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ABSTRACT

Water resources are finite.  If the area of irrigated crop

production is going to increase there must be a more rational use of

existing water resources. This requires an understanding of the crop

response to varying soil water levels, knowledge of the critical soil

water deficits and rates of crop water use so that an irrigation schedule

applicable to the particular crop and soil type can be developed and

applied.

In this study an irrigation schedule and a computer based soil

water balance model were developed for cotton (Gossypium hirsutum L.)

grown on the cracking clay soils of the Namoi Valley in northern New 
South Wales.  The combination of the soil water balance model with a

desired irrigation schedule makes the system flexible and able to allow

for the highly variable rainfall of the Namoi Valley. The flexible system

of irrigation scheduling reduced runoff from rainfall and gave a more

efficient overall use of water.

There are large potential water savings to be gained from applying

the flexible schedule to commercial cotton production in the Namoi Valley.

The total seasonal water use of cotton is currently 900-1200 mm including

900 mm of irrigation water. This study found that the yield of cotton
with a total seasonal water use of 740 mm including a maximum of 500 mm 

of irrigation water would be similar to that obtained with current irrigation

practice. This maximum amount of irrigation water includes 150 mm from

pre-irrigation and 350 mm applied during the growing season.

Development of a computer based irrigation schedule for cotton

involved calibration of the neutron moisture meter in a cracking clay
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soil, development of an irrigation schedule and construction of a computer

based soil water balance model. 

This study of the neutron technique of soil water measurement

indicated that it can be used in a cracking clay soil for water balance

studies of irrigated crops.  The calibration and operation took into

account the effects of cracking on calibration and effects of preferential

entry of water into soil cracks during irrigation on routine soil water

measurements.  A quadratic calibration curve was obtained which took 

into account the effects of a disproportionate reduction in neutron

readings as the neutron source was moved away from the point of measurement.

It was concluded that a cotton irrigation system in the Namoi
Valley to use water efficiently should aim to:

a) Obtain but not exceed an LAI of 3 by 100-110 days after
planting (approximately 30th January).

b) Maintain this LAI for as long as possible but cease 
irrigation when no further economic yield response is
obtained (approximately 20-25th February).

c) Keep the interval between irrigations as long as possible
without negating any of the above objectives. An irrigation
should not be scheduled unless depletion of the extractable
soil water in the main root zone of 0.7 m exceeds 110 mm
or 67%.

The computer based soil water balance model of Ritchie (1972) was

used as the basic framework for the model developed in this study. The

parameters and values particular to the Namoi Valley were derived and

validated from the field studies and incorporated into the model as well

as provision for surface irrigation. This model was shown to be useful

for calculating the daily soil water balance of an irrigation treatment 
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as well as for analysing the possible long-term consequences of the

irrigation schedule using historical climatic data. This analysis of

historical climatic data showed that year to year rainfall variability

influenced the dates that irrigation water was required more than the

actual total requirement of irrigation water for the season.  The 

total requirement was so constant that an allocation in excess of 350 mm

would be required in only 5% of all seasons. This allocation was 

provided by three irrigations, the median dates for the first and the 

last irrigation being 25th December and 14th February.

This study concludes that the application of this irrigation

schedule using a computer based soil water balance model could be an

effective new management tool for cotton irrigation in the Namoi Valley.
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DEFINITIONS

The soil water terminology as used in the following study
is defined below.

Field Capacity -the total water content of the soil profile 24 hours
after an irrigation without reference to the soil water
potential (mm).

Soil Water Deficit -the amount of water extracted by the crop from the
soil profile below Field Capacity (mm).

Extractable Soil Water - the water held between the current water content 

of the soil and the content at which permanent wilting occurs 

expressed either in mm or as a percent of the total extractable soil 

water.

Total Extractable Soil Water -the total amount of water the crop can
extract from the soil profile from Field Capacity until permanent
wilting occurs (mm).

Available Soil Water -the water held between Field Capacity and -1.5 MPa
soil water potential expressed either in mm or as a percent of
the total amount of available soil water summed over the rootzone.

ABBREVIATIONS

 Empirical constant of the Priestley-Taylor equation.

 Crop albedo.

 Stage 2 soil evaporation equation constant.
LAI Leaf Area Index.
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CHAPTER 1

INTRODUCTION

Cotton, Gossypium hirsutum L., is the main irrigated crop of the

Namoi Valley of Northern New South Wales.  It is produced on a large

scale with some 20,000 to 25,000 ha being grown annually with an average

yield of 4 bales ha-l*.  The valley has more than 40,000 ha of potentially

irrigable land suitable for cotton production (Anon, 1963} but the finite

supply of irrigation water restricts the area of production.

In the Namoi Valley the seasonal water use for cotton averages 
about 1200 mm (Irwin, 1972}.  This consists of 900 mm of applied irrigation 
water and an average of 300 mm of natural rainfall which falls within the

growing season.  The total rainfall and its distribution can vary

considerably during the growing season.  Because rainfall is uncertain, it

is ignored in irrigation decision making.  As a result rainfall often

occurs within several days after irrigation.  Cotton growers are averse 

to risk and probably tend to irrigate more frequently than necessary

because of the absence of critical data on which to base an irrigation

decision.  The result of this is the poor utilization of natural rainfall

because of a high runoff and production problems which are associated with

excessively wet soil conditions such as waterlogging and increased

incidence of Verticillium Wilt.

If irrigation intervals can be extended there would be a greater

probability of rainfall occurring before instead of after an irrigation.

This would result in a greater utilization of natural rainfall which 

would enable the irrigation interval to be further increased and result 

in reduced production problems from excess soil water. The extension

* 1 bale ha-1 = 225 kg lint ha-1
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of irrigation intervals requires quantification of water use by the cotton

crop and the identification of the critical levels of soil water depletion

for the various stages of development.  This quantification of water use

and identification of critical levels of soil water depletion has not been

previously undertaken in the Namoi Valley.

The research described in this thesis was undertaken to develop 

a more rational approach to scheduling irrigation for cotton production 

in areas such as the Namoi Valley in the hope that the area and total 

level of production can be increased with the same finite supply of

irrigation water

The next chapter contains a selective review of the literature

relevant to the irrigation scheduling of cotton in the Namoi Valley.  The

first part deals with the soil water requirements of cotton.  The second

part considers the problems of predicting these soil water levels under 

the growing crop while the final section considers the problems of

measuring soil water on cracking clay soils that predominate in the 

Namoi Valley.

In the remaining chapters a computer-based irrigation schedule

suitable for achieving efficient water of cotton production in the Namoi

Valley is developed.  This is based upon a computer-based soil water balance
Model developed from:

a) Soil water balance studies of irrigated crops using
the neutron moisture meter. The neutron technique of
soil water measurement was especially adapted for
the cracking clay soils of the Namoi Valley in order
that the soil water level could be measured.

b) An irrigation schedule developed from both studies of the
crop water use throughout the season and determinations
of the extent and timing of critical soil water levels.
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The combination of this irrigation schedule with such a soil 

water balance model resulted in an irrigation schedule which was

sufficiently flexible to allow for the uncertainty of natural rainfall.

Historical climatic data was then used in a study of this schedule

to test for the expected reduction in crop water use and the affects 

on irrigation timing for cotton production in the Namoi Valley of 

year to year variations in rainfall.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Soil Water and Cotton Interactions

Morphology, growth and development of the cotton plant.

Cotton (Gossypium hirsutum L.) although grown as an annual is

perennial in habit.  In temperate regions the growing season for cotton 

is confined to the period in the year when temperatures at the beginning

rise high enough for germination and growth and at the end decline low

enough to cause frosts and hence cessation of growth.  In order to obtain

maximum yields in a temperate environment there must be a balance between

vegetative and reproductive growth, something which has been long recognised
in indeterminate plants such as cotton (Leonard, 1962).  The carbohydrate

supply from photosynthesis is partitioned both into vegetative and

reproductive growth (Hearn, 1976).  If too great a proportion of the

growing season is used in vegetative growth there will be insufficient 

time for reproductive or boll growth and if too little of the growing

season is used in vegetative growth photosynthate supply will be insuffic-
ient to achieve maximum boll growth before the onset of frosts.

The cotton plant is a dynamic system actively proliferating cells

on many fronts.  Meristems, which can give rise to either vegetative

(monopodia) of flowering (sympodia) branches, develop in the axil of 

each cotyledon, prophyll or true leaf.  The activity of the main shoot

apical meristem controls stem and root development.  The shoot apex can

become quiescent during growth of bolls, but it quickly resumes growth

after the bolls mature (McArthur, Hesketh and Baker, 1976). Leaf formation

on monopodial branches also continues until halted by some stress 
(Stanhill, 1976).  Sympodial branches terminate in a flower after producing
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one prophyll and one true leaf.  Further development of the sympodium then

continues from an axillary bud between the square (flower bud) and leaf.

The activity of these axillary meristems controls much of the unique 
behaviour of cotton (McArthur et al. 1976).  A good example is the behaviour
of these axillary meristems when demand for photosynthate by bolls exceeds

the supply because of a temporary water shortage.  Under these conditions

there is a shedding of surplus bolls and a permanent check on vegetative

growth (Hearn, 1976).

The growth and development of the cotton plant can be divided 

into several stages:

Table 2.1.  Stages of growth and development in cotton (Source: Arnon,

1972)
Stage of Growth Days after Planting
Emergence 5 - 17
First squares {flower bud) 35 - 40
First flowers 56 - 70
Peak flowers 90
First open bolls 120

The prevailing soil temperature determines the time taken from

germination to emergence and the prevailing ambient temperatures determine

the time taken to reach each growth stage for a particular variety 

(Arnon, 1972).

The late season Deltapine type cottons are grown in the Namoi

Valley and for such varieties it takes an average of 21-30 days from the

time a young square first becomes visible until it develops into a flower.

A stress which causes reduced production or shedding of young squares 

will be followed three weeks later by a reduction in the daily rate of
flower production.  Flowering begins about 70 days from emergence and 

continues until growth is stopped by low temperatures, low soil water

6.

or insect damage (Shalhevet, Mantell, Bielorai and Shimshi, 1976).  Daily



flower production usually reaches a peak about three to four weeks after

first flowers and may then decline rapidly depending on setting of bolls

(Elliott, Hoover and Porter, 1968).  The majority of bolls are usually

formed within five weeks of the first flowers (Shalhevet et al. 1976).

Squaring in the Namoi Valley commences from December 1 to December 12

(Constable, 1977) and hence flowering commences in late December to early

January.  Peak flowering occurs in the period January 23 to February 3

(Constable, 1977).

Root growth rate reaches a peak during the flowering period and

thereafter starts to decline (Shalhevet et al. 1976).  The normal root

system in cotton is a tap root with secondary and tertiary roots. 

Cotton shoot development

The perennial habit of cotton requires a balanced application of

nitrogen and water to obtain maximum yields in a given environment (Hearn,

1975) and to terminate crop growth at the end of the season (Hearn, 1972a).

High availability of water and/or nitrogen has resulted in excessive

vegetative development with an associated slower setting rate of bolls 

in relation to the length of the season and hence a resultant yield

reduction (Grimes, Yamada and Dickens, 1969).  The optimum leaf area 

index (LAI) for a high first pick lint yield is less than 3 for the Namoi

Valley (Constable, 1977) but the optimum LAI for photosynthesis growth 

and maximum yield is 3 or above (Ashley, Doss and Bennett, 1965; Hearn,

1972b; Constable and Gleeson, 1977).
Semi-arid Mediterranean environments are characterized by summer

droughts (Grimes et al. 1969; Shalhevet et al. 1976) and for this reason

cotton production in areas such as Israel and California is not usually

affected by rainfall during the growing season.  In such environments the



7.

inputs of water and nitrogen can be supplied in the correct amounts in

order to maintain balanced vegetative and reproductive growth and an 

LAI development which is relatively constant from season to season to

ensure that yield is maximized within the growing season.

In the Namoi Valley rainfall is erratic both in volume and

distribution and as a result vegetative growth cannot be closely

controlled by irrigation management (Constable, 1977).  Extensive and

rapid vegetative growth is associated with the rainfall during the summer

cropping period.  The highest and most rapidly expanding LAI of 5 was

obtained in the 

wettest season (Constable, 1977) but maximum LAI values were more usually

around 3.  This agrees with the maximum LAI values most frequently 

reported for cotton which lie between 2.5 and 4.0 and are obtained between

90 to 110 days after seedling emergence (Rijks, 1967; Saunt, 1967; Stern,

1967a; Hearn, 1969).  The subsequent decline in LAI is smooth but less

steep than its increase (Stanhill, 1976).  An LAI of 3 will intercept 95%

of the light received (Hearn, 1976) and under these conditions the lowest

leaf will be at the light compensation point and crop growth rate will 

be at a maximum.

Hearn (1970) suggests that the rate of photosynthesis of a crop

canopy in a particular environment is a more useful index than the numbers

of flower buds when attempting to derive the potential of an environment

for cotton production.  A dry matter production model has been proposed 

by Hearn (1976) which simulates the growth pattern to be expected in the

Namoi Valley.  A maximum crop growth rate of 17.6 grams m-2 day-1 and 

final yield of 7028 kg of seed cotton ha-l is predicted from the model.

This figure is not unrealistic as Levin (pers. cornrn.) has obtained
experimental yields of 7200 kg ha-l in the Galilee area of Israel.  The
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highest growth rate recorded in the Namoi Valley was 12 to 15 gram m-2 

day-1 (Constable, 1977) which is also close to the predicted maximum of

Hearn (1976). The maximum crop growth rate obtained by Constable occurred

20 days before peak LAI at the time bolls started to grow.
The maximum recorded growth rate of bolls for a crop in the Namoi

Valley ranges between 4 and 12 grams m day and occurred between 115 to 

130 days from planting (Constable, 1977).

Cotton root development

A knowledge of the rooting patterns of crops is important when

designing irrigation systems and assessing water extraction capabilities.

Many factors such as soil type, nutrient status of the soil, climatic

factors, crop variety and cropping practices can influence the activity 

and distribution of plant roots in the soil.
Portas (1973) found that root growth patterns of vegetable crops

reflected soil conditions more than the genetic control exercised by the

crop.  The effect of irrigated and non-irrigated conditions on both the

total root dry matter and its distribution within the soil profile was

studied by Mayaki, Stone and Teare (1976).  In irrigated grain sorghum 86%

of the total root weight was in the upper 0.30 m and 95% in the upper 0.9

m of the soil profile.  In the non-irrigated grain sorghum, 79% was in the

upper 0.30 m and 91% in the upper 0.90 m of the soil profile.  A period

without irrigation after the cotton shoot emerges encourages roots to

penetrate deeper, thus developing a potential for greater drought

tolerance (Nairizi and Rydzewski, 1977).  Significant changes occurred in

the rooting 
Patterns of cotton subjected to a drought period (Klepper, Taylor, Huck

and Fiscus, 1973).  Initially, when soil water content was high in all

horizons of the soil profile, the rooting density was 2.4 cm cm-3 of soil

9.



in the upper half of the profile compared with 0.9 cm cm-3 of soil in the

lower half.  However, by the middle of the drying cycle roots were

distributed uniformly down the profile with a density of 1.5 cm cm-3 of

soil.  Late in the drought root density further increased at depth.

Depletion effectiveness (defined as cm3 of water gram-l of root 

day-l) in soybeans decreased with time in a given soil layer and increased

with depth over a given time interval (Stone, Teare, Nickell and Mayaki,

1976).  Depletion was not only a function of the soil water status but 

also of root age.  When little or no new root material is produced, uptake

does not cease although cotton water uptake rates and plant water potentials
decrease significantly (Taylor and Klepper, 1974) , suggesting that water

uptake does occur through old root material but at a slower rate than

through new roots.

Taylor and Klepper (1975) showed that root water uptake rate and 

conductivity for cotton increased with increasing volumetric water content, 

irrespective of root age.  Stone et al. (1976) also found increasing

depletion effectiveness with increasing volumetric soil water contents, the

depletion effectiveness being greatest at the greatest depths of the root

distribution pattern.  The increased effectiveness of deep roots is

presumably because they are younger, less dense and in wetter soils.  

The data of Stone et al. (1976) indicate that a small portion of the root

system can be responsible for much of the water uptake.  Taylor and 

Klepper (1971) also support the view and claim that deep roots can be as

effective as shallow roots in water extraction.

Water uptake is also proportional to the water potential difference

between root xylem and bulk soil and to the hydraulic conductivity of the

combined soil-root pathway (Taylor and Klepper, 1975) .A value of

7.86 x 10-3 cm-1 day-1 for water uptake in relation to unit root length

10.

for fully transpiring cotton has been obtained (Grimes, Miller and Wiley,



1975).

The root system of a cotton plant develops rapidly following

germination and emergence of the seedling.  At the beginning of the

flowering period the root system reaches almost to its maximum extent and

during the flowering period an intensification of root activity takes 

place in the shallower depths (Stockton, Carreker and Hoover, 1967).

Further extension of roots in watered cotton continues up to the time of

most rapid boll development (Taylor and Klepper, 1974).  This occurs in 

the Namoi Valley between 115-130 days from planting (Constable and 

Gleeson, 1977) .

In the Upper Galilee in Israel about 80% of the total water uptake

of cotton occurred in the upper 0.9 m of a vertisol clay soil (Shalhevet 

et al. 1976).  The effective depth of rooting of cotton in the Gezira 

clay of the Sudan was found to be 0.9 m (Farbrother, 1972).  

Adaptation and response of cotton to soil water stress

The evolution of cotton under arid conditions would suggest drought

tolerance (McArthur et al. 1976).  Soil water has been ranked as the most

important environmental factor affecting water content of cotton leaves

(Namken, 1964).  Increasing the interval between irrigations in the 

absence of rainfall would eventually result in a progressive increase in

the internal water deficit of the cotton plant.  If irrigation is withheld

for a sufficiently long period and there is no rainfall, cell turgor

pressure will fall to zero and permanent wilting will result (Slatyer,

1967).

Net photosynthesis is progressively reduced by water stress

(El-Sharkawy and Hesketh, 1964; Slatyer, 1967).  It is assumed that this 
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response is mediated partly by way of an impeded CO2 supply through

stomatal closure and partly through the direct effect of dehydration on 



the photosynthetic system (Slatyer, 1969).

Stomatal closure was found to be the cause of the observed reduction

in net photosynthesis which occurs with increasing water stress of cotton

(Troughton, 1969).  The direct effect of dehydration on photosynthesis 

was not apparent for these potted plants until a quite severe water stress

in excess of the order of -2.0 MPa was reached.  Similar results for 

cotton were also reported by Bielorai and Hopmans (1975).  Stomatal 

closure is then the primary cause of the reduced photosynthesis in

response to water stress.

Stomata do not generally respond to changes in leaf water potential

until a critical threshold leaf water potential is reached.  The stomata

will then close over a narrow range of leaf water potential (Begg and

Turner, 1976).  There is no unique value of leaf water potential for

stomatal closure in any particular species (Turner, 1974a) but it varies

with position of leaf in the canopy (Turner, 1974b; Nagarajah, 1975) 

leaf age (Nagarajah, 1975) and previous growth conditions, such as the

number of previous cycles of water stress (Brown, 1974; McCree, 1974).  

The leaf water potential at permanent wilting is dependent primarily

on the plant's osmotic characteristics (Slatyer, 1957).  There is usually

no further growth or elongation beyond a midday leaf water potential of 

-3.4 MPa for cotton (Slatyer, 1957).  Taylor and Klepper (1974) found 

that water stress also affects cotton root systems.  When increases in

plant height cease, total root elongation ceases and the ability of the

root system to supply water to the plant tops 1S reduced.  A decrease in

leaf water potentials below the regular -0.3 to -0.4 MPa at dawn and 

below -1.5 MPa at midday have been reported at the time that daily rate 
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of shoot and root growth began to decline (Taylor and Klepper, 1974}.  

Root growth in any soil layer is also reduced when that soil layer becomes

drier than 0.1 MPa.  These results are all for plants growing in pots.

In field grown cotton, stomata can remain open at leaf water

potentials down to -2.4 MPa (Thomas, Brown and Jordan, 1976}.  Under

comparable conditions, stomatal resistance of the order of 2 to 3 sec. cm-l

estimated from transpiration measurements, was unaffected by leaf water

potentials down to -2.7 MPa although in glasshouse plants in pots the

resistance increased to infinity at a leaf water potential of -1.6 MPa

(Jordan and Ritchie, 1971}.

These results indicate a possible modification of stomatal response

to water stress following prolonged exposure to drought conditions in the

field as suggested by Thomas et al. (1976}.  In their work periods of

preconditioning water stress were characterized by decreased leaf area 

per plant but visible wilting was not evident.  The stomates of pre- 

conditioned field grown plants remained open at lower leaf water potentials

(-2.8 to -3.0 MPa} during a final stress than those of plants which were

not pre-conditioned (-2.2 MPa}.  McCree (1974} also observed a decrease 

in threshold leaf water potential for stomatal closure after a series of

cycles of stress.

Osmotic adaption provides an explanation for the decreases observed

in the threshold water potential for stomatal closure (Begg and Turner,

1976}.  A nett increase in solutes as a result of water stress constitutes

the basis of osmotic adaption (Begg and Turner, 1976}.  This has also

been demonstrated in soybeans (Meyer and Boyer, 1972}.

It would be possible to induce a drought hardening or osmotic

adaption response in cotton by withholding irrigation water and thus

producing hardened plants.  Conditioning plants to generate a lower leaf 
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water potential without loss of turgor could result in an improved water

use efficiency.

When cotton is sown in soil that is wet to field capacity to 

the full depth of the rootzone, usually no further irrigation is essential

until the beginning of flowering (Spooner and Caviness, 1956; Namken,

1964).  However, if the level of available soil water falls below 50%

before first flowers, it has been found that irrigation water must be

applied to prevent a reduction in yield (Levin and Shmeuli, 1964).  A

severe water stress will occur if the level of available soil water falls

below this level and when irrigated, excessive luxuriant growth is often

stimulated with adverse effects on yields.

Field experiments conducted in Israel by Levin and Shmueli (1964)

found yield to be most sensitive to low soil water levels in the three 

week period from first flowers to peak flowering.  They found that when 

20-30% of the available soil water remained in the upper 0.9 m of the

profile irrigation was necessary to avoid yield loss.  Bruce and Ship

(1962) also found that the three week period from first flowers to 

peak flowering is the period most sensitive to soil water deficit, because

94% of the bolls that reached maturity originated from squares formed

during this period.  Bielorai and Shimshi (1963) working in Israel found

that during this flowering period irrigation should be applied when 

30-35% of available soil water remains in the soil profile.

In the three weeks from first flowers to peak bloom, a soil water

deficit resulting from a soil water content of less than 27% of available

soil water remaining in the main root zone, decreased yields three times 
as much as a deficiency during the following forty-five days when flowering 
was declining and boll growth rate was at a maximum (Levin and Shmeuli,

1964). During the earlier period yields of seed cotton were reduced by

l4.

30 kg per hectare for each day when soil water was below the critical

level, whilst yield reduction was only 10 kg per hectare when water stress



fell below this level during the later period.

Grimes, Miller and Dickens (1970) recognising that water stress

during flowering of cotton caused greater yield reduction than water

stress imposed at any other stage of growth undertook a detailed study of

the effect of water stress imposed at specific times during flowering 

(Figure 2.1).  The control treatment which did not undergo stress took

three weeks before the first visible square opened as a flower and four

weeks from first flowers until peak bloom.  A severe plant water deficit

imposed for nine days during peak flowering and boll set (T3) reduced

yield to 70% of the control.  This is a greater loss than from a stress

period of comparable length imposed early (T2) or late (T4) in the

£lowering period.

These latter stresses reduced yield to 80 and 82% of the control

respectively.  Therefore the influence of plant water deficit on the yield

of cotton is strongly dependent on the time at which deficit occurs during

the flowering period.  Early water stress (T2) had no little immediate

effect on daily flower production or boll retention.  However, by three

weeks after the stress period, considerable shedding of young squares had

occurred, as indicated by daily flower production levels, depressing early

flower numbers and causing a second peak in flowering to occur later

(Figure 2.1).

The earlier work of Spooner, Caviness and Spurgeon (1958) also

supports this finding.  Daily flower production and daily boll set rates

during the latter part of the flowering period were greater than in the

control (TI) because of the reduced boll load associated with square 

shedding. Increased boll retention after a stress period when an irrigation





l6.

has been applied to improve soil water status has also been demonstrated 

by Stockton and Doneen (1957).  Nearly three times as many bolls were 

set on the day of irrigation as were set on the day midway between

irrigations when plants were allowed to wilt severely for 2-3 days

immediately prior to irrigation.

A water deficit imposed during peak flowering (T3) had no pronounced

influence on daily flower production (Grimes, Miller and Dickens, 1970).

Boll retention was reduced sharply by the beginning of the stress period

because plants commenced the period with a full boll load (Figure 2.1).

Increased square shedding occurred during the stress period as with T2 

but the consequences were different as insufficient time was available 

for recovery.  Essentially no bolls were retained during the T4 stress

interval because of the existing boll load at the time the stress was

imposed.

The results of Grimes et al. (1970) essentially explain the earlier

finding of Levin and Shmueli (1964) in that the three week period up to

peak flowering is more sensitive in terms of yield reduction to water

stress than the later 45 day boll growth period because peak flowering 

was included in the initial three week flowering period.

Normally there is a rapid decline in daily flowering rate after it

has peaked.  The rapid decline in the rate of flowering following peak

flowering can be delayed by about two weeks by an irrigation treatment

which maintains a favourable soil water regime and thus results in an

increase in the total number of flowers (Spooner et al. 1958).  Spooner 

et al. (1958) found that increases in yield caused by irrigation were

obtained by extending the fruiting period rather than by increasing the

total number of flowers in any given day.  An increased total number of 
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flowers, resulting from a lengthening of the flowering period was also

reported by Stockton, Doneen and Walhood (1961).  This lengthened 

flowering period was due to a favourable soil water regime.  However it 

is not possible to determine from the work of either Spooner et al. (1958)

or Stockton et al. (1961) whether the lengthened flowering period resulted

from squares saved from shedding or a prolonged production of new squares.

These principles need considering when designing an irrigation
schedule for cotton to optimise yield.

Irrigation scheduling for cotton

Evapotranspiration (consumptive use) is low early in the season

when leaf area is small, root systems shallow and temperatures not yet at

their maximum.  It reaches peak values in summer when leaf area is at a

maximum, root systems are deep and humidity often low and declines later 

in the season when bolls have set and the plants are mature.

A satisfactory yield of lint depends on the proper balance between

leaf area and boll production.  Therefore it is necessary to plan a soil

water regime that will aim towards an optimum balance between leaf area

development and boll production within the constraints of the growing

season.

A series of cotton irrigation experiments were carried out by Levin

and Shmeuli (1964) in the Hula Valley of Israel where there is no rainfall

over the growing season.  The effect of several irrigation regimes which

varied widely with respect to both timing and frequency were studied to

measure their effect on crop yield.  Maximum lint yields occurred when

irrigation was started early (35 days after planting) and finished late

(135 days after planting) with 5 or 6 irrigations being applied (Table

2.2).
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Maximum lint yields were obtained in frequently irrigated treatments

because of the more favourable available soil water content during peak

flowering and not because of irrigation prior to first flowers.  However,

near maximum yields were obtained when the first irrigation was applied 

at the beginning of flowering (70 days after planting) and 50-60% of the

available soil water remained to a depth of 0.6 m.  The application of 

three irrigations, the first being applied at the commencement of flowering,

resulted in yields which were about 80% of the maximum and used only 60% 

of the water of the highest yielding treatments.  The addition of a fourth

irrigation from flowering onwards considerably increased yield when

compared with the treatment with only three irrigations from flowering

onwards (Table 2.2).  This increase in yield was such that anything more

than four irrigations did not always increase yields despite the larger

amounts of water applied.  The nett water application refers to the total

amount of irrigation water applied during the growing season and does not

include the pre-irrigation quantity.

Table 2.2.   Irrigation Regimes, Yields and Water Utilization
(Source: Levin and Shmeuli, 1964)

Age of plant at Pre-irrigation Nett water Lint yield
each irrigation Available Water (percent) application

First  Flowering peak (mm) (kg/ha)
Irrigation irrigation
(0-60 cm) (0-90cm)

5, 58, 74, (93), 112 51 20 475 1770
3, 70, 84, (108), 122,
        35 84 27 405 1730
70, 94, (107), 122 53 15 310 1600
70, 94, (107) 53 15 215 1430

 _irrigation at first flowers
( ) irrigation at peak flowering
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The effects of various soil water regimes on the yield of cotton

has been investigated in the western Negev Desert of Israel by Amir and

Bielorai (1969).  The results are summarized in Table 2.3.

Table 2.3. Irrigation Regimes, Yields and Water Utilization
(Source: Amir and Bielorai, 1969)

Age of plant at Nett water Lint yield
each irrigation application
    (days) (mm) kg/ha)

1964 1965 1966

70, (91), 107-112 324-359 1810 2100 1700
70, (91), 107-112, 122-131 382-495 2000 1730 1860

_ irrigation at first flowers
( ) irrigation at peak flowering

There was a consistent increase in yield with increased application of

water up to three irrigations from flowering which supports the findings 

of Levin and Shmeuli (1964).  However, an additional fourth irrigation

after flowering will not necessarily increase the lint yield in contrast

to the finding of Levin and Shmeuli (1964).

The yield of lint depends mainly on the amount of water available

to the crop when soil fertility, pest and disease control are adequate.

The climatic region will determine ultimately the amount of irrigation

water required for maximum or near maximum yields. Yield responses to nett

water additions of 330-360 mm, 510-540 mm and 780-810 mm would be expected

in three different climatic regions of Israel (Shalhevet et al. 1976).  

The consumptive use of water by cotton under different irrigation 

regimes was recorded by Amir and Bielorai (1969).  An increase in the
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consumptive use of the crop occurred as the total amount of water 

applied increased.  An increase in the efficiency of water use occurred

also as the time interval between irrigations was increased.

Hillel (1972} defines field water use efficiency as:  the 

ratio of crop yield to the total amount of water used in the field,

including growth, transpiration, direct evaporation from soil and 

drainage loss. Crop yield itself can be defined in terms of total growth

such as dry matter production or in terms of marketable product, in 

this instance cotton lint.  The water use efficiency of cotton in 

terms of kg of seed cotton mm-l of applied water in Israel has ranged 

from 0.49 to 1.76.  Improving technology of recent years however enables

efficiencies greater than 1.0 to be attained regularly (Shalhevet et al.

1976}.
In order to attain a high water use efficiency it is necessary 

to know the soil water levels before irrigating as it would be unnecessary

to irrigate until a particular level of available soil water is approached

or attained.  The level of available soil water can be determined by 

either prediction using a soil water balance model or by measurement 

using a neutron moisture meter.

2.2   Prediction of Water Use

Soil water balance modelling

Crop response to water is a function of atmospheric demand and
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the supply of water by the roots from the soil.  Water moves through the

soil-plant atmosphere continuum along a gradient of decreasing water

potential from the soil, through the plant to the atmosphere (Slatyer,

1967; Kramer, 1969).  The evaporation of water in the leaf provides the

major driving force for the absorption of water by transpiring plants

against the gravitational and frictional resistances in the pathway of

water through the plant (Jarvis, 1975).  The evaporation of water, whether

it be from a free water surface, wet soil, or in the form of transpiration

is an energy dependent process, involving a change in state from the 

liquid to the vapour phase.

Radiation from the sun is the primary source of energy, supplying

the latent heat requirement for the vaporization of water; secondary

sources include scattered and reflected radiation from the sky and clouds,

as well as sensible heat transferred from the adjacent air, crop and soil

(Slatyer, 1967).  When water is freely available a large portion of the

energy is dissipated as latent heat, but as the soil dries out some of 

the energy is partitioned into other sinks, such as sensible heat (Begg,

Bierhuizen, Lemon, Misra, Slatyer and Stern, 1964).

Evapotranspiration from non-stressed crops is largely governed by

meteorological conditions in the atmosphere external to the soil plant

system rather than by the plant and soil factors (Gardner, 1965).  Solar

energy is the primary driving force and the rate of evapotranspiration

will depend on the vapour pressure gradient between the water at the 

evaporating surface and the bulk air.  The plant, in contrast to the soil,

does exercise some control over water loss through its stomatal and

cuticular resistances in the water pathway (Turner, 1975).  These controls

are located at the leaf surface and because of this, the internal water
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status of the plant is closely coupled to that of the soil and less 

closely to that of the atmosphere (Gardner, Jury and Knight, 1975).  As 

the soil dries and plants become stressed, stomatal resistance will

increase to a level where evapotranspiration is limited by the ability of

the soil to supply water, rather than the evaporative demand of the

atmosphere (Slatyer, 1967).

Firstly, since evaporation is a process whereby water is transformed

from the liquid to the vapour phase, the energy balance of a surface can 

be used to calculate evaporation.  Secondly, since evaporation is a

process of transporting water vapour from the evaporating surface into the

atmosphere, it can also be calculated from the mass balance and momentum

balance of the atmosphere (Fuchs, 1973).  A combination of these methods

may also be used (Penman, 1948).

Blaney and Criddle (1950) and Thornthwaite and Mather (1955) made 

some of the first attempts to use soil water balance modelling for assessing
irrigation need.  Mather (1954) used the water balance technique to 
calculate soil water from climatic records at two sites.  Agreement between
 calculated and measured soil water at both sites over a one year period 

was reasonable.

Hutchinson, Manning and Farbrother (1958) used a water balance

technique to relate the intrinsic water requirements of the cotton crop 

to the actual water supply under rain fed and supplementary irrigated

conditions.  However it was probably the work of Slatyer (1960) that first

took into account, either by measurement or estimation, all components 

of the water balance in assessing the length of the crop growing season 

at Katherine.
Computer based soil water balance models are recent developments
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in an attempt to predict changes in the soil water regime as a factor in

crop production. Models that consider all the factors involved in

infiltration drainage, runoff and evaporation from both soil and plant 

are likely to be very complex and therefore some simplification is often

needed.  This simplification results in a quantitative description which 

is often a crude estimate of the actual field soil-water content.  Despite

this limitation soil water balance models can be used to provide estimates

of soil water status more cheaply, frequently, and over a larger area than

is possible using methods of direct measurement.

A soil water balance model attempts to calculate the variables 

in the following equation from a basic set of climatic crop and soil data.

  SWt = SWt-1 - EA + PREC + IRR -DR -RO

Where EA = total evapotranspiration, usually daily or weekly (mm)
SWt-l - soil water content at a previous time (mm)
SWt - current soil water content (mm)

PREC - precipitation, usually rainfall (mm)
IRR - irrigation water addition added (mm)
DR - drainage water (mm)
RO - runoff water (mm)

Two of the more recent soil water balance models which would be

suitable for the purpose of irrigation scheduling are the models of 

Jensen, Robb and Franzoy (1970) and Richardson and Ritchie (1973)

The Jensen model (Jensen 1972), Heerman and Jensen (1970), Jensen

(1969), Jensen and Heerman (1970), Jensen et al. (1970) and Jensen, 

Wright and Pratt (1971) was developed to aid the scheduling of irrigation.

This model has been widely used in Idaho and Arizona.  The evaporation
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From the crop is estimated by the product of a crop coefficient and the

estimated potential evaporation (Penman, 1963).  The crop coefficient 

is found to be influenced by the crop species, surface wetness (recent

rainfall or irrigation), and the physiological growth pattern.  Recently

Jensen (1972) discussed many of the refinements which are being included 

in the model. These modifications include:
(1) improving potential evaporation estimates;
(2) projecting future rainfall and evaporation until

the next irrigation;
(3) calculating drainage between irrigations, and
(4) calculating upward flow from water tables.

The Blackland model (Ritchie, 1972;1973); Richardson and Ritchie,

1973 was developed to aid in the prediction of runoff from small

watersheds.  Most of the mathematical relationships were reported by

Ricchie (1972) and Ritchie and Jordan (1972).  An important contribution 

of this model is that soil and plant evaporation are computed separately

and that each component can be computed for both freely evaporating and

limited soil water conditions.

Soil evaporation is calculated in two stages:
(1) the constant rate phase when only the supply of

energy to the surface limits evaporation, and
(2) the falling rate stage when water movement to the

evaporating surface is controlled by soil hydraulic
properties.

Plant evaporation is calculated by using an empirically determined relation

between leaf area index and plant evaporation rate relative to potential

evaporation rate. When soil water deficits cause plant evaporation to

decrease, the magnitude of the soil water deficit determines the plant
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evaporation rate.  Total evaporation rate is computed by adding soil

evaporation and plant evaporation.  In the present state of the model,

drainage is assumed to be any excess infiltrated water above the maximum

water holding capacity of the soil.

Potential evapotranspiration

The potential evapotranspiration rate (Et) of a crop under a given

set of meteorological conditions is defined as that occurring from a crop

surface where the water vapour is at the saturation point (Fuchs, 1973).

The radiative and aerodynamic properties of crop surfaces modify the 

effect of the meteorological factors in evaporation.  Consequently the

potential evapotranspiration will vary from crop to crop (Fuchs, 1973).

The U.S. Weather Bureau class A evaporation pan is commonly used

to estimate potential evaporation (E ).  This technique can be used quite

successfully to estimate crop water requirements once the relationship

between potential evaporation (Eo) and potential evapotranspiration (Et)

has been established (Fuchs and Stanhill, 1963).

The combination of the energy balance and aerodynamic methods as

proposed by Penman (1948) has also enabled the computation of potential

evapotranspiration (Eo).  Modifications of this original equation to suit

particular local conditions have also been used to estimate crop water

requirements (Rijks, 1966;  Stern, 1967a;  Jensen, 1972;  Ritchie, 1972).

The original equation of Penman (1948) is:

Eo= Rn.Δ/(Δ+) + f(u). γ(Δ+ γ)   mm day-1     (2)

where R is expressed in equivalent mm day-1 and f(u) is an aerodynamic

function, which was determined empirically:
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f(u) = 0.35 (0.5 + 0.0062u)(es - e) mm day-1 ..... (3)

Eo -  potential evapotranspiration, mm day-l

Rn -  nett radiation, expressed as mm day-1

Δ -  slope of the saturation vapour pressure curve at
       air temperature, mboc-1

γ -  psychrometric constant, mboc-1

u -  windspeed at a height of 2 m, km day-1

es -  saturation water vapour pressure of the air
       at a height of 2 m, mb.
e -  water vapour pressure of the air at a height of
      2 m, mb.

Routine meteorological measures which are required to calculate daily

potential evapotranspiration from this equation are:
(1) daily maximum and minimum air temperature
(2) daily wind run at 2 m
(3) average daily and dewpoint temperature at 9.00 a.m.
(4) daily nett radiation.
Frequently nett radiation is not available but can be estimated

from solar radiation, surface albedo and cloud cover (Jensen, 1972). 

In the case of completely saturated air (relative humidity 100%),

es - e = 0 and equation 2 becomes:

Eo = Rn.Δ/(Δ + γ) ..... (4)
Priestley and Taylor (1972) suggest that it is possible to simplify

the energy balance technique to characterize accurately the surface fluxes

of latent and sensible heat with a simplified equation of the form:
Et = λ.Rn.Δ(Δ + γ) ..... (5)
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where Et -  potential evapotranspiration, mm day-1
Rn -  nett radiation, mm day-1

Δ -  slope of the saturation vapour pressure curve
       at air temperature, mboc-1

γ -  psychrometric constant, mboc-1

λ -  empirical constant
A high correlation between Rn and Eo from a well watered surface is 

assumed by this relationship.  In a humid environment where the saturation

vapour deficit (es – e) of equation 3 will be small it is argued that this

relationship should hold (Ritchie, pers. comm.).  Priestley and Taylor

(1972), evaluated the relation of Et and Rn.Δ(Δ + γ) for two Australian 

and one Wisconsin locations and obtained values for λ of 1.34, 1.33 and

1.30 respectively, an average of 1.32 for 24 hour Rn data under non-

advective conditions. In these climates, therefore, the air is dry enough

for advection to increase Ft by an average of 32% above that of equation 4.

However, in evaluating this relation for another Australian location at

Gurley in northern New South Wales a value of λ = 1.08 was obtained by

Priestley and Taylor (1972).  This value was calculated from observations

made on the saturated surface of a recently ploughed soil on the day

following a heavy rainfall of 38 mm.  The saturated surface conditions

which resulted from the heavy rainfall would also occur after irrigation

and as such a value of λ = 1.08 would seem to be more realistic than

λ = 1.32 when evaluating the relation of Et and Rn.Δ(Δ + γ) for an

irrigated soil.
Ritchie (pers. comm.) in a subhumid climate at Temple, Texas, when

the entire crop surface was freely evaporating found a value of λ = 1.44.

Ritchie (pers. comm.) compared the accuracy of equation 5 with λ = 1.44

both with equation 2 using a site specific windspeed function. The
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variation of the estimated Et using the windspeed function was greater 

than without using it.  Jury and Tanner (1975) also found that the

Priestley-Taylor equation was as accurate as the Combination Method.  For

regions where no large scale advection occurs the Priestley-Taylor

equation therefore has two distinct advantages:

(1)  the precision is slightly greater;
(2)  fewer daily climatic data are needed.

It is necessary however to calculate nett radiation (Rn) from solar

radiation (Rs).

Advection(however, will modify the relationship between Rn and Et.

Conditions of high advection are likely to increase the saturation deficit

of the air overlying the crop surface with a resultant increase in

evapotranspiration.  Jury and Tanner (1975) examined a modification of 

the Priestley-Taylor evapotranspiration formula to account for advection.

A good agreement with substantial improvement over the unmodified formula

was reported for potatoes.  In alfalfa evapotranspiration rates were also

well predicted by the modifications but were no better than the Priestley-

Taylor formula where λ was estimated during a period of high advection.

Evapotranspiration in soybean and sorghum has been modelled using

the Priestley-Taylor formula (Kanemasu, Stone and Powers, 1976). An

empirical correction for advection was used based on the fact that above 

an air temperature of 33oC and 31oC for sorghum and soybean respectively

there is a flux of sensible heat towards the leaves and where daily
maximum temperatures exceed these levels an increase in Eo of 10% and 

25% for sorghum and soybean respectively is required to obtain accurate

evapotranspiration estimates.

Estimates of nett radiation can be obtained from measurement of 
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solar radiation.  For a cotton crop the nett radiation balance has been

described empirically from measures of solar radiation by Rijks (1968),

Stanhill and Fuchs (1968) and Ritchie (1971).  The relationships developed

by the latter two are respectively:

Rn = 0.94(1- β)Rs - 0.16 ..... (6)
Rn = 0.76(1- β)Rs - 0.14 ..... (7)

where  Rn - nett radiation cal cm2 min-1

       Rs - solar radiation cal cm2 min-1

       Β - crop albedo .

A smaller slope would have been obtained by Stanhill and Fuchs

(1968) had some measurements been taken under heavy cloud cover.  Their

data indicates slopes ranging from 0.78 to 1.00 on individual days.  The

intercepts are essentially the same when the variation in the data of

Stanhil1 and Fuchs (1968) is considered. R itchie (1972) determined his

relationship in a sub-humid climate whilst Stanhill and Fuchs (1968) 

worked in an arid climate.

Actual evapotranspiration

The actual evapotranspiration (Ea) of a crop is the sum of the

plant transpiration rate (Ep) and the soil evaporation rate (Es) (Ritchie

and Burnett, 1971).

     Plant transpiration rate
The plant transpiration rate will depend on the response of the 

transpiration rate to the soil water level in the drying soil.  The reported

responses fall into three categories (Rutter, 1975):

a)  transpiration rate is maintained at a maximum potential
    rate until available soil water is exhaused;
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b)  transpiration rate begins to decline at some



    intermediate stage of soil water depletion;
c)  transpiration declines progressively, though not
    necessarily linearly, over the whole range of
    available soil water depletion.

The availability of soil water which depends on soil water 
potential and the root length density distribution over depth will influence
the actual relationship between the transpiration rate and the drying

soil.  Slatyer (1955, 1956) found that the ratio of actual to potential

evapotranspiration (Ea/Et) of sorghum was maintained at 1.0 to a lower 

level of available soil water than that of cotton or peanuts growing in 
adjacent field plots. The difference was ascribed to the uniform distribution
of sorghum roots throughout 1.20 m depth of soil, compared with cotton

roots which were sparse below 0.6 m depth and peanut roots which were 

less well developed in the surface layers, although common in deeper

horizons.  Soil texture also can influence the ratio of plant to potential

evapotranspiration (Ep/Et) (Zahner, 1967).  The Ep/Et of sand was maintained
at 1.0 to a lower available soil water percent than clay.

In predicting the ratio of actual to potential evapotranspiration

(Ep/Et) Jensen et al. (1970) used for irrigation scheduling the logarithmic

relation

     log10(% available soil water plus 1) ..... (8)
                          log10101

in which Wt is a coefficient applied to the potential evapotranspiration

(Et) and varies from 1 at field capacity to 0 at wilting point.

Evapotranspiration by sorghum and cotton has been shown to be

conditioned by soil water status after a critical level of soil water

extraction has occurred (Ritchie, Burnett and Henderson, 1972; Ritchie

Wt  =



31.

and Jordan, 1972).  In the soil studied (Houston Black Clay) this 

critical level or lower limit for potential evapotranspiration (Et) 

was reached for cotton with full canopy cover, LAI >2.7, when 26% by 

volume of the available soil water remained.  Before this critical 

soil water level was reached, the ratio Ep/Et was about 1.0.  Thereafter 

the ratio fell rapidly in what is known as the falling rate phase 

(Ritchie and Jordan, 1972).

Rijks (1966) and Stern (1967a) also studied cotton water use 

on clay soils for crops with a complete canopy.  These earlier studies 

also demonstrated that rates of evapotranspiration fell progressively 

as the plant had to obtain water from a drying soil.

With an incomplete canopy plant transpiration (Ep) will be less

than that for a full canopy.  A threshold canopy characteristic occurs 

when Ep is approximately equal to its maximum value (Et).  Dry matter 

and LAI have been found to be more applicable than fractional ground 

cover in predicting this threshold (Ritchie and Burnett, 1971).  Tanner 

and Jury (1976) reviewed the threshold LAI at which Ep is approximately

equal to Et for a range of crops.  The measurements reported indicate 

that with intermittent soil wetting Ep ;  Et at an LAI of 2 to 3.

In cotton and sorghum Ep/Et approached 0.9 under well watered

conditions as the LAI reached 2.7 (Ritchie and Burnett, 1971).  The 

Ep/Et was approximately proportional to the square root of the dry 

matter or LAI for an LAI < 2.7 which was the threshold value.  The 

equation derived for LAI was:

Ep/Et = 0.21 + 0.70 LAI½ ..... (9)
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Soil evaporation rate (Es)

Evaporation from the soil takes place in two stages, the constant

rate stage and the falling rate stage (Philip, 1957a).  In the constant

rate stage (Stage I), the soil is sufficiently wet for the water to be

transported to the surface at a rate at least equal to the potential

evaporation rate.  In the falling rate stage (Stage 2), the surface soil

water content has decreased below a threshold value, so that Es depends 

on the flux of water through the upper layer of soil to the evaporating

site near the surface. The amount of drying required before soil water

con- ten£ restricts Es has been shown to be dependent on the soil depth,

the hydraulic properties of the soil, and the evaporative conditions

(Gardner and Hillel 1962).  The hydraulic properties of the soil appear to

cause 

the main differences in the amount of drying before Stage 1 evaporation

ends (Ritchie, 1972).  It therefore appears that cumulative evaporation

during Stage 1 can vary from 5 to 15 mm depending on the factors mentioned

above (Ritchie, pers. comm.).

In the falling rate phase, Es depends on the soil water content

and distribution and is largely independent of E0 .In this falling rate

phase, Es can be predicted from known soil hydraulic properties (Black,

Gardner and Thurtell, 1969).  The cumulative evaporation measured as mm

during Stage 2 of the drying cycle of an initially wet deep soil can be

expressed by the equation: 
ΣE   = αt½ .....  (10)

where α is dependent on the soil hydraulic properties and t is time in 
days since the commencement of Stage 2 evaporation. Ritchie (1972) obtained
 values of a ranging from 3.3 to 5.0 for four different soil types.  These

values of a are approximately proportional to the measured values of the
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hydraulic conductivity of the soil at -0.01 MPa matric potential (Ritchie,

1972).

Soil evaporation Es usually comprised from 23% to 34% of the total

seasonal evaporation for cotton crops (Ritchie and Burnett, 1971).  A

contribution of about 20% would be expected when normal seasonal leaf 

areas of LAI > 3 are obtained (Kanemasu, Stone and Powers, 1976).

A necessary constraint on the calculation of Et using the method 

of Ritchie and Burnett (1971) is that Ep plus Es must not exceed potential

evapotranspiration (Et) on anyone day.
Tanner and Jury (1976) estimated evapotranspiration from a crop

surface in a manner similar to that of Ritchie (1972).  They used the

Priestley-Taylor equation to estimate Et from which Ep and Es were then

calculated.  Ritchie (1972), however, used a combination equation (Penman,

1963).  The several modifications necessary are well outlined by Tanner 

and Jury (1976).  A water balance was calculated for a potato crop and

compared with lysimeter data. Cumulative estimates and short term

estimates of Ea were both in close agreement with lysimeter data.  This

close agreement was credited to two features, firstly, the use of Et (as

estimated by equation 5) as an upper bound to Ep plus Es , thus avoiding

serious over-estimates of Et, and secondly since a partially exposed soil

under a high radiation load will have a dry surface for a large part of 

the time, the use of equation 10 during rainless periods will set the
lower bound to Es.

When a montmorillinitic clay soil dries from the surface downward,

shrinkage cracks will open and become progressively wider and deeper.

These cracks create a continuous channel between the atmosphere and wet

soil at depth (Adams and Hanks, 1964) .Water movement will be in the
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vapour phase, with Es depending on the soil heat flux (Philip, 1957a).

Adams, Ritchie, Burnett and Fryrear (1969) found that turbulent air 

within a shrinkage crack was a major factor affecting evaporation.

Turbulence was more important than the area of crack walls exposed to the

atmosphere.  Further studies (Ritchie and Adarns, 1974) indicate 

that evaporation rates from a bare soil with natural shrinkage cracks

averaged 0.74 mm day-1 compared with 0.6 mm-1 day for the cracks only.  

Most of the evaporation from the cracked dry bare soil was therefore due

to the presence of the shrinkage cracks.  This explains why daily minimum

values of Es obtained by Ritchie and Burnett (1971) were of the order of

0.50 to 0.25 mm day-l from a cracking soil covered by a crop canopy.  

This canopy would have reduced the turbulence and vapour pressure deficit

when compared with an exposed bare soil.

Infiltration in a cracking clay soil

Infiltration has been largely ignored in water balance work

concerned with crop production although it is a process modifying rainfall
input to the soil (Greacen, 1977). Infiltration in most studies is considered
to be non-limiting;  rainfall over a given time interval is added directly
to the soil storage until the maximum water content is reached.  After this 
any excess is discarded as drainage.  Solutions of the vertical infiltration

process (Philip, 1957b) have been developed for computers and used to

calculate infiltration under boundary conditions such as surface crusting

(Hi11e1 and Gardner, 1970).  The complexity of these functions precludes

their use in simple soil-water-balance models for agronomic purposes.

Blake, Sch1ichting and Zirnmermann (1973) using tritium as a tracer showed

that wetting of the profile during infiltration need not occur progressively
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from the surface layer downwards, but can occur simultaneously throughout
the profile via the macrostructure or cracks of the soil.  Ritchie, 

Kissel and Burnett (1972) obtained results which imply that in a highly

structured swelling soil most water contained within the structural units 

is inactive in the flow process when compared with water flow around the

units.  Flow around the units is largely in soil shrinkage cracks.

Hydraulic conductivities averaged 25 mm day-l for field basins with

shrinkage cracks, 3.0 mm day-1 for undisturbed cores containing some of the

shrinkage cracks and 1.0 mm day-1 for disturbed soil cores with no 

shrinkage cracks.  Field determined hydraulic conductivities therefore are

appropriate for use when predicting water flow in natural profiles of a

swelling clay soil. 

2.3  Measurement of Soil Water
Neutron technique for soil water measurement

The neutron moisture meter (NMM) is a precise instrument which can

be calibrated to measure changes in volumetric soil water (Greacen and

Schrale, 1976).  The technique consists of lowering a fast neutron source

and a slow neutron detector into a hole in the soil, lined with an access

tube.  Fast neutrons emitted into soil are slowed down principally by

hydrogen nuclei and thus by water in the soil and the slow neutron flux

scattered back is measured by the detector.  The flux of slow neutrons in 
the region of a particular fast neutron source in soil will thus be strongly
affected by the water content of the soil. The NMM detects the presence 

of hydrogen nuclei within the proximity of the neutron source and detector

irrespective of where the hydrogen is located around the access tube and 

is thus a mass measuring device
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The NMM has two major advantages which result in its common use 

for water balance studies;  firstly, the same soil sample can be measured

repeatedly for changes in water content and secondly, the time required 

for measurement is relatively short.  Large number of sites can be 

sampled.  Once access tubes have been installed, measurements can be 

taken with relative ease to considerable depths.  The results of these

measurements in terms of values of soil water content are available

immediately if an accurate calibration is available.
It is common for the soil to crack preferentially around an access

tube (Richards, 1963; Stirk, 1972).  Circumferential cracking results 

from soil shrinking away from the outer circumference or surface of the

access tube as the soil dries.  Radial cracks result only from cracks 

which radiate away from the access tube but do not produce a net movement 

of soil away from the circumference of the access tube.  Radial cracks

resulting from shrinkage do not materially effect the NMM response, 

however, circumferential cracks will alter the accuracy of the NMM moisture

 meter.  This is due to the inverse squares effect of moving the measuring

point away from the material under measurement (Campbell, pers. comm.). 

The neutron flux density falls off by the inverse square of the distance

from the source.
The accuracy of reported results may often be suspect because 

sufficient attention is not always paid to the calibration of the instrument 
(Greacen and Schrale, 1976).  The field calibration can be affected by 

the kind of material used for access tubes (Bell and McCulloch 1966), the

soil bulk density (Loveday and Watson, 1975 and Greacen and Schrale, 1976)

the chemical constituents of the soil (Olgaard, 1965; Greacen and Schrale 
1976) and the cracking of swelling clay soils (Stirk, 1972).  Other factors
 of likely importance are the method of access tube installation (Greacen,

pers. comm.) and the time duration since access tube installation in a
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swelling clay soil (Harris, pers. comm.).  Bell and McCulloch (1969) 



claim that serious calibration errors can occur when there is an uneven

distribution of soil water and changes in bulk density within the sphere 

of influence of the neutron probe.  However, this can be overcome if a 

depth zone of similar scalar readings i.e. uniform soil water content is 
used as suggested by Anon (1976) in a soil of uniform bulk density.  Loveday
and Watson (1975) experienced this problem and as a result obtained a 

wider scatter of points for calibration.

To obtain an accurate calibration of the NMM in a uniform,

cracking heavy, clay soil, consideration must be given to:

a) cracking effects;

b) the effects of changing bulk density with soil water content;

c) gravimetric soil water sampling errors.

Swelling and shrinking characteristics of a clay soil
Swelling and shrinking of clay soils is a natural phenomenon.  In 

a soil with a high montmorillonite clay content (black earth) there will 

be two phases of contraction as the soil passes from field capacity to

wilting point (Fox, 1964a). These are, firstly, unidimensional or vertical

shrinkage, and secondly, normal shrinkage in three dimensions.  In the 

three dimensional phase the loss of soil volume equals the volume of 

water lost, whilst in the unidimensional phase the loss of soil volume 

is less than the volume of water lost (Berndt and Coughlan, 1976).

Aitchison and Holmes (1953) investigated the volume-change process

in a black earth soil near Adelaide.  The observed changes in surface

elevation of this soil could be explained by volume changes of slightly 

less than three-dimensional normal.  Berndt and Coughlan (1976) produced

results which support Aitchison and Holmes (1953) in their work with a
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black earth from the Darling Downs which was similar to that used by 

Fox (1964a).  The soil had a mechanical analysis of 13% sand, 9% silt 

and 78% clay and had predominantly montmorillonite and kaolinite clay

minerals.  Volume changes in this soil were essentially three-dimensional

over mean gravimetric water contents of 23-58% or approximately 27-60% 

on a volumetric basis.  This three-dimensional shrinking did not stop 

until soil water levels were drier than wilting point (Stirk, 1954).

The volume-change process in a black earth soil will produce

cracking (Aitchison and Holmes, 1953).  There was no soil cracking in a

black earth soil with a gravimetric soil water content greater than 46%
(Berndt and Coughlan, 1976).  Below 40% soil cracking occurred at all

observed sites.

Bulk density as affected by soil water content

Soil bulk density, water content and matric potential are all

inter-related (Hill and Sumner, 1967).  The relationship between bulk

density and soil water at constant matric potentials have been developed 

for soils with high clay contents.

Loveday (1974) claims that the error introduced in volumetric soil

water calculations using bulk density calculated at field capacity would

probably be less than 5%.  Berndt and Coughlan (1976) found that core 

bulk density fell from 1.15 to 1.025 along the three-dimensional shrinking

curve as gravimetric soil water content increased from 23 to 58%.  This

represented a 12% change in bulk density for the extremes of soil water 
content encountered and would result in up to a 12% error in the calculation
of volumetric soil water content at these extremes.  The error in these

cases would be much reduced when the total soil profile is considered.

This is because bulk density becomes much less variable at depth where
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The difficulty of sampling dry cracked soils for volume determinatior
can give unreliable results (Aitchison and Holmes, 1953).  There can be

large variability in field data with the result that wrong conclusions 

may be drawn about the nature of the bulk density-soil water relationship.

Parberry, Rose and Stern (1968) attempted to fit a line using the theory 

of Fox (1964a) to an extremely variable set of data for a Cunnunurra clay.

The calculated volumetric soil water content at -1.50 MPa was 32% using 

the derived bulk density-soil water relationship for converting gravimetric

values of soil water content to volumetric values.  The bulk density value

used by Parberry et al. (1968) for conversion to volumetric soil water

content appeared to be too high because they had many values of volumetric

soil water between 28-32%.  Field inaccuracies may also produce incorrect

results and Berndt and Coughlan (1976) have concluded that further work 

is necessary to determine a more satisfactory technique for establishing 

the bulk density-soil water relationships for cracking clay soils.

In order to convert gravimetric to volumetric soil water content

the use of a bulk density value determined at a single soil water content

will introduce some error.  This cannot be overcome until a more accurate

method of determining the soil bulk density over a range in water contents

for a cracking clay soil is developed.

Neutron calibration as affected by soil bulk density

Two effects of dry bulk density on the count rate of the NMM are

recognised (Greacen and Schrale, 1976). Firstly, the amount per unit 

volume of constitutional hydrogen (bound water) is directly proportional 

to the bulk density.  The change in counts per second (CPS) with change 

in bulk density due to this effect is constant for a linear calibration
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of the form θ = a+b (CPS).  The bound water effect is included in the

intercept constant 'a' if bulk density is assumed to be constant.  Soils 

are often uniform in all their properties except bulk density (Northcote,

1971).  NMM calibration in such a soil should result in a series of 

parallel lines with intercepts which are dependent upon the bulk density 

at a particular depth in the soil profile (Ritchie, pers. comm.).

Secondly, the effect of bulk density is to cause changes in

scattering and absorption properties of the soil.  This results in much of

the residual scatter not being accounted for when the first effect of 

bulk density on NMM calibration is considered (Greacen and Schrale, 1976).

Greacen and Schrale (1976) have shown that the CPS at a constant soil 
water content, is proportional to the square root of density over a limited

range of bulk density.  A correction factor based on this assumption removes
practically all the residual scatter.  The measured count rate (CPS) may 

be corrected to a count rate (CPS ) for the mean density of the depth

concerned (BDmean) using the relationship:

CPScorr = CPS
meanBD

BD

For calibration soil water is then plotted as a function of CPS corr . This 
calibration technique of the NMM was also used by Loveday and Watson (1975).
Scatter about the above regression would then be the result of field

variability in measured values of bulk density, oven-dry water content 

and bound water content.  In uniform soils which vary only in the property

of bulk density the above relationship can be used to great advantage.  

This relationship will enable calibration lines developed on one site to 

be used over a range of sites after the bulk density specific to each site

has been determined.
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Soil water measurement in a clay soil

Measurement of soil water is more difficult in swelling clay 

soils than in sandy soils (Stirk, 1972).  Wide variability is associated

with gravimetric soil water determinations in a black cracking clay 

soil (Towner, 1968).  This variation is due in particular to irregular

wetting of the profile along cracks and structural cleavages (Stirk, 

1972).  The variability of a particular clay soil is ~etermined by the

nature and extent of the cracking pattern.  This cracking pattern is 

itself a function of the clay content.

The effect of soil cracking on soil water measurement
using the NMM

The permanent sampling position of the NMM has an apparent

advantage in a variable soil as it eliminates the source of variability 

due to successive sampling (Stirk, 1972).  This permanent sampling 

position then becomes important as being representative of the field soil

water content.  The installation of the access tube should not induce

changes in the soil water content.  Incorrect installation of access tubes

can give a permanent bias of readings which is not readily detected 

(Eeles, 1969).

Access tubes should be installed when the soil is in a dry condition 

(Eeles, 1969).  This is particularly important in heavy clay soils (Anon,

1974).  Swelling of the soil on rewetting will tend to close any gaps

between the soil and access tube because the horizontal swelling stress

will be relieved by strain into cavities and cracks.  When installing 
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access tubes in the medium to wet condition it is virtually impossible to

get a good fit without destroying the macro-porosity (< 0.66 MPa suction)

and hence changing the water characteristic of the soil around the tube

(Graecen, pers. comm.).  This is important as the soil nearest the access

tube has the greatest influence on the NMM reading.

Cracking around the access tubes enables air to move down the 

side of the tube, exposing soil surfaces at depth.  This soil drying is

increased markedly along the crack (Campbell, pers. comm.).  This will

produce a further reduction in the water content closest to the access 

tube and will accentuate the loss in counts due to circumferential

cracking.

A second effect of preferential cracking is the likelihood of

increased intake and concentration of water adjacent to the access tube,

particularly following very heavy rainfall or an irrigation.  An increased

water entry occurred in the 0.65-0.95 m depth following a 200 mm rainfall 

in one day (Stirk, 1972).  This likelihood of increased intake and

concentration of water adjacent to permanent access tube sites in swelling

clays may produce results which are not typical of the total soil but

which only reflect the depth of wetting and changes in the vicinity of the

crack areas (Stirk, 1972).

Because the shrinkage which occurs in swelling soils does not result

in a fine network of cracks but in a few very large cracks (Fox, 1964b) 

it has implications for the estimation of soil water content.  This effect

of cracking around aluminium access tubes on the ability to estimate soil

water content was studied by Stirk (1972).  Cracks 2 mm wide produced only
a 5% reduction in volumetric water content estimates whereas a 30% reduction 
in volumetric water content was obtained from a gross crack 20 mm wide

which is not uncommon.  Fox (1964b) reports cracking occupying 17% of the
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soil surface area.  A conservative estimate of the effect of cracking 

would be to cause an underestimate of volumetric soil water content by 

10-15% in the surface and by at least 5% below this with decreasing error 

at greater depths (Stirk, 1972) . Measurements of soil water in cracks 

using a NMM are real for about 20-30% of the time (Stirk, pers. comm.).

A NMM calibration curve for cracking clay soils was derived by

Richards (1963).  When cracks were present volumetric soil water estimates

had a high error with the pattern of cracks being considered to be

significant within the sphere of measurement of the probe.

The actual cracking pattern that occurs depends on the position 

of the plants growing in the swelling soil.  Large cracks developed midway
between and across lines of plants in a new crop (Fox, 1964b).  Towner (1968)
investigated seasonal cracking to determine its possible effects on the 

soil water distribution but found no association between soil water

content and proximity to cracks.

Measurement of soil water in surface layers using the NMM

Normal use of the neutron moisture meter results in a lowered count 
rate as the source approaches the soil surface because a large number of

fast neutrons escape into the air (Sharma and Tunny, 1972).  The radius 

of the sphere of influence will vary with the soil moisture content, due 

to the different concentration of hydrogen.  Rose (1966) gives the

following equation for calculating the effective maximum radius of neutron

moderation (R):

R ~ 12θ-⅓ v

when θ = 0.2 g cm-3 then R ~ 20 cm.
Error due to neutron escape will occur at 0.2 g cm-3 soil water content, 

if the source and detector are closer than 0.2 m to the soil surface
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(Rose, 1966).  Anon (1974) claims a value of approximately 0.25 m for a 

soil water content of 0.25 g cm-3



Pierpoint (1966) and Sharma and Tunny (1972) propose the use of 

a surface shield in order to enable effective operation of the NMM closer 

to the soil surface under conditions where the soil surface is flat.

Rapid profile changes in water content tend to be smoothed out

because the scattered neutron flux integrates water content over a certain

volume (Holmes and Jenkinson, 1959).  The advantage of using the NMM in 
the surface soil layers is questionable as water content can be most easily
 determined by gravimetric sampling and also soil water content changes 

are usually greatest as a result of plant uptake and precipitation.

Field sampling error when using the gravimetric" technique £or
soil water sampling

The effort needed to limit error when sampling gravimetrically 
will be determined by the variability of the particular site to be sampled. 
Towner, (1968) obtained a standard deviation for mean soil water content 

of up to 6.2% and coefficients of variations of up to 18.4-23.1% from a

swelling soil at Narrabri with a gravimetric water content range of from

26.8 - 33.4%.  Six pairs of soil cores were used in each instance.  Stirk

(1972) with 20 soil cores from a swelling black earth soil (Ug 5.15)

demonstrated a coefficient of variation of up to 10% in a drying profile 

and 17% in a rapidly recharged profile.  The overall result of this 

example is that the 95% confidence level is often in the range of 2-3% 

of mean volumetric soil water content.  In a uniform soil of low clay

content the 95% confidence interval was just greater than 1% for six 

soil cores (Fitzgera1d, Rickard and Mountier, 1963).

A11maras and Gardner (1956} separated the error associated with
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gravimetric sampling into its variance components. The greatest source 

of variability was attributable to random variability among sampling

locations within a plot.  The effect of lengthwise location along a crop 

row was negligible.  When sampling for the absolute soil water content 

of an area the number of locations must be increased rather than the 

number of samples increased at a given location.

Staple and Lehane (1962) found that much of the variability in

water content among different profiles was due to differences in the depth

and amount of water penetration.  Variability was at a maximum qt the 

sharp transition zone between wet and dry soil.  Towner (1968)

demonstrated variability decreasing with depth.

The difference between soil water profiles from successive times of

gravimetric sampling is suggested to be a continuous rather than a random

horizontal variation (Towner, 1968).  Variability effects can be eliminated
by taking repeated samples at the same site when the gain or loss between

successive times of samplings is required in preference to absolute soil

water content.  Staple and Lehane (1962) also obtained lower variances 

when sampling was repeated at adjacent sites.

Field sampling error when using the NMM for soil water measurement
Hewlett, Douglass and Clutter (1964) developed a statistical 

model to account for:
a) Instrument error due to irregular counting and returning

of neutrons;
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b) Locational error which reflects the difference in soil
water content and soil physical properties from place to
place.

Stone, Shaw and Kirkham (1960) studied instrument error and they

give the following formula for the coefficient of variation due to 

counting:
1

12
2c

c

S n
C n

n n


= = =

where Sc is the estimate of standard error of counting in a set of n

counts, 

and n - mean number of neutron counts registered per moisture reading. 

A coefficient of random counting of 1.6% is given for a sample usually

containing 3,600 counts by Stone et al. (1960).  Instrument errors are

negligible when compared with locational errors when estimating either 

a single soil water value or a change in soil water content.

Jeffrey (1967) presented data on soil water variability as from 

a network of neutron access tubes.  There was a difference in the number 

of neutron access tubes required for 0.01 g cm-3 precision when estimating

absolute soil water content or soil water gain or loss between successive

times of sampling.  The number of neutron access tubes required were 13 

and 9 respectively.  Sartz (1972) also used an array of neutron access 

tubes to study sampling variation in soil water.  A slightly lower

coefficient of variation for changes in water content than for water

content at a given point in time was also reported.  In contrast, Hewlett

et al. (1964) indicated that the number of samples needed to estimate

volumetric soil water to within ± 0.01 g cm-3 is approximately 38 but that

2 or 3 will measure soil water loss or gain to the same precision.

The standard error of the neutron and gravimetric methods of sampling
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soil water have been compared (Stone et al. 1960). For gravimetric 

sampling, this was variation associated with sampling sites within 

replications, between dates, whereas for the neutron method it was sampling

 sites within replications x dates. Strictly speaking these values are 

not exactly comparable because different sampling sites were not used at

each date in the neutron method, however, for pragmatic reasons these two

corresponding sources of variation can be compared, since no study of the

neutron technique would contemplate changing sites with each date of 
measurement.  A comparison of mean squares of the two measurement techniques
enabled Stone et al. (1960) to compare the relative accuracy of these

techniques for soil water measurement.  It was demonstrated that in order 

to achieve standard errors equal to that of the neutron method a mean of 

7.1 gravimetric samples are required.

2.4 Conclusions and An Approach to the Study of Irrigation Practice in Cotton

In cotton to obtain a high yield from a finite input of water it

was concluded that it was necessary to maintain a proper balance between

leaf area and boll production.  Therefore it is necessary to plan a soil 
water regime that will restrain vegetative growth without adversely affecting
yield.  This can be achieved by planning a soil water regime that will

restrain vegetative growth so that an LAI of 3 is maintained.  This 

morphological adaptation to controlled water stress will limit the quantity

 of water used in growth and transpiration without affecting yield.

Physiological adaptations such as a decrease in osmotic potential may also

allow a crop to maintain growth under conditions of greater soil water

deficits with less reduction in yield.  This restricted soil water regime

will also allow a greater opportunity for more efficient use of natural 
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rainfall because the soil profile will be drier at the time of rainfall

allowing a larger quantity to infiltrate before runoff occurs.



The yield is most affected by water stress during the flowering

stage particularly at the peak of flowering.  Irrigation should be planned

to maintain available soil water level in the main root zone during

flowering at greater than 30-35%.  The first irrigation can be withheld

until the commencement of flowering provided the level of available soil

water does not fall below 50% in the main root zone.

The actual frequency and number of irrigations needed to maintain

this soil water regime will determine the net water addition required 

which may be up to 800 mm depending on the environment.

After acceptance of a proposed irrigation schedule and the critical

levels of soil water depletion, a soil water balance model may be used to

evaluate the suitability of an environment for irrigated cotton production.
Relationships, as used by Ritchie (1972) are available from the literature

which can accurately describe the climate environment, crop and soil of 

the particular location for which they are derived.  In order to determine

if these relationships can be applied in a different location such as the

Namoi Valley it was decided that an accurate and reliable set of soil 

water and crop response data was needed.

The neutron method of measuring soil water content has many

advantages compared with the gravimetric techniques.  Accurate calibration

is more difficult in a cracking clay soil than a non-cracking soil and 

hence in order to obtain reliable measurements of soil water content 

both accurate calibration and the permanent position of the access tube 

must be considered.  The variation in counts due to soil cracking away
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from the access tube will be far greater than variation in counts due 

to either the bulk density soil water content relationship or gravimetric

soil sampling errors.  When calibrating the NMM, soil cracking would be

therefore the most important consideration.  The preferential entry 

of water down the side of an access tube, after irrigation or heavy 

rainfall in a cracking clay soil will result in an unrepresentative

measurement of soil water content.  The measurement of change in water

content over time for a given level of precision requires less samples 

than for measurement of water content at a given point in time.  There 

are less samples required to measure soil water content with the neutron

technique than with the gravimetric technique because of the greater

precision of the latter.
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CHAPTER 3

INTRODUCTION TO THE EXPERIMENTS

3.1  Cotton Production in the Namoi Valley

Location

This study was undertaken in the Namoi Valley of Northern New South

Wales where most of Australia's cotton is produced. The valley has 

more than 40,000 ha of potentially irrigable land suitable for cotton 

production (Anon, 1963) .There is currently (1976/77) 25,1)00 ha of cotton, 

3,000 ha of soybean and 7,000 ha of wheat being grown unde~ irrigation.

The remaining land which is suitable for irrigated crop production is

currently being used for the production of dryland wheat.

The main storage reservoir, Keepit Dam, is located on the Namoi 

River upstream from the cotton growing area. This dam has a ~maximum storage

capacity of 420 million cubic metres of water, but cannot-always be maintained

at this level. During 1967, for example, the storage level was at no 

time greater than 20% of the maximum storage capacity. Some irrigation

water is also obtained from underground bores.

Soils

The predominate soil type of the Namoi Valley is a grey cracking

clay.  This soil is uniform within the crop rooting zone. It has a 

heavy clay texture throughout and shows marked cracking as the soil dries.

The topography is flat, falling 0.55-0.75 m per kilometre and hence is

well suited to surface irrigation (Irwin, 1972) .
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Climate

The outstanding feature of the climate of the Namoi Valley is the

variability in amount and distribution of the rainfall. The recorded

extremes of January rainfall are from O to 265 mm with the monthly mean

being 74 mm  Falls of high intensity within a short time period are also

recorded with 112 mm being recorded for a 24 hour period in January.

A review of available long-term climatic data for Narrabri is given

in Appendix 3.1.  Radiation and windrun data for the area are not

available on a long-term basis.

The cotton production system

Cotton is widely grown in the Namoi Valley.  The average 

rainfall from November to March is 331 mm (Appendix 3.1).  This rainfall,

even if it were regular and reliable and was combined with the water 

stored in the soil profile would be insufficient to produce yields in excess

of 2.5 to 3.5 bales ha-l which would be considered the minimum necessary for
profitable cotton production at current prices.  However, the uniformity

and wide distribution of the grey cracking clay soil, the flat topography

of the area and the availability of low cost water allows cotton to

be grown under irrigation.  The water, after being lifted from the Namoi

River or from bores, flows by gravity along the main channels and is

siphoned into the furrows which run the length of a field. The rows of

cotton are planted on beds spaced 1 m apart which are up to 1 km in

length.  A population of 15-20 plants metre-1 of row is usual,  Inter-

row cultivation for weed control and aerial spraying for insect 

control are practiced. Nitrogen fertilizer at the rate of 100 to 

160 kg ha-l is usually applied as anhydrous ammonia prior to planting.



52.

There are 3-6 irrigations applied per season and yields of 4 to 5 bales 

ha-1 are obtained .

A typical cotton production calendar would be:

August- seedbed preparation and nitrogen application.

September -pre-irrigation.

Mid-October -planting 0£ cotton seed.

Late November to late December the first irrigation is

applied to the crop.

Late December -the first flowers occur.

Late January -peak flowering is occurring and further

irrigations are being applied to the crop.

Late February to early March -the last irrigation is

applied to the crop.

April to June -picking.

3.2  Experimental Conditions

The Auscott cotton production system

The Auscott system of cotton production is discussed because the

experimental sites were located within the normal commercial cotton crops

grown by Auscott.

The inputs of water, nitrogen and insecticide for cotton production

tend to be lower on Auscott than on most cotton farms in the Namoi Valley.

This is because in recent years Verticillium Wilt has developed into a

major problem due to continuous cotton production.  This has been the main

factor controlling management decisions.  The inputs in recent years have 

been reduced in an effort to combat this increased incidence of verticillium 

Wilt.  On Auscott the usual number of irrigations per season is around 3
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and nitrogen levels are around 120 kg ha-l compared with farms unaffected

by Verticillium Wilt which usually apply 5 or 6 irrigations and up to 
160 kg ha-l of nitrogen.  The total number of insect sprays have correspond-
ingly been reduced to around 8 compared with a valley average of 14.  The

cotton is grown in rotation with wheat which is planted after a long

fallow.  The yields on Auscott in recent years have been in the range of

4.0 to 4.5 ba ha-1 compared with a valley average of 4.5 to 5.0 ba ha-1.

The management philosophy is increasingly becoming one of maximizing

the yield per unit input of water, fertilizer and insect spray and not one

of maximizing yield per unit area.  This has been brought about by the

increasing problems of continuous cotton production such as Verticillium

Wilt and a growing awareness that not land but water is the factor most

important in cotton production in the Namoi Valley.  This trend will 

probably also become more apparent on other cotton farms in the Namoi Valley

as intensive cotton production continues.

Soil at the experimental site

The soil of the experimental fields is a grey cracking clay

classified as Ug 5.24 (Northcote, 1971) .A detailed profile description 

is given in Appendix 3.2.  The information for this profile description was

obtained at the experimental sites in co-operation with studies by Burch

(1977} and Morgan (1977) .The hydraulic conductivity, and the soil water

characteristic of the soil at the experimental sites was determined by

Burch (1977) .

The hydraulic conductivity of the soil was determined using the

method of Rose, Stern and Drummond (1965), (Appendix 3.3).  The soil water

characteristic was determined for undisturbed soil using the filter paper

method described by Fawcett and Collis-George (1967) (Appendix 3.4) .The

remaining soil properties, except for bulk density, were determined using

standard laboratory techniques described by Black, Evans, White, Ensminger
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and Clarke (1965).  The determinations of bulk density will be discussed

in Chapter 4.

 Weather during the experiments

Daily rainfall was the only climatic information collected at the

experimental site. Data other than this were obtained from the

meteorological station of the Narrabri Agricultural Research Station

(N.A.R.S.) which is situated 8 km from the experimental area (Appendix

3.4).  The rainfall data given in Appendix 3.4 were measured at the

experimental site.  Evaporation was measured with a U.S. Class A pan with

a protective wire screen while radiation was measured using a Kipp

solarimeter.  Stanhill (1962) considers that a wire screen reduces the

evaporation estimate by 10% when compared with a U.S. Class A pan without

such a wire screen.

3.3  Description of the Experiments
Location

The experimental work was carried out on the property of Auscott 

Pty. Ltd. which is one of the largest cotton producers in the Namoi Valley.

During the 1975/76 and 1976/77 cotton seasons the adjacent fields referred

to as "GS" and "triangle" were used.

Layout

The basic experimental layout was the same for the two cotton

seasons in which experimental work was carried out.

There were 5 irrigation treatments planned at the commencement of

each season, with each treatment having 2 replicates. A total of 10 plots

were therefore studied in each season. The 5 treatments were randomised 

within each replicate (block) at the commencement of the season (Figure 3.1).
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The total width of the experimental area each season was 250 rows and each

plot area was 25 rows wide and the length of the field was 1 km.

Only the central 8 rows of each plot were used for soil sampling

plant sampling and yield determination, with the remaining rows being

utilised as buffer rows.  The first 200 m of these rows only were used 

for routine soil and plant sampling (Figure 3.1)  .At picking time the

entire length of these central 8 rows in each plot were used to obtain

yield estimates.

The 1975/76 experiment was planted on 3 October, 1975 following 

a previous cotton crop and had 120 kg ha-l of nitrogen applied as anhydrous

ammonia prior to planting.  The 1976/77 experiment was planted on

10 October 1976 following a previous wheat crop and had 160 kg ha-l of

nitrogen applied as anhydrous ammonia prior to planting.

Experimental method

The basic experimental method was dictated by the methods of cotton 

production on Auscott and the desire to place the experiment in a commercial 

farming situation.

The timing of the application of irrigation water to obtain

different treatments was the only management factor which was varied from

that of the surrounding commercial field.  The seedbed preparation, plant 

population, application of weed and insect control and general crop

management of the experimental area were similar to that in the

surrounding crop.

Observations

Soil water measurements were made using the gravimetric technique 

in the surface soil and the neutron technique below this.  Leaf area, plant 
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population, and where appropriate, the total number of squares, flowers,

green bolls and open bolls were measured.  Regular sampling for soil 

water content and plant growth was made weekly and two weekly, respectively,

on all treatments, weather permitting .However, leaf water potential,

stomatal resistance and root length were measured infrequently and not 

for all treatments.

The lint yield was determined from the first pick only by machine

picking each treatment in a similar manner to the normal commercial

picking of cotton.  The seed cotton for each treatment was transported to

a nearby commercial cotton gin for ginning.  Lint samples were taken 

for quality testing after ginning.
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CHAPTER 4

SOIL WATER MEASUREMENT TECHNIQUE

4.1  Introduction

The neutron moisture meter (NMM) has not been used previously in 

the cracking soil of the Narnoi Valley.  It was apparent from the literature

that cracking around the access tube could change the calibration as well 

as make the site of measurement unrepresentative of the whole plot. Calibration

is affected because cracking moves the soil away from the measuring point.

Accurate soil water measurements cannot be obtained if cracking enables

water to run down the sides of access tubes or causes increased soil

evaporation,  This was discussed earlier in Chapter 2.

The soil cracking problem was studied in detail during both cotton

seasons whilst soil water data were being collected to study crop water

use.  A Wallingford NMM with ratescaler, (Model 225), was used exclusively

for all measurements.  The fast neutron source in this NMM is americium

berylium (50mCi) which has a radioactive half life of 400 years.  The slow

neutron detector is a boron triflouride proportional counter which is

surrounded at the centre of its sensitive length by the radioactive source

sealed in an annular capsule.  The sensitivity with this source and

detector is approximately 1,000 counts sec-l in water and 10 counts sec-1

in air.

The purpose of this work was to develop the neutron technique of

soil water measurement in a cracking clay soil so that it could then be 

utilized for soil water balance studies of irrigated crops.  It was necessary

to study:
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(a) effect of evaporation from soil shrinkage cracks on

NMM readings;

(b) effect of preferential infiltration from soil shrinkage
cracks on the need for replacement of access tubes

after irrigation;

(c) calibration of the NMM;

(d) precision of soil water measurements and

(e) a standard measurement for the NMM.

~

4.2  Installation of Access Tubes for the Neutron Moisture Meter (NMM)

The method of installation of access tubes was always the same

irrespective of when this occurred in either season.  The method used  is

outlined below.

A 50 mm diameter hole was driven to a depth of 2.0 m, using a

thin-walled (50 mm outside diameter; with a 42 mm inside cutting diameter)

stainless steel tube driven in with a three-point linkage mounted Atlas

Copco "Cobra".  In each instance the length of the entire core was

measured and compared with the depth the stainless steel tube was driven

to determine if there had been either expansion or compression of the 

soil core obtained.  The entire core extracted was sectioned in 0.1 m

segments and the gravimetric water content determined by drying at 105oC

for 24 hours.  These oven dry weights obtained were also used for bulk

density calculations, when required, except where expansion or compression

had been noted.

After the hole was made an aluminium access tube (50 mm outside

diameter; 47 mm inside diameter) with its lower end sealed was immediately

forced into the tightly fitting hole and three NMM readings were taken
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for each 0.2 m interval from 0.2 to 1.6 m down the hole.

4.3 Effect of Evaporation from Soil Shrinkage Cracks on Neutron Moisture 
Meter Readings (NMM)

Introduction

Increases in soil shrinkage cracking can occur around an

access tube. This cracking would be expected to increase evaporation of

soil water close to the access tubes with a resultant lower NMM reading

than would be representative of the general plot area.  The addition of

dry sand to these cracks should minimize this evaporation and provided

this sand does not cause an altered NMM reading, enable an accurate NMM

measure of soil water content.

Methods

Air dry sand was poured into the cracks and air spaces

around selected access tubes as soon as cracking or shrinking of soil

around them first commenced.  As this drying continued and the cracks

became larger more air dry sand was added. This enabled comparisons of

neutron readings obtained from access tubes both with and without sand

added to be made throughout the cotton season. Neutron readings were made

for the 0.3,0.4,

0.5,0.6,0.8, 1.0 and 1.2 m depths.

On 15 December, 1976 cracks were wide enough for sand to be

added for the first time to see if dry sand addition had any effect on the

NMM count rate. The access tubes concerned had neutron readings taken

immediately prior to and immediately subsequent to sand addition. This

comparison of access tubes both with and without sand addition, to measure

the expected increase in soil evaporation, was continued until 20 February,



1977 when subsequent heavy rain prevented a continuation of the comparison.
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For comparison, the mean of all counts from neutron readings from

the access tubes have been expressed for the 0.25 to 1.30 m depth of the

soil profile. The comparison of means was carried out using the t-test

after the data had been checked for homogeneity of variances.

Results

Firstly, there was no effect from introducing sand into the cracks

and air spaces around selected access tubes because there was no change 

in the mean of neutron readings before or after sand addition (Table 4.1).

Secondly, there was no increase in soil evaporation over a two month period

as indicated by the similar means of neutron readings obtained from the

access tubes both with and without sand (Table 4.1).

Discussion

The addition of dry sand into the cracks and air spaces around the

access tubes has no effect on the evaporation of soi1 water from soil

shrinkage cracks.  There is probably very little additional evaporation

from soil shrinkage cracks under conditions of a crop canopy where the

soil is shaded and windspeed reduced.  Towner (1968) also found no

association between soil water content and proximity to cracks for a

similar cracking soil.

It was concluded that an accurate NMM measure of soil water content

can be obtained despite increased soil shrinkage cracking around an access

tube because additional soil evaporation from these cracks is negligible.

4.4      Replacement of Access Tubes after Irrigation   

Introduction

Water running into the cracks and air spaces around the access tube
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Table 4.1. The effect of sand addition to access tubes
throughout the 1976/77 cotton season.  Total
counts (CPM) for 0.25-1.3 m depth 

Date Sand No Sand

* 15 December 1976 4977 ±  94 4976 ± 117

15 December 1976 4963 ± 120 4410 ±  85

12 January 1977 4283 ± 110 4262 ±  89

20 January 1977 3895 ± 128 3876 ±  82

 2 February 1977 3953 ± 151 3990 ± 115

 9 February 1977 3726 ± 125 3739 ±  94

*  Soil water content immediately prior to sand addition.
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as a result of irrigation necessitates replacement of these access tubes

after each irrigation.  Sand addition may prevent water entry into cracks

and may therefore prevent the need for replacement of access tubes.  If

replacement of access tubes after irrigation can be prevented by sand

addition for one irrigation it may be possible to prevent replacement for

several irrigations by sand addition.

Methods

A comparison was made between access tubes (both with and without

sand added) installed prior to irrigation and those installed subsequent

to irrigation (Figure 4.la).

The installation of these post-irrigation access tubes was carried

out as soon as possible after an irrigation. Air dry sand was added to

half of all access tubes as soon as cracking first commenced and this 

addition was then continued until the time of the next irrigation. Immediately

prior to this next irrigation neutron readings were made on all these access

tubes installed since the previous irrigation. After this next irrigation

access tubes were again installed and neutron readings were then made on

all the access tubes, i.e. the access tubes which had had neutron readings

taken prior to the irrigation plus the newly installed ones. This comparison

was repeated for three irrigations. There was one comparison made for the

16 December 76 irrigation and two comparisons made for each of the

13 January 77 and 12 February 77 irrigations.

A second comparison was made between access tubes (both with and

without sand added) which were installed prior to the first irrigation 

(16 December 76) and access tubes installed after each irrigation subsequently

(13 January 77 and 12 February 77), Figure (4.lb). The access tubes

installed prior to the first irrigation had air dry sand added to half of
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the tubes whenever necessary over the three irrigation cycles.  Neutron

readings were made on these tubes before each irrigation and again after

the next irrigation when neutron readings were being made on the additional

access tubes installed after the irrigation.

For comparison, the mean of neutron readings from the access tubes

have been expressed as total water content for the 0.25 to 1.30 m depth,

of soil profile.  The comparison of means was carried out using the t-test

after the data had been checked for homogeneity of variance

Results

Before irrigation there was no difference between those access tubes

Which had had sand added and those which had not had sand added (Table 4.2).

However, sand addition did have a large effect on the total soil water

measure from access tubes after irrigation (Table 4.2).  The soil water 

content measured from access tubes which had had sand added prior to irrigation

was not significantly different from that of the access tubes newly installed

after the irrigation whereas the soil water content measured from access 

tubes which had not had sand added was significantly different from that of

the newly installed access tubes.  This difference became less significant as

the soil water content prior to irrigation of the access tubes with no sand

added became greater.  When the soil water content for the 0.25 to 1.30 m 

depth of soil profile is greater than 365.5 mm this difference is not

significant.

A significantly lower total soil water content was measured before

Irrigation (9 February 77) in access tubes which had had sand added to

them over two irrigation cycles than in those access tubes which were

Installed after the second irrigation (13 January 77) (Table 4.3)

Discussion

Sand prevented preferential water entry down the air space at the
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Table 4.2 The effects of soil water content immediately prior to
and sand on the estimation of total water content
the soil profile after irrigation. Values of total
profile, soil water in the 0.25-1.3 m layer.  Tubes measured
to irrigation being again measured, along with
subsequently installed tubes, after the irrigation.

Irrigation Date Sand No Sand Installed after
(mm)  (mm) the irrigation

16 December 1976

Before irrigation (12 Jan. 77) 384.0 ± 11.7 384.8 ± 14.3

After irrigation (29 Dec. 76) 376.4 ± 15.7 376.9 ±  6.5 385.8 ±  3.3

13 January 1977

Before irrigation (12 Jan. 77) 358.3 ±  5.6 365.5 ±  3.2

After irrigation (20 Jan. 77) 408.6 ±  8.3 411.1 ±  7.9 391.2 ±  7.6

13 January 1977 

Before irrigation (12 Jan. 77) 343.4 ±  8.4 343.5 ±  8.9

After irrigation (20 Jan. 77) 391.9 ±  5.3 4o2.5 ±  5.3 382.0 ±  7.1

Sand v No Sand t = 37.7 **
No Sand v Actual  t = 32.6 **

Sand v Actual  t = 15.7

12 February 1977

Before irrigation (9 Feb. 77) 353.2 ±  5.8 350.7 ±  6.7

After irrigation (17 Feb. 77) 372.3 ± 11.9 400.1 ±  2.5 382.0 ±   5.6

Sand v No Sand t = 29.7
No Sand v Actual  t = 30.1 *

Sand v Actual  t = 11.5

12 February 1977

Before irrigation (9 Feb. 77) 312.9 ±  7.3 312.9 ±  9.1
After irrigation (17 Feb. 77) 373.5 ±  6.4 401.3 ±  5.8 365.7 ± 12.4

Sand v No Sand t = 91.2 ***
No Sand v Actual  t = 68.5 ***



Sand v Actual  t = 14.7

  * 5%
 ** 1%

*** 0.1%
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side of the access tube during irrigation.  It can be poured down the

sides of access tubes prior to irrigation with no effect on the neutron

reading.  This then enables reliable soil water data to be obtained

immediately after the irrigation from the access tubes concerned, until

the soil surface is dry enough to enable access of equipment for the

replacement of these access tubes.

However, if the total water content of the 0.25 to 1.30 m depth of

soil profile is greater than 360 mm cracking is not sufficient to allow

preferential entry of water.  Under these circumstances neither addition

of sand nor access tube replacement are necessary to obtain reliable soil

water data after the irrigation.

Dry sand cannot be continually added to cracks around access tubes

throughout a series of irrigations without some effect on count rate of

the NMM occurring. After each irrigation the clay swells back around the

sand and not the access tube. It then cracks from this point and therefore

necessitates increasing amounts of sand being added around the tube.  This

is repeated through each irrigation cycle and therefore results in a

situation in which the soil nearest the access tube is atypical of the 

surrounding field.  This is because the volume of sand added is sufficiently

large enough to displace the hydrogen in the clay lattice and to reduce

the count rate.  The addition of finely crushed dry clay instead of sand

would be a possible solution to this problem.

The replacement of access tubes after each irrigation was carried

out routinely for NMM calibrations and soil water samplings after this

study.
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Table 4.3 The effects of sand on the estimation of total water 
content of the soil profile before and after irrigation. 
Values of total soil water in the 0.25-1.3 m layer.  The 
same tubes as installed initially being measured over
three irrigations and compared with tubes installed
after each irrigation.

Irrigation Date Sand No Sand Installed
(mm)  (mm)    (mm)

16 December 1976

Before irrigation (15 Dec.76) 384.0 ± 11.7 384.8 ± 14.3

After irrigation (29 Dec. 76) 376.4 ± 15.7 376.9 ±  6.5 385.8 ±  3.3

13 January 1977

Before irrigation (12 Jan. 77) 357.9 ±  7.9 357.7 ± 10.5 361.9 ±  5.7

After irrigation (20 Jan. 77) 391.9 ±  5.4 415.4 ± 13.2 391.2 ±  7.0

12 February 1977 

Before irrigation (9 Feb. 77) 332.8 ±  6.2 343.2 ±  14.3 351.9 ±  6.3

Sand v No Sand t = 13.3
No Sand v Actual  t = 11.1

Sand v Actual  t = 43.0 **

After irrigation (17 Feb. 77) 364.5 ±  4.1 403.9 ± 10.3 380.0 ±   5.9

Sand v No Sand t = 71.1 ***
No Sand v Actual  t = 40.6 **

Sand v Actual  t = 22.1

12 February 1977

Before irrigation (9 Feb. 77) 312.9 ±  7.3 312.9 ±  9.1
After irrigation (17 Feb. 77) 373.5 ±  6.4 401.3 ±  5.8 365.7 ± 12.4

Sand v No Sand t = 91.2 ***
No Sand v Actual  t = 68.5 ***

Sand v Actual  t = 14.7

** 1%

*** 0.1%
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4.5  Calibration of the Neutron Moisture Meter (NMM)

Introduction

In a heavy clay soil the effects of changes in bulk density with

depth and of cracking on NMM calibration need to be considered.

A change in bulk density with depth in the soil profile would be

expected to change the intercept of the calibration equation.  Cracking is

also expected to affect this intercept.  If the soil being measured 

moves away from the measuring point due to cracking a reduced number of

counts will be obtained for a given soil water content.  As a consequence

this will result in a larger intercept for the calibration equation.  The

slope which is largely affected by the percentage of clay and sand should

be the same over the entire range of soil water content for a particular

calibration line.

Calibration over all depths is first necessary to obtain the effect

of bulk density at each depth.  Calibration then over a large range of

soil water contents particularly at the dry end of the range is necessary

if the effect of cracking on slope and intercept is to be tested

Methods

The field calibration of the NMM was carried out at three different

times using three different methods.  These were firstly at the time of access

tube installation.  Secondly at the time of access tube removal and thirdly 

continuously throughout an entire cotton season.

The first time access tubes were installed was in a wet uncracked

pre-irrigated soil in October, 1975.

At the end of the cotton season (April, 1976) just prior to access

tube removal when the soil was dry and cracked NMM readings and gravimetric



70.

soil water samples were obtained.  The NMM readings were first taken and

then two 0.70 m holes were driven down within 0.1 m of the existing 

access tube.  The resultant pairs of gravimetric soil water values were

averaged.

A different approach to calibration was undertaken during the second

cotton season (October, 1976 to April, 1977) in order to show the effect

of cracking on NMM readings particularly near the soil surface where

cracking was greatest.  Once a week, weather permitting, three 0.6 m

gravimetric soil cores were obtained from each of the ten plots.  Thin

walled (50 mm outside diameter; 46 mm inside cutting diameter) stainless

steel tubes were driven in by an electric hammer (Kango 950).  The 0.1 to

0.6 m section of each core was cut into 0.1 m lengths for gravimetric 

soil water content determinations.  Paired NMM readings were taken at 0.2,

0.3,0.4 and 0.5 m depths for each of the three access tubes in a plot. 

These three paired readings were then averaged as were the three corresponding

calculated gravimetric water contents.

Calibration equations were obtained by correlating NMM readings 

with volumetric soil water content for the particular depth concerned using 

standard regression techniques.  The bulk density value used in the

conversion of the soil water content from a gravimetric to volumetric basis

was the mean value for the depth concerned, calculated from the soil 

cores obtained. The regressions were tested for significant differences 

between slopes and intercepts (Snedecor and Cochran, 1967) and are indicated

on Figures 4.2,4.3,4.4,4.5 and 4.6.  The length of a line in each figure 

represents the range of measurements encountered when deriving a calibration

and lines with the same slope or intercept are indicated by the same letter.

Results

The change in bulk density with depth was not significant (Figure 4.2)
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with a mean bulk density for all depths being 1.274.

There were no differences between either the slopes or the

intercepts within the regressions resulting from installation time samples

(October, 1975) below 0.4 m (Figure 4.3).  Similarly, among regression

equations obtained at access tube removal (April, 1976) there were no

differences between either the slopes or intercepts of the calibration

equations (Figure 4.4).  However, the slope obtained over a much drier

water content range when the access tube was removed (when the soil was

dry and cracked) was much less (Figure 4.4) than that obtained at

installation (Figure 4.3) (when the soil was wet and uncracked).

Quadratic and linear equations were obtained to fit the data

collected by regular sampling throughout the cotton season (October, 1976

to April, 1977) (Figure 4.5).  Inclusion of the quadratic term resulted 

in a fit as good or better than the linear equation in the surface layers

of 0.2, 0.3 and O.4 m depth-while-below this at 0.5 -m depth the linear

equation gave the best fit.  These linear equations (Figure 4.5) have

slopes similar to the slopes of the linear equations below 0.4 m obtained

at the time of access tube installation but the intercepts are different. 

The 0.2, 0.3, 0.4 and 0.5 m equations (Figure 4.5) all have a similar lower

range of NMM counts approximating 400 CPS with those intercepts nearer the

surface being larger.  A comparison of intercepts of the 0.2 m depth at

installation (Figure 4.3) and after continuous calibration (Figure 4.5)

indicates that cracking can cause up to a 15-17% underestimate of volumetric

soil water content with this underestimate decreasing at depth.

The quadratic equations were examined to see whether in fact the

relationship was better described by two linear equations.  The results 

of this for the 0.3 m depth are given in Table 4.4. The data were tested

FIGURE 4.2  The relationship between bulk density and profile depth.
Duncan’s 5% values are indicated



Figure 4.3.

Neutron moisture meter calibrations obtained at the time of access 

tube installation (October, 1975).  The length of the line represents 

the range of measurements encountered when deriving the calibration. 

The lines with the same slope or intercept are denoted by the same /

letter.

I

Depth Slope Mean Observ-

ation

0.2 m  Y = 0.281814 + 0.000106X  r = 0.161 A A 30

0.4 m  Y = 0.059814 + 0.000530X  r = 0.685*** B B 30

0.6 m  Y = 0.010228 + 0.000461X  r = 0.860*** B C 30

0.8 m  Y = 0.014930 + 0.000418X  r = 0.837*** B C 30

1.0 m  Y = 0.004374 + 0.000431X  r = 0.806*** B C 30

1.2 m  Y = 0.029012 + 0.000388X  r = 0.742*** B C 30

1.4 m  Y = 0.047926 + 0.000361X  r = 0.742*** B C 30

1.6 m  Y = 0.042283 + 0.000370X  r = 0.583*** B C 30





Figure 4.4.

Neutron moisture meter calibrations obtained at the time of

access tube removal (April, 1976) .The length of the line

represents the range of measurements encountered when deriviT4

the calibration. The lines with the same slope or ¥intercept

are denoted by the same letter.

Depth Slope Mean Observation

0.2 m  Y = 0.297509 + 0.000134X  r = 0.330 A A 18

0.4 m  Y = 0.289275 + 0.000127X  r = 0.224 A A 18

0.6 m  Y = 0.275686 + 0.000154X  r = 0.192 A A 18
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to see if two straight lines, one <36% volumetric soil water content and 

one >36% volumetric soil water content fitted the data better than a single

quadratic.  It was found that the quadratic term was still significant 

in the >36% instance and that r2 fell to 10% for the linear equation.  The

two straight lines therefore did not fit the data better than a single

quadratic fitted the data.

The combination of NMM calibration equations which best estimate

the soil water content for a NMM reading at a particular depth in the soil

profile are given in Figure 4.6.  The calibration equations for 0.2, 0.3,

0.4 and 0.5 m depths are those of Figure 4.4 whilst for depths below 0.6 m

the calibration equations are those of Figure 4.3.

Table 4.4. Calibration Equations for 0.3 m Depth

Volumetric soil water greater than 0.36

Y = 0.181338 + 0.000380X r = 0.637***

Y = 0.546793- 0.000868X + 0.00000103X2 r = 0.677***

Volumetric soil water less than or equal to 0.36

Y = 0.269950 + 0.000100X r = 0.309*

Y = 0.255502 + 0.000157X -0.00000006X2 r = 0.309*

Actual quadratic equation used for 0.3 m depth

Y = 0.541507- 0.001098X + 0.00000135X2 r = 0.853***

Discussion

An increase in bulk density with depth could have been expected for

a soil of this type.  Stace et al. (1968) reports increasing bulk density

with depth for soils of similar uniform gradational (Ug) classification.

The technique used to determine bulk density may be questioned because no

VOLUMETRIC SOIL WATER (%)
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increase in bulk density was detected even though lengths of soil core

were carefully measured to detect changes in length due to such things as

unloading of overburden pressure at the time of access tube installation.

A method using large diameter, thin-walled rings pushed into the side of a

pit might have been preferable.  The gamma density probe could also have

been used but there was not one available .

At access tube installation time identical intercepts were obtained

because no air gaps then existed between the access tube and the soil. The

identity of intercepts further supports the absence of change in bulk 

density with increasing depth because a change in bulk density would change

the intercepts for the calibration equations.  This finding supports Greacen

and Schrale (1976) who found that a change in bulk density is directly

proportional to a change in intercept of the calibration equation.

The identical slopes of the calibration equations for all depths

at installation or removal was expected because all depths have a similar

mechanical analysis (Appendix 3.2).  This agrees with Johns (1971) who

claimed that different slopes at different depths will result if the clay

content varies at each depth.

The slopes of the calibration equations obtained at the time of

access tube removal are much less than those obtained at installation and

therefore indicate a reduction in slope as the water content was reduced.

This finding is consistent with the quadratic equations which provided 

an improved fit to the data for the depths near the soil surface.  The

quadratic provided an improved fit because there is a disproportionate

reduction in the NMM reading obtained as the soil dries, for a particular

water content, due to cracking.  The reason for this is that count rates

fall away at the rate proportional to the inverse square of the distance
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to the centre of sensitivity from the mass being measured.  Cracking at

0.5 m was not sufficient to produce a quadratic effect.  The fact that the

data could not be described any better by two straight lines indicates

that cracking is a continuous process and not one that starts at a

specific soil water content, which is consistent with the findings of

Berndt and Cough1an (1976).  Cracking at the surface therefore commences

as soon as water loss occurs from the soil after irrigation.

Cracking also has the effect of changing the intercept of a

calibration line with the intercepts of the calibration lines nearest to

the surface being largest.  The larger intercept reflects a larger

reduction in count rate than would be expected for a given reduction in

soil water content.  As cracking continues the centre of sensitivity is

located progressively further away from the mass being measured.  The

larger intercepts nearer the surface is consistent with the observation

that cracking for a given water content is greatest at the surface and

becomes progressively less with depth

The use of continuous data for calibration throughout the entire

cotton season had the advantage that the access tubes and NMM were being

calibrated under conditions in which they were actually used.  Cracking

developed around the access tubes as the soil dried and the continual

swelling and shrinking of this soil was therefore incorporated into the

calibration.  The reduction in count rate due to air gaps between access 

tube and soil was also automatically taken into account.  Since many access

tubes were included in the calibration, the random effect of crack geometry

discussed by Richards (1963) and Stirk (1972) was overcome.  As the cracking

became progressively deeper and air spaces formed, a reduction in count

rates at increased depths occurred.  Since soil cracking is a continuous
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process it further emphasises the necessity for calibration of the NMM 

on a heavy clay soil throughout its entire soil water range .

Continuous calibration is laborious and time consuming and it was

for this reason that it was not used below 0.5 m depth.  Cracking would

have occurred at 0.6, 0.8 and 1.0 m depths with a resultant increase in

the intercept of the calibration equations but this was not measured.

The final set of NMM calibrations which best estimate the soil

water content for a NMM reading at a particular depth in the soil profile

are given in Figure 4.7.  The calibration equations for the 0.2, 0.3, 0.4

and 0.5 m depths are those given in Figure 4.5.  The equations for 0.6, 

0.8 and 1.0 m depths are those given in Figure 4.3 but with the intercept term

arbitrarily increased by 3, 2 and 1% respectively to allow for some cracking

at these depths.  The equations for 1.2, 1.4 and 1.6 m depths from Figure 4.3

were combined as the effects of cracking at these depths was negligible.

4.6  Precision of Soil Water Content Measurement

Introduction

The precision of a particular soil water estimate will depend on

the number of measurements or readings taken to determine this estimate.

A more precise estimate is obtained as the number of measurements is

increased.  In order to measure soil water with a given precision the

number of measurements required must be determined .

Methods

The precision of the sampling techniques used to determine soil

water content were examined under extremes of wet and dry soil conditions.

The soil water content of the surface layers was determined by gravimetric
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soil measurement whereas NMM readings were used when estimating the total

content of the soil profile for depths of 0.25 and 1.3 m.

Confidence intervals for determining the precision of a soil

water content estimate at a given measurement time were calculated using

the data and method given in appendix 4.3.  These data were obtained on

17 February 1997 and are listed in Appendix 4.1 for the driest treatment

and Appendix 4.2 for the wettest treatment at the time when the soil 

water content was most extreme for each treatment.  The counts were

converted to soil water content with the calibrations of Figure 4.7.  This

data is the mean of 4 measurements.  The confidence interval (C.I.) about

this mean (  ) is given by:

C.I. =    ±  t 
n

S 2

where 
n

S 2

 is the standard Error of the mean and t a tabular value

obtained from t distribution tables (Snedecor and Cochran, 1967).

In order to calculate how large the 95% confidence interval is for

4 measurements which have a calculated varience estimate (S2) then :

C.I. =  2t5%,v. n
S 2

 t5%, 3 = 3.182
   n = 4

where V = degrees of freedom.

Subsequent calculation of the 95% confidence level for various

numbers of measures, using the calculated S2 value, was carried out by

obtaining the value of the C.I. corresponding to the particular number of

measures from 1 to 40, i.e. n = 1 to 40.  This C.I. was then expressed as

a percentage of the mean.

Confidence intervals for determining the precision of a change in

soil water content between two occasions were calculated in the same

manner.  The data which is the mean of 4 measurements is given in

_
X

_
X
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Appendix 4.4. The data used to estimate the change in soil water was

obtained from the difference in soil water contents between two times of

measurement such as 26 January 77 - 2 February 77.

The relative efficiency of the neutron and gravimetric techniques

of soil water measurement were directly compared over a range of dates 

and depths for the wettest and driest treatments.  This was carried out 

by forming a ratio of the variance estimates (S2) of gravimetric to neutron

measurement because an equal number of measurements were used to calculate

the mean and standard deviation in each instance.

Results

The number of measurements required to estimate total water content

of the soil was similar irrespective of whether the profile was at the wet

or dry extreme (Figure 4.8).

When using the gravimetric sampling technique in wet soil a

considerably greater number of measurements were required to obtain the

same precision as in a dry soil (Figure 4.9).  This applies irrespective

of the depth of the soil layer concerned which in this instance is the 

0.3 and 0.5 m depths (Figure 4.9 and Figure 4.10) .

The large difference between the relative precision of gravimetric

and NMM sampling for soil water content is illustrated by the ratio of

variance estimates for gravimetric and neutron sampling over a range in

soil water contents for the 0.3, 0.4 and 0.5 m depths during a drying

cycle (Table 4.4).  The pooled variance estimates give a comparative

precision for a range of soil water contents during a drying cycle.  Five

gravimetric measures are required to obtain the same precision as one

neutron site during a drying cycle (Table 4.4).
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The actual number of gravimetric samples required for equal

precision at anyone time varies between 1 to 256.  The larger numbers

being associated with the quadratic equations for depths near the surface

where at about 400 counts the coefficient of variation was often less 

than 1 (Appendix 4.1).

A greater number of measurements are required to estimate the

change in total water content of the soil accurately between two successive

sampling times during a drying cycle than for estimating it at a particular

time of measurement (Figure 4.11).

Discussion

The total water content of the soil profile can be estimated with

equal precision in a wet or dry soil because the precision of the NMM is

similar in either wet or dry soil.  This equal precision has been calculated

on the basis of an expected percentage error for a soil water estimate and

as such does not mean equal precision in absolute terms such as mm for a

soil water estimate.

However, when individual soil depths are considered, there is a much

larger number of measures required to determine the gravimetric water

content of a wet soil layer than for a dry soil layer.  Consequently, the

NMM is more precise than the gravimetric technique for a wet soil layer but

of similar precision for a dry soil layer.  This suggests that the

distribution of water within a soil layer following irrigation is uneven

when compared with a dry soil layer.  The work of Stirk (1972) in a similar

cracking clay soil supports this finding.  The coefficient of variation was

found to be greater in a rapidly recharged soil than a drying soil.  As

this unevenness is due to the cracking nature of the soil it therefore

cannot be adequately sampled by a small number of soil cores. The NMM
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Table 4.5. Efficiency of the neutron measurement with respect to
gravimetric measurement for the 0.3,0.4, 0.5 m depths for the
wettest and driest treatments.

Date Depth Treatment Neutron {N) Gravimetric {G) S2G/S2 N
Soil Water {mm) Soil Water {mm) 

26 Jan. 77 0.3 Dry 48.4 ± 1.9 46.7 ± 2.2 1

Wet 70.6 ± 2.2 71.7 ± 2.1 1

0.4 Dry 0.9 ± 0.8 31.4 ± 1.1 2

Wet 43.0 ± 1.2 43.9 ± 1.2 1

0.5 Dry 31.1 ± 1.1 31.5 ± 4.0 13

Wet 39.2 ± 1.6 39.8 ± 1.5 1

2 Feb. 77 0.3 Dry 48.5 ± 0.6 42.6 ± 2.0 11

Wet 60.7 ± 7.4 53.6 ± 5.4 <1

0.4 Dry 31.2 ± 1.5 28.1 ± 1.0 <1

Wet 38.7 ± 1.9 34.4 ± 4.6 6

0.5 Dry 30.7 ± 0.6 27.2 ± 1.5 6

Wet 37.3 ± 0.8 31.8 ± 3.4 18

9 Feb. 77 0.3 Dry 48.0 ± 0.2 45.9 ± 1.6 64

Wet 52.6 ± 2.1 54.7 ± 1.6 <1

0.4 Dry 30.4 ± 0.4 30.8 ± 1.2 9

Wet 35.1 ± 1.7 35.6 ± 0.9 27

0.5 Dry 28.6 ± 1.6 30.4 ± 1.1 <1

Wet 35.4 ± 0.9 34.3 ± 1.0 1

17 Feb. 77 0.3 Dry 47.8 ± 0.1 40.9 ± 1.6 256

Wet 71.6 ± 1.7 72.8 ±10.3 37

0.4 Dry 60.1 ± 0.7 53.1 ± 2.0 8

Wet 86.8 ± 2.1 91.9 ±11.7 31

0.5 Dry 54.4 ± 1.7 51.8 ± 2.0 1



Wet 77.4 ± 3.8 80.9 ±11.9 10

Neutron Pooled S2 = 0.46.   Gravimetric Pooled S2 = 2.10 ~5
S2 - variance estimate.
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measures a larger volume of soil and it is more able to integrate the

variation due to water running down cracks.  The similar accuracy of the

gravimetric soil water determination to that of the NMM in a dry layer

indicates that the utilization of soil water by plant roots results in a

more uniform field soil water content irrespective of the initial variation

imposed by irrigation. ,

The NMM can give a more precise estimate of soil water content for

a particular layer of soil than the gravimetric technique even though the

neutron calibration equations were obtained from gravimetric soil water

data.  This is because there are many more observations, up to 102, used

to determine the calibration equation compared with the 4 samples for the 

gravimetric technique for which it is being compared at any particular time.

For comparative precision over a range in soil water contents during a

drying cycle, five gravimetric measures are required for every neutron

site.  Stone, Shaw and Kirkham (1960) similarly found that 7.1 gravimetric

measures were required for every neutron site.

However, the range of gravimetric measures to neutron sites given

by Stone, Shaw and Kirkham (1960) was 4.8 to 10.2 which compares with a

range of 1 to 256 found in this study. The flat slope of the quadratic

calibration equation at ~400 counts produces no response in soil water

content to a variation in couts and so the variance associated with such 

a soil water estimate is very small despite a normal variance in counts.

The resultant ratio of the sample variances is therefore large.  The 

calculated coefficient of variation in these instances when sample variances

are very small is often less than the coefficient of variation from the

random emission of fast neutrons given by Stone, Shaw and Kirkham (1960)

as 1.6%. This further exemplifies the problem of calculating a realistic

precision for soil water estimates in a dry soil profile when using a

91.



quadratic calibration equation.

The increased number of measures required in order to estimate

change in the total soil water content of the profile over a period of

time compared with number required to estimate it at a particular time

with equal precision will depend on the level of precision required.  A

mean of 6 measures on neutron sites will estimate the change and the

particular total profile soil water contents with an expected percentage

error of 3 and 2% for a 95% confidence interval.

4.7  A Standard Measurement for the Neutron Moisture Meter (NMM)

Introduction

A continuous drift or random change in the count rate of the NMM

due to changes in the instruments performance can occur.  To detect 

this drift a standard measurement was used in order to measure any such

change in the count rate.

Method

A large sample of soil from the top 1.0 m was collected, air dried

and mixed before being placed in a 200 litre drum. This drum had an 

access tube placed in its centre and was then permanently sealed by welding.

This soil sample was then used as a standard for periodically checking 

the NMM against and for then noting a change in count rate. The volumetric 

soil water content of this soil was 12.32% and the bulk density was

1.214 g cm-3

Results

There was no change in count rate when measured in the standard 
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of soil at any time over the experimental period

Discussion

The count rate of the NMM used in this study was unaffected by

repeated usage.  Variations measured in the count rate were from sources

other than the instrument itself.

 

4.8  General Conclusions

This study indicates that the neutron technique of soil water

measurement can be used in a cracking clay soil for water balance studies

of irrigated crops.

On a grey cracking soil which has a 60% clay content and 1.27 g cm3

bulk density for all the depths within the soil profile, such as a Ug 5.24,

(Northcote, 1971) the neutron technique can be used to obtain an accurate

measure of soil water content in the way described in this section

The addition of sand prior to irrigation and replacement of access

tubes after irrigation is necessary only if the soil water content in the

0.25 to 1.3 m depth of profile is less than 360 mm.  Above this value the

crack dimensions are not large enough to allow preferential entry of water

during irrigation.  If sand addition is necessary, it may be added either

continuously up to the time of irrigation as the soil draws away from the

access tube and cracks enlarge, or all at once just prior to the irrigation

This is because sand had no effect on evaporation from soil shrinkage

cracks.  A small amount of sand added to an access tube prior to only one

irrigation has no effect on the neutron reading and so it can be added

before taking this neutron reading if necessary.

After irrigation, the previously added sand enables accurate neutron
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readings to be taken from these access tubes until the soil surface is

sufficiently dry to allow the access of equipment for the installing 

of a new set of access tubes.  Neutron readings were found to be the same

in access tubes with sand added and those which had been installed after

the irrigation.  However, it is not possible to use the one set of access

tubes by continually adding sand as eventually the amount of sand will 

be so great that it will displace the clay from the source of measurement.

 The calibration equations have the same slope and intercept when

there is no cracking around the access tube because the soil has the same

mechanical analysis and bulk density respectively at all depths.  This is

expected for this uniform soil.  Cracking, however, near the soil surface

increases the intercept just as an increase in bulk density would do and

under these conditions the calibration is best described by a quadratic

equation.  The increase in intercept is greatest nearest the surface

because; firstly, cracking for a given water content is greatest at the

surface and secondly, the quadratic calibration results from the

disproportionate reduction in the neutron reading.

The final set of NMM calibration equations given in Figure 4.6 takes

these factors into account and should provide the most accurate estimate

of soil water content from a given neutron reading.

When estimating total water content of the soil profile the precision 

is similar on a percentage basis for either a wet or dry soil. If the 

mean of six measurements or neutron sites is used to estimate the total

soil water content at a particular time then the expected percentage error

of the soil water estimate is likely to be around 2%.  The expected

percentage error for estimating change in soil water content from one time

period to another is around 3% for the mean of 6 measurements or neutron 
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sites.

Under normal conditions of operation an instrument such as the 

NMM should not have any change in count rate which is not directly

attributable to soil water content.
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CHAPTER 5

COTTON: WATER USE AND RESPONSE TO SOIL WATER REGIME

5.1  Introduction

A detailed understanding of the irrigation requirements and

response to water of cotton in the Namoi Valley is necessary for efficient

management 

of the cotton production system.  Crop water use throughout the season

and extent and timing of critical soil water deficits need to be

determined if irrigation management is to be improved.  As the total water

 content in the soil profile declines due to evapotranspiration, unless rain

falls or the crop is irrigated a level will be reached that will cause 

crop yield to decline because of water shortage.  The further the soil dries

past this level, the greater will be the yield reduction.  This level of

soil water is called the critical soil water deficit of the crop.

The amount of extractable soil water will increase as the root

system develops and hence there will be an increase in the amount of soil

water extracted before the critical soil water deficit is reached.  The

time interval between irrigations will be determined by the rate of crop

water use.

The measurement of crop response to these deficits throughout the

season will enable an understanding of how yield is affected by water

stress at the different stages of growth,

The aim of the following experiment was to:

a) measure evapotranspiration rate by the water
balance method and the crop, soil and plant factors
affecting it, for the purpose of testing and
further developing a predictive water use model for
future use in irrigation scheduling;



96.
b) generate a range of soil water levels at different

growth stages to determine the appropriate critical
levels of soil water;

c) from a) and b) propose an appropriate irrigation
scheduling schedule for cotton growing in the
Namoi Valley to improve the efficiency of use of
the finite supply of irrigation water.

5.2 Daily Water Use  

Introduction

The daily water use of irrigated cotton in the Namoi Valley

has not been previously quantified.  This may vary depending upon the

number of irrigations applied as well as the rainfall total and

distribution

Methods

The irrigation treatments that were applied in each cotton

season are set out below (Table 5.1).  Irrigation treatments were applied

at 

the most appropriate times so as to obtain as great a range of 

soil water levels as possible between treatments.  There were two replicates

of each treatment.

A pre-irrigation was applied to all treatments prior to planting

in both seasons.  In the 1975/76 cotton season only three of the planned

five treatments were applied because of frequent rainfall.

The treatments closest to the surrounding commercial practice were

the once irrigated treatment (T2) in 1975/76 and the twice irrigated

treatment (T2) in 1976/77.  Auscott's commercial irrigation practice is to

apply less irrigations than normal for the Namoi Valley as discussed in

Chapter 3.
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Table 5.1. Irrigation Treatments Applied

Season Treatment Date of Irrigation

1975/76 TI -Two irrigations 10 Dec. 75 9 Jan. 76

T2 -One irrigation 9 Jan. 76

T3 -Nil irrigations

1976/77 TI -Three irrigations 16 Dec. 76 13 Jan. 77 12 Feb. 77

T2 -Two irrigations 13 Jan. 77 12 Feb. 77

T3 -One irrigation 13 Jan. 77

T4 -One irrigation 12 Feb. 77

T5 -Nil irrigations

The total soil water content of the profile was calculated using

the upper 1.3 m of the profile.  The soil water content of the surface 

layer of 0-0.25 m was determined gravimetrically, because normal use of the

NMM results in a lowered count rate when the source approaches the soil

surface (Sharma and Tunny, 1972).  The 50 mm soil cores obtained were

sectioned into 0-5, 5-15, 15-25 cm lengths, dried for 24 hours at 105oC

and the soil water content determined gravimetrically.  This was then

converted to volumetric soil water content using the mean bulk density

of 1.274 (Figure 4.1).  The NMM was used to determine the soil water 

content for 0.25-1.3 m depths in conjunction with the previously determined

calibration equations (Figure 4.6).  The total water content of the 0-1.3 m

depth of soil profile at field capacity was assumed to be 520 mm.  This

assumption which is used in calculation of the total seasonal water use

will be discussed later in this Chapter.

The gravimetric measurements and neutron readings were taken on
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the same day from all the 10 plots in the 5 treatments.  There were 3

measurements from each plot and hence the value for each treatment is 

the mean of 6 measurements sine there were two replicates per treatment.  

The expected percentage error of the soil water estimate at a given time

was 2% whereas the estimate of change in soil water content had an

expected percentage error of 3% for a mean of 6 measures (Figure 4.11).

Water use during periods of heavy rainfall or irrigation was

calculated by following the steps as outlined below:

a) The total water content of the soil profile from the
last measurement before rainfall or irrigation was
recorded.  Since the total water content was measured
approximately weekly the ratio of crop water use to
U.S. Class A pan evaporation could be determined for
the weekly period prior to the last soil water
measurement before rainfall.  The total water content
of the soil profile on the day immediately prior to
heavy rainfall or irrigation was then calculated
using the U.S. Class A pan evaporation from the 
time of last measurement until the rainfall or
irrigation and the ratio of crop water use to U.S.
Class A pan evaporation.

b) The total water content of the soil profile on the
day after irrigation was assumed to be 520 mm.  The 
water use in the 3-5 day period from irrigation until
total water content was again measured and was
considered to be the difference between 520 mm and
the measured value.  The quantity of irrigation
water applied was calculated as the difference
between 
520 mm and the total water content of the soil profile
on the day immediately prior to irrigation.

c) In the instance of heavy rainfall an excess above
that required to recharge the soil profile to an
assumed 520 mm was considered to be runoff. Since
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the total water content on the day immediately prior
to heavy rainfall had already been calculated, then
the amount of rainfall required to recharge the soil
profile and the amount of runoff could be determined.
Water use during a period of heavy rainfall was
assumed as being equal to the U.S. Class A pan
evaporation.

The U.S. Class A pan evaporation was used as a reference level

for the most frequently irrigated treatment (1975/77, T1) so as to obtain

an indication of the suitability of using crop factors for irrigation

scheduling.

The total flux of water into the drying soil profile from wetter

soil below during a drying cycle was calculated using treatments which 

differed considerably in soil water content.  The most frequently irrigated

treatment (1976/77, T1) and the unirrigated treatment (1976/77, T5) were

compared for two periods 26 January to 2 February and 2 February to

9 February.  The flux was calculated by the method of Rose, Stern and

Drummond (1965) using the previously determined hydraulic conductivity

soil water relationship (Burch, 1977) (Appendix 3.3).  This method uses

the soil water balance equation discussed in Chapter 2 and assumes all
terms except the change in soil water content over a time interval (SWt-l
and SWt) and drainage (DR) to be zero.  The soil water flux is calculated

over the time interval between two successive measurements of soil water

in the same profiles.  The calculation is done by using a mean suction

gradient and hydraulic conductivity at the depth concerned for the time

interval between successive measurements.

Results

The rainfall totals of 550 mm and 502 mm were similar for the two

seasons despite a marked difference in distribution (Figure 5.1).  

The average daily water use (mm) calculated over a varying time
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period for two contrasting treatments demonstrates the range of values

that can be expected at anyone time within a season (Figure 5.2 and 

Figure 5.3).  During the 1976/77 season the daily water use of the most

frequently irrigated treatment exceeded 11 mm immediately after irrigation

in February, whereas it was less than half of this amount in the corresponding

period for the unirrigated treatment.  Daily values in late January and

February 1977, however, were more usually 6-7 mm (Figure 5.3). During the

1975/76 season the daily water values were in the order of 5-7 mm in late

January and February 1976 with the unwatered treatment having a greater

daily water use (Figure 5.2). This was probably due to the large rainfalls

in late January and early February, the first of which fell 4 days after

irrigation of treatment (TI) (Figure 5.1), and which caused the soil to

become waterlogged and anaerobic.

The ratio of daily water use/daily pan evaporation is not constant

during the mid-season when irrigations are being scheduled (Figure 5.4).

The ratio is always varying being highest after irrigation or during

periods of rainfall and lowest during periods of no rainfall. This is

consistent with the large range in daily water use values which occurred

at any point in time during the season (Figure 5.3). For example, the

highest value of the ratio of daily water use/daily pan evaporation of 1.2

(Figure 5.4) occurred after the irrigation on 10 December 1976 at a time

when there was a high daily water use of 10.6 mm (Figure 5.3).

The estimated flux of water into the root zone from the soil below

was greater for the unirrigated treatment (1976/77, T5) than for the most

frequently irrigated treatment (1976/77, TI) during both periods examined

(Table 5.2).  The increase calculated in daily water use due to this flux 

did not exceed 0.016 mm day-1.
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Discussion

Daily water use is more usually around 7 mm during mid-summer

(late January and February).  There can be large fluctuations however,

over a short time period, because of high rates of soil evaporation

following rainfall or irrigation.  Consequently, the ratio of daily water 

use/daily pan evaporation is not constant and hence the accurate scheduling

of an irrigation using a constant crop factor would be difficult. The

accurate scheduling of an irrigation involves estimating or measuring the

current soil water status as reliably as possible so that accurate

projections can be made of the number of days before a critical soil water

deficit is reached and irrigation is required.  In an environment of

variable rainfall, reliable estimates of current soil water status on a

day to day basis are not possible using an evaporation pan and hence

accurate projections of the number of days before irrigation is required

is not possible.

The flux of water into the root zone from wetter soil below was so 

small that consideration of it in the overall water balance and calculation 

of daily water use is not important.  Ritchie, Burnett and Henderson (1972)

also showed this for a similar clay soil.

5.3 Patterns of Profile Wetting and Drying

Introduction

 The amount of water entering the soil profile at each irrigation

will be determined by the amount and depth of extraction of soil water

from the profile by the plant roots prior to irrigation and the depth of

wetting of the soil profile after an irrigation.  The ability of the plant

to extract soil water will be determined by the lengths of root (root

length density) at the various depths within the soil profile.
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Methods

The depth of wetting and extraction of water from the profile and

the quantity of irrigation water entering the profile were calculated from

gravimetric and neutron measurements described in the previous section.

The depth to which irrigation water penetrated within the soil profile was

determined as the depth below which there was no measurable change in the

soil water content before and after irrigation.  The first soil water

measurements after irrigation were always obtained 3-5 days after the

irrigation because wet soil conditions prevented access.  The volumetric

soil water content at this maximum depth of wetting was recorded as the 

soil water content at which cracking either did not occur or was ineffective

in permitting infiltration of water to the depth concerned.  The assumption 

that water infiltrates primarily via cracks in a heavy clay soil which 

cracks upon drying was discussed in Chapter 2.  The soil at the experimental

site is a heavy clay soil and cracks upon drying (Chapter 3).  Irrigation

water is able to rapidly infiltrate into the soil profile in these cracks.

These then become filled with water and infiltration eventually ceases.

Significant infiltration of irrigation water can only occur if there is

sufficient soil drying to cause cracking.  Water content on the day prior

to irrigation was estimated by subtraction of the daily evapotranspiration

from the soil water measurement several days prior to the irrigation.

The comparative water use within and between plant rows was

determined for two contrasting treatments one of which had been irrigated

previously (1976/77, TI) and the other which had not been irrigated

(1976/77, T5).  The soil water content was determined by gravimetric

sampling to 0.6 m, each estimate being the average of 6 samples of which
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3 samples were from each replicate. The expected percentage errors for a

soil water estimate ranged from 0.5-3% depending upon the soil water

content (Figure 4.9).

Root densities were measured on the most frequently irrigated (T1)

and unirrigated (T5) treatments on 15 March 1976 as well as on the

unirrigated (T5) treatment on 19 January 1977.

Roots were sampled between plants within a row.  Ten cores were

taken from each treatment using a steel tube 44 mm diameter driven into

the ground by an electric hammer and retrieved by hand winch.  Cores 

were sectioned into 0.1 m lengths and soaked for 24 hours in a detergent

(Calgon) to disperse the soil.  Roots were recovered by washing off loose

soil over a 1 mm screen and then floating the roots off the remaining 

soil using a water bath.  Root samples were photographed and their length 

determined using the intercept technique of Newman (1966) and by projecting

the negative onto a screen etched with a standard grid (Marsh, 1971).

The root length data from each core were smoothed by regression.

This was done by fitting a polynomial to root length as a function of

depth and then using the fitted value.

Results 

Depth of soil wetting and amount of water applied at each

Irrigation

The volumetric soil water content above which soil cracking was 

no longer adequate to permit significant water penetration was 33-36% 

at 0.6 m and 29-34% at 0.8 m (Table 5.3).

It was not unusual to obtain values of volumetric soil water in

excess of 55% for the upper layers of the soil profile when measured
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within 4 days of irrigation or rainfall.  for example, on 20 December 1976

(Figure 5.5), 4 days after irrigation and on 10 March 1977 (Figure 5.6

and Figure 5.7), 3 days after heavy rainfall, values in excess of 55% 

were obtained in the upper 0.2 m of the soil profile.

The measured total water content of the upper 1.3 m of the soil

profile 3-5 days after irrigation was always in the range 480-510 mm

irrespective of the total water content on the day prior to irrigation 

(Table 5.3).  The 1976/77 treatments irrigated on 12 February 1977 (day 137)

had 476.4, 487.9 and 480.6 mm which were the lowest values of total water

content measured 3 days after irrigation.  If a daily water use of 11 mm

was assumed for the 3 days after irrigation (Figure 5.3) for these

treatments then the total water content of the soil profile immediately

after irrigation would be 509.4, 520.9 and 513.6 mm respectively.  This

assumption of an 11 mm daily water use would seem reasonable since the

subsequent two days 16-17 February 1977 (day 141 and 142) (Figure 5.3) 

had a measured U.S. Class A pan evaporation average of 10.0 mm compared

with 10.7 mm (Appendix 3.4) for the previous 3 days which were after the

irrigation.  From the above data the field capacity value for the total

water content of the soil profile was assumed to be 520 mm because it 

very closely approached this value after irrigation.

The estimated quantity of irrigation water entering the soil 

at each irrigation, using this assumption, varied between 102.5 - 56.0 mm

and 157.1 - 86.6 mm for the 1975/76 and 1976/77 seasons respectively

(Table 5 .3).

Depth of extraction of soil water and amount of total

extractable soil water

Irrigation influenced the depth of extraction of soil water
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(Table 5.4).  The rate of increase in depth of soil water extraction

varied between years.  Extraction to 0.5 m depth occurred earlier by

24 days in 1976/77 (Table 5.4) but in both years the 0.7 m depth was

reached at a similar time.  The depth of extraction continued to increase

for longer in 1976/77 and hence the maximum depth of extraction attained

of 1-2 m in 1976/77 was greater than the 0.8 m of 1975/76.  In both years

extraction from a given depth occurred in the driest treatment sooner 

than in any of the wetter irrigated treatments.  In 1975/76 T3 reached

0.6 m depth 26 days earlier than TI and reached the 0.8 m depth 51 days

earlier than T2.  In 1976/77 there was little difference until late in the

season when the driest treatment (T5) reached the maximum depth of

extraction of 1.2 m nearly 2 months earlier than any of the irrigated

treatments.

The frequency of irrigation and rainfall affected the proportion 

of the total seasonal water use which was obtained from the various soil

layers (Table 5.5).  When the profile was frequently wet because of

rainfall (1975/76, T3) or irrigation, (1976/77, T1) 68-70% of the total

seasonal water came from the 0-0.35 m layer whereas only 48% came from

this layer when the profile was dry and unirrigated (1976/77, T5).  During

the season in excess of 90% of the total water use was obtained from the

upper 0.7 m of the soil surface in all treatments.

The increase in the maximum depth of soil water extraction over 

the growing season is indicated by the unirrigated treatment (1976/77, T5)

(Table 5.4) which had a root length in the 0.3 to 0.5 m layer similar to 

that in the 0.5 to 0.8 m layer (Figure 5.10).  The ratio of water extraction

per unit root length of 11-13 m 3 mm-1 was lower, however.  The apparent

inability of the roots to extract water at this depth is further indicated

by Figures 5.9 and 5.12.  For example, in Figure 5.9 during the period from







Fi
gu

re
 5

.8
   

Th
e 

in
cr

ea
se

 in
 m

ax
im

um
 so

il 
w

at
er

 e
xt

ra
ct

io
n 

ov
er

 th
e 

   
   

   
   

 g
ro

w
in

g 
se

as
on

 fo
r t

he
 u

ni
rr

ig
at

ed
 tr

ea
tm

en
t (

19
76

/7
7 

T5
)







}96.0 }93.7 }97.6

118 

Table 5.5 Water uptake {as % of total) by cotton from the various
soil layers of the highest yield treatments in each
season {1975/76, T3; 1976/77, TI) and the driest
treatment obtained {1976/77, T5).

Soil layers (m) 1976/6, T3 1976/7, T1 1976/77, T5

0 – 0.35 68.6 70.3 48.8
0.35 - -0.70 27.4 23.4 48.8

0.70 – 1.05 4.0 6.2 2.7
1.05 - - 0.5

9 February to 16 February there was virtually no change in the volumetric

soil water content at the 0.3 m depth of approximately 30% whereas it was

2-3% for the 0.5 to 0.8 m layer.  This effect was only apparent when the

soil profile became dried to approximately 30-33% volumetric soil water

content (Figure 5.9 and Figure 5.11).

There was little soil water extraction at or below a depth of 

1.0 m in either season (Table 5.5).  The root length of the 1975/76

treatments declined rapidly at the 0.9-1.0 m depth with a value 0£ 0.2 cm

cm-3 at 1.0 m, (Figure 5.10).  The unirrigated treatment in 1976/77 had a

similar root length at the 0.8 m depth where most soil water was 

obtained but the lesser root length of 0.15 cm cm-3 at 1.0 m depth was

insufficient to extract much water at this depth, (Figure 5.11) especially

when there was a low ratio of water extraction per unit length of root of

6.0 mm3 mm-1(Figure 5.10).

The soil water profile was drier at all depths within plant rows 

when compared with between the rows of plants for the unirrigated treatment

T5 on 30 December 76 {Figure 5.13b).  Similarly the soil water profile 

was drier below 0.4 m within rows when compared with between rows of 
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plants for the irrigated treatment (TI) on 30 December 76 (Figure 5.13a).

However, water use was greater between than within plant rows during the

period from 30 December to 12 January particularly for treatment T5

(Figure 5.13b).  As a result of this the soil water content was the same

for both within and between the plant rows to the 0.5 m depth measured 

on 12 January 76 (Figure 5.13a and Figure 5.13b).  The increase in the

depth of soil water extraction with time was linear from 3 December to

9 February.  There was no change in the soil water content at 1.3 m depth

in the soil profile during the entire 1976/77 season.

The driest soil water profile obtained in either season was that 

of the unirrigated treatment (1976/77 T5) on 16 February 77 (Figure 5.9 

and Figure 5.7).  This profile had a total water content of 342.2 mm in the

surface 1.3 m of the soil profile and 195 mm in the surface 0.7 m of the

soil profile.  The wettest profile was obtained from the same treatment of

10 March 77 which was 2 days after heavy rainfall (Figure 5.7).  This

profile contained 529.0 and 359.5 mm in the first 1.3 m and 0.7 m of soil

profile respectively.  The total extractable soil water content was then

177.8 mm for 1.3 m and 164.5 mm for 0.7 m of soil profile since 520.00 mm

was the predetermined value for the wettest profile.

Root length and its effect on soil water extraction

There was little difference in the root length per unit volume of

soil for both the most frequently irrigated (TI) and unirrigated (T3)

treatments measured late in the 1975/76 season (Figure 5.10).  The amount 

of soil water extracted, (103 mm) was also similar for these two treatments

in the 22 day period from 21 February to 15 March 76, (Figure 5.11).  Most

of this water was extracted from the surface 0.6 m of the soil profile. 

In contrast, the length of root per unit volume of soil for the



122.

unirrigated treatment (T5) measured in the middle of the 1976/77 season

was much less than that measured previously.  There was 58 mm of soil

water extracted in the 20 day period from 30 December 76 to 19 January 77.

The majority of this soil water came from a depth of 0.5- 0.8 m

(Figure 5.11) which has a similar total root length to the 0.3-0.5 m zone

and where the ratio of water extraction per unit root length ranged from

24-38 mm3  mm-l (Figure 5.10).  The measured soil water content at 0.3 to

0.4 m depths on 19 January 77 was greater than that for depths deeper in

the profile and hence the soil water extraction was less at the 0.3 to 

0.4 m depth (Figure 5.11) despite similar root lengths.

Discussion

The total water content of the soil profile as measured several

days after irrigation varied from 480-510 mm depending upon the prevailing

daily water use of the crop.  When consideration is given to these sources

of variation the actual value for the total water content of the soil

profile on the day after irrigation can be calculated to be about 520 mm

for 1.3 m of soil profile. The swelling heavy black clay soil studied

would appear to be "self regulating" in that after each irrigation the

soil will have the same water content irrespective of the water content

prior to irrigation.  Farbrother (1972), who reviewed the characteristics

of the Gezira clay soil under irrigation which was similar to the cracking

clay soil of the Namoi Valley, referred to this "self regulating" feature.

The upper limit of wetness, subsequent to irrigation, can be closely

reproduced irrespective of the soil water content prior to irrigation.

Farbrother (1972) provides a hypothesis for this situation in the Gezira 

clay which would also seem plausible for the clay soils of the Narnoi Valley.

Two mechanisms are suggested to be involved;  firstly the free flow of

water downwards to fill cracks;  secondly the initially very rapid 
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re-distribution of this water from the soil surfaces of the cracks by

movement in response to the gradient of tension from wet soil to dry,

horizontally and vertically.

The amount of water applied at each irrigation is therefore 

determined almost entirely by the water content prior to irrigation because

this water content will determine the depth of cracking within the soil

profile and hence the depth of penetration of irrigation water.  An

important additional factor is the lack of through drainage as indicated

by the small soil water flux.

The soil water used by the crop is mostly obtained from the upper

0.7 m of the soil profile.  However, the surface 1.3 m of the soil profile

formed the basis of all soil water calculations because there was no change

in the soil water content below this depth in the profile in either season.

The total extractable soil water content of 164.5 mm and 177.8 mm for the

0.7 m and 1.3 m depths respectively indicates the amount of water actually

available to the cotton plant from the time of irrigation until approximately

permanent wilting.  The number of days taken for a crop to reach permanent

wilting after irrigation will depend on the daily water use.

The total extractable soil water content will vary if the rooting

depth and root length at particular depths changes.  However, this effect

would be small as is indicated by the increase of only 13.3 mm in total

extractable soil water content when the rooting depth is increased from

0.7 - 1.3 m. The value of 177.8 mm would be a slight underestimate of 

the actual value for the experimental site as permanent wilting did not

occur even though midday leaf water potentials in excess of -3.0 MPa were

obtained (Table 5.8).

There was only a small increase in total extractable soil water
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content from 0.7- 1.3 m despite a large increase in depth.  This was

because more than 90% of the total seasonal water uptake occurred in the

0 –0.7 m region irrespective of the irrigation treatment or season.

Irrigation frequency markedly influenced the depth of extraction 

of soil water attained by the root system at a given point in time.  This

result suggests that if irrigation was withheld early in the season a

deeper root system develops and a greater amount of soil water could be 

utilized from deeper layers of the soil profile.  As a result the subsequent

intervals between irrigations could be increased.  Nairizi and Rydzewski

(1977) also showed that a period without irrigation after the cotton shoot

emerges encourages roots to penetrate deeper, thus developing more potential

drought resistance.  By withholding the first irrigation until the period

30 December to 8 January the root system will have commenced to extract

water at 0.7 m, the depth above which most of the soil water will be obtained

for a cotton crop.  The root system has also reached its fullest extent

horizontally as well as vertically by this date and hence could not continue

to expand into wet soil within the profile.

On the basis of root lengths which were similar for the 0.3 to 
0.4 m and 0.5 to 0.8 m depths, it was surprising that less soil water was
extracted from 0.3 to 0.4 m than from 0.5 to 0.8 m depths.  This only
became apparent when the soil was relatively dry, around 30-33% volumetric
soil water.  When the soil profile was wet, water extraction per unit root
length at 0.3 m depth was high relative to the other depths in the soil
profile.  However, as the soil profile dried to around 30-33%.volumetric
soil water there was a dec11ne 1n the water extract1on per un1t root
length at 0.3 m depth relative to other depths in the profile.  It was 
because of this inability of the plant roots to extract water at 0.3- 0.4 m
when the soil profile was dry that depths below 0.4 m had a lower
percentage of soil water.
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5.4  Seasonal Water Use
Introduction

The seasonal water use of irrigated cotton may vary depending 

upon the number of irrigations and the amount of water applied at each

irrigation as well as the rainfall total and distribution.  The seasonal

water use of irrigated cotton in the Namoi Valley has not been previously

quantified.

Method

The total seasonal water use was determined by the summation 

of the inputs of water for a particular treatment throughout the cotton

season from planting, (3 October 1975 to 10 October 1976) until the 

canopy was actively senescing 6 April in each season. The inputs 

were:

1) Rainfall, which was the same for all treatment
within a season;

2) The change in the water stored in the soil
profile prior to planting, and

3) The irrigation water applied after planting which infiltrated
into the soil.

The amount of soil water stored from winter rainfall and pre-irrigation

which was subsequently obtained from the soil profile was calculated from

the nett change in soil water between the beginning and end of the season.

The quantity of irrigation water applied was not measured directly at 

the time of application but it was assumed to be the quantity of water

which was measured to enter the soil following an irrigation. It was
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assumed when calculating the quantity of irrigation water applied that

there was not a greater amount of water applied than entered the soil

The runoff term includes only runoff from rainfall as the previous

assumption about irrigation water application precludes the inclusion 

of this source of water.

Results

Total seasonal water use including runoff varied between 852-704 mm

and 945-634 mm for the 1975/76 and 1976/77 cotton seasons respectively

(Table 5.6).  The amount of soil water stored from winter rainfall and 

pre-irrigation subsequently obtained from the soil profile was approximately

140-150 mm in each season.  The remainder of the total crop water use 

came from either rainfall or irrigation.  There were large differences 

in runoff within a season which varied between 190-5 mm and 170-27 mm for

the various treatments in the 1975/76 and 1976/77 seasons respectively

(Table 5.6).

Runoff was found to be greatest in the treatments which had the

greatest number of irrigations, e.g. 1975/76 T1 (Table 5.6).  The timing

of a single irrigation in relation to rainfall was also found to influence

the amount of runoff, such as in 1975/76 (T2) where 55 mm of rain fell

soon after irrigation and was followed by further heavy rainfall compared

with 1976/77 (T3) where 22 mm fell soon after rainfall and was followed 

by further light rainfalls (Figure 5.1).

Discussion

The total quantity of water being used to produce a cotton crop 

in the Namoi Valley could be in excess of 900 mm since the wettest

irrigation regime studied only represented the average number of

irrigations for the Namoi Valley.  The total amount of irrigation water
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applied is dependent upon the number of irrigations and the soil water

content immediately prior to irrigation.  The more frequently irrigated

treatments had the largest quantity of irrigation water applied and also

the largest runoff because of the increased chance of wet soil conditions

immediately prior to rainfall.

If runoff could be eliminated total water use could be in the

vicinity of 700 mm.  This would come from 150 mm of stored soil water in

the profile and 550 mm either from rainfall or irrigation.

5.5  Crop and Soil Components of Evaporation

Introduction

The Blackland soil water balance model (Ritchie 1972; Richardson

and Ritchie, 1973) is an important contribution to the study of crop 

water use, in that soil and plant evaporation are computed separately.

Soil evaporat1on is calculated 1n two stages.

Stage 1.  The constant rate phase when only the supply of energy 1j
to the surface limits evaporation, and

Stage 2. The falling rate stage when water movement to the
evaporating surface is controlled by soil and hydraulic properties.  

Plant evaporation is calculated by using an empirically determined

relation between leaf area index and the ratio of plant evaporation rate

relative to potential evaporation rate.  When soil water deficits cause

plant evaporation to decrease, the magnitude of the soil water deficit

determines the plant evaporation rate.  Total evaporation rate is computed

by adding soil evaporation and plant evaporation.

The objective of the following work was to derive the relationships

and parameters necessary for successful adaption of the soil water
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model of Ritchie (1972) for use in the Namoi Valley.

Methods

The relationship between U and hydraulic conductivity (K) at a 

soil water potential of -0.01 MPa was determined using the data of 

Ritchie (1972) (Appendix 5.1).  The field value of K at -0.01 MPa soil

water potential at the experimental site is 1.765 mm day-1 (Appendix 3.4)

for the mean bulk density of 1.274.

Data for 52 (Stage 2 soil evaporation) were obtained from gravimetric

an neutron samples of soil water content obtained during a drying cycle 

on bare soil which was initially wet to 0.6 m depth. In order to determine

α for the equation Σ S2 = α t½ it was necessary to plot Σ S2 against t½ .

where Σ S2 - cumulative Stage 2 soil evaporation (mm)

         t - time from commencement of 52 evaporation (days)

         α - constant dependent on the hydraulic properties of the
             soil (mm day -½ )

The measured data were corrected for the upward flux of soil water

into the drier 0 - 0.5 m surface layer from the wetter 0.05 - 0.1 m 

layer by the method of Rose, Stern and Drummond (1965).

The empirical relation between leaf area index (LAI) and the ratio

of plant evaporation rate (Ep) to potential evapotranspiration rate (Et) 

of the crop was determined under non-limiting soil water conditions.  

Et was assumed equal to the U.S. Class A pan evaporation (Epan).  Potential

crop evaporation (Epot) was considered to approximate EP when more than 60 mm

of the extractable soil water remained, this representing two-thirds of the

total extractable soil water of 177.8 mm.  Ritchie, Burnett and
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Henderson (1972) found that above two-thirds to three quarters total

extractable soil water on a similar soil type and under similar climatic 

conditions plant evaporation is not limited by soil water status. Immediately

after rainfall or irrigation soil evaporation is large and hence Epot has

a large soil evaporation component (Ritchie and Burnett, 1971).  In these

instances when soil evaporation was high Epot was not considered to provide

an accurate estimate of Ep and was disregarded.

Results

The value of U obtained from Appendix 5.1 was approximately 14 mm.  

A value of α = 5.86 was obtained when no correction was made to

allow for the upward flux of soil water.  After this correction was made a

value of 7.83 was obtained when U was equal to 14 mm (Figure 5.14).  There

will be an increase in the estimate of cumulative Stage 2 soil evaporation

of 5 and 10 mm by 9 and 17 days respectively after rainfall if an allowance

for the upward flux of soil water is made (Figure 5.15).

The relationship Ep/Et (plant transpiration/potential crop

evapotranspiration) approached 0.9 under well watered conditions as the

LAI reached 3.0 (Figure 5.16).  The Ep/Et was proportional to the square

root of LAI for an LAI < 3.0 and the resultant equation was

Ep/Et = 0.495 LAI½  r = 0.98 

It was not possible to obtain a functional relationship between

Ep/Et and LAI for an LAI ≥ 3.0 (full canopy) or between Ep/Et and soil

water extraction level because an LAI greater than 3.0 was attained by

only one treatment in the 1975/76 season (Figure 5.17) and not at all

during the 1976/77 season (Figure 5.18).
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Discussion

The flux corrected value of α and the value of U which were obtained

are more than twice the values obtained by Ritchie (1972) for a similar

soil type because of the higher hydraulic conductivity at -0.01 MPa soil

water potential.  The effect of this flux correction on cumulative soil

evaporation could be large in a season with infrequent rainfall.

The non-linear relation of Ep/Et to LAI indicates that Ep is larger

per unit of leaf area for smaller plants than for larger plants until 

an LAI of 3 is reached.  Ritchie and Burnett (1971) also found this

relationship to be non-linear, suggesting that sensible heat originating

over the partially dry surface soil rows was a significant source of the

total energy contributing to Ep.

Ritchie and Burnett (1971) define the threshold canopy LAI as 

the minimum LAI necessary to obtain 90% of potential evaporation from 

row crops when soil evaporation is small.  Since Ep/Et approached 0.9 as

LAI reached 3 it would be reasonable to assume a value of Ep/Et = 0.9 

for LAI ≥ 3.0.

5.6  Crop Response to Water
Introduction

The response of cotton to the soil water regime in a particular

environment will determine ultimately its yield and water use efficiency.

A combination of the largest yield response and highest water use efficiency

where irrigation water is limited will be obtained by irrigating at the

stage of crop growth most sensitive to a soil water stress.  For example,

the largest yield response to irrigation should be at peak flowering.
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Yield is, however, the integration of the effect of water stress on many

components including leaf area index, leaf water potential, stomatal

resistance and a number of various yield components such as squares,

flowers and green bolls.  These must be measured if the affect of water

stress on cotton yield is to be understood.

Methods

All plant samples for the analysis of crop growth were collected 

on the same day from all 10 plots in the 5 treatments.  Three quadrats 

of 0.5 m2 were collected from each plot in each replicate and hence the

value for each treatment is the mean of 6 samples.  Leaf area, plant

number, the total number of squares, flowers, green bolls and open bolls

were measured at each time of sampling.  The leaf area of a sample of

leaves from each quadrat was measured on an electronic planimeter.  The

plant material was dried at 70oC in a forced draught dehydrator for 

48 hours and weighed.

Leaf water potential and stomatal resistance were measured 

infrequently.  Stomatal resistance was measured with a ventilated diffusion

porometer with a Teflon chamber (Lambda instruments) . The adaxial and

abaxial stomatal resistances were measured separately on adjacent positions

of the leaf, and the leaf resistance was calculated assuming that the two 

leaf surfaces acted as parallel resistors.  Leaf water potential was

measured with a pressure chamber (Scholander, Hammel, Hemmingsen and

Bradstreet, 1964), modified to take cotton petioles.  In the measurement

of leaf water potential, as with stomatal resistance, five measures 

were taken on selected treatments.
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Yield was determined on the first pick only by machine picking the

middle 8 rows of each plot.  Since the plots were 1 km long yield was

estimated from an area of 0.8 hectare/plot that was harvested.  The seed

cotton was then taken in separate lots to the gin where it was weighed 

and ginned.  The lint was baled and weighed after the ginning operation 

in order to determine the percentage lint yield from the raw cotton.  Lint

samples were then taken from these bales for quality testing by the U.S.

Testing Company, Memphis, Tennessee.

The boll opening pattern for the 1976/77 season was also determined.

This involved the marking out of 3 quadrats of 2 m2 within each of the 

10 plots.  As the bolls opened in these quadrats the seed cotton was

collected.  The weight of this seed cotton obtained for each date of

sampling represented the amount that had been produced from bolls opening

since the previous sampling date.

Results

Leaf area index

The LAI developments between the two seasons were different 

(Figure 5.17 and 5.18).  During the 1975/76 season LAI was much higher

than for the 1976/77 season.  This was probably due to the much greater

rainfall (Figure 5.1) in January of the 1975/76 season.

During the 1975/76 cotton season a rapid increase occurred in the

LAI of T1 in response to irrigation on 10 December (Figure 5.17).  The 

LAI of T1 was significantly greater than that of the unirrigated T3 by 30 

December and a peak LAI of 4.1 was measured on 30 January.  The irrigation of

T2 on 9 January, however, did not produce a much larger LAI than that of the

unirrigated T3.  The LAI of T1 and T2 started to decline rapidly after

reaching a peak in late January/early February whereas the unirrigated
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T3 was able to maintain the peak LAI for a longer period before declining.

The LAI of T3 in March during the period when green boll numbers were

highest was greater than either TI or T2.

The most frequently irrigated treatment (TI) during 1976/77 had an

initial LAI peak of 2.24 which was obtained on 26 January (Figure 5.18).

There was no further increase in LAI as in 1975/76 (Figure 5.17) but

instead LAI remained relatively constant throughout February with a peak

LAI of 2.5 being attained on 16 March (Figure 5.18).  The more frequently

irrigated treatments were unable to maintain their peak LAI and as in the

previous season, there was subsequently a rapid decline.

Leaf water potential and stomatal resistance

There was no difference between the dawn leaf water potentials of

the irrigated TI and either of the unirrigated treatments, T2 or T3

measured on 5 January or immediately prior to irrigation on 9 January 

in the 1975/76 season (Table 5.7).  The midday leaf water potential of 

T1 and T3 tended to be lower than that of T1 on 5 January but this

difference was not significant.  The extractable soil water content was

118 mm and 85 for TI and T3 on 5 January and 122 mm and 76 mm for Tl and

T3 on 9 January respectively. The dawn leaf water potential of unirrigated

T3 was beginning to fall rapidly by 12 January with increases from 0.970

to 1.241 occurring over 3 days when compared with 0.720 to 0.970 in the

previous 4 days.  An extractable soil water content of 64 mm for T3 was

recorded at this time.  Irrigation had increased the dawn leaf water

potential of T1 and T2 when measured on 12 January.  There were no

differences in dawn leaf water potential on 19 February because of heavy

rainfall in late January/early February (Figure 5.1) .

In the 1976/77 season the dawn leaf water potential of the
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unirrigated treatment (T5) was also significantly lower than that of the

irrigated treatments (Table 5.8) .After irrigation the dawn leaf water

potential of the irrigated treatments (TI, T2 and T4) remained at -0.6 to

-0.7 MPa whereas it continued to decline in the unirrigated treatments

(T3, T5).  The lowest midday leaf water potential of T5 was 3.031 MPa with

an extractable soil water content of 16 mm.  There was no significant

increase in the stomatal resistance of the unirrigated plants at this 

time by comparison with any of the previously irrigated treatments.

There was close agreement between the leaf water potential data 

for the two seasons.  For example, when the leaf water potential of

1975/76 T3 (Table 5.7) and 1976/77 T3 (Table 5.8) were both -0.720 MPa at

dawn they then had midday leaf water potentials of -2.064 and -2.030 MPa

respectively.  There was a rapid decrease in dawn leaf water potential

when the extractable soil water content of the profile was around 68 mm or

33% which corresponds to a depletion of 110 mm or 67% of the extractable

soil water in the main rootzone of 0.7 m (Figure 5.19). This soil water

content also corresponds to a dawn and midday leaf water potential of

approximately -0.85 and -2.1 MPa respectively.

Square, green boll and open boll production

The numbers of squares, green bolls and open bolls produced during

the 1975/76 season were similar for both TI and T2 (Figure 5.20).  Failure

to irrigate T3 on 9 January rcsulted in a count of 20 squares m-2 less 

in the following 10 days when compared with T2 for the same period. 

There was, however, a greater retention of squares in T3 when compared

with T1 and T2 which resulted in a comparable number of green bolls and

later open bolls for each treatment .

During the 1976/77 season there was little difference between TI
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and T2 in the number of squares produced (Figure 5.21).  This result is

similar to the 1975/76 season result for Tl and T2 even though there was

no February irrigation in 1975/76.  When Tl and T5 were compared there was

no difference in the number of squares produced on Tl after irrigation 

on 16 December until the next irrigation of Tl on 13 January.  Irrigation

on 13 January did have an effect on subsequent green boll numbers.  There

were 18 more green bolls m-2 for T1 than for T2 just prior to irrigation 

on 12 February.  A difference of 76 squares m-2 during the 13 days after

irrigation to 30 January was observed when T1 and T5 were compared, there

being 160 and 84 squares m-2 respectively.  Subsequent to this decrease

there was a further decrease in green boll numbers for T5 which was

arrested to some degree by irrigation on 12 February as shown by T4.

However, failure to irrigate T5 on 13 January resulted in it having a

greater number of green bolls in mid/late January than for any of the

irrigated T1, T2 or T3 treatments.  Earlier there was no difference in the

number of squares and therefore it must be the result of a greater percentage

retention for T5 than for TI, T2 or T3. Omission of irrigation on 

12 February for T3 produced no effect on square numbers but there was a

difference of 20 green bolls m-2 when compared with T2 which was irrigated

at this time.

Yield, quality and water use efficiency

The yield and cotton quality of all treatments in 1975/76 was

similar but water use efficiency of rainfall and irrigation water ranged

from 1.29 to 1.71 kg lint/mm water (Table 5.9), (Appendix 5.2).

The yield declined but quality increased as irrigation was less

frequently applied in 1976/77 (Table 5.9) (Appendix 5.2).  The highest

water use efficiency was 1.26 kg lint/mm water for the one irrigation T3.
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Table 5.9. Yield, quality and water use efficiency

Season Treatment Yield Micronaire Rainfall and
(bales ha-1) irrigation water

use efficiency
(kg lint/mm water)

1975/75 TI 4.02 (0.075) 3.7 (0.141) 1.29
T2 4.07 (0.187) 3.7 (0.116) 1.40

T3 4.17 (0.170) 3.8 (0.208) 1.71

1976/77 TI 4.12 (0.074) 3.6 (0.182) 1.15
T2 3.87 (0.016) 3.7 (0.058) 1.16
T3 3.50 (0.028) 3.9 {0.052) 1.26
T4 2.37 (0.076) 3.9 (0.072) 0.81
T5 1.30 (0.082) 4.2 (0.081) 0.58

1) Figures in parentheses are standard deviations
2) 1 bale = 220 kg of cotton lint
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During 1976/77 the peak rate of boll opening occurred at the same

time for each treatment (late March) (Figure 5.22).  A small increase 

in the weight of seed cotton produced occurred after defoliation in the

most frequently irrigated treatments (T1, T2, T3).

Discussion

A high water use efficiency depends on the maintenance of a proper

balance between leaf area and boll production;  therefore it is necessary

to plan a soil water regime that will restrain vegetative growth without

affecting yield .

The extractable soil water content in the main root zone of 0.7 m

did not fall below 35% for any treatment during the 1975/76 season after

the root extraction attained 0.7 m depth on 30 December (Figure 5.23). 

However, prior to this while the root zone was still extending the extractable

soil water content in this extending root zone fell to as low as 31%.

Prior to irrigation on 9 January there was 75.5 mm or 38% extractable 

soil water for the unirrigated treatments (T2, T3).  The extractable soil

water content continued to decline below 75.5 mm for 4 days in the

unirrigated treatment (T3) before rainfall occurred.  This rainfall

subsequently negated any earlier difference in the extractable soil water

content of T2 and T3 due to irrigation.

During the 1976/77 season the extractable soil water content was

often below 35% for the less frequently irrigated treatments (T3, T4, T5)

(Figure 5.24).  The first irrigation of T1 on 16 December was at an 

extractable soil water content of 91.4 mm or 38% when allowance is made for

root extraction having only reached 0.5 m depth.  The extractable soil

water content prior to irrigation on 13 January was 76.8 and 48.7 mm or 

38 and 21% for TI and T2, T3, T4, T5 respectively.  The soil water level
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of T5 continued below 35% until heavy rainfall on 20 February.  The lowest

extractable soil water content for any treatment during the 1975/76 season

was to 0.0 mm and this was measured in T5 on 16 February. The extractable

soil water content of T2 was 53 mm or 24% prior to the irrigation on

12 February.  This extractable soil water content as measured for T3

declined to 35 mm or 12% in the eight days following this irrigation.

Irrigation in early December did not have any effect on the

subsequent rate of square production although there was a resultant

increase in LAI.  This indicates that only the size and not the number of

leaves was increased by the irrigation.  The reduction to an extractable

soil water content of 31% in this period prior to first flower did not

affect subsequent square production.

During the day the leaf water potential of a plant is lowered

because of the evaporative demand of the atmosphere.. This leaf water

potential again can be increased overnight to the value of the previous

dawn only if there is adequate water in the soil profile.  In other words,

a wet soil is able to resupply the deficiency of the previous day’s

transpiration.  Since the dawn leaf water potential was similar for the

December irrigated T1 and the unirrigated T3 on 5 January 1976 it could be

assumed that an extractable soil water level of 85 mm (T3) could resupply

the deficiency of the previous day’s transpiration as well as 128 mm 

(T1).  The non-significant difference in midday leaf water potential on

this same day would also suggest this although the value tended to be

larger for T3 when compared to T1.  However the LAI of the unirrigated T3

was reduced below that of the irrigated T1 by 30 December 1975.  This

indicates that while the values of midday leaf water potential measured 
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on 5 January 75 were not significantly different the cumulative effect was

important in its effect on reducing LAI.  In other words, the technique of

leaf water potential measurement was not sensitive enough to detect

differences in dawn leaf water potential which were large enough to have an

effect on LAI.  Therefore, a remaining extractable soil water level of 85 mm

or 44% and leaf water potentials at dawn of -0.7 MPa and midday of -2.0 MPa

will restrain canopy growth but not effect square production.  This would

support the finding of Taylor and K1epper (1974) who found that the daily

rate of shoot growth began to decline at a midday leaf water potential 

of -1.5 MPa for potted plants.  Arnon (1972) also claims that when an

available soil water level of 40-50% is reached vegetative growth will 

be markedly slowed down .

The remaining extractable soil water content for T3 during 1975/76

of 75.5 mm or 38% immediately prior to irrigation on 9 January was a

critical deficit in terms of subsequent square production.  There was a

large difference from the unirrigated T3 when compared with the irrigated

T2 because of the 4 day period between 9 January and 13 January before

heavy rainfall occurred when the extractable soil water level was below

75.5 mm.  This difference in square production would be due to either a

square loss or a smaller increase in square numbers because of the 

development of less fruiting points.  In order to maintain square production

at a rate unaffected by water stress irrigation should be applied before

the remaining extractable soil water falls below 38%.

In contrast to this, in the 1976/77 season at 13 January prior to

irrigation the lower remaining extractable soil water content of 48 mm or

21% for T2 when compared with T1 or 76.8 had not resulted in a square 

loss despite the higher prevailing evaporative demand (Appendix 3.4).
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In fact the total number of squares produced by both TI and T2 was 

much larger than for the corresponding period in early January in the

previous year.  The actual reason for the larger number of squares in

1976/77 cannot be determined because fruiting points were not counted.

Either actual production of fruiting points was greater or the retention

of squares was greater.  Failure to irrigate on 13 January did, however,

have large effects on subsequent square and boll numbers.

Despite a square loss at remaining extractable soil water levels

below 75.5 mm in early January of the 1975/76 season this was compensated

for by an increase in boll retention because of the favourable soil water

conditions for the remainder of the season.  The extractable soil water

was always greater than 35%.  The lower remaining extractable soil water

content of 48 mm in early January of the 1976/77 season did, however, 

have an effect on boll retention even though it did not effect the rate 

of squaring.  This effect can be seen by the difference in square and

green boll numbers for T1 and T2.  These treatments had similar square

numbers despite extractable soil water contents of 76.8 and 48.7 mm for T1

and T2 respectively prior to irrigation on 13 January. However, the

significant difference in green boll numbers of these two treatments 

when compared on 12 February indicates that the earlier lower extractable

soil water content of 48.7 mm affected boll retention as both treatments

had remaining extractable soil water contents greater than 35% for the

remainder of the season.  There was a significantly lower number of bolls

on T2 when compared with TI on 12 February despite both treatments 

having remaining extractable soil water contents greater than 35% after

the 13 January irrigation.

There is then a range of critical soil water contents from 75 mm 

to 48 mm.  If subsequent soil water contents are favourable an extractable
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soil water content of 75 mm will allow an increase in boll retention and

an extractable soil water content of 48 mm will not allow an increase in

boll retention to compensate for possible square loss.  The rapid rise in

the combined dawn leaf water potential around an extractable soil water

content of 68 mm or 33% would also confirm this.  Bielorai and Shimshi

(1963) have also shown that irrigation should be applied when the

available soil water content is depleted to 33%.

A critical content of this order is also important for boll retention

in late February/early March.  Omission of irrigation on 12 February 76

for T3 had a large effect on boll number despite heavy rainfall on

20 February.  In the 8-day period when extractable soil water fell from

53-33 mm or 24-12% there was a large reduction in boll numbers.
The highest midday leaf water potential of -3.03 MPa was measured

late in the 1976/77 season on the unirrigated treatment when the available

soil water content was 16 mm.  The stomatal resistance of 6.38 sec cm-2 was

similar to that of the irrigated treatments.  This indicates adjustment in

stomatal response as a result of several earlier periods of

preconditioning water stress to which this unirrigated treatment was

exposed. This is consistent with work by Thomas, Brown and Jordan (1976)

which showed that stomates of pre-conditioned field grown plants remained

open at leafwater potentials of -2.8 to -3.0 MPa.

In the 1975/76 season the water use efficiency increased as the

number of irrigations and runoff correspondingly decreased. In the 1976/77

season the yield declined and quality improved as less water was applied.

The results of the 1976/77 season demonstrate the relative yield

advantages of irrigating at different times. There was a yield advantage

of 0.25 bales ha-l for irrigation on 16 December when T1 and T2 were
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compared. The difference, however, was due to a higher number of green

bolls being present in February in TI due to a less severe water stress

prior to irrigation on 13 January.  A yield reduction of 0.37 bales ha-1

was incurred by failing to irrigate on 12 February as can be seen by

comparing T2 and T3.  The reduction of 20 bolls m-2 would account for this.

The water use efficiency of T3 was higher because it had less runoff from

the heavy rain commencing on 20 February as it had not been irrigated 

on 12 February

The irrigation prior to peak squaring (early January) was the most

critical irrigation.  The omission of this results in a yield loss of 2.20

bales ha-1 when T5 and T3 are compared.  In order to attain a high water

use efficiency in the absence of rainfall an early January irrigation is

essential at this most critical time as indicated by T3 which received

only one irrigation.

In both seasons the rate of decline in LAI at the end of the season

was greatest for the most frequently irrigated treatments which have the

highest LAI.  This LAI declines to about 1.0 at the end of March for these

well watered treatments.  The additional yield of the high yielding

frequently irrigated treatments came from bolls opening in April after the

LAI had declined.  These well irrigated treatments had not been subjected

to a previous water stress as had the infrequently irrigated treatments

and as a result, when the soil dried out at the end of the season the LAI

declined more rapidly because the well watered treatments were less able

to adapt to water stress.  It is suggested that this was because the well

watered plants were unable to adapt to the rapidly declining soil water

content.  Irrigation management appears to be one factor causing the lower

miconaire in the most frequently irrigated highest yielding treatments.

The highest yielding treatment in each season had a maximum LAI
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of 2.6-2.7.  Constable (1977) also found that the optimum LAI for a high

first pick lint yield in the Namoi Valley was less than 3.  However, a

study of the literature would suggest that the optimum LAI for photo-

synthesis growth and yield would be 3 or above (Ashley, Doss and Bennett,

1965;  Hearn, 1972b).  Ideally the LAI of 3 should be obtained by late

January when the numbers of green bolls are increasing most rapidly.

5.7  General Conclusions

Irrigation of any field crop should aim only to use the minimum

amount of water necessary for a maximum economic response.  Evaluation 

of this economic response should take account of the opportunity cost of

the water if not used on an alternative crop within the cotton rotation or

for growing an additional area of cotton.

A cotton irrigation system in the Namoi Valley using water

efficiently should aim to:

a) obtain but not exceed an LAI of 3 by 100-110 days

   after planting (approximately 30th January)

b) maintain this LAI £or as long as possible but cease
   irrigation when no further economic yield response
   is obtained (approximately 20-25 February)
c) keep the interval between irrigations as long as
   possible without negating any of the above objectives.

A possible irrigation schedule would be:

1.  Pre-irrigation.  The soil of the potential root zone (1.3 m) should 

    be irrigated.  This will provide water for seedling emergence and

    early growth as well as storing water in the root zone for future

    use as soil water deficiencies develop in the upper layers of 

    the soil and roots extend
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2.  Early mid-season irrigation. This should cover the period from 

    sowing until early flowering. The first irrigation can be delayed 

    until 70-80 days (approximately 30 December -9 January), after

    planting (approximately first flowers) if the depletion of

    extractable soil water does not exceed 110 mm or 67% in the main

    root zone (0.7 m). A visible restraint in vegetative growth

    should be obtained prior to irrigation.

3.  Mid-season irrigation.  The timing of irrigations are critical

    during the main flowering and fruiting period as water stress

    inevitably causes a subsequent square and boll shed.  This squaring

    and fruiting period usually coincides also with rapid vegetative

    growth and a steep increase in evapotranspiration.  The mid-season

    irrigation should be applied when about 65-70% of the extractable

    soil water in the main root zone (0.70 m) has been depleted.

    A soil water depletion of 65-70% of the extractable soil water

    should be consistent with a restraint of vegetative growth and

    therefore a maintenance of the LAI around 3 so that a high water use

    efficiency be obtained.

This schedule must be flexible in order to allow for the occurrence

of natural rainfall.  Flexibility requires accurate determination of the

daily rates of water use and of critical soil water deficits.  Daily 

rates of water use can be calculated from climatic plant and soil data

using relationships already determined, with irrigations then being

scheduled using the critical soil water deficits established.

A soil water balance model may be used to predict the time of

occurrence of irrigations within a season.  Acceptance of the proposed

irrigation schedule and its critical levels of soil water depletion means that
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the soil water balance model should be tested as a management tool for

commercial cotton production in the Namoi Valley.
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CHAPTER 6

A SOIL WATER BALANCE MODEL OF THE COTTON CROP

6.1 Introduction

Computer based soil water balance models are a recent development

and are an attempt to describe the soil water regime as a factor in crop

production.  In irrigated crop production these models can be used to

anticipate expected soil water deficits and thus plan an appropriate

irrigation schedule within the current growing season and also to test the

suitability of a proposed irrigation strategy with historical climatic

data.

The soil water balance model used in this study was structurally

and conceptually the Blackland model of Ritchie (1972) and Richardson

and Ritchie (1973) which was reviewed earlier in this thesis.  The

parameters which were incorporated into the model for it to be

suitable for use in the Namoi Valley were obtained either from the

literature or derived from the data collected in this thesis.

The model was then validated and used to determine the seasonal

water requirements (in particular irrigation water) of a cotton crop using

historical climatic data.

6.2 Construction of the Model

Introduction

The parameters which were incorporated into the model are described 
below.  This model was then tested against the same soil water data used
to derive these parameters.
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Methods

Potential evapotranspiration

The energy balance technique of Priestly and Taylor (1972) was used

to characterise the surface fluxes of latent and sensible heat using

equation 5 which was reviewed in Chapter 2.

Et  =  λ . Rn . Δ/(Δ+γ) .....     (1)

where Et — potential evapotranspiration, mm day

Rn – nett radiation above the crop canopy, mm day

Δ – slope of the saturation vapour pressure curve at air 

    temperature, mb0c-1

γ - psychrometric constant, mb0c-1

λ - empirical constant

The soil heat flux was neglected in evaluating potential
evapotranspiration with this equation.

The nett radiation was calculated from measures of solar radiation
using the empirical relationship of Ritchie (1971) which was determined 
in a sub-humid climate.  This empirical relationship was given in equation 7

which was reviewed in Chapter 2.

Rn =  0.76 (1-β) Rs -0.14 .....     (2)

where Rn -  nett radiation cal cm2 min-1

Rs -  solar radiation cal cm2 min-1

β  -  crop albedo

The crop albedo values used for converting daily solar radiation are
calculated for a developing canopy on the basis of the leaf area index



(LAI) from an empirical equation derived by Ritchie (1972).
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B  =  βs  +  0.25  (0.23- βs) LAI .....     (3)

0  < LAI ≤  4

where βs  of 0.095 is the average albedo of a bare soil  (Ritchie, 1971) 

and B for a full canopy is 0.23.  This empirical equation used to describe

albedo was developed on a soil described as a Houston Black Clay (Ritchie,

1971) and as such has a bare soil albedo similar to that of the soil at

the experimental site.  The albedo of the bare soil at the experimental site

was measured to be 0.093 ± 0.0091.

Mean values of 0.72 and 0.73 were obtained for the 1975/76 and 1976/77

seasons for the term Δ/(Δ+γ).  This is almost identical to the value of

0.71 obtained by Ritchie (pers. comm.).

The empirical constant used in the Priestly-Taylor equation was 

λ  =  1.08.  This value was obtained by Priestly and Taylor (1972) from

measurements made over a saturated surface of recently ploughed bare

soil at Gurley, northern New South Wales, only 50 km from the experimental

site. This value of λ = 1.08 was chosen in preference to that of λ = 1.32,

both of these being reviewed in Chapter 2.  The reason for this will be

discussed later in this Chapter.

Actual evapotranspiration

The actual evapotranspiration (Ea) of a crop is the sum of the plant

transpiration rate (Ep) and the soil evaporation rate (Es).

Evaporation of rainfall intercepted by the canopy (PI) is an additional

component of Ea.

Plant transpiration was calculated from the relationship of plant

transpiration to potential evapotranspiration (Ep/Et), as derived in

Chapter 5.
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Ep/Et  =  0.495 LAI½ .....     (4)

0  < LAI <  3

Ep/Et  =  1.0

LAI ≥ 3

Soil evaporation was considered to occur in two stages, the constant

rate stage and the falling rate stage (Philip, 1957a).  The constant rate

stage, or stage 1 evaporation value (U) was found for the experimental

site to be 14.0 mm as given in Chapter 5.  After the cumulative stage 1

soil evaporation exceeded U = 14.0 mm the falling rate or stage 2

evaporation ΣS2 commenced.  This was calculated using Equation 10 described

in Chapter 2 and was found for the experimental site to have a value

for its stage 2 constant (α) of 7.83 mm day-½   , as given in Chapter 5.

ΣS2  =  α.t½ .....     (5)

where α - stage 2 constant (7.83 mm day-½)

t - time from commencement of stage 2 evaporation (days)

U - stage 1 value (U = 14.0 mm).

When the soil surface is freely evaporating, as in stage 1 evaporation,

the potential evaporation rate below the canopy at the soil surface (Eso)

can be calculated in the same manner as the potential evapotranspiration.

Eso  =  λ Rns Δ/(Δ+γ) .....     (6)

where Rns  -  average nett radiation at the soil surface.

The empirical constant (λ), the slope of the saturation vapour

pressure curve at air temperature (Δ) and the psychrometric constant (γ)

are the same as for the calculation of potential evapotranspiration.

fraction of Rn  at the soil surface was measured by several workers for
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several annual crop plants with various LAI.  Their results were summarised

by Ritchie (1972) and are expressed in the following function.

Rns  =  Rn e-0.398 LAI .....     (7)

Evaporation from the rainfall intercepted by the plant canopy (P1)

was not measured and is calculated from the relation of PI and leaf area

index (LAI) given by Ritchie (1972).

PT  =  0.4 * LAT .....     (8)

Extractable soil water

The total volume of extractable soil water increased over the growing

season in relation to the increase in maximum depth of soil water

extraction with time, as given in Chapter 5 (Table 5.5 and Figure 5.6).

The amount of extractable soil water at the maximum depth of extraction

for a given time was determined as being the difference in the water content

of the soil profile to that depth between the driest and wettest soil

water profiles obtained.  The driest and wettest soil water profiles

obtained were on 16 February 1977 and 10 March 1977 (Figure 5.7).  The

amount of extractable soil water at each maximum depth of extraction is

given in Table 6.1.

In the model the total extractable soil water was increased over

time using the following relationship:

TOTEXSW  =  112.607 + 2.178 (t) - 0.017 (t)2 .....     (9)

100  ≤  TOTEXSW  ≤  178 r2  =  0.98

where TOTEXSW - total extractable soil water (mm)

 t - time from 1 December to 9 February (days)
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Table 6.1.     Extractable soil water at various maximum depths of soil
 water extraction

Date1 Time from Maximum depth Extractable soil water
1 Dec.-9 Feb. of extraction at maximum depth of

extraction2
(Days) (m)    (mm)

 3 Dec. 3 0.4 120.5

15 Dec. 15 0.5 136.0

30 Dec. 30 0.7 155.7

 6 Jan. 37 0.8 170.7

26 Jan. 57 1.0 174.6

 9 Feb. 71 1.2 177.8

1 Data from Table 5.5. 2
2 Data from Figure 5.7.

The lower limit for TOTEXSW was arbitrarily chosen to be 100 mm in

the period prior to 1 December since the value of TOTEXSW was 120.5 mm on

3 December (Table 6.1) and that prior to this the depth of extraction

could not be reliably measured using the neutron technique because

of the proximity to the soil surface.  The value of TOTEXSW increased to

178 mm by 9 February and remained at this value for the remainder of the

growing season.  The upper limit for total extractable soil water of

 178 mm was determined in Chapter 5.

Plant transpiration was conditioned by soil water status after a

critical level of soil water extraction had occurred.  This critical

level or lower limit for potential evapotranspiration (ALLEO), was not

measured and was assumed to be 30% by volume of the extractable soil
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water.  This approximation was similar to the value of 26% reported by

Ritchie and Jordan (1972) for a Houston black clay soil.  The choice of

this value, as discussed later in the Chapter, was not critical
when calculating total seasonal water use.

When the level of extractable soil water was 30% or less by volume of

the TOTEXSW from Equation 9 the value of plant evaporation (Ep) calculated

in Equation 4 was reduced.  This reduction was in proportion to the level

of extractable soil water and the calculated lower limit for potential

evapotranspiration (ALLEO) for the particular depth of soil water

extraction.

ALLE0 = 178.0 - (T0TEXSW * 0.7) .....     (10)

Ep = Ep * SW/ALLEO .....     (11)

Runoff and drainage

Runoff was assumed not to occur until the total soil water content

of the profile was recharged to 520 mm.  The cracking nature of the soil

and its resultant "self regulating" nature as discussed in Chapter 5,

support this assumption.

Since the increase in calculated daily water use due to flux of 

water into the root zone did not exceed 0.016 mm day-l the flux of water

either into or beyond the crop root zone was concluded in Chapter 5 to be

negligible and for this reason the drainage component of the water balance

equation was not calculated.

Meteorological inputs

Rainfall and solar radiation were used to drive the model for

the 1975/76 and 1976/77 seasons.  This data was collected at the Narrabri

Agricultural Research Station which is 8 km from the experimental site and

is listed in Appendix 3.4. 



169.

Inputs of irrigation water were such that the total soil water

content of the profile was recharged to 520 mm on the day following

irrigation.

Irrigation inputs

The dates of irrigation water input were the same as the dates of

application for each treatment during the 1975/76 and 1976/77 cotton

seasons as given in Table 5.1.  Inputs of irrigation water were such

that the total soil water content of the profile was recharged to 520 mm

on the day following irrigation.

The total irrigation water was the sum of the individual inputs of

irrigation water as calculated from the model.

Plant inputs

The measured values of LAI given in Chapter 5 for 1975/76 (Figure

5.17) and 1976/77 (Figure 5.18) were used as inputs.  The increase in LAI

between two successive sampling dates was assumed to be linear.

Calculation of total seasonal water use

The total seasonal water use given in Table 5.2 was calculated from

the inputs of rainfall, stored soil water and irrigation water entering

the soil.  In this Chapter the total seasonal water use was calculated

from the computer model based on the outputs of actual evapotranspiration

(plant transpiration and soil evaporation), evaporation from the rainfall

intercepted by the plant canopy (Ritchie, 1972) and runoff.

Results

The total seasonal water use including runoff for all irrigation
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treatments calculated from the model varied between 844 - 699 mm and 

954 - 612 mm for the 1975/76 and 1976/77 cotton seasons respectively

(Table 6.2).  These calculated values were less than the measured values

given in Table 5.2 by 29 - 5 mm and 22 - 6 mm for the 1975/76 and 1976/77

cotton seasons respectively.  These calculated values underpredicted the

measured total seasonal water use by no more than 3.5% in either season.

The total quantity of irrigation water applied was always calculated

from the model to be greater than actually measured.  The quantity

calculated was from 9 - 12 mm and 18 - 51 mm in excess of that measured

for the 1975/76 and 1976/77 cotton seasons respectively (Table 5.2 and

Table 6.2).  This excess represents up to a 17% increase above that of the

measured value.

Soil evaporation comprised 40-48% of the total seasonal evaporation

for 1976/77, (Table 6.2).  The least frequently irrigated treatments having

the highest values on a percentage basis.  Soil evaporation was similar

in all treatments in 1975/76 and was higher than for the comparable

treatments of 1976/77.

The size and time of soil water deficits for 1975/76 T2 and T3 are

given in Figure 6.1 and Figure 6.2.  Similarly, the size and time of soil

water deficits for 1976/77 T1, T3 and T5 are given in Figure 6.3, Figure

6.4 and Figure 6.5.  The measured values obtained from Figure 5.23 and

Figure 5.24 for the 1975/76 and 1976/77 cotton seasons respectively are

compared with the values calculated from the model.

There is close agreement between the two sets of values of

extractable soil water measured and calculated from the model during the

second half of the main crop growth period from mid-January - mid-February

but not for the first half during mid-December - mid-January (Figure 6.1
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and Figure 6.2).  Until mid-December the measured and calculated values

were similar.  The calculated water use was greater than the measured 

from mid-December to mid-January.  After mid-January following irrigation

the measured and calculated values were again similar (Figure 6.1).  In

the absence of irrigation the difference remained constant (Figure 6.2).

Similarly, after irrigation in mid-January of the 1976/77 season 

there was also close agreement between the values of extractable soil 

water measured and calculated from the model (Figure 6.3 and Figure 6.4).

However, during the early part of the season until mid-January the calculated
water use was greater than that measured (Figures 6.3, 6.4 and 6.5).  This

is particularly apparent in the period mid-December - mid-January (Figure

6.4) as it was in the previous 1975/76 season.

Discussion

The model accurately calculates the total seasonal water use of a

cotton crop irrespective of the irrigation season or treatment.

The calculated quantity of irrigation water applied exceeds the

measured values in all irrigation treatments in the two seasons.  This

is because the calculated daily water use was greater than that measured

in the period mid-December to mid-January.  This resulted in a calculated

deficit larger than that actually measured prior to irrigation on 9 January

1976 or 13 January 1977 and thus the application of a larger amount of

irrigation water was needed to replenish the deficit.  The model should prove

useful in determining the outcome of an irrigation strategy when applied to

historical climatic data.  For this purpose the total seasonal water use

could be accurately predicted by the model and the calculated amount of

irrigation water required would not exceed the actual requirements by more

than 17%.
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The soil evaporation was 40-50% of the total seasonal evaporation. Soil evaporation as a proportion of

the total seasonal evaporation within a season is greatest in the least frequently irrigated treatments which have

a low LAT and little soil shading.  Soil evaporation between seasons increases as a proportion of the total

seasonal evaporation as rainfall 

increases and hence total seasonal evaporation increases within each season.

Ritchie and Burnett (1971) found that soil evaporation comprised 23 and 

34% of the total seasonal evaporation of cotton but rainfall from emergence

to maturity was approximately 170 and 260 mm respectively (Ritchie, 1971) when no irrigations were applied.

In the present situation with 550 mm of rainfall in 1975/76 a soil evaporation compared with total seasonal

evaporation of 48% would not be unexpected.  It is apparent that increases 

in rainfall result in increases in soil evaporation when compared with total seasonal evaporation.

6.3 Sensitivity Analysis 

Introduction

In order to determine the sensitivity of the model to the parameters used in its construction the model

was tested against the same soil water data used to derive these parameters.  The sensitivity was examined in

terms of total seasonal water use.

Methods

Potential evapotranspiration

The potential evapotranspiration was increased by increasing the empirical constant (λ) in the Priestly-

Taylor equation (Equation 1) from

λ = 1.08 to λ = 1.32.
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Actual evapotranspiration

The actual transpiration of a crop is the sum of the plant transpiration rate and soil evaporation rate.

The sensitivity of plant transpiration to the lower limit of extractable soil water for potential evapotranspiration

(ALLEO) was examined by increasing this from 30 to 

40% extractable soil water content.  Ritchie (1972) obtained a value for cumulative Stage 1 soil evaporation of

U = 6.0 mm and for the Stage 2 

soil evaporation constant of α = 3.50 mm day–½ for a Houston Black Clay. These values were substituted for

the values obtained in this study 

of U = 14.0 mm and α = 7.83 mm day-½  which were used in Equation 5 in 

the previous section.

Plant inputs

The sensitivity of the model to a range of seasonal LAI values was tested using the LAI of 75/76 T1,

75/76 T3 and 76/77 T1.  The climatic data of the 1976/77 season and the irrigation dates for 76/77 T1 of 

16 December 76, 13 January 77 and 12 February 77 were used as inputs for each LAI.  The calculated total

seasonal water use for the LAI of 75/76 T1 and 75/76 T3 was then compared with that of 76/77 T1.

Results

Potential evapotranspiration

The increase of the empirical constant (A) used in the Priestly-Taylor equation (Equation 1) from λ =

1.08 to λ = 1.32 increases the 

calculated total seasonal water use (Table 6.3).  This increase is greatest for the most frequently irrigated

treatments, the increase of 66 - 76 mm 

for 75/76 T1 and 76/77 T1 being greater than the 20 mm of 76/77 T5. 

When compared to the measured values the calculated values were 58 - 75 mm
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greater for the irrigated 75/76 T1 and 76/77 T1 treatments while similar for the unirrigated treatment 76/77 T5

(Table 5.2 and Table 6.3).  When 

λ = 1.32 was used the calculated quant1ty of irrigat1on water was further increased by 35 - 57 mm above the

excess already calculated using λ = 1.08. The ratio of potential evapotranspiration (Et), calculated by the

Priestly-Taylor equation, to Class A pan evaporation was 0.80 and 0.97 for λ of 1.08 and 1.32 respectively for

the two seasons.

Actual evapotranspiration

A relatively large change in the lower limit for potential evapo-transpiration results in a small change

in plant transpiration.  Total seasonal transpiration was reduced by only 7 mm when the lower limit of

extractable soil water for potential evapotranspiration was increased from 30% to 40% of extractable soil water

(Table 6.5). 

The reduction in calculated total seasonal water use was greater 

when the stage 2 soil evaporation constant α was reduced from 7.83 to 

3.50 mm day-½ than when the value of U was reduced from 14.0 to 6.0 mm

(Table 6.4, Figure 6.6).  This was the case for both wet and dry treatments

where total seasonal water use was reduced by 47 mm and 15 mm for T1 and T3 respectively and when ~ was

reduced when compared with a 8 and 3 mm for T1 and T3 respectively when U was reduced.  The relative

importance of reducing α compared with U can be seen in Figure 6.6 for the unirrigated treatment.  A reduction

of both U and α to 6.0 mm and 3.5 day-½ does not have any effect on the calculated value of extractable soil

water in midJanuary.  The calculated water use was still greater than that measured from mid-December to

mid-January (Figure 6.6).

Plant inputs

A range of LAI values produced little difference in the total
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seasonal water use or its components (Table 6.6).  There was only a difference of 20 mm in the total seasonal

water use for the LAI of

75/76 T1;  75/76 T3 and 76/77 T1 when the climatic data and irrigation dates of 76/77 T1 were used.  The

similarity of the calculated values

of extractable soil water are shown in Figure 6.7.

Discussion

Increasing the empirical constant λ in the Priestly-Taylor equation would be expected to increase the

total soil water use more on frequently irrigated treatments than on infrequently irrigated or unirrigated

treatments.  When the level of extractable soil water is above the lower limit for potential evapotranspiration

the rate of evapotranspiration is energy limited.  However, if the level of extractable soil water is below 

the lower limit for potential evapotranspiration the rate of evapotranspiration

is controlled by the soil properties which restrict flow of water to the plant root.  Therefore, increasing λ will

cause the largest increase in evapotranspiration in the most frequently irrigated treatments.

When the empirical constant λ is increased to 1.32 from 1.08 the calculated total seasonal water use is

less accurate and the calculated quantity of irrigation water applied is greater than the 20% excess when

λ = 1.08   It would seem therefore that λ = 1.08 would result in a more accurate estimate of potential

evapotranspiration.  The saturated soil 

surface from a recently ploughed field at nearby Gurley from whence Priestly 

and Taylor obtained data would approximate closely the saturated soil surface condition of a cotton crop after

heavy rainfall or irrigation.

 This would apply particularly when the canopy is not closed (LAI < 3)

which can be for the major part of the season, as it was in 1976/77.  The fact that soil evaporation as a proportion

of the total seasonal water use
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is greater than 40% would support this view.

In the absence of solar radiation data potential evapotranspiration would be calculated as being 80% of

Class A pan evaporation.  Historical climatic records are more likely to contain evaporation pan data than solar

radiation data.

When lower values of U and α for stage 1 and stage 2 soil 

evaporation were used the calculated extractable soil water content in mid-January was still less than the

measured content.  This indicates 

that it is not soil evaporation (Es) which is being calculated inaccurately but plant evaporation (Ep), since daily

evapotranspiration (Ea) is 

Ea = Es + Ep.

The value of Ep/Et calculated from the equation Ep/Et = 0.495 LA1½ given in Figure 5.16 is possibly

too large for early season values of 

LAI.  The values of Ep/Et calculated from this equation for mid and late

season values of LAI were, however, accurate.  The equation of Ritchie

and Burnett (1971) of Ep/Et = 0.21 + 0.70 LAI½  also developed for

cotton gives higher values of Ep/Et up to an LAI of 1.25.

A range in values of LAI throughout a growing season has little effect on the calculated values of total

seasonal water use.  Once

LAI > 3.0 is attained the value of Ep/Et is approximately 1.0 and hence

an LAI in excess of 3 will not cause an increase in the rate of plant transpiration.  The time taken to reach a full

canopy, the time spent with a full canopy and the rate of canopy senescence at the end of the 

season will all influence total seasonal water use.  Constable (1977)
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working in the Namoi Valley on cotton gives values of 118, 111 and 95 days from 1 October for the LAI to

reach 3 for the three successive seasons 1971/72, 1972/73 and 1973/74.  The peak LAI was 3.5, 3.5 and 5.0 for 

these seasons respectively.

The values of LAI tested in the model would be similar to those reported by Constable,

particularly those of the 75/76 season.  Since these LAI values tested had little effect on the calculated total

seasonal water use the actual choice of LAI for simulation with historical data would not be critical.  The LAI

which most closely approximates that described by Constable (1977) is that of 75/76 T1.  This rate of LAI

expansion is only slightly faster than that of 76/77 T1 up until late December and is closest to the LAI

expansion rates reported by Constable (1977).  The relatively higher peak LAI is unimportant as when the LAI

> 3 the ratio Ep/Et = 1.0.

6.4  Validation of the Model

Introduction

The development of a soil water balance model requires that an independent set of data be used to

compare the accuracy of the values..

of soil water content calculated by the model with those measured in 

the field.
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Methods

Data from a nearby independent cotton irrigation experiment was 

used to validate the model.  This experiment was carried out in the 1976/77 cotton season, with the aid of a

raincover and had two treatments.

Table 6.7. Irrigation treatments applied

Treatment Dates of Irrigation

Raincover Control 17 Dec. 10 Jan. 18 Feb.

Raincover Dry 17 Dec. 18 Feb.

The dry treatment was protected by a raincover for the period 

17 Dec. to 8 Feb. so that it received no rainfall in this period.

Climatic data was obtained at the Narrabri Agricultural Research Station where the experiment was

conducted.

The soil water data used in the validation of the model was obtained by using the same gravimetric and

neutron sampling techniques discussed 

in Chapter 4.  Soil water data was only collected on the dry treatment after 6 Feb. 77.   The leaf area index data

used in the validation of the model was supplied by Hearn (pers. comm.).

Results

The calculated extractable soil water in the root zone throughout 

a cotton season is closely related to the measured values for the two

irrigation treatments (Figures 6.8 and 6.9).  The model accounted for

91% of the variation in extractable soil water in the control and dry

treatments respectively (Figures 6.10 and 6.11).
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The intercept term in the regressions were not significant and 

since it is logical to assume that the regression could pass through 

the origin a second regression forced through the origin was calculated. These regressions indicated that the

slopes of the regressions were 

close to one.

Discussion

The model accurately calculates the extractable soil water level within the root zone of a cotton crop

for the entire season irrespective of the irrigation treatment.

The demonstration that soil water levels can be accurately 

calculated with the soil water balance model from an independent set of data is important.  It means that the

application of the model to schedule irrigations within a cotton season is possible for locations other than

where it was developed and it demonstrates the usefulness of the model 

when determining the outcome of an irrigation strategy applied historically using past climatic data.

6.5 Use of the Model for Analysis of a Proposed Irrigation Schedule Introduction

The total seasonal water use and irrigation requirements of a

crop in a variable rainfall environment within a given season will depend on the amount and distribution of

rainfall within that season.  The irrigation requirements will be reduced when rainfall is high and/or 

the soil is dry prior to rainfall because these infrequent irrigations enable increased infiltration and reduced

runoff.

An irrigation schedule for cotton which maintains soil water
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levels as dry as possible without effecting yield is tested using the 

soil water balance model to determine the seasonal irrigation water requirements of cotton from historical

climatic data.

Methods

The irrigation schedule proposed in Chapter 5 was tested using 

the soil water balance model developed and validated earlier in this Chapter.

Inputs into the model consisted of the following components:

Rainfall

The daily rainfall data for Wee Waa, a town centrally located in 

the region, was available from 1935.  The water balance was then analysed for the 39 cotton seasons from

October 1935 to 1973.

Evaporation

There was no long term solar radiation or evaporation data available for this region.  The Class A pan

evaporation was obtained from data 

given by the Bureau of Meteorology (Anon, 1968a) and is given in Appendix

3.1.  The potential evapotranspiration was calculated as 80% of this 

Class A pan evaporation.

Leaf Area Index

The measured values of LAI given in Chapter 5 for 75/76 T1 

(Figure 5.17) were used.  Seasonal changes in LAI were found earlier

in this Chapter to have little effect on the calculation of seasonal 

irrigation requirements and the treatment 75/76 Tl most closely approximated the expected LAI for cotton in this

region (Constable, 1977).

Outputs from the model consisted of:

Total seasonal water use

This was obtained from the computer model for each season and was
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calculated from the outputs of actual evapotranspiration (plant transpiration 

and soil evaporation), evaporation from the rainfall intercepted by the plant canopy and runoff.  The season

commenced on 1 October and finished on 6 April.  At the commencement of each season on 1 October the soil

water balance had a full profile of 520 mm.  A pre-irrigation prior to planting was assumed to recharge the soil

profile.  This pre-irrigation was not considered in the number of irrigations of Table 6.8 but the 

water from it contributed to the total seasonal evaporation through

 actual evapotranspiration.

Irrigation requirements

Irrigation water was applied only if depletion of extractable soil water in the main root zone of

0.7 m, which has 165 mm of extractable 

soil water, was calculated to exceed 675 or 100 mm.  An irrigation replenished the depleted level of extractable

soil water.  This deficit 

was concluded in Chapter 5 as being desirable if a cotton irrigation system 

in the Namoi Valley was to use water efficiently.  There was no irrigation after 10 March, the date beyond

which a flower will fail to mature an 

open boll for this environment (Hearn, pers. comm.).

Date of first and last irrigation

These were the times when the calculated depletion of extractable soil water first exceeded 110

mm for the season and last exceeded 110 mm before 10 March.  These times as well as the total seasonal water

use 

and the depletion of extractable soil water on 10 March are presented 

also as deciles for further interpretation.

Results

The results from the proposed irrigation schedule when tested with 

39 seasons of historical climatic data are given in Table 6.8.  The total
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seasonal water use varied from 620 - 964 mm with a medium value of 

740 mm (Table 6.9) whilst runoff varied from 0 - 217 mm.

Total seasonal evapotranspiration varied from 634 to 857 mm 

(Table 6.8) with a median value of 690 mm (Table 6.9).  The values of total seasonal evapotranspiration

obtained for historical climatic data using the evaporation pan compare favourably with those calculated from

known solar radiation values when seasons had similar rainfall.  The 1949/50 season had 515 mm of rainfall

compared with the 1976/77 season

of 502 mm (Tables 6.8 and 5.2).  In the 1949/50 and 1976/77 seasons 

respectively there were total seasonal water use values of 886 mm and 954 mm, 

total seasonal evapotranspiration values of 768 mm and 758 mm, runoffs 

of 188 mm and 196 mm and irrigation requirements of 345 mm, 355 mm (Tables 6.8 and 6.2).

The highest runoff is not necessarily associated with the highest rainfall.  The highest rainfall of 721

mm in 1961/62 had 96 mm of runoff 

whereas in 1973/74 with 575 mm of rainfall there was only 217 mm of runoff. 

Seasons of similar rainfall also do not necessarily have similar runoff. In 1949/50 and 1954/55 the rainfall was

515 and 516 mm respectively but runoff was 118 mm and 34 mm respectively (Table 6.8).  There was a larger

irrigation requirement of 345 mm in 1949/50 which had 3 irrigations when compared with 229 mm in 1954/55

which required only 2 irrigations (Table 6.8).

Three irrigations were most commonly required to replenish the predetermined 110 mm deficit of

extractable soil water which resulted 

in a seasonal irrigation requirement of 340 to 350 mm (Table 6.8).  Since the median seasonal rainfall was also

340 mm (Table 6.9), the water requirements of the crop, as indicated by the total seasonal water use
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with a median value of 740 mm (Table 6.8), were almost equally satisfied by irrigation and rainfall.  In only 2

of the 39 seasons or 5% of all seasons were four irrigations of 450 to 460 mm required.

The date of the first irrigation is determined by the time taken 

for depletion of extractable soil water in the main root zone to exceed 110 mm.  In seasons involving two or

more irrigations the date of the first irrigation occurred during an interval of 25 days from 20 December to 14

January (Table 6.8) with a median date of 25 December (Table 6.9).

The lowest values for depletion of extractable soil water on 

10 March were generally associated with the last irrigation being in early 

February, for example, in the 1940/41, 1942/43 and 1943/44 seasons extractable 

soil water levels on 10 March were 56%, 64% and 57% with the dates of the 

last irrigation being 12 February, 11 February and 9 February respectively. 

The median depletion of extractable soil water level on 10 March was 33% or 60 mm (Table 6.9).  In only

20% of all seasons was the depletion of extractable soil water level below 50% or 90 mm.

Discussion

In seasons of similar rainfall the evaporative demand would be expected to be similar, e.g. the

demand for the 1949/50 season would be expected to be similar to that of 1976/77, the 1976/77 demand having

been calculated from known values of solar radiation.

The Class A pan evaporation data used in the analysis of the proposed irrigation schedule has given

reliable estimates of total seasonal evapotranspiration and hence reliable estimates of total seasonal water use,

irrigation requirements and runoff.  However, since average monthly pan evaporation was used in the absence of

historical data the year to year variation in evaporative demand was not adequately accounted for. 

Rainfall distribution had an important influence on the irrigation
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as well as the amount of runoff.  In seasons of similar rainfall the distribution varied sufficiently to cause a

difference in the number of irrigations and hence the irrigation requirements of the cotton crop.

In the long term, application of the proposed irrigation schedule would result in seasonal water

requirements for the cotton crop of approximately 740 mm.  These requirements would be satisfied almost



equally from irrigation water and rainfall, each supplying approximately 340 to 350 mm.  If at the

commencement of a cotton season a 350 mm allocation of irrigation water is made to the area planned for

planting only in 5% of all seasons will this allocation be insufficient to meet 

the irrigation requirements of the crop.

The rainfall variability influenced the dates that irrigation 

water was required more than the actual total requirement of irrigation water for the season.  The variation in

early season rainfall indicated that the date of first irrigation would need to be either brought forward by up to

5 days or delayed by up to 20 days from 25 December depending upon the rainfall amount and distribution.

The early and mid-season 

rainfall variability when combined was such that the date of last irrigation 

varied much more than the date of first irrigation.  The date of last irrigation would need to be either brought

forward by up to 29 days or delayed by 21 days from 14 February depending upon the rainfall amount 

and distribution.

In seasons involving two or more irrigations concern would be expressed at the early dates of last

watering particularly those in early Februar~ because the depletion of extractable soil water by 10 March could

be large and as a result yield could be reduced.  This would occur despite the fact that it was concluded in

Chapter 5 that soil water deficits after
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20-25 February would not affect yield.  Examination of the extractable soil water depletion on 10 March

indicates that in the majority of 

seasons these levels would be sufficiently high for final yield to be unaffected.

6.6  Conclusions

The model when constructed accurately calculates the total seasonal water use, seasonal

evapotranspiration and irrigation requirement of a cotton crop irrespective of season or treatment.  The

calculation of 

these values from the model is more sensitive to changes in the energy supply than to changes in such things as

the values used in stage 1 

and stage 2 soil evaporation or LAI.

The energy supply as measured by total seasonal evapotranspiration can be altered by changing the

value of either the empirical constant used in the Priestly-Taylor equation or by changing the empirical

prediction 

of Rn.  The seasonal rainfall of 550 and 502 mm under which the experiment was undertaken would exceed the

seasonal total in 80% and 70% of all years (Anon, 1968a).  Under these abnormally wet conditions the

empirical constant of Priestly and Taylor (λ = 1.08) derived for a bare saturated surface would be expected to

be reliable.  The high proportion of soil 

evaporation in such a wet season would also mean that the empirical constant 

should be reliable.  There is a possibility that the value of X may be approximately 1.3 to 1.4 in a season which

has a lower rainfall because the proportion of soil evaporation will be less and advection may be greater.  For

the same reason there may be some change in the equation for the empirical prediction of Rn due to rainfall on

a cotton crop at a particular location.
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There is a need to improve the accuracy of the calculated extractable soil water level for the period

mid-December to mid-January. Since the calculated daily water use is greater than that measured in this period

the calculated date of first irrigation may be several days earlier than actually necessary because less time is

required to reach a specified depletion of extractable soil water.  This difference between the calculated and

measured values was, however, less apparent when the model was validated at the Raincover site.

The soil water balance model determined the irrigation water requirements on a seasonal basis using

historical climatic data.  This model also proved useful for calculating the daily soil water content within a

season.  This was demonstrated by the accuracy of the calculated soil water levels when compared with the

observed soil water levels.

The total quantity of irrigation water applied was always calculated from the model to be greater than

the estimated quantity of irrigation water entering the soil.  This excess was greatest (up to 17%) for the most

frequently irrigated treatments such as 76/77 T1.  The seasonal evapotranspiration was calculated to be similar

for seasons which had 

similar rainfall such as 1949/50 and 1976/77 and hence calculated irrigation 

requirements were also similar for these seasons.  It would then be expected that the estimates of irrigation

requirement made from historical climatic data might be in excess by up to 20%.  However if an allocation 

of 350 mm of irrigation water in excess of that required for pre-irrigation 

is made to the area planned for planting this will be sufficient to meet the crop water requirements in most

seasons.  The maximum amount of water required for pre-irrigation should not exceed 150 mm (Table 5.6) and

hence a yearly allocation of irrigation water of 500 mm for a given area
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of cotton would be the maximum required.  A total water use of 740 mm which allows for some runoff should

be possible in the long term.

The large variation in the dates of irrigation, because of the variation in rainfall, clearly demonstrates

the need for a flexible 

method for calculation of crop water use which can account for this irregular rainfall.  A soil water balance

model provides the most 

accurate estimate of crop water use in this situation because its flexibility can allow for such things as an

increase in soil evaporation after rainfall whereas crop factors cannot.

The most useful application of this soil water balance model in 

the future will be to calculate accurately soil water levels during a cotton season   This would then enable

better irrigation decisions to be made as the season progresses because the decision maker would have accurate

knowledge of the current soil water level.  In view of this, future refinements (discussed earlier) should be

aimed at improving the accuracy of calculated soil water levels during a season.



CHAPTER 7

CONCLUSIONS AND IMPLICATIONS OF THE FINDINGS

7.1 Soil Water Measurement of a Cracking Clay Soil using a Neutron Moisture Meter

7.2 A Cotton Irrigation Schedule for the Namoi Valley

7.3 The Irrigation Schedule as a Management Tool
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CHAPTER 7

CONCLUSIONS AND IMPLICATIONS OF THE FINDINGS

This study examined the seasonal water use of cotton in the Namoi 

Valley with the object of developing a more rational approach to irrigation 

scheduling of cotton than currently exists.  It was proposed that in a 

variable rainfall environment such as the Namoi Valley a flexible irrigation schedule would enable a reduction in

runoff and hence a better utilization of natural rainfall.  This would enable a greater area of crop to be irrigated

from the finite supply of water in Keepit Dam and also reduce the production problems associated with frequent

irrigation.

The development of a more rational approach to irrigation

 scheduling involved:

Overcoming the problem of measuring the soil water content of cracking clay soils in the

Namoi Valley using a neutron moisture meter.

Measurement of water use by the cotton crop and the identification of critical levels of

soil water depletion for various stages of growth, leading to a proposed irrigation

schedule for cotton in the Namoi Valley.

Testing of the proposed irrigation schedule using a soil water balance model with

historical climatic data in order to determine the long term irrigation requirements of the

cotton crop in the Namoi Valley.

7.1..Soil Water Measurement of a Cracking Clay Soil using a Neutron Moisture Meter

In cracking clay soils the most important factor to be considered when calibrating the neutron moisture

meter is that of soil cracking.
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Cracking, especially near the soil surface, was found to increase the intercept of the calibration

equation, just as an increase in bulk 

density would do, and therefore, under these conditions the calibration is 

best described by a quadratic equation.  The increase in intercept 

was greatest near the surface because:  firstly, cracking for a given water content is greatest at the surface and

secondly, the quadratic calibration results from a disproportionate reduction in the neutron reading.

The technique of soil water measurement developed involved a 

combination of gravimetric samples at the soil surface and neutron readings 

below the soil surface.  The expected percentage error for estimating change in the soil water content from one

time period to another was found to be around 3% for the mean of six measurements or neutron sites.  The

development of the neutron technique of soil water measurement to this level of precision represents a

considerable advance in the technique of soil water measurement for a cracking clay soil.  For example,

previously Stirk (1972) had found on a similar soil type that twenty soil cores were required to attain a similar

level of precision.  This development then simplified the measurement of soil water content but still

maintained sufficient accuracy and precision for an understanding of cotton water use in the Namoi Valley to

be gained.

7.2  A Cotton Irrigation Schedule for the Namoi Valley

The total quantity of rainfall and irrigation water being used to produce a cotton crop in the Namoi

Valley is in excess of 900 mm and is possibly as much as 1200 mm.  The wettest treatments in the present

study 

represented less than the average number of irrigations for the Namoi Valley.
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The total amount of irrigation water applied is dependent upon the number of 

irrigations and the soil water content immediately prior to irrigation because of the 'self regulating' nature of

the soil.  The more frequently the crop is irrigated the larger the quantity of irrigation water applied and also

the larger the runoff because of the increased chance of wet 

soil conditions immediately prior to rainfall.

The total water use could be in the vicinity of 740 mm if a rational irrigation schedule aimed at high

water use efficiency was applied.  The timing of the first irrigation in late December to early January should 

be such that the depletion of extractable soil does not exceed 110 mm or 67% in the main root zone (0.7 m).

This soil water deficit was also shown 

to be important for the timing of subsequent mid and late season irrigations 

which agrees with the findings of Bielorai and Shimshi (1963) who have also found that irrigation should be

applied when 67% of the available 

soil water content has been depleted.  The irrigation prior to peak squaring 

(early January) was found to be the most critical irrigation and is essential in order to attain a high water use

efficiency.  The omission

of this irrigation can result in a yield loss of up to 2.20 bales ha-l

A high water use efficiency depends on the maintenance of a 

proper balance between leaf area and boll production;  therefore it is necessary to plan a soil water regime that

will restrain vegetative growth without affecting yield.  An efficient cotton irrigation system in the Namoi

Valley should aim to:

1) Obtain but not exceed an LAI of 3 by 100 - 110 days after planting (approximately 30

January);

2) Maintain this LAI for as long as possible but cease irrigation when no further economic

response is obtained (approximately 

20 - 25th February) and
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3).Keep the interval between irrigations as long as possible without negating the above objectives.

The proposed irrigation schedule provides a management tool for implementing the above objectives of

an efficient cotton irrigation system.  The combination of this schedule with a soil water balance model

provides the flexibility required to allow for the occurrence of natural rainfall during the production of the

crop.

7.3  The Irrigation Schedule as a Management Tool

A soil water balance model was used to calculate the 

seasonal water use, irrigation requirements and time of occurrence of irrigations.  The flexibility that could be

added to an irrigation schedule by a soil water balance model was demonstrated.

This new management tool was then used to evaluate current commercial irrigation practise.  This was

carried out by testing the proposed irrigation schedule with historical climatic data using the soil water balance

model.  The long term application of the irrigation schedule would result in a total seasonal water use of 740

mm.  This represented a considerable reduction in water use when compared with the 900 to 1200 mm of

rainfall and irrigation water which are currently used for commercial cotton production in the region.  The

actual irrigation requirement for the schedule would be 340 to 350 mm for the three irrigations which gives a

total yearly irrigation requirement for cotton of 500 mm.  When it is realized that current irrigation practice is

to use up to 900 mm of irrigation water yearly the potential reduction in irrigation water requirement is large.
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The opportunity cost of the current commercial irrigation practice is clearly very high because the

large amount of irrigation water applied is in excess of the crop's requirements.  This excess is up to 400 mm. 

The adoption of the irrigation schedule developed in this study would enable an additional area of cotton to be

grown from the same finite amount of irrigation water available in Keepit Dam.

The aversion of farmers to risk should be of little concern 

when adopting this irrigation schedule.  The required allocation of irrigation water does not vary much from

season to season.  In fact an allocation in excess of 340 - 350 mm would be required in only 5% of 

all seasons.  There is however large variation in the actual dates for which irrigation is required in any given

season, 25 December and 14 February being the median dates of the first and last irrigation respectively.  This

variation resulting from rainfall can however be accounted for by using the soil water balance model.

For these reasons, application of the irrigation schedule using 

a soil water balance model could be an effective new management tool for cotton irrigation in the Namoi

Valley.



BIBLIOGRAPHY



212.

BIBLIOGRAPHY

ADAMS, J.E. and HANKS, R.J. (1964).  Evaporation from soil shrinkage cracks.  Soil Sci. Soc. Am. Proc.
28:281-184.

ADAMS, J.E., RITCHIE, J.T., BURNETT, E. and FRYREAR, D.W. (1969).
Evaporation from a simulated soil shrinkage crack. Soil Sci. Soc. Am. Proc. 33:609-613.

AITCHISON, GD. and HOLMES, J.W. (1953).  Aspects of swelling in the soil profile. Aust. J. Appl. Sci. 4:244-
259.

ALLMARAS, R.R. and GARDNER, C.O. (1956).  Soil sampling for moisture determination in irrigation
experiments.  Agron. J. 48:15-17.

AMIR, J. and BIELORAI, H. (1969).  The influence of various soil moisture regimes on the yield and quality
of cotton in an arid zone.
J. agric. Sci. Comb. 73:425-429.

ANON (1950).  The Namoi Region.  A preliminary survey of resources. Government of New South Wales,
Division of Reconstruction and Development, Premier's Department, Sydney.

ANON (1963).  Cotton growing in Australia.  An economic survey. 
Bureau of Agricultural Economics, Canberra.

ANON (1968a).  Review of Australia's Water Resources.  Monthly Rainfall 
and Evaporation.  Part I.  Data tabulations. Aust. Water Res. Council, Melbourne.

ANON (1968b).  Review of Australia's Water Resources.  Monthly Rainfall 
and Evaporation.  Part 2.  Maps. Aust. Water Res. Council, Melbourne.

ANON (1969).  Narrabri Agricultural Research Station.  Meteorological Observations, 1960-1969.

ANON (1972).  Climatic Survey.  Namoi Region 12, New South Wales. 
Bureau of Meteorology, Aust. Govt. Publ. Service, Canberra, A.C.T.

ANON (1974).  Soil moisture measurement and assessment. Aust. Water Res. Council, Hydrological Series
No.9, Aust. Govt. Pubi. Service, Canberra, A.C.T.

ANON (1976).  Tracer manual on crops and soils.  Technical Reports 
Series, No.1?1, Intern. Atomic Energy Agency, Vienna, pp.211-216.

ARNON, I. (1972).  Cotton.  In 'Cotton Crop Production in Dry Regions', Vol.2.  Systematic treatment of
principal crops.  Leonard Hill, London, pp.261-344.

ASHLEY, D.A., DOSS, B.D. and BENNETT, OL. (1965). Relation of cotton
leaf area index to plant growth and fruiting.  Agron. J. 57:61-64.



213.

BEGG, J.E., BIERHUIZEN, J.F., LEMON, E.R., MISRA, D.K., SLATYER, R.O. 
and STERN, W.R. (1964).  Diurnal energy and water exchanges in bulrush millet in an area of high
solar radiation. Agric. Meteorol.
1:294-312.

BEGG, J.E. and TURNER, N.C. (1976).  Crop water deficits. Adv. Agron. 28:161-217.

BELL, J.P. and MOCULLOCH, J.S.G. (1966).  Soil moisture estimation by 
the neutron scattering method in Britain.  J. Hydrol.  4:254-263.

BELL, J.P. and McCULLOCH, J.S.G. (1969).  Soil moisture estimation by the neutron method in Britain - a
further report.  J. Hydrol. 7:415-433.

BERNOT, R.D. and COUGHLAN, K.J. (1976).  The nature of changes in bulk density with water content in a
cracking clay. Aust. J. Soil Res. 15:27-37.

BIELORAI, H. (1973).  Irrigation of field crops.  In 'Arid Zone Irrigation', ed. B. Yaron, E. Danfors and Y.
Vaadia. Springer~Verlag, New York, 
pp. 369-381.

BIELORAI, H. and HOPMANS, P.A.M. (1975).  Recovery of leaf water potential, transpiration and
photosynthesis of cotton during irrigation cycles. Agron. J. 67:629-632.

BIELORAI, H. and SHIMSHI, D. (1963).  The effect of various moisture regimes on water requirements and
yields of cotton (in Hebrew). Ktavim 13:223-231.

BLACK, C.A., EVANS, D.D., WHITE, J.L., ENSMINGER, L.E. and CLARK, F.E. (1965).  Methods of Soil
Analysis.  I. Physical and mineralogical properties, including statistics of measurement and sampling. 
Amer. Soc. Agron., Madison, Wisc.

BLACK, TA., GARDNER, W.R. and THURTELL, G.W. (1969).  The prediction of evaporation, drainage and
soil water storage for a bare soil. 
Soil Sci. Soc. Am. Proc. 33:655-660.

BLAKE, G., SCHLICHTING, E. and ZIMMERMANN, U. (1973).  Water recharge in 
a soil with shrinkage cracks.  Soil Sci. Soc. Am. Proc. 37:669-672.

BLANEY, H.F. and CRIDDLE, W.D. (1950).  Determining water requirements 
in irrigated areas from climatological and irrigation data.  U.S 
Soil Conservation Service, SCS-TP. 96:1-48.

BROWN, K.W. (1974).  Calculations of evapotranspiration from crop surface temperature. Agric. Meteorol.
14:199-209.

BRUCE, R.R. and SHIPP, C.D. (1962).  Cotton fruiting as affected by soil moisture regime. Agron. J. 54:15-
18.

BURCH, G.J. (1977).  Water absorption by plant root systems.  Ph.D. Thesis, University of New England,
Armidale, N.S.W.



214.

CONSTABLE, G.A. (1977).  Narrow row cotton in the Namoi Valley. 2. Plant population and row spacing.
Aust. J. exp. Agric. anim. Husb. 
17:143-147.

CONSTABLE, G.A. and GLEESON, A.C. (1977).  Growth and distribution of 
dry matter in cotton (Gassypium hirsutum L.)  Aust. J agric. Res. 28:249-256.

EELES, C.W.O. (1969).  Installation of access tubes and calibration of neutron moisture probes.  Natural
Environment Research Council, 
Inst. of Hydrology, Report No.?, Wallingford, Berkshire.

ELLIOT, F.C., HOOVER, M. and PORTER, W.K. (1968).  Advances in production and utilization of quality
cotton - Principles and Practices. 
Iowa State Uni. Press, Ames, Iowa.

EL-SHARKAWY, M.A. and HESKETH, J.D. (1964).  Effects of temperature and water deficit on leaf
photosynthetic rates of different species. 
Crop Sci. 4:514-518.

FAREROTHER, H.G. (1972).  Field behaviour of Gezira clay under irrigation. Cott. Grow. Rev. 49:1-27.

FAWCETT, R.G. and COLLIS-GEORGE, W. (1967).  A filter paper method for determining the moisture
characteristics of soil. Aust. J. exp. Agric. anim. Husb. 7:162-167.

FITZGERALD, PD., RICKARD, D.S. and MOUNTIER, N.S. (1963).  Sampling errors associated with
gravimetric soil moisture determinations.  N.Z. J. agric. Res.  6:307-309.

FOX, WE. (1964a).  A study of bulk density and water in a swelling soil. Soil Sci. 98:307-316.

FOX, W.E. (1964b).  Cracking characteristics and field capacity in a swelling soil. Soil Sci. 98:413.

FUCHS, M. (1973). Water transfer from the soil and the vegetation to 
the atmosphere.  In 'Arid Zone Irrigation',  ed. B. Yardon, E. Danfors and Y. Vaadia.  Springer~Verlag,
New York, pp. 143-152.

FUCHS, M. and STANHILL, G. (1963).  The use of Class A evaporation pan data to estimate the irrigation
water requirements of the cotton crop.  Israel J. agric. Res. 13:63-78.

GARDNER, W.R. (1965).  Dynamic aspects of soil water availability to plants. Ann. Rev. Plant Physiol.
16:323-342.

GARDNER, W.R. and HILLEL, D.I. (1962).  The relation of external evaporative conditions to the drying of soils.
J Geophys. Res. 67:4319-4325.

GARDNER, W.R., JURY, WA. and KNIGHT, J  (1975). Water uptake by vegetation. In 'Heat and mass transfer in
the biosphere.  I. Transfer processes 
in the plant environment',  ed. D.A. de Vries and N.H. Afgan. 
Holsted Press, Wash., D.C., pp.443-456.



215.

GREACEN, E.L. (1977). Mechanisms and models of water transfer.  In
'Soil factors in crop production in a semi-arid environment', 
ed. J.S  Russell and E.R. Greacen.  Univ. of Qld. Press, pp.163-196.

GREACEN, E.L. and SCHRALE, G. (1976).  The effect of bulk density on neutron meter calibration. Aust. J.
Soil Res. 14:159-169.

GRIMES, D.W., MILLER, R.J. and DICKENS, L. (1970).  Water stress during flowering of cotton.  Calif.
Agric. 24:4-6.

GRIMES, D.W., MILLER, R.J. and WILEY, P.L. (1975).  Cotton and corn root development in two field soils
of different strength characteristics. Agron. J. 67:519-523.

GRIMES, D.W., YAMADA, H. and DICKENS, W.L. (1969).  Functions for cotton (Gossypium hirsutum L.)
production from irrigation and nitrogen fertilization variables. I. Yield and evapotranspiration. Agron.
J. 769-773.

HEARN, A.B. (1969).  The growth and performance of cotton in a desert environment.  II. Dry matter
production.  J. agric. Sci. Comb. 
73:75-86.

HEARN, A.B. (1970).  Prog. Rep. Exp. Stns. Cott. Res. Corp. Uganda, 
1969-70, pp. 36-40.

HEARN, A.B. (1972a).  The growth and performance of raingrown cotton in 
a tropical upland environment. I. Yields, water relations and 
crop growth.  J. agric. Sci. Comb. 79:121-135.

HEARN, A.B. (1972b).  The growth and performance of raingrown cotton 
in a tropical upland environment. II. The relationship between
yield and growth.  J. agric. Sci. Comb. 79:137-145.

HEARN, A.B. (1975).  Response of cotton to water and nitrogen in a tropical environment.  I  Frequency of
watering and method of application of nitrogen.  J. agric. Sci. Comb. 84:407-417.

HEARN, A.B. (1976).  Crop physiology. In 'Agricultural Research for Development', ed. M.H. Arnold.  Comb.
Univ. Press, pp.77-122.

HEERMANN, D.F. and JENSEN, M.E. (1970).  Adapting meteorological approaches in irrigation scheduling to
high rainfall areas.  Proc. Amer. Soc. 
Agr. Eng. Nat. Irrig. Sump., Lincoln, Neb. 00-1 to 00-10.

HEWLETT, J.D., DOUGLASS, JE. and CLUTTER, J.L. (1964).  Instrumental 
and soil moisture variance using the neutron scattering method. 
Soil Sci. 97:19-24.

HILL, J.N.S. and SUMNER, M.E. (1967).  Effect of bulk density on moisture characteristics of soils.  Soil Sci.
103:234-238.

HILLEL, D. (1972).  The field water balance and water use efficiency. 
In 'Optimizing the soil physical environment toward greater crop yields', ed. D. Hillel. Academic Press,
New York, pp.79-100.



216.

HILLEL, D. and GARDNER, W.R. (1970).  Transient infiltration into crust-topped profiles. Soil Sci. 109:69-
77

HOLMES, J.W. and JENKINSON, A.F. (1959).  Technique for using the neutron moisture meter.  J. Agric.
Eng. Res. 4:100.

HUTCHINSON, J., MANNING, H.L. and FAREROTHER, HG. (1958).  Crop water requirements of cotton.  J.
agric. Sci. Comb. 51:177-188.

IRWIN, P.G. (1972).  Cotton systems of the Namoi Valley. Jacaranda Press Sydney.

JARVIS, P.G. (1975).  Water transfer in plants. In 'Heat and mass transfer in the biosphere. I. Transfer
processes in plant environment', ed. D.A. de Vries and N.H. Afgan. Holsted Press, Washington, D.C. 
pp.369-394.

JEFFREY, W.W. (1967).  Preliminary estimates of sample numbers required for soil moisture measurement by
neutron probe in a forest soil. 
In ‘Soil Moisture’. Proc. Hydrol. Symp. No.6, Dept. of Energy, 
Mines and Resources, Canada, pp.298-302.

JENSEN, M.E. (1969).  Scheduling irrigations with computers.  J. Soil Water Cons. 24:54-55

JENSEN, M.E. (1972).  Programming irrigation for greater efficiency. 
In 'Optimizing the soil physical environment toward greater crop yields'. Academic Press, New York,
pp.133-161.

JENSEN, M.E. and HEERMANN, D.F. (1970).  Meteorological approaches to irrigation scheduling. Proc.
Amer. Soc. Agr. Eng. Nat. Irrig. Symp., Lincoln, Neb. NN-l to NN-lO.

JENSEN, ME., ROBB, D.C.W. and FRANZOY, CE. (1970).  Scheduling irrigations using climate-crop-soil
data. Amer. Soc. Civ. Eng: Irrig. Drainage Div. J. 96:25-38.

JENSEN, ME., WRIGHT, J.L. and PRATT, B.J. (1971).  Estimating soil moisture depletion from climate, crop
and soil data. Trans. A.S.A.E. 14:954-959.

JOHNS, G.G. (1971).  Water use efficiency in dryland herbage production. Ph.D. Thesis, University of New
England, Armidale, N.S.W.

JORDAN, W.R. and RITCHIE, J.T. (1971).  Influence of soil water stress 
on evaporation, root absorption, and internal water status of cotton. Plant Physiol. 48:783-788.

JURY, WA. and TANNER, C.B. (1975).  Advection modification of the Priestley and Taylor evapotranspiration
formula. Agron. J. 67:840-842.

KANEMASU, E.T., STONE, L.R. and POWERS, W.L. (1976).  Evapotranspiration model tested for soybean
and sorghum. Agron. J. 68:569-572.



217.

KLEPPER, B., TAYLOR, H.M., HUCK, M.G. and FISCUS, E.L. (1973).  Water relations and growth of
cotton in drying soil. Agron. J. 65:307-310.

KRAMER, P.J. (1969).  Plant and soil water relationships: A modern synthesis. McGraw Hill~ New York.

LEONARD, E.R. (1962).  Inter-relations of vegetative and reproductive growth with special reference to
indeterminate plants.  Bot. Rev. 28:353-410.

LEVIN, I. and SHMUELI, E. (1964).  The response of cotton to various irrigation regimes in the Hula Valley.
Israel J. agric. Res. 
14:211-225.

LOVEDAY, J. (1974).  Methods for analysis of irrigated soils.  Tech. Comm. No.54, Commonwealth Bureau of
Soils, C.A.B., Farnhom Royal, England.

LOVEDAY, J. and WATSON, C.L. (1975). Neutron moisture meter calibration. In 'Installation, calibration and
testing of field sensors for 
water and salt movement', ed. K.J. Barrow, J Loveday, D.S. McIntyre, R.S. Penny, G.A. Stewart, and
C.R. Watson.  C.S.I.R.O. Aust. Div. Soils Divisional Report No.5.

MARSH, B. a'B. (1971).  Measurement of length in random arrangements of lines. J. Appl. Ecol. 8:265-267.

MATHER, J.R. (1954).  The determination of soil moisture from climatic data.  Bull. Am. meteorol. Soc.
35:63-68.

MAYAKI, W.C., STONE, L.R. and TEARE, I.D. (1976).  Irrigated and non-irrigated soybean, corn and grain
sorghum root systems. Agron. J. 68:532-534.

McARTHUR, J.A., HESKETh, J.D. and BAKER, D.N. (1976).  Cotton. In 'Crop Physiology', ed. L.T. Evans.
Cambridge University Press, London, pp.297-325.

McCREE, K.J. (1974).  Changes in the stomatal response characteristics 
of grain sorghum produced by water stress during growth.  Crop Sci. 14:273-278.

MEYER, R.F. and BOYER, J.S  (1972).  Sensitivity of cell division and 
cell elongation to low water potentials in soybean hypocotyls. Planta.  108:77-87.

MORGAN, J.D. (1977).  The effect of irrigation on soils with particular reference to salinity and alkalinity.
B.Rur.Sci. Thesis, University of New England, Armidale, N.S.W.

NAGARAJAH, S. (1975).  The relation between photosynthesis and stomatal resistance of each leaf surface in
cotton leaves. Plant Physiol. 34:62-66.

NAIRIZI, S. and RYDZEWSKI, J.R. (1977).  Effects of dated soil moisture stress on crop yields. E~. Agric.
13:51-59.

218.

NAMKEN, L.N. (1964).  The influence of crop environment on internal 
water balance of cotton.  Soil Sci. Soc. Am. Proc. 28:12-15.

NEWMAN, E.I. (1966).  A method of estimating the total length of root 
in a sample.  J. Appl. Ecol. 3:139-148.



NIELSEN, D.R., BIGGAR, J.W. and ERH, K.T. (1973).  Spatial variability 
of field measured soil-water properties.  Hilgardia 42:215-259.

NORTHCOTE, K.H. (1971).  A factual key for the recognition of Australian soils. Rellim Technical
Publications, Glenside, South Australia.

OLGARD, P.L. (1965).  On the theory of the neutronic method for measuring the water content in the soil.
Danish Atomic Energy Commission, Risv. Report No.9?.

PARBERRY, D.B., ROSE, C.W. and STERN, W.R. (1968). Characteristics of three main agricultural soils in
the lower Ord River Valley, 
Western Australia. C.S.I.R.O. Aust. Div. Land Res. Tech. Memo. 68/?.

PENMAN, H.L. (1948).  Natural evaporation from open water, bare soil 
and grass.  Proc. Roy. Soc. Lond. Series A. 193:120-145.

PENMAN, H.L. (1963).  Vegetation and hydrology.  Tech. Comm. No.53, Commonwealth Bureau of Soils, C.
A. B., Farnhom Royal, England.

PHILIP, J.R. (1957a). Evaporation and moisture and heat fields in 
the soil.  J. Meteorol. 14:354-366.

PHILIP, J.R. (1957b).  The theory of infiltration: 4. Sorptivity and algebraic infiltration equations.  Soil Sci.
84:257-264.

PIERPOINT, G. (1966).  Measuring surface soil moisture with the neutron depth probe and a surface shield.
Soil Sci. 101:189-192.

PORTAS, C.A.M. (1973).  Development of root systems during the growth 
of some vegetable crops.  Plant Soil 39:507-518.

PRIESTLEY, C.H.B. and TAYLOR, R.J. (1972).  On the assessment of surface heat flux and evaporation using
large-scale parameters. Mon. 
Weather Rev. 100:81-92.

RICHARDS, B.G. (1963).  Investigation of the performance of a neutron moisture meter.  Proc. 4th Aust-N.Z.
Conf. Soil Mech. Adn. Engng., pp.179-184.

RICHARDSON, CM. and RITCHIE, J.T. (1973).  Soil water balance for small watersheds.  Trans. A.S.C.E.
16:72-77.

RIJKS, D A. (1966).  The use of water by cotton crops in Abyan, South Arabia.  J. appl. Ecol. 2:317-343.

RIJKS, D.A. (1967).  Water use by irrigated cotton in Sudan. I. Reflection of short-wave radiation.  J. appl.
Ecol. 4:561-568.



219.

RIJKS, DA. (1968).  Water use by irrigated cotton in Sudan.  II. Net radiation and soil heat flux.  J. appl. Ecol.
5:685-706.

RITCHIE, J.T. (1971).  Dryland evaporative flux in a subhumid climate. 
I. Micrometeorological influences. Agron. J. 63:51-55.

RITCHIE, J.T. (1972).  Model for predicting evaporation from a row crop with incomplete cover.  Water
Resour. Res. 8:1204-1213.

RITCHIE, J.T. and ADAMS, J.E. (1974).  Field measurements of evaporation from soil shrinkage cracks.  Soil
Sci. Soc. Am. Proc. 38:131-134.

RITCHIE, J.T. and BURNETT, E. (1971).  Dryland evaporative flux in a subhumid climate. II. Plant
influences. Agron. J. 63:56-62.

RITCHIE, J.T., BURNETT, E. and HENDERSON, R.C. (1972).  Dryland evaporative flux in a sub-humid
climate.  III. Soil water influence. Agron. J. 64:168-173.

RITCHIE, J.T. and JORDAN, W.R. (1972).  Dryland evaporative flux in a 
sub-humid climate.  IV. Relation to plant water status. Agron. J. 64:173-176.

RITCHIE, J.T., KISSEL, D.E. and BURNETT, E. (1972).  Water movement in undisturbed swelling clay soil.
Soil Sci. Soc. Am. Proc. 36:874-879.

ROSE, C.W. (1966).  Agricultural Physics.  Pergamon Press, Sydney.

ROSE, C.W., STERN, W.R. and DRUMMOND, J.E. (1965).  Determination of hydraulic conductivity as a
function of depth and water content 
for soil in situ. Aust. J. Soil Res. 3:1-9.

RUTTER, A.J. (1975).  The hydrological cycle in vegetation. In 'Vegetation and the Atmosphere'. Vol.1.
Principles, ed. J.L. Monteith. 
Academic Press, New York, pp.111-154.

SARTZ, R.S. (1972).  Anomalies and sampling variation in forest soil 
water measurement by the neutron method.  Soil Sci. Soc. Am. Proc. 36:148-153.

SAUNT, J.E. (1967).  Sowing date, development and yield of cotton in 
the Murrumbidgee Irrigation Areas, New South Wales.  Cotton Grow. Rev. 44:2-22.

SCHOLANDER, P.F., HAMMEL, H.T., HEMMINGSEN, E.A. and BRADSTREET, E.D. (1964).  Hydrostatic
pressure and osmotic potential in leaves of mangroves and some other plants.  Proc. Natl. Acad. Sci.
U.S.A. 
52:119-125.

SHALHEVET, J., MANTELL, A., BIELORAI, H. and SHIMSHI, D. (1976).  Irrigation of field and orchard crops
under semi-arid conditions. Intern. Irrigation Information Center, Israel.

SHARMA, M.L. and TUNNY, J. (1972).  Measuring soil moisture near the 
surface with the neutron subsurface probe.  J. Aust. Inst. agric. Sci. 38:221-223



220.

SLATYER, R.O. (1955).  Studies of the water relations of crop plants 
grown under natural rainfall in northern Australia. Aust. J. 
agric. Res. 6:365-377.

SLATYER, RO. (1956).  Evapotranspiration in relation to soil moisture. Neth. J. agric. Sci. 4:73-76.

SLATYER, R.O. (1957).  The influence of progressive increases in total soil moisture stress on transpiration,
growth, and internal water relationships of plants. Aust. J. biol. Sci. 10:320-336.

SLATYER, RO. (1960). Agricultural climatology of the Katherine Area, 
N.T., Australia. C.S.I.R.O. Aust. Div. Land Res. and Regional 
Surv. Tech. Paper No.13.

SLATYER, RO. (1967).  Plant-water relationships. Academic Press, New York.

SLATYER, R.O. (1969).  Physiological significance of internal water relations to crop yield.  In 'Physiological
Aspects of Crop Yield', ed. J.D. Eastin, F.A. Haskins, C.Y. Sullivan and C.H.M. van Bavel. Amer. Soc
Agron. Madison, Wisc., pp.53-88.

SNEDECOR, G.W. and COCHRAN, W.G. (1967).  Statistical methods.  Iowa 
State Uni. Press, Ames, Iowa.

SPOONER, A.E. and CAVINESS, C.E. (1956).  Critical stages for irrigating cotton. Ark. Rmg. Res. 5:12.

SPOONER, A.E., CAVINESS, C.E. and SPURGEON, W.I. (1958).  Influence of timing of irrigation on yield,
quality and fruiting of upland 
cotton. Agron. J. 50:74-77.

STACE, H.C.T., HUBBLE, G.D., BREWER, R., NORTHCOTE, K.H., SLEEMAN, J.R., MULCAHY, M.J.
and HALLSWORTH, E.G. (1968).  A handbook of Australian soils. Rellim Technical Publications,
Glenside, South Australia.

STANHILL, G. (1962).  The control of field irrigation practice from measurements of evaporation. Israel J.
agric. Res. 12:51-62.

STANHILL, G. (1976).  Cotton. In 'Vegetation and the Atmosphere' Vol.2. 'Case studies', ed. J.R. Monteith.
Academic Press, New York, 
pp.121-150.

STANHILL, G. and FUCHS, M. (1968).  The climate of the cotton crop:
Physical characteristics and microclimate relationships. Agric. 

Meteorol. 5:183-202.

STAPLE, W.J. and LEHANE, J.J. (1962).  Variability in soil moisture sampling.  Can. J. Soil Sci. 42:157-164.

STERN, W.R. (1967a).  Soil water balance and evapotranspiration of irrigated cotton. J. agric. Sci. Comb.
69:95-101.

STERN , W.R. (1967b).  Seasonal evapotranspiration of irrigated cotton in a low latitude environment. Aust. J.
agric. Res. 18:259-269.



221.

STIRK, G.B. (1954).  Some aspects of soil shrinkage and the effect of cracking upon water entry into the soil.
Aust. J agric. Res. 
5:283-290.

STIRK, G.B. (1972).  Moisture measurement in swelling clay soils.  In 'Physical Aspects of Swelling Clay
Soils'.  Symposium, University 
of New England, Armidale, N.S.W., pp.53-60.

STOCKTON, J., CARREKER, J. and HOOVER, M. (1967).  Sugar, oil and fibre crops.  In 'Irrigation of
Agricultural Lands', ed. R.M. Hagan, 
H.R. Haise and T.W. Edminster. Amer. Soc. Agron. Publ. 11. 
Madison, Wisc., pp.661-673.

STOCKTON, JR. and DONEEN, L.D. (1957).  Factors in cotton irrigation. Calif. Agric. 11:16-17.

STOCKTON, J.R., DONEEN, L.D. and WALHOOD, J.T. (1961).  Boll shedding 
and growth of the cotton plant in relation to irrigation frequency. Agron. J. 53:272-275.

STONE, J.F., SHAW, R.H. and KIRKEAM, D. (1960).  Statistical parameters and reproducibility of the
neutron method of measuring soil moisture. Soil Sci. Soc. Am. Proc. 24:435-438.

STONE, L.R., TEARE, I.D., NICKELL, C.D. and MAYAKI, W.C. (1976).  Soybean root development and
soil water depletion. Agron. J. 68:677-680.

TANNER, C.B. and JURY, WA. (1976).  Estimating evaporation and transpiration from a row crop during
incomplete cover. Agron. J. 68:239-243.

TAYLOR, H.M. and KLEPPER, B. (1971).  Water uptake by cotton roots during an irrigation cycle. Aust. J.
biol. Sci. 24:853-859.

TAYLOR, H.M. and KLEPPER, B. (1974).  Water Relations of Cotton.  I. Root Growth and Water Use as
Related to Top Growth and Soil Water Content. Agron. J. 66:584-588.

TAYLOR, H.M. and KLEPPER, B. (1975).  Water uptake by cotton root systems: An examination of the
assumptions in the single root model. Soil Sci. 120:57-67.

THOMAS, J.C., BROWN, K.W. and JORDAN, JR. (1976).  Stomatal response to leaf water potential as
affected by preconditioning water stress 
in the field. Agron. J. 68:706-708.

THORNTHWAITE, C.W. and MATHER, J.R. (1955).  The water budget and its 
use in irrigation.  U.S. Dept. Agric. Yearbook, pp.346-358.

TOWNER, G.D. (1968).  Variability of soil moisture in the black cracking 
clay soil of north-western New South Wales. Aust. J. eap. Agric. Husb. 8:252-254.

TROUGHTON, J.H. (1969).  Plant water status and C02 exchange of cotton leaves. Aust. J. biol. Sci. 22:289-
302.



222.

TURNER, N.C. (1974a).  Stomatal response to light and water under field conditions. R. Soc. N.Z. Bull.
12:423-432.

TURNER, N.C. (1974b).  Stomatal behaviour and water status of maize, sorghum and tobacco under field
conditions.  II. At low soil water potential.  Plant Physiol. 53:360-365.

TURNER, N.C. (1975).  Concurrent comparisons of stomatal behaviour, 
water status, and evaporation of maize in soil at hiqh or low water potential.  Plant Physiol. 55:932-
936.

ZAHNER, R. (1967).  Forest and soil water.  In 'Forest Hydrology', ed. W.E. Sopper and H.W. Lull.
Pergamon Press, Oxford, pp.245-370.



APPENDICES




























































