant 

water potentials cause large reductions in the growth and photosynthesis 

of some species (Figs. 6.13 & 6.14). 
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Fic. 6.13. Effect of leaf water potential on enlargement and 

photosynthesis in maize (after Boyer, 1970). 

These results are relevant to the shelter effect because even a slight 

conservation of soil water under dry conditions can lead to ‘dramatic im- 

provement in the growth and yield of sensitive species (Fig. 6.15). 

It would seem that the main advantage of windbreaks lies with improved 

availability of water to the leaf, leading to longer daily opening of stomata, 

increased flux of GO, and hence increased photosynthesis. Brown and 

Rosenberg (1970) found an average increase in CO, flux of 6% in sheltered 

sugar beet plants, and hence a 6% increase in photosynthetic rate; the 
maximum increase in photosynthesis was as much as 25%. The import- 

ance of stomatal width throughout their range in respect of transpiration 

has only been appreciated in the last decade or so (Waggoner, 1969). 
In windy climates, moisture deficiencies cannot be entirely removed by 

irrigation. When atmospheric evaporative demand is considerable, many 

plant species with roots well-supplied with water suffer loss of leaf turgor 
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Fic. 6.14. Transpiration rate and day matter production rate of beans 
(Phaseolus vulgaris) as a function of soil moisture and soil-water 

potential (after Millar & Gardner, 1972). 

and stomatal closure. Recent work has shown that under such conditions 
windbreaks increase the utilization of irrigation water and produce additive 
effects on crop yields. 
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Fic. 6.15. Top: Growth of non-irrigated beans (Phaseolus vulgaris) under various 

degrees of wind exposure: well sheltered (left), moderately sheltered 

(centre) and fully exposed (right). Note relative pod production. 
Bottom: Growth of non-irrigated soybeans under sheltered conditions (left), 

contrasted jwith growth in full exposure (right). ~ Plants have completed 

flowering and pods are beginning to form (after Sturrock, 1970a). 

299 
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‘TEMPERATURE 

Increased soil and air temperatures contribute to improved germination 

and early growth in shelter, but it is difficult to isolate these parameters and 

ascertain their precise effects. Higher temperatures promote earlier spring 

production and prolong growth in autumn, thus extending the growing 

season of perennial crops when unsheltered temperatures are below the 

threshold for growth (Marshall, 1967). In summer, shelter will tend to 

increase leaf temperature and leaf vapour pressure, so increasing transpira- 

tion, but whether this will be beneficial or otherwise to cropping will depend 

on ambient temperature, water supply and the species of crop. 

Mechanical Damage 

Mechanical wind damage to crops ranges from obvious physical damage 

to more subtle physiological damage. There have, however, been few 

reports of the effects of damage during early phases of crop growth on 

subsequent growth and final yield, and effects on yield are usually known 

only when damage occurs close to harvest. In Ireland, Gallagher (1966) 

showed that crop responses to fertilizers on exposed land can be masked as 

a result of retardation of growth by wind damage. 

Experimental vibration of leaves, that produced no visible damage, 

resulted in increased respiration, diminished photosynthesis and transpira- 

tion, and in most cases closure of stomata and marked reductions of plant 

growth, even with very short periods of treatment (Caldwell, 1970; Neel 

& Harris, 1971; Todd e¢ al., 1972). 

Wind damage is accentuated by the abrasive action of windborne 

soil particles, and beyond a threshold value damage tends to be proportional 

to wind speed and the quantity of soil blown. Recently, Armbrust (1972) 

found that the nitrogen metabolism of injured plants may be affected before 

visual damage is apparent. 

Although shelter-belts at recurring intervals appear to control foci of 

soil blowing, erosion can be cumulative and once started generates further 

centres downwind from the first (Gaborn, 1971), so that other methods often 

supplement use of shelter-belts. In areas subject to severe erosion low wind 
barriers at relatively frequent intervals may be best. 

Crop Yields 

Many comparisons of crop yields in shelter with yields obtained under 

full exposure have been made, the majority of them from trials conducted 

with temporary windbreaks. Many results are given by Van Eimern et al. 

(1964) and Marshall (1967). ‘Table 6.1 gives some recent results obtained 
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in a diversity of climates. 

Leeward yield usually attains a maximum at a point coinciding with 

maximum protection, yield tapering off on either side more or less in accord- 

ance with the wind profile. Biological response, however, rarely seems to 

be significant beyond 15h. Figure 6.16 gives an example of a “yield 
profile’’. 

\ 

Yield Kg/Ha 

FULLY EXPOSED 
MEAN, YIELD 

WINDWARD 

5 3) 22554 2 4 6 10 11 15 

Distance x h 

Fic. 6.16. Yield response of a soybean crop in the vicinity of a 45% porous 

artificial windbreak; yields were obtained from combine-harvested strips 

cut parallel to the windbreak (after Sturrock, 1970b). 

The greatest percentage increases in yield are usually where yields 

are below-average, and they may then represent comparatively small addi- 

tions to total production. Similarly, at a given location yield responses 

are generally greater in “dry” years than “‘wet”’ years. 

Negative shelter responses, which are sometimes observed, may be due 

to prolonged drought, root competition from shelter-belts, excessive shade or 

disease. 

Crop cultivars may respond differentially to shelter (Table 6.2) but 

little is known about the morphological and physiological causes of such 

variation. 

Very large responses to shelter from crops grown in Russia have long 

been reported, partly the result of winter snow trapped in the vicinity of 

shelter-belts replenishing soil moisture in the shelter zone. The generally 

poorer response of American Great Plains crops, grown in a comparable 

continental climate, has been ascribed to breeding programmes that have 

improved drought tolerance and disease resistance of American crop varieties. 

There is little data on grassland. In temperate areas gains in shelter 
are usually confined to dry years and, as already mentioned, shelter may 

benefit spring and autumn growth. Shelter is reported to hasten production 

of marketable yield of some crops but not of others. Contrasts in maturation 

rate of dwarf beans and soybeans are observable in Figure 6.15. 
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Table 6.2. Maximum yield responses of soybean cultivars obtained 

to lee of 45% porous shelter at Lincoln, New Zealand 

‘ Cultivar Yield increase (%) 

Merit Le Fe 11 

OAC-85 a is Za 

‘Altona a is 27 

Hardome Be as 55 

Hawkeye ae sie OSG 

There seems little doubt that shelter benefits a considerable number of 

crops, but it remains to be shown how economic these increases are under 

general farming conditions. Extrapolation of experimental results is 

hazardous in regions with much variation in soil type and climate. Where 

the region is relatively uniform, cautious extrapolation can be attempted, 

_ provided the average yield increase over the whole zone of response is used, 

and allowance made for the spatial limitations of the protection afforded 

by local shelter-belts or those planned for the area. 

~ Crop Quality 

Investigations have shown that plants protected from full exposure may 

undergo changes in chemical composition. Protected pastures are reported 

to have increased protein contents, and Miloserdov (1970) reported greater 
gluten content in winter wheat. ‘The quality of other economically impor- 
tant crops, including tobacco, is influenced by the degree of exposure. Gupta 
(unpublished) observed that tobacco plants grown in a mango orchard 

developed larger and thinner leaves but the root growth was poor and plants 

became more susceptible to moisture stress. Total alkaloid content also 

decreased. These changes involve complex biochemical and physiological 

processes. The water balance of the plant may be implicated, since enzyme 
activity is known to be affected by drought. 

Diseases and Pests 

Increased humidity in sheltered zones might be expected to encourage 
fungal diseases prejudicial to crop production, but there has been little 
demonstration of such effects. Wet weather exacerbated disease problems 
in sheltered beans (Shah, 1961) and lettuce (Hogg, 1964). 

Shelter-belts and hedges exert complex effects on the ecology of insects. 
Although the number of insect pests has been observed to increase in the 
lee of shelter, the number of beneficial predators. and parasites of these 
pests also increases (Van Emden, 1965). Lewis (1969) concludes that 
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present information is insufficient to decide if the effect of shelter in promoting 

both pests and beneficial insects is predominantly harmful or useful. 

Crop Pollination 

Shelter-belts are reported to increase seed yields of sunflower and sain- 
foin from improved pollination (Free, 1970) and it has been suggested that 

shelter-belts could be used to improve the pollination of many tropical 

crops. De Datta and Zarate (1970) reported that strong winds during 

pollination induce sterility in rice. 

Planning Shelter 

In areas with little shelter or where new lands are to be brought into 

cultivation, preliminary assessment of exposure is required for planning the 
most effective and economical shelter. Methods include wind surveys 

using anemometers, visual estimation of wind effects on local vegetation, and 

determining the rate of tatter of flags of standard material and dimensions. 
A method recently introduced for assessing relative exposure is based on 
measuring the angle of inclination of the horizon at the eight major points 

of the compass and adding the eight angles to give the “‘topex’’ value (Pyatt 

et al., 1969) (Table 6.3). 

Table 6.3. Tentative scale of relative exposure based on 

the “topex” value (Pyatt ei al., 1969) 

Range of topex Exposure ¥ Suggested cartographic 

values category colour code 

0-10 ae Severely exposed Purple 

11-30 uy Very exposed Red 

31-60 2 Moderately exposed Yellow 

61-100 A Moderately sheltered Green 

101-150 ib Very sheltered Blue 

Where damaging winds from any direction are likely, a meshwork of 

belts gives best control. Parallel belts are acceptable in arid zones where 

changes in wind directions are infrequent (Raheja, 1963). Generally, the 
more valuable the crop or the greater the problem of soil erosion by wind, 

the closer must be the distance between shelter-belts to assure adequate over- 

lap of shelter zones. Experiments (Nageli, 1965) with porous screens in 

various parallel groupings showed that removal of alternate screens in a 
10h or 15h system increased mean wind strengths by 11 to 12% (Fig. 6.3). 

Given information on local winds and an estimate of median shelter-belt 
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height it should be possible to calculate the approximate area of land 

required for trees for a stated average degree of shelter with allowance for 

the inevitable variation in the efficiency of individual belts. Sturrock 

(1973) estimated that with numerous, well-distributed, narrow belts about 

5 to 6% of land is needed to provide at least a 20% reduction in the general 

wind speed over the entire area. With uniformly high efficiency, 2-3% 
of land will suffice. 

Where surveys have been made of existing shelter, they have invariably 

revealed many deficiencies. There may be faults in planning, maintenance, 

weed control, porosity and choice of species; sometimes a considerable inci- 

dence of disease, pest and livestock damage, mainly through human negli- 

gence; neglect of timber potential; and lack of an effective replacement 

policy. It must be concluded that in the majority of cases the value of 

existing shelter is considerably less than its potential worth. 

Ideally a shelter tree needs to be adaptable to a range of soils and 
climates, cheap to propagate, upright in growth, resistant to wind, frost, 

pests and diseases and retentive of its foliage to ground level. Further 

attributes would include the production of useful by-products and, ultimately, 

timber of value. In parts of India, for example, the castor bean (Ricinus 

communis) is a shelter tree valued for its bean production (Misra & Jain, 

1968). 
Breeding, more or less specifically for shelter trees, is carried out in 

Russia (see, for example Albenskii, 1969). Continuing forest-tree breeding 
and selection programmes will result in better trees becoming available for 

shelter-belts, but research into the potential of species of trees other than those 

for production forestry is needed, particularly to find kinds suitable for diffi- 

cult climatic situations. 

Management 

On exposed sites temporary shelter is valuable for tree establishment. 

In England, height growth of several conifer species was much improved 

by shelter (Lines, 1963), and Fourt (1968) found that the best growth of 

Sitka spruce resulted from a combination of shelter and irrigation (¢f. similar 

effects with crops given above). 

In many semiarid areas trees are difficult to establish and new 

techniques for irrigating shelter-belt trees are being investigated. Irriga- 

tion may also be useful for extending the habitat range of species and increas- 

ing the choice of species for use in dry climates. Again, control of weeds is 
usually necessary during establishment, particularly in dry climates, to 

avoid heavy tree mortality from excessive competition for soil moisture. 

The importance of porosity to air flow pattern has been described. 

Dense belts are usually justified only where exposure is exceptionally severe, 
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as a means of maintaining a low belt porosity in the face of very strong winds 
and ensuring a reasonable degree of speed reduction over a restricted leeside 

area. f 

The inability. to judge porosity directly forces reliance, in the absence 
of instrument tests of air flow, on subjective assessment. According to 

Caborn (1965) a belt is near optimum porosity when one can just perceive 

from the windward side, movement, but not detail, of livestock, machinery 

etc., on the leeward side. 

As a general rule it is better to plant sighely too thickly, since judicious 

pruning and even removal of odd trees carried out later can adjust porosity 

to near the ideal, whereas little can be done with a loose, open barrier, 

other than to replace it. 
In areas subject to wet conditions in winter, deciduous belts have utility 

in permitting better drying of the soil for spring cultivation than do ever- 

green ones. According to Geiger (1965) the effectiveness of deciduous 

belts in winter is usually about 60% of what it is in summer. Figure 6.17 

shows variation in flow patterns through a deciduous belt at different leaf 

stages. 

It is desirable however, that trees come into leaf early enough to 

protect emerging crops. 
Where possible evergreen shelter-belts are best orientated north : south, 

and for east : west orientation single row deciduous belts minimize shading of 

adjacent land. Single-row shelter-belts or a combination of a tall growing 
species with a'shrub layer in a 2-tier system can be aerodynamically efficient, 

and take up. little land, and the latter arrangement assures leaf cover to 

ground level for long periods. Shelter-belts of mixed species can be maintain- 

ed indefinitely by selective filling and replacement of tree groups, and 

by using the ability of many hardwoods to cOnpire when cut, thus main- 

taining ground level cover. 

With other belts there is a limit to their useful life and variation in 

protective value (Fig. 6.18). This illustrates the need for shelter-belts of 

differing ages and a replacement plan that maintains continuity of shelter. 

An interesting recent development in some countries is the use of grazing 

forest and arable forest, aimed at encouraging increased investment in joint 

forest-farm enterprises. With widely spaced trees, animal or crop production, 

in the early part of the rotation increases the economic returns of the unit 
asa whole. The grazing forest may be particularly useful for effectively and 

- profitably sheltering large areas of upland pasture where traditional shelter- 

belts are of limited value and are usually uneconomic. 

Other Wind Control Measures 

Apart from breeding plants for increased tolerance to wind and drought, 
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Fic. 6.18. Estimated long term effect of a five-row shelter-belt with lifespan of 60 years 

on crop yield as a percentage of unprotected yield (100%): 

Period 1 represents loss in crop yields due to occupation of land by establishing 

trees; period 2 is gain in crop yield that offsets losses in the first period; period 3 

is the time of actual net gain in crop yield. The average annual gain over the 60 

years would be 3 to 5% net i.e. including land lost to agriculture by the trees (from 

Stoeckeler, 1962, based on actual crop data in Dakota, U.S.A.). 

which is essentially a long-term solution to the problem, various practical 
measures can be used to supplement shelter-belt control of wind. These 
include use of strip crop barriers, plastic windbreaks and chemicals that 
improve the water balance of plants. 

Strip crop barriers: Wind barriers of living crops, often cereals or grasses, 
have long been used in both temperate and tropical lands to protect more 
sensitive crops and particularly to control soil erosion by wind. Severe 
erosion, and effective distribution of winter snow to replenish soil moisture 
reserves, are controlled better by strip barriers at close intervals than by 
taller shelter-belts more widely spaced in parts of the American Great Plains, 
particularly when wind direction is not perpendicular to the barrier 
(Siddoway, 1970). 

Various erosion equations have been proposed to calculate the optimum 
spacing of these barriers and to ensure that any soil particles moved between 
barriers are trapped within the first barrier encountered. The equation 
derived by Hagen e¢ al. (1972) shows the dependence of trapping efficiency 
on barrier height, width and mean wind-speed and the adjustments in barrier 
spacing needed to avoid excessive soil movement. 

Plastic windbreaks: Windbreaks made of, plastic take up the minimum 
of land and those that are semi-transparent cast minimum shade. Their 
use is confined to providing additional wind protection to high value crops 
in existing horticultural areas where other climatic factors favour production 
but wind damage must be avoided. Although the price of material is re- 
latively small, costs are significantly increased by the labour of erection and 
the expense of the supporting structure. 

Chemicals to control growth and transpiration: Growth retardant chemicals 
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lessen mechanical damage from wind by reducing plant height and they 

may improve tolerance to drought. ‘Treated plants acquire some of the 

features of xeromorphism, and the work by Mishra and Pradhan (1972) 
and others show that such treatments delay wilting, enabling plants to 

survive brief periods of drought. Unfortunately field results are still 

awaited, and the potential of these chemicals to pre-adapt plants to wind 
and drought economically remains unknown. 

Antitranspirants have also been closely studied. These act either by 
forming a film on the leaf surface or by preventing complete stomatal 

opening. Although they are expected to reduce photosynthesis and growth, 

the latter is also a function of cell expansion which depends on the mainte- 

nance of a high water potential (see Fig. 6.13). Davenport et al. (1972) 

concluded that since antitranspirants increase plant water potential, it is 

possible for them to increase growth in spite of reduced photosynthesis. 

Although further investigation is justified, the economic value of these 

supplementary measures may be limited (in parts of western Europe, how- 

ever, growth retardants are used routinely as insurance against lodging of 

cereals).. The provision of effective permanent shelter will, in general, 

be the most effective way of avoiding damage and growth restriction by 

wind. 
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Introduction 

An antitranspirant is any material applied to transpiring plant surfaces 

with the aim of reducing water loss from the plant. Approximately 99% 

of the water taken up by plant roots is transpired to the atmosphere through 

stomatal pores in the leaves. Since stomata are located at a point in the 

water pathway where the vapour-pressure gradient is steepest, i.e., between 

the leaf and the atmosphere, the stomata-bearing leaf surfaces are the most 

strategic sites for antitranspirant application. Antitranspirants such as 

phenylmercuric acetate and certain alkenylsuccinic acids act by inhibiting 

stomatal opening (Zelitch, 1965, 1969); film-forming antitranspirants (e.g., 

waxy or plastic emulsions) produce an external physical barrier to retard 

the escape of water vapour from plants (Gale, 1961); silicones penetrate 

the leaf and may act directly on the wet cell walls (Haigh & Heinlein, 

1973); and white reflecting materials (e.g., whitewash or kaolinite) lower 

leaf temperature and reduce the vapour-pressure gradient from leaf to 
atmosphere (Abou-Khaled e¢ al., 1970). These approaches to reducing 
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transpiration were reviewed by Gale and Hagan (1966), Waggoner (1966) 

and Zelitch (1969). 
Although reduced transpiration is the primary goal of applying anti- 

transpirants, that goal may be sought for considerably different reasons: 

(1) conservation of water supplies, particularly where water is scarce and 
costly; or (2) improved plant performance via an increase in plant water 

potential. In discussing the role of antitranspirants in arid agriculture, 

our use of ‘arid’ is shifted from the normal geographical context to focus on 

conditions of plant water stress. We thus consider a situation to be ‘arid’ 

whenever a climatic or microclimatic situation results in transpiration rates 

high enough that: (1) groundwater is severely depleted; and/or (2) plant 

water potential decreases enough to retard plant performance. In some 

cases soil water available to roots may be adequate but the foliage can be in 

an ‘arid’ environment because of a high evaporative demand. 
Before discussing the role of antitranspirants, however, we should 

survey current knowledge of their effects on plants and interactions with the 
environment. 

Effects of Antitranspirants 

Since the processes of transpiration and photosynthesis involve the 

passage of water vapour and carbon dioxide via the same apertures (stomata), 

both processes are affected when these apertures are narrowed by a stomatal 

inhibitor. A slowing of transpiration and photosynthesis after treatment 

with, say, phenylmercuric acetate, is well-documented in the literature 

(Slatyer & Bierhuizen, 1964; Zelitch, 1969). Whether photosynthesis 

is slowed less than transpiration, however, will depend on whether: (1) the 

stomata-inhibiting chemical affects the site of photosynthesis in the mesophyll 

(Meidner & Mansfield, 1966; Bravdo, 1972); and (2) the mesophyll 

resistance is large (Gaastra, 1959; Slatyer & Bierhuizen, 1964) or small 

(Barrs, 1968) relative to the epidermal and boundary-layer resistances in 

the CO, pathway. 
On the other hand, the effect of a film-forming antitranspirant on 

photosynthesis relative to transpiration will depend on the relative per- 

meabilities of the film to carbon dioxide and water vapour (Wooley, 1967; 

Gale & Poljakoff-Mayber, 1967). No known films inhibit the passage of 
carbon dioxide minimally relative to water vapour. The ultimate effect 

of the film on a plant, however, involves not only its physical permeability 

to gaseous exchange but also: (1) the extent of foliar coverage; and (2) its 

effect on stomatal apertures. 
Although a film-forming emulsion may completely wet the leaf, the 

film which forms on drying is seldom, if ever, complete (Davenport & 
Hagan, 1970). This was demonstrated with a scanning electron micro- 
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scope by Fisher and Lyon (1972) and Albrigo (1972). However, a film 

which effectively retards transpiration increases the turgidity of the leaves 

and stomatal guard cells, resulting in wider stomatal apertures not only 

under the film but also on areas of the treated leaf missed by the film 

(Davenport ¢ al., 1972a). Thus, the combination of wider stomatal aper- 

tures and imperfect coverage of the leaf would tend to minimize the adverse 

effect of the film on carbon dioxide and oxygen exchange but still retard 

transpiration sufficiently. 

Any increase in the permeability of films to carbon dioxide would be 
a welcome improvement, and would possibly enhance photosynthesis 

because of the wider stomatal apertures under the film. Film antitrans- 
pirants currently available reduce transpiration and photosynthesis by 

about 20-80% within 24 hour of treatment, the effect diminishing with time. 

Whether water use efficiency (dry weight/transpiration) is improved over 

that of untreated plants, however, will depend on the extent to which the 

controls are stressed. 
This implies that antitranspirants are not equally effective under all 

conditions. They are most effective when water losses from leaves are not 

restricted by natural stomatal closure in response to leaf water deficits 

(caused by dry soil and/or high evaporative demand) or darkness. Thus, 
an antitranspirant will be of little benefit to an already wilted plant but will 
delay wilting onset if applied when the plant is transpiring freely. The 

effectiveness of an antitranspirant is also determined by plant factors: stoma- 
tal distribution on the leaves is important, and spraying only the upper 

surface of a hypostomatous leaf will obviously have little effect on trans- 

piration. The surface anatomy of some leaves often hinders wetting and 

film formation. Antitranspirants will, of course, have minimal value when 
applied to plants which continually produce new leaf surface, especially if the 

new growth occurs at the outer extremities of the plant, where transpiration 
rates are generally highest. Depth of rooting often determines the duration 

of water supply from roots to leaves and therefore influences the duration 

of antitranspirant effectiveness. Further details on the interaction of anti- 

transpirants with environmental and plant factors are given by Gale (1961), 

Zelitch and Waggoner (1962), Gale and Hagan (1966), Gale et al. (1966) 

and Davenport eé¢ al. (1969a). 

While antitranspirants of the reflecting type reduce leaf temperature, 

the film-forming and stomata-closing types tend to increase leaf temperature 
by reducing evaporative cooling. Under normal conditions, however, this 

increase is only slight, since evaporative cooling is less important to heat 

dissipating than are re-radiation and convection. 

By increasing the resistance to water vapour diffusing from a leaf from 

0.04 (control) to 0.11 (treated) min cm-1, an antitranspirant increases leaf 

water potential from —20 (control) to —15 (treated) atm (Davenport et al., 
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1972a). Increased plant water potential after antitranspirant treatment 

has been shown also by Turner and Waggoner (1968), Davenport (1972) 
and Davenport et al. (1972b). This is an important effect because plant 

growth depends not only on the accumulation of raw materials via photo- 

synthesis and mineral uptake, but also on maintaining high plant water 

potential to enable cell elongation. 
With this background in mind, we shall consider the role of antitrans- 

pirants in ‘arid’ agriculture. 

Role of Antitranspirants 

WATER CONSERVATION 

This section discusses the use of antitranspirants when the primary 

purpose is to conserve water otherwise lost through transpiration, with the 

effects on plant growth being of only secondary importance. Several 
studies, based on pot or leaf chamber experiments (Poljakoff-Mayber 

& Gale, 1967; Slatyer & Bierhuizen, 1964; Davenport, 1967; Brooks & 

Thorud, 1971), demonstrate reductions in transpiration following anti- 

transpirant treatment. The value of extrapolating these data to field 

conditions is somewhat dubious, however, for problems of complete canopy 

coverage and environmental interactions are magnified there. Hence, 
we refer below mainly to experiments conducted under field conditions. 

Watershed and Riparian Vegetation 

Since efficient crop production depends on timely availability of water, 

any water-conservation practice which enhances this availability should be 

useful. Thus, since vegetation on watersheds and riparian and phreato- 

phytic plants consume underground and surface water supplies, spraying 

them with antitranspirants to reduce transpiration (Waggoner & Bravdo, 

1967; Hart et al., 1969; Davenport e¢ al., 1969a, b) should conserve water for 

competitive. agricultural, industrial and domestic uses. When Waggoner 

and Turner (1971) sprayed phenylmercuric acetate in a plantation of red 

pine (Pinus resinosa Ait) to reduce soil water extraction (measured by a 

neutron moisture-meter), yields of water to the groundwater system increased 

by 16-24 mm per year. » Hart e¢ al. (1969) used a helicopter to obtain effective 

coverage of aspen trees (Populus tremuloides) on a Utah watershed by phenyl- 

mercuric acetate. However, it is important to emphasize the dangers to 

humans and wild life of using compounds containing heavy metals such as 
mercury. 

Vast quantities of water are also lost by plants such as salt-cedar, cotton- 

wood and willow growing along stream beds or around lakes and reservoirs. 
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The potential usefulness of antitranspirants for reducing transpiration from 

these plants is being explored by Brooks and Thorud (1971) and by the pre- 
sent authors (unpublished data). Antitranspirants certainly provide a 
more attractive alternative for reducing transpiration from these wild species 

than eradicating them (along with their beauty and the shelter they provide 

to wildlife) by bulldozing and/or herbicide treatment. 

Water Quality 

Many arid agricultural areas have problems with salts and poor water 

quality. Malcolm (1967) attempted to reduce foliar injury to citrus leaves 

by spraying film antitranspirants to curtail the intake of chlorides dissolved 
in sprinkler water (Gale & Poljakoff-Mayber, 1962) and Davenport 

et al. (1972c) also attempted to make use of this ‘prophylactic’ effect of 

film antitranspirants, though for different purposes. 

In some irrigated areas the dissolved salts in the irrigation water may 
be so high that each irrigation, though indispensable for the crop, actually 

degrades the soil. Reducing irrigation frequency could prove beneficial 

in such cases. Since transpiration is actually the transmittance of pure 

water to the atmosphere, transpiring crops concentrate salts in the soil 

solution. Furthermore, since water in the terrestrial part of the hydrologic 

cycle is usually purest in the watershed area rather than in the area of agri- 

cultural demand, the curtailment of transpiration from watershed and 

riparian vegetation might increase the flow of pure water to downstream 

users, diluting salts and improving water quality there. 

Field and Horticultural Crops 

At the farm level, water wastage is perhaps greatest from inefficient 

irrigation, e.g., applying more’ water than necessary to wet the rooting 

zone of the soil profile. Irrigation application efficiencies are often no 

better than 50% (Jensen et al., 1967) and few growers make the measurements 
required to determine and improve their application efficiencies. Improve- 

ment is therefore possible through reducing the number of (inefficient) 

irrigations, i.e., prolonging the interval between irrigations by slowing soil 

water depletion with an antitranspirant. 

Gale et al. (1964), using a polyethylene-based film antitranspirant 

on field-grown banana plants, reduced soil water extraction by 21-44% 

during 7 irrigation cycles without affecting growth or fruit quality. They 

estimated that the antitranspirant: (1) saved an average of 87 m® water/ha 

for each irrigation cycle; and (2) extended safe irrigation intervals from the 

normal 7 days to 94 days. 
In another field demonstration Waggoner e¢ al. (1964) showed that a 
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stomatal inhibitor (nonenyl succinic acid) on a crop of barley (Hordeum 

vulgare, var. Proctor) with a leaf area index of 6 reduced transpiration by 

12-33%. 
Davenport ¢ al. (1973b) showed that a film-forming antitranspirant 

effectively reduced soil water depletion (measured by a neutron moisture- 

meter) of field-grown ornamental oleander plantings in California, so that 

irrigation intervals could be extended by at least 2 weeks. Costly irrigations 

by tanker trucks along highways would thereby be minimized, as well 

as reducing the traffic hazards associated with this type of irrigation. 
These field experiments illustrate the potential of antitranspirants for 

reducing water loss from non-agricultural vegetation and from field and 

horticultural crops. 

INCREASING PLANT WATER POTENTIAL TO IMPROVE GROWTH 

In many cases the primary purpose in using an antitranspirant is not 

water conservation fer se, but improvement of plant performance by 

increasing plant water potential. Of course, soil water is also conserved 
in the process, but the grower’s main benefit lies in greater monetary returns 

from the crop because plant water stress is minimized particularly at stages 

where the crop is sensitive to low plant water potentials. 

Transplanting 

“Transplant shock” occurs when transpiration exceeds water uptake 

through a damaged root system. Therefore, reducing transpiration by 

applying antitranspirant to the foliage (by dipping or spraying) before 

transplanting should: (1) increase plant survival; and (2) improve crop 

stand uniformity. Gale and Hagan (1966) reviewed literature on the use 

of antitranspirants in transplanting. Most reported experiments deal 

with transplanted seedlings of perennials, such as pines for reforestation 

(Emerson & Hildreth, 1933; Gale e¢ al., 1966), or annuals such as com- 

mercially transplanted vegetables (Fieldhouse et al., 1966). Poljakoff- 

Mayber and Gale (1967) showed that survival of transplanted pine seedlings 

was greatly enhanced if, in addition to antitranspirant treatment, the soil 

around the transplants was mulched to reduce evaporation of initially 

needed moisture near the soil surface. Davenport e¢ al. (1972b) showed 
that spraying a film-forming antitranspirant on 7-year old citrus trees 
before lifting them limited the decline in leaf water potential after trans- 

planting to only 6 atm, compared with a 21 atm decrease in untreated 

trees. Antitranspirants have also been used by nurserymen as an aid 
in transplanting ornamentals (Herman, 1969). They may also prove 

useful in establishing transplants to form a windbreak to protect crops 
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against desiccating winds in arid areas. 

It must be remembered that antitranspirants should be a supplement 

to, rather than a substitute for, good management and prompt irrigation 

after transplanting. Since antitranspirants are usually used in situations 

where survival, rather than maximum growth, is the critical problem, any 

reductions in photosynthesis by the chemical are of only secondary import- , 

ance. Once the transplant is established, new foliar growth should permit 

efficient photosynthesis. 

Annual Field Crops 

In general, field crops are highly dependent on current photosynthesis 

for growth and final yield. ‘Therefore, it is unlikely that currently available 

antitranspirants would increase yields of an annual crop unless the crop 

became stressed from inadequate water and/or a very high evaporative 
demand, particularly during a moisture-sensitive stage of development, 

e.g., at bloom (Salter & Goode, 1967). 

In a field trial, Gale (1961) showed that periodic applications of a film 

antitranspirant to beans (Phaseolus vulgaris, var. Bulgaria) increased dry 

matter production under conditions of both adequate and inadequate soil 

moisture. Also, there was only a slight difference in plant dry weights 

between the untreated well-irrigated plots and the antitranspirant-treated 

inadequately irrigated plots. It thus appears that the evaporative demand 

induced hydroactive closure of stomata in control plants, thereby curtailing 

photosynthesis, particularly when soil moisture was inadequate. The 

antitranspirant apparently inhibited this closure and enhanced photo- 

synthetic activity. 

On the other hand, Davenport and Hagan (1970) found in a field 

experiment with snap beans (Phaseolus vulgaris var. Tender crop) that 

another film antitranspirant reduced leaf expansion, plant height, and yield 

of green beans under conditions of adequate soil moisture and moderate 

evaporative demand. Thus, the conditions were such that the anti- 

transpirant either (1) could not improve leaf hydration enough to increase 

photosynthesis and growth; or (2) had some undetected side effect (e.g., 

phytotoxicity, increased respiration) which inhibited plant performance. 

In a green-house pot study Brengle (1968) sprayed phenylmercuric acetate 

on spring wheat (Triticum aestivum L. var. ‘Lee’) at various growth stages 

and at moderate (—0.3 to —1 bar) and low (to —9 bar) soil water potentials. 

He found that: (1) treatment. at the tillering or boot stages had no significant 

effect; whereas (2) treatment at the heading or flowering stages reduced 

both water use and growth (partly because of phytotoxicity), and therefore 

did not increase water use efficiency. He concluded that ‘“‘phenylmercuric 

acetate at the rates used in this study, offers very little promise of adequate 
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transpiration retardation in wheat when high water stress can reduce 
yields.” 

On the other hand, when Fuehring (1973) sprayed stomata-inhibiting 

or film-forming antitranspirants on field-grown sorghum (Sorhgum bicolour 

L. Moench). under limited irrigation conditions, he found that: (1) grain 

yield increased 5-17%; and (2) antitranspirant applications just before the 

boot stage were more effective than later sprays. He emphasized the need 

for more information on rates and volumes of spray. 

These experiments with annual crops (beans, wheat and sorghum) 

suggest that antitranspirants are capable of: (1) inhibiting growth because 

of reduced photosynthesis, phytotoxicity or other undetermined side effects; 
or (2) improving growth under certain conditions if the antitranspirant 

material, concentration, amount and timing of spray are properly chosen. 

Obviously, more research is required on specific crops to determine these 

parameters. 

Perennial Crops 

Since established perennial plants normally have more food reserves 

in storage tissues than annual plants do, perennial growth is expected to 

be affected less severely by photosynthetic reduction by an antitranspirant. 

Thus, there is some justification for expecting positive yield responses by 

perennials, especially if the antitranspirant is applied at a stage when the 
growth of a particular plant part depends more on plant water potential 
than on photosynthate accumulation. 

Since diurnal radial changes of tree trunks depend on the tree’s water 

status and photosynthetic accumulation (both affected by antitranspirants), 

dendrometer measurements (Verner, 1962) of trunk shrinkage and growth 

provide a good index of antitranspirant effectiveness. Various workers 
(Waggoner & Bravdo, 1967; Turner & Waggoner, 1968; Davenport et al., 

1969b, 1972d) have observed significant reductions of daytime shrinkage of 

trunks after antitranspirant treatment, indicating that the lag between 

water uptake and transpiration had been minimized and that tree water 

status as a whole had been improved. At the same time, radial trunk 

growth was reduced over a period of several weeks. Nevertheless, knowing 

that the water potential of the trees could be greatly improved, we sprayed 
film antitranspirants on fruit trees in commercial orchards one or two 

weeks before harvest, when carbohydrate accumulation in the fruits was 

essentially complete and fruit sizing depended chiefly on maintaining 

cell turgidity. As a result, fruit volumes were increased by 5-15% for olives 

(Davenport et al., 1972), peaches (Davenport et al., 1972a) and cherries 
(Langer, 1948; Davenport et al., 1972e). Furthermore, fruit size was 
increased because of antitranspirant coverage of the stomata-bearing surfaces 
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of the leaves rather than coverage of the fruit itself (Davenport et al., 1973a). 

Although fruit dry weight of these crops was not reduced significantly unless 

the antitranspirant was sprayed too early, there must have been a decrease 

in photosynthetic accumulation elsewhere in the tree (e.g., in the trunk). 
The long-term effects of antitranspirants on trees obviously require further 

study. 

One of the problems faced by fruit growers in hot arid environments 

is fruit shrinkage and even irreversible fruit shrivel. Antitranspirants 

curtailed daytime shrinkage of peaches (Davenport & Hagan, 1970), and 

reduced irreversible olive fruit shrivel from 85% per tree (controls) to 

only 10% (treated) (Davenport e¢ al., 1972d). 

Poljakoff-Mayber and Gale (1967) found that a film antitranspirant 

reduced the total yield of orange fruit (over all size grades) by about 40%, 
though there was no reduction in yield of fruit of marketable size. On 

grapevines, film-forming antitranspirants increased berry size (Fleming 

& Alderfer, 1949), increased grape yield under conditions of water shortage 

(Gale et al., 1964), and increased total leaf area but decreased dry-weight 

production of vines (Possingham ¢ét al., 1969). 

In ornamentals, a film antitranspirant improved the plant water 

status of oléanders so that internodes and leaves grew faster even though 
photosynthesis was inhibited (Davenport & Hagan, 1970). ; 

Conclusions 

Although antitranspirant materials presently available curtail both 

transpiration and photosynthesis, they can nevertheless play a useful role 

in agriculture by: (1) conserving (pure) water supplies, especially where 

water is scarce and costly; and (2) improving crop performance by 

maximizing plant water potential. 
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Introduction 

There is overwhelming evidence that the bulk of present-day land plants 

lose. a considerable amount of their photosynthate as CO, within a few 

seconds of its being fixed. This process of CO, release is light dependent 

and, because of its otherwise superficial resemblance to respiration, it has 

been given the name /Photorespiration. However, unlike true respiration 

(frequently called dark respiration) it performs no useful function in making 

energy available to the plant. Instead, its occurrence leads to a loss of 

energy and this is responsible for a considerable reduction in the yield of 
many of our crops. 

Photorespiration probably arose’ in evolution due to the gradual loss 

of CO, from the Earth’s atmosphere to a level at which most land plants 
cannot take it up without losing some of what has already been fixed. 

However, there is evidence that some of the newer arrivals on the evolu- 

tionary scene, the so-called C, plants, have evolved a CO, concentrating 

mechanism which generates a high CO, concentration for their photosyn- 

thetic enzymes, and have in this way almost eliminated photorespiration. 

In this chapter, I shall attempt to summarize the present state of 



330 A. GOLDSWORTHY 

knowledge in the field of photorespiration and the way in which it affects 

crop yields. 

The Measurement of Photorespiration 

Photorespiration is a process by which green plants take up oxygen 

and release CO, in the light and it can be measured by measuring either 

of these two activities. Unfortunately, most photorespiring tissues also 

show an oxygen uptake and CO, release in the light due to true respiration. 

This leads to an error in measurements of photorespiration, but this error 

is small, the rate of photorespiration for a tissue being normally several 

times greater than its rate of true respiration as measured in the dark. 

Furthermore, there is evidence that the rate of true respiration is reduced 

to an even lower level in the light (Goldsworthy, 1970; Jackson & Volk, 

1970). These authors have reviewed various techniques for measuring 

photorespiration, but there are difficulties involved with each method 

which make precise measurement impossible. The main problem is that, 

under normal circumstances, photosynthesis and photorespiration occur 

simultaneously in the same tissue and carry out opposite overall reactions. 

PHOTOSYNTHESIS 

co. 0 SS PHOTOSYNTHATE + 05 

PHOTORE SPIRATION 

Some of the simpler ways of measuring photorespiration are to inhibit 

photosynthesis and to measure O, uptake or CO, output. One means of 

doing this is to put a plant or leaf in the light into a CO,-free air stream, 

so that photosynthesis is inhibited by lack of CO, and photorespiration can 

be measured as the rate of CO, output. This is not an accurate measure- 

ment because some of the CO, released by photorespiration is refixed 

by photosynthesis so that the rate of photorespiration is underestimated. 
Although the degree of this underestimate can be minimized by using 

fast air flow rates to sweep as much as possible of the CO, away from the 

leaf before it is refixed, the error cannot be eliminated altogether by this 

means. 
Another way of measuring photorespiration is to turn off the light 

and to measure the CO, released immediately afterwards. This is because 
photorespiration goes on for a minute or so after photosynthesis has stopped 

and takes the form of a sudden outburst of CO, at the onset of darkness 

which rapidly declines to the much lower level of CO, release due to true 

respiration. The peak rate of CO, release is taken as a measure of photo- 
respiration (Decker, 1955). However, this too could lead to an under- 

estimate if the cessation of photosynthesis is not as abrupt as assumed-and 
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some of the outburst is refixed. 
Other more sophisticated methods of measuring photorespiration are 

also not without their difficulties.. Because of the criticism that the above 
two methods measure photorespiration when photosynthesis is absent, or 

at least greatly reduced, and that its rate may not be normal under these 

circumstances, attempts have been made to measure photorespiration actually 
during active photosynthesis by the use of isotopic tracers. For example, 

photorespiration has been measured as the rate of O, uptake from an 
atmosphere containing this isotope, but again this leads to an underestimate 

of photorespiration because. some of the 1®O, released by photosynthesis 

is taken up by photorespiration in addition to the supplied 1%O,. 
In conclusion, it may be said that, to date, all methods for measuring 

photorespiration are somewhat inaccurate and most lead to an underestimate 

of the true rate. Despite this, it has been generally found that measured 

rates of photorespiration are very high, commonly three or four times the 

rate of true respiration measured for the same tissue in the dark. 

Differences between Photorespiration and True Respiration 

Tue EFFect oF OxyGEN CONCENTRATION 

The most obvious difference between true respiration and photo- 

respiration is the effect of oxygen concentration on the rates of the two pro- 

cesses. In most tissues true respiration is saturated at oxygen concentrations 

as low as two or three per cent (Beevers, 1960) and virtually no increase 

in rate is observed above these concentrations. Photorespiration, on the 

other hand, increases steadily with oxygen concentration all the way from 

zero to one hundred per cent (Forrester et al., 1966a, b). 

4 

THE REQUIREMENT FOR THE PHOTOSYNTHETIC APPARATUS 

Although true respiration can occur in any living cell, photorespiration 

is intimately linked to photosynthesis and occurs only in cells which are cap- 

able of photosynthesis. 
Non-photosynthetic tissues, such as non-green floral pares and the ves 

of mutants which have lost the ability to photosynthesize, do not photo- 

respire. This was shown by Hew and Krotkov (1968) who demonstrated 

that although such tissues evolved CO, in the light, this was not due to 

photorespiration because it was insensitive to changes in oxygen concentra- 

tion. A similar finding was noted by Downton and Tregunna (1968b) 

who observed that normal green tissues which had been treated with the 

photosynthetic inhibitor DCMU (dichlorophenyl-dimethylurea) also be- 
came incapable of photorespiration, although they were still capable-of 
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an oxygen insensitive CO, output, presumably due to true respiration. 

Tue NATURE OF THE SUBSTRATE 

Goldsworthy (1966) showed that photorespiration and true respiration 

used different substrates. He allowed pieces of tobacco leaf to accumulate 

radioactive photosynthate by a period of photosynthesis in #COQ,. A CO,- 

free air stream was then passed over them and the specific radioactivity of 
the CO, released by the leaves was measured, either in the light or in the 

dark. It was noted that the CO, evolved in the light was about twice as 

radioactive per unit volume as that given off in darkness. This was inter- 

preted as meaning that two different substrates with differing specific radio- 
activities were being oxidized, the more radioactive one being oxidized 
in the light. The specific radioactivity of the CO, given off in the light 

approached that of the labelled CO, originally fed and it was tentatively 

suggested that the substrate from which it arose was mainly the stored 
photosynthate within the chloroplasts. The CO, evolved in the dark, 

being less heavily labelled, probably arose to a greater extent from other 
materials, perhaps mainly outside the chloroplasts. 

ENERGY RELATIONSHIPS — 

It is now clear that the biochemistry of photorespiration differs 

fundamentally from that of true respiration. True respiration brings about 

the oxidation of its substrates to yield CO, and energy, mainly in the form 

of ATP and reduced pyridine nucleotides. Photorespiration, however, 

does not lead to a net production of ATP or reduced nucleotides. Instead, 

its main function appears to be the oxidation of glycollate which arises 

as an unwanted byproduct of photosynthesis. The bulk of the carbon of 

glycollate, after oxidation, is converted to carbohydrate, but the remainder 

is converted to CO, which is released as the CO, of photorespiration. To 
do this, photorespiration actually uses energy in the form of ATP and 
reduced pyridine nucleotides. 

The Metabolism of Photorespiration 

EVIDENCE FOR GLYCOLLATE AS THE SUBSTRATE 

FOR PHOTORESPIRATION 

Evidence that glycollate is the source of much of the CO, which is 
given off in photorespiration comes from a number of sources. Zelitch 

(1958) observed that green leaves produced large quantities of glycollate 
in the light but not in the dark. Marker and Whittingham (1967) and later, 
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Kisaki and Tolbert (1970) showed that leaves could oxidize artificially 

supplied glycollate to yield, amongst other things, CO,. The inhibition 

of an enzyme which oxidizes glycollate appears to inhibit photorespiration 

and causes a temporary increase in the apparent rate of photosynthesis in 

leaves which photorespire, but not in leaves which do not (Zelitch, 1966). 
\ 

THE BIosyNTHESIS OF GLYCOLLATE 

Glycollate synthesis appears to be widespread in photosynthetic 

organisms and has been demonstrated in many of the algae (Hellebust, 

1965) and in higher plants (Zelitch, 1958). ‘That glycollate is an unwanted 

metabolite is evidenced by the fact that many of the algae excrete it into 

the surrounding water (Tolbert & Zill, 1956; Hellebust, 1965). Higher 

plants cannot excrete it in this way, but oxidize it instead by the process 

of photorespiration. However, whatever its ultimate fate, the origin of the 

glycollate seems to be similar in all of these organisms. For example, 

environmental factors affect glycollate production in the same way in both 
the algae and the higher plants, in particular, glycollate production occurs 

only in the light and is stimulated by high oxygen and low CQO, con- 

centrations (Benson & Calvin, 1950; Wilson & Calvin, 1955; Zelitch & 

Walker, 1964; Coombs & Whittingham, 1966; Ellyard & Gibbs, 1969). In 

addition the pattern of labelling in glycollate when CO, is being photo- 

synthesized is the same in both algae and higher plants. 

_ The site of glycollate production is the chloroplast. Isolated chloro- 

plasts are capable of synthesizing glycollate (Kearney & Tolbert, 1962; 
Ellyard & Gibbs, 1969). It is an early product of photosynthesis and 

becomes labelled within seconds when CO, is being photosynthesized 

(Benson & Calvin, 1950). The exact mechanism of glycollate synthesis 
hasbeen a matter for argument for many years and many possible mecha- 

nisms have been postulated (see Zelitch, 1971). However, the best 
documented mechanism is that proposed. by a group of workers/in Illinois 

(Ogren & Bowes, 1971; Bowes et al., 1971). They obtained evidence that 

a derivative of glycollate, namely, 2-phosphoglycollate, was produced as a 
result of the apparent malfunctioning of the enzyme RuDP carboxylase. 

The proper function of this enzyme is to fix CO, for the Calvin cycle. It 

does this by adding a molecule of CO, to the 5-carbon compound ribulose-1, 

5-diphosphate (RuDP) to form the two 3-carbon molecules of phosphogly- 
ceric acid (PGA) which are further metabolized into sugars etc. by the 

Calvin cycle. However, these workers showed that oxygen was able to 

function as an alternative substrate for this enzyme in place of CO. 

Using purified preparations of RuDP carboxylase they showed that when 

oxygen underwent the reaction in place of COs, phosphoglycollate was pro- 

duced. The exact mechanism of the reaction was not investigated but it 



334 - A, GOLDSWORTHY 

is probably an oxidative splitting of the 5-carbon RuDP into a 2-carbon 

and a 3-carbon unit: 

Normal 
RuDP (5-carbon)+CO, -> PGA (3-carbon)+ PGA (3-carbon) 

Malfunction 

RuDP (5-carbon)+O, > Phosphoglycollate (2-carbon)+? (3-carbon) 

Phosphoglycollate, produced by this means, can be converted within 

the chloroplasts to free glycollate by phosphoglycollate phosphatase. 

This enzyme, first demonstrated by Richardson and Tolbert (1961) and 

shown to be located in the chloroplasts by Thompson and Whittingham 

(1967) is irreversible, highly active and specific for phosphoglycollate. Its 

only possible function is to produce glycollate from phosphoglycollate 

and its very existence has been taken as evidence that glycollate arises in 

nature from phosphoglycollate. 
The above proposition for the mechanism of glycoliate biosynthesis 

is particularly satisfactory because it explains all of the following observations. 

(1) High oxygen and low CO, concentrations stimulate glycollate pro- 

duction. If glycollate arises due to oxygen competing with CO, for an 

enzyme, then anything which increases the O,/CO, ratio would be expected 

to increase glycollate synthesis. 

(2) Glycollate is produced only in the light. The enzyme RuDP 

carboxylase, when in its natural state in the chloroplasts, is only active in 

the light (Jensen & Bassham, 1968). 

(3) Glycollate becomes labelled when #4CQO, is being photosynthesized 

after approximately the same time interval as RuDP. 

(4) If this mechanism is correct, glycollate would arise from carbon 

atoms | and 2 of RuDP. In tracer experiments, when these two atoms of 

RuDP are equally labelled (as in short periods of photosynthesis in 4CO,) 

both carbon atoms of glycollate are also equally labelled (Rabeson ¢é¢ al., 

1962). In other experiments, when carbon atoms 1 and 2 of RuDP would 

be expected to be unequally labelled (as when specifically labelled glucose 

is supplied in the light) the two carbon atoms of glycollate are also un- 

equally labelled (Marker & Whittingham, 1966). 

(5) The capacity to produce glycollate has been retained during 

evolution, even though it appears to be detrimental to the plant. Naturally, 

the loss of the enzyme which leads to the production of glycollate, namely 

RuDP carboxylase, would also lead to the loss of the plant’s ability to 
photosynthesize. 

In conclusion, we may say that there is a satisfactory explanation for 

the mechanism of glycollate production which is firmly backed by experi- 

mental evidence. It remains possible that there may also be other mecha- 

nisms, but these have yet to be demonstrated in quite such unequivocal terms. 
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THe FurTHER METABOLISM OF GLYCOLLATE 

From the foregoing, it would seem that phosphoglycollate is produced, 

apparently by accident, from an essential intermediate of photosynthesis. 

As far as ‘can be judged at present, the remainder of the pathway leading 

from phosphoglycollate is concerned with recapturing as much of this 

byproduct as possible and converting it to more useful materials. Experi- 

ments in which labelled glycollate was fed to leaves and leaf preparations 

indicate that it is oxidized and converted via a number of intermediates to 

carbohydrate. During the process, some of its carbon is lost as CO, and 

it is this which gives rise to CO, of photorespiration. This metabolism 

can be conveniently divided into three stages. 

1. Metabolism of Glycollate by the Peroxtsomes 

No further metabolism of glycollate takes place within the chloroplasts. 

Glycollate leaves the chloroplasts and enters small cytoplasmic organelles 

called peroxisomes. Peroxisomes can be regarded as packets of enzymes, 

at least one of which generates hydrogen’ peroxide as a byproduct. 

Catalase is also present to destroy this peroxide, which might otherwise be 
toxic. There are many different kinds of peroxisomes and they occur 

in both animals and plants (pe Duve, 1969). Those of green leaves con- 

tain enzymes for glycollate metabolism. They contain glycollate oxidase 

which oxidizes the hydroxyl group of glycollate to the corresponding aldehyde 

using oxygen derived from the atmosphere and, at the same time, generating 

hydrogen peroxide. The product of this reaction, glyoxylate, is then 

converted to the corresponding amino acid, glycine, still within the peroxi- 

some, by an amino-transferase reaction. The donor of the amino group 

in this reaction may be one of a number of other amino acids, but glutamate 

seems to be the most active in this respect, becoming converted to «-oxo- 

glutarate in the process (Kisaki & Tolbert, 1969). 

GLYCOLLATE GLYCOLLATE GLYOXYLATE AMINO GLYCINE 

OXIDASE TRANSFERASE 

eee Pa COOH 

CH20H CHO CHoNH, 

0g H20g GLUTAMATE G.-0x0 

GLUTARATE 

2. Metabolism of Glycine by the Mitochondria 

The peroxisomes carry out no further reactions with glycine. Instead 



336 3 A, GOLDSWORTHY 

the glycine is released and enters the mitochondria for the next stage in 

its metabolism. This stage is complex, probably involving many enzymes, 

but the overall reaction is the conversion of two molecules of glycine to one 

of the amino acid serine, with the loss of one molecule of CO, and one of 

ammonia. This process, which involves an oxidation, appears to be coupled 

to the oxidative phosphorylation system of the mitochondria so that two 

molecules of ATP are produced for each molecule_of serine formed (Bird 

ét aly. 1972); 

4 GLYCINE "40, CO, NH3 SERINE 

COOH COOH 

2 | rene CHoNH5 Pane 
CH20H 

2ADP 2 ATP 
+ 

2P; 

It is the CO, given off at this stage which is evolved in the process of 

photorespiration. 

3. The Conversion of Serine to Carbohydrate 

Ongun and Stocking (1965) reported that in tobacco leaves some of 
the label from photosynthesized !4CO, first entered glycine and serine and 

then became incorporated into carbohydrate. Similarly, artificially added 

serine-3-4C also became incorporated into carbohydrate, but only in the 

light. This suggested that the last stage in the photorespiratory pathway, 
the conversion of serine to carbohydrate, is an energy requiring process 

which can use the energy of light. Non-aqueous separation of the chloro- 

plasts indicated that some of the serine had in fact entered them, so it may be 

that this light dependent conversion of serine to carbohydrate was taking 

place in the chloroplasts. However, since the carbohydrate products of 

serine metabolism accumulated both inside and outside the chloroplasts, 

it could not be certain whether the formation of carbohydrate from serine 

was confined to the chloroplasts. There is evidence that at least some 

of the stages in this reaction sequence can take place in peroxisomes. since 
these particles have been shown to contain some of the necessary enzymes 

(Tolbert & Yamazaki, 1969). In particular, peroxisomes derived from 

spinach leaves were shown to contain an aminotransferase which converts 
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HYDROXYPYRUVATE 

GLYCERATE DEHYDROGENAGE 

D — GLYCERATE 

GLYCERATE KINASE 

3-PHOSPHOGLYCERATE 
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OTHER CARBOHYDRATES 
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serine to hydroxypyruvate and a NAD-linked dehydrogenase which 

converts hydroxypyruvate to D-glycerate. The exact location of the 

remainder of the pathway is not clear, but a D-glycerate kinase enzyme 

has been demonstrated in higher plant leaves which uses ATP to convert 

D-glycerate into 3-phosphoglycerate (Cheung et al., 1968). This 

compound (PGA) is, of course, an intermediate of the Calvin cycle and 

would, if it entered the chloroplasts, become converted to carbohydrate, 

using ATP and NADPH, by the normal processes of photosynthesis. 

THE ENERGETICS OF PHOTORESPIRATION 

Unlike true respiration, which makes energy available in the form of 

ATP and reduced pyridine nucleotides, photorespiration actually uses 

these substances and entails a net energy loss. ‘To convert two molecules 

of glycollate to carbohydrate generates two molecules of ATP in the conversion 

of glycine to serine and CO,, but the subsequent conversion of serine to 

‘carbohydrate uses two molecules of ATP and two of reduced pyridine 

nucleotide (NADH and NADPH). [If all the carbon of the original two 

glycollate molecules is to be recovered, then the CO, released during serine 
formation must be refixed by normal photosynthesis and this requires two 

further molecules of NADPH and three of ATP. Thus, to restore to the 

level of carbohydrate the four carbon atoms lost in the form of a pair of 

glycollate molecules, the plant must use a net total of four molecules of 

reduced pyridine nucleotides and three of ATP. To put this in perspective, 

this represents nearly half the energy which was needed in the form of ATP 

and NADPH to fix those four carbon atoms initially from CO,. The 

situation is, therefore, like that of a merchant who has to buy back, at 

half price, property which was stolen from him by a thief. He may not 

be pleased, but it is better than having to pay the full price elsewhere. 

The total amount of energy lost by the plant will depend on the amount 

of glycollate produced. That this can be considerable was shown by 

Zelitch (1959) who measured the rate of glycollate synthesis by following 

the rate of its accumulation when its further metabolism was blocked by an 

enzyme inhibitor. He found that, in tobacco, about half of the carbon 

fixed by photosynthesis was passing into glycollate. Other measurements, 

based on the rate of CO, release by photorespiration suggest that this propor- 

tion might be even higher (see Zelitch, 1971). It can be seen, therefore, 

that photorespiration must represent a considerable loss of the plant’s 
available energy. Were it not for photorespiration, more NADPH and 

ATP would be available for the initial CO, fixation reaction, thus causing 

an increase in the rate of photosynthesis, with a corresponding increase 

in the rate of dry matter accumulation and growth. 
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The Inhibition of Photorespiration and the Increase in Yield 

Dramatic increases in growth rate of the order of 50 to 100 per cent 

have been obtained by growing plants under conditions where photo- 

respiration is inhibited. This has been done by inhibiting the synthesis 

of phosphoglycollate. Attempts to inhibit later stages in the photorespira- 

tory pathway are counterproductive since they prevent the proper recovery 

of the carbon lost as glycollate. So far, the only effective means of reducing 

phosphoglycollate production without producing toxic effects is to reduce 

the O,/CO, ratio in the air surrounding the plant. This can be done 

either by reducing the oxygen concentration or increasing the CO, 

concentration. 

INcREASING Propuctiviry At Low OxyGEN CONCENTRATIONS 

It is now well-documented that low oxygen conditions inhibit photo- 

respiration and bring about a corresponding increase in the rate of photo- 

synthesis of many plants. Zelitch (1971) has collected data from several 

authors which indicate that reducing the oxygen concentration from its 
normal 21% to 2% increases the rate of photosynthesis of a variety of plants 

by factors ranging from 35% to 100%. These include many important_ 

crop plants such as wheat, sunflower and sugar beet. ‘That such increases 

. in photosynthesis also result in increases in growth rate was shown by 

Bjorkman and his co-workers (1969) who observed that lowering the oxygen 

concentration to 4% roughly doubled the rate of dry matter production 

by Mimulus. 

Despite these obviously spectacular results, it is unlikely that this 

technique will be exploited commercially for crop production because of 
practical difficulties and expense. The technique requires that the plants 

be grown in an air-tight enclosure in which four-fifths of the atmosphere 
must be replaced by nitrogen gas. Because the enclosure is air-tight, the 

CO, required for photosynthesis must also be added artificially. Apart 

from this, if we consider the practical difficulty of tending crops in an at- 

mosphere which will not support human life, it is not difficult to see why it 
is unlikely that these methods will be used for large-scale agricultural 

production. 

INCREASING PropuctTivity aT HicH CO, CoNcENTRATIONS 

While it is difficult and expensive to reduce the O,/CO, ratio by re- 

ducing the oxygen concentration, it is relatively cheap and easy to achieve 

the same effect by increasing the CO, concentration and the concentrations 

required are not harmful to human life. A moderately air-tight enclosure 
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is still required, but because the normal atmospheric CO, concentration 

is so small (0.03%) it requires very little additional CO, to alter the O,/CO, 
ratio considerably so as to produce a large inhibition of photorespiration. 

For example, to lower the O,/CO, ratio by a factor of five, by lowering the 

O, concentration requires that four-fifths of the air be swept out of the 
chamber by nitrogen, but the same effect can be achieved by increasing 
the CO, concentration by a factor of five. This, however, only requires the 

addition of an extra 0.12% of CO,. The fact that CO, concentrations of 

this order inhibit photorespiration is evidenced by the observation of Egle 

and Fock (1967) that the ‘dark outburst’ of CO,, occurring due to photo- 

respiration, was inhibited by 0.12% CO, in sunflowers and beans. 
It has been known for a very long time that the rate of growth of green- 

house crops can be increased tremendously by enriching the air within the 

green-house to about 0.1 to 0.15% with CO, (Wittwer & Robb, 1964) 

although the inhibition of photorespiration as being a prime causal factor 

has only recently been postulated (Goldsworthy, 1969). 
This hypothesis explains the observation that CO, enrichment is effective 

during the winter months when photosynthesis is limited by low light 

intensity rather than CO, availability. This is because the GO, concen- 

trations used are sufficient to inhibit photorespiration and so prevent the 

consequent drain on the plant’s limited energy resources when little light 

is available. Other evidence indicating that photorespiration is an impor- 

tant factor in the CO, enrichment effect can be found in the work of Bishop 

and Whittingham (1968) who observed, using “CO,, that tomato plants 

growing under conditions of CO, enrichment were relatively deficient in 

the photorespiratory intermediates, glycine and serine. 
It would perhaps be wrong of me to discuss the practicalities of CO, 

enrichment here since it has been well-documented elsewhere (see Wittwer 

& Robb, 1964; Wittwer, 1974). However, I might say, in summary, that 

CO, enrichment, as a means of increasing crop production in green-houses 

is already widely practised and produces increases in yield of the same order 

as those induced by low oxygen in plants which normally photorespire; 

increases in the region of 30 to 100% being common. However, like the 

low oxygen technique, it suffers from the disadvantage that a more or less 

air-tight enclosure is needed in which to grow the plants and it is, therefore, 

unsuitable for large-scale agricultural use in the open air. 

INCREASING PRODUCTIVITY WITH CHEMICAL INHIBITORS 

If there were an enzyme inhibitor which could be sprayed onto plants 

to prevent phosphoglycollate synthesis, it could be used, even in the open 

air, to suppress photorespiration. If it were cheap enough and non-toxic 

it could be used in agriculture to increase the yield of field-grown crops. 
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Unfortunately, as yet, no such chemical exists. A few, such as the «-hydroxy- 

sulphonates and the weedkiller monuron (CMU) have been reported to 

inhibit glycollate synthesis (Zelitch, 1971) but these are also inhibitors of 
photosynthesis. The problem of finding an inhibitor for phosphoglycollate 

synthesis which does not also inhibit photosynthesis may be considerable, 

for, if the enzyme responsible for both processes is RuDP carboxylase, it 

may not be possible to inhibit one of its activities without also inhibiting the 
other. 

C, PLanrs—NatTurRE’s ANSWER TO THE PROBLEM 

It would seem probable that most of the evolution of the photosynthetic 

mechanism took place when the Earth’s atmosphere was richer in CO, 

than itis now. Because of this, glycollate synthesis was inhibited and photo- 

respiration did not occur. It would be only comparatively recently on a 

geological time-scale that the CO, level has fallen sufficiently to permit 

photorespiration to occur at today’s high rates. Nevertheless, it is now clear 

that some plants have evolved so as to inhibit photorespiration. ‘They 

do so by possessing a CO, pumping mechanism which increases the CO, 
concentration in the region of their RuDP carboxylase to such a level as 

to inhibit phosphoglycollate production. The operation of this pump 

involves the participation of certain 4-carbon acids as CO, carriers. Early 

experiments by Hatch and Slack (Hatch & Slack, 1966; Hatch et al., 1967) 

revealed that these 4-carbon acids appeared to be the first labelled products 

when CO, was being photosynthesized; such plants were consequently 

called C, plants, or sometimes ‘Hatch and Slack’ plants. Other plants, 

not possessing this pump, fix CO, directly into the Calvin cycle, in which the 

3-carbon phosphoglyceric acid is the initial product. These are now called 
C, plants, or sometimes ‘Calvin’ plants. Cy, plants appear to lack photo- 

respiration, their rates of photosynthesis are roughly double those of most 

C, plants and these rates are not further stimulated by low oxygen con- 

centrations (Downes & Hesketh, 1968). 
The C, plants appear to have arisen independently at several points 

in evolution. Examples are found in both the Monocotyledons and the 
Dicotyledons, although most of the economically important ones occur 

in the Gramineae amongst the tropical grasses. Those grasses in the 
chloridoideragrostoid and panicoid lines of evolution are typically C, 

plants, maize, sorghum and sugarcane being prominent examples (Downton 
& Tregunna, 1968a, b). Most other tropical grasses, e.g. rice, are C3 plants 

and so are nearly all of the temperate grasses such as the cereals, wheat, 

oats and barley. Amongst the Dicotyledons a number of isolated examples 

of C, plants are found, mainly within ‘the Centrospermeae, Amaranthus and 

Atriplex being examples. The genus Afriplex is interesting because it 
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contains both C, and Cy, species which are sufficiently closely related for 
interbreeding to be possible. In an elegant series of breeding experiments 

within this genus, Bjérkman and his co-workers (1971) have shown that 

the C, characteristic is controlled by several genes which segregate indepen- 

dently. Hybrids between C3 and C, plants in these experiments were 

less efficient photosynthetically than either of the parents. 
No matter what their taxonomic group all C, plants have a similar 

anatomy in which the photosynthetic tissue is confined to two concentric 
layers of cells, each only one cell deep, surrounding each of the vascular 

bundles. The inner one is called the bundle sheath and the outer one the 
mesophyll. By carefully controlled grinding techniques, it has proved 

possible to prepare extracts from each of these layers, moderately free from 

contamination by the other. When this was done, it was found that the two 

layers contain different photosynthetic enzymes (Bjérkman & Gauhl, 1969; 

Hatch et al., 1971; Berry e¢ al., 1970). In particular, nearly all of the leaf’s 

RuDP carboxylase is in the bundle sheath, whereas the mesophyll contains 

another CO, fixing enzyme, PEP carboxylase. ‘This fixes CO, by making 

it react with phosphoenol-pyruvate (PEP) so as to form the 4-carbon acid 
oxaloacetate. This, in turn, is rapidly transformed into two other 4-carbon 

acids, malate and aspartate by a dehydrogenase and an aminotransferase 

enzyme respectively, which are also active in the mesophyll. Berry et al. 
(1970) showed by autoradiographic techniques that these 4-carbon acids 
are rapidly translocated into the bundle sheath cells probably via the highly 

developed plasmadesmata which connect the two layers. Further, it was 

shown that the chloroplasts of the bundle sheath contain enzymes which 
liberate CO, from these QC, acids, leaving behind the C, acid pyruvate. 

The CO, liberated is refixed by the RuDP carboxylase in the bundle sheath | 
chloroplasts, where the remainder of the plant’s photosynthesis occurs via 
a normal Calvin cycle. The pyruvate formed is translocated back to the 

mesophyll, where it is reconverted to PEP by the enzyme PEP synthetase, 

using ATP and inorganic phosphate, so-as to be ready to pick up another 

molecule of CO,. 

It was for a while a puzzle why these plants do not appear to photo- 
respire. That is to say, they do not release CO, into CO,-free air in the 

light, they do not show an outburst of CO, at the onset of darkness and 

their rates of photosynthesis are not stimulated by low oxygen concentrations 

(Forrester et al., 1966b). Despite this apparent lack of photorespiration, 

there is evidence that C, plants do, nevertheless, contain the enzymes 

for photorespiration. Enzymes for glycollate oxidation are found in 

peroxisomes in the bundle sheath cells (Kisaki & Tolbert, 1970). It was 

claimed by these workers that C, plants do photorespire, but they do 

not release their photorespiratory CO, into CO,-free air, simply because 

it is generated in the bundle sheath and is refixed by the PEP carboxylase 
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of the mesophyll on its way out. 

While such a total refixation of photorespired GO, may be possible, 

this simple hypothesis does not explain why low oxygen levels do not stimu- 

late photosynthesis in CQ, species. ‘This is because if they were to refix 

all their photorespired CO,, they would need extra energy to do it, and even 

more energy to convert to carbohydrate the serine formed in this photo- 

respiration. The inhibition of photorespiration by low oxygen should, 

therefore, make more energy available for photosynthesis, and so stimulate 

photosynthetic rates in Cy species as well as C3 species. This has been found 

not to be the case (Forrester e¢ al., 1966b; Bull, 1969; Bjorkman et al., 1969). 

Furthermore, since the rate of glycollate synthesis in a Cy plant appears to 

be only a small fraction of that in Cg plants (Zelitch, 1958) it would seem 

more likely that the success of the C, plant is due to its more limited 

capacity to synthesize glycollate and photorespire than due to its ability 

to refix its photorespired CO,. 

Goldsworthy and Day (1970a) put forward a suggestion that the most 

likely mechanism for the inhibition of glycollate synthesis and photo- 

respiration in Cy species is that the C, pathway is acting as a pump, generat- 

ing a high CO, concentration in the chloroplasts of the bundle sheath, and 

by so. doing, inhibiting glycollate production. This hypothesis was 

later shown to be substantially correct when Hatch (1971) measured the 

size of the CO, pool generated from the C, acids in these plants. After 

making certain assumptions as to the volume of the pool, he concluded that 

its concentration must be something like one hundred times greater than 

that of a tissue in direct equilibrium with the atmosphere. If this is correct, 

it should accomplish an almost complete inhibition of glycollate synthesis 

and photorespiration, with no further reduction being possible by altering 

the oxygen concentration of the air. 

Pleasing as the above explanation is, there still remains one point to be 

met. If QC, plants do not normally produce glycollate, what need have they 

for peroxisomes and why was glycollate detected in them by Zelitch 

(1958)? The answer might be that although under normal circumstances 

glycollate is not produced, it can be produced under adverse conditions. 
For example, if the stomata close due to dry conditions, the CO, concentra- 

tion in the air spaces of the leaf falls due to photosynthesis. Sooner or later 

a point is reached when the pump, starved of its CO, input, fails to maintain 

the CO, concentration in the bundle sheath chloroplasts at a level adequate 
to prevent glycollate synthesis. Glycollate production and its consequent 

photorespiration would then occur and peroxisomes would be required, 

much as in a CG; plant. The only difference between a C, plant under these 

conditions and a Cz plant is that a C, plant is able to refix all of its photo- 

respired CO, using the PEP carboxylase in the mesophyll. It is worth 

noting that when Zelitch (1958) detected glycollate synthesis in Cy, 
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leaves, he did so in the presence of «-hydroxysulphonate, a substance which 
is known to. cause stomatal closure (Zelitch & Walker, 1964). 

Apart from their greater maximum rates of photosynthesis, C, plants 

have another advantage over C3 plants. Thisis because they have low CO, 
compensation points which help them photosynthesize under dry condi- 

tions. The CO, compensation point is the lowest CO, concentration from 

which a plant can carry out net photosynthesis. A C3 plant cannot carry 

out net photosynthesis from air containing less than about 50 ppm of CO, 
(the exact value depends on species and temperature (see Goldsworthy & 

Day, 1970b for means of measuring compensation points). This is because 

at this concentration photosynthesis has been slowed to a level at which it is 

exactly counterbalanced by photorespiration. (Cy, plants, because they do 
not photorespire, can reduce the CO, concentration of the air virtually to 

zero and are said to have near-zero compensation points. In either case, 
when the stomata are almost closed under dry conditions, the CO, concentra- 

tion within the air spaces of the leaf must fall to near the compensation point. 

Because for a C, plant, this is lower than for a C, plant, then the concentra- 

tion gradient for CO, diffusing into the leaf from the atmosphere is steeper in 

C, plants. This means that diffusion of GO, into the leaf and hence photo- 

synthesis will be correspondingly faster in the C, plant, and that for a given 

amount of water lost due to transpiration, the C, plant should capture 

more CO, than the C; plant. Examination of the literature on the subject 

suggests that this is broadly true, the general finding being that for a given 

water loss, C, plants fix about twice as much CO, as Cz plants (Hesketh, 

1963; Bull, 1969; Shantz & Piemeisel, 1927). 

It can be seen that the C, plant has overcome the problem of photo- 
respiration. This gives it the potential for a higher maximum photosynthe- 
tic rate and also the ability to photosynthesize more rapidly and with less 

water loss under dry conditions. It is almost certain for these reasons that 
C, species make such good crop plants. So far, their cultivation is very 

largely limited to the tropical and warmer regions of the world, maize, 

sorghum and sugarcane being typical examples. Unfortunately, most 

C, plants do not grow very well in the temperate and colder regions. The 

reason for this is not yet clear. It may be that there is something inherent 

in Cy metabolism which makes it unsuitable for operation at cooler tempera- 

tures. Alternatively, it may be because nearly all C, plants arose in the 

drier regions of the tropics, where selection pressure for them was greatest, 

they arose from species which were already adapted to tropical conditions, 

and have merely retained that adaptation. If the latter explanation is 

correct we would expect Cy species to spread to the cooler regions of the 

world, either naturally, or by artificial selective breeding. There is 

some evidence that this has already been happening, e.g. the C, plant 

Spartina anglica grows well in the wild state on the temperate coastline of 
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the British Isles. If plant breeders can separate the genes for Cy metabolism 

from those giving adaptation for tropical environments it may be possible 

to extend to all parts of the world the tremendous benefits of having crops 

which do not photorespire. 
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Introduction 

Although many climatic factors influence plants, temperature is one of 

the primary factors affecting growth. Any physiological and morphological 

development occurring in plants are markedly influenced by temperature. 

An interesting agronomic application of the temperature effect on plants is 

the heat unit concept which is based on the idea that plants have a tempera- 

ture requirement for their growth, development and maturity. 

The heat unit system has been widely used as a guide in planting . 
schedules for an orderly harvest of canning crops and as an index in making 
crop zonation maps for extension of undeveloped agricultural land and 

multiple cropping systems for effective land use. Furthermore, it has been 

adopted to flowering time of parent varieties in cross pollination crops for 

synchronizing the flowering time for breeding and seed production. 

Considerable effort has been devoted to the development of the heat unit 
system and numerous attempts have been made to develop accurate methods 

for estimating the times of flowering and maturity. 
This review is an attempt to summarize briefly the present state of 

_- 
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knowledge regarding the heat unit systems and to discuss the practical 

application of the concept for agricultural use. 

Remainder Index 

It was first suggested by Reaumur in 1735, as cited by Robertson 

(1968), that the sum of the mean daily shade temperature of air between 

one stage of development and another was constant for a particular species 
of plant. Although little attention was paid to this concept for any practical 
use for a century subsequent to his proposal, thereafter numerous summations 

of mean daily temperatures during growing period for various crops have 

been computed by many investigators. However, the summations found for 

the same variety of plant frequently have varied greatly under different 

conditions. For example, those with rice plants from planting to heading 

are 1458 and 1598 °C in hotter and cooler years (Date, 1963), and with 

potato, 1914 and 2756 °C in hotter and cooler sections (Kurihara et al., 
1963), respectively. 

In summer crops, generally, the increased summations would be 

obtained in early plantings; cool years and northern parts showed opposite 

cases, probably owing to the fact that sums of ineffective temperatures below 

the cessation of plant growth become larger in the former cases than in the 

latter. ‘To overcome the weakness in the summations of the whole degrees 

of daily mean temperatures, the temperatures below the cessation of plant 
activity should be discounted for the calculation of heat requirements. 
The point of temperature above which it is accumulated for the summations 

is called the base temperature. ‘The base temperatures have been deter- 

mined for various crops empirically and theoretically, as shown in Table 9.1. 

Least variability methods for determining the base temperatures are 

the most common, in which the summations of degree-days from a series of 

planting or location are calculated on a number of base temperatures and 

the one showing the least variation in the standard deviation or in the co- 

efficient of variation is found by process of elimination. However, these 

methods are troublesome since numerous calculations to find out a correct 

base temperature must be done. Arnold (1959) proposed x-intercept 

method. According to his explanation, the method makes use of two items 

of information from each planting; the mean temperature and the mean 
rate of growth. ‘The latter is presented as follows: 

100 

Number of days from planting to harvest. 
Rate of growth = 

The values from a series of plantings are then used to calculate a regression 

equation in which the mean temperature is x and the mean rate of growth 
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Table 9.1. Base temperature for various crops 
—————S SR SS SS 

Crop Base temperature °F Reference 

Spinach =e 4: SOhe: Boswell (1934) 

Peas . = fs 36 Hope (1962) 

Peas die Se 40 Nagy (1965) 

Wheat ae 36 40 Nuttonson (1955) 

Barley SA st 40 Nuttonson (1957) 

Lettuce 50 a8 40 Madariaga & Knott (1951) 

Asparagus a =e 40 LeCompte & Blumenfeld (1958) 

Asparagus te ok 40 Culpepper & Moon (1939) 

‘Potato he sen 41 Trenkle (1969) 

Potato oh if 45 Rosca (1968) 

Maize a8 ae 50 Andrew eé¢ al. (1956) 

Snap beans ae, ee 50 Gould (1950) 

Lima beans ae ie 50 Bomalaski (1948) 

Pumpkin Bc Sc 55 Holmes & Robertson (1959) 

Tomato se 55 50 Valli & Jaworski (1965, 1966) 

Tomato BA ae ia) Holmes & Robertson (1959) 

is y. In this equation the base temperature is obtained as the value of x 

and y equals 0. This method gives the same answer as the coefficient of 
variation method. 

It is well-known that the, base temperature is not so definite. It is 

varied by the external conditions, by the age of plants and by their previous 

treatments. Warnock and Isaacs (1969) stated that response to tempera- 

tures during the seedling stage of tomatoes might be different than the 

response during the fruit setting or fruit ripening periods. Likewise, 

Balvoll and Bremer (1965) described that the base temperature should be 
varied according to the stage of plant growth. 

However, without regard to indefiniteness of the base temperature, 

estimating development of crops by the remainder index, which is the total 

summation of the degree-days above the base temperature to reach a parti- 

cular stage of development, has been often successful. The degree-days 
during a day are calculated by subtracting the base temperature from the 

daily mean temperature, as presented by the following formula: 

(minimum-+maximum) 
Degree-days = 9 — base temperature. 

According to Nuttonson (1955), a wide variety of synonymous terms 

have been used for the remainder index system to express the heat require- 

ment of crops. Thus, the terms “day-degree’’, ““degree-day”’, “heat unit’, 

and ‘‘thermal unit” are all used to designate one degree per day, on a given 



354 F. IWATA 

scale of mean temperature above the base temperature. 

Using the remainder index numerous workers—Ferwerda (1953) with 

corn, Lana and Haber (1952) with sweet corn, Austin and Ries (1968) with 

tomatoes, Trenkle (1969) with potatoes, LeCompte and Blumenfeld (1958) 

with asparagus, and Nagy (1965) with peas, have successfully achieved the 

estimation for progress of growth and development of each crop. Airy (1955) 

described that the mean of the remainder indices from planting to flowering 
for 50 inbreds of corn for each of three planting dates is considerably 

constant. Holmes and Robertson (1959) also stated that the indices of 

several pea varieties remained almost constant from year to year when the 

base temperature was taken at 50°F. Further, a nearly equal index was 

obtained from the data of Andrew et al. (1956) in corn hybrids planted at , 

two locations, Wageningen (Netherlands) and Spooner, Wisconsin, 

(U.S.A.). Similar results in planting date, year and location experiments 

have been obtained by several workers as shown in Table 9.2. 

Table 9.2. Remainder index for several crops 

Crop Period* Remain- C.V. Base tem- Season, year Reference 

der index'°F % perature °F or location 

Wheat PR 2024 Ucs 40 20 locations Nuttonson (1955) 

Wheat a 1929 7.6 ‘3 19 years Ps 

Barley P~R 1958 7.4 40 20 locations Nuttonson (1957) 

Barley Ac 2196 7.0 5 16 years s 

Oats P~R 2089 4.2 40 2 yearsand Wiggans (1956) 

16 plantings 

Peas P~H 1321 225 40 3 years Katz (1952) 

Peas P~F 683 2.5 i 3 plantings Reath & 

Wittwer (1952) 
Maize P~S 1473 6.1 50 5 plantings Gilmore & 

Rogers (1958) 

Maize a 1505 11.4 AS 2 yearsand Gunn & 

2 locations Christensen (1965) 

Tomato P~H 4044 1.7 43 4 plantings Warnock & Isaacs 

(1969) 

*P—planting, R—ripe, H—harvest, F—flowering, and S—silking. 

Madariaga and Knott (1951) reported that in 389 fields of commercially 
grown lettuce, plants did not utilize the same amount as remainder index 
to reach maturity when planted at varying dates. Likewise, in spinach 

the remainder index between plant emergence and seed stalk appearance 

varied widely with differences of years; planting dates and locations as 

described by Boswell (1934). Arnold (1960) pointed out that when the 
minimum temperature falls below the base temperature, the degree-day 
value is no longer accurate. 
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Thus, out of the numerous reports published on the remainder index for 

various crops, some work out fairly well, while the others do not. Therefore, 

it must ‘be noted that a reasonable consistency of the remainder index 

obtained from data of a single location, year or planting season may mislead 

users when the relationship is extrapolated to others. 

Growth of plants is retarded when temperature increases above optimum 
which frequently happens even in the temperate zones. A correction for 

such excessive temperatures should be considered for refining the method to 
determining the remainder index (Gunn & Christensen, 1965; Hope, 1962). 

Gilmore and Rogers (1958) compared the coefficients of variation 

of remainder index calculated by taking into account temperatures above 
and below the bases for growth of corn planted at six different dates. The 
base temperature here was 50 °F and corrections were made for temperature 

above 86 or 90 °F. Table 9.3 shows six calculation methods and _ their 

coefficients of variation. The coefficients of variation of the corrected 
indices calculated by the second and third methods are compared to that 

of the first, and those by the fifth and sixth, to that of the fourth, respectively. 

In the comparisons of the coefficients of variation between with and without 

corrections for the optimum temperatures, it was found that the corrections 

decreased the variations of the remainder indices. 

Table 9.3. Comparison of coefficients of variation of heat 

units required for silking from planting of corn planted 

at various dates, as calculated by six methods 

(after Gilmore & Rogers, 1958) 
ee eas Seat ee Se ee 

Method of calculation* 
Coefficient of variation 

Temperature °F Base Optimum % 

1. x-50 6.08 
2. x-50 90 4.49 
Bl 5-50 86 2.74 
4. x-50 50 3.65 

5, x-50 50 90 2.05 
6. x-50 50 86 1.63 

5 SS TS I EE 

: : ad ti 45 80: 2 & 7: ne 80; 

PR AIDC al aa ae 
2 

5 & 6; otmin above 50) (nex eee ee) 50 

Recently, Iwata and Okubo (1969a) have calculated the remainder 

index of corn planted on different dates, in which the least variability method 
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was used for determining the extent of daily mean heat units accumulated. 
The method was based on the idea to minimize coefficients of variation of 

the remainder index for a series of plantings by eliminating temperatures 

above excess and below the base. The extent of a daily mean temperature 

to. be accumulated was evaluated by the coefficient of variation for the re- 
mainder index among the planting dates. In this study the least coefficient 

of variation, 1.43 per cent, was obtained by discounting the temperatures 

above 25 °C.and below 10°C of a daily mean temperature. Iso-coefficients 

of variation in relation to upper and lower limit temperature to be accumulat- 

ed is shown in Fig. 9.1. The mean remainder index for silking of corn and 

its 95 per cent confidence interval is 80711°C. This + 11°C fell in only 

two days. From the above results the silking times can be accurately 
estimated regardless of planting dates and moreover eliminated temperatures 
above and below. the bases were determined simultaneously. 

Further studies on an application of the above-mentioned remainder 

index to years and locations showed that reasonable small variations were 

found when environmental and cultural variations were considered 

Upper temperature limit, 76 

~~~ Lower temperature limit, =¢- 

Fic. 9.1. Iso-coefficients of variation of heat unit accumulations with, 
varying upper and, lower limits of a daily mean temperature to be 

accumulated for maize from planting to silking. 
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(Iwata & Okubo, 1969b). 

Exponential Index 

Since the remainder index is based on a linear basis of the temperature 

effectiveness to a plant, a criticism is raised from the standpoint that a plant 

activity does not operate at equal rate at different temperatures. The ex- 

ponential index is based on the principle that plant growth rates follow the 
rule of van’t Hoffand Arrhenius. The index is the summation of the efficiency 

of a mean daily temperature calculated by using the following formula: 

eed, 
eg ais 

or in a more workable form, log u= oe (t—40) 

where u is the daily temperature efficiency and t represents the daily mean 

temperature in F scale. The zero point of vital activity is taken at 40 °F. 
Accordingly, at 40 °F of the daily mean temperature the temperature effi- 

ciency is taken 1, and at 58 °F, doubles. 

Katz (1952) computed the exponential index on two canning pea 

varieties for three years, in which the variations of the indices from year to 

year were relatively small. He also stated that the difference between the 
results obtained from the exponential and remainder index systems were 

small. In another study worked by Klages (1951) high correlation coeffi- 

cients between the exponential and remainder indices in 16 cool and 16 

warm-weather crops were observed. 

In this index, however, there is the obvious fault that temperatures 

above 80 °F are given too much weightage because of the exponential nature. 

Boswell (1934) in a comparison of the exponential and remainder indices 

between plant emergence and seed stalk appearance in seven varieties of 

spinach grown in different regions and seasons, indicated that in every case 

_ except one the coefficients of variation of the exponential index are higher 

than for remainder index, and in some cases considerably higher as shown 

in Table 9.4. Brown (1960) working on a comparison of some heat unit 

indices stated that the exponential index would be least suitable for estimating 

stages of development in soybeans. ‘Thus, it is generally assumed that the 

exponential index, in spite of its theoretical assumption, is not superior to 
the remainder index as a measure of heat requirement, rather inferior when 

temperatures become higher. 

Physiological Index 

Both the remainder and exponential indices increase infinitely with 
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Table 9.4. Comparison of coefficients of variation of exponential and remainder 

indices between plant emergence and seed stalk appearance in seven 

varieties of spinach (after Boswell, 1934) 

Coefficient of variation, % 

Variety 

Exponential Remainder 

index index 

Virginia Savoy a ne ee 21.6 20.5 

Bloomsdale Savoy ae Sr be 14.2 pas) 

Viroflay ae, a Shc 10.7 11.4 

Long Standing Bloomsdale a a3 a 24.6 125 

Nobel or Gaudry me us a 23.9 14.0 

Princess Juliana a as ie 34.5 16.7 

King of Denmark — at we 21.6 13.1 

increase of temperature even when plants are retarded by high temperatures. 

This is not true for physiological index. ‘The physiological index is derived 

from the temperature efficiency to the actual plant growth reported by 
Lehenbauer (1914) who measured the rates of elongation of corn seedling 

for a period of 12 hours at constant temperatures and developed growth 

rate curve. Fig. 9.2, taken from Livingston (1916), shows the magnitude 

Orv 5 ro) 

WN oO 

Elongation of shoots, mm x 100 

io) 

10 20 30 4O 
Temperature, =¢ 

Fic. 9.2. Relationship between temperature and rate of elongation of 

the shoots of maize seedlings (after Livingston, 1916). 
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of the physiological temperature efficiency indices for increasing tempera- 

tures. ‘To determine the physiological index, according to Klages (1951), 

the ordinates of the graph are measured for each degree of temperature 

considered; the numbers thus obtained represent the average hourly rate 

of elongation, in hundredths of a millimetre. — 
Livingston (1916) presented the physiological index for various crops 

and a chart of the United States climatic zonation. However, the index 

has limitations since it is based upon tests of only a single plant species grown 

in limited environmental conditions and derived from the growth rates of 

seedling only, as he pointed out. 

- Hanyu and Uchijima (1962) devised an unique modification of the 
physiological index method to estimate the heading dates of rice plants in 

relation to their thermoreaction. The thermoreaction of the plants to air 

temperature was measured by effective temperature. The relationship 

between the effective temperature and air temperature has been illustrated 

in Fig. 9.3, in which the effective temperature starts at 10 °C and becomes 

constant above 28 °C. «Using this method the estimation of the heading 

20 

e, °c 

10 

10 20 30 
Air temperature 

Fic. 9.3. Relation of the equivalent of air temperature effective for the heading 

of rice plants (9) to the air temperature (after Hanyu & Uchijima, 1962). 

dates at 12 locations for six years agreed well with the actual dates observed. 

The largest difference of days from transplanting to heading between the 

actual and estimated dates calculated by this method was only three days. 

Hydrothermal Index 

Precipitation is one of the factors influencing greatly the plant growth and 
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development. Multamaki (1961) observed that total precipitation was 

positively related to the effective temperature sum of the total period during 

32 seasons with peas. Livingston (1916) has presented the hydrothermal 

index (Imt) envolving the index of temperature efficiency evaluated on the 

basis of physiological index (I,), precipitation intensity (Ip) and atmospheric 

evaporating power (Ie) for growing period as follows: 

fel 
e 

This index system is subject, since it is based in part on the physiological 
index, to the same criticism as the latter as pointed out by Klages (1951). 

Another shortcoming is that plant growth does not always follow the 

magnitude of precipitation intensity and atmospheric evaporating power 

ratio directly. In rainy zones the index has a tendency to increase its value 

than in dry zones. 

Photothermal Units 

Day and night length is one of the basic factors controlling the period 

of vegetative growth for photosensitive plants. In such plants, heat require- 

ment calculated by temperature only varies widely with different photo- 

periodic conditions. 
Although the theory of photoperiodism, the effect of the relative lengths 

of day and night on plants, was not known until 1920, Tisserand (1875) 

first reported that the ratio of development of crops could be represented 

by the product of the mean temperature and number of hours of daylight 

between sunrise and sunset. Following Garner and Allard’s discovery of 

photoperiodism (1920), many investigators studied the relationship between 

daylength and heat units of crops. - Attempts have been made by Nuttonson 
(1955) to incorporate the effect of photoperiod into “heat summation” 

to account for heading and maturity behaviour of wheat grown in widely 

varying latitudes. According to his noted works, a multiple of the average 

length of day and the summation of day-degrees, referred to as photothermal 

units, provides a less variable unit of measurement of the interval. between 
phenological events’ than the use of day-degree summations alone as shown 

in Table 9.5. Similarly, Reath and Wittwer (1952) working with 13 varieties 

of peas planted successively in Michigan found that for most varieties, the 

photothermal summations for flowering is a less variable expression than 
is the “‘degree-days summation.” 

For soybeans, a short day plant, the author found that substituting night 

length for day length of photothermal units could be applicable for measur- 

ing development of the plants: it is calculated by multiplying the degree-day 
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Table 9.5. Comparison of coefficients of variation of remainder index and 

photothermal units for all phases of growth-development of wheat 

(after Nuttonson, 1955) 

Growth phases Remainder index% Photothermal units% 

Sown to headed Ab a6 12.3 8.3 

Emergence to headed = a2 13.6 9:2 

Headed to ripe a8 ar o.2 4.7 

Sown to ripe ; ae ee 18 4.6 

Emergence to ripe a ae 8.0 5.0 

by length of the dark period of a day. ‘Table 9.6 shows the summations 
calculated by the author from the data of Van Schaik and Probst (1958) 

on Clark and Midwest varieties of soybean in a growth chamber experiment. 

In these calculations the base temperature is set at 40 °F and the temperatures 

above 77 °F are assumed to be 77 °F since optimum temperature for flower- 
bud formation of the plant is 77 °F (Nagata, 1956). The coefficients of 
variation of the summations for both varieties are relatively small. 

Nuttonson (1957) worked on a comparison of photothermal units 
and day-degrees required by a photosensitive variety (Olli) and an insensi- 

Table 9.6. Dark-thermal units required by two soybean varieties to reach 

flowering at various temperatures and dark lengths 

(calculated from Van Schaik & Probst, 1958) 

Planting to flowering 

Temperature Dark period, days Dark-thermal units 

°F length,.§©§ AAS —— 

hours Clark Midwest Clark Midwest 

60 12 59 53 13,200 12,720 

60 10 58 62 11,600 12,400 

60 8 — 74 — 11,840 

70 12 34 33 12,240 11,880 

70 10 35 36 10,500 10,800 

70 8 _— 50 — 12,000 
80 12 29 27 12,876 11,988 

80 10 31 28 11,470 10,360 

80 8 — 38 — 11,248 

90 12 28 25, 125432 11,100 

90 10 36 30 13,320 11,100 

90 8 —_ 35 — 10,360 

Coefficient of variation, % We) 7.7. 

The base temperature is 40 °F and all temperatures above 77 °F are assumed to be 

718, 
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tive variety (Trebi) of barley. According to his studies, it was shown that 

in Trebi variety the photothermal units, as evidenced by the coefficients 

of variation, do not improve the consistency of the summations compared 

with degree-day summations for any of the growth periods. On the other 

hand, in Olli variety the photothermal units yield more consistent sum- 

mations than do degree-days for all phases as shown in Table 9.7. Thus, 

the effectiveness of an application of the photothermal unit system for 

plants depends upon their sensitivity to photoperiod. 

Table 9.7. Comparison of coefficients of variation of remainder index and photo- 

thermal units required by Olli and Trebi barley grown at various locations 

in North America (after Nuttonson, 1957) 

Olli Trebi 

Growth phases Remainder Photo- Remainder Photo- 
index thermal index thermal 

units units 

Sown to headed Rodeos 11.2 4.7 13.7 14.0 
Emergence to headed te 9.4 4.1 13.1 12.9: 

Headed to ripe Hg 28) 8.2, 42 14.0 

Sown to ripe oe 11-5 6.5 14 6.8 

Emergence to ripe “i 8.5 AA Wed 6.7 

Brown (1960) has developed another photothermal unit system for 

soybeans in a growth chamber experiment conducted by Van Schaik and 

Probst (1958). He proposed the term, ‘‘soybean development units” or 
SDU, as a photothermal unit which was based on the rates of develop- 

ment for the number of hours of darkness as a function of the mean daily 

temperature. From his calculations, nearly the same number of night 

hours were required to reach flowering for all photoperiods at any one 

temperature. Therefore, rate of development units (Y) at each temperature 
is defined as reciprocal of night hours from planting to flowering with the 

decimal point shifted to make whole numbers, 

10,000 
~ night hours to flowering — 

The relationship between the rate of development and temperature proved 

to be curvilinear and parabolic in nature as the base temperature of 50 °F 

as shown in Fig. 9.4 and then the SDU was obtained from the equation as 

follows: 

SDU=4.39T —0.0256T?— 155.18 
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where T represents the average temperature. The number of SDU re- 
quired to flowering was determined by accumulating SDU for each daily 

mean temperature. Following the above relationship, obtained under 

controlled conditions, field studies conducted by Brown and Chapman 

(1961) in Canada and U.S.A. indicated that the SDU-could serve as a 

heat index required for soybean development. Likewise, Varga-Haszonits 

(1971) reported recently on the effect of sunshine hours and temperature 

on the development of winter wheat that a photothermal index for the 
plant was expressed by substituting day hours for night hours in Brown’s 

method. 

30 

20 

10 

Rate of development 

50 60 70 80 90 
| Temperature, oF 

Fic. 9.4. Relationship between temperature and rate of 

development of soybeans (after Brown, 1960). 

Interrelationship of Various Heat Units 

The above-mentioned heat units are more or less interrelated. Photo- 

thermal index is the product of remainder index and day or night length. 
The highly theoretical exponential index is the exponential expression of 

temperatures. Physiological index and hydrothermal index are based on 

the actual response of a plant to increasing temperatures and the latter 

involving precipitation and evaporation factors is a modification of the 

former. 

Klages (1951) gave the values of the correlation coefficients between 

the two indices taken from the general regions of intensive production of 

eight cool and eight warm-weather crops in U.S.A. The values of cor- 

relation coefficients are in all instances sufficiently high to be used for the 

purpose of prediction. 

Brown (1960) illustrated the changes of several index curves with 
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increase of temperatures as shown in Fig. 9.5. According to his comparison, 

SDU and physiological index systems have similar optimum temperatures 

which occur near 86 and 89 °F, respectively. On the contrary, remainder 

index and exponential index, in their nature have no optimum, and increase 

with increasing temperatures. Thus, they give markedly different results 

from those obtained with SDU and physiological index and the values in the 

former two indices give too much weight to the calculations when tempera- 

tures occur above 86 °F, especially in the exponential index system. How- 

ever, these two indefinitely increasing series have often appeared so satis- 

factory in practical application in the cases that natural shade temperatures 

above this critical point are infrequent or that the excess temperatures 

are eliminated. 

—— Remainder index 
Exponential index 

—-— Physiological index 

--- Soybean development unit 

Rate of growth or development 

Exponential scale 

50 60 70 80 90 100 
Temperature, F 

Fic. 9.5. Comparison of various heat unit index curves with 

increasing temperatures (after Brown, 1960). 

Some Environmental Factors Fluctuating 
Consistency of Heat Units 

Many environmental conditions may cause fluctuations in the heat 
units of a crop. Photoperiod is one of the primary factors and the rate of 
development for photosensitive plants are never estimated accurately by 
temperature only. Humidity conditions also influence plant growth and 
fluctuate consistency of heat units. Nuttonson (1957) reported that when 
the locations are divided into two groups of relatively inadequate and 
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adequate moisture conditions, the coefficients of variation of the remainder 

index are lower for each group than for the whole. 

It is commonly known that certain plants have proper temperatures 

to differentiate and develop the flower-buds. Some winter crops will not 

develop their flower-buds until they have gone through a chilling period. 
Certain varieties of tomatoes set fruit only when the night temperature is 

near 64 °F (Went, 1944). Optimum tuber set of potatoes occurs only if the 

night temperatures during set fall between 50 to 57°F (Holmes & 

Robertson, 1959). 

Other than climatic factors, soil conditions also influence the heat 

units greatly. Low soil fertility, generally, decreases growth rate and delays 

maturity. For instance, phosphorus deficiency delays flowering and 

maturity. On the contrary, high nitrogen also delays maturity by making 

the plant more vigorous. Excess or lack of soil moisture also delays plant 

growth. On poorly drained soils; plant growth is retarded due to lack of 

increase in temperature, especially in early spring and by nutrient shortage. 

Drought during the early growth period causes late flowering and maturity 

because plant growth is retarded. On the other hand, drought during the 

later part of growth usually hastens maturity. Using soil temperature 

instead of air temperature makes the heat units more accurate up to 

emergence since plants are influenced by soil temperature more than air 

temperature during that period (Sayre, 1949). 

Higher plant population also delays maturity because of limitations of 

nutrients and water, and over mutual shading. 

Some Climatic Factors Affecting Heat Unit Systems 

under Dryland Conditions 

Since the heat unit concept is a theory based on growth response of 

crops to temperature and demonstrates its validity under favourable growth 

conditions, an application of the heat unit systems under dryland conditions 

is often. confronted’ with the difficult situation of inconsistency of the heat 
units. 

Under dryland conditions, deficient rainfall and excessively high 
temperature are the main climatic factors leading to a more or less marked 

retardation in crop growth and fluctuating the heat units. Influences: of 

a low air humidity and soil moisture caused by an insufficient supply of 

water on the heat units are complicated as they’ vary with differences in 

growth and development periods. Soil drought increases heat requirement 

of crops when occurring at times of greatest need of water such as during 

germination and emergence periods, and the low humidity of air decreases 

it for grain crops when occurring during the ripening periods. ‘The wheat 

data of the Ural Experiment Station. indicated by Nuttonson (1955) show 
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that when irrigation was applied, the sown-to-emergence phase became 

shorter by 1 to 5 days, the headed-to-wax ripe phase was prolonged by 

3 to 6 days and consequently total length of the growing period from 

sowing to ripe either remained unchanged or increased. 
It is assumed that in the regions having the rainy seasons, the heat 

units required during total growing periods of the same variety varies 

considerably with the season even if temperature conditions are equal: 

generally more heat units are required for crops sown in the dry season and 

ripening in the rainy season than for those grown in the opposite seasons. 

The high temperature above optimum which is normal in dryland 

conditions depresses crop growth, but the heat units increase. This is 

another cause of fluctuating heat units under dryland conditions. In such 
conditions adjusting for the temperatures above the optimum for growth 

is indispensable to determining accurate heat units. The methods for 

eliminating excessively high temperatures, as pointed out earlier, are useful. 

Growth chamber experiments are also valuable to determining the optimum 

temperature for eliminating excessively high temperatures. 

Generally, though not always, high temperatures above optimum are 

associated with a low humidity under dryland conditions and this combina- 

tion may cause confusion in consistency of heat units. However, consider- 

able confusion can be avoided by taking into consideration amount of 
rainfall and the rainfall cycle in each region. Hot winds usually accom- 

panied by a low humidity also fluctuate the consistency of heat units as the 

growth of plants is slowed down by water deficits in plants. Although 

light alone does not greatly influence the heat units, an intense light leads 

to effects similar to high temperature, since light and heat are definitely 

associated in field conditions. 

Thus, as the factors and interactions fluctuating heat units are much 

more complicated under dryland conditions, a wide -application of the 
heat unit calculated at a single location and season, to different locations 

and seasons is hardly expected, and individual experiments at each location 

and season are recommended at the present state. 

Conclusions 

Since many environmental factors influence growth and development 

of plants, the heat unit concept based mainly on air temperature is not in- 

fallible. However, for estimating plant growth and development some 

systems and their modifications developed either in theoretical or empirical 

studies, give satisfactory results for a given plant at the locations where they 

have been developed. Besides that, an index or unit developed for a certain 
crop and area is often fairly applicable for other crops and areas. 

Although each index has some merits and demerits either in actual 
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calculation or in wide range application for plants and locations, the 

remainder index and photothermal unit systems, of all indices and their 

modifications mentioned above, have been most accepted, in spite of the 

fact that they are based on simple assumptions. Generally the former 

is for the insensitive crops to photoperiod and the latter is for photosensitive 
ones. 

In the present state of the development of heat unit concept, it is not 

feasible to set a definite value for any one variety and expect it to be usable 

under all conditions. Users of them must necessarily establish their own 

summation values. 
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Soybeans, 52, 87, 96, 121, 123, 159, 180, 

184, 208, 214, 266, 272-3, 293, 295, 

301, 357, 360, 363 

Sterility, 304 

Stomata, 28, 35-6, 48, 50-3, 55, 58, 64, 

71-2, 114-6, 148, 153, 155, 157-9, 173-5, 

205, 268-9, 271-2, 283, 291, 293, 297, 
309, 315-7, 321, 344 

Sugar beets, 42, 61, 88, 212, 262-3, 297, 339 

Sugarcane, 50-1, 341, 344 

Sunflower, 93, 161, 267, 283, 304, 339-40 

Temperature, 15, 21, 149, 351-3, 356, 359-60 

crop production, 16-7 

efficiency, 360 

Tillage, 6, 78-9, 91, 99, 103-6, 108, 119-20, 

122 2 Loe 

clean, 107-8 

Tillering, 37, 45-6, 67, 71, 

207, 211 

ear bearing tillers, 45-6 

Tomatoes, 262, 264, 272-3, 340, 353-4 

Translocation, 27, 33-4, 51-2, 55, 103-5, 

114, 147, 157, 177, 181, 209, 261, 264, 

273, 320 

Transpiration, 6, 12, 15, 18, 25-7, 35, 38, 

48, 50, 52, 54-6, 71-2, 97, 99, 105, 113-6, 

172, 188-90, 

SUBJECT INDEX 

148, 153, 157-60, 170-1, 173-6, 178-9, 

209, 212,261,264, 266-7, 269-70, 272, 274, 

284, 290-3, 295-7, 300, 316, 318, 322, 344 

effect on leaf growth, 266 

ratio, 274 

True respiration, see respiration 

Turgor/turgidity, 11, 26-8, 32, 35, 54, 148, 

150, 153, 159, 175, 208, 266-7, 269-70, 

272, 297, 317, 322 
effect on: 

cell enlargement, 266 

growth, 266-7 

restored at night, 270 

Vapour diffusion, 269 

pressure, 175, 264-5, 288, 290-1, 293, 300 

pressure deficit, 265-6 

pressure gradient, 265, 269, 315 

Water absorption (uptake), 24, 26-7, 54, 

71-2, 113, 148, 152, 171-2, 174, 185, 

187-8, 190, 202, 209, 322 ; 
availability, 23, 97, 170, 172, 176, 188, 248 

conservation, 48, 105, 161-2, 318 

deficiency, 26, 29, 34-6, 148, 173 

harvesting, 100-3 

holding capacity, 170 

movement, 168, 170, 173, 175-6 

physiological effects, 26-35 

potential, 31, 54, 58, 97, 158, 169-70, 

172, 175, 193, 204-5, 268-71, 297, 309, 

316-7, 320-2 

renewed water supply, 35-6 

requirement, 12, 74, 95, 212 

role of, 175 

stress (moisture stress), 5, 11, 21-3, 25-30, 

32-5, 39, 46-8, 50, 52, 59, 64, 68, 80, 82, 

98, 105, 116-7, 147, 151, 155, 159, 

168, 171-3, 175, 201-4, 208, 269, 271, 

283 

supply, 57, 95, 100, 159, 177, 190, 300 

use, 5-6, 26, 239 

use efficiency, 5-6, 10, 12, 22, 47, 52, 

61, 63, 68, 71, 76-7, 79, 85-6, 99, 118, 

159-60, 171, 192-3, 214-5, 274, 298, 

317 

utilization, 174 

Weed control, 6, 77, 82, 94, 96, 106, 108-11, 

118-23, 160, 215 

Wheat, 17, 24, 28-9, 31-3, 37-9, 43, 47, 50, 
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53, 55, 57-8, 60-1, 64-72, 74-5, 77-8, Wind break, see also shelter belt, 284-6, 290, 

82, 84, 86, 88, 90-4, 96, 99, 108, 110-11, 296-7, 308, 320 ; 

117-8,, 122, 162, 170, 172-3, 176, 181, - 

185-91, 193, 208-9, 212, 215, 263, 266, 

274, 293, 321-2, 339, 360, 363 Yield, 5-6, 14, 16-7, 19, 21, 26, 34-6, 38-40, 

Wilting point (WP), 22-4, 33, 35, 117, 183 43-4, 53, 58-64, 66, 68, 70, 72, 74-5, 

Wind, 18-9, 305, 308, 366 79-82, 84, 89, 92-6, 99-100, 104-5, 

control, 306-7 108, 110-2, 116, 157, 159-60, 170, 173, 

damage, 102 -176, 181, 184, 189-91, 207, 210-2, 214-7, 

aberasive soil particles, 300 248-50, 284, 293, 295-8, 300-3, 322-3, 

effects, 47, 283, 300 340 

erosion, 94, 104, 108, 118, 122, 246-7 biological and economic, 35, 42-4 

strip cropping, 118, 308 components, 33, 44-5, 62, 67-8, 71, 76, 81 

velocity (speed), 22, 25, 97, 107, 148, potential (production potential), 59, 61-2, 

286, 290-1, 293, 300 65-6, 80, 83, 156, 177, 203, 209, 213 
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169 

169 

174 

174 

Line 

7, after potential 

gradient. Add 

20 

23 

29-30 

31 

ERRATA 

Read In place of 

The terminology for describing the energy 

status of water in the soil-plant-atmos- 

phere has changed over the years, hence 

water potential, diffusion pressure deficit 

(DPD) and suction force have been used 

interchangeably in the text. It must be 

noted that water potential is algebrai- 
cally negative and the others are positive. 

very low suction very low water po- 

force (i bar*) tential (—1 bar*) 

suction force water. potential 

24 bars — 24 bars 

40 bars. — 40 bars. 
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