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ABSTRACT

A tine-based concept which provides a quantitative
nmeans for estimating the plant water stress inposed on
a crop during its grow ng season to provide a criterion
for characteri sing the need for irrigation S
presented, based on the stress -Day |Index (SD)
concept. \Wheat (Triticum aestivumL.) was used as the
experinmental crop, at the Ahmadu Bello University Farm
during the 1991/92 irrigation season.

The Ti me-based concept was eval uated by conpari ng;
(1) estimtes of plant-based plant water deficits
corresponding to specified tinme intervals at different
crop growth stages; (2) the values of water wused
efficiencies fromthe tine-based concept for irrigation
scheduling wth results obtained from a conventional
irrigation scheduling approach; and (3) Estimating the
Correlation Coefficient between seasonal crop water
stress and grain yield fromthe tine-based concept.

The results indicated that the tinme-based form of
characterising plant water deficit is Iless effective
with regards to the definition of crop susceptibilities
to water deficits as a function of the timng of
occurance of the deficit. However, using the tine-based
concept for irrigation scheduling, an increase of 20.5
per cent in water use efficincy was obtained over that

of the conventional approach to irrigation scheduling.

Vi



A water savings of 639m’/ha was observed without

any appreciable reduction in grain yield. Besides, the
correlation coefficient between the seasonal crop water
stress and grain yield from the time - based concept
was found to be as high as 0.956 , thereby indicating

the suitability of the concept.
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CHAPTER ONE

INTRODUCTION

Irrigated agriculture, which is generally accepted
as the solution to the food probkblem of the arid and
semi-arid regions of the world, is heavily dependent on
a number of variables for its efficient performance.
These variables have strong interactions and can be
grouped broadly into those relating to crop management
and those relating to scil and water management.

Efficient water management in food and fibre
production is becoming more and more emphasized
especially in the arid and semi-arid regions of the
world, where water resources are limiting. Savings in
the cost of conveying water to the farmers’ field may
help to present the need for efficient water
management. Efficient water management is also
considered important where there is the need to
minimise the adverse environmental effects both to
plants and man due to high water table problems. One
or a combination of these factors often call for the
development of operation plans that would ensure the
most cptimum use of water in irrigated agriculture.

A sound management of irrigation water ensures
that the minimum amount of water which will result in
optimum yield in both quantity and quality is applied

at precise time intervals. Hiler et al. (1974)



identified improved irrigation timing techniques and
intensified water application methods as two areas
which offer considerable promise for increasing water
use efficiency in irrigated agriculture.
Unfortunately, irrigation timing in most projects in
Nigeria is based on arbitrary fixed time intervals
without constraint on the quantity of water applied
(Dalhat, 1988). In the Kadawa irrigation project, for
example, irrigation interval is fixed at 7 days
(PDalhat, 1988). However, in pratice, many farmers
irrigate on schedules determined by water supply
agencies or on the availability of a stream of water.
Too often, no consideration is given to variations in
climatic factors, soil type or croping practices.
Obviously, such methods of timing are inefficient in
most cases, as they waste water and may induce high
deep percolation loses, leaching of nutrients below the
root zone or salinity problems. This is evident in the
increasing incidence of waterlogging problems in
irrigation projects in Nigeria as identified by Maurya
(1980) .

The problems of waterlogging has earlier been
observed in small irrigation schemes in Nigeria by
Igbal (1975). Nwa (1982) also reported that the
groundwater table at the Kadawa irrigation project has
risen to a 1level detrimental to crop growth. He
reported crop failure in some areas, which he

attributed to the high water table. It should be
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pointed out here that the higher_the water table, the
greater would be the risk of the development of
salinity problems, and also, the smaller the volume of
soil availability for exploitation by the crop root
system. These problems, as well as others, such as the
leaching of nutrients below the rocot 2zone and the
increased poor soil aeration are often associated with
excessive irrigation.

Nwa (1982) reported that the groundwater table has
become a problem in the Kadawa Irrigation Project
within 7 years of continous irrigation practice. He
noted in a study initiated in 1977 that the water table
exists between 0 - 60 cm bhelow the ground surface at
the peak of the rains and often rises to within 40 cm
of the soil surface during the irrigation season, as
against the result of a survey in 1966/67 before the
project construction which, as reported by Nwa (1982),
showed that there was no water table within 1.5m of the
ground surface even during the rainy season. Thus,
there 1is need for the development and maintainance of
optimal water use efficiency to utilize a proper water
balance and avoid problems of excessive irrigation.

In an evaluation of irrigation performance under
high water table conditions, Dalhat (1988) recommended
a 2 week irrigation interval under check  basin
irrigation system for wheat in the Kadawa Irrigation
Project as a measure towards the prevention of

waterlogging, low crop yield and possible crop failure,



However, a number of factors should be considered in
determining the right quantity of water and the right
time of application. Since crop growth and yield are
determined by plant water stress and only indirectly
and partially by the soil water status (Kramer, 1969),
irrigation timing should be based on plant water stress
which incorporates factors such as, soil water
deficits, atmospheric demand, rooting density and
distribution, and crop suceptibility, rather than on
s0i)l water status alone (Hiler and Clark, 1971). There
has been a major change in emphasis away from the
influence of soil water deficit on plant growth, water
use and crop yeild to the general recognition that
plant growth is controlled directly by plant water
deficits and only indirectly by soil water deficits
(Begg and Turner, 1976). Besides, Hiler et al. (1974)
have showed that water can be used more efficiently if
plant water stress are used as the criteria upon which
the need for irrigation is based.

An improved irrigation technigue developed by
Hiler (1969) which is a potentially useful concept for
optimizing irrigation timing is the Stress-Day Index
(SDI) cencept where a guantitative means of determining
the crop water stress imposed on the crop during its
growing period is provided, which is then used as a
criterion to characterise the need for irrigation.
Besides its use to characterise irrigation requirement,

Hiler and Clark (1971) reported that the Stress-Day



Index concept is also applicable to the
characterization of drainage requirement of crops.
However, this work is concerned with the
characterisation of water stress in crops and its
application for irrigation timing as a means of
preventing or solving problems associated with over-
irrigation, notably, high water table problems.

Since it has been observed (Dalhat, 1988) that it
is difficult to set up drainage schemes, especially at
the Kadawa Irrigation Project, as a result of the
presence of an impermeable layer at about 1m depth
below the soil surface (NEDECO, 1974), which would serve
as long-term solution, irrigation techniques that would
result in increased water use efficiencies should be an
aspect that offers considerable promise for minimizing
the increasing problems of high water tables in the
irrigation schemes in Nigeria. Work by Hiler and Clark
(1971) and Hiler et al. (1974) indicate the potentials
for improved water use efficiency and related
developments concerning the Stress-Day Index concept.
This study is aimed at developing a simple method of
applying the Stress-Day Index concept in our irrigation

systems bearing in mind our local peculiarities.

I+1 Objectives
The specific objectives of this study are:
1. To compare a time-based Stress-Day Index
timing approach treatment with a conventional

irrigation timing approach treatment in terms of

5



the total grain yield per seasonal crop water use;

To use a time-based stress indicator to determine
stress indices as a function of stress level for
three growth stages of wheat;

To establish a relationship between seasonal
stress-Day 1Index and crop yield, based on the
study, which could be used to predict vyield at

given stress conditions; and
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CHAPTER TWO

REVIEW OF LITERATURE

Introduction

The design and operation of efficient irrigation
systems require a proper understanding of soil-water-
plant relationships in order to obtain reliable
information on the irrigation water requirement of
particular crops which forms the basis of good water
management. This subject matter has been discussed in
more details by several researchers such as; Slatyer
(1967) ; Kramer (1969); and Teare and Peet (1983), and,
to review this subject here again is considered
unnecessary. Thus, emphasis is given only to the
inter-relationships in the soil-plant-atmosphere system
that are applicable to the development and/or
understanding of water management concepts, and more
particularly the Stress-Day Index (SDI) concept, as is
applicable to irrigation timing, in the study reported

herein.

Moisture Stress in Plants

Moisture stress refers to the physiological
condition of water in plants which are unfavourable for
optimum plant growth and is unrelated to the usual
physical definition of stress that is associated with
a deforming force. In other words, a plant is said to

be under stress when the conditions of water are



unfavourable for its optimal growth, Crafts (1939)
stated that the term stress is somewhat ambigous but
could be defined as the state a plant enters when the
water potential is sufficiently low to inhibit normal
plant processes. This state is dependent on the type
of plant species, the variety and the growth stage of
the plant.

The moisture stress on a plant is usually
influenced by both the soil and plant water status, and
since even at adequate soil moisture supply, symptoms
of stress could still be observed in plants, moisture
stress is as a result of the development of plant water
deficits and not necessarily soil water deficits
(Datiri, 1982). Infact, at any given so0il water
condition, the plant may show no symptoms of stress if
either the atmospheric demand is low or if the internal
solute concentration of the tissues is high. The same
plant growing in the same soil moisture condition may
show stress symptoms and growth retardation if either
the atmospheric condition or internal water status is
different. Kramer (1959) reported that internal water
deficits in plants are controlled by the relative rates
of uptake of water by absorption through the roots and
water loss by transpiration, and these are controlled
by a complex combination of soil, plant and atmospheric
factors such as; solar radiation, both soil and
atmospheric temperature, wind, plant rooting system,

availability of soil moisture, concentration of soil



solution, and soil aeration.

The water stress produced by the presence of salts
in the soil seems to be guite different physiologically
from that produced by simple soil water deficit or high
evaporative demand. Taylor (1968) observed that when
stress is produced by excessive soil salt
concentration, the cells are frequently thick and heavy
and often, the plants do not exhibit any visible
symptoms of wilting as is the case with stress induced
by water deficit or high evaporative demand which may
induce moderate to severe wilting symptoms in the same
variety of plants that do not wilt from salt-induced
stresses. The most readily discernable symptoms in
plant shoots of lack of moisture are wilting, rolling

of leaves and sometimes leaf browning or leaf drop.

2+1.:1 The Development of Moisture Stress in Plants

As evapotranspiration from plants proceed from
day-to-day, the leaf water potential falls and water
moves towards the liquid-air interface from source of
high water potentials distributed both throughout the
plant and in the soil. Consequently, a progressive
reduction in the soil water content and the soil water
potential results. Since there must be a gradient of
decreasing potential through the water pathway, from
the so0il to the atmosphere, to provide the driving
force for water flow, it follows that there is usually

a concomitant plant water potential decline as



evapotranspiration progresses, which results in the
development of an internal water deficit in the leaf,
stem and root tissues (Datiri, 1982). Thus, water
deficit occurs as an inevitable consequence of water
flow along a pathway in which frictional resistances
and gravitational potentials have to be overcome
(Javis, 1975) and not necessarily only when the loss of
water by transpiration exceeds the supply from the
roots as is so often stated (Begg and Turner, 1976).
Also, as long as the plant is transpiring, the soil-
plant-atmosphere system 1is dynamic and is never at
equilibrium and hence, although the soil water
potential sets an wupper limit for the plant water
potential, the later may be at a considerably lower
value than the former because of the resistance to
water movement through the soil and plant (Gardner,
1968) . The difference in the water potential between
the soil and plant depends on the rate of water uptake
from the soil and the water conducting properties of
soil and plant (Gardner and Nieman, 1964). In any
case, excessive transpiration or slow absorption from
dry, cold or poorly aerated soils or a combination of
these can cause internal water deficits and
consequently the development of plant water stress.
Effects of Moisture Stress on Crop Growth and
Yield

It is now amply evident that subjecting crops to

stress impairs vyield. The data cited by Slatyer
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(1967), for example, indicate that when plants are
subjected to stress, the stomata close and assimilation
is thus reduced. Water stress in plants has been
reported (Kramer, 1969) to be exerted in esgsentially
three ways in the following order:

(a) Reduction in cell turgor, as this affect cell
elongation and possibly carbohydrate and nitregen
metabolism.

(b) Reduction in carbon dioxide intake rate, as this
affects photosynthetic rate, and

(c) Increase in leaf temperature, as this affects the
physiclogical processes of the plant.

The influence of moisture stress on grain vield is
undoubtedly complex and depends on the duration,
intensity, frequency and timing (in relation to crop
development) of the stress, genotype and the level of
assoclated environmental factors, such as nitrogen (NIX
and Fitezpatrick, 1969).

Through a survival mechanism, plants react to an
imposed stress in an optimal way; that is, plants shed
tillers, lose leaves, abort flowers, amongst others, to
achieve the maximum yield possible given the degree of
drought severity that is imposed at a particular growth
period (Stegman, 1983). Generally, seed vyields of
determinate crops are typically least sensitive to mild
stress in the vegatative period, and stress sensitivity
alsc diminishes in the later part of the grain filling

periocd. Work by Howel and Hiler (197%5) showed that the
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timing of the occurence of a water deficit is more
critical with regard to yield effects than is the
magnitude of the deficit, that is, a small deficit in
the boot through bloom period could reduce vyield as
much or more than a large water deficit in the other
periods. Stegman (1983) reported that irrigation
studies as throughly summerised by salter and Goode
(1967), have widely demonstrated that stress
sensitivity is generally greatest in the floral~
pollination periods. For example, it has been reported
(sandhu and Horton, 1977; Lehane and Staple, 1962;
Aspinal, et al, 1964; Aspinal 1965; Brown and
Vanderlip, 1969; Day and Intalap, 1970) that stress at
spike initiation causes the greatest reduction in
yield.

According to Asana and Saini (1958) and Asana et
al. (1958), under adequate soil water, number of ears
have the greatest effect on yield while under stress
conditions, the number of grain/ear and the grain
weight are most important. Stress in the vegetation
stage reduces leaf area, plant size and the potential
number of heads (tillers), stress at flower formation
results in reduced size of reproductive organs or grain
number /ear, while stress at later stages results in
reduced kernel size (Asana and Saini, 1958; Asana et
al; 1958; Fischer and Kohn, 1966; Baier and Robertson,
1967; Campbell 1968). Hsiao (1973) noted that some

reduction in leaf area in the early vegetation period

12



will often minimally affect yield reproductive organs
because reduced leaf area can allow greater canopy
light penetration to maintain assimilative capacity,
and also, assimilates accumulated during the day may
exceed requirements for growth in the night because of
other growth limiting factors such as temperature and
nutrition deficiencies (Stegman et al, 1980).
Likewise, a less stress sensitivity in the later

grain filling period appears due to the ability of
plants to translocate earlier accumulated assimilates
from the stems and leaves to the grain (Boyer and
McPherson, 1975; wWardlow 1967; and Gardner et al;

1975) .

Water Flow in the Soil-Plant-Atmoshere System

When a plant is transpiring, water moves through
the root surface, up through the plant to the
evaporation sites in the leaves and then as vapour into
the bulk air. The water movement in the liquid phase
of the soil-plant system occurs in response to a
difference in potential energy of water in different
parts of the soil-plant system (Gardner, 1968) ,
normally from areas of high energy to areas of low
enerqgy.

The Principal driving force for transpiration is
the difference between the vapour pressures at the
evaporating surface and the ambient environment, and

the resulting transipiration rate is proportional to

13



the potential energy gradient that develops in the
soil-plant system and is inversely proportional to the
flow resistances in the water pathway (Stegman et al;
1980). Following the works of Cowan (1965), Newman
(1969), and Gardner (1960}, the flow of water from the
bulk soil mass through the plant to the atmosphere was
described as analogous to that of electric current flow
as expressed by Ohm’s Law. Assuming steady state flow,
this is stated in the form (Gardner, 1965);

E = ﬂs'_lpl‘_ = _MLU.M_ sessenssenars 2.1

Re, R

Where; P
E = rate of flow of water through the system
which corresponds to the transpiratiaon.
= leaf water potential
= s0il wvater potential
= water potential at the root surface
Rs,Rp = Resistance to water flow in the soil and

plant respectively

Ritchie and Jordan (1972) reported that when the
soil water potential is above =a threshold, the
evaporative demand (EA) controls the transpiration,
whereas, below the threshold, transpiration is
controlled by water uptake by the roots. However, it
has been observed that the soill water potential at
which plants indicate symptoms of stress is related
to the evaporative demand (Demead and Shaw, 1962). An

increase in the evaporative demand causes the actual

14



evapotranspiration (ETa) to drop below the potential
evapotranspiration (ETp) due to stomatal activity, and
plant stress to ensue at higher soil water potential
(Unger et al; 1981).

For a plant undergoing water stress, the guard
cells which controls the stomatal action, loose tugor
which causes the stomata to close, thus, increasing the
resistance for water transport from the leaves
(Kanemasu and Tanner, 1969). Slatyer (1967) observed
that water deficit may not affect stomatal resistance
until a critical potential value is reached, and as
water potential decreases further, there is a
progressive increase in stomatal resistance. The works
of Kanemasu and Tanner (1969) and Fhlig and Gardner
(1964) also suggest that stomatal closure due to water
stress occurs within a narrow range of leaf water
potential with no unique magnitude. The water stress
effects on stomatal activity are species dependent
(Hsiao, 1973; and Begg and Turner, 1976). Also, plant
age, stress history or Osmorequlation process, which is
a relative increase in cell solute concentration during
a gradual development of stress, may influence
stomate-closing leaf water potential levels in many
plant species (Meyer and Boyer, 1972) as reported by
Stegman et al. (1980).

Cowan (1965) and Hiler and Clark (1971) showed
that a steady state water supply function from the soil

can be defined as:
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In which case is the maximum rate of water supply
from the so0il through the plant to the leaves in
response to the critical level of leaf water potential
( ), determined to a large extent by the soil
moisture content and hydraulic characteristics of the
soil and plant; and Rp 1is as previously defined in Eq.
el
The following analysis followed, assuming steady
state condition for two possible situations:
(1) For a non-stressed plant, the evaporative demand
(EQ) is less or equal to Ew, and the
transpiration takes place at the potential rate.

From Eq. 2.2, it can be observed then that when

£ =g then,

m]—on_da\pw & e B D

and from Eq. 2.1

U = 1*"“bhd Ewiaewaeae pdeil

which indicates that the evaporative demand (Ed)
controls the transpiration. This

occurs when the leaf diffusion resistance is
minimal with stomates wide open (Hiler and Clark,
1971).

(2) For a plant undergoing water stress, the

16



evaporative demand is greater than Ew, and the
rate of transpiration is determined by the value
of the water supply function, Ew.

Thus, from Eq. 2.2, it can be observed then that when

E=Ey, then

PRk Yy I el
and, from Eq 2.1,

Y= P e 2.6

In this case, the transpiration is controlled by Ew.
From the analyses above, it is evident that;
For case (1),
E

-- i B e g.7
Ed

E Ew
—— = mw= € ] e 2.8
Ed Ed

Therefore, the aforementioned analysis

indicate that some function of E/Ed4 may be a
good indicator of the degree of stress imposed on

a plant during its growth.

Measurement of Evapotranspiration
Evaporation from a vegetated land is frequently

termed evaportranspiration to signify the combined

effect of the soil-plant nature of the evaporating

surfaces. Whether it is from a free water surface, wet

17



soil or as transiration from plants, evaporation of
water is an energy-dependent process involving a change
of state frem 1ligquid to wvapour phase. Thus,
evapotranspiration 1is a process that will be limited
either by the amount of external energy available to
vapourise the liquid soil and plant water at the sites
of evaporation or by the ability of the soil and plant
to transport water to the soil-atmosphere and plant-
atmosphere interface (Gardner et al; 1975}
Evapotranspiration measurement methods can be
broadly classified as actual evapotranspiration methods
and potential evapotranspiration wmethods. The
potential evapotranspiration (ETp) is usually defined
as an atmospheric quantity which assumes that
the evapotransipration flux will not  exceed  the
available energy from both radiant and convection
sources. Actual evapotranspiration (ETa), unlike the
potential evapotranspiration, allows consideration of
the atmospheric variables somewhat separate from the
plant and soil effects. No attempt is made to discuss
the basic principles and methadology of
evapctranspiration measurement here since more detailed
discussions are readily available in the literature
(Tanner, 1967; Tanner, 1968 and Sellers, 1965). Thus,
in order to describe the actual and potential
evapotranspiration as applied to this study, only the
water balance approach and the combination approach

often referred to as the Pernman method are considered

18



in this report.

2.3.1 The Water Balance Method

The water balance method is based on the principle
of conservation of mass applied to some part of the
hydrological cycle. Conservation of mass, formulated
as a mass budget eguation requires that, in general,
for any given control volume, the inflow rate minus the
outflow rate is equal to the rate of change of the
water stored. Accordingly, the local
evapotranspiration from a vegetated land surface for a
soil layer can be estimated from the water balance

equation given by Brutsaert (1982):

ETa = -— | =—-—— dz + P ~¢y ——==——m===== 2.9
Where;

ETa = Evapotranspiration, mm
h, = Effective root zone depth
2] = Volumetric soil moisture content
T = Time
P = Precipitation and/or irrigation
gq = Drainage loses

Z = Depth from Soil Surface

In Eq 2.9, all the terms are taken as mean values over
a sampling period. Eguation 2.9 assumes that surface
runoff and net lateral flow from the veolume of soil are
negligible. Mean values of the finite difference form
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of S9YS over the sanpling period as a function of
depth (2 can be determ ned from neasurenents of soi
noi sture changes in the soil profile, and P from
nmeasurenents of the depth of rainfall and irrigation

The various techniques that could be used for the
measurenent of soil noisture depletion are extensively
di scussed by Holnmes et al (1967). However, the neutron
noi sture nmeter usually is the nost preferred over the
others since water volunme fractions are determ ned
directly, | arger volunes of soil usually are sanpled
and the sanme volume is neasured repeatedly (Tanner,
1967) .

The wat er bal ance nethod described here S
pr obabl y nost useful in situations where Qg is
negligible so that evapotranspiration is the only
depl eti on nmechani sm of the noisture content of the soil
profile. Oherw se, before the equation can be applied

in practice, qd nust be estinmated or neasured.

2 The Conbi nati on Met hod
It is generally accepted that the conbination
net hod, often referred to as the Penman net hod, offers

the best neans of integrating the various agricultural

nmet eor ol ogi cal observations into an estimate of
potential evapotranspiration (ETp). In this method,
t he evaporation from an open water surface S

cal cul at ed from the conbined heat bal ance and

aerodynam c equations, utilizing nmeasurenents of air
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temperature and humidity, wind run and number of hours
of bright sunshine. A major advantage of the Penman
method of evapotranspiration estimate, as noted by Duru
and Adewuyi (1979}, is that it is capable of computing
evapotranspiration over relatively short periods such
as one day, which makes it more useful for irrigation
planning. However it is also true that the Penman
method is the most complex of the simulation methods.
Basically, the equation for computing the
evapotranspiration from a free water surface (Ec) has

the form (as reported by Duru and Adewuyi, 1979):

(Al)HE, e ___ 2.10
(BI5) 1

which can also be written as

A g~ = mm———— 2.10a
E = .
AeE" T Rep o

Substituting for the aerodynamic and heat transfer
terms, Ea and H respectively, Eq 2.10a is written as

{(Chow, 1964):.

E = Z%[rg(uﬂ((ﬂ& + 0-55n/N)

§T40:56 - 0.092/2)(0 1 « 0.9 J

*

5_To.
575‘[0 3legg,)(1+ 0.009U ) —— - — ~ - —=2.10b
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where:

Ra = Radiation at the outer limit of the earth’s
atmosphere

e, = Saturation vapour pressure at air
temperature

e = Actual vapour pressure of the air

U, = Wind speed in miles/day at 2m above the

evaporating surface

§ = Psychrometric constant

r = Radiation coefficient

§ = Stefan-Boltzman Constant

Ta = Air temperature

A = Slope of the curve of vapour pressure

at saturation versus air temperature
n = Actual hours of sunshine
N = Possible hours of sunshine
Besides its complexity, there are variations in some of
the terms of the Penman’s model that suggest
empericism. For example, the aerodynamic term has been
variously given by Wallem and Perrin (1962), Chow

(1964) and Schwab et al. (1966) respectively as:

E, = 0.26 (e, - e) (1 + 0.01U;) =---= 2.11
E, = 0.35 (e, - e) (1 + 0.0098U,) —--- 2.12
E, = 0.35 (e, - e) (0.5 + 0.01U,) --- 2.13

and the radiation coefficient r, may vary from 0.05 for
a water surface to 0.25 for a "Green Standard
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Vegetation Surface" (Wallem and Perrin, 1962). Also, a
study at Muguga (Ripley, 1963) as reported by Mc
Culloch and EAAFRO (1965), indicated that the weighting
factors and has marked dependence on
altitude also, and not only on temperature as was
formerly assumed. Therefore, MuCulloch and EAAFRO
(1965) recalculated a series of Penman tables from the

formular:

o _A_ - . + .
E = o5 [Ma(1-0(0-29Cos @ + 0.52n/N)]

- A%[J T4 010+ 0.90n/N)(0:55 - 0.08/%)]

+*

¥ [hoe(1 «h/(20000))(1+ 0.01U5) (e-e)] ---- 2.14
2 [026(1 +niC ) (e-e)]

Where the terminology are as defined before except that
é 1is saturation vapour pressure at dew point, & is the
latitude and h is the altitude.

It should be pointed out at this point however
that the preceeding paragraph does not constitute a
criticism of the Penman’s method. It is rather
intended to highlight the argument that the method,
while apparently the best simulator of potential

evapotranspiration, is nonetheless difficult to use.

Water Use Efficiency

The subject of efficiency in irrigation has been
identified in two aspects as has been stated by Hillel
(1971) , namely:
(1) The technical aspect of applying water with
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minimal waste, for example, by minimizing loses

during conveyance and distribution of water as

well as loses from run off and evaporation during

irrigation; and
(2) the agronomic aspect of maximizing returns per

unit of water used by the crop.
In this study, only the second aspect is considered,
which will henceforth be referred to as the water use
efficiency (WUE) in the study reported herein.

The water use efficiency as broadly defined

by Viets (1962) is the mass ratio of crop yield to
water used. Therefore, the efficiency in the use of
water for crop production means growing as much crop as
possible for the water wused. The yield can be
characterised by the end product of a crop such as
grain, seed and lint, or by the vegetative components
or a combination of both, representing the total
biological yield (Howel and Hiler, 1975). Moreover, to
avoid confusion the water used must be defined as
either the water applied or the water transpired by the
crop or the water lost by both transpiration and direct
evaporation from the soil, generally termed
evapotranspiration. Basing water use efficiency on
water applied may not give a good comparison as it may
include variable loses by runoff and/or deep
percolation. Thus, although this is certainly of more
practical importance to farmers, it is of less

fundamental interest (Hillel, 1971). Generally, on the
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field level, water use efficiency has been associated
with evapotranspiration (Howel and Hiler, 1975)
because, as noted by Hanks and Hill (1980), it is
difficult to separate evapotranspiration into
transpiration and evaporation. Accordingly, in this

study, water use efficiency is defined as (Hillel,

1971) ¢
Y
WUE = ——— e 2.15
ET
Where:
Y = grain yield
ET = Seasonal evapotranspiration

Viets (1962) pointed out that crops grown on
dryland (no irrigation) frequently use water more
efficiently than well-watered crops, but at much lower
levels of production, thus, maximizing water use
efficiency may not be desirable. However, maximizing
yields are seldom desirable from an economic point of
view since other resources such as fertilizer, disease
control, pest control and labour are not utilized
efficiently (Howel and Hiler, 1975). Therefore, a
major objective of research in this subject area is
to attain high water use efficiency while maintaining
high productivity. An optimum water use efficiency, that
is, maximum yield subject to local constrains of water
availability is desirable for water planners in
assesing future water requirements in crop production.

Since it is a ratio, water use efficiency can be
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increased by either increasing crop vyield by better
methods of pest and disease control, plant breeding
and/or decreasing evapotranspiration. As stated by
Datiri (1982), water use efficiency is also a function
of the environment. One of the ways that environment
influences water use efficiency is by influencing the
boundary layer and stomatal resistance to gas exchange
and the internal resistance of carbon dioxide
assimilation (Turner and Begg, 1978). Thus, water
stress increase water use efficiency but at the expense
of yield. Plants may curtail transpiration when the
supply of soil moisture becomes limiting, but
curtailing transpiration often entails restricting
growth (Slatyer, 1967; and Kramer, 1969). It must be
noted, however, that generalization about growth in
relation to water use is dangerocus, since water uptake
and plant growth are an integration of the combined and
fluctuating factors in the system such as degree of
vegetation cover and interception of light by foliage,
wetness and exposure of soil surface, availability of
water at critical stages of growth (Hillel, 1971).
Hillel and Guron (1973) stated that it appears
more promising to attempt to increase water use
efficiency by increasing crop yield than by decreasing
evapotranspiration, since plants growing in the field
are subject to an externally imposed evaporation
demand. This statement, though valid for well-watered

crop regimes, does not fully explere the possible
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implications of limited irrigation water in regions of
short and/or costly water supplies. Also, the need for
preventing or alleviating high water table problems by
reduced water application may demand otherwise.
Limited irrigation will presumably decrease crop
yields, however, this yield decrease may not be
directly proportional to the water deficit imposed on
the crop (Howel and Hiler, 1975), and often, may differ
depending on the growth stage of the crop at which the
deficit is imposed given a certain deficit level. It
has been shown (Hiler et al; 1974) that water use
efficiency can be improved if the crop susceptibilities
to water stress at the different growth stages are
taken into consideration in determining when irrigation
is needed.

Other methods of improving water use efficiency
include; the use of antitranspirants, use of wind
breaks and carbon dioxide fertilization (Begg and
turner, 1976). However, these methods may have 1little
or no pratical significance in crop production on a

large scale.

Irrigation Timming Approaches

Different desirable objectives often influence the
choice of an appropriate irrigation timing appoach to
be adopted for a specific area. The most common
objectives, as reviewed by Stegman et al. (1980), are:

maximizing yield/area, maximizing yield/water use,
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maximizing net profit and minimizing enerqgy
requirement. Thus, in employing different parameter
thresholds as timing criteria, the guiding concepts
often considered are yield responses to irrigation
timing, maximizing net return and relative efficiencies
of water balance methods.

Present conventional irrigation timing approaches
have been comprehensively reviewed by several authors
(Liancre and Till, 1969; Stegman et al; 1980; Stegman,
1983). Therefore, in this work, consideration is

given only to the Stress-Day Index approach.

2.5.1 The Stress-Day Index Concept

It is now a well known fact that most non-forage
crop yields are more sensitive to water stress at
certain growth stages than at other stages (Hiler et
al; 1974). In addition to the importance of timing
effects, early studies also highlighted the importance
of stress duration and intensity. Thus, there was a
recognised need to define more quantitatively the
degree of stress and its consequent effects. 1In order
to reduce these to a practical 1level, Hiler (1969)
developed the Stress-Day Index Concept which provides a
decision-making procedure for initiating irrigations
when a calculated Stress-Day Index approaches defined
critical wvalues in specified growth periods and also,
provides a means by which the water deficit indicator
is weighted according to the crop sensitivities at the

different growth stages so that reduced deficits occur
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during the critical stages., The Stress-Day Index is
defined as the actual crop stress that is responsible
for the reduction of the potential yield of the crop
(Hiler, 1969). The Stress-Day Index (SDI) is
determined from two components; the Stress-Day factor
(SD) and the crop susceptebility factor (CS), and is
formulated as follows (Hiler, 1969):

n

SDI = £ (8D, x CS) =—=—===—n 2.16

i=i
Where n represents the number of growth periods
considered and subscript i is the growth stage in

question.

2+8ulad The Stress-Day Factor (SD)

The Stress-Day Factor (SD) has been defined by
Hiler and Clark (1971) as the measure of the degree and
duration of plant water deficit. That is, at any
particular time, it answers the question "how dry is
the crop?".

Hiler and Clark (1971) and Hiler et al. (1974)
have proposed a number of alternative measurements for
approximate quantitative characterisation of the
Stress-Day factor. These include among others, leaf
water potential, soil water potential, leaf diffusion
resistance, percent available soil water, leaf-air
temperature differential and stem diameter. Also,
assuming a uniform daily evapotranspiration rate, a

time-based indicator such as the irrigation period was
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proposed as a possible characterisation of the Stress-
Day factor. As earlier mentioned, the analysis given
in section 2.2 indicate that some function of the
ratio; actual transpiration (E) to environmetal

evaporative demand (Ed) may also be a good indicator of
the Stress-Day factor. The analysis of this ratio at
defined phenological periods in both long-term wheat
and grain sorghum revealed a ‘critical’ ortogenetic
period approximating to the time from ear emergence
through anthesis to early grain development, and the
calculated ratios for this ‘critical’ period were more
closely correlated with yield than a number of other
indices used to characterise the crop water environment
(Nix and Fitzpatrick, 1969). Hiler and Clark (1971)
proposed that the Stress-Day factor could be

characterised by:

8 = J = Gasas 0 000 Secadeaaien - B 4
Where ET, and ET,, the actual and potential
evapotranspiration respectively, are integrated values
over a specified time period, preferably but not
necessarily one day. However, the form of Stress-Day

factor proposed as in Eq 2.17 implies that no crop

water deficit occurs until partial stomatal closure

occurs and transpiration decreases below the
evaporative demand. Thus, although it appears to
characterise advanced crop water stress well, it may
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not be sensitive to early signals of crop water stress
since cell elongation ceases 1long before stomatal
action causes reduction in transpiration (Jordan, 1970)
as reported by Hiler and Clark (1971). Also, as
discussed by Ritchie (1974), the possibility exists
that the yield could be decreased before the
evapotranspiration rate is affected by water deficit.

Another possible characterisation of the Stress-
Day factor proposed by Hiler and Clark (1971) as
mentioned earlier is based

on the leaf water potential. The proposed form is:

SD = Iqu[ ———————————————— 2.18

in which fyd is the absolute value of the leaf water
potential integrated over a given time period, or an
early morning value or some combination of an early
morning and mid-afternoon values. Theoritically, a
direct measurement of plant water deficit such as the
leaf water potential should provide a better indicator
than the other plant - based, soil-based and time-based
measurements which are indirect indicators of plant
water dificit because, as it is now generally accepted,
crop growth and yield are determined directly by plant
water deficit and only indirectly and partially by soil
water status (Kramer, 1969). However, its use may be
limited to only highly intensified irrigation
installations. For example if the environmental
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evaporative demand is high and exceed the maximum water
supply rate from the soil, the plant would indicate a
water deficit even with a well-watered soil condition
in which case, the only appropriate irrigation approach
would be misting aimed at reducing the environmental
evaporative demand rather than adding water to the
s0il. Work by Lewis (1973) as reported by Hiler et al.
(1974) indicated a better characterisation of the
Stress-Day factor by the soil water potential than leaf
water potential. This result might be expected because
instanteneous values were utilized, and leaf water
potential values are much more sensitive to minute-to-
minute changes in the evaporative demand than are soil
water potentials (Hiler et al; 1974). Therefore, the
desired indicator in given circumstances will depend on
a number of practical considerations made alongside the
theoritical reasoning.

Another possible method of characterising the
Stress-Day factor is simply to consider the
environmental evaporative demand minus the supply
(Hiler and Clark, 1971). Therefore, from Eq 2.1, the

formulation would be as follows:

sD = ©E - E, or

SD = E; = =——==mm—e= e 2.19
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in which the terms are as defined previously. Precise
determination of the second term on the right-hand side
of Eq 2.19 is difficult to cobtain and needs highly
technical equipments and skill, thus, its application
is limited.

Also, since the Stress-Day factor is a function of
atmospheric evaporative demand and soil water potential
in the root zone among other things, an emperical
approximation of the Stress-Day factor (SD) could be in

the form (Hiler and Clark, 1971}):

sD = E, x [/ Vst ——mmmm—m———o 2.20

Where IWSI is the absolute value of the integrated
s0il potential in the root zone measured in early

morning and Ed is the daily evaporative demand.

2.5.1.2 The Crop Susceptibility Factor (CS)

The Crop Susceptibility factor (CS) depends on
the species and the stage of development of the given
crop at time of occurence of water deficit, and
indicates the crops sensitivity to a given water
deficit (Hiler and Clark, 1971). Thus, it answers the
question, "How much will crop vield be reduced by a
given plant water deficit occuring at a given growth
stage?. Hiler and Clark (1971) and Hiler et al. (1974)
determined experimentally crop susceptibility factors
as the fracticnal reduction in yield resulting from a

fixed, predetermined critical water deficit during a
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X - Xi
CSI= _________________________ 2.21
X
Where;
X = Marketable yield from a non-stressed
treatment
X, = Marketable yield from a treatment that

was subjected to a water deficit at the

i®* growth stage.

Ancther method proposed by Hiler and Clark (1971)
for characterising the crop susceptibility factor is to
plot the crop yield versus cummulative Stress-Days for
a given growth period. The value of the crop
susceptibility for each period is determined as the
slope of the plot related to that growth period. That
is,

where i donotes the growth stages. By this method, it
should be noted that the crop susceptibility factor is
not determined independently of the stress-Day factor.
Also, while the stress-Day factor |is only an
incremental value, the yield is a total value for the
growing season (Hiller & Cleark 1971). Data are
available for approximate crop susceptibility factor
estimates (Day and Intalap, 1970; Datiri and Maurva,

1982), although the different data sources may indicate

34



differing magnitudes of crop susceptibility factors for
the same growth stage of a given crop. Stegman et al.
(1980) attributed these discrepances to differing
definitions of growth stage length, differing methods
of stress-Day characterisation and differing levels of
stress-Days at which the crop susceptibilities were
defined. The incomplete definition of the crop
susceptibilities as complete functions of stress
indicators have hampered the implementation of the
stress-Day index concept (Stegman, 1983). This implies
that to precisely utilize the stress-Day Index concept,
experiments are needed to determine crop
susceptibilities not only as functions of crop species
and growth stages, but also as functions of the level

of water deficits.
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CHAPTER THREE

MATERIALS AND FIELD MEASUREMENTS

Introduction

The experiment was conducted at the Ahmadu Bello
University Farm, Samaru- Zaria (Latitude 11° 11’N,
longitude 07° 387E) using check basin irrigation system
during the 1991/92 cool, dry harmattan season. Wheat
(Triticum aestivum L.) was used as the experimental
crop.

The climate of the experimental area can be
divided into three broad seasons, namely;
(i) The cool dry harmattan season, from October to

February,

(ii) The hot, dry season, from March to May; and

(iii) The warm, rainy season, from June to September.

Physical Characteristics of the Soil

For the purpose of textural classification of the
root zone soil profile of the experimental site, a
mechanical analysis was conducted on soil samples taken
at 150mm depth increments down to a depth of 600mm
below the soil surface. The mechanical analysis was a
combination of sieve and sedimentation techniques using
the standard procedure reported by loveday (1974).
Also, in order to determine the soil water holding
characteristics of the root zone profile, the moisture

content at field capacity and at wilting point
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conditions were determined at 0.3x10° and 15x10° N/n’
respectively for the 150mm soil depth increments up to
600 mm below the soil surface using the generated soil
moisture characteristic curves (6 = 6( s)) explained in
section 3.2. The 0.3x10° N/m’ soil suction value was
used for the field capacity in view of the light nature
of the soil. Table 3.1 shows both the so0il textural
classification and the soil moisture holding
characteristics for the experimental site.

Table 3.1: Soil Textural Classification and Moisture
Holding Characteristics

i — o ————— T ———— T T — o — o ] T o o i

Soil Soil* Bulk Field Wilting Available
layer Texture density Capacity Point Moisture
(mm) g/cem’®  cm’/em® cm'/cen? (mm)

0 -15  Loam  1.55  0.2308 0.1285  15.4
15-30 Clay Loam 1.44 0.2227 0.1247 132
30-45 Clay Loam 1.43 0.2478 0. 1554 13.8
45-60 Clay Loam 1.27 0.2538 0.1503 15.8
rotat 58.0
Average - 1.47 0.2588 0.1422 -

* USDA Classification
Soil Moisture Characteristic Curves
Soil moisture characteristic curves for 150mm soil
depth layers upto the 600-mm root 2zone depth where
developed. The following steps were taken to develop
the curves:
(1) The soil moisture contents at 5 different soil
suctions were determined for 150-mm soil depth
increments up to 600 mm below the so0il surface
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using the pressure plate apparatus in the
laboratory.

{ii) For each of the 150-mm incremental depths, the
points P, (h;,, 9;) were located on a logarithmic
paper, and the line of best fit drawn to represent
the so0il moisture characteristic curve for each
soil layer.

Also, the average soll moisture characteristic curve

for the entire 600-mm root zone depth was developed

following the procedure outlined above, using average
soil moisture content and the corresponding soil
suction values for the entire root zone depth. The
developed so0il moisture characteristic curves are shown

in figures 3.1A-E.

Experimental Treatments
The treatments used for the study are related to

the three growth stages of wheat given in Table 3.2

Table 3.2: Growth stages of Wheat used in the study.

L e gy e T ———— i — T ] il o o . o e e e e e e e e e . e .

Growth Stage Description Period
(days after seeding)

Ty U ——

1 Stem elogation - Booting 31 - 55
1T Ear emergence — Flowering 56 - 69
IIT Milk~-Dough developnent 70 - 83

Refering to the principal growth stages for

cereals as described by Zadoks et al. (1974), growth

s
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stage I include stages three and four; stage II include
stages five and six ; and stage III include stages

seven and eight. The growth stages of cereals as

described by Zadoks et al (1974) are given in Appendix A.

Following the local "standard practice" of a 7 -
day irrigation interval for wheat, the control
treatment was irrigated using a 7 day irrigation
interval throughout the growing season until irrigation
was cut off completely on the 28th February 1992. The
Stress-Day Index (SDI) treatment amounted to varying
the number of days between irrigations for each of the
growth stages considered. A detailed working procedure
for the determination of the number of days between
irrigations for this treatment at the three growth
stages 1is given in section 3.3.1. Further, twelve
other treatments were obtained by imposing four levels
of moisture stress at the three growth stages
considered. These are henceforth referred to as
stressed treatments herein. The four levels of stress,
namely, a,b,c, and d for the stress treatments were
choosen as 3,7, 10 and 14 days respectively above the
control’s 7-day irrigation interval. The experimental

treatments used for this study are given in Table 3.3.

1 The Stress Day Index (SDI) Treatment
Irrigation scheduling is accomplished with the
Stress-Day Index concept by irrigating when the daily

Stress-Day Index reaches some pre-determined critical
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Table 3.3: Experimental Treatments

SDI

AT

BI

CI

DI

AIT

BII

CIlL

DII

AIII

BITII

Regular 7-day irrigation interval
throughout the growing season.

Variable irrigation intervals depending
on crop growth stage.

Stressed once to level ‘a’ at growth stage I,
no stress during other growth stages.

Stressed once to level ‘b’ at growth stage
I, no stress during other growth stages.

Stressed once to level ‘c’ at growth stage
I, no stress during other growth stages

Stressed once to level ‘d’at growth stage
I, no stress during other growth stages.

Stressed once to level ‘a’ at growth
stage II, no stress during other growth stages

Stressed once to level ‘b’ at growth
stage II, no stress during other growth stages

Stressed once to level ‘¢’ at growth stage
II, no stress during other growth stages

Stressed once to level ‘d’ at growth stage
II, no stress during other growth stages

Stressed once to level ‘a’ at growth stage
I1II, no stress during other growth stages.

Stressed once to level ‘b’ at growth stage
I1I,no stress during other growth stages.

Stressed once to level ‘¢’ at growth stage
III, no stress during other growth stages.

Stressed once to level ‘d’ at growth stage
III, no stress during other growth stages.

45



value, SDIc (Hiler et al, 1974). Theoritically, the
value of SDIc should depend on the availability and/or

cost of water. It may also depend on the prevailing
drainage requirements of the area. However, as it is
often the practice, SDIc was set equal to the seasonal
average Stress-Day Index which would result from the
schedule of irrigation in each growth stage at Stress-
Day (SD) levels typical of the "Standard Practice"
(Stegman et al; 1980). Thus, adopting the 7-day
irrigation interval criterion as the "Standard
Practice" in the study area for wheat, the value of
SDIc was calculated and the corresponding Stress-Days
in terms of the number of days between irrigations at
each of the growth stages considered were determined as
given in Table 3.4.

From Table 3.4, the stress-Day index treatment amounted
to 10, 7 and 5 day irrigation intervals during growth

stages I, II and III respectively.

Field Layout and Experimental Design

The experiment consisted of fourteen treatments
replicated three times. The details of the treatments
are given in Table 3.3. Using a completely
randomised block design, three blocks were laid along
the general slope of the field in order to ensure as
much homogenous soil condition as possible within a
block. Each block consisted of fourteen basins
corresponding to the number of treatments, in two rows

of seven basins each, each basin measuring 2.5m x 2.5m.
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Table 3.4 Determination of Irrigation Intervals for
the Stress Day Index Treatment

Growth Stage ‘CS SD *spI IsDpI, SsD,
(days) (days) (days) (days)
I 0.1034 7 0.7238 0.9772 10
TI 0.1329 7 0.9303 - 7
111 0.1825 7 1.2775 - 5
2.9316

—————————————— — — — — T ——— ————— ———————

* Source: Datiri and Maurya (1982)
+ SDI = CS8 X SD
I SDI. = Average SDI = 2.9316/3 = 0.9772

$ SD, = SDI/CS

On difference soil types, Doneen (1971) observed a
miximum lateral water movement of about 75cm from the
centre of a furrow. Therefore, in order to avoid
possible errors due to the seepage of water from one
basin to another as a result of lateral flow of water,
each basin was separated from the adjacent basins by
1-m wide land strips on all sides. Figures 3.2 and 3.3
shows the contour map and the detailed layout design of

the experimental field respectively.

Field Operations

The field was seeded with wheat (Triticum aestivum
L) at a seed rate of 100 kg/ha in already prepared
besins on the 4th December, 1991. Thereafter, the

basins were flooded with water to raise the root zone
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(taken as the top 600-mm scil layer} to field capacity.
Irrigation was done at 7-day intervals up to the 31st
December, 1991 after which the various treatments were
imposed. Compound fertilizer was applied as basal
dosage at a rate 60kgN,/ha, 60kg P,0,/ha and

60kgK,0/ha just before seeding. Later, this was
followed by a top dressing with CAN at a rate of
60kgN,/ha 5 weeks after seeding. The need for weeding
did not arise throughout the growing season as the
plots were free from weeds. Accordingly, no weeding
was done on the experimental field throughout the

growing season.

Irrigation Practice

Irrigation was done at frequencies obtained by the
treatment design during the growing season until 28th
February, 1992 (84 days after seeding)} when irrigation
was cut off from all the treatments after observing
that the crop was fully ripe. Irrigation was done by
applying the amount of water needed to raise the root
zone to field capacity at each irrgation. Thus, the
irrigation amounts were determined as the actual
evapotranspiration for the irrigation intervals, which
were determined by the water balance approach as
explained in section 3.8

A potable petrol water pump was used to 1ift water
from a pond and applied tc the respective basins using
coupled pipes. The pump discharge, @ was computed on

each irrigation from the average time, T it takes to
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fill a container of known volume, V placed at

various positions on the experimental field. That is;

v
Q= - & " & ® & & " 8 8 s a8 3.1
T
Where;
Q = Pump discharge (l/sec)
vV = Volume of container (1)
T = Time to collect the given volume, V (Sec)

Due to small basin sizes, it was observed that the
spread time was negligibly small when compared with the
application time, T,. Therefore, from Eq. 3.1, the
application time for basin i on day 3, Ta; was

determined as:

v, I; x A
Ta|!= —— W e saces e " F B R E s s s e EoE o 3-2
Q Q;
Where;
\'A = Irrigation amount for basin i on day j, (1)
I; = Irrigation amount for basin i on day j, (mm)
A = Area of basin = 6.25 m2
Q = Pump discharge on day j, (1/Sec)

Soil Moisture Content Measurements

The soil moisture content measurements were
conducted using the grammetric method. Soil samples
for the soil moisture content determination were taken,
using a soil auger, a day before each irrigation and 2

days after irrigations at incremental depths of 150mm
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down to a depth of 600mm below the soil surface. The
samples were weighed wusing an electronic balance
(Mettler P10) before and after drying, which was done
in an electric oven (Shermond 2000) at 105°C for about
24 hours to ensure that all moisture is driven off.
However, samples were not taken from the other
treatments prior to their respective stress periods
since it was expected that the results obtained from
the control treatment plots would also be applicable to
the plots where water stress has not been imposed.
Again, soil sampling for soil moisture content
determination 2 days after irrigation was discontinued
after the fourth sampling since it was observed that the
soil moisture content values were consistently close to
the field capacity values obtained from the pressure
plate apparatus analysis (See Table 3.5),
Table 3.5: Soil Moisture Contents Measured

Two Days After Irrigation Versus

Soil Moisture Content Values at Field
Capacity.

“sampling Measured Moisture Contents Field Capacity
Depth (mm) (cm’/cm') cm’/cm’
30 27 45 52
0 -15 0.2101 0.2142 0.2260 0.2187 0.2308
15-30 0.2560 0.2648 0.2491 0.2436 G.2227
30-45 0.2870 0.2816 0.2593 0.2621 0.2478

45-60 0.2582 0.2576 0.2590 0.25%0 0.2538

—————— —————————————— ————— T . o — —————— ———— i ——
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The moisture content measurements data are shown in
Appendix B.

In order to convert the gravimetric soil moisture
content to volumetric moisture content, the average

bulk density of each of the 150-mm soil layers given in

Table 3.1 were employed. The volumetic moisture

content, 8 as calculated as;:

Where;

} = dry bulk density, (g/cm’)

m gravimetric soil moisture content, (g/g)
The depth of water, SWi contained in any soil
layer, i of depth Z, was computed as:
SW, = B2 veesronrssnsensonsanses 3.4
in which 8, is the measured veolumetric soil moisture
content of the scil layer. Thus, the volumetric seil

moisture content for the entire root zone profile was

ocbtained as:

Z = £Z, = Total root =zone profile

depth, which was taken as 600 mm.

3.8 Determination of Actual Crop Evapotranspiration

The actual crop evapctranspiration was determined
by the water balance method using soil moisture content
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measurements in conjunction with the so0il moisture
holding characteristics of the soil, given in Table
3.1,

By the adoption of the check basin irrigation
system, run-off was eliminated, and groundwater
contribution was considered nill as there was no
indication of the ground water table within 1.5 m below
the so0il surface in the experimental site. Thus, the
actual crop evapotranspiration was determined based on
Eq 2.9. Since irrigation amounts were based on the
estimated amounts needed to raise the root 2zone to
field capacity at each irrigation, the drainage
component was considered negligible. Also, since soil
moisture content measurements taken two days after
irrigation for three consecutive irrigations agree
reasonably well with the field capacity soil moisture
content for the root zone profile obtained from the
laboratory, it was considered safe to assume that the root
zone was vraised to the field capacity at every
irrigation throughout the irrigation period. Thus, the
actual crop evapotranspirations between irrigations
were determined on the basis of the change in soil
water storage, which gives the mean values of the
finite difference form of §6/6t, at 150 - mm soil depth
increments for the 600-mm root zone profile from the
day of each irrigation, when the soil is raised to
field capacity, to a day before the next irrigation,

since soil samples were taken a day before each
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irrigation.
That is, the actual crop evapotranspiration in

mm/day was obtained as:

ET. = - ————— - LI I T T T 306

SW = ezl' I L L I I T I I I 3114

E‘I’. R R B E - s s 3-63

N
Where;
SW;, = Field capacity soil water in layer
i, (mm)
SW,, = Measured soil water in layer i on the

sampling day, (mm)
®; = Soil moisture content at field
capacity for layer i, cm;/cm,
8. = Measured so0il moisture content in
layer i on the sampling day,
cm,/cm,

N = Number of days since last
irrigation to the day of sampling

The actual crop evapotranspiration was also
estimated using the potential evapotranspiration,
obtained from meteorological data (See section 3.9),

and crop factors. The actual evapotranspiration, ET

was calculated as:
ET. = ET ch & & & & B B 8 B 8 8 8 8 @ 8 & 8 8" a0 3.?
Where;

E, = Potential evapotranspiration,
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K,

L3

The crop coefficient factor
Crop coefficient factors obtained by Abdulmnimin (1989)
for wheat expressed as a function of percent
growth of the crop were used in this study.
Determination of Potential Evapotranspiration
Meteorological data obtained from the Institute for
Agricultural Research Meteorological Station in Samaru
were used to estimate the potential evapotranspiration.
These meteorological data which were recorded at the
station on a daily basis were averaged over a period
chosen to correspond to the irrigation interval of the
control treatment. The averaged values, given in Table
3.6 were used to obtain the values of the terms in Eq.
2.14 by using the relevant table from the tables
prepared by Mc Culloch and EAAFRO (1965) for the rapid
computation of the Penman evaporation estimate (See
Appendix c). Since no table 1is supplied for the
evaluation of the wind component, J, it was determined

from the equation (Mc Culloch and EAAFRO, 1965):

J= 1+ 0.0IU ==mmem—m—m—— e e e 3.8

Also, because the recorded dew point temperature means
were lower than those obtainable on the tables, a
regression analysis was carried out to obtain

expressions of regression lines at various mean air
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Table 3.6 Meterological Data Averaged over 7 - Day
Periods

Period Mean Wind Run Dew Point Hours of
(days from- Temperature (Miles/Day Temperature Sunshine
Seeding)

(°c) (°c) (Hours)
1 = 37 22.64 47.63 -1.00 9.39
8 =14 20,57 108.73 =200 5.36
15-21 19.29 78.89 -3, 14 7.89
22-28 19.50 110.40 -],57 8.14
29=35 15-78 136.54 4,43 1.24
36-42 17.71 124.47 4.07 5.26
43.49 20.79 77.21 379 Tx31
50.56 22.43 68.18 3.71 5.76
57=63 23.21 72.99 -4,71 9.23
64-70 22.14 131.08 -4.,57 7.76
71-77 22.14 127.26 -12.07 7.94
78-84 23.79 112.58 -9.00 7.86

—— T —————— —— T —————— i — i —— i o o o i
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temperatures which were used to determine the values of
the terms sTa4 (0.56 - 0.08v el) and (e - el)/10
corresponding to the measured dew point temperature
means. These expressions are given in Table 3.7

A summarised working sheet for the computation of
the evaporative demand (Ed) taken as the potential

evapotranspiration, is given in Table 3.8

Crop Yield Values

The only gquantity considered here was the dry
grain yield at harvest. The dry matter growth was not
monitored because of the small size nature of the
plots. The fact that the method of sampling would be
destructive would result in the continous depopulation
of the plants in the plots which in turn would result
in significant effects on the crop evapotranspiration
from the individual plots. Besides, considering the
definition of the crop susceptibility (CS) factors,
only the dry grain yield would be of interest rather
than the dry matter yield. Therefore, the crop was
harvested manually between 16th and 19th March, 1992,
after full maturity, by cutting and collecting all the
crop in each plot. Threshing and sorting was also done
manually and the weights of the grain yield for each
plot was obtained using an electronic balance (Mettler
PN1210). However, the yields presented in this report
(See Table 3.9), which were also used for the analysis
that follows, were the highest obtained for each

treatment. This was necessary because of the effect of
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Table 3.9 Results of Grain Yields

—————— ———— T T o e o o i o o o o o o o

Treatment Grain Yield
(tons ha-=1)

C 1.38
SDI 1.34
Al 1.36
BI 1.28
CL 1.00
DI 0.56
AII 1.07
BII 0.89
CII 0.73
DIT 0.44
AIII 1.23
BIIT 1.05
CIII 0.79
DITI 0.47
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pest attack on the crop observed during the ripening
period. Thus, it was assumed that the plots with the
highest yield for the treatments were the least
affected. With this problem therefore, compar isons
among the treatments and with the control in terms of
the significance of the differences in the yields was

made impossible statistically.
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CHAPTER FOUR

EXPERIMENTAL RESULTS AND DISCUSSIONS
Introduction

The performance of any irrigation system or water
management technique can be measured along different
directions using various parameters as desired,
depending on the prevailing local conditions and needs.
Common among the various parameters that are often used
in any irrigation system evaluation include water
conservation, labour conservation and increase in crop
yield.

The potentials of the Stress-Day Index concept in
irrigation scheduling in terms of optimizing water wuse
efficiency has already been shown by studies conducted
by Hiler et al (1974). However, it has also been
observed that the effectiveness of the concept in
irrigation scheduling is influenced by the level of
technology and the type of stress indicator used to
characterise the Stress-Day (SD) factor (Hiler et al;
1974) . Therefore, since most Nigerian farmers are
technologically undeveloped for the practical adoption
of the sophisticated Stress-Day characterisation that
would ensure optimum results from the concept, it is
important to test the possibility of using a system of
characterising the Stress-Day factor that would be both
practical, under our local situation, and yield results
similar to those already reported. Thus, the

discussion in this report is mostly centred on the

63



performance of a time-based stress indicator in the

Stress-Day Index irrigation scheduling approach.

Soil Moisture Status

The soil moisture extraction levels for each
treatment for the growth stages considered in the
study, expressed as the volumetric soil moisture
content were computed from Egq. 3.5 and are given in
Table 4.1. This however, is better presented in terms
of the so0il suction since this gives the energy
required to extract water from the soil by the plant
which may not be obvious from the soil moisture content
data, because the energy requirement may differ at the
same soil moisture content for different soil types.
Therefore, the so0il suction values attained between
irrigations were determined by reading the suction
values, from the generated soil moisture
characteristics’ curves explained in section 3.2,
corresponding to the measured soil moisture contents
just before irrigations. It was however observed that
at some points, the soil moisture content of the upper
soil layer in some treatments dropped very much below
the so0il moisture content at wilting point, possibly
due to direct evaporation from the soil. Thus, average
values of soil suction based on the computed soil
moisture content of the entire root zone profile would
indicate that the crop would not extract any moisture

from the soil since suction values above 15x10° N/m’
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were indicated at the said points. However, since the
lower so0il layers in the root zone were still within
the available moisture range during these periocds, it
would be erroneous to conclude thus. Therefore, with
the assumption that the crop is unable to extract soil
moisture at/or beyond the wilting point, the soil
suction values for the entire 600 mm root 2zone depth
were estimated as the average values of 150 -mm layer
values, using the wilting point suction value for a
layer where it was observed that the suction for the
layer equals or falls above the wilting point value.
Also, for layers with soil moisture content above that
at field capacity, the suction value at field capacity
was used for that layer in computing the average for

the root zone depth. The results cobtained from this
procedure are given in Table 4.2. And, the variation

in soil suction with time for the contrel treatment is
shown in Fig. 4.1.

It was observed that there was a general increase
in the water depletion level attained bewteen
irrigations from the time of seeding until a maximum
was attained on the 11th January, 1992 (70 days after
seeding). Thereafter, there was a general decline in
the water depletion between irrigations. This
variation, despite the constant irrigation interval

maintained throughout the growing season, could be
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Table 4.3 Estimated Actual Evapotranspiration Versus
measured Evapotranspiration From Control

Treatment.
Period  Estimated  *Crop  Estimated Measured
(days potential coeffi- Actual Evapotran-
from Evapotran- cient Evapotran- spiration
sedding) spiration (Kc) spiration (mm/day)
(mm/day) (Wm/jday) -
1 =73 8.7 0.17 1.0 -
8 =14 6.3 0.36 2.3 -
15=21 5.7 0.43 2.5 -
22-28 6.4 0.53 3.4 -
23=3% 4.3 0.66 %48 LS
36-42 5.4 0.84 4.5 3ad
43-49 5.5 0.88 5.4 4.7
50-56 5.4 1.02 D29 8.9
57=63 6.8 0.85 58 7i0
64-=70 T3 0.80 6.2 7.8
Ta=7 8.5 0.57 4.9 6.4
78-84 8.6 0.35 3.0 5.6

————— ——— o —————————— T ————— T ————————————_——— o ——————— ——— -

* Source: Abdulmumin (1989)
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Table 4.4 Measured Evapotranspiration Results

—— i ———— A ——— A ——— . ] T o A — T — W 1 . o o ] e

Treatment Evapotranspiration, (mm} Seasonal
Evapo-

transpiration
(rom)

Growth Stage (days from seeding)
I II III
(1 - 29 (30 - 56) (57 - 69) (70 - 84)

T T B — P e T — — D W S S wet T WS S R e S St W e A  —

C 56.4 107.2 103.4 84.3 351.3
8D1 56.4 92.9 84.6 53.5 287.4
AI 56.4 78.9 71.5 93.% 300.7
Bl 56.4 70.9 65.5 69.2 264.0
CI 56.4 71.8 85.5 101.0 314.7
DI 56.4 53.1 56.2 87.6 253.3
AIl 56.4 107.2 £5.6 9.7 272.8
BII 56.4 107.2 68.5 104.1 292.4
CIT 56.4 107.2 81.1 131.2 321.5
DII 56.4 107.2 51.1 118.6 276.9
ATII 56.4 107.2 103.4 95.5 30e6.1
BITI 56.4 107.2 103.4 64.1 274.7
CIIT 56.4 107.2 103.4 79.3 289.9
DITI 56.4 107.2 103.4 82.0 282.6
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Table 4.5 Measured Evapotranspiration During Stress

Periods.
Treatment Stress Period *ET, **ET,

(days since seeding) (mm) (mm)
A 4305 0.3 14.0
BI 43-49 23.5 32T
CI 43-52 27.2 49.3
DI 43-56 36,1 71.4
ATT BT=59 6.8 21.0
BII B7=863 13.4 49.0
CIX 57-66 24.8 72.3
DII 57.70 287 103.4
ATII 71=-73 1.4 19.3
BITI T1=77 3.6 45.0
CIII 71-80 10.3 61.9
DIIT 71-84 27.6 84.4
* ET, = The measured evapotranspiration from the

stressed treatment during stress periods.
*% ET, = The corresponding evapotranspiration

from the control treatment during
stress periods.
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periods following a stress period, which agrees with the

findings of Stewart et al. (1975).

Degree and Duration of Stress

The degree and duration of water stress in plants
in the Stress-Day Index concept is indicated by the
Stress-Day (SD) factor. As already discussed in
section 2.5.1.1, a plant-based indicator should yield
better results since they incorporate all the factors
influencing plant stress. Therefore, the Stress-Day
values for the stress periods of each of the stressed
treatments were computed using a plant-based definition
based on Eg. 2.17, and were compared with values
obtained by a time-based Stress-Day definition,
namely; the number of days between irrigations. 1In
order to combine the degree and duration of crop water
stress, Eg. 2.17 requires daily determination of soil
moisture content, and since the soil moisture contents
were determined only once during each stress period,
the plant-based Stress-Day values were calculated for

each stress period as (Mogenison, 1980):

sD, = (1= —=————m- I )

with ETs as the evapotranspiration from the stressed
treatments during a stress period, ETc the
evapotranspiration from the control treatment during
the same period and N the number of days of stress.

The results of the computations are given in Table 4.6

73



Table 4.6 Computed Plant - Based Stress-Day Factors
(SDp) for stressed Treatments

——————— ————— T —————————————— —— —— " ————————————— ——

Treatment Stress Period SDp

(days since seeding)

—— e ———— T ——— i ———— o —— T oty . o —

Al 43-45 1.01
BI 43-49 1.97
CI 43-52 4.48
DI 43-56 6.92
ATI 57-59 2.03
BII 57-63 5.09
CII 57-66 6.57
DII 57.70 10.52
AIIT 71-73 2.78
BIII 71-77 6.44
CIIX 71-80 8.34
DIII 71-84 10.18
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Table 4.6 indicate that there were differences in

the stress imposed for the same  reduction in
irrigation. This can logically be attributed to the
effects of changes in crop consumptive use and
environmental conditions with the stage of growth of
the crop as highlighted in Section 4.1. And, since it
has been observed that the crop susceptibility (CS)
factor is a function of the level and duration of

stress permitted in its computation (Hiler et al; 1974;
Stegman et al; 1980), it might 1lead to erroneous
conclusions of the crop susceptibility factors if
defined solely based on the number of days between
irrigations as a stress indicator as this would imply
defining the crop susceptibilities at different stress
levels at the growth stages. For reliable crop
susceptibility definition, the level of stress should
be the same at the growth stages.

The effect of number of days of stress on the
plant-based Stress-Day factor, as defined in Eq. 4.1
which henceforth will simply be referred to as plant-
based Stress-Day factor in this report, at each growth
stage is shown in Fig. 4.2. Thus, the number of days
corresponding to a defined stress level could be
obtained from Fig. 4.2 depending on the stage of
growth of the crop.

Functional Relationship between Crop Susceptibility
And Water Deficit

Hiler et al. (1974) observed that the principal
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advantage of the Stress-Day Index concept in irrigation
scheduling would be quantification of the crop
susceptibility (CS) factors. And, to be reasonably
universal, such data should be gathered in
dimensionless form, with the marketable yield expressed
as a percentage of the maximum obtainable under the
best soil conditions. However, a principal shortcoming
of the irrigation scheduling approach is that the crop
susceptibilities depend on the level of the water

deficit permitted in their determination. Therefore,
in order to precisely utilize the Stress-Day Index
concept for irrigation scheduling, experiments are
needed for which crop susceptibilities are determined
not only as functions of crop species and growth stage
but also as a function of the Stress-Day values as done

for Southern Peas by Hiler et al. (1972).

The crop susceptibility factors in Table 4.7 were
determined wusing Eq. 2.21 for each of the stressed
treatments. The data were grouped according to the
three growth stages considered and straight lines
relating the crop susceptibilities and the plant-based
Stress-Days were drawn as shown in Fig. 4.3.

From Fig. 4.3, it can be observed that, in
general, the crop susceptibilities at a particular
growth stage in relation to that of another growth
stage depends on the level of stress imposed. That is,

one growth stage might be more sensitive to stress at a
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Table 4.7 Calculated Values of Crop Susceptibility
Factors (CS)

——— — ——— T S ——— T ——— T —————————

Treatment cSs

= -

SDI -
AT 0.014
BI 0.075
el 0.280
DI 0.597
AIT 0.222
BIL 0.360
CII 0.470
DIT 0.675
AIII 0.110
BIII 0.241
CLTL 0.431
DPITI 0.656

——————— e 1 o o
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particular range of Stress-Days and another might be at
another Stress-Day range. This could be the reason for
the different conclusions reached by different
researchers. For example, E1 Nadi (1969) found that,
for wheat, the flowering to maturity stages are more
sensitive to drought than the vegetation stage, and
Salter and Goode (1967) concluded from examination of a
large number of studies of cereal crops including
wheat, that cereal crops seems especially sensitive to
drought during shooting and earing stages. However,
Ppay and Intalap (1970) found the jointing stage the
most critical stage. 1In a review of different works,
Datiri (1982) noted the complexity of the subject in
view of the different conclusions redached.

Figure 4.3 provide a type of data required for a
more precise utilization of the Stress-Day  Index
concept since it provides crop susceptibility values
not only as a function of crop species and growth
stage, but also as a function of the level of the
water deficit. Therefore, at defined Stress-Days
determined by the prevailing local conditions and
needs, the corresponding crop susceptibility factor for
each growth stage can be obtained from the relevant
curve in Figure 4.3 for use in determining when to

irrigate using the Stess-Day Index concept.

Water Use Efficiency

As discussed in section 2.4, the water use
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efficiency (WUE) provides a measure of the crop’s
physiological response to water input. Omotowoju
(1992) has identified optimum sequencing of water
supply and adoption of efficient crop and soil
management techniques as a means towards increasing
water use efficiency.

Data from the Stress-Day Index treatment showed a
20.5 percent increase in water use efficiency over the
control treatment (See Table 4.8). The water use
efficiency values were calculated from Eq. 2.15. The
results were found to be similar to those obtained by
Hiler et al (1974), where the increase in the water use
efficiency was predominantly due to reduction in
evapotranspiration amounts rather than increase in
yield. It is however unfortunate that no statistical
analysis could be conducted to ascertain the
signfificance of this increase in water use efficiency
because of the shortcoming already mentioned in section
3.10.

Nonetheless, in agreement with Dudley et al.
(1971), the Stress-Day Index concept would appear to
have application in optimization models which seek to
optimise water allocation for irrigation. This seems
also true with the time-based Stress-Day
characterisation as indicated by the results.

By the time - based stress-Day Index approach to
irrigation scheduling, a water savings of 639m’/ha was

realised without any appreciable decrease in grain
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Table 4.8 Seasonal Evapotranspiration Grain Yield,
And Water Use Efficiency (WUE) Results

e T e L T T —

Treatment Seasonal Grain Yield WUE
Evapotranspiration
(mm) (tons/ha) (tons/ha/mm)
X107

Cc 351.3 1.39 3,9
SDI 287.4 1.34 4.7
AT 300.7 1.36 4.5
BI 264.0 1.28 4.8
CI 314.7 1.00 3.2
DI 253.3 0.56 2.2
ATl 272.8 1.07 3.9
BII 292.4 0.89 3.0
Cll 321.5 0.73 2x3
DII 276.9 0.45 1.6
ATLT 306.1 1:23 4.0
BIITI 274.7 1.08 e i
CIIX 289.9 0.79 2.7
DIIT 292.6 0.47 1.6

82



yield. It would appear therefore, that the time-based
Stress-Day Index concept could be utilized in
conjunction with the local conventional approach to
irrigation scheduling which is based on crop
consumptive use, provided reliable crop susceptibility
factors are available for use in the concept. Thus,
the Stress-Day factor could be characterised by the
number of days between irrigations as determined by the
crop consumptive use and then used to determine the
actual time of irrigation using the format shown in
Table 3.4 employing the appropriate crop susceptibility
factors corresponding to the growth stages of the crop,
to yield improved water use efficiency results in
irrigation systems.
Functional Relationship Between Stress-Day Index
And Grain Yield

Besides its use in optimizing irrigation
scheduling, the stress-Day Index concept is useful in
predicting crop vyields for given crop water stress
conditions. That is, given that all factors other than
crop water stress which affect crop yield do not change
significantly, expressions relating stress-Day Index
and crop yield can be used to predict crop yields for
known crop water stress conditions.

Comparing five different stress-Day
characterisations, Hiler et al (1974) observed that
the best method of characterising the stress-Day factor

was indicated by a high correlation coefficient of the
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linear regression between the seasonal stress-Day Index
and marketable yield. Therefore, this parameter was
determined using the results from the time based
stress-Day characterisation. Using the crop
susceptibility factors for the three growth stages
considered, as given in Table 4.7, and the stress-Day
factors defined as the number of days for which
irrigation was delayed in excess of the control’s 7-Day
irrigation interval, the stress-Day Index values were
calculated for each treatment using Eg. 2.16. By this
analysis, it was observed that the time-based stress-
Day indicator is suitable for characterizing water
deficit since it gave a high correlation coefficient of
0.965. Figure 4.4 shows the best 1line relating

seasonal stress-Day Index and grain yield.
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary

This study was aimed at evaluating the performance
of a time-based Stress-Day Index approach to irrigation
scheduling by formulating a criterion for irrigation by
the Stress-Day Index concept first developed by Hiler
(1969) using a time-based form of Stress~Day
characterisation, namely; the irrigation interval.

An experiment was conducted during the 1991/92
irrigation season at the Ahmadu Bello University Farm,
using wheat (Titicum aestivum L.) as the experimental
crop. The irrigation treatments consisted of a "well-
watered" control, irrigated at 7-day intervals
following the local irrigation scheduling practice, a
variable irrigation interval in three selected growth
periods (Stress-Day Index treatments) and twelve
additional treatments, named, the stressed treatments,
with four levels of water deficit occuring once in
three selected growth periods of the test crop. The
four levels of water deficit were achieved by delaying
irrigation by 3,7,10 and 14 days respectively in excess
of the ‘normal’ 7-day irrigation interval.

Soil moisture measurements were made to determine
actual crop evapotranspiration for each treatment, and
hence irrigation amounts for the treatments, from which

total crop water use was determined. Meteorological
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(1)

data obtained from the Institute for Agricultural
Research, Samaru were used to calculate the evaporative
demand by the Penman evaporation estimate using the
procedure detailed by Mc Culluch and EAAFRO (1965) for
the rapid computation of the Penman evaporation
estimate. The crop response measurement was only the
grain yield at harvest.

It was observed from the experimental results that
there was an increase in water use efficiency with the
Stress-Day irrigation interval treatment over the
conventional fixed-period irrigation interval treatment
as a result of reduced seasonal crop water use. This
increase in water use efficiency is expected because
the Stress-Day Index treatment accounts for differing
crop susceptibilities to water deficits at different
stages of growth.

Results from the stressed treatments, in
conjunction with those from the control were used to
obtain crop susceptibility factor data as functions of
plant water deficit levels and growth stage for the

test crop.

Conclusions

For the conditions of this study, the results
presented herein show that the following conclusions
can be drawn:
The time-based Stress-Day Index irrigation scheduling

approach offers considerable promise for increasing
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(2)

(4)

water use efficiency in irrigated agriculture except
for the determination of the crop susceptibility
factors.

Due to changes in crop cunsumptive use and
environmental conditions during the growth peried, a
time-based form of plant water deficit characterisation
is less effective with regard to the definition of crop
susceptibilities as a function of the timing of
occurence of the deficit.

The magnitude of a water deficit was found to be
critical with regard to the definition of crop
susceptibilities as a function of the timing of the

occurence of the water deficit. For example, while one
growth stage might show more sensitivity to water
stress at a particular level of water deficit, another
might be more sensitive at a different water deficit
level. This therefore makes it difficult to advance a
unifying theory of crop susceptibility factors as a
function of only the growth stage.

A 1linear relationship between Stress-Day Index and
yield was indicated by a high correlation coefficient
value for the graphs of Stress-Day Index versus yield

for the time-based Stress-Day characterisation,
suggesting the suitability of the time-based Stress-Day
Index concept for use both for irrigation scheduling
and for predicting crop yields at given stress

conditions.
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5.3 Recommendations

On the basis of the results obtained in this

study, the following recommendations can be made:

(1)

(2)

(3)

Given reliable crop susceptibility factors, the
time-based Stress-Day Index concept for irrigation
scheduling is strongly recommended for adoption in
places where waterlogging problems exist such as
the Kadawa Sector of the Kano River Project, as the
concept show promise in improving water use
efficiency.

Thorough studies should be carried out that would
yield reliable crop susceptibility factors as
functions of crop species, growth stage and the
level of water deficit for use in the time-based
Stress-Day Index irrigation scheduling approach.
These studies should be done using facilities to
obtain more accurately all plant water dependant
factors as a means of assessing the level of water
deficit (based on the physical theory of water flow
in the soil-plant -atmosphere continum) in the crop
susceptibility computations.

Since there was no statistical analysis conducted
for this study to ascertain the extent of the
time-based Stress-Day Index concept’s superiority
over the conventional irrigation scheduling
approach, this experiment should be replicated over
time and space in order to authenticate the

findings of this study and possibly expand the
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(4)

findings.

Similar experiments are also recommended for other
crops especially the major irrigated crops in the
irrigation schemes, for the provision of the
necessary data needed for implementing the Stress-

Day Index irrigation scheduling approach.
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APPENDI X A:

A Decimal Code For The Growth Stages of C(ereals.
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A decimal code for the prowth stuges, Secomdary growth stapes

Additiana] remarks on wheat, Darley, rye,
and onts

2-digit General description Feckes® seale
code

a Ciermination

o Diry seed

al Start of imbibition

02 —

03 Imbibition complete

04 -

(15 Radicle ermerged from caryopsis

06—

07 oleoptife emerged from caryopsis

08 —

09 Leal just at coleopiile tip

i Svedling growth

0 FFirst Jeal through coleaptile 1 |

4] First leaf unfolded® f

12 2 leaves unfolded

13 3 leaves unfolded

1] 4 Jeaves unfoided

15 5 leaves nnfolded

16 fi feaves unfolded

17 7 leaves unfolded

I8 B leaves unfokled

19 Y ormore leaves unfolded

2 Tillering

20 Muin shoot only

21 Maln shoot and 1 tiller 2

22 Main shoot and 2 tillers

23 Main shoot and 3 tillers

24 Main shoot and & tillers

5 Muin shoot and § tillers

26 Muin shool awl 6 Titlers k|

27 Main shool and 7 tillers

1] Main shoot and 8 tillers

29 Main shoot and 9 or more tillers

k- Stem elongation

kit Psewdo stem erection | 4-5

31 151 node detectuble f'

32 2ml node detectable 7

33 Jid node deteclable

34 Ath node detectable

is Sth node detectable

16 oth node detectable

37 Flug Teaf just visible 4

B —_—

39 Flag leaf ligulefeollar just visible a

4 Vooting

40 —

41 Ilog leul sheath extending

42 =

43 Hoots just visibly swallen

A -

45 Roots swollen 1]

46 —

47 Tlag leaf sheath opening

48 -

49 First awns visible

101

Second teal visible (< | o)

5052 of iminae unfolded

This section 1o Le used to supplement reconds
from other sections of (he table: ‘concurrent
conles®

In rive; vegetative Jag phase

Juinting stage

o~ e B

Above-crown nodes

Pre-boot stapge
In rice: opposite auricle stage

Little enlargement of the inllorescence, carly-
boot stage

Mid-lswot stage

Late-hoot stage

In awped [orms pnly

|AHMADU BELLO UNNEPS!T ™
P ZARIA
i LIBRARY ZE7 ' ©




A decimal code for the growth stapes. Secondiry growth stages {eontd.)

2-qligit General deseription Ieckes' scale Additional remarks on wheat, barley, rye,
coile and oats

5 Inflovescence emirgence
50 First spikelet of inflorescence just

N
sl visible L 8 - N = pon-synchronous cwp.!} e
ﬁ 1 of inflorescence emerpel { :‘ 102 8 = synchronous crops |
4 } of inflorescence emerped -I I':J 10-3
55 } S
6
;, { of inflorescence emerged \ :‘ 104
38 Bmerpence of inflotescence couw- J N 105
59 pleted L5
A Anthesix
(] 5 ‘ N : Not casily detectable in barley.
6] } Uegianing ol anthesis { S 1051 T tice: wsuably immediately following hcuding
A2 -
6 —_
64 _ N
63 } Anthesis lalway )
66 —
67 —-—
08 ; SN
& } Anthesis compléle LS
2 | Milk developnient
70 —
Tl Curyopsis waler ripe 1054
12 —
73 Early milk
74 .-
;: Modium milk ki fncrease in salids of Higwid endosperm notable
71 S when crushing the caryepsis between fingers
R .
™ —
A Dongh develupment
LU i
B —_—
82 _
B3 Barly dough B
La -
RS Solt dongh 12 Vinger nail impression pot held
86 -
87 Hard dough J Yinger nail impression held, inflorescence
88 - foosing chlorephy!
8Y —
a9 Ripening
i = T piees tevminud spikelets vipened
o Caryopsis hard (ditlicult 1o divide 11-3 I rice: 50 per cont of spikelets ripesed
by thtunb-nail)}
922 Caryopsis hand (can no lunger be 114 In rice: over 90 per cont of spikelets ripened®®
dented by thumb-nail)§
LA Cacyopsis luosening in daylime
94 Over-ripe, straw dead and
collapsing
925 Seed darmant
9% Viable seed piving S0 74 perminalion
ut Seed not dormant
u8 Secendary dormancy induced

bE Secondary doymancy lost
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APPENDI X .

Tables For The Rapid Computation  of The
Penman  Estimate of Evapotranspiration.
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