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1 MOTIVATION AND OBJECTIVES

In two consecutive projects attention was focussed on
determining meaningful values o0of plant available water
capacitiea of soils. Plant available water capacity, a
property of the s8soil-plant system which is of great
importance for the design and operation of an irrigation
gystem, had traditionally been determined by water retention
measurements on soil samples in the laboratory. Thia did not
always reliably reflect the field situation. The first
project introduced the concept of using the plant itself to
indicate the onset of first material stresa (FMS), at which
point the amount of water extracted from the soil proiile

between tield capacity and the onset of stress. defined as

the profile available water capacity (PAWC) could be
determined. The two projecta produced numercus values of
PAWC for a wide range of =0il types for several crops
(wheat, maize, cotton, peas) in three climatic areas. Simple
regression models for PAWC have Dbeen derived. Soila with
gilt plus clay contents of leas than 20% behaved differently
from soils with higher ailt plus clay contents. The
physiological criteria used to indicate FMS proved
unreliable under conditions of high atmospheric demand,
resulting in crop vyield losses when irrigation scheduiing

was based on PAWC under such conditions.




The aims of the present project are-

(i)

(ii)

(iii)}

{(iv)

(v}

To develop improved criteria for the definition and
determination of the lower limit of PAWC,
especially under conditions of high evaporative
demand. It was also aimed to find an explanation
for the fluctuating pre-dawn leaf water potential

(PLWP) patterns found by Boedt & Laker (1985).

To expand PAWC studies to include crops during

early growth stages.

To determine the relative sensitivity of a few
major crops to soil water streas at different
growth gtages, both in terms of vegetative growth

and vield.

To derive guidelines for improved irrigation
management, based upon soil water monitoring with
neutron probes, PAWC data and water-vield

relationships for =elected crop/soil combinations.

Toe test derived irrigation management guidelines_
under practical farming conditions with a view to

technology transfer.



The research was conducted at +the Cradock Experimental
Station of the Department of Agriculture and Water Supply
near Cradock in the Eastern Cape Province, Republie of South

Africa.

There were several reasons for selecting the Cradock
Experimental Station as venue for thia research project. The

moat impertant ones are:

1. The research of Boedt & Laker (1985) left aome
unresolved guestions regarding soil-plant-water
relationships under conditions of high evaporative
demand. This research, therefore, had to be conducted in

an area with hot. dry summers.

2. The Cradock Experimental Station is situated in the
Fish River valley, where intensive irrigation is
practiced. Major irrigation expansion is expected in thie
region and the Cradock  Experimental Station is
climatologically and pedologically representative for the

area.

3. The Cradock Experimental Station has good

infra-structure for irrigation research.

4. The Cradock Experimental Station is situated only 160



km from the University of Fort Hare, making it posaible
for the project leader to maintain a fairp degree of
contact with the researcher between his lecturing and

administrative duties at the University.

2 RESULTS

2.1 PAWC JALUES OF WHEAT, DURUM WHEAT AND MAIZE AT DIFFERENT
GROWTH STAGES AND THE EFFECTS OF SOIL WATER STRESS AT
DIFFERENT GROWIH STAGES ON VEGETATIVE GROWTH AND GRAIN YIELD

2.1.1 Wheat

Both stem elongation rate (SER) and PLWP ratterns clearly
indicated the onset of FMS during young growth stages.
During later stages FMS was indicated only by PLWP. Almost
all PLWP patterna showed the typical fluctuating phase at

the end of the drying cycles.

Irrigation at the end of the drving cycles resulted in
increased SER which sometimes exceeded those of +the
non-stressed planta if s0il water stress had been induced

during early vegetative growth stages.



2.1.3 Maize

Leaf expansion and PIWF clearly indicated FMS during the
early <vegetative stages. Once the plants were past the
16-leaf stage, PLWP values below -1000kPa clearly indicated
FMS. Leaf expansion rates were not a reliable parameter for

FMS from this growth stage onwards.

Stem elongation waa a more sensitive parameter than leaf
expansion. Stem elongation data could make the distinction
between moderate and severe water stress and indicated water

stress where leaf expansion failed.

Ceulemans, Impens, Laker, Vanassche & Mottram (1988} found
that PLWP was not as sensible as the net carbon-dioxide
exchange rate (NCER) for indicating FMS, especially under
extreme climatic conditions. However, Ceulemans and
co-workers based their conclusions on single, daily PLWP
measurements. It is very important to reali;e that when
uging PIWP as an indicator for PFMS daily measurements,
gtarting as soon as possible after irrigation, must be used

over an extended period.

The existence of a seasonal variation in PLWP was alsc found

during this study. As the plants reach maturity, PLWP values



Although the yields obtained at the stressed plota were
generally Jlower than those from the respective control

plots, no statistically significant differenceas could be

found.

2.1.2 Durum wheat

Both stem elongation and PLWP were very good indicators of
FMS in young plants. At later growth stages stem elongation
failed to indicate FMS, but PLWP indicated it very clearly.
Great care has to be taken as to which leaves are selected
for PLWP measurements. Teats have shown that voung, immature
leaves have lower PIWP values and could mistakenly be

interpreted as an indication of FMS.

The EaWC wvalues determined at the different growth stages
indicated that the maximum PAWC ~value (PAWC at flowering

stage) 1is already reached quite some time before flowering.

This was also found in the case of wheat.

Water stress during the vegetative atages affected
vegetative growth and vield severely. The detrimental
effecta of water stress during the vegetative stages on
vegetative growth and especially on yield clearly show that

water stress should be avoided.



tend to be Jlower than during the young vegetative stages,
even under optimal conditiona. This was alsoc found with

wheat and durum wheat.

PAWC wvalues four during the 1986-1987 s=season showed that
the maximum value is already reached at the l4-leaf stage,
guite some time before flowering stage. This was not found
during the 1985-1986 season, but doubts exiet about the
latter PAWC values, PAWC of maize was higher than that of

wheat.

Although =ignificant differences in vegetative growth as a
result of water streasa were found. no statistically

significant differences in yield could be detected.

2.2 IRRIGATION SCHEDULING EXPERIMENTS

The guite good maize yields, averaging close to 10t/ha were
achieved despite conditions, especially in regard to gquality
of +the eo0il, +that are apparently far from ideal for maize

production.

PAWC, proved to be a reliable parameter for use in the
design of irrigation scheduling strategies for maiza. Yields

were not reduced significantly even at extraction of 100% of



PAWC. Although extraction of 125% of PAWC for maize did not
result in statistically significant lower vielda, there was
a consistent tendency for yilelds at this level of extraction

to be somewhat lower than those for other treatments.

In contrast to the fairly good yields obtained with maize,
the yields of wheat and durum wheat were moderate to poor,
averaging 5t/ha. This was despite great care to optimize
production conditions. In the case of wheat extraction of

100% of PAWC did not reduce yields.

Deficit irrigation failed to improve water use efficiencies
based wupon total water consumption (WUEt). for both maize and
wheat. Howevert water use efficiencies based upon applied
water (WUEL) were generally improved significantly by
deficit irrigation practices. High frequency deficit
irrigation around FMS (100% extraction of PAWC) gave better
results than high fregquency deficit irrigation combined with

mild water extraction.

For both maize and wheat moderate water stress {extraction
of 100% of PAWC) did not reduce yields at any growth stage.
During the late vegetative stages even severe stress (125%
of PAWC extracted) did not reduce vielda. Severe water
stress at the flowering and grain filling stages reduced

vields in both crops, although the reductions were not



always statistically significant. The reductiona during the

grain filling stages were particularly severe.

3 CONCLUSIONS

The present study clearly indicated that PLWP is a reliable
parameter for identification of FMS in both immature and
mature plants. A standardized procedure for PIwWP
measurementsa, described in this report, proved to be very
reliable and yielded highly reproducible results. This
atudy, therefore, offers the reader a reliable technigue for

PAWC determinations for a crop at any growth stage.

The preaent study alaso clearly proved that deficit
irrigation can be applied successfully during peak demand
periods without reducing yields or irrigation water use
efficiencies. In fact, deficit irrigation generally gave
higﬁer irrigation water use efficiencies than full

irrigations.

The fact that deficit irrigations at s0il water contents
clomae to FMS had no harmful effects on vield and water use
efficiencies is ample proof of the validity of the PAWC

concept for irrigation scheduling.
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4 RECOMMENDATIONS

4.1 RESEARCH

Inteneive studies on the effects of water stresa during
young gRrowth stages on root development are reguired. Direct
root growth monitoring will indicate how and where in the
profile root growth is increased as a result of water
stress, Theae experiments could easily be done in

laboratories by using soil columns.

Detailed studies on soil water uptake by means of & highly
accurate soil water content measuring apparatus could lead
to some interesting results. This type of research will
indicate from which parte of the profile water is extracted
at different degrees of soil water content, especially near
field capacity. These experimenta should be done in

laboratories and if possible in a controlled growth chamber.

More research on the combined effects of salinity and the

type of irrigation scheduling is required.

More research on deficit irrigation applicationa is

recommended.



4.2 PRACTICAL ON-FARM SCHEDULING

Because the validity of the PAWC concept together with
deficit irrigetion scheduling has amply been proven and
because water is the most important and s2imultaneously the
limiting factor for agriculture in South Africa, the
following recommendation can be put forward: Extension
officers, who are the main link for transfer of knowledge to
the farmers, should make ip their task to promote the PAWC
concept and its use in practical irrigation scheduling. Thia
can be done by the creation of technical centra which could
determine PAWC of specific crope on specific msoils all ovenr
the country. The results would then be used to establiah
irrigation scheduling programmes for sach crop and for each
soil or region while also taking inte consideration the

technical possibilities of the farms= in qQuestion.

In view of the results obtained during the irrigation
scheduling experiments the following conclusions and

recomnendations can be given:

1. Extending intervals between Iirrigations will improve
water use efficiencies and save conaiderable amountas of
water and capital. However, soil water extraction should not
exceed 100% of PAWC (for the specific crop and soil) as this

would reduce yields to economically unacceptable level=.

NS
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2. Deficit irrigation will improve water use efficiencies
without the risk of inducing water atress. Thia, again,
means a considerable saving of water and capital input but

with a lower risk of yield reductiona.

3. 1If water supply is severely 1limited and crops will
inevitably experience water streas at some stage during the
growing season, then irrigationa could be postponed during
vegetative =stages in order to save water and ensure an
adeguate amount of water in the so0il profile during
flowering and grain filling atages (moderate_water etrens
during part of the latter is acceptable but not

recommended) .
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ABSTRACT

Profile available water capacities (PAWC) for wheat,
durum wheat and maize at different growth stages were
determined on a variety of s20ils at the Cradock
Agricultural Research Station. This was done following
the pguidelines proposed by Hensley & ﬁe Jager (1982)‘and
Boedt & Laker (1985). Pre-dawn leaf water potential
(PLWP) could be used to indicate first material stress in
both young and mature plants -~ except under conditions of
high evaporative demand. However, it was found that
relatively higher PLWP wvalues indicated first material

stress during young growth stages.

Plant performance related parameters, such as stem
slongation and leaf expansion, were also used to identify
firat material stress during the vegetative stages. Leaf
expansion measurements with maize led to the definition
of a 1leaf area parameter. During the experiments a
relationship between 1leaf length and leaf width was
found. This relationship was further investigated and
resulted in a relationship between leaf length and leaf
area parameter. Finally, a formula was derived to convert

leaf length into leaf area index (LAI) which is the ratio
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of leaf surface to ground surface available to the plant.

Results obtained from leaf water potential readings on
durum wheat emphasized the necessity of standardizing the
procedure for leaf water potential measurements up to the
point of leaf selection. The procedure worked out during
this study gave reliable and reproducible results.

The effects of water stress at different growth stages
was studied by monitoring vegetative growth and by
determining vyield. Stem elongation in wheat and durum
wheat was very sensitive to water stress. Wheat and durum
wheat behaved differently under water.stresa conditions.
Reductions in stem elongation as a result of water stress
were permanent in durum wheat. Upon iewatering an
increased stem elongation. in some cases exceeding that
of well-watered plots, was measured in wheat during the
early growth stages. An intensive gtudy on the effects of
water 9gtress on the stem elongation and leaf expansion
rateas of maize vyielded some intereating results. Stem
elongation proved to be more sensitive to s0il water
stress than leaf expansion. At the end of the growing
season stem elongation measurements and interleaf
distances could indicate if the plant had been subjected
to moderate or severe soil water stress and also at what

stage during the vegetative Erowing season.
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The PAWC concept was evaluated by means of extensive
comparative irrigation scheduling experiments. The
emphasis was put on deficit dirrigation as a logical
seguence to the promising results obtained by Boedt &
Laker (1985} with a deficit irrigation experiment. The
validity of the PAWC concept was confirmed by the results
obtained during the irrigation scheduling experiments.
Deficit irrigation at soil water contents close to first
material stress did not reduce yield significantly’and
improved water use efficiencies based on applied water

(WUEL).

Some special investigations included a guick and simple
method for delineation of filled wup gullies, the
relationship between vield and the amount of soluble
salts, the effect of gypsum application on the leaching

of saluble salts and the study of drainage curves.

The delineation of filled wup gullies is important in
research atudies hecause it gives an idea of variations
in the soil profile which can be responsible for

differences within treatments.

The results of the' study of the relationships between
vield and +the amount of soluble salts indicated that the

degree of salinity has to be taken into account when
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developing an irrigation scheduling programme. High
frequency deficit irrigation treatments combined with
high degrees of salinity had a detrimental effect on
yield which could be avoided by application of low
fregquency deficit irrigation treatments for which large

amounts of water are applied at each irrigation.

Some recommendations for future research in the field of
the behaviour of plants under water stress conditions and
the effects of water stress as well as recommmendations

for on-farm scheduling are made in Chapter 6.
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CHAPTER 1

THE EFFECTS OF SOIL WATER STRESS ON PLANT GROWTH AND
PRODUCTION

1.1 INTRODUCTION © e

It 4is very important to understand the long term effects
caused by water stress on growth and vield of plants.
Growth and vyield are the result of bioclogical processes
that are regulated by internal and extérnal factors.
Among the external or environmental factors, water is the
most limiting on a global bkasis. Environmental water
deficits modify the biological and rhysiological
processes of plants and reduce plant growth and vield
(Kramer, 1968). A ©better knowledge of the effects of
water deficits in plants on growth and vyield should
contribute towards improved irrigation efficiencies and
practices, growing of cultivars with higher water use
efficiencies and development of effective dry-land

agriculture (Hsiao, Fereres, Acevedo & Henderson, 1876).



An increasing degree of water shortages for agriculture
caused by drought hazards and a stiffer competition from
urban and industrial areas, necessitates alternative
agricultural practices. Previously, irrigation was
supplied to meet maximum demands but in future this
tendency will have to change to reaching higher water use

efficiencies (Hanks & Rasmussen, 1982).

F

’

One way to eliminate or minimize harmful effects of water
shortages is to maximize water uae efficiencies. Thia
requires answers +to both questions of when to irrigate
and how much water to apply during a specific irrigation.
The answers +to both these questions are determined by a
combinati;n of the esensitivity of the specific crop to
water stress during specific growth stages (and its
impact on yield) and the water storage capacity of the
soil between field capacity and the water content at
which stress sets in. These questions have received the
attention of a number of researchers, inter alia Hillel
(1980), Ritchie (1981), Laker (1982), Hensley & De Jager
(1982), Gardner (1983), Ratliff, Ritchie & Cassel (1983),
Boedt & Laker (1985).



1.2 REVIEW OF LITERATURE

1.2.1. Water deficits in planta

Kramer (18689) defines a water deficit in a plant a=s

follows: Water deficit refers to situation= where cells
and tissues are less than fully turgid.” There are
various degrees of water deficits in planta. It can vary
from &a small decrease in water potential, detectable only
by instrumental measurements, through transient midday
wilting, to permanent wilting and death by desiccation.
Water deficit is characterized by a decrease in water
content and osmotic potential, resulting in a loss of
turgor, partial or total closure of the sastomata and
decrease in growth. Severe water deficits will reduce

photosynthesis, disturb other physioclogical processes,

stop growth or result in death by desiccation.

Plant water deficits are caused either by excessive loss
of water {transpiration) or inadequate absorption (soll
water stress), or a combination of both. In other words,
whenever the loss of water in transpiration exceeds the
rate of abscrption, water deficits occcur (Kramer, 1968).

Midday water deficits are caused by the absorption lag



(Figure 1.1). Absorption tenda to lag behind
transpiration because of a resistance to water flow
through plants and also because the ratesa of absorption
and transpiration are controlled by different factors.
Leaf area, agtomatal opening and +the vapour preasure
gradient from plant +to air control the transpiration
rate, while the vrate of water 1loss, the extent and
efficiency of the root system, and soil water potential
and hydrauliec conductivity control the absorption rate.
The parenchyma tissue acts aa a buffer in this asyatem by
losing water when transpiration exceeds absorption and
gaining water 1in the reverse conditions. This results in
an initial decrease in leaf water content and loss of
turgidity when the transpiration rate i=2 high, often

culminating in wilting (Kramer, 1968).

As described above, water loss by transpiration i= the
primary cause of temporary midday plant water deficits.
However, long pericds of severé water stress are mainly
caugsed by a decreased absorption rate due to a decreasing
availability of s&s0il water. This proces wasa intensively
studied by OClatyer (1967). Tranépiration from a plant,
rooted in an initially wet soil will progressively reduce
the soil water content and the soil water potential. The
reduction of the so0il water potential will result in a

reduction of plant water potential &and plant water
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content. The reason for this is the necessity of a
gradient of decrea=sing potential through the water
pathway in the secil-plant-atmosphere continuum (Slatyer,
19687). The decreasing soil water content and potential
will result in an internal plant water deficit which will
increase 1in magnitude as long as no soil water is added.
This proces 1s illustrated in Figure 1.2. The diagram
alsa shows a diurnal rhythm in the plant water potential

auperiﬁposed on the general level and which ia caused by

the absorption lag.

The diurnal c¢vcle of the leaf water potential is mainly
controlled by +the transpiration rate while the general
decrease i of the plant water potential is mainly
contreolled by the soil water potential and soil water
conductivity, both being c¢losely related +o the soil
water content. The upper limiting curve in Figure 1.2
shows the‘progressive decline in the s=s0il water potential
of a drying so0il profile. The other curves show the root
water potential and +the leaf water potential. When the
acil is wet, only small differences between soil and root
water potential are needed to maintain water flow. When
transpiration stops, there 1is a fasat recovery of the
plant water potential wuntil the leaf and root water
potential are equal. By sunrise, the recovery is complete

and so0il, root, and leaf water potential are the same.
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FIG. 1.2 Progressive decline of soil water potential and
expected resulting changes in root and leaf water
potential of a transpiring plant rogted in an
originally wet soil. The dark bars represent darkness.

From Slatyer, 1969.
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FIG. 1.3 Progressive decline in soil water potential and
observed changes in leaf water potential of a pepper
plant rooted in a clay leam soil under controlled
evaporative conditions. From Gardner & Nieman, 1964,
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However, as soll water content and potential decline, the
s0il water conductivity decreases even faster (Philip,
1957) and a much larger difference between root and scoil
water potential 18 required to sustain the flow and to
replace transpiration losses (Figure 1.4). Also, recovery
overnight becomes slower. When the plant water potential
falls as low as the osmotic potential, the loss of turgor
is accompanlied by stomatal closure anq wilting. When the
leaf, root, and soil water potential are all equal and a=
low as the osmotic potential, the plant will be in a
state of permanent wilting (8latyer, 1967). This point is
indicated on Figure 1.2 by the intersecticon of the
potential curves and the horizontal 1line across the
diagram. This diagram may be very schematic, but actual
data obtained by Gardner & Nieman {(1964) confirm 1t very
well (Figure 1.3). Further confirmatory data were
obtained by Slatyer (1867). A very close association
between socil water, leaf water, and osmotic potentials
was found when permanent wilting was observed in cotton,
privet and tomato plants. Valuea of the osmotic pressure,
leaf water potential, so0il water potential and content

are listed in Table 1.1.
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TABLE 1.1 - Leaf osmotic potential, leaf water potential,
s30il water potential, and soil water content
at first permanent wilting rercentage
(adapted from Slatyer, 1987)

Plant osm. pot. leaf pot. s0il pot. 8s.wat. cont
kPa kPa kPa %
tomato =-1800 =1900 -2000 11.8
privet 4700 -4500 ~4800 9,7
cotton -3800 —-4300 -3800 10,2

-

Slatyer (1967) concluded as follows: " From these data it
appears that +the permanent wilting percentage, rather
than being a 3920il characteristic, is determined by the
osmotic pressure of the 1l1leaf and is the s0il water
content corresponding to the soil water potential when
the so0il water potential, leaf water potential, and the
negative wvalue of the osmotic pressure are‘équal,so that

there is a zero turgor preasure 1in the leaves of the

plant being examined.”

This conclusion contradicted the definition that the
lower 1limit of plant available water was the water
content in a s80il sgubjected to a pressure potential of
-1500kPa (Richards & Weaver, 1944). Permanent wilting
point was considered to be a =20il characteristic and at

the same water potential for all soils and for all crops.



Hillel (1980) and Skaggs, Miller & Broocks (1982)
confirmed 8Slatver s conclusion when they found that some
cropa were wilting or some physiclogical functions were
disturbed 1long before a scil water potential of -1500kPa
was reached and at the same time that some crope could

easily function at soll water potentials below -1500kPa,.

In their definition of the lower limit of PAWC, Hensmley &
De Jager (1982), Heneley (19B4) aﬁd Boedt & Laker (1985)
used criteria relasted to plant performance or plant
rhysiological processes, namely the leaf water potential.
They also stressed the fact that the PAWC is different

for different crops, growth stages, and sgoil profiles.

1.2.2 Bffects of plant water deficits on physiological

processes

It is well known that water deficits in plants will
result in a congiderable reduction in size aﬁd vield.
Reduced cell turgor is the moat important factor for
reduced plant aize. However, water deficits will also
affect other physiological processes such as

transpiration, photosynthesis, cell enlargement, and cell
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division (Hsiao et al., 1978). Larcher (1980) studied the
sensitivity of different cell functions to water
deficiency and changes in the plant as 1t dries out. He
used +the change in water potential as comﬁared with that
when there is a good supply of water to measure the
streas induced by water deficiency (Figure 1.5). More
recently Hsiao (1982) concentrated on the effect of water
stress on Ssource s;ze rather than ,on intenaity size
{Figure 1.6}. With regard to Figure 1.6 Hsiao states
(according to Laker, 1983): o

“In the past attention has often been directed

at effects of atress on source intensity.

However, as figure 1.6 makes clear, the effects

on source size are equally or even more

critical; Source size is conaiderably more

sensitive to water stress during the canopy

development phase than is source intensity.

Also, reductions in @aource size can be reversed

only slowly, if at all, whereas source

intensity wusuvally recovers fully in a matter of

one to a few days after water becomes

available. "

The effects on transpiration by water streass are caused
by changes 1in stomatal aperture. Water deficits have a

direct effect on stomatal aperture, by their effect on
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FIG. 1.5 Sensitivity of cell functions to water deficiency, and
changes in the plant as it dries out. The lines indicate
the range in which a clear effect begins to appear in
most plant species. The measure of dessication stress
used here is the change in water potential as compared
with that when there is a good supply of water. From

Larcher, 1980.
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FIG. 1.6 Effects of water stress on the physiological and

morphological parameters underlying source intensity,
source size and sink for assimilation at various times

of ontogeny, generalized for annual crops grown for

grain or fruit. The time intervals within the crop
ontogeny when water stress can cause physiological and
morphological changes are indicated by the locations of
the rectangles outlining the changes. Arrow shafts widths
indicate the sensitivity of the parameters to water stress.
For example, leaf growth is the most sensitive to stress
and flower number is the next most sensitive. Dashed arrows
and lines indicate casual relations among the parameters.
For example, inhibition of leaf growth, of stomatal
opening, and of photosynthesis results in fewer flowers
being differentiated, probably because the number of
reproductive axes is determined by plant size and the
amount of assimilates available. Another exXample of casual
relations is that impaired fruit setting reduces the
number of sinks for assimilates and usually leads to a
reduction in stomatal opening and photosynthesis via
feedback inhibition. Adapted from Hsiao, 1982.
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relative and absolute turgor levels in guard cells and
surrounding cells (Stalfelt, 1961; Allerup, 1961; Ehlig &
Gardner, 1964; Meidner, 1965). There are two types of
reactions. The first one 1is a temporary change in
stomatal aperture as a result of changes in guard cell
turgor relative to +that of the neighbouring cells. The

second one is a longer term change cau=sed by severe and

F

rrolonged water stress.

The first +type is based on the hypothesis that adjacent
epidermal cells tend to exchange water more rapidly with
the atmosphere and wvascular system than the guard cells
themselves. An illustration of this 1is the changes in
stomatal aperture which occur when a transpiring shoot is
cut off. Results of an experiment by Meidner (13965) are
illustrated in Figure 1.7. The first closing movement is
the result of a small turgor increase in the adjacent
cells. This is caused by a water flow into those cells
after release of tension in the xyvlem elements following
exciaion. Due +to the interrupted water supply and the
tendency for a faster evaporation from +the adjacent
cells, their turgor declines relatively to that in the
guard cells, resulting in opening of the stomata. The
second closing movement is caused by turgor loss in both

guard and adjacent cells due to a water deficit.
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FIG. 1.7 Changes in stomatal aperture of a bean leaf (Phaseolus
vulgaris) after excission from the plant. The stomatal
aperture is expressed as log viscous alr flow resistance.

From Meidner, 1965.



The second type of reaction occurs at different values of
the leaf water potential for different species, grown
under different conditions (Stalfelt, 1961; BEhlig &
Gardner, 1964). Water deficit will affect stomatal
aperture when a critical wvalue is reached and as the
water satress becomes more severe, the stomata will
progressively close until complete closure existae. This
long-term effect is also influenced by, increased internal

carbon-dioxide levels caused by reduced photosynthesis.

The mechanisms described above are based on the
relationship between leaf water content and stomatal
activity. However, other investigators showed a
relationship between so0il water status -and stomatal
activity. Baﬁes & Hall (1981), Turner, Schulze & Gollan
(1985) and Blackman & Davies (1985) postulated that
stomatal aperture was related to the soil water status
and not to the leaf water status. Gollan, Passioura &
Munna (1986} found evidence that the soil water status
can influence the stomatal conductance but they denied
that the leaf water status did not have any effect. Soil
water status has an additional effect which is
independent of the leaf water status. They concluded that
this mechanism is based on a message sent by the roots to
the leaves. Blackman & Davies (1985) and Davies, Metcalf,

Lodge & Da Costa (1986) confirmed the existence of this
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message and explained it as a change of cytokinin supply
to the leaves. Ceulemans, Laker & Vanasache (1988)
confirmed that the s0il water status 1s not the only
factor when they found a large degree of stomatal closure

in maize plants on a well-watered plot.

The interactive effects of nitrogen and water streases on
leaf water potential components, tranapiration rate, ‘and
diffusive resistance of field grown maize was
investigated by Bennet, Jones, Zur & Hammond (1588). They
demonstrated that nitrogen and water stresses can
interact within a field environment to alter water
relations, stomatal activity, and transpiration of
individual maize leaves. Leaves from nitrogen-sufficient
plants were less affected by water stress than those from
low-nitrogen plants. This was evidenced by maintenance of
leaf turgor potential, relatively open stomata, and
higher rates of leaf transpiration despite =imilar
reductions in leaf water potential during periods of low
s0il water availability. As the leaf water potentials of
both high- and low-nitrogen plants were more or less the
same, the higher leaf turgor potentials in the
high-nitrogen plants were the result of lower leaf
osmotic potentials. Also, water extraction from the soil
profile by water-stressed plants was more effective for.

the high-nitrogen plantsa.
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The effects of water streas on photosynthesis are the
conseguences of many processes which are themselves
affected by water deficits: reduction in 1leaf area,
closure of the stomata, and a reduction of the
protoplasmatic activity. Ta some investigators the
reduction of photosynthetic surface and of the production
of dry matter is the most important effect of water
stress, but the reduction of photosynthesis per unit area
must be considered too. This reduction, caused by water
stress, is normally attributed to stomatal closure. The
fact that transpiration and photosynthesis are often
reduced to about the same extent supporta this view

{Brix, 1962; Barrs, 1968). This is illustrated in Figures
1.8 and 1.89.

However, Bierhuvzen & Slatyver (1964) and Slatyer (1967)
claimed that there is an additional resistance in the
carbon-dioxide pathway from the surfaces of the mesophyll
cell walls to the photoaynthesizing sites in the
chloroplasts. This implies that for a given degree of
stomatal closure the reduction in transpiration should be

bigger than the reduction in carbon-dioxide uptake.

Indications that a dehydrated protoplasm, caused by water

streas, can directly reduce photosynthesis were found by
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FIG. 1.8 Observed simultaneous decrease in rates of photosynthesis
and transpiration of tomato plants subjected to increasing
water stress and the return to normal after rewatering.

From Brix, 1962.
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FIG. 1.9 Relation between transpiration and net photosynthesis
of a drying sunflower leaf illustrating their simul-
taneous decrease. Points to the left of the arrow were
obtained after excission. The simultaneous decrease is
probably caused by closure of the stomata. From Barrs,

19868,
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Boyver (1965). During an experiment with ceotton, subjected
to a high level of water stress but under such conditions
that +the stomata did not close, he found a substantial
decrease in photosynthesis (Figure 1.10¢). Experiments
with lower prlants, which lack stomata, in aquatic
solutions alsc showed a reduction in photosynthetic
activity with increasing water stress (Greenfield, 1942).

Water deficit in plants causes a reduction in turgor
pressure. This reduction has a dual effect. The first
one, 98tomatal cloauge, has been discussed above. The
second effect 1is a reduction in cell enlargement, which
in +turn will decrease shoot and root elongation and leaf
enlargement. A direct conseaquence of the reduction in
leaf enlargement is the reduction in photoaynthetic

surface.

Many investigators have demonstrated a close'relationship
between turgor pressure and leaf enlargement or
elongation. Ordin (19588, 1960) found that turgor pressure
was & more important factor in cell enlargement than the
osmotic potential. A close relationship between
decreasing turgor and decreasing enlargement of plant
organa was found by Boyer (1865). This relationship is

illustrated in Figure 1.11.
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FIG. 1.11 Elongation rates of cotton leaves in relation to the
soil water potential. The interception point indicates
the value of the soil water potential at which growth
stops. This value is close to the value at zero turgor

pressure. From Wadleigh & Gauch, 1948.
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Boyer (1968) found that growth was intimately linked with
leaf water potential and with calculated turgor pressuré.
However, he had to estimate short term growth rate from
the rate of water uptake by excised leaves. This made it
imposgible to detect temporary changea in growth related

to rapid changes in plant water tissues.

Denmead & Shaw (1960) found that stem elongation of méiZe
plants was reduced by water stresa in the vegetative
growth stage. The rate of stem elongation declined when
the availahle s0il water was depleted by more or less 75
%. Plants that were subjected to water stress were
shorter than the well watered plants. The leaf area was
smaller for all plants which had endured water stress

while they were still increasing in size.

Hsiao, Acevedo & Henderson (1970) developed a method of
measuring intact leaves on & minute to minute basis. They
reported that leaf growth resumed immediately when a

mildly water-streased plant was watered again.

Acevedo, Hsiao & Henderson (1971} investigated immediate
and subsequent growth responses of maize leaves to
changes 1in water status. Leaf elongation was measured by
a linear variable differential transformer. When the leaf

elongates, & milliveolt output proportional to the



displacement is sent out and recorded. The so0il water
potential was measured with thin nylon Bouyoucus
resistance units. They found that leaf elongation in
maize responded immediately and was extremely sensitive
to changes in plant water status. While a slight decrease
in leaf water potential resulted in a siower growth, a
raise of the leaf water potential caused a virtually
instant growth acceleration. Similar, results were found
with wheat during experiments at Roodeplaat (Meyer &
Green. 1980; Mever & Green, 1981; Eastham, Oosterhuls &
Walker, 1984). Recpvery of the leaf water potential of
maize leaves after rewatering versus time showed a more
or less hyperbolic relationship (Boyer, 1988). Therefore,
leaf water vpotential and turgor pressure of the leaf
should be lower during the recovery period than in the
subsequent steady state phase. Thus a higher elongation
rate during the recovery period indicates that water
stresa increased the extensibility of the tissue. Acevedo
et al. (1971) pointed out that if after rewatering growth
of the leaves islfaater than the well-watered plants, it
is due to a slower growth of the leaves of the
well-watered plants upon reaching maturity and not to an
accelerated growth of previously streased leaves. The
truly rapid growth is very temporary and does therefore
not contribute significantly to the total length of a

leaf.
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Hoogenboom, Peterson & Huck (1887) found that during
drought periods the reduction in stem elongation and leaf
area enlargement rates of soybean plants was significant.
After rewatering an increase in stem elongation and leaf
enlargement rates, in some cases higher than the rates of
the well-watered plants, was observed. They found that if
plants have experienced a short peried of water 5tre;s,
they showed optimal growth after rewatering and ended up
comparable in size to the well-watered plants at the end
of the season. They also pointed out that the adaptation
that occurs during one stress period leaves a plant in a
better condition to endure the next stress period.

Rosenthal, Arkin, Shouse & Jordan (1887) concluded that
water deficita below 50% of the plant available water
(PAW) reduced relative leaf extension rates. Water
deficits below 20% to 30% of the PAW reduced
transpiration, enhanced leaf senescence and increased

leaf number.

apart from leaf enlargement and shoot or stem elongation,
the number of leaves or shoots may also be influenced by
water deficits. Many agronomists (Fischer, 1573; Slatyer,
1973; Begg & Turner, 19768) have investigated the

influence of timing and duration of solil water deficits



on the morphological development of small cereal grains.
However, much of their research was limited to the

processes of inflorescence development and fertilization.

Research on +the effects of water deficits on processes
earlier in the vegetative stages pointed out that
tillering can also be affected. Aspinall, Nicholls & May
(1964) found a reduced tillering in.barley after sﬂbrt
periods of water atress. Upon rewateriqg a large
tranaient increase in tiller development ensued and in
some cases a larger maximum tiller population than in the
well-watered plota was found. This tendency was greater
the earlier stress was applied. A reduced tiller size and
number of barley planta, caused by water ‘stress during
early vegetafive growth was also reported by Lawlor, Day,
Johnson, Legg & Parkinson (1881). In both cases, the
effect of water stresa on further development of the

tillers and their vield was overlooked.

Cannel (1969) and dJones & Kirby (1877) pointed out that
the time of tiller appearance of barley plants had a
pronounced effect on yield potential and on water stress
senaitivity respectively. Early formed tillers
contribvted most of the yield {(Cannel, 1568). Barley
genotypes which produce few large tillers having a high

rate of survival gave relatively high vields in drought
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conditiong (Jones & Kirby, 1977). Kirby & Jones (1977)
faund that late developing barley tillers compete with
the main stem culm Tfor plant nutrients without a
significant contribution to vield, decreasing the yield

potential of the main stem.

Rickman, Klepper & Peterson (1983) found that with a
favourable 8so0il water status, tiller deveslopment ‘ﬁas
earlier and less wvarlable than it was under more
stressful conditions. A delayed winter wheat tiller
appearance, relative to normal development batterna, was

found under adverse environmmental conditions (Klepper,

Rickman & Peterson, 18B2}.

Stark & Longley (1988) concluded that besides tiller
appearance, also leaf area, tiller survival, tiller size,
jnitiation of floral primordia, and the number of grains
per spikelet can be affected by water stress (zee also
Costerhuis & Cartwright, 1983). The time of tiller
aprearance 1is closely related to tiller survival, size,
and productivity. Therefore, a delay of tiller
development under water stress conditions will probably

have a significant negative effect on yield potential.

Roots are normally hidden from view and therefore they

have been neglected in most field studies of plant



growth. However, there has been a significant increase in
root research as investigators realized their important
role in supplying water and nutrients to the plant (Arya,
Blake & Farrell, 1975:; Allmaras, Nelson & Voorhies, 1975;

Botha & Bennie, 1983; Van Antwerpen, 1988).

A relationship between both total and relative root
length and days after planting was found by Van Antweffen
(1988) with maize and wheat. His data showed that root
length increased sharply during the vegetative growth
stages until a maximum value was reached during the early
productive stages. Thereafter, root length decreased due
to root necroais (see also Gerwitz & Page, 1974 and

Tavlor & Klepper, 1978). ' -

As the roots are normally hidden from view, root growth
ig, therefore, difficult to monitor. The question arises
whether there is a relationship between root growth and
top growth. BErickson (1876), Botha., EBEennie & Burger
(1983) and Muller (1988) astated that there was a close
relationship between vroot length index and leaf area
index. Huck (1977) found a relationship between the
guantity of roots and the number of leaves. Leaf area
index was unfortunately not determined by Van Antwerpen
(1988) but he believes (from visual observations) that a

close relationship between root growth and top growth can
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be found.

Many factors such as s8o0il texture, soil bulk density,
mechanical resistance of the s0il, chemical s0il
characteristics and a0il water content have a big
influence on root development (Barley, 1963; Taylor &
Gardner, 1963; Camp & Lund, 1964; Taylor, Roberson &
Parker, 1966; Barley & Greacen, 19673 Taylor % Ratliff,
1969; Lowry, Tayvlor & Huck, 1970; Payne, 1973; Bennle &
Burger, 1979; Van Huyssteen & Van Zyl, 1981; Shierlaw &
Alston, 1984; Bennie & Botha, 1986). A positive
correlation between root growth and soclil water potential
was fTound for oats by Ehlers, Khosla, Kopke, Stulpnagel,
Boehm & Baeumer (1980). However, Greacen & Oh (1972)
stated that roots grow in wetter soil layers because of a
lower mechanical resigstance and not because of a higher
s0il water potential. Taylor & Gardner (1963) also found
that the main factor for a decrease in root growth is the
increased mechanical strength as the soil becomes drier.
The relationships btween root growth and top growth found
by Erikson (18976). Botha et al. (1983) and Muller (1988)
were established from data collected from studies on
plants under optimal growing conditions. Other
researchers have demonstrated that water stress in the

plant also has a definite influence on root growth.
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Hoffman, Rawlins, Garber & Cullen (1971) found an
increased mass ratio of root to shoot of cotton plants
under mild to moderate water stress conditions. As the
soil becomes drier, the water potential decreases and the
soil’s mechanical strength increases. Both processes
cause a bigger resistance to root growth (Taylor &
Gardner, 1963} and thus an increased relative root growth
under mild stresa conditions seems -rparadoxical. H;iao
(1973) explains this phenomenon by postulating that roots
have a greater ability to adjust osmotically to water
shortage than shoots. However, even with this ability for
csmotical adjustment., root growth will e&low down
considerably and even stop when the soill becomes dry
enough. The main factor for +this seemas to be the
increased mechanical strength of the so0il (Taylor &

Gardner, 1863).

Hoogenboom, Huck & Peterson (1987) reported that during
the early stages of vegetative development, the root
growth of soybean plants was mainly limited to the upper
regions in the soil profile. As the plants were growing,
new roots were developing in the wetter parts of the
soil. When water stress occurred, a major increase in
root length was observed, especially in the deepear
regions. This increase in root growth stopped upon

rewatering. They concluded that during dry periods a
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greater portion of the rhotoaynthetic aseimilates was
tranaported +to the roots, favouring root growth, while
during wetter periods the major part of the assimilates
was traﬁsported to the shoots. However, during
late—season drought this mechanism did not seem to work
and plants with relatively =mall root systems were
particularly susceptible to water stress injury (see also
Huck, Ishihara, Peterson & Ushijima, 1983). Lang & Thé}pe
(1986) also reported that water potential differences
within the plant affected the partitioning of the
assimilates and found +that regions with the highest
patentials attracted most of the assimilates. If root
growth increases as a result of water streass during the
vegetative stages, then the maximum root Iength will be
reached earlier in the season. The relationship hetween
root growth and top growth is thus affected if water
stress occurs during the vegetative growth stages and top
growth indicators will give a false impression and
underestimate the extensiveness of the root system. From
this it seems that plants with a larger root system
(developed during early vegetative growth stages, e.g.
with a period of moderate water stress) would be better
prepared for water stress during more critical stages

later in the season.



1.2.3 The effect of plant water deficits on yield

The two most impértant rrocesses related to the effects
of water stress on vield are the production of
photosynthetic assimilates and +their distribution among
the different plant parts (Hsiao et al., 1976). The
effects of soil water stress on plants, their relatians
to vield and dependence of +the growth stage at which
water stress occurs are illustrated in Figure 1.12. The
thrée parameters which determine +the production of
photosynthetic assimilates are total leaf areas (source
gize), net assimilation per unit of surface (source
intensity), and longetivity of the leaves (source
duration). An additional parameter is the “"sink size",
introduced in case of a harvestable yield. The
distribution of the assimilates is ¢losely linked to this
parameter. Nealea & 1Incoll (1968) and Thorne & Koller
{1974) reported that a reduction in sink size, cauaing an
accumulation of assimilatea, had a negative feedback
effect on photoaynthesis ( source intensity). This

relationship between sink size and source intensity is

indicated by line 5 in Figure 1.12.

When water stress occurs during the reproductive stage,

the partitioning of the assimilates will play an
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From Hsiao et al., 1976.



important role in determining the final yield, especially
when the vield consists of the reproductive organs of the
plant. The size of the fruit sink will play an important
role and thus the factors related to the fruit sink size:
inflorescence development, fertilization, abortion of
fertilized ovaries, and fruit abscission (Hsiao et al.,
1976). The relationships between these factors and the

final vield are outlined in Figure 1.13:

The effect of water stress on photosynthesis seems to
play a smaller role in determining the final vield. Evans
(1975) pointed out that for many plants, of which the
yvield consiats of reproductive or storage organs,

photosynthesis may not directly influence their yvield.

These conclusions contradicted the views of Denmead &
Shaw (1960). They ascribed the decrease in yield of maize
on which water sStress was imposed after ecar development
to a "reduced assimilation in the critical period when
daily assimilation rates are high and when most of the
assimilate is being used in grain production”. This view
is also supported by Boyer & McPherson (1975)}. They found
that in maize about half of the dry matter accumulated by
the shoot is ultimately transported into the grain and
that partitioning of the assimilates was less sensitive

than photoaynthesis to water stress.
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Denmead & Shaw (1960} reported reductions of 25%, 50%,
and 21%¥ in grain yield of masize caused by water stress
during vegetative, silking, and ear stages regpectively.
These reductions in yield are comparible with those found
by Robins & Domingo (1953). Eck (1986) found that water
stress periods of two and four weeks during vegetative
growth reduced the yvield by 23% and 48% respectively. He
also reported that the yield was reduced by 1.2% for each
day of water atress during the grain filling stage. Eck
concluded that a limited irrigation of maize is not a
feasible practice, at least not on the Southern High
Plaina of the U.S.A. because water deficits reduced the

vields and did not increase water use efficiencies.

The stage during which stress i1s imposed on the plants
also plays an important role in determining the final
vield. According to Frey (18B2Z) the most critical period
for vield determination in the life cycle of maize begins
approximately two weeks before =silking and continues
until two to three weeks after silking. Shaw (1974)
reduced this period to five days before silking until
five days after silking but stated that this period is
followed by a period of four weeks that iz less crucial
and relatively constant in sensitivity to stress. Stress

during vegetative growth stages seems to be less damaging
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than during pollination or grain filling stages (Robins &
Domingo. 1853; Classen & Shaw, 1970). Tollenaar (1877}
found that severe stress before silking resulted in a
poor ear development and in sSome cases in no ear

development., while stress after pollination limited the

number of grains.

Eck (18986) gstudied the effects of water deficits, imposed
during the vegetative stages, on the. vield of maize; He
found that when stress was induced during early or late
vegetative growth, the yield was reduced. Water deficits
in the early vegetative stage reduced leaf area, stalk
height. and final yield while stress imposed in the late
vegetative sgstage reduced stalk height and final vield and
had ne effect on the leaf area. Eck also reported that
the reduction in the seed numbers as a result of water
defircits during the late vegetative stage were similar to
those resulting from deficits during the early vegetative
stages. This supports the theory of Hanway (1866) which
states that the vield potential is already determined

during the vegetative period.
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1.3 GENERAL BACKGROUND TO THE PRESENT STUDY

1.3.1 Review of PAWC research at the University of Fort

Hare

During the period 1976 +to 1981 a research project was
conducted in the Department of Soil Science at the
University of PFort Hare with the objéctive to determine
the profile available water capacity (PAWC) for different
[crop-soil-evaporative demand] systems under irrigation,
aiming at promoting the optimum use of irrigation water
(Henaley & De Jager, 1982). They defined ‘“profile
available water capacity” for a specific crop and soil
under a certain evaporative demand as “the amount of
water which 1is held in the effective root zone between
field capacity and firast material stress”. The lower
limit of PAWC (first material stress) was defined as:
"the quantity of water in the soll profile at the degree
of crop water stress at which the next irrigation should
be applied if optimum vield is to be chtained”. This
definition was later changed to: "Firat material stress
can be defined as the s0il water content at which plant
physiological processes have been reduced by 25% of their
normal rate'" {(Hensley, 1984). They defined field capacity

{upper 1limit of PAWC) as the amount of water retained in
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a soil profile when free drainage has materially ceased.

The techniques used to detect first material stress were
visual symptoms, leaf diffusive resistance, leaf water
potential and the ratio of actual evapotranspiration to
pan evaporation. No parameters directly linked to plant
performance such as growth or yield were used. Because
the use oFf these parameters will probably lead to a very
accurate definition of the lower limit of PAWC, they were

extensively used in the present study.

The concept of PAWC as defined by Hensleyv & De Jager was
tested out for several crops at full canopy development
on a variety of so0ils and reproducable results were
obtained. From their data Laker (1982) compiled a first
simple equation to predict the PAWC for different
irrigated [soil-evaporative demand)] systems for maize.
This led to a follow-up project with the aim of

developing PAWC maodels.

The development of PAWC models was studied by Boedt and
Laker in a research project in the Department of Soil
Science at the Univeraity of Fort Hare (Boedt & Laker,
1985). Their research consisted of the determination of
PAWC for a selection of important crops on a variety of

soils under different evaporative demands in the Ciskel



and at the Vaalharis and Loskop irrigation schemes. They
experienced problems with the interpretation of pre-dawn
leaf water potential as a parameter to indicate first
material stresa in cropa under very high evaporative
demand.- Visual symptoma as described by Mallett & De
Jager (1971) and Hensley & De Jager (1882) could also not
be used s8ince plants wilted fairly early in the morning
evenn in soils at field capacity under these conditlans.
Eventually DBoedt & Laker (1385) resérted to the use of
early morning wilting (at 09h00) as indicator of first
material stress. Again this emphasizes the importance of
the wuse of parameters which are directly linked to plant
performance. The obtained results were used to compile
equationg to estimate the PAWC and- the profile
extractable water (PEW), i.e. the maximum amount of water
that can be sxtracted from the scil profile by a specific
crop without causing significant yield reductions (Boedt
& Laker, 1985), for maize and wheat using the physical
and chemical properties of the soils combined with the
effective rooting depth and the depth at which specific

pedogenetic horizons occur.

Irrigation scheduling experiments were carried out in
order to test the PAWC concept. The effect of irrigation,
at extraction of different fractions of PAWC, on seasonal

water use, vield and water use efficiency was studied.
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Boedt & Laker (1985) concluded that the PAWC concept
seemed to provide a consistent basis on which to base
irrigation scheduling. The results showed that past a
certain threshold value of extracted water yields dropped
to economically unacceptable levela and hence indicated
the necessity to improve identification of the lower
limit of PAWC. This could possibly be done by comparing
prlant performance related parameters with the previously

used pre—dawn leaf water potential and wilting

parameters.

Finally, deficit irrigation was superficially studied and
some promising results were found (Boedt & Laker, 1985).
Further research 1in this field was +therefore highly

recommended.

1.3.2 Cbhjectives of the present study

Until now PAWC determinations and related studies have
always been conducted at the full canopy vhase or
flowering stage (Hensley & De Jager, 18982; Boedt & Laker,
1985} . A need still existed for studying PAWC at
different young growth stages and its evolution as plants
grow towarda maturity. This was, therefore, the first

objective of the present study.
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A second cobjective was to improve identification of first
material stress, the lower limit of PAWC, in view of the
unsatisfactory results found by Boedt & Laker (1985) with
pre—dawn leaf water potentials and visual symptoms under
Iconditions of high evaporative demand. It was also aimed
to find an explanation for the fluctuating pre-dawn leaf

water potential patterns found by Boedt & Laker {(1885)

*

under these conditiona.

The third objective was to determine the relative
senaitivity of a few major crops to soil water stress at
different growth stages, both in terms of vegetative
growth and yield, in order to adapt irrigat%pn scheduling
20 as to avoid =so0il induced water stress during the most

sensitive reriods.

The fourth objective was to atudy the effects of
different deficit irrigation patterns on vield and water
use efficiencies, in order to identify the most efficient
irrigation schedulling strategy.

1.3.3 Broad outline of the present study

The characteristics o¢f the experimental sites and the
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research techniques are described in Chapter 2. Special
attention was given to the pre—dawn leaf water potential
measurement technique for which & standardized method was
described. Leaf expansion measurements led to further
research intoc the relationship between leaf length and
leaf area index. A complete statistical analysis of this
relationship is also given in Chapter 2.

A study of PAWC at different growth Béages was conducted
at three sites. This research involved leaf expansion
measurements (maize)}, stem elongation measurements
(maize., wheat and durum wheat) and vield determinationsa
{(maize, wheat and durum wheat). ' The results of these
measurements were compared with pre—dan leaf water
potential readings to detect first material stress and
they were also used to define the degrees of sensitivity
of the crop to s0il water streass. Three short, intensive
ecophysiological atudies were undertaken with maize in an
attempt to improve identification of the lower limit of
PAWC and to find explanationa for the fluctuating
pre—~dawn leaf water potential patterns previously found.
These studies included diurnal measurements of leaf water
potentials, net carbon-dioxide exchange rates and
stomatal conductances. An irrigation scheduling
experiment with maize aimed at defining the sensitivity

to soil water stress at different growth stages was



conducted at site IS0. During this experiment an
intensive study was done on 1leaf expansion and stem
elongation in waize. These facetas of the study are

extensively discussed in Chapter 3.

The irrigation acheduling experiments with wheat, durum
wheat and maize are discussed in Chapter 4. Different
irrigation treatments, with the emphasis on defiecit

irrigation, were applied and seasonal water use, yield

and water use efficiencies were determined.

Studies on miscellaneous aspects related to the PAWC
research are discussed in Chapter 5. These atudiea
include & simple method to delineate filled up gullies
(dongas), the relationships between salt content, yield
and irrigation regime, the influence of heavy irrigation
combined with gypsum applications on the leaching of
scluble salts at =site 1IS0O-A, the determination of
drainage curves for the soils at all four sites and

information regarding root densities at different depths.

Conclusiona and some recommendations for future research
and practical on-farm applications of the results of the

present study are given in Chapter 8.
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CHAPTER 2

DESCRIPTION OF EXPERIMENTAL SiTES AND GENERAL RESEARCH
TECHNIQUES

2.1 INTRODUCTION

The research was conducted at the Cradock Experimental
Station ‘pf the Department of Agriculture and Water Supply
near Cradock in the Eastern Capé Provincé, Republic of
South Africa. Cradock (32° 08 S, 25°37° E; 660 meter
above sea level) isg situated about 250 km north of Port
Elizabeth at the eastern border of the Great Karoo, a
large semi-arid region in +the central part of South

Africa.
There were several reasons for selecting the Cradock
Experimental Station as wvenue for this research project.

The most important ones are:

1. The research of Boedt & Leker (1985) left some



unresolved questions regarding soil-plant-water
relationships under conditions of high evaporative
demand. This research, therefore, had to be conducted
in an area with hot, dry summers. Since Cradock is in
a soemi-arid area with hot summers, it was expected
that it would be well-suited for this project. Being a
semi—arid area it was also anticipated that rainfall

interference with the research would be minimal.

2. The Cradock Experimental Station is situated in the
Fish River +wvalley, where intenaive irrigation 1i=
practiced. Major irrigation eXpansion is expected in
this region, but 1little or no basic irrigation
regearch has been done here - especially in regard to
soil-plant-water relationships. The Cradock
Experimental Station is climatologically and

pedologically representative of the area.

3. The Cradock Experimental Station has good

infra-structure for irrigation research.

4. The Cradock Experimental Station is situated only
160 km from +the University of Fort Hare, making it
possible for the project leader t€o maintain a fair
degree of contact with the researcher between his

lecturing and administrative duties at the University.
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2.2 CLIMATE

Cradock has an average annual rainfall of 341 mm with
maximal falls in February and March (late summer to early
autumn). An estimate of the annual potential
evapotranspiration (PET) was determined by meane of the
long term average Clas= A evaporating pan data in'Téfle
2.1. and a wvaluwe of 2370mm was found (Arnon, 18972).
BECause. water supply . i= limited the actual
evapotranspiration (AET) is wmuch lower (Thornthwaite,
1948). The average monthly AET at Cradock was calculated
according to an amended version of the Thornthwaite &
Mather (1857) equation (Figure 2.1). The annual AET was
found to be 817mm. The Thornthwaite water budget shows a
deficit throughout the year, with the biggest deficits
during the mid-summer months of December and January
(Figure 2.1). This is the time of vear during which the
water requirements of summer crop= are the highest and
also when the plants are the most vulnerable to water
stress (flowering period for most summer crops). lLong
term average climatic data for Cradock are listed in

Table 2.1.
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FIG. 2.1 Average monthly actual evapetranspiration {AET) and
rainfall (R} at Cradock. AET calculated by M. Austen,
Dept. of Crop Science, University of Fort Hare, accor-
ding to an amended version of the Thornthwaite & Mather
{1957} equation based upon local data for the Eastern

Cape.



The winter months, June and July, are characterized by
average maximum temperatures below 20°C, average minimum
temperatures below 5°C, low windspeeds and low rainfall.
Frost during the nights is wvery common during these
months. Although +the temperatures rise quickly from
August onwarda, frost can 8till be experienced during
September and sporadically during October. The windepeed
starta increasing during August and reaches maximum
values during December, January and February. These
montha also show the highest evaporation figures as a
result of the high temperatures and frequent hot winda.
Although +the higheat rainfall is normally expected during
February and March (Table 2.1), rainfall in the area is
very erratic as indicated by the data for the research

period (Table 2.2).

TABLE ~ 2.1 Long term average climatic data for Cradock.

Month maxT minT aveT rain evap wind

(°C) {°C) (°C) (mm) (mm) (km/d)
Jan 30,8 14,3 22,6 42,4 304,2 257,2
Feb 30,2 14,8 22,5 57,4 231,0 225,8
March 28,0 12,8 20,4 51,6 204,9 188,4
April 24,9 9,5 17,3 30,2 150,8 149,8
May 21,2 5,3 13,4 20,8 123.8 162,1
June 16,5 3,1 11,0 10,4 104,1 154,0
July 18,4 2,3 10,5 19,6 116,3 158,6
Aug 20,6 3,6 11,9 13,6 152,7 183,1
Sept 23,3 &,3 14,6 12,4 185,3 208,1
Oct 25,5 8,8 17,1 a7,0 231,3 224,3
Naov 27,4 11,0 19,3 30,6 263,1 243,0
Dec 29,8 12,9 21,3 41,8 303,0 251,9



gy

TABLE 2.2 —~ Climatological data for the duration of the
research project at the Cradock Experimental

Station.

Month average average average
maxT( °C) minT{°C) T(°C)

1985

June 20,3 3,3 11,8
July 19.3 2,8 11,0
Aug 23,9 7,2 14,7
Sep 24,5 7.2 15,0
Oct 26,8 10,9 18,8
Nov 27,8 13,7 20,8
Dec 27,1 13,1 20,1
1986

Jan 30,4 14,5 22,5
Feb 30,0 13,5 21,8
March 28,8 12,3 20,6
April 26,6 10,0 18,3
May 24,8 6,2 15,5
June 19,8 4,1 11,9
July 19.8 2,0 10,9
Aug 20,7 4,4 12,5
Sept 24,5 6,9 15,7
Qet 24,9 10,8 17,8
tNov 26,9 10,8 18,9
Dec 30,8 13,3 22,1
1987

Jan 31.3 14,2 22,8
Feb 32,4 16,0 24,2
March 29,0 13,6 21,3
April 26,8 10,4 18,6
May 25,0 T.2 16,1
June 18,0 3,6 10,8
July i8,8 2,1 10,5
Aug 21,0 4.8 12,9
Sep ¢ 21,1 7,5 14,3
Oct 25,7 9.7 17,7
Nov 27.8 12,2 20,0
Dec 31,2 13.4 22.3
1988

Jan 30,7 14,3 22,5
Feb 30,3 15,7 23,0
March 28.4 15,0 21,7
April 22,3 8,1 15,2
May 22,5 6,4 14,4

total

rain(mm) evap(mm)

B
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total

102,0
108,0
192,5
195,0
174,5
182,0
169,5

248,5
211,5
172,58
142,5
151,0
122,0
112,5
125,6
210,5
187,5
247,5
330,0

319,3
240,6
215,3
156,3
137,0

B7.8

81,0
139,3
126,7
2086,0
235,1
282.,8

284,1
200,4
160,2
116,86
121,5

average
wind{(km/d)

133,93
124.8
181.2
179,9
208,4
208,0
199,5

230,2
228,0
181,9
155,5
133,6
167,86
143,89
155,1
216,5
251,2
225,2
298.9

286,5
237,4
218,0
168,1
141,2
158,9
137.5
202,86
251,7
210,5
256.2
239,4

261,86
202,7
151.,8
127,5
123,2
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During the duration of this project temperatures and
potential evapotranspiration in general did not reach the
extremes experienced at Vaalharts by Boedt & Laker
(1985). For short, critical periods evaporative demands
did reach adequate intensities to facilitate explanation
of certain effects found during the Boedt & Laker study
(Laker et al., 18988). A complicating factor at Cradock
was the dew which formed on leaves during many anights,
making pre-dawn leaf water pntential-determinationsAAnd

other early morning rlant rhysiological studies

difficult.

2.3 SOILS

Four sites representing some of the dominant irrigated
spil types in +the Fish River valley were selected. The
sites were named as follows: D6, D12, D16 and IS0. Sites
D6, D12 and D16 were close to each other on the lowest
and voungest alluvial terrace of the Fish River. Site 150
was on a higher, older terrace. Detailed profile
descriptions and analytical data for the soila of the

four sites are given in Appendices 2.1.1 to 2.1.4.
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The soils at all four sites are young soils of alluvial
origin. Typically of such soils the spatial variability
at all sites is extremely high. This is a far from ideal
situation for research purposes (but does represent the
real sgituation for most irrigated soils on alluvial

terraces in these semi-arid regions).

According to the Scuth African binomial socil
classification system (MacVicar, De .Villiers, Loxton,
Verster, Lambrechts, Merryweather, Le Roux, Van Rooyen &

Harmse, 1977) the scils are classified as follows:

Site name So0il classification
Form Series
D6 Oakleaf Limpopo
D12 | Oakleaf Limpopo
D16 Dundee Dundee
IS0 Oakleaf Allanridge

The s0il classification according teo Soil Taxonomy (USDA,

1975) is given in Appendices 2.1.1 to 2.1.4.

The clay contents of the soils vary from low ( <10% ) to
moderately high ( >30% ). All the soils are characterized
by high to very high =ilt contents and very high fine

sand contents. The so0ila consist almost entirely of
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particles smaller than 0,25mm in diameter, actual figures
for the <0,25mm £fraction ranging from 95 to 29%. It is
well known that due to the high silt and fine sand
contents of the alluvial and colluvial soils derived from
Beaufort sediments in the Eastern Cape, Ciskei and
Scuthern Transkeil, these soils are exceptionally prone to
crusting and sub-surface compaction.

Strong crusting did occur in the experimental ploté of
the pressent study and apecial measures had to be teaken to
overcome its detrimental effects, especially on seedling
emergence. These measures included gypsum applications
before planting and light irrigations about one week
after planting (in order to soften the crust during the

period of seedling emergence}.

Because of the extremely high silt and fine sand contents
of the 8soils, subsoil compaction could be a factor
limiting root growth and thus reducing PAWC. The latter
was unexpectedly found not to be the case, as will be
shown in Chapter 3. The bulk densities at different soil
depths are 1listed in Table 2.3. The values measured at
site DB were fairly high, especially at depths between
700 and 1000mm. The detrimental effect of soil compaction
in this part of the profile oﬁ root growth is clearly

illustrated in the s50il water extraction patterns which
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are discussed in Chapter 3. The rest of the bulk density
values are relatively low compared to values generally
founnd on the c¢entral irrigation schemes, e.g. Vaalharts

{see, for example, Van Antwerpen, 1888).

TABLE 2.3 - Bulk densities at different soil depths for
the soils at the five sites.

Depth (mm) Bulk density (kg per cubic meter)

Ds Di2 D16 I30

150 1460 1470 1500 1530
300 1520 1500 14860 1530
450 1570 1430 1440 1570
800 1520 1440 1480 1550
750 1710 1410 1510 1580
900 1630 1380 14390 1550
1050 1520 1370 1480 1830
1200 1490 1370 1580 1580
1350 1570 1590 1600
1500 1570 1610 1590
All the s0ils are calcareous - a result of the poor

leaching due to the low rainfall and high PET. The =soils
also contain some soluble aalts and significant
quantities of exchangeable sodium, but not enough to
clasaify them as saline or sodic. In some pleots at site
ISC it was high enough +to affect vields adversely, as
will be pointed out later. The PH {water) of the soils
was also high, ranging from B,1 at site D6 to 9,0 at site
IS0. This problem was alleviated by gypsum applications
followed by an immediate irrigation two weeks before

planting.
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The irrigation scheduling experiments were all conducted
at site IS0. This 1is because this site had an elevated
irrigation furrow from which a large number of 50 square
meter plots could be irrigated aquickly and easily. A
second furrow was conatructed for the purpose of the
project. The area around the old furrow had been
cultivated for some time and some plots had been affected
by salinity, possibly due to leakage from a nearby cem;nt
dam. The area around the new furrow was virgin land
before the experiments started and did not have as much
variation as the former. This must be kept in mind when
comparing results from different seasons since some
experiments were done on the old area (ISC-A) and some on
the adjacent new area (IS0-B). The two areas were never

combined in a single experiment.

Finally, the sites were situated as far as possible from
other irrigated fields in order to minimize the influence

of irrigations applied by other researchers.
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2.4 GENERAL RESEARCH TECHNIQUES

2.4.1 Layout of the experiments

Five plots of 5m by 5m were layed out at each of sites
D6, D1Z and D16 for experiments during young growth
stages (Figure 2.2). At site I50 28 plots of 10m by 5m
were layed out at ISO-A (respectively 16 plots ana 12
plots on each s8ide of the furrow) and 32 plots of the
same size were layed out at ISO-B (18 on each side of the
furrow). A ground plan of the plots at site IS0 is given
in Chapter 4. Border areaz were always planted around the

plotas to reduce casis effects.

An aluminium neutron hydroprobe access tube was inserted
in each plot to a depth of 1500mm. The bottoms of the
tubes were sealed by means of welded aluminium plugs to
prevent water from entering the tubes. The upper ends of
the tubes were 150mm above ground level +to prevent
irrigation water from flowing in. The tops of the access
tubes were covered with overturned tin cans to prevent

the entry of rain water and small animals.

At harvest only a central area of 3m by 3m (sites D&, D12

and D18) or Bm by 3m (site 150) was sampled for yield
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Fig. 2.2 Ground plan of plots at sites D6, D12 and DIl6.
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determination purposes. This was done to minimize the

affect of different treatments in adjacent plots,

2.4.2 Protection against animals and rain

& fence of strong netting was erected arocund the plots at
sites D8, D12 and D16 to protect the plants aga{nst
rabbits, especially during the early’vegetative stages.
At site 180 an electrical fence was erected for the same
purpoae. Combined with manual rabbit control these
measures reduced damage by rabbits +to insignificant

levels.

More important was the protection against rain during the
drying cycles. Before the start of the drying cycles,
rainsheds were constructed over the plots at asites D6,
D12 and D16. The size and the number of the plots at site
IS0 made the covering of the area impossible, and only in
the case of maize could the plots be protected against
rain. The types of rain sheds were very different for

wheat and maize.

In the case of - wheat and durum wheat a wooden
conatruction was built on each plot (Figure 2.3). As it

started to rain a uvidek plastic sheet was rolled over
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Fig. 2.3 Construction for protection against rain {for wheat
and durum wheat}.
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Fig. 2.4 Tvpe of construction for protection against rain
used during this study (for wheat and durum wheat}.



the wooden framework, leaving the sides of the shed open
to allow for a good aeration. Next to the plots a small
ditech on either aside collected the water which ran off
the plastic covers and prevented it from running into the
plots. The plastic cover was high enough to prevent the
crop from touching +the plastic and to allow a free
movement of air under the plastic cover. In previous
regearch +the latter was found to be very important (qudt
& Laker, 1985). However, this type of construction proved
to be very vulnerable to strong winds. It was then
decided to build an alternative type of construction as
illustrated in Figure 2.4. These rain sheds were much
stronger and less susceptible to strong winds. The only
negative aspect of these rain sheds was that the plastic
damaged the plants in the border rows. Howeve?, this was
only a minor disadvantage as the border rows were not
used either for the experiments or for vield

determinations.

On the plots with maize no constructions could be built
that were high enough to cover the planta and leave space
for a free movement of air. The soil between the rows was
covered with strips of uvidék plagtic sheet. The borders
of the strips formed a small ridge which leaned against
the stem of the plants and the adjoining plastics were

secured with staples. The wall arocund the plot was
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Fig. 2.5 Rainshield used on plLots with maize.
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removed on one side to allow for a free run—-off of the
rain water. Once the plastics were placed in position
they were not removed until the end of the drying cycle.
This type of rain shield is illustrated in Figure 2.5. A
similar technique wasa used by Boedt & Laker (1985) for

maize.

2.4.3 Irrigation techniques

Flood irrigation was used in all experiments. At sites
D&, D12 and Di6 the plots were irrigated by means of a
rump. The pump was calibrated at regular intervals to
ensure that the c¢correct amount of water was applied. At
site IS0 the plots were irrigated directly out of a
specially designed furrow. The water flow out of the
furrow was calibrated and four plots could receive 75 mm

in a time reriod of six minutes.

All plots were levelled before planting to ensure an even
digtribution of water. To prevent soil erosion a block of
concrete was put on the spot where the water dropped out
of the furrow in the plots at site ISO. At sites D6, D12
and D18 so0il erosion was prevented by putting the end of
the pipe in a small basin out of which the water flowed

mare gently into the plots.
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2.4.4 Agronomic practices

The cultivars, fertilizer applications, planting
densities and pest and weed control treatments were
recommended by the 1local researcher Mr. J. Pretorius at
the Cradock Research Station. Detailed agronomic
practices for every season at all sitea are given in
Appendices 2.2.1 to 2.2.11. The size of the plots was too

small for mechanical planting and thefefore prlanting was

done by hand.

The original cultivars were Zaragossa for wheat, Fargo
for durum wheat and Pioneer PNR 542 for maize. After the
first winter season the wheat and durum cultivars were
changed to Gamtoos and Moni respectively bhecause the
original cultivars became susceptible to rust
infestation. During the 1987-1888 summer season the maize
cultivar waa changed to Pioneer PNR 6528 as the other

cultivar was no longer available.

Fertilizer applications were different every season as
they were determined by the chemical analyses of the soil

(Apprendices 2.2.1 to 2.2.11).

Before and after the experimenﬁs regular irrigations kept

the s0il water content at a high level except where
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drying cycles were prolonged after first material stress
(FMS) was detected. The experiments on all plots were
started with so0ils at field capacity. All plots were
irrigated Jjust before flowering in order to eliminate
stress effecta during this very sensitive rericd. In a
few cases plants were stressed during this period in
order to measure the magnitude of the effect of water

stress during this period.

2.4.5 General measuring technigues
2.4.5.1 Soil water content measurements

All soil water measurements were done by means of a
Campbell Pacific Nuclear neutron hydroprobe (model CPN
503). The instrument was calibrated against different
s0il water contents determined gravimetrically at depth
intervals of 150 mm up to a depth of 1500 mm for each

soil.

Field capacity values were determined at all sites. A
small plot was irrigated several times to ensure a
complete wetting ofl the profile. An aluminium neutron
probe access tube was inserted into the =20il and the soil

surface was covered with a plastic sheet to orevent



evaporation. Readings were taken on a regular baais and
when drainage had effectively stopped., the measured
volumetric socil water contents were taken as the field

capacity values.

In each plot two neutron hydroprobe access tubes were
inserted into the so0il and the soil water content was
monitored constantly. A new technigue for taking standard
counts with the neutron hydroprobe was used towards the
end of the study. The probe was put on an aluminium
acceas tube at sabout 1,5m above ground 1level. This
technigque was suggested by Reginato & Nakayama (1987) and
provided better results +than with the probe on the box,
as is the general recommendation. A major advantage was
the more consistent standard readings due to less
interference of the water in the so0il and the surrounding
vegetation (mainly grasses). Standard counts were taken
daily before and after soil water measurements and their
average value was used to calculate the count ratios
which are used in the calibration formulas. When many
measurements had to be done, standard counts were also
taken between some readings. These counts were not used
in the calculations but were merely a check to ensure
that the hydroprobe was still functioning correctly.
Neutron hydroprobe readings were taken at 150 mm depth

intervals starting at a depth of 150 mm up to a depth of
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1500 mm.

2.4.5.2 Leaf water potential measurements

The pre-dawn leaf water potential (PLWP) was selected as
the indicator for first material stress (FMS). PLWP
measurements were done by meana of a pressure chamber
similar to the one described by Scholander, Hammel,

Hemmingsen & Bradstreet (1964).

The method of sampling, as well as the measuring itself
and the sequence of measuring were done according to a

standardized procedure 1in order to obtain representative

and reproducible values.

Sampling of the leaves started about 20 to 30 minutes
before sSunrise, depending on the number of samples to be
taken. The leaf on which the readings were done was the
voungest., completely developed leaf (the flag leaf in the
case of wheat and durum wheat at flowering stagel. The
importance of selecting mature leaves was illustrated
during the experiments with durum wheat at young growth
stages. The values of immature leaves were constantly
lower +than those of mature leaves and indicated FMS

incorrectly (Chapter 3). The leaf was cut off the plant
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and put 1in a plastic bag labelled with the plot number.
The bags were initially lined with aluminium foil.
However, the foil was very fragile and since tests had
proved that the foil did not have any influence on the
measured values the foil 1linings were subsequently

omitted.

During the drying cycles, PLWP measurements were done on
a daily basis. For wheat and durum wheét five leaves were
sampled and one reading was done on each leaf. The
average of the five readings was taken as the PLWP value.
In the case of maize, three leaves were sampled and two
of the leaves were ﬁeasured twice. The average of the

five readings was taken as the value for that day.

The measuring techniques were slightly different for
wheat and maize. In the case of wheat and durum wheat,
the leaf was cut in half and the upper half was placed in
the pressure chamber with the cut on top. The cut was
studied with a magnifying glass (x10) while the pressure
in the chamber gently increased. As soon as bubbles
started forming on the cut surface, +the value of the
pressure in the chamber was noted and its negative value
was taken as the leaf water potential. In the case of
maize, a small piece (50 mm long and 10mm wide) was cut

out of the middle of the sampled leaf as close as
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posaible %0 the main vein. The cut closest to the tip of
the leaf was studied with a magnifving glass (x10). The

PLWP value was obtained in the same way as for wheat.

Pressure chamber measurements commenced virtually
immediately after sampling was completed each morning.
Although sampling was done very quickly, taking only 10
to 20 minutes to complete (depending on the number of
gsamples collected)}, &and measurements &ere also completed
within a time space of 15 to 45 minutes from the first
measurement (depending on the number of samples), there
could be some concern regarding possible effects of
differentizl time lapses between sampling and messurement

on the PLWP values obtained.

In order to reduce possible time-lapse effects, PLWP
measurements were not done in the same sequence as the
sanmpling wasa done. A "semi-cyclical” measurement sequence
was used and a close check was kept on possible
consistent trends in differences between cycles. This
gemi-cyclical measurement sequence can be summarized as
follows:

Step l1: Measure the first three leaves of the first

plot sampled at the first site.
Step 2: Measure the first three leaves sampled on the

first plot at each subsequent site.
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Step 3: Measure the first three leaves sampled on the

second plot at each site, starting with the

first site sampled. Then do this for the third

plots, and then for the fourth plots, etc.

Step 4: Hereafter repeat steps 1 to 3 for the 4th and

5th leaves (wheat) or 1lst and 2nd (maize)

sampled on each plot.

This measuring sequence 1is diasgrammatically illustrated

in Figure 2.8.

It was found that within the time frames between first

gampling and last measurement, the time lapsed between

sampling and measurement did not affect the wvalues

obtained. This is clearly illustrated by the two examples

given in Table 2.4.

Table 2.4 — PLWP (¢bd) values of maize measured according

to the semi-cyclical sequence.

Day Plot ¢pd values (-kPa)
1 2 3 4
i D6a 100(1y 150{(2) 150(3) 100¢(13)
Dl2a 150{4) 100(5) 150(6) 100{(15)
DEb 200(7) 200(8) 150(9) 200(17)
D12b 150(10) 100(11l) 150(12) 200(19)
& Déa 200(1) 250(2) 200(3) 250(13)
DiZa 150¢4) 200(5) 150(68)} 160(15)
D6b 250(7) 300(8B) 200(9) 250(17)
D12b 200(10) 250(11) 200(12) 200(19)

Sampling sequence on each day: D6a 1-bH; DEb 1-5;
1-5; P1Z2b 1-5.
Measuring sequence on each day given in brackets.

5

100(14)
150(16)
150(18)
100(20)

250(14)
200(186)
300(18)
250(20)

DiZa
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Cycle 3 1sSxpynd->
Cycle 2 JSxpynl-3
Cycle 1 T1sxplnl-3
ni
Sipl
nl
152pinl-3
Jslp2nl-3
Jds1pln4d-5

§ = sites (51 = Site 1, i.e. first site sampled)

p = plot (pl = plot 1, i.e. first plot sampled at a
specific site]

n = leaves (nil = leaf 1, i.e. first leaf sampled on.
a specific plot)

x = number of sites sampled
v = number of plots sampled at each site
note: If only three leaves are sampled, then n4 and n5

are duplicate readings on nl and n2 respectively
conducted during cycle 4.

FIG. 2.6 Pre-dawn leaf water potential measuring
sequence.
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PIWP was a fairly good indicator of FMS in wheat, durum
wheat, and maize. However, Boedt & Laker (1885) revorted
serious doubts regarding the validity of the leaf water
potential as a parameter for FMS under extreme climatic
conditions. It was therefore decided to check also for
visual stress symptoms. These symptoms were described by
Hensley & De Jager (1882) as follows: "It was found that
when =stressed the portions of a maize leaf on either side
of the midrib tended +to fold togethér. Thia caused the
leaves  to  stiffen -and to stand up at a relatively steep
angle to the stem rather than droop in a gracious arc
away from the plant. The stressed plants had a spiky
appearance from a distance and leaves loat their luscious
green colour and developed a greyish tinge with whitish
stripes on the back of the leaves.” Hensley & De Jager
{1982) and Mallett & De Jager (1971) indicated that
nccurrence of these symptoms at 10h00 or 10h30 indicated
soil induced water =stress. Boedt & Laker (198%5) found
that plants showed these symptoms at 10h00 at Vaalharts
in soils at all soil water levels, even at field
capacity, due to the extreme climatic conditions. They
then decided to use wilting at 8h00 as an indicator of
MS. Observations during this study at the Cradock
Experimental Station confirmed the conclusions made by
Boedt & Laker (1985). On days characterized by high

evaporative demand, the maize plants, even in soils near
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or at field capacity level, showed these symptoms already
at 10h00. At ShO0 these symptoms were only observed in
plants in ao0ils of which at least B80% of the PAWC was

extracted.

2.4.5.3 BStem elongation measurements (wheat and durum

wheat)

The effects of so0il water stress on the growth of wheat
and durum wheat was studied by monitoring the stem
elongation of the plants. Ten plants per plot were chosen
randomly very early in the season and their length was
measured"regularly until natural growth stopped. The term
"natural” indicates that a stop in growth caused by soil
water stress was not considered as the end of the growth
of the plant becauvse upon rewatering growth was normallly
regsumed. As the soil surface was constantly changed by

irrigations and by walking through the plots, a reference

height had to be defined. The two most important‘

conditions were that the reference level had to he stable
and easily retrievable, At first ropes were put across
the plots in a level position close +o the ground
surface. This reference ievel was not very stable as the
ropes stretched after some time. The level was alsoc too

high because the ropes had to be at a certain height



above the s80il surface in order not to be submerged when
the plots were irrigated. It was then decided to put long
ateel nails in the soil as close as possible to the plant
and to use their heads as a reference level which was
about 15mm above the s0il surface. The nails, labelled
with numbers, could easily be found back and their
position remained undisturbed after irrigation. This
simple measuring method proved to be very successiul and

vielded some very interesting results as will be

discussed later in Chapter 3.

2.4.5.4 Leaf expansion measurements {(maize)

Leaf area exXpansaion was selected as +the parameter to
study the effects of so0il water stress on plant growth in
maize. During the 1985-1986 season the growth of five
randomly selected plants was monitored on each plot. Each
plant was marked by putting a labelled nail next to it
into the s0il to make sure that the readings were always
done on the same plant. A leaf area parameter was
astablished using the length of a leaf and the width
taken in the centre. The length (mm)} was multiplied by
the width (mm) and divided by a factor of 100. Summation
of this product for all the leaves of one plant gave the

leaf area parameter (LAP). A similar leaf area



determination was used by Denmead & Shaw (1960).

The actual leaf area ig s=maller but can be calculated
from these data. Judging by the shape of the leaf the
actual area will more or less be equal to the leaf area
parameter multiplied by a factor 0,75. Thie factor was
alsoc suggested by Stickler, Wearden & Pauli (1961) for
sorghum leavea, which are similar to maize leaves in
shape. Mallet (1972) wused a factor of 0,78 for maize

leaves. This results in the following equations:

L.A.P. = aum of [(L x B) / 100]
with L = length of the leaf (mm)
B = width of a leaf in the middle (mm)., i.e.

halfway between the base and tip

Actual leaf area = L.A.P. x 100 x 0,78 (&g.mm)

L.A.P. x 78 (3q.mm)

During 1l1eaf expansion studiem a certain relation was
noticed Dbetween the length of a leaf and its width taken
in the centre. This led to further research from which an
equation expressing the relation between the total length
of all the 1leaves and the leaf area parameter was
derived. Thia made 1leaf expansion measurements less
complicated as only the length had to be measured now and
the leaf area parameter and the leaf area indgx could be

calculated from these data. This saved a lot of time and
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more plants could be monitored. 3Statistical analysis of
the data obtained during the 1985-1986 summer season at

sites D6, D12 and D16 resulted in the following

regression egquations:

L.A.P.

(1,125 x L) - 1897

with L = total length of all the leaves (mm}

Actual leaf area = [(1,125 x L) - 18971 x 78

with L = taotal length of all the leaves (mm)

The leaf area index is per definition egual to the ratio
of the +total leaf area to the ground surface occupied by
the plant. The area occupied by the plant for a planting
density of 40000 plants per hectare is 0,25 square meter
or 250000 square millimeter. This leads to the following

equations:

Leaf area index actual leaf area / 250000

{78 x L.A.P.) / 250000

1i

L.A.P. 2 0,00031%2

[(1.125 x L) — 1B897] x 0,000312
with L = total length of all the leaves (mm)

A complete statistical analysis can be found in Appendix

2.3.



2.4.5.5 Stem elongation measurements (maize)

Stem elongation of maize was intensively studied during
the 1987-1988 summer experiments at site 1IS0-B. On each
plot one plant was chosen in one of the central rows and
a labelled nail was put next to 1it. Stem elongation
measurements consisted of the measurement of the total
length of the stem and of the 'distaﬁces betwean
successive leaves. Total length was taken as the distance
between ground level (zero reference point) and the point
at which the yvoungest leaf was attached to the stem. The
distance between two successive leaves was defined as the
distance between the points at which the leaves were
attached to the ' stem. The point at which the first leaf
{lowest positioned leaf) was attached to the stem was per

definition taken as the zero reference point.

2.4.6 Measuring technigques used during the detailed

ecophyaiological studies
2.4.6.1 Leaf water potential measurements
Diurnal leaf water potential measurements were done

according to the same pressure chamber technique descibed

for pre-dawn leaf water potential measurementa in Section
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2.4.5.2.

2.4.6.2 Net carbon-dioxide exchange rate (NCER)

NCER measurements were made during one of the three
detailed atudies (Ceulemans, Impens, Laker, Vanassache &
Mottram, 1988). A portable, closed aystem including a
amall plexi clamp-on cuvette (inner area 3 square cm)f an
electronic timer differentiator and an infrared gas
analyser (Leybold-Heraeusa, type Binos 1, FRG) was used to
measure NCER in the field as described earlier by
Ceulemans, Xockelberg & Impens (1586). A small fan was
also incorporated in the gas exchange system to
thoroughly satir the air in the c¢losed loop. Constant
carbon~dioxide depletions of 656-10 cubic ocm per cubic

meter in the system were always maintained.

To reduce interplant variability, NCER measurements were
made on the last (youngest) fully expanded sunlit leaves,
which have the highest NCER values (Baldy, 1986; Dwyer &
Stewart, 1986). Leaves were held horizontally during the
measurements 80 that azimuthal influences  were
eliminated. Ten different standard leaves were sampled
each time and measurements were carried out on average 11
timea a day. Measuring periods were taken consécutively

on stressed and unstressed plots and each period lasted
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for about 10 minutes.
2.4.6.3 Stomatal conductance

Stomatal diffusion conductance to water vapour waa
measured during two of the +three detailed studies
(Cenlemans, Laker & Vanassche, 1988; Laker, Ceulemans &
Vanassche -~ Appendix 3.4). It was measured with_ an
automatic, ventilated diffusion porometer. The original
inatrument (Cayuga Development, USA}, described by
Carbonneau (1983), has been auvtomated, improved and
modified considerably by F. Kockelbergh in the Department
of Biology, University of Antwerp. A Vaimala Humicamp
(Finland)} humidity sensor with a complete electronic
display and cycling circuit has been incorporsted in the
system, while the chamber volume has been reduced
considerably. The inner area of the cuvette was 1 square
cm and the constant sampled humidity range was as narrow
as 3%. This improved version of the porometer had been
tested under a wide range of humidity and temperature
conditions, but was used for the first time in a research

experiment in the present study.

Porometer cuvette temperature was measured by an inner

copper-constantan (Omega Inc., USA) thermocouple.
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Diurnal measurements of stomatal conductance were made at
two-hour intervals from sunrise to sunset on the lower
surface of maize leaves during the one study (Ceulemans
et al., 1888b} and during early morning (about 0B8h00},
midday (about 13h00) and afterncon (about 168h00) in the
other study (Laker et al., Appendix 3.4). Mature, fully
expanded leavea of five or six different plants were
sampled for replicate determinations at any time and ga
readings were always taken 1in the "middle of the leaf
beaide +the midvein. Sets of replicates were sampled from
different experimental plots with different soil water

deficits.

The eguation for converting stomatal resistance, measured

with the porometer., to conductance is given by Ceulemans

et al. (1988b).

Immediately after each stomatal conductance measurement,
measurementa were alasc made of leaf water potential,
vapour saturation deficit, leaf temperature, air

temperature and photosynthetically active radiation.
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2.4.6.4 Photoaynthetically active radiation (PAR)

Incoming PAR or photosynthetic photon flux density (PPFD)
was measured with a Lambda gquantum sensor (type Li-190

8B, LiCeor, USA) connected to a multichannel Deltalogger.

2.4.6.5 Leaf temperature

Leaf temperatures were measured with s@amall, thin
copper-constantan thermocouples connected via a special
thermocouple connector to a standard reference junction
incorperated in a digital millivolt read-out unit. The
rhysical and electrical equivalent of an ice bath
reference ﬁhermocouple at 0°C was provided by a reference
junction which was built into a portable,
battery-operated read-out unit developed and constructed
by F. Kockelbergh in the Department of Biology,
University of Antwerp. Hence, temperatures could directly
be read out in the field on the digital digplay unit.

Furthermore, PAR could bhe displayved on the same unit.

Leaf thermocouples were sealed in an aluminium hair clip
and could easily be attached to or detached from leaves
without any damage. Four thermocouple clips were attached
to different leaves each time. The digital hand-held

read-out wunit was protected by adhesive aluminium foil to
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give a high degree of insulation so that no direct
temperature effects on the electronic compensation units

were noticed.

The thermocouples were clamped to the lower surfaces of
10 randomly selected upper canopy leaves. Leaf
temperature readings of the 10 replicates were averaged
each time. Care was taken to , ensure that the
thermocouples were not exposed to direct sunlight during

readings.

2.4.6.6 Vapour saturation deficit (VSD) and air

temperature

Atmospheric humidity and air temperature were measured
next to the experimental plots with a forced ventilation

Assman—-type psychrometer.
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CHAPTER 3

PAWC VALUES OF WHEAT, DURUM WHEAT AND MAIZE AT DIFFERENT
GROWTH STAGES AND THE EFFECTS OF SOIL WATER STRESS AT
DIFFERENT GROWTH ©STAGES ON VEGETATIVE GROWTH AND GRAIN
YIELD

3.1 INTRODUCTION

During the 1985 winter sgseason PAWC determinations at
different growth stages were done with wheat at sites DS
and D12. At each site five plots (5m by 5m) were planted.
These were stressed at different stages. Due to
managerial problem= at the beginning of the experiments
(before the researcher arrived) and unfavourable weather
conditions towards the end of the season there were some
doubts regarding the validity of the data collected
during this =season. The exberiments were, therefore,
repeated at sites D6, D12 and D16 during the 1986 winter
season, using five plota of 5m by Bbm per site. One of the
five plots was retained as a well-watered control

throughout the whole season, receiving water as soon as
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50% of PAWC was extracted. Site D16 was included from

this sSeason onwards in order to obtain results for more

varied soils.

PAWC determinations with durum wheat at different growth
stages were conducted during the 1987 winter season at
sites DB, D12 and Di6. Five plots (5m by 5m), one of
which was used as a well-watered control, were planted at

each site.

During the 1885-86 summer aeaéon PAWC determinations at
different growth stages with maize were done at sites D&,
D12 and D16. Five plots (5m by 5m), of which one wasa used
as a well-watered control, were planted at each site. Due
to severe hail damage leaf expansion studies could not be
completed  successfully during  this season. These
experiments were, therefore, repeated at sites DB and D12
during the 1886-87 summer season. An extensive irrigation
scheduling experiment with maize was conducted at site
IS0-B during the 1987-88 season to determine the effects
of water stress at different growth stages on leaf

expansion, stem elongation and yield.

During the 1985-B6 summer geason two short-term detailed
eco—-physiological studies were conducted at different

plots of the irrigation scheduling experiment with maize



(reported in Chapter 4). By measuring NCER or stomatal
conductance in plants on plots at different degqees of
water stress simultaneously an indication of the effects
of water stress on these parameters could be obtained
over a short period df time. These parameters were used
to verify the validity of the lower limit of PAWC (i.e.
FMS) as determined by means of pre-dawn leaf water
potentials (PLWP) and visual symptoms. During the 19B6-87
summer season stomatal conductance étudies with maize
were conducted at site D16 on plots on plots at different
degrees of water stress. Again this was a detﬁiled
short-term experiment with different degrees of water

stress being induced aimiltaneously.

Mature stage PAWC determinations with wheat, durum wheat

and maize were also made at site ISO.

A list of cultivars and planting, emergence and flowering

dates is given in Table 3.1.
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TABLE 3.1 - Cultivars and dates of planting, emergence

and flowering of wheat,

at sites D6, D12 and D16

Wheat Cultivar Planting
1885

D& Zaragossa B/07 /12885
blZ2 Zaragossa 9/07/1985
1988

D6 Gamtoos 16/06/1986
D12 Gamtoos 18/086,/1986
D18 Gamtoos 18/06/1986
Durum wheat

1987

D6 Moni 22/06/1987
Di2 Moni 22,/06,/1987
D16 Moni 22/06/1987
Maize

1585-86

DE Pioneer PNR 542 6/11/1985
D12 Pioneer PNR bH42 6/11/1985
D16 Pioneer PNR H42 6/11/1985
1986-87

DE Pioneer PNR 542 20/10/1986
D12 Pioneer PNR 542 20/10/1986

1987-88
180 Pioneer PNR 6528 20/10/1987

Eco-physiological studies

Maize

1885-86

IS0 Pioneer PNR 542 28/10/1985
1986-87

D16 SNK 2244 1/10/1986

Emergence

20/07/18985
20/07/1985

29/06/1986

28/06,/1986
29/06/1986

6/07 /1987
6/07/1987
6/07/1887

13/11/1985
13/11/1985
13/11/198%

27/10/1386
27/10/1986

27,/10/1987

8/11/1885

10/10/1986

maize and durum wheat

Flowering

21/10/1985
21/10/1985

3/10/1886

3/10/1986
3/10/1586

16/10/1987
16/10,/1987
16/10/1987

24,01/1986
24/01/1986
24/01/1986

13/01/1987
13/01/1987

10/01/1988

17/01/1986

22/12/1286



g

3.2 RESULIS

3.2.1 Wheat

The different growth stages of wheat at which the
different drying cycles were started during the 1985 and
1986 seasons are listed in Table 3.2. It should be kept
in mind that during 1985 the studies éere conducted only

at sites D6 and D12, whereas sitea DS, D12 and Di8 were

all included during 1988.

TABLE 3.2 - Growth stages at wﬁich drying cycles for
wheat were started during the 1985 and 1988
winter seasons

Plot no. Growth stage at start of drying cyvcle
Phenological Days after planting
stage * 1885 1988
& 3 35 42
b 5 55 52
c 7 58 &2
d 8 75 T2
T flowering 100 n.a.

* Phenological stages according to Large (1954):
Stage 3: Tillering.
Stage 5: Leaf sheatha strongly erected.
Stage 7: First node of stem visible.
Stage 8: Flag leaf just visible.
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3.2.1.1 Winter 1985
3.2.1.1.1 Stem elongation and leaf water potential

On plot D6a the stem elongation dropped sharply to below
that of the other plots on day 13 of the drying cyecle. It
remained fairly constant for another five days, before it
started decreasing further to reach zero on day 23 of the
drving cycle, i.e. day 58 after plantiﬁg (Figures 3.1 and
3.2). PLWP remained constant at -150kPa for 12 days after
the start of the drying cycle. On day 13 it dropped to
-500kPa, where it remained until day 23. On day 24, the
day after growth stopped, it dropped sharply to -1500kPa

(Figure 3.3).

The stem elongation pattern found on plot DlZa was
similar to that on D6a (Appendices 3.1.1 and 3.1.2}; As
on plot DBa PLWP dropped sharply after day 12, but in
this case to a much lower value (about -1000kPa) than on
plot D6a (about -600kPa). Compare Figure 3.3 and Appendix
3.2.1. This difference was possibly due to the
restricting laver in plot D6a, which created a better
water supply to the top part of the root system during
the latter part of the drying cycle. Similar conclusions
were drawn according to the results of other studies on

this soil. which are reported later in this chapter. It
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ia noticable that PLWP on D12a was alsc during the first

12 days of the drving cycle lower than on D6a.

It can be concluded that on both plota DBa and DlZa an
initial stress, which can be equated with FMS, clearly
set in on day 13 of the drving cycle. By day 23 severe
stress, which agrees with the in situ measured lower
1imit (LOL)} of the PLEXW concept of Ratliff et al.
(1983), i.e. when plants become doémant due to water

stress, occurred.

The drying cyecle was continued for another five days,
inducing severe stress conditions. When irrigated (on day
29), the plants responded immediately: PLWP increased
overnight to values of -150kPa and the stem elongation
rate rose very sharply and after some days became even
higher +than on the other three plots. The plants ended up

comparable in size to the plants on the other plots.

Stem elongation rates on D12a were higher than on D6a
after the first irrigation after the stress period but
lower after the second one. This resulted in the same
height of the plants as on DBa at the end of the growing
geason. The higher elongation rates on plot DlZa after
the first irrigation were probably the vresult of the

better drainage characteristics of this soil. The water
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reached the deeper root zone much qQuicker on plot D12a
while on plot D6a the water front moved much slower.
causing temporary waterlogged conditions as the macro

pores were filled with water for a longer period.

On plot D6&b, where the drying cycle was started 55 days
after planting, the cumulative stem elongation was equal
to that of the plants on plots D6c and D6d, which were
unstressed, during the first nineteen'days of the drying
cyclg (Figure 3.1). Their stem elongation ra;e patterns
were also identical (Figures 3.2 and 3.5). Then the stem
elongation rate of D6bh started decreasing relative to
those on D6c and D6d. It again initially dropped to a
plateau, after which it dropped to a very low value nine
days later ({(Figure 3.2). The plants did not become
dormant, however, as in the case of the a plots. A first
definite drop in PLWP (to -1150kPa) occurred nineteen
days after the start of the drying cycle, i.e. on the day
on which the stem elongation rate started decreasing
relative to DBc and D64 (appearance of flag leaf, stage B
according to Large, 1954). For most of the preceding
period PLWP fluctuated around -500kPa. This first drop in
PIWP did mnot clearly indicate PMS as much higher wvalues
were measured again afterwards (Figure 3.4). From this
time on PLWP fluctuated very sharply, with decreasing

minima to the oscillations ({(Figure 3.4)}. This tvpe of
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pattern was also identified by Boedt & Laker (1985). On
day 30 of the drying cycle a PLWP value of -1500kPa was
reached, coinciding with the onset of a pericd of very

alow growth due to water stress.

The results from plot D12b, presented in Appendices
3.1.1, 3.1.2 and 3.2.2, again, as in the case of the a
plota. showed certain similarities and certain important
differences compared with DEb. Simila;ities include PLWP
fluctuating around -500kPa for most of the first 19 days,
the sharp drop on day 19 (in the case of D12Zb even lower
than on DBb) and the strong fluctuations thereafter to
reach less than -1500kPa on day 30. The major difference
is that stem elongation rate for D12b linearly dropped to
a low wvalue after day 19 of the drving cycle and not to
an initial plateau as for DBb. This is possibly again
linked +to the sustained water supply to the upper part of
the root zone on DB due %o the restricting layer at
700mm. Both plots DBb and D12b were irrigated again on

day 31 of the drying cycle.

The stem elongation rate of the plants on plot DE¢c was
similar to the rate found on plot D6d for the first six
days of the drying cycle (Figure 3.5), giving parallel
running cumulative stem elongation lines (Figure 3.1}).

For the next few days the stem elongation rate on Dbe
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dropped far DYbelow +that for the well-watered DBd, after
which the values for the two plots became similar again.
This initial drop in elongation rate was not due to
soil-induced water stress but extreme temperatures
developing under the plastic covers on D6c on a few very
hot daya (D8d was hot covered during this period). After
day 16 of the drying cycle the elongation rate on Dbc
dropped sharply to reach a low value on day 20,
indicating FMS. The PILWP pattern of plot D6c seems very
irregular because of +the sharp fluctuations at the
beginning of the drying cycle (Figure 3.6)}. Of particular
importance is the sharp drop on day 8, the day on which
stem elongation decreased sharply. These drops were
caused B& the "greenhouse"” effect, induced by the plastic
COVEers for protection againsat rain. Very high
temperatures (above 30 C) during this period caused even
higher temperatures under the plastic covers as the heat
could not escape. The plastic covers could not be removed
during this period because of the high possibility of
thunderstorms in the afternoons. The fact that the drops
in PIWP on plot D1Z¢ occurred on the same dates suprorts
this theory (Appendix 3.2.3). FMS, as indicated by the
drop in stem elongation on day 20, was confirmed by the
drop in PLWP to nearly -1500kPa 23 days after the final

irrigation.
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The leaf elongation patterns of plot D1lZ2c are gsimilar to
those of DBec {(Appendices 3.1.1 and 3.1.3). The stem
elongation rate again dropped relative +to D12d early
during the cycle when the extreme temperature conditions
prevailed. It also recovered briefly before dropping
sharply after day 16 ¢o reach a low value on day 18 of
the drying c¢ycle, indicating FFMS. The drop in PLWP to
-1500kPa on day 19 of +the drying cvcle confirmed the
onset o©of FMS (Appendix 3.2.3). The stress treatment was
continued for seven days after the onset of FMS on both

plots D6c and Dl12c.

The drying cvcle on plot D6d as well as on plot D12d did
not have any effect on the stem elongation and in both
cases the plants were taller than the plants on the other
prlots (Figure 3.1 and Appendix 3.1.1). The drop of the
stem elongation rate, 17 days after the final irrigation,
was a result of the termination of the vegetative growth
stage and was not induced by gtress conditions. This is
supported by the drop of the rate on all plots (Figure
3.5 and Appendices 3.1.2 and 3.1.3}). FPMS was identified
"on both plots by the drop in PLWP., The drops were
obgerved on plots D6d and Dl12d respectively 189 and 17
days after the start of the drying cycle (Figure 3.6 and
Appendix 3.2.3). The drying cycles were continued for

seven days after the onset of FMS on both plots D8d and
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The drying cycles on plots D6f and D1Z2f were started at
flowering stage in order to determine the maximum PAWC.
The drop in PLWP occurred 31 days after the start of the
drying cycles on both plots, indicating FMS (Figure 3.7).
At the start of the drving cycle water demands were at
peak level and started decreasing from that time onwards
(see also Boedt & Laker, 1985). This explains the longer

period to reach FMS.

The number of davs to reach FMS, the phenclogical growth
stage at which PFMS was reached and the parameters which

identified FMS are summarized in Table 3.3.

53.2.1.1.2 PAWC values and soil water extraction patterns

The soil water extraction patterns found at site D6 are
shown in Figures 3.B (a, b. ¢ and 4 plots) and 3.9 (at
flowering stage). All patterns show the same basic fan
shape with time., The evolution of the patterns as the
plants developed consisted mainly in the downward
movement of the convergence point from a depth of 700mm

on plot DBa to a depth of 1200mm on plot DE&d.
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TABLE 3.3 - Phenological stages at the start and end of the

drying cycles, number of days to reach FMS and

parameters used to identify FMS of wheat at different

growth stages at sites D8 and D12 (1985 winter

asasan)
Plot no. Phenological stage * Days to FMS Parameter XX
start end

DbBa 3 5 13 PLWP%* and SER
D&b 5 8 19 PLWP and SER
DEc 7 10 20 PIWP and SER
D6d 8 10.1 19 PLWP

Dsf flowering grain filling 31 PLWP

DiZa 3 ' 5 13 ’ PLWP* and SER
D12b 5 8 19 PLWP and SER
Dilz2c 7 10 18 PIWP and SER
Di2d 8 10.1 17 PILWP

Dl12f flowering grain filling 31 PLWP

* Phenological stages according to Large (1854).
Stage 3: Tillerins.
Stage 5: Leaf sheaths strongly erected.
Stage 7: First node of stem viaible.
Stage 8: Flag leaf just visible.
Stage 10: Ears in boot.
Stage 10.1: Appearance of the ears.

**% Parameters.
PLWP : Pre-dawn leaf water potential.
PLWPx: At values higher than -1000kPa.
SER : Stem elongation rate.

Although the soil profile was not fully filled to field
capacity before the start of the vyoung growth stage
experiments, soil water extraction from soil layers below
700mm at these stages was not markedly different from
that at growth stage f (soil profile at field capacity at
start of drying cycle). The low soil water extraction

from layera below 700mm is explained by the presence of a
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restricting layer with upper boundary at a depth of 600mm
to 700mm, resulting in a very poor root development below

this depth.

The presence of this restricting layver is clearly
illustrated in the solil water extraction patterns (Figure
3.8). A first indication is the high apparent field
capacity wvalue above the resticting. layver. The actual
field capacity for +this part of +the profile is much
lower. The higher value is a result of partial
waterlogging. However, this water was also available to
the plants and must he taken intoc account when
calculating PAWC. A second characteristic is the high
gquantity of roots above this layer, illustrated by the
high so0il water extraction (first stress lines bulge to

the left).

The quantities of s0il water extracted at different
depths and the PAWC values at each growth stage for site
D6 are listed in Table 3.4. It 1is clear that the
extraction below a depth of 700mm did not increase much
as the plants grew older. The difference in soil water
extraction from layers deeper than 700mm between growth
stage & and growth stage d was about llmm which was less
than 10% of the final PAWC. The PAWC value found at

flowering stage (140,2mm) was already reached at growth

“yo5
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stage ¢ (138,0mm). Figure 3.10 illustrates the evolution
of the PAWC as the plants developed. The graph shows very
clearly +that the PAWC increased sharply during the early
stages of the growing season and reached a maximum long
before flowering stage. Superimposition of relative top
growth and relative PAWC in Figure 3.10 shows that PAWC
reaches its maximum earlier than top growth and that PAWC
during young growth stages is relatively much higher than
would be expected. The dotted line in Figure 3.10
illustrateé the eﬁolution of PAWC agéihst'the.time it was
determined, while the full line gives the relative PAWC
against the time it can be applied in irrigation
scheduling (i.e. when drying cycles can be started using

the specific PAWC values)}.

TABLE 3.4 - Quantities of soil water extracted by wheat
at different =oil depths and P&WC values for
each growth stage at site D6 (18985 season)

water extracted (mm).

depth (mm) a b C d flowering
0- 100 13,3 15,5 18,7 16,5 17,0
100- 200 10,6 14,5 19,8 16,8 15,8
200- 300 10,3 14,3 20,7 17,5 15,0
300~ 400 8,1 13,7 18,3 18,3 17,8
400- 500 10,8 16,2 18.0 19,5 22,3
500~ B0O 12.7 22,0 20,8 22,0 28,3
600- 700 6,1 10,0 B,3 10,0 12.5
700- BOO 4,5 4,2 4,3 4,5
800~ 900 4,8 6,7 4,5 3.0
900-1000 2,0 2,5 2,3 2.5
1000-1100 1,5
1100-1200

PAWC 72,7 117,5 138,0 131,7 140.2
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The extraction patterns found at site D12 are given in
Appendices 3.3.1 and 3.3.2. The patterns all have a fan
shape. Their evolution consisted firstly in a downward
movement o©of the convergence point from a depth of S00mm
at growth stage a to a maximum depth of 1200mm at growth
stage b and secondly in the opening of the fan (stage b
to satage ¢). The extraction pattern at growth stage 4 is
virtually the same as at growth stage c. Compared to the
patterns found at site D8, more water was extracted from
s0il layers deeper in the profile. This confirms that the
compacted soil layer at =site D6 was the main reason for
the poor root development in the deeper soil layers. The
guantities of s0il water extracted at different depths at
different growth stagea at site D12 and the PAWC values
at each pgrowth stage are 1listed in Table 3.5. As the
asvolution of the extréction patterns suggested, the
maximum PAWC wvalue was already reached at stage ¢, quite
some time before flowering stage. As the plants
developed, more water was extracted from soil layers
deepef in the profile. An increase of more than 20% was
found below a depth of BOOmm between stage a and stage c.
Figure 3.11 shows that the PAWC increased very sharply
during the early vegetative growth stages to reach a
maximam value quite some time before flowering stage. The
meaning of the full and dotted PAWC lines is the same as

for site DB (Figure 3.10)}.
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TABLE 3.5 - Quantities of soil water extracited by wheat
at different soil depths and PAWC values for
each growth stage at site Di2 (1985 season)

water extracted (mm).

depth {(mm) a b c d flowering
0_ 100 1330 15,0 1538 15’0 1458
100- 200 11,6 14,3 15,0 14,8 15,0
200- 300 10,0 14,0 15,7 15,5 15,5
300- 400 7.3 11.8 13.3 13,5 15.5
400- 500 6.0 11,8 13,5 12,8 14,5
500- 8060 6.3 13.5 15,7 14,0 12,5
600- 700 5,7 15,7 16,8 15,0 12,3
700- BOO 3.3 14,0 16,7 15,0 12,2
800- 900 1,3 8.0 15,0 14,5 12,3
900-1000 5,2 6,0 B,5 2.2
1000-1100 3.5 2,7 3.5 4,5
1100-1200 1,5
1200-1300
PAWC 64,5 127.8 147,B 142,1 139.,8

3.2.1.2 Winter 19886

3.2.1.2.1 Stem elongation and pre-dawn leaf water

potential patterns

On plot DBa the growth of the plants was similar to the
growth observed on control plot e during the first 28
days of the drying cycle {Figure 3.12). The growth rate
on ©plot D6a decreased sharply on the 2Z29th day of the
drving cycle and reached a minimum value of 3mm per day
nine days later (Figure 3.13)}. However, at this time the
plants were already experiencing severe water stress. The

growth rate on plot D6a started decreasing relative to
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that of the control plot on day 16 of the drying cycle
(i.e. day 58 after planting) to reach a minimum valueon
day 22 of the drying cycle (i.e. day 84 after planting).
Then a large increase in growth rate was measured from
day 24 until day 29 (Figure 3.13). This sudden increase
wag possibly caused by a drop in maximum air temperature
from 28°C (on day 65 after planting) to 13,2°C (on day 71
after Dplanting) which resulted in a much -lower
evaporative demand (from 5,5mm to 1,5mm) and a temporary
relief of stress. The fact that plot D6a responded better
to the temperature decrease than the control plot can be
explained by a better developed root system on plot D8a
aa a result of withholding irrigation at a very young
growth stage. The onset of FMS on day 22 is supported by
the PLWP pattern (Figure 3.14). PLWP started decreasing
on  day 16 of the dryving cycle and reached a minimum value
of -950kPa on day 23. As a result of the drop in air
temperature, PLWP increased to above -500%Pa. This is
similar to the increase in growth rate measured during
that period. After reaching a maximum value (-400kPa) on
day 29 of the drying cyecle, PLWP dropped again and
continued the fluctuating phase which started on day 21
of the drying c¢ycle. The slight decrease in PLWP on day
13 was the result of an increase in maximum air
temperature from 19.4 °C to 26,5 °C on days B and 11

respectively. After the drop in PLWP on day 30 of the
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drying cvcle. the pattern shows a very strong fluctuating
phase. The values went up and down in such a way that the
next wminimum was smaller than the previous one and always
below -1000kPa, while the maximum values nearly reached
-500kPa. This pericd was characterized by a steep
increase in temperature (from 23,2° on day 34 to 30,55C

on day 37}).

Similar results were obtained on plot Dl2a. The stem
elongation patterns of plot Dl12a are given in Appendices
3.1.4 and 3.1.5. The elongation rate pattern was similar
to that of plot DBa. However. the increase in elongation
rate from day 23 until day 29 (day 865 until day 71 after
planting) was not as high as on plot DBa and wés followed
by a short increase from day 32 until day 36 (day 74
until day 78 after planting)}. The PLWP patterns for plots
DBa and DlZa were practically identical except for the
higher PIWP values at the end of thé drying cycle and the
smaller differences in minimum and maximum wvalues during
the fluctuation phase in the case of D12a (Figure 3.14

and Appendix 3.2.4).

The results obtained on plot D16a were similar to those
of plots D6a and DlZ2a. However, the stem elongation rate
pattern for plot Dl6a reached a minimum value on day 24

[before increasing again due to the decrease in
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temperature) which was +two days later than on plots DBa
and D12a (Appendix 3.1.7). The PLWP pattern for plot DlBa
wags practically identical to the patterns for plot D6a
and Dl12a. The influence of climatic factors (temperature,
evaporative demand) on the PIWP pattern was clearly
illustrated again, especially when temperatures

temporarily decreased after day 22 of the drying cycle

(Aprendix 3.2.5).

Coméared to the reéulﬁs- found duriné. the 1985 winter
season, the period to reach FMS on plots DBa and DlZ2a was
nine days longer during this season. Contradictory to the
1985 results. plants did not go into dormancy (zero
growth) during +the 1888 season. The experiments were
started later during the 1985 season and temperatures
were markedly higher (ranging from 25° to 30°C during
the first 25 days of the drying cycle) than during the
1986 season. The PLWP patterns for plots Db6a and DlZ2a for
the 1986 season were also different from those for the
1985 season. In 1986 a gradual fluctuating decrease in
PLWP during the drying cycle was found opposed to the
distinct steps found in 1985. Average PLWP values from
day 13 wuntil day 23 of the drying cycle were similar for

both seasons (-600kPa}.



Plots DBa, DlZ2a and DlBa were irrigated again on day 44
of the drying cycle and PLWP immediately increased to
-200kPa on all three plots. This was similar to the
reaults found during the 1985 winter season. Stem
elongation rates, however, responded differently. On plot
DBa stem elongation rates exceeded those of the control
plat as during the 1985 season. The rates on plot D1Za
exceeded those on the control plot only after the second
irrigation on day &0 of the drying éycle. Finally, the
glongation rates on plot D16a never exceeded those on the
coﬁtrol plot, even after the second irrigation. At the
end of the growing season, the plants on plots DBa, DlZa
and Dl16a had the same height as on the respective control

plots (Figure 3.12 and Appendices 3.1.4 and 3.1.6).

The strongly fluctuating nature of the étem elongation
rate pattern for plot DBb made it wvery difficult to
identify the onset of FMS (Figure 3.186). On day 25 of the
drying cyvecle (day 78 after planting) the stem elongation
rate on plot D6b dropped sharply., but quickly recovered
again to egqual that of the control plot. This period of
recaovery was characterized by a sharp drop in maximum air
temperature from 30,5 °C on day 78 to 22°C on day 81.
However, minimum air temperatures alsc dropped very
sharply from 17 % on day BO to -1° on day B2 after

planting. This explains the drop in elongation rate on
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the contrel plot. The control plot partially recovered
guickly during the saubsequent days which were
characterized by higher minimum air temperatures (between
3.5 °C and 12.5 °C). The elongation rates on plot D6b
remained low until it was irrigated again. This clearly
indicates that soil—induced water stress prevailed in
plot D6b by day 26 (day 78 after planting). PLWP remained
high (above -250kPa) for the first ten days of the drying
cycle and then fluctuated at an average of just dver
-A00kPa until day 26 (Figure 3.17). The low wvalue
measured on day 14 was the result of a sharp increase in
air temperature from 14,5°C to 28°C (on days 9 and 13 of
the drying cycle). whereafter temperatures decreased
again. After day 268 it dropped sharply and started to
fluctuate strongly with low, gradually decreasing minima.
In accordance with results from previous studies and the
stem elongatioﬁ data day 28 is, therefore, clearly the

day on which FMS set in.

The stem elongation rate rattern found on plot D1i2Zb very
clearly showed the onset of FMS. The rate dropped
relative to that of the control plot on the 26th day
after the start of the drying cycle and remained low
(Appendix 3.1.8). As in the case of D6b, PLWP remained
high for the first few days of the drying cycle and then

remained just over -500kPa until day 285, after which it
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dropred sharply to low minima during a fluctuating phase

(Appendix 3.2.86).

As in the case of DBb and D1Z2b the stem elongation rate
of the plants on plot D16b showed a sharp decrease on day
26 of the drving cycle (appendix 3.1.11). As in the case
of DBb it aquickly recovered. It followed the pattern of
the control plot thereafter. Stem elongation rate,
therefore, did not give a clear indiéation of the onset
of 'soil-induced water stress. As in the case of D6b and
D12b PLWP remained high for about the first ten days of
the dryving cycle and then dropped to a plateau around
-500kPa wuntil day 26, after which it dropped sharply to
very low values (Appendix 3.2.7). This seems to be a

clear indication of the onset of FMS.

The b plots were irrigated again on day 40 of the drying
cycle. PLWP increased to about ~400kPa but then dropped
again. As in the case of the a-plots only the elongation
rate of plot DBb exceeded that of the control plot. At
the end of the growing season, the plants on plots Dbb,
D12b and D18b were shorter (from 70mm on D6b to 150mm on
D16b and 180mm on D12Zb)} than those on the respective
control plots (Figure 3.15 and Appendices 3.1.8 and

3.1.10).
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The stem elongation on plot DBec was smaller than that on
control plot D&e throughout the whole season. Twenty days
after the start of the drying cycle, the gap between the
cumulative elongation lines started to widen as the
growth rate on plot D6c started decreasing (Figures 3.18
and 3.18). After this drop, the elongation rate on plot
D6c partially recovered, but then decreased again and
remained smaller than the rate measured on the control
plot (Figure 3.19). The PLWP pattern for plot DSec showed
the onset of FMS wvery clearly. On day 21 of the drying
cycle, PLWP dropped very sharply to —-1200%Pa, after which
the values started fluctuating with decreasing minima

(Figure 3.20).

The stem elongation rate pattern for plot Dl12c was so
variable that it could not be wused to identify PFMS
(Appendix 3J3.1.13). It often dropped below the values for
the control plot even while plot DiZ2c was well-watered
(days 30 to 75 after planting). HEven after the sharp drop
on day 92 it increased again to values equalling those of
the control plot. The PLWP pattern for D1%2c indicated day
21 as the day after which stress set in., by a drop in
PLWF +wvalues (Appendix 3.2.8). The subsequent fluctuating
phase did not have the clearly decreasing minima of the

other stressed plots.,
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As in the case of DPl2c the stem elongation rate pattern
for plot Dl6c was so variable that it could not be used
to identify the onset of stress. After day 87 (day 25 of
the drying cycle) it appears to decrease clearly relative
to the contreol, but even then it recovered a few days
later (Appendix 3.1.15). PILWP clearly indicated the onset
of FMS. The values dropped sharply 21 days after the
start of the drying cycle and stayed below ~-1200kPa for

.

the next three days (Appendix 3.2.9).

The plots were irrigated again 15 days after the onset of
FMS (i.e. day 80 after planting). At the end of the
growing season the plants on plots DBe, D1Z2c and D16e
were shorter (90mm to 140mm) than those on the respective

control plots (Figure 3.18 and Appendices 3.1.12 and

3.1.14).

The sgstem elongation pattern found on plot DEd was similarn
to that found on control plot DSe and the difference in
height at the end of the experiments was small (Figure
3.213. The stem elongation rate pattern could not
indicate the onset of FMS (Figure 3,22). The PLWP pattern
showed a drop twelve days after the start of the drying
cyele. This drop was the result of the "greenhouse”
effect induced by the plastic covers for protection

against rain. The high temperatures under the plastic
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covers induced temporary stress conditions. FMS was
identified when PLWP dropped below -1200kPa 25 days after

the start of the drying cycle (Figure 3.23).

Stem elongation rate on plot D12d could not be used to
identify FMS since it did not decrease relative to the
contrel plot (Appendix 3.1.17). ¥FMS could be detected
from the drop in PLWP which started on day 19 of the
drying cycle (Appendix 3.2.10). The prévious drop in PLWP
(day 12) was caused by the '"greenhouse” effect. This was
confirmed by similar low PLWP values at sites D6 and D16

on this day.

The steni elongation patterns for plots D183& and Dl6e were
similar wuntil day 192 of the drying cycle but soil water
stress had 1little effect on the final height of the
rlants on pleot D12d (Appendix 3.1.18). FMS could not
clearly be identified from stem elongation rates,
although these rates did become lower for D16d than for
Di6e f£from 20 days after the start of the drying cycle on
D16d (Appendix J3.1.19). The onset of FMS on day 24 was
indicated by the drop in PIWP which started on day 19 of
the drying cycle. PLWP did not fall as sharply as during
the previous dryving cycles, but was decreasing
continuously over a period of three days without any

recovery (Appendix 3.2.11). The latter was similar to the
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TABLE 3.8 - Phenological stages at the start and end of the

drving cveles, number of daya to reach FMS and
parameters used to identify FMS of wheat at different
growth stages at sites DS, D12 and D16 (1986 season}

Plot no. Phenological stage * Days to FMS Parameters X%
start end

DBa 3 7 22 PLWP* and SER
D6b 5 8-9 26 PLWP and SER
Dée 7 9 21 . PLWP and SER
b&d 8 10 25 PLWP

Dl2a 3 7 22 PLWP%x and SER
D12b 5 8-9 27 PLWP and SER
Di12c 7 =) 21 PLWP

Di2d 8 10 25 PILWP

D16a 3 T 22 PILWP* and SER
D16b 5 8-9 27 PIWPE and SER
Di6e 7 9 21 PLWP

D16d a8 10

* Phenological stages:

XK

Stage 3: Tillering.

Stage 5: Leaf sheaths strongly erected.
Stage T7: First node of stem visible.
Stage 8: Flag leaf just visibhle.

Stage 9: Flag leaf fully developed.
Stage 10: Ears in boot.

Parametars:

PIWP : Pre-dawn leaf water potential.
PILWP%: At wvalues higher than -1000kPa
SER : Stem elongation rate.
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pattern found on plot Di12d, and somewhat similar to the

pattern on D164,

The plots were irrigated again on day 103 after planting
(i.e. 7 days after the onset of FMS}. Only small
differences in total height of the planta (50mm
averagely) were measured at the end of the growing

aeason.

The number of days to reach FMS. the phenological stages
at the start and the end of the drying cyecle and the
parameters used to identify FMS are summarized in Table

3.8.

3.2.1.2.2 PAWC values and soil water extraction patterns

The sSoil water extraction patterns for the different
growth stages at site D6 are shown in Figure 3.24. The
patterns were basically identical to those found during
the 1985 winter season. They had the same basic fan shape
and their evolution consisted mainly in the downward
movement of the convergence point from a depth of 700mm
at stage & to a depth of 1100mm at stage d. The plants
extracted water mainly from soil layers up to a depth of
600mm. The reason for this is the compacted B horizon

which made the development and penetration of the roots
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very difficult. The guantities of soil water extracted at
different so0il depths and the PAWC values for each growth
stage are 1listed in Table 3.7. Soil water extraction did
not increase much below a depth of 700mm. The difference
between stage a and stage d was only 8.5mm which is less
than 6% of the total extraction and less than 20X of the
difference between the PAWC at growth stage a and the
PAWC at growth stage d. This means that 80X of this
difference 1is caused by a higher soil éater extraction in
the upper soil layers (above 600mm). These results were
alao found during the 1985 winter experiments (See
paragraph 3.2.1.1.2). PAWC wvalues were comparable to
those obtained during the 1955 winter experiments
(Compare Tables 3.4 and 3.7). Relative PAWC valuea and
relative top growth at the different growth stages are
shown in FPigure 3.25. The maximum PAWC value was reached

at growth stage c.

The soil water extraction patterns for each growth stage
at site D12 are presented in Appendix 3.3.3. The basic
shape of the patterns was more or less the same as that
found during the 1985 winter experiments (Appendix
3.3.1). The difference for stage a was the deeper rooting
depth during the 1986 season. A possible reason for this
was the fact that the plots were at field capapity level

before planting which was not the case during the 1985
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winter season. At the other growth stages a smaller
extraction from soil layers between 600mm and 900mm depth
was measured during 1986 than during 1985 (compare Tables
3.5 and 3.B). This was somewhat compensated by a higher
extraction from layers in the upper part of the profile,
but the total extraction (i.e. PAWC values) was smaller
during 1986 than during the previous season. The reason
for this may be an overestimation of PAWC during the 1985
season. The extraction figures found'in the deeper soil
layers (1985 season) may also reflect the soil water
deficit before the start of the experiments. There was a
very amall difference between the extraction patterns
(and PAWC Qalues} found during stages a and b. At stage c
the extréction from layers deeper in the profile
increased slightly relative to stage b while the
extraction in the upper part was the same as at stage b.
Going from stage ¢ to stage d, the plants did not extract
more water from layers deeper in the profile but mainly
from layers up to a depth of 700mm. The quantities of
80i1 water extracted at different s0il depths and the
PAWC wvalues for each growth stage are listed in Table
3.8. The relative PAWC values and relative top growth are
illustrated in Figure 3.26. The maxkimum PAWC value was

reached at growth stage 4.
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TABLE 3.7 - Quantities of s0il water extracted by wheat
at different soil depths and PAWC wvalues for
each growth stage at site D6 (1986 season)

Depth (mm)} Scll water extracted {(mm)

a b c d

0- 100 16,0 16,3 16,5 14,5
100- 200 16.5 15,7 16,0 15,0
200- 300 18,7 19,2 16,2 18,3
300- 400 13,8 19,3 18,5 19,7
400~ 500 13.5 19,0 23,5 24,3
500- 600 18,0 19,2 30,0 31,0

600~ 700 5,8 7,3 8,5 14,0
700~ BOO 2,0 3,0 5,0
BO0O- 900 1,5 3,0 2,9
900-1000 1,0 1,0
1000-1100

PAWC 102,3 118,5 1386.2 145,3

TAELE 3.8 - Quantities of soil water extracted by wheat
at different soil depths and PAWC values for
each growth stage at site D12 (1986 season)

Depth (mm) S0il water extracted (mm)
a b c d
0- 100 14,5 15,7 14,5 15,3
100- 200 15,3 16,5 15,0 16,5
200- 300 18,0 18,0 17,0 18,5
400- 500 6,3 7,0 7,0 12,0
500- 600 6,8 6,7 7,5 11,3
600- 700 7,8 2,0 8,8 10,5
700- BOO 2,0 8,7 9,0 9,0
BOO- 900 7,5 6,0 7,8 6,8
800-10Q00 6,0 4,5 8,8 6,5
1000-1100 3,8 3.2 7.2 6,3
1100-1200 1.2 3.5 5,3
1200-1300

PAWC ie2,5 107,3 116,1 132,535
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The so0ll water extraction patterns for each growth stage
at site D16 are presented iﬁ Appendix 3.3.4. The basic
shape of the patterns was very different to those found
at 3itea D6 and Dl12. Field capacity and first stress
lines ran parallel with each other, indicating a more or
less constant extraction per unit of depth. At stages a
and b the first stress line intersected the field
capacity line at a depth of 1350mm, marking the lower
boundary of the effective root zZone. At stage c this
boundary had moved down and first stress and field
capacity 1lines were moving away from each other in this
part of the profile. The transition.to stage d consisted
in a further widening of the gap between first stress and
field capacity lines. The guantities of soil water
extracted at different so0il depths and the PAWC values
for each growth stage are listed in Table 3.9. Figure
3.27 illustrates the evolution of relative PAWC and
relative top growth at the different growth stages. The
maximum PAWC was reached at growth stage d, some time

before flowering.

The "parallel line" extraction pattern found at an
advanced growth stage (stage d) at site D16 is similar to
the patterns found on deep sandy soils at Vaalharts by
Boedt & Laker (1985). The "triangular"” patterns found at

gites DB and Dl2 resemble those that Hensley & De Jager
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(1982) and Boedt & Laker (1985) found on soils with

root-restricting subscils.

TABLE 3.9 - Quantities of scil water extracted by wheat
at different soil depths and PAWC values for
each growth stage at site D16 (1985 season}

Depth (mm) Soil water extracted (mm)

a b c d
0- 100 7.3 8,5 7,3 8.2
100- 200 7.0 9.3 7,3 8,2
300- 400 9.8 13,0 11,5 14,5
400- 500 9,9 12,5 12,3 16,0
500~ 600 7,0 9 10.8 15,3
800- 700 7,8 8,0 9.3 13,0
700- 800 8,0 7.5 7.8 10,5
800- 900 7.5 7,3 6,7 B,2
900~1000 6,5 7.8 8.0 2,0
1000-1100 5,8 7,0 7,8 8,2
1100-1200 5,5 6.0 5,7 7,5
1200-1300 1,8 2,0 4,8 6,0
1300-1400 3,0 4,5
1400-1500 1,3 3,0
1500-1600
PAWC 90.3 109,0 112,3 143,1

3.2.1.2.3 Effects of =30il water stress at different

growth stagea

The effects of so0il water stress on vegetative growth
were very clear at the end of the experiments. The plants
on the stressed plots were shorter than those on the
well-watered control plots at all sites (Table 3.10). The
smallest differences were measured at site D6. This is in

line with the results of the 1985 winter experiments and



is attributed to the high amount of available water in
the upper part of the profile. The compacted B horizon
causes a very s8low drainage and more water stays

available for a longer time.

TABLE 3.10 - Length of the wheat plants at the end of the
experiments at sites D6, D12 and D16 (18886

season)
Plot Total length (mm)
D6 D1z D16 average

a 840 630 8620 630
b 590 480 470 510
c 540 520 530 530
d 610 590 600 600
e 680 660 620 6560

lsd (p=0,05) 52

{p=0,01) 75
The data listed in Table 3.10 were statistically
analyzed. The design of the experiments is a randomized
complete block design with the inducing of water stress
at different growth stages (plots a, b, ¢, d and e) as
experimental wunits and sites DB, D12 and D16 as blocks.
The variation {i.e. differences in soil profile
characteristics) among units within a block is less than
that among wunits 1in different blocks. The analysis of
variance for any number of treatments for a randomized
complete block design as desacribed by Steel & Torrie
(1980) was used. The analysis showed that there were
significant differences between the treatment means

(Table 3.11).
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TABLE 3.11 - Differences between final length means of
wheat stressed at different growth stages
(1986 season)

Growth stages b c d a
e 140%%k  120%% 50 20
a 120%x  100%% 30
d 0%k TO%
c 20

*¥% gignificant at 1% level
* sipnificant at 5% level

Soil water stress induced during growth atages b and c,
i.e. shortly before and during appearance of the flag
leaf (stages 7 to 9 according to Large, 1854) resulted in
significantly shorter plants relative to those which were
streased before and after +this period (stages a and d)
and to those of the contrel plot. This illustrates that
wheat 18 sensitive to so0oil water stress, as far as
vegetative growth is concerned, during a periocd starting
with the apprearance of the second node (stage 7 according
to Large, 1954} and ending with the completion of flag
leaf development (stage 9 according to Large, 1384). When
soil water sgtress was induced before this period the
plants still recuperated and reached a final length more
or less equal to that of non-stressed plants. Scoil water
stress after this period had no effect on the final
length of the plants as the vegetative growth stage had

ended by that time.
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Although the yields of the stressed treatments were lower
than that of the control treatment, statistical analysis
(analysis of variance for any number of treatments for a
randomized complete block design) of the data listed in
Table 3.12 indicated that there were no significant
differences between the different treatments. However, a
least =ignificant difference of 1,00 ton/ha (unprotected
by F-test, p=0.05) indicated that the yield of treatment
c (stressed at appearance of flag leaf) was significantly
lower than that of the control plot. The lower yields at
site D16 relative to sites DB and D12 are probably the
result of damage by birds. Site D18 was  somewhat distant
from sites DE and D12 and could not be watched as

intensively as the latter.

TABLE 3.12 - Grain yvields of wheat at sites D6, D12 and
D16 {1986 season)

Plot Grain vields (ton/ha}
ps D12 D18 average
a 4,00 4,09 3,10 3,73
b 4,21 4,01 2,98 3,73
c 3,26 2,62 3,86 3,25
d 3,58 4,20 3,67 3,82
e 4,13 4,57 4,16 4,29

average 3,84 3,90 3,585
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3.2.2 Durum wheat

The growth stages at which drying cycles for durum wheat

were started are listed in Table 3.13.

TABLE 3.13 - Growth stage= at which drying cycles for
durum wheat were started during the 1987
winter season at sites D&, D12 and D16

Plot no. Phennlogical stage Days after planting
a tillering 45
b ~leaf sheaths erected 65
o flag leaf appears 80
£ ears appear 100

3.2.2.1 Stem elongation and pre-dawn leaf water potential

patterns

During the experiments it was found that PLWP of voung,
immature leaves were constantly lower than those of
mature leaves. In gome cases they had very low values,
apparently indicating FMS, while no signs of stress could
be detected in the mature leaves. This confirms the
statement of Boedt & Laker (1985) that it 1is wvery
important to standardize on the plant part used for PLWP
determinations. For durum wheat it 3ia clearly very
important to use mature leaves and the readings,
therefore. were alwaya done on the youngest mature leaf.

The results of the determinations done on immature leaves
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are also indicated on the PLWP graprhs (discussed later in
this paragraph}! in order +to indicate the discrepancies
between immature and mature leaves. Similar tests done on
wheat at site IS0 ghowed no difference between the values
for immature leaves and thozse of mature leaves. When FMS
was observed, the drying cycles were prolonged and PLWP
readings were continued for some time after the onset of

stress. .

The stem elongation patterns of plots DBa and D6e (the
well-watered control plot) were similar until 35 days
after the start of the drying cvecle i.e. 80 days after
planting. However, the stem elongation rate on plot DSa
decreased markedly already on day 24 of the drving cvcle
(Figure 3.28). From day 24 until day 35 of the drving
cycle the cumalative gtem elongation on plot D6a
decreased slightly relative to that of the control plot.
After day 35, the gap between the two cumulative stem
elongation lines astarted to widen very aquickly,
indicating severe water stress. During the first 19 dayvs
of the drying cycle PIWP values were gqguite stable around
-200kPa. The next ten days PLWP readings fluctuated
around an average of about -500kPa and a minimum value of
-750kPa was measured on day 24 of the drying cycle,
indicating FMS. As the result of a decrease in air

temperature from 27 °C to 10,5° on days 24 to 28 of the
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drying cycle, PLWP values increased again to about
-400kPa. After the 29th day of the drying cycle PLWP
dropped very sharply and stayed below ~1000kPa with
slightly fluctuating values (Figure 3.289}. Normally, only
PLWP values below a certain wvalue (-1000kPa) are
considered to be an indication of FMS. This is analogous
with the "Crop water stress index” (CWSI) concept of
Idso, Jackson, Pinter, Reginato & Hatfield (1981) which
uses canopy temperatures {measured with infra-red
thérmometer) combined with vapour preasure deficit
determinations to calculate the crop water stress index
(Jackson, Idso, Reginato & Pinter, 1981). The CWSI starts
differing from that of a well-watered crop as the crop
depletes the s80il profile but harmful stress is only
indicated when the CWSI reaches a certain value (1}.
However, the results obtained with wheat also showed that
during vyoung growth stages relatively higher PLWP are to
be considered as an indication of PMS. Large differences
between values of mature and immature were found. with
those of immature leaves constantly lower than those of

mature leaves.

On plot DlZ2a the stem elongation rate also decreased 24
days after the start of the drying cycle (Appendix
3.1.20). This coincided with the day on which a minimum

PLWP value of -900kPa wasa measured, indicating FMS



151

(Appendix 3.2.12). As in the case of DBa, PLWP increased

again from day 25 until day 28 of the drying cycle.

From the start of the drying cycle, the plants on plot
DlBa were taller +than those on plot D16e and their stem
elongation lines ran parallel until 24 days after the
start of the drying cycle on plot D16a. Then the growth
of the plants on plot D16a started sl9wing down relative
to the control, indicating FMS (Appendix 3.1.21). PLWP
started differing from that of the control plot on day 19
and fluctuated with decreasing minima. On day 24 a
minimum value of -900kPa was measured. Thereafter. the
pattern was somewhat different from those found on plots
b8a and..DlBa, as a more explicit fluctuating phase was
found (Appendix 3.2.13). As in the case of plots D6a and
Di2a. light rainfall on day 44 of the drying cycle caused
a temporary increase in PLWP. Again it was found that the
PIWP wvalues for immature leaves were constantly lower
than those of mature leaves. On some days they even

indicated FMS on the well-watered control plots.

At the end of the growing season, the plants on plots
D6a, DlZ2a and Dl6a were markedly shorter (200mm to 250mm)
than those on the respective control plots (Figure 3.28

and Appendices 3.i.20 and 3.1.21).
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The dryving cycles on the b plots were started 65 days
after rlanting. At that stage the plants had an average
height of 300mm on all plots (end of tillering stage.
leaf sheaths erected). The stem elongation on plot D&b
was similar to that observed on control plot DBe until
day 21 of the drying cycle. At that time the growth rate
of the planta on plot DBb started to decrease relative to
that of the control, indicating FMS. The gap between the
stem elongation lines of DBb and D6e, gradually widened.
The growth rate on DBb did not recover after rewatering
(Figure 3.30). The drop in PLWP was observed 25 days
after the final irrigation, i.e. four days after the stem
elongation started decreasing. The valuee dropped
overnight <from -300kPa +to -1300kPa, whereas the values

for the control plot remained above -500kPa (Figure

3.31).

FMS on plot DlZb was observed on day 26 of the drying
cyvele when PLW? values dropped overnight from -250kPa to
-1300kPa, followed by a decrease in stem eslongation on
day 27 (Appendices 3.1.22 and 3.2.14}. Low PILWP wvalues
(-1000kPa) were measured 18 days after the start of the
drying cycle on plot D12b. A drop of PLWP (to -600kPA}
was also observed on control plot DlZ2e on that day and
was caused by a sudden increase in temperature (from 21°C

ta 32°C). Similar decreases in PLWP at that time were
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also observed at sites DB and D18,

The results found on plot D16b were similar to those
found on D12b. PIWP indicated FMS on day 24 of the drying
cycle when values dropped overnight to -~1400kPa. The
decrease in stem elongation was measured three days
later, i.e. on day 92 after planting (Aprendices 3.1.23
and 3.2.15). As in the case of plo?s DEéb and D12b,’ no
fluctuating phase was found in the PLWP pattern of plot

D16b.

At the end of the growing season the plants on rlotas DBb,
D12k and D16b were 250mm to 300mm shorter than the plants

on the respective control plots.

The drying cycle on the ¢ plots was started 80 days after
planting (appearance of flag leaf). The stem elongation
pattern of the plants on plot DBc could not clearly
indicate FMS. Aa the plants were nearly fully grown
(appearance of ears), soil water stress had little effect
on the vegetative growth and a difference in height of
only 40mm between the plants of plot D6c and control plot
DBe was meaaured (Figure 3.32). The PLWP péttern
indicated FMS on day 29 of the drying cycle (Figure
3.33). The values dropped very sharply from -350kPa to

-1250kPa and stayed below -1000kPa until the plot was
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irrigated dgain. This was also ocbserved on the other

rlots.

The results obtained on plot D12¢ were somewhat different
from those of plot DBc: the PLWP pattern indicated FMS on
day 29 opf the drying cycle, one day after the stem
elongation Started to decrecase relative to that of the
control plot {Appendices 3.1.24 and 3.?.16). PLWP dropped
sharply to ~1200kPa, whereas the PLWP for the control
Plot remained at -200kPa. As in the case of plot DBec, the
difference in total height at the end of the season was

only 40mm.

The results obtained on Plot D16c were ldentical to those
for plot Di2c. The drop in PL&P and stem elongation rate
occurred on the same days (day 29 and 28 of the drying
cycle respectively) as on plot D12c¢ (&ppendices 3.1.25
and 3.2.17). ag in the case of Plots DBec and Di12q, a
difference of only 40mm in total height of the plants on
rplots Dige and the control Plot was measured at the end

of the eéxperiments.

The drying cycle on the f (flowering) plots was started
100 days aftep Planting, when the €ars were appearing.
The stem elongaﬁion patterns could not indicate FMS

because the vVegetative growth stage had ended at the time
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that water stress was induced (grain filling stage). At
the end of +the experiments no difference in height
between the oplants on the f and e (control) plots was
measured (Figure 3.34 and Appendices 3.1.26 and 3.1.27).
At all three sites PLWP for +the f plots decreased
gradually until day 19, after which a clear drop to far
bhelow ~1000kP=a occurred. PLWP patterns, therefore,
indicated FMS on day 20 of the drying cycle at all sites
(Figure 3.35 and Appendices 3.2.18 and 3.2.19). The
period to reach PMS on the f plots was shorter relative
to the other plots because of the peak demands during the
drying cycle as a result of the advanced growth staze and
also because of the high evaporative demand as a result
of the relatively high temperatures during the dryving
cycle (28 °C to 32°C during the second half of the drying

cyele) .,

The number of days to reach FMS and the parameter which
indicated PFMS of durum wheat for the different growth
stages at ogitea D&, D12 and D16 are summarized in Table

J.14.
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TABLE 3.14 - Number of days to reach FMS and parameter
which indicated FMS of durum wheat at
different growth stages at sites D6, D12 and
Dis (1987 season)

Plot no Days to FMS Parameter *
D6a 24 PLWP and SER
D&b 25 PLWP and SER
DEB¢ 29 PLWP

Def 20 PLWP

D12a 24 PLWP and SER
D12b 26 PLWP and SER
DiZ2c 29 PILWP and SER
D12f 20 PLWP

Dl6a 24 PLWFP and SER
bl6b 24 PLWP and SER
D1l6c 29 PILWP and SER
Di16f 20 PLWP

* PLWP: Pre-dawn leaf water potential.
SER : Stem elongation rate.

TABLE 3.15 - Quantities of soil water extracted by durum
wheat at different soil depths and PAWC
values for each growth stage at site DS
{1987 season)

Pepth (mm} Soil water extracted (mm)
a b c £ flow. 19B5
0- 100 17,0 18,0 16,8 18,0 15,0

100- 200 12,5 13,0 11,7 13,5 13.0
200- 300 12,0 12.0 11,5 12,8 11,8
300~ 400 11,8 16,8 18,5 17,0 13.5
400- 5600 12,5 21.0 24,0 22,0 17.8
500~ 600 14,7 25,5 28,0 28.0 23,8
800- 700 5,0 11,5 10,0 9,7 9,0
700- 800 3,5 1.5 1,8

S00-1000 0,5

1000-1100

PaAWC 85,5 .12%1,3 123,0 124.8 103,9
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3.2.2.2 PAWC wvalues and soil water extraction patterns

“The' so0il water extraction patterns for site DB are

illustrated in Figure 3.36. The basic shape o0f the
patterns was identical to the shape found for wheat, but
the PAWC values for durum wheat were lower than those for
wheat. As the plants grew older, more s=oil water was
extracted from so0il layers between 400mm and 600mm depth
and not from lavers deeper in the profile aa the
compacted B horizon impeded root growth and penetration.
Table 3.192 shows the quantities of soil water extracted
at different s0il depths and the PAWC wvalues for the four
growth stages. The extraction of so0il water from soil
layers between 400mm and 700mm depth at stage d was twice
the amount measured &t stage a in this part of the
prafile. In a samall experiment during the 1885 winter
season a PAWC value of 104mm was found for durum wheat at
flowering stage (Table 3.15). The PAWC value found at
stage € during this season was about 17% higher than the
value found at flowering stage during the 1985 season.
The higher wvalue 1is supported by the values found at
growth stages a, b and c¢. Two poasible reasons for this
difference can be named: Firstly, the change of cultivar
from Fargo in 1985 to Moni during this season. Secondly,
the incomplete | wetting of the scil profile beifore

planting during the 198% season which caused weak root
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development. The smaller extraction below a depth of
400mm. wmeasured during the 1985 season supports the
second theory. The PAWC determined at flowering (stage f)
was already reached at stage b where the drying cycle was
started 65 days after planting, at the end of tillering

stage, and PMS occurred on day 90 after planting (Figure

3.37)

The saoil water extractién patternas for aite D12 are
preaented in Appendix 3.3.5. Their basic pattern was
identical to the pattern found for wheat, but the PAWC
values for durum wheat were lower. It was a fan shaped
pattern and the convergence point, marking the lower
boundary of the effective root zone., moved deeper as the
plants grew older. On plot DiZ2a the convergence point was
Tound at a depth of 750mm and already on plot D12b the
maximum depth of 1000mm was reached. The gquantities of
801l water extracted at different so0il depths and the
PAWC wvalues for each growth stage are listed in Table
3.18. Again a much higher PAWC value was obtained during
this season compared tb the 1985 experiment (see also
B8). The increase of +the PAWC from stage a to spage £
(flowering) ia caused by a higher extraction from s=o0il
layers deeper in the profile while the extraction in the
upper part of thé profile remained more or leas constant.

The maximum PAWC value (stage f) was already reached at
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stage b where the drying cycle was started at the end of
tillering stage, 1i.e. 65 days after planting (Figure
3.38). These results were similar to those found at site
b6 and they confirmed that the PAWC at flowering stage is

already reached long before this stage.

TABLE 3.16 - Quantities of scil water extracted by durum
wheat at different soil depths and PAWC
values for each growth stage at site D12
{1987 season)

Depth (mm) Soll water extracted (mm)

a b c £ flow. 1985
0- 100 17,0 18,0 18,0 18,0 13.0
100~ 200 13.5 13.8 13,8 14,8 12,5
200- 300 14,8 13.3 12,7 14,7 13,3
300~ 400 13.2 12,5 12.3 13,0 12,5
400- 500 11,0 11.5 12,3 12,8 11,0
500- 800 B.0 11,0 12,8 13,7 9,5
700~ BOO 7.5 7.2 7.2 7,5
B00- 900 6,8 7.2 6,0
900-1000 2,0 2,0 1.8
1000-1100
1100~1200
PAWC 80,3 105,4 107.8 111.8 87.3

The =0il water extraction patternsz found at site D16 had
a different shape compared to those of sites D6 and D12
(Appendix 3.3.8). A more or less constant extraction of
water per unit of depth resulted in parallel running
first stress and field capacity lines. This ia similar to
the pattern found tor wheat on this site and the patterns

found with wheat on the deep sandy soils at Vaalhartas by
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Boedt & Laker (1985). Again PAWC values for durum wheat
were lower than those for wheat. An increase in soil
water extraction from soil layers between 300mm and 500mm
depth, however, resulted in a bulging first stress line
in this part of the profile. The maximum depth of soil
water extraction was already reached at gtage a (FMS
before appearance of the flag leaf} and the evolution of
the extraction patterns, going from stage a to stagé £,
conaiated in a widening of the gap between the first
stress and field capacity lines. The quantities of so0il
water extracted at different depth= and the PAWC values
for each growth stage are listed in Table 3.17. The
increase of the PAWC as the plants grew older was due to
an increase of =30il water extraction throughout the
profile. The PAWC at flowering stage was already reached
at stage b and this confirmed the results obtained at
saites DB and D12 (Figure 3.39). The maximum PAWC value
(stage £} was much higher than the wvalue found at
flowering stage during the 1985 season. This was also
found at sites D6 and D12 and was explained by the fact
that the soil profile was not filled to field capacity
before planting during the 1985 season. A dry subsoil
impeded root development and root penetration resulting
in a poorly developed root system and a lower PAWC during
1985. Proof for this can be found in Table 3.17. The soil

water extraction belaow 500mm during the 1985 season was
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much smaller than during this season.

TABLE 3.17 - Quantities of so0il water extracted by durum
wheat at different soil depths and PAWC
values for each growth stage at site D18
(1987 seasaon)

Depth (mm) Soil water extracted (mm)
a b o} d flow. 1285
0- 100 13,8 13,0 11,0 12,3 9,7

100- 200 B,7 9,5 7,5 8.5 11,5
200~ 300 9,5 13,8 12,8 12,7 9,8
300~ 400 11,0 16,5 15,5 16,0 7,7
400- 500 10,5 14,7 14,3 15,7 6,0
500~ 500 8.0 10.5 12.0 12,5 6,7
600~ 700 7,8 10,0 16,3 10,5 6,7
700- 800 6,0 8.0 9,0 8,7 5,0
BO0O- 900 3,3 7.2 8,8 8,0 3,8
S00-1000 4,2 7,7 8,5 7,5 2.7
1000-1100 4,5 7.5 8,5 7,5 1.8
1100-1200 4,0 65,0 8,0 7.2
1200-1300 1.2 2,0 2,8 2.5
1300-1400
PAWC 92,5 127,2 128,0 129,868 81.4

TABLE 3.18 - PAWC values of wheat and durum wheat at
flowering stage and ratio of PAWC of durum
wheat to PAWC of wheat for =ites D6, D12 and
D16 (numbers between brackets indicate year
of determination)

Site PAWC {mm) ratio (%)
durum wheat wheat

De 125 (1987) 145 (1586) as

D12 112 (1887) 132 (1986) 85

D16 130 (1387) 143 (1988) g1

The PAWC wvalues for wheat and durum wheat and the ratio
of the PAWC of durum wheat to that of wheat are listed in

Table 3.18. For both siteg DE and D12 the ratio was 85%,
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while " for site D16 a ratio of 91% was found. This would

give an average ratio of more or less B7%.

3.2.2.3 Effects of soil water stress on vegetative growth

and yield

The effects of s0lil water stress on vegetative growth are
illustrated in Table 3.19 which shows the height of the
plants on the different plots at the end of the
experiments. The effects were the smallest at site D18
and the reason for this was the very effective and deep
root system. The sméllest rlants were found on the plots
where water stress was induced during the appearance of
the flag 1leaf (b-plota). The data in Table 3.19 were
statistically analyzed using the method for any number of
treatments for a randomized complete block design

described by Steel & Torrie (1980).

TABLE 3.19 - Height of durum wheat at the end of the
vegetative growth period (flowering stage}
at sites DB, D12 and D18 (1987 season)

Plot Height (mm)

D& D12 Dié average
a 1050 1050 1150 1080
b 980 930 1000 880
c 1150 1100 1150 1130
f 1200 1200 1250 1220
e 1250 1259 1250 1250

lsd (p=0,05) 49
(p=0,01) 66
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The results of the statistical analysis indicated that

water gtress during any of the vegetative growth stages

'(stages a, b and c) reduced final plant height

significantly (Table 3.20). This is contradictory to the
results obtained with wheat where only the plants
strezssed during the late vegetative stages were
significantly shorter than those of the control plots.
Wheat plants which were stressed -during the eirly
vegetative =stages recuperated the loss and ended up

comparable in size to those on the control plots.

TABLE 3.20 - Differences between final length means of
durum wheat stresased at different growth
stages (1987 =seasan)

Growth stages b a a} f
e 270%*x  170%x  120%:% 30
f 240%%  140%x% 90**
c 150%% S0%
a 100%xx%

= aignificant at 1% level
¥ = agignificant at 5% level

The ears of the plants on the a and b-plots came out
about a week earlier than on the other plots. This
phenomenon was also obaerved during previoua experiments
with wheat and it seemed to be a reaction for survival by
the plant when submitted to soil water stress. The plant
will ensure the survival of the species by producing the

seeds before it dies.



174

The influence of s0il water stress on the grain vield is
illustrated in Tahle 3.21. Yields obtained from the plots
"where water stress was induced during the vegetative
growth stages (stages a, b and c¢) were significantly
lower than those of the control plots and those of the
f-plots where stress was induced after flowering stage
{Table 3.22}. The highest vyields were obtained at site
D18 where also the deepest effective root system ﬁas
found. For every treatment the yield at site D16 was
higher than the respective average of the three sites D8,
D12 and D16. The 1lowest vields were obtained from the
plots where water stress was induced during the

appearance of the flag leaf (b;plots).

TABLE 3.21 - Grain vields of durum wheat harvested at
gites D6, D12 and D18 (1987 season)

Plot Grain vield (ton/ha)

D& D12 P16 average
a 3,70 2,81 4,55 3,69
b 2,33 2,83 3,99 3,05
c 4,05 3,33 4,38 3,92
£ 4,71 4,59 5,49 4,93
e 4,55 4,77 5,06 4,79

lsd (p=0,05) 0,78
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TABLE 3.22 - Differences between grain vield means of
durum wheat stressed at different growth
stages (1987 =eason)

Growth stages b a c e
£ 1,78%  1,15% 0,91%x 0,04
a 1,74 1,11 0,87%
c ,87x 0,24
a 0.64

¥ = gignificant at 5% level

3.2.3 Maize

The growth stages at which the drying cycles were started
during the 1985-1988 and 1986-1987 summer seasons are
summarized 1in Table 3.23. The e plots were used as
well-watered control plots and were irrigated when 40% of
PAWC was extracted. For the 1985-1986 summer season a
PAWC +wvalue was calculated by means of the model developed
by Boedt & Laker (1985). It was impossible to determine a
PAWC wvalue for the young growth stages before the start
of the experiments, but a maximum extraction of 40% of
PAWC ensured that the plants did not experience water
stregs at any growth stage. For the 1986-1987 season the
PAWC wvalues which were found during the 1985-198B6 season

were used.
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TABLE 3.23 - Phenological growth stages at which the
drying cycles were started during the
1985-1986 and 1986-1987 summer seasons at
asites D6, D12 and D16

Plot neo. Phenological stage Daya after planting
1985-1988
a 4-leaf 27
b 8-leaf 42
c 12-lesaf 62
£ silking 80
1986-1987
a 4-leaf 27
b 6-1leaf 37
c g~leaf 47
da 12~leaf ) 57

3.2.3.1 Summer 1985-1986

During this season the plants were severely damaged by
hail and leaf expansion measurementa could not be

conducted.

3.2.3.1.1 Pre-dawn leaf water potential patterns

The PILWP patterns found on plots D6a, Db, D6c and DBf
are 1illustrated in Figure 3.40. FMS was clearly indicated
on all plots. On plot Déa PIWP values were very constant
at -150kPa during the first 15 days of the drying cycle,
after which they atarted to oscillate while decreasing
gradually to about -800kPa. FMS was observed on day 35 of
the dryving cycle (i.e. at 12-leaf stage) when PLWP

dropped sharply to -1250kPa. This drop was followed by
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the fluctuating phase caused by a periodic recovery of
the plants. On plot DSb PLWP remained high until day 27
of the drying cycle. after which it dropped sharply to
-1100kPa on day 30, indicating FMS, and the fluctuating
phase was started (16-leaf stage). On plot DS8c FMS was
indicated by the drop in PLWP to -1400kPa on day 30 of
the drying cycle (silking stage). A cycle of temporary
recovery of the plants followed. On plot DBf BMS,
indicated by the sharp drop in PL*P to -1350kPa, was
ohserved on day 27 of the drying cycle (grain filling

stagel.

The PLWP patterns for sites D12 and D16 are presented in
Appendices 3.2.20I and 3.2.21. The patterns were similar
to those found at site D6. The number of days to reach
FMS and the phenological growth stages at which FMS was

obzerved are listed in Table 3.24.
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TABLE 3.24 - Number of days to reach FMS and phenological
growth stage at which FMS5 was observed at
s8ites D6, D12 and D16 (1985-1986 season)

Plot no. Phenological stage Days to reach FMS

DBa 12-leaf 35
D8b 16~leaf 30
D6c gilking 31
D8t grain filling 27
Dl12a 12-leaf 35
Di12b 16-1leaf 31
DiZc silking 29
Di12f grain filling 28
Diga 12-1eaf 35
bP16b 18-leaf 30
Pl6e silking 33
D16f grain filling 31

3.2.3.1.2 Leaf temperature and stomatal conductance

The diurnal course of photosynthetically active radiation
(PAR), leaf and air temperature. water vapour saturation
deficit (V3D)}) and stomatal diffusion conductance (gs)
measured on different days at site ISO-B on plots with
different soil)l water status during two short periocds of
this season is presented in Figure 3.41. During the first
week (14-17 January 1986) +typical diurnal patterns of
incoming PAR and net radiation were observed. On day 28
and 29 January cloudy overcast conditions resulted in
fluctuating PAR patterns. Levels of PAR rose to almost
2,5 mmol/sq.m.sec. by mid-day and noon air temperatures

ranged between 25 and 37°%. Leaf temperatures followed
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exactly the same pattern as the atmospheric temperatures,
but were 1 to 4 °C higher than the corresponding air

temperatures.

On all days of measurement, except 168 January, gs=
increased very sharply to peak in the early morning and
then immediately started decreasing. On- the cloudleas
mernings (14, 15, 17 and 28 January) gs reached its peak
at 0800h after which it decreased. This rapid increase
coincided with rapid increases in radiation as well as
increases in air and leaf temperatures and VSD. On 29
January, gs started rising sharply at 0800h and only
reached its peak at 1200h after which it started to
decrease. On this day radiation, leaf and air
temperatures and V5D all remained low until 0800h. On 16
January, gs remained at very low levels throughout the
day, PAR. leaf and air temperatures and VSD valuez were,
however, normal on that day and can, therefore, not be
regspongible for the low gs values. These low gs values
can only bhe explained by the fact that this day followed
upon two days characterized by very demanding climatic
conditions which resulted in a sharp decrease of gs

immediately after the early morning peak.

Two basic patterns of decrease in gs after the morning

peak were observed. The first pattern (17, 28 and 29
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January) shows a linear decrease in gs from the morning
preak to zero at about 1900h. The second pattern (14 and
15 January) consista of a wvery sharp decrease in gs
immediately after the early morning peak. On 14 January,
air and leaf temperatures and VSD were very high and gs
decreased linearly to reach an extremely low value at
1200h, after which it decreased slowly to zero at 1700h.
On 15 January, ga decreased as sharply'as on the previous
day {from 08B00h to 1000h, after which it decreaged slowly

to zero at 1900h.

The peak gs value for each of the five days was related
to the air temperature at the time that the peak value
was recorded. Furthermore, & highly significant linear
relaticonship between air temperature and gs at 0800h was
found. Therefore, early morning air temperature seemed to
be an important factor for controlling ge in maize during
the morning. Although there were large differences in
s0il water status on the different plots (from 23% to 91%
of PAWC extracted}, there was little evidence of
decreased gs as a result of decreased water availability.
Neither PAR saturated gs nor g3 at solar noon or daily
average ga showed a distinct relationship with the amount
of soil water extracted over this range of plant
available water. These can be taken aa indications that

plants were not yet subject to s0il induced water stress
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at 91% extraction of PAWC. This supports the validity of

the PAWC concept.

4 comprehensive discussion of +his study is given by

Ceulemans et al. (1888b).

a second experiment during which well-watered and
stressed plants were studied on the same day in order to
obtain a more comprehensive picture of aoil-induced
versaus atmespheric-induced water stress in maize plants

iz discussed in section 3.2.3.1.3.

3.2.3.1.3 Effects of so0il water stress on stomatal

diffusion conductance and leaf water potential

Stomatal conductance of unstressed plants responded in a
classical way to increasing PAR and a rectangular
hyperbocla could be used to describe the conductance-PAR
responae curve (Figure 3.42). The diurnal pattern showed
an almost consistent increase in ga from early morning
until mid-day on the different days (Figure 3.43a}.
However, mid-day g=s values differed markedly between the
different days. This 1is probably the result of early
morning environmental differences rather than wmid-day
environmental éonditions, The mid-day stomatal

canductance of unstressed plants is wvisualized in
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FIG. 3.42 The response of stomatal conductance to photosyn-
thetically active radiation on the maize leaf surface
for unstressed plants on a specific measuring day
(January 21, 1986). Each point represents the mean
of four measurements. Vertical bars represent standard
error of mean. From Laker et al., 1988 (APPENDIX 3.4).
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scenario A of Figure 3.44 which can be summarized as
follows: sharp daily fluctuations in mid-~day gs in
response to differences in early morning environmental

conditions (especially temperature and VSD}.

In the case of the “stressed” plots, g3 increased very
slightly from early morning to mid-day on the day with a
low early morning conductance. On the day with_ an
intermediate early moerning gs, conductance remained
constant until mid-day. Finally, on the day with a high
garly morning conductance, g3 dropped sharply (Figure
3.43b). This illustrates that the low 20il water status
is clearly a limiting factor resulting in the failure of
the sgystem to maintain a high gs after high early morning
values. Consequently, the daily variations in mid-day gs

were very small (scenario B of Figure 3.44).

Late afternoon gs values were, as in the case of the
early wmorning wvalues, independent of soil water status
but closely related to VSD at the time of measurement
(Figure 3.45)., This was in contrast with the early
morning values which were more closely related to air

temperature than to VSD.

Early morning (32800h)} leaf water potentials (LWP) were

constant at about -1000kPa, irrespective of z0il water
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FIG. 3.44 Effects of increasing soil water stress on stomatal
diffusion conductance of mature maize at midday in mid-
summer (1985~1986 season}. Each point is the mean of
five measurements. Vertical bars represent standard
error of mean. From Laker et al., 1988 (APPENDIX 3.4).
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s8tatus or environmental conditions. The value of -1000kPa
seems very low for the unstressed plants, but is higher
than would be expected for the "stressed” plants. The
latter 1is probably a confirmation of the gs values which
indicated that the "stressed"” plants were still able to
maintain a reasonable level of stomatal conductance.
Since the “"stressed” plants were on plots of which about
100% PAWC had been extracted, it again supports the
validity of the PAWC concept, indicating that plants were

not under severe stress.

For both stressed and unstressed plants LWP decreased
sharply from early morning until mid-day but the mid-day
patterng for stressed and unstressed plants differed
markedly (Figure 3.48). In the case of the unstressed
plants, mid-day LWP valuea were very different on the
different days, similar to the pattern found for gs.
Mid-day LWP was inversely related to early morning VSD
and gs. On the day with the highest early morning VSD and
g3, mid-day LWP decreased to -1B00kPa, the same value as
for the stressed planta. In the case of the stressed
plants the mid-day values were almost congtant at

-1800kPa.

During the late afternocons LWP recovered as a result of

decreases in VSD and ge=. This recovery was lesas for the
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gstresaed planta than for the unstressed plants except on
the day with the cloudy afternocon (January 21). On that
'day’ both stressed and unstressed plants reached identical
WP wvalues. These late afternoon patterns indicated that
the "stressed™ plants, i.e. those at about 100%
extraction of PAWC or FMS ("first material stress"), were
in fact Jjust starting to show indications of soil-induced

water stress. This again supporta the validity of the

PAWC concept.

A comprehensive discussion of this study is given by

Laker, Ceulemans & Vanassche (1988, Appendix 3.4).
3.2.3.1.4 PAWC values and soil water extraction patterns

The s0il water extraction patterns for the different
growth stages at gite D6 are illustrated in Figure 3.47.
The patterns showed the typical fan shape with a downward
moving convergence point as the plants grew older. The
convergence point, marking the 1lower boundary of the
effective root zone was found at a depth of 1000mm for
bath stages & and b (l2-leaf and 16-leaf stages). The
extraction of so0il water from layers deeper than 700mm
was negligible up to the end of stage b (16-1leaf stage}.
The soil water ‘extraction pattern of pleot D6c (silking

stage) showed an increase 1in extraction from layers,
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deeper in the profile. However, the soil water extraction
from so0il layvers deeper than 700mm was still less than
20% of the PAWC. At growth stage f (flowering and grain
filling a=atagel more water was extracted from soil layers
between 400mm and 700mm depth, resulting in a bulging to
the left of the first stress line. The quantities of soil
water extracted at different depths and the PAWC values

for each growth stage are listed in Table 3.25.

TABLE 3.25 - Quantities of aoil water extracted by maize
at different soil depths and PAWC values for
cach growth stage at site D6 {summer

1985-1988)
Depth (mm} So0il water extracted {(mm)
- a b c flowering

0- 100 18,3 18,0 15,8 15,0
100- 200 18,0 18,5 14,7 15,0
200~ 300 19,8 20,7 14,86 15,3
300~ 400 17,0 21,7 16,2 18,3
400~ 500 16,5 22,5 19,5 24,3
500- 600 17,8 23,0 23,5 30,0
800~ 700 6.0 7,2 9.5 12,5
700- BOOC 2,3 1,3 4,0 5,0
800~ 900 4,2 1.7 6,0 6,3
900-1000 1,0 0,5 7,7 8,0
1000-1100 6.5 8,0

1100-1200
PAWC 120,89 134,6 138,0 158,7

The patternas for site D12 are presented in Appendix
3.3.7. The basic shape is a fan with a convergence point
at a depth of 1050mm at stagea a and b (12-leaf and

16-leaf atages) and at a depth of 1200mm at stages c and
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f (silking stage and grain filling stage). More soil
water was extracted from layers deeper in the profile
than at site D6 because there was no compacted soil layer
at this site and the roots could develop deeper in the
profile. At growth stages a and b (12-leaf and 16-leaf
stages) the portion of water extracted from soil layers
deeper than 700mm was already 20% of the PAWC and this
increased to 35% for stages c and f,(silking stage and
grain filling gstage astage). An increased so0il water
extraction from layers between 600mm and 900mm depth
caused the first stress line to bulge out in this part of
the profile. The quantities of s0il water extracted at
different so0il depths and the PAWC values for each growth
atage are listed in Table 3.28.

TABLE 3.26 - Quantities of soil water extracted by maize

at different soil depths and PAWC values for
each growth stage at site D12 (summer

1985-1886)
Depth (mm) S0il water extracted (mm)
a b c flowering

0- 100 15,8 16,8 15,5 17,3
100~ 200 16,8 17,6 15,5 16,1
200- 300 17,3 18,7 16.3 17.5
300- 400 12,4 12,8 9.0 12.3
400~ 500 9,3 9.9 7,3 10,5
500- 800 8,6 9,2 10,0 11,3
800~ 700 10,8 12,4 13,3 12.8
T00- 800 11,1 12,3 13,5 12,5
800- 900 9,0 7,8 11.0 11,0
900~-1000 2,5 2,5 10,8 11,0
1000-1100 : 9,0 10,8
1100-1200 4,0 4,0

1200-1300

PAWC 113,6 120,0 135,2 147,1
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The s0il water extraction patterns found at z3ite D16 are
illustrated in Appendix 3.3.8. As in the case of wheat
and durum wheat water was extracted from layers deep in
the profile already at stage a (12-leaf stage). The first
stress and field capacity lines were running more or less
parallel, indicating a constant extraction per unit of
depth. Geing from astage a (12-leaf stage) to stage ¢
(silking stage), the first stress line shifted to the
left and the increase of the PAWC was due to a higher
water extraction throughout the profile. The evolution of
the soil water extraction pattern from stage ¢ (silking
astage) to stage f (flowering and grain filling stages)
consisted in a further widening of the gap between first
stress and field capacity lines in the deeper soil layers
(below a depth of 700mm). The quantities of s0il water
extracted at different soil depths and the PAWC values at

each growth stage are listed in Table 3.27.

The s0il water extraction patterns of maize at each site
were similar in shape to those found for wheat and durum
wheat. This indicates that the shape of the pattern for
these three grain crops i3 determined by the scil profile
characteristics rather +than by the nature of the crop.
Hensley & De Jager (1982) and Boedt & Laker (1985) also
found that so0il water extraction patternas of wheat and

maize were similar.
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TABLE 3.27 - Quantities of soil water extracted by maize
at different soil depths and PAWC values for
sach growth stage at site D18 (summer

1985-1986)
Depth (mm) Soil water extracted (mm)
a b c flowering

0- 100 8,5 10.3 10,2 11,0
100- 200 7,5 9,3 9,5 9,8
200- 300 B,5 10.8 8.0 10,3
300~ 400 12,5 14.8 12,5 12,8
400- 500 13,5 16,0 14,8 14,3
500~ 600 11,2 14,0 14.3 14,0
600—~ 700 10,8 13,0 13.0 13,8
800~ 900 7,2 10,0 8,5 12,3
S00-1000 7,2 8.8 8,5 12,0
1000-11C0 6,5 7,3 8,0 10,3
1200-1300 5,0 3,0 5,3 6,3
1300~1400 4.5 1,0 2.3 4,0
1400-1500 3,0 1,5 1,5

1500-1800
PAWC 120,0 134,6 134,7 162,8

PAWC wvalues of maize were slightly higher than those of
wheat at all three sites (Table 3.28). The average ratio
of PAWC of wheat to PAWC of maize was 92% which shows
that PAWC of both crops are comparable. Similar ratios
were found by Hensley & De Jager (1982). The ratio of
PAWC of wheat to PAWC of maize determined on a Jozini
series soll in sealed plots at Fort Hare Farm during the
1976-1977 season was also 92% (Hensley & De Jager, 1982).
Contradictory to these results were the PAWC values
obtained at Vaalharts by Boedt & Laker (19585). They found

that, although the PAWC of wheat and maize was
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comparable. the PAWC of wheat was in most cases higher
than that of maize. They. however. did studies mainly on
fine sandy soils which tend towards higher bulk densities
and goil atrengths. Under such conditiona root
development of maize 18 restricted more than that of

wheat (Du Preez, Bennie & Burger, 1979).

TABLE 3.28 - PAWC values of wheat and maize at flowering
stage at site D8, D12 and D168 (1985-19886 )

seaaon)
Site PAWC (mm) ratio (%)
wheat malze
D6 140 159 88
D12 140 147 a5
D16 143 153 93

The evolution of the PAWC values was different to those
found for wheat (1985 winter season) and durum wheat
(1987 winter season)}, where the maximum value was reached
at a young stage, especially in the case of durum wheat.
For maize the maximum value was only reached at flowering
stage and even the value found at stage c {s8ilking stage)
Qaa considerably smaller (Figure 3.48). Estimation of the
evolution of the root length index according to the model
of Botha et al. (1983) also predicted a higher PAWC valua
at tﬁis stage. It, therefore, seems that root development
waa abnormally 1ow. This can be explained by the fact

that during the early vegetative astages (8-leaf stage)
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the plants were severely damaged by a severe hailstorm.
Less assimilates were available for transport to the
roots due to the reduction of the photeagynthetic area,
resulting in a slower root growth and delay to reach the

maximum PAWC value.
3.2.3.1.5 Effecta of s0il water stress on grain yield

Despite the fact that hail severly damaged the plants
during the early vegetative gtages, vields were gquite
high (Table 3.29). This is explained by the fact that the
plants were qguite young (8-leaf stage) at the time of the
hail damage and had ample time to recuperate. Statistical
analysis, using the analysis of variance for any number
of treatmenté for a randomized complete block design
{Steel & Torrie. 1980), of the vields indicated that
there were no significant differencea between the
treatment means. This 1a contradictory to the results
obtained by Denmead & Shaw (19680) who reported reductions
of 25%, 50% and 21%¥ in grain yield of maize caused by
water stress during vegetative, ailking and ear stages
regpectively. Similar reductions were also found by

Robins & Domingo (1853).
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TABLE 3.28 - Grain yield of maize, with a moisture
content of 12.5 %, harvested at sites DB,
D12 and D16 (1985-1986 sesason)

Grain yield (ton/ha)

Plot 3153 D12 D16 average
a 11,39 9,63 9,71 10,24
b 9,16 10.18 ii.6s8 10,34
c 13,33 9,52 11,24 11,38
£ 7,08 g,37 11,11 9,19
e 9,27 10,59 9,41 9,76

lad (p=0,05) ns

3.2.3.2 Summer 1986-1987

3.2.3.2.1 Leaf expansion and pre-dawn leaf water

rotential patterns

The drying cycle on the a plots—was started 27 dayas after
planting, 1i1.e. at the 4-leaf stage. The leaf area of the
plants on plot D6a exceeded that of control plot DSe
until day 35 of the drying cycle, i.e. 62 days after
planting at 12-1leaf stage (Flgure 3.49)., The leaf
expansion rate on plot DBa dropped below that on DBe on
day 22 of the drying cycle. i.e. 49 days after planting
at B-leaf stage (Figures 3.50). However, leaf expansion
rates on plotg Db, D6c and in a lesser degree D6d, which
were all also well-watered at that time, were also lower
relative to that on the control plot (Figures 3.53, 3.58
and 3.59). It was therefore not D6a that slowed down, but

the plants on DBe that grew abnormally fast during those
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few days. Then on day 26 the leaf expansion rate on DSa
slowed down sharply relative to D6e while the rate on
plots D6b, DBc and D6d kept up with that of plot DBe. By
day 33 of the drying cycle the leaf expansion rate of the
rlants on plot DBa dropped +to about 50% of the rate
measured on control plot D6e and remained that low.
Similar to the results obtained during previous
experiments with wheat, this day was taken as £he
critical date for FMS (12-leaf stage). Although the leaf
expansion rate dropped markedly on day 33 of the drying
cycle, PLWP failed +to0 indicate FMS. PIWP droppred to
-800kPa wan day 30 of the drying cycle. but recovered to
high wvalues again thereafter. Only on day 40 of the
drying cycle PLWP dropred sharply to -1200kPa, which
would normally be taken to indicate FMS (Figure 3.51).
This was far too late and plants were already
experiencing severe soll water stress as was indicated by

their physical appearance (Chapter 2}.

The difference between the cumulative leaf expansion
patterns of plots Dl12a and DiZ2e at the end of the drying
cycle was very clear. Until day 38 of the drving cycle
the patterns were sgimilar (Aprendix 3.1.28). The leaf
expansion rate on plot Di2a astarted decreasing relative
to that of the control plot on day 20 of the drying

cycle. It was only on day 36 of the drying cyecle that the
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leaf expansion rate on D12a started decreasing sharply
below that of the control plot (Appendix 3.1.29). PLWP
decreased sharply to -700kPa on day 30 of the drying
cycle, followed by a further sharp drop to below -1000kPa
on day 40. The latter was too late to be taken as an

indication of FMS (Appendix 3.2.22).

The difference in leaf expansion between plots a and elat
site D12 was larger than at site D8. This was also
observed with wheat during the 1985 and 1986 winter
experiments and was explained by the high amount of water
in the upper =so0il layers at =aite DB as a result of a
compacted scil layer at a depth of 600mm. This leads to

less severe stress at asite DS.

The decrease’ o0of the cumulative leaf expansion at the end
of the experiments was caused by necrosis of the plant
tissue to such an extent that the leoss of material was
higher than the formation of new material. This was also
more explicit at site D12 than it was at site DS.
Comparison with the cumulative leaf expansion pattern of
plot DlZe showed that the necrosis was faster at plot
Dl2a as a result of the severe soil water stress
experienced earlier (Appendix 3.1.28). This was supported
by the fact that even upon irrigation the rate of loss of

material did not decrease.
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The drying cycle on the b plots was started 37 days after
planting (6-leaf stage). The leaf expansion rate of the
élaﬁts on plot DBb was somewhat slower than the rate
measured on control plot DBe throughout the whole aesason
(Figures 3.52 and 3.53). Between days 12 and 18 of the
drying cycle the growth rate on D6b was much smaller than
on D6e, but thereafter the two rates became practically
identical again. Comparison with leaf expansion r;tea
ratterns on plots DBa, D6c and DA indicated that it was
in fact the plants on plot D6e that were growing
abnormally fast between days 12 and 18. Then, on day 29
of the drying cycle, the rate on plot Db dropped sharply
relative to the control plot, indicating FMS. Two drops
in PLWP were observed during +the drying cycle (Figure
3.54). The first drop was measured 29 days after the
start of the drying cycle when the values decreased
sharply to -850kPa. The plants recovered during the
following days but did not reach the same values as
hefore day 29. This temporary recovery wasa followed by a
second drop to -1200kPa on day 36 (l18-leaf stage)} which
was far too late. FMS was identified by the drop in PLWP
to -850 kPa on day 29 of the drying cyele, i.e. at
l4-leaf stage, which coincided with the sharp decrease in

leaf expansion rate.
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The cumulative leaf expansion pattern of plot D12b showed
a decrease in growth 20 days after the start of the
drying cvcle. This was clearly indicated in the leaf
expansien rate pattern (Appendices 3.1.30 and 3.1.31).
However. no indication of FMS could be found: five days
later the leaf expansion rate was at a normal level again
and exceeded the rate of the control plot during a few
days. Then, after day 29 of the drying cycle, leaf
expansion' rates on plot D12b dropped sharply to about 30%
nf the rate on the control plot (on day 72 after
rlanting, 1i.e. day 35 of the drying cycle). The drop in
PLWP to -1200kPa aon day 29 of the drying cycle, which
coincided with the sharp decrease in leaf expansion rate,

wag taken as the indication of FMS (Appendix 3.2.23).

The effects of s0il water stress on leaf expansion were
smaller than during stage a during thi=s stage and again

they were leas explicit at site DB.

On plot D1Z2b the 1lozs of material was bigger than the
gain of new material near the end of the growing season.
The resulting "negative” growth started about a week
later than on plot- DiZa on which the drying cycle was
started ten daysg earlier (Appendices 3.1.29 and 3.1.31).
The effect of =0il water stress on necrosis seems to be

irreversible as even after irrigation on plot DiZb the
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growth was still negative.

Thé results of PILWP and leaf expansion measurementa on
plots a and b at gites D8 and D12 are summarized in Table
3.30. From these data it is clear that the classical
concept of FMS, which uses a critical PIWP value smaller
than -1000kPa to detect FMS, is not applicable during

young growth stages (i.e. before the l1l4-leaf stage).

The results suggest that during vyoung growth stages a
critical PLWP wvalue of -800kPa should be used to define
F{S. From the 14-leaf stage onwards a drop in PLWP to
less than -1000kPa is interpreted as an indication of the

onzset of PFMS.

TABLE 3.30 - Daya on which the drop in PLWP and leaf
expansion was measured on the a, b and ¢
plots at sites D6 and D12 (1986-1987 =zeason)

Plot PLWP Leaf expansion Growth stage
day value (kPa) day

D6a 30 -800 31 12-leaf

D8b 29 -B50 28 1d-leaf

Déc 2B -1200 n.a. 16-1leaf

D12a 30 =700 25 10-leaf

D12b 29 -1200 28 ld-leaf

Dl2e 25 -1200 25 16-leaf
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The drying cycles on plots D6c and Dl2c were started 47
days after planting (8-leaf stage). The leaf expansion
pattern of plot D6c did not indicate FMS. The pattern was
identical to that on control plot D6e until maturity was
reached (Figures 3.55 and 3.58). Socil water stress at
thia stage, therefore, had no effect on leaf expansion.
FMS was indicated by the drop in PLWP to a value of
-1200kPa on day 28 of the drying cycle, i.e. at 16-leaf

stage (Figure 3.57).

The cumulative leaf expansion on plot D12¢c waszs identical
to that of the contrel plot until day 18 of the drying
cycle, 1i.e. 65 days after planting (Appendix 3.1.32). The
leaf expansion rate on ©plot Dl2¢ started dsecreasing
sharply relative to that of the control plot 19 days
after the start of the drying cycle (Appendix 3.1.33). It
reached a very low 1level on day 28 of the drying cycle
(day 73 after planting). PLWP indicated FMS on day 25 of
the drying cycle, when the values dropped very sharply
from -300kPa to -1200kPa and stayed below -1000kPa
{Appendix 3.2.24}.

The dryving cycle on the d plots was started 57 days after
planting. Soil water =atress did not have any effect on
the leaf expansion of the plants on plot DB8d since the

rlants reached tne fully grown atage wlthin about 15 days
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after the start of the drying cycle. The leaf expansion
rate could, therefore, not be used to indicate FMS. The

drop of the rate at the end of the growing season was the

result of the termination of the vegetative growth stage

and was also found on the control plot and on the a. b
and c-plotas (Figures 3.58 and 3.59)}). The PLWP pattern was
very different to the patterna found during the previous
drying cycles. Soon after the final irrigation, the
values decreased quickly to -500kPa and were fluctuaﬁing
between -400kPa and -500kPa until FMS was observed
(Figure 3.80). These were normal values for nearly fully
ETOWTN maize rlanta and these tendenciea were also
observed during the 19B5-198€ season. Bennie (UOFS,
personal communication) also found +hat mature maize
plants do not reach the high PLWP valuez found in younger
plants, even under optimal conditions. Similar PLWP
patterns in which the wvalues of mature maize plants
dropped quickly +to -300kPa were found by Boedt & Laker
(1985). Lorena, Bennett & Loggale (1987} also found a
seasonal decrease in ILWP of maize. The PLWP plateau of
unatressed wheat and durum wheat was also found to be
higher earlier in the season (Sections 3.2.1 and 3.2.2).
FMS was indicated when PLWP dropped sharply from -500kPa
to -1100kPa on day 20 of the drying cycle (shortly before

silking stage).
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Similar results were found on plot D12d. The cumulative
leaf expansion pattern was identical to the pattern found
on control plot D12e- throughout the drying cycle. The
small difference in Lotal leaf area at the end of the
experiments was caused by a faster necrosis of the plant
tigsue on plot D12d (Appendices 3.1.34 and 3.1.35). Again
leaf expansion measurements could not be used to indicate
FMS because vegetative growth reached 4 natural
termination before the onset of stresa. The shape of the
PLWP pattern was =similar to that found on plot D6d, the
values being even lower. FMS was observed when PLWER
dropped from -600kPa to -1100kPa on the 19th day of the
drying cycle, i.e. shortly before silking stage (Appendix

3.2.25).

TABLE 3.31 - Phenological growth stages at the start and
end of the drying cycles, number of days to
reach FMS and parametera used to identify
PMS in maize at sites DG and D12 (1986-1987
season)

Plot Phenological stage days to FMS parameters

atart end
Dga 4-leaf 12-1leaf 30 LER and PLWPx*
DEb 6-1eaf 14~leaf 29 LER and PLWP=x
D6c 8-leaf 16~leaf 28 PLWP
DBd 12-leaf gilking 20 PLWP
DizZa 4-1eaf 10-leaf 25 LER and PLWP*
D12b 8-leaf l4-learf 28 LER and PLWPx
BlZec 8-leaf 18-leaf 25 LER and PLWP
D12d 12-leaf silking 19 PLWP

PLWP : Pre-dawn leaf water potential.
PLWP%x: At -800kPa.
LER : Leaf expansion rate.
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The phenological growth stages, the number of days to
reacn FMS and the parameters used to identify FMS in

maize at sites D6 and D12 are summarized in Table 3.31.
3.2.3.2.2 Net carbon-dioxide exchange rate (NCER)

This study was conducted during the first half of
December 1986 as a short period of intensive monitoring.
Because Ceulemans and hia co-workers pould come to South
Africa for a short period only at that time of the year
and as the maize plants had to be at flowering stage for
the experiments, the seeds were planted almost one month

before the normal planting date.

Most of the measuring days were characterized by similar
environmental. conditions and +the general trends could,
therefore, be vigualized by pooling daily values. QOn 15
December conditiona were much more extreme, however
(Figure 3.61). The radiation distribution and diurnal
changea in - PAR showed a uniform pattern and were similar
on all measuring days with only a few scattered clouds
slightly affecting 1i1t. Mean PAR was essentially the =ame
on all measuring days, ranging from 1,83 to 1,94
mmﬁl/sq.m.sec. Significant differences in leaf
temperature (Tl) were measured between stressed and

unsatressed plants under the very dry and extreme
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conditions of 15 December (Figure 3.81).

NCER and LWP data of the five days were very @imilar and
could, therefore, be pooled with one exception (Figure
3.62). The NCER data of 15 December were not included for
calculation of the mean values but are presented
seperately since it differed markedly from the others
{dotted line in Figure 3.82). LWP val;ues of the stressed
prlants on 15 December were not significantly diffefent
from those measured 'on the other days and were,
therefore. included in the average atressed curve. The
stressed plants showed saignificantly lower NCER and LWP
values compared to the unstressed plants, while extremely
low NCER values were measured in the severely stressed
plants (dotted line in Figure 3.862). The enlarged
differences in NCER between wunstressed and stressed
plants were caused by a stimulation of NCER in the
unstressed plants and an increased transpiration load on
the stressed plants as a result of the high temperatures
on that day. The diurnal changes in NCER generally
reflected the LWP patterns, although a minor shift in the
maxima {absolute values for LWP) around nocon was
observed. The variation in NCER was much less on stressed

plants than on well-watered plants.

S0il water streas had a significant effect on NCER, which
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decreased as soon as 20 to 30% of PAWC was extracted.
Average day~time NCER wvalues decreased from abaout 48
mmol/sg.m. sec. for well-watered plants to about 25
mmol/sq.m. sec. for severely atressed plants (Figure
3.83). Pre-dawn IWP showed no clear response to the
amount of PAWC extracted from the s0il profile but

average day-time LWP wasa fairly constant until more than
60% of PAWC was extracted after which it decreased with
increasing percentage of PAWC extracted (Figure 3.53).
The average day-time NCER and LWP values were mean values
of all NCER and LWP readings between 0800h and 1800h. It
was assumed that there was no light limitation for

stomatal opening during that period.

When maximal NCER wvalues (at nooh) are plotted against
01l water content, the gignificant declining response of
NCER to increasing percentages of PAWC extracted becomes
even more pronounced, especially when Ta on the days of
measurement was about the same (Figure 3.64). The maximal
NCER values measured at noon on 15 December diverged more
from the maximal values found on the other days than the
average day-time NCER did for both stressed and
well-watered plants. NCER seemed to respond sharply to
environmental conditions in the wet so0il range and much
leas 390 in the lower PAWC range. This was also found with

stomatal conductance (Section 3.2.3.1.3).
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A comprehensive discussion of thig study is given by

Ceulemans et al. {1988a).
3.2.3.2.3 PAWC values and soil water extraction patterns

The s0il water extraction patterns for the different
growth stages at gite D6 are illustrated in Figure 3.85,.
The basic shape of the patterns was a fan shape, similar
to +those found for whegt and durum wheat at this site.
The convergence point, marking the lower boundary of the
effective root =zone, was at a depth of 750mm at stage a.
The compacted B horizon impeded root penetration and
development in s0il layers deeper in the profile. This
theory was confirmed by the soil water extraction pattern
of plot D12a where the convergence point was already at a
depth of 1200mm at that stage as there waa no compacted
horizon to prevent root penetration (Figure 3.68). The
evolution of the extraction patterns from stage a
(12-1leaf stage) to stage d (=ilking =tage) consisted
mainly in a downward movement of the convergence point
from a depth of 750mm to a depth of 1050mm, although the
biggest increagse of sgoil water extraction was found
between 3J00mm and 750mm depth. The quantities of s=oil
water extred at different soil depths and the PAWC

values for each growth stage are listed in Table 3.32.

The results confirmed the suspicions that hail damage
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during the previous season had delayed the evolution of
the PAWC values. The PAWC at stage a (12-1leaf) of 124mm
was identical to that found during the previous season
(121mm}). At that stage the plants were not damaged by
hail during the 1985 season. The PAWC at atages b
(l4-leaf) and c (l6-leaf), the latter identical to atage
b during 1285-1886 season, was higher than the PAWC found
during the previous season when hail had damaged the
plants very severely (Compare Tables 3.25 and 3.32).‘The
PAWC for stage d (silking stage) was identical to that
found at flowering during the first season. The maximum
PAWC wvalue of 158mm was already reached at stage ¢

(16-leaf stage).

TABLE 3.32 - Quantities of soil water extracted by maize
at different soil depths and PAWC values for
each growth stage at site DB (summer

1988-1887)
Depth (mm) S0il water extracted (mm)
a h c d

0~ 100 18,0 17,0 16,8 16,3
100- 200 19,8 19,3 18,3 17,3
200~ 300 22,5 23,3 22,0 19,3
300~ 400 18,5 24,8 24,3 22,5
400- 500 18,5 27,0 27,0 26,0
500- 600 21,3 28,8 28,5 29,9

6Q0~ 700 5.0 12,% 12,0 12,5
700- 800 3,0 4,3 4,5
800- 9Q0 5.5 8,8
900-1000 1,2 2,5
1000-1100

PAWC 123,6, 1585,7 188,9% 159,2
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The s0il water extraction patterns for site D12 are
illustrated in Figure 3.66. Again the same basic fan
shape was found. supporting the theory that the basic
shépe of the extraction pattern is mainly baszed on the
soil profile characteristics. The crop itself only
determines the depth of the convergence point and the
width of the fan, depending on the extent of the raot
system. The evolution of the so0il water extraction
patterns consisted in the downward. movement of the
convergernce point from a depth of 1200mm at stage a to a
depth of 1300mm at stage d and in the widening of the gap
between field capacity and first astress 1lines. The
quantities of s0il water extracted at different soil
depths and the PAWC wvalues for each growth stage are
listed in Table 3.33. The PAWC values were higher than
those found during the 1585-1986 summer experimenta,
especially at the younger growth stages (Compare Tablesg
3.286 and 3.33). The PAWC value at stage b (149mm) was
very cloze to the value found at flowering stage {154mm).
Stage ¢ (l1l6-leaf stage) for the 1986-1987 season. which
corresponds with stage b for the 1985-1986 season, gave a
PAWC of 153dmm compared to 120mm for the same growth stage
during the previous season. These results proved again
that hail damage had delayed the evolution of the PAWC
values during the vegetative growth stages during the

previous season. The evolution of PAWC of maize at
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different growth satages and the top growth at sites D8

and D12 is illustrated in Figure 3.67.

TABLE 3.33 - Quantities of soil water extracted by maize
at different soil deptha and PAWC values for
each growth stage at site D1Z {summer
1986-1987)

Depth {(mm) S0il water extracted (mm)

a b c d

0- 100 10,5 15,5 15,5 15,3
100- 200 14,5 16,3 16,3 16,0
200- 300 13,3 18,0 17.0 17,5 .
300- 400 13,0 13.8 14,0 15,0
400~ 500 10,5 11,5 12,0 13,0
500- 800 10.0 10,0 11.0 11.8
600- 700 14,0 14.8 15,3 15,8
700- 800 14.0 16,5 16,0 16,5
A00- 3900 11.0 14.8 14,0 13,8

900- 1000 8.8 11,0 10.5 10,8
1000-1100 3.0 6,0 7,0 6.5
1100-1200 1,0 2.5 4,0 1,5
1200-1300
PAWC 123,6 148,7 152.6 153,5

3.2.3.2.4 Effects of water stress on vegetative growth

and yield

The final leaf area parameter (LAP) and the calculated
leaf area index (LAI) of maize for each plot are listed
in Table 3.34. The plants at site D& were less sensitive
to =0il water stresa at every growth stage than the
plants at site D12. This was also found with wheat and
durum wheat. The effects of soil water stress were less

severe at aite D6 and this was explained by the high
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amount of available water in the upper part of the
profile due to +the reastricting layer at 700mm depth.

Statistical analysis (randomized complete block design)
of the data in Table 3.34 indicated that there were no
significant differences between the +treatment means.
However, the mean LAP and LAI clearly illustrate that the
effect of s0il water stresa on leaf expansion dacreases
as the plants are closer to maturity and that leaf
expangion does not completely recover after a perioé of

stress. Similar results were also found by Human & De

Bruyn (1988).

TABLE 3.34 - Leaf area parameter (LAP) and leaf area
index (LAI) of maize at the end of the
experiments at sites D6 and D12 (summer

1386-1987)

Plot LAP LAl
D6 D12 ave, b6 D12 ave.
a 10700 9700 10200 3,3 3.0 3,2
b 10500 10500 10800 3,3 3,3 3,3
c 116800 10900 11250 3,86 3,4 3,5
d 11500 11100 11300 3,6 3,5 3,6
a 11300 11700 11500 3.5 3,7 3,8
lsd (p=0,05) ns ns

During the experiments an early pollination was observed
on the gtressed plota, before the s8ilk was ready to
receive the pollen. 1In the experimental area there were
enough well-watered plots to ensure adequate pollen at

the correct time. In large, dry fields such early
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pollination can be di=zastrous. It is therefore important
that enough water 1is available for the plants some time
before flowering stage in order to prevent poor
pollination and a resulting decrease in grain vield.
Unfortunately. a hailstorm destroved most of the leaves
when the plants were at the grain filling stage,
resulting in low grain yields {Table 3.35). Statiatical
analysis indicated that there were no significant
differences between the' treatment means. This was élso

found during the 1985-1988 season.

TABLE 3.35 - Grain yvield of maize at a moisture content
of 12.5% harvested at sitea D6 and D12
( summer 1986-1987)

Plot Grain yield (ton/ha}

D& D12 average

a 5,65 6,18 5.92

b 5.89 6,06 5,98

c 6,87 7,27 6,97

d 4,73 5,40 5,57

e 5,52 7,12 6,32
lsd (p=0.,05) na

3.2.3.3 Summer 1887-1988

The aim of the experiment, conducted at site IS0-B. was
te study the effect of modererate and severe soil‘water
stress on leaf expansien and stem elongation. Stem
elongation consisted of measuring the total height of the

plante and the distances between succegsive leaves (See
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Chapter 2). The nature of the experiment was to impose
moderate and severe water stress at three different
growth stages. IMS was detected by regular PLWP and leaf
expansion measurements. A PAWC value of 110mm was found
for treatment 100-4 for which FMS was detected at the
ll-leaf stage. PAWC values for treatments 100-10 (FMS at
flowering stage} and 100-15 (FMS at grain filling stage)
were between 145mm and 150mm. Eight treatments, each with

four replications, were as follows:

treatment control: refilled teo field capacity when 30% to
50% of PAWC was extracted.

treatment 100-4: drying cycle started at four leaf stage
and 100% of PAWC extracted.

treatment 125-4: drying cycle started at four leaf stage
and 125% of PAWC extracted.

treatment 100-10: drying cycle started at ten leaf stage
and 100% of PAWC extracted.

treatment 125-10: drying cycle started at ten leaf =tage
and 125% of PAWC extracted.

treatment 100-15: drying cycle started at fifteen leaf
stage and 100% of PAWC extracted.

treatment 125-15: drying cycle atarted at fifteen leaf
stage and 125% of PAWC extracted.

treatment 50-75: deficit irrigation; refilled with 50% of

PAWC when 75% of PAWC was extracted.
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3.2.3.3.1 Effect of water stress on leaf expansion

The 1leaf area index (LAI) of maize for each treatment was
calculated from the total length of the leaves of a plant
(See Chapter 2) and is listed in Table 3.36. Statistical
analysis, using the method described by Steel & Torrie
(1980) for a completely randomized design, indicated that
there were astatistically significant differences between
the treatments. The differences between LAI means are
given in Table 3.37. The results show that severe soil
water gstress during the vegetative growth astages
(treatments 125-4 and 125-10) reduced the leaf area
gignificantly. Rewatering did not result in an increased
leaf expansion. Treatments 100-15 and 125-15 did not
result in significantly smaller leaf areas due to the
fact that at the time of water stress these plants were

reaching maturity and vegetative growth was terminated.

TABLE 3.36 - Leaf area index (LAI) of maize at the end of
the growing season for each irrigation
treatment at site 1I30-B (summer 1987-1988)

Treatment Leaf area index
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TABLE 3.37 - Differences in leaf area index of maize between
different irrigation treatments at site ISO-B (summer

1987-1988)
Differences

treatment= 125-10 125-4 100-15 100-4 B0-75 100-10 125-15
control 0,8% 0,5% 0,4 0,3 0,3 g.2 Q.0
125-15 0,.8% 0,5% 0.4 0,3 0,3 0,2
100-~-10 g, 6% 0.3 0,2 0,1 g.1
50-78 Q, 5% 0,2 0,1 0,0
100-4 0,5% g,2 0,1
100-15 0,4 0,1
125-4 0,3

* = gsignificant at &% level.

3.2.3.3.2 Bifect of water stress on stem elongation

The total height of the maize plants was measured at the
end of the growing season and the results are listed in
Table 3.38. The data were statistically analyzed
according to the method of Steel & Torrie (1980) for a
complete randomized design. The analysis indicated that
there were highly significant differences batween the
treatments (Table 3.3%8). This means that stem elongation
was more sensitive to water stress than leaf expansion.
Plants which had experienced severe soil water stress
during the early vegetative stagea (treatments 125-4 and
125-10) were significantly shorter than those which had
experienced moderate water stress during early vegetative
growth stages (treatment 100-4) and those which had

experienced water stress (severe and moderate) during the
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late vegetative stages (treatments 100-15 and 125-15).
Severe =90il water stress during the early vegetative
stages (treatment 125-4) resulted in significantly
shorter plants than moderate water stress during a later
vegetative stage. Moderate water stress did not affect
the stem elongation significantly, except when it wasg
applied during mid-vegetative growth stages (treatment
100-10). Severe and moderate water stress during the late
vegetative gtages (treatments 100-15 and 125-15) did.not
affect the 3stem elongation as vegetative growth was

terminated at the time of water atress.

TABLE 3.38 - Final height of maize plants for different
irrigation treatments at 3ite ISO-B (summer

1987-1988)
Treatment Height (em)
rep.1l rep.2 rep.3 rep.4 aver.

control 245 250 235 220 238
100-4 250 220 220 185 219
125-4 180 190 197 180 177
100-10 210 225 180 220 211
125-10 195 210 175 195 194
100-15 225 248 210 245 231
125-15 245 250 240 225 240
50-75 220 245 215 245 231

lad (p=0,05) 23
{p=0,01) 31
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TABLE 3.39 - Differencea in final height of maize plants for
different irrigation treatments at site ISO~B (pummer
1887-1988)
Differences {(cm)

treatments 125-4 125-10 100-10 100-4 100-15 50-75 control

125-15 63%x 46%* 29% 21 9 g 2
control Glex 44%x% 27* 19 7 7
50-75 54xx 3T x% 20 12 0
100-15 B54%%x Y E S 20 12
100-4 42%% 25% B
100-10 34%x L7
125-~10 17
Kk eignificant at 1% level.

* aignificant at 5% level.

Compared to leaf expansion, s8tem elongation was more
sensitive to water stress. Stem elongation indicated
differences between severe and moderate weter stress and
was also able to identify moderate water atress during
mid vegetative growth stages (treatment 100-10) where

leaf expansion could not.

The final height of a maize plant indicates whether water
stresa hasa been experienced or not when compared with the
height of well-watered control plants. It does however
not indicate when watsr stresa was experienced. To aasess
when water stress was experienced it is necessary to
measure the distance on the stem between successive
leaves. The results of those measurements are given in

Table 3.40. The number in the "leaf” column indicates the
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part of the stem between the leaf as indicated by the
number and the one above it (£.i. the distance between
leaf 3 and leaf 4 is indicated by the number 3). The
position of leaf 1 was taken as reference level zero. The
* sign indicates where the length ia significantly
smaller than that measured on the control plants and

where water stress was experienced.

TABLE 3.40 - Length between succeasive leaves of maize for different
irrigation treatments at aite ISO-B (eummer 1987-1988)

Leaf Length (mm}
contr. 100-4 125-4 100-10 125-10 100-15 125-15 50=-75
1 16 20 18 i8 18 18 24 20
2 16 20 20 18 23 20 16 20
3 15 16 15 i4 iB 21 28 20
4 30 41 35 36 30 35 33 34
5 43 35 38 34 39 44 45 40
6 51 50 48 44 53 58 50 53
7 58 49 59 56 51 57 80 58
B 78 79 66 64 &8 95 a1 65
9 30 91 78 90 S0 133 98 104
10 129 104% a81x 119 122 155 137 118
11 1268 110% 85x 131 1386 144 148 133
12 140 128% 85% 143 128 158 149 145
13 139 140 85 131 136 1565 165 141
14 134 151 95* 131 149 183 180 181
15 154 155 109« 135% 124% 158 158 1848
18 181 150 128% 130 125% 145 155 159
17 163 145 115% 116% 105 140 143 145
18 150 139 123=* 110% 91x% 140 148 141
19 133 120 114x% 99x* TOx% 120 130 110
20 125 118 106% g6* 86% 110 113 110
21 104 a5 90 88 58% 105 105 91
22 111 92 87 7 52 105 a7 98
23 85 90 90 93 48% B85 85 a5
24 45 40 45 45 55 50 45 45

* = gtatiatically sisenificant reductions due to water stresa.
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3.3 DISCUSSION

3.3.1 Wheat

Both stem elongation rate and PLWP patterns clearly
indicated the onset of first material stress during young
growth stages (until the flag leaf was completely
developed., stage 9 according to Large, 1954). In order to
identify FMS using PLWP or stem elongation rates, it is
necessary to study a long-term pattern starting as scon
as possible after irrigation with daily measurements
until water stress has clearly set in. Single SER or PLWP
values cannot be used as indications of FM3 since both
parameters seem to be susceptible to ¢limatic
fluctuations and atmospheric induced water stress is
unavoidable. The use of a well-watered control plot is,

therefore, recommended.

It became clear that during early growthh stages (i.e.
until 8stage 7 according to Large, 1954) wheat plants are
more sensitive to reductiona in PLWP than during later
growth stages. During these early growth stages FMS was
clearly identified when PLWP decreased to about -800kPa.
During later stages FMS is indicated only by PLWP values
of clearly less @han ~1000kPa, as was also found by Boedt

& Laker (1985). Similar resulta for early growth stages
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were also found for durum wheat and maize. During later
growth stages i.e. when ear was in boot or later (stage
10 according to Large, 1954) SER failed to indicate FMS
as. the plants were almost fully grown. PLWP patterns
clearly indicated PFMS in mature plants when values

dropped below -1000kPa.

During the young growth stages (vegetative growth stages)
stem elongation rates dropped significantly relative to
the non-stressed plots when water stress was induced,
These reductions in stem elongation were not found when
water streass occurred during the reproductive growth
gtagea 1i.e. from stage 10 (Large. 1954) onwards. Similar
reductions in 1leaf area and stem elongation of wheat
plants under water stress conditions during vegetative
growth stages were also found by Aspinall =t al. (1964},
Begg & Turner (1976), Oosterhuis & Cartwright (1983) and
Human & De Bruyn (1988). Reductions in stem elongation
during early vegetative growth stages is mainly caused by
reduction in turgor, resulting in a lower cell expansion
(Hsiao, 1973}. Hoogenboom et al. (1887) observed
significant reductions in stem elongation of soybean
plants when water stress was induced during vegetative
growth stages. Water stresa during later stages of
reproductive growth did not affeect final shoot size of

soybean plants (Hoogenboom et al., 1987). This confirms
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the observations of Ramseur, Wallace & Quisenberry (1985)
whe stated that vegetative growth ceases after seed
"fo?mation has begun. Huck et al. (1983) also reported
that the forming of wvegetative nodes in soybean ceases

with the onset of reproductive development.

Irrigation at the end of the drying cycles resulted in
increazed stem elongation rates which sometimes exceeded
those of the non-stressed plants if scil water stress had
been induced during early vegetative growth stages i.e.
at the end of tillering stage. This shows that plants
that have been exposed to water stress during the early
vegetative growth stages show optimal growth after
rewatering that may exceed that of non-stressed plants
and. thus. satressed plants and non-stressed plants end up
comparable in size at the end of the growing season. In
other words, water stress during early vegetative stages
had no evident long-term effects on the final height of
the wheat planta. When =s0il water stress occurred during
later vegetative stages (stem extension stage) rewatering
did not result in atem elongation rates exceeding those
of the c¢ontrol plots and plants were significantly
shorter +than the non-stressed plants at the end of the
growing season (Table 3.8). 8Similar increases in stem
elongation upon - irrigation of water stressed soybean

rlants were observed by Hoogenboom et al. (1987).
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Typical for almost all PLWP patterns was the fluctuating
phase observed at the end of the drying cycles. This
phase wasa characterized by a more or less rhythmic
oscillation between low (under -1000kPa) and relatively
high wvalues (-500kPa) with decreasaing low values. This
pattern reflects the ability of the plant for temporary
rTecovery. Similar patterns were found during drying
cycles with maize by Boedt & Laker (1985). From these
patterns they derived a stress curve by connecting the
lower points (temporary stregs} of the oscillations.
According to Boedt & Laker (1985) this type of pattern
illustrates the “specific s0il - plant - atmosphere -
continuum (SPAC) situation wunder which the plant cannot
recover overnight but can recover over a longer period.”

One of the mechanisms that may be involved is secondary
root growth which reaches scil layers with a higher water
content. This confirms the observations of Hoogenboom et
al. (1987}). They found a major increase in root length,
especially in the deeseper so0il layers., when water stress
occurred. This increased growth i3 caused by an increase
in transport of photosynthetic assimilates to the roots
when plants experience water stress. This mechanism does
not seem to work when water stress is experienced during
later reproductive growth stages (Hoogenboom et al.,

1987). The fact that PLWP patterns of wheat stressed at
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flowering stage (stage f 1885 winter season) did not show
these oscillations confirms this theory. Lang & Thorpe
(1986) also reported that water potential differences
within the plant affected the partitioning of the
asgimilates and found that regions with the highest
potentials attracted most of the assimilates. Another
confirmation of this theory 1is the discrepancy between
relative top growth and relative PAWC during vegetative
stages. The relatively high PAWC values of wheat faund
during vyoung growth stages (1985 winter season) indicated
the effect of s0il water streas on the relationship
hetween raot growth and top growth found by various
researchers (Erickson, 1876: Botha et al., 1983; Muller,.
1988). Although the maximum PAWC values were not reached
early in the growing season during the 1986 winter
experiments. relative PAWC wvalues {(root growth) were
markedly higher than the relative top growth at the
different growth stages. The increased root growth
relative to top growth. resulting in relatively high PAWC
values at vyoung growth stages. is the result of water

stress induced during those atages.
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Other rossible mechanisms related to the temporary
recovery of the plants over a longer period are the

following:

Firstly, the presence of an extremely dry soil layer
around ;he root caused by a quick depletion of water in
the root zone a= a result of a high evaporative demands.
Low hydraulic conductivity from the wetter soil layera to
the depleted root zone may be the reason that it takés a
few days to restore the equilibrium (Boedt & Laker,
1985). However, this mechanism did not work when the

rlants were at flowering stage.

Secondly. the shrinkage of the root diameter, resulting
in a loss of contact between root surface and seil, under
climatic conditions characterized by high evaporative
demand (Larcher, 1880; Klepper, 1983). When the roct
regains it original diameter only after a long time
interval then it ig possible that the plant will only
recovef after thia long time interval. Again this
mechanism failed to work with wheat under stress

conditions at flowering stage.

Thirdly, if evaporative demand is very high on the day on
which water stress occurs then +the stomata may remain

closed enabling the plant to recover during the day and



249

the following night. Proof of this was found by Ceulemans
et =al. (1988b)Y in maize plants planted in well-watered
plots wunder climatic conditions characterized by a high

evaporative demand.

Although the vyields obtained at the stressed plots were
generally lower +than those from the respective control
plots, no significant differences could be found.
However, a least significant difference of 1 toé/ha
{unprotécted, p=0,05) indicated that the vield of the
planta strezzed at the appearance of the flag leaf ( end
of stage 9 according +to Large, 1954) was significantly
lower than the vyield of the control plota. During their
study on the effects of water atress at different growth
stages on the vyield of wheat, Human & De Bruyn (1988}
alsc failed to find significant differences although
vields of stressed plants were generally lower than those
of the non-stressed plants except when moderate stress

was induced at tillering stage. Similar results were

found by Singh & Malik (1983}.

3.3.2 Durum wheat

Both stem elongation and PLWP were very good indicators

of FMS in young  plantas. At later growth stages
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(appearance of flag leaf) stem eleongation failed to
indicate PFMS, but PLWP indicated it very clearly. Again
single PLWP values could not be used as an indication of
FM5. When PLWP is used as an indicator of FMS, a
long-term intensive pattern, starting as soon as possible
after irrigation, with daily measurements has to be
studied. PLWP measurements on plants of a well-watered
control plot made identification of FMS easier as
climatic influences could be eliminated. As in the case
of wheat PLWP indicated FMS in young plants as soon as

the values dropped to -800kPa.

Great care has to be taken as to which leaves are
selected for leaf water potential measurements. Tests
have shown that young, immature leaves have lower LWP
values and could mistakenly be interpreted as an
indication of FMS. It 1is therefore very important to
standardize the procedure of PLWP measurements even to
the point of leaf selection. This statement was also made
by DBoedt & Laker (1985) as a conseguence of the results
obtained during their research on PAWC of different crops
in different asoils. During this study the vyoungest,

mature leaves were selected for PILWP determinations.

In most cases PILWP and stem elongation measurements

indicated PFMS simultaneously during the voung growth
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stages. However., during the early vegetative stages (end
of tillering) stem elongation indicated first material
stress before the pre-dawn leaf water potential at site
DB8. It is therefore recommendable to use both parameters
when determining onset of first material stress in durum

wheat during vegetative growth stages.

The PAWC values determined at the different growth stages
indicated that the maximum PAWC value’ (PAWC at flowering
stage) is already reached quite some time before
flowering. During this study it was found that the
maximum PAWC was already reached when the flag leaf
started to appear. This wmeans that the PAWC wvalue
determined at flowering stage can be used for irrigation
scheduling purposes already at the end of the tillering
stage (50 days after planting). Before that time a PAWC

value of 75% of the PAWC at flowering can be used.

Water stress during the vegetative stages affected
vegetative growth and yield severely. The damage caused
by water stress at any growth stage was permanent. The
plants did not recuperate upon rewatering even if water
gtress had occurred very early in the growing season
(tiliering stagel. The detrimental effects of water
stress during the vegetative atages on vegetative growth

and especially on vyield clearly show that water stress
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should be avoided., unless the =0il profile allows for a
deep and well developed effective root system. Both
vegetative growth and yield were less affected at site
D16 where the effective root aystem was found to be the
deepeat. The reason for this was the presence of boulders
and rocks throughout the soil ‘profile which made it
easier for the roots to penetrate into the deeper soil

layers.

During this study the behaviour of durum wheat under
water stress conditions was compared to that of wheat.

Four differences were identified:

Firstly, no oscillations of PLWP in durum wheat were
found during the drying cycles. These oacillations
illustrate the ability of a rlant to recover partially
(See paragraph 3.4.1). After FMS was reached, PLWP of
durum wheat remained low (-1000kPa) when the drying cycle

wasa prolonged. Wheat showed oscillations.

Secondly, PLWP of voung, immature durum wheat leaves was
conatantly lower than that of mature leaves even on
well-watered plots. In wheat no difference bhetween mature

and immature leaves were measured.
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Thirdly, durum wheat plants did not recuperate after
water sStreas had been induced during the vegetative
atages. Water astresa had a permanent effect on stem
elongation and grain vield. Durum wheat was very
sensitive to water stress during the early vegetative
stages and both stem elongation and vield were affected.

In wheat this was not the case.

Fourthly. the PAWC of durum wheat was lower than the PAWC
of wheat at every growth stage. The PAWC of durum wheat
at flowering atage was about 85% of the PAWC of wheat at
flowering stage. Similar differences in PAWC were found
by Hensley & De Jager (1882) with maize and sorghum. The
ratio of the PAWC of sorghum to that of maize was also
about 85%. Durum wheat extracted water slower than wheat
and FMS was reached at the same time after irrigation.
This 1is, interestingly enough, again identical to the

sorghum/maize comparisona of Hensley & De Jager (1982).

3.3.3 Maize

Leaf expansion and PIWP clearly indicated FMS during the

early wvegetative stages, i.e. before the 16-leaf stage

(70 days after planting). However, serious doubta exist
{

about the indication of FMS by PLWP during the early
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vegetative stages during the 1985-1986 sesason. Firstly,
becauge of the hail damage it was impossible to verify
‘ thg onset of first material stress with leaf expansion
data. ©Secondly, the PAWC values were not consistent with
those found during the 1986-1987 season. As in the case
of wheat and durum wheat, PLWP values at firsat material
stress during young growth stages (until 14 leaf stage)

were at about -800kPa.

Ceulemans et al. (1888a) found that PLWP was not as
senaible in indicating IMS as the net carbon-dioxide
exchange rate (NCER), especially under climatic
conditions characterized by a high evaporative demand
{aee =also Dwyer & Stewart, 1984 and Boedt & Laker, 1985).
However, Ceulemans and co-workers conducted a short-term
gtudy and based their conclusions on single, daily PLWP
measurements. It 1is very important to realize that when
using PLWP aa an indicator for FMS daily measurements=,
atarting as asoon ag possible after irrigation., must be

used over an extended period.

Cnce the plants were past the l6-leaf stage, PLWP values
below -1000kPa clearly indicated FMS. Leaf expansion
rates were not a reliable parameter for FMS from this

growth stage onwards,
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The existence of a seasonal wvariation in PLWP as
propagated by Lorens et al. (1987) was also found during
this -studv. As the plants reach maturity, PLWP values
teﬁd to be lower than during the young vegetative stages,
even under optimal conditions. Bennie (UQOFS, perscnal
communication) also found that mature maize plants do not
reach the high PLWP values found in younger plants, even
under optimal conditions. This was alsc found with wheat

»

and durum wheat.

PAWC wvalues found during the 1986-1987 season showed that
the maximum value is already reached at the 14-leaf
atage, quite some time before flowering stage. This was
not found during the 1985-1986 =eason, but doubts exiat
about the validity of the latter values as they weres even
lower than would be expected from the root length index
at the specific growth stages according to the wmodel of
Botha et al. (1983). The plants were severely damaged by
hail during the early vegetative stages, resulting in a
decrease photosynthetic area. The decrease in
rhotosynthetic assimilates possgibly resulted in a slower

raat development.

The fact that maximum PAWC was reached before the full
davelopment of the top growth illustrates again that

water atreas during vegetative stages stimulates root
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growth. This means that the close relationship between
root growth and top growth found by Erickson (1978),
Botha et al. (1983)., Muller (1988) and Van Antwerpen
{1988) is affected 1if the planta have been exposed to
water atress. Water stress during the vegetative growth
atages results in a repartitioning of the asasimilates to

the roote, favouring root growth (Lang % Thorps, 1978)

and increasing PAWC.

PAWC of maize was higher than that of wheat and a ratioc
of PAWC wheat to PAWC maize of 92% was found. This is
gimilar to the ratio found by Hensley & De Jager (1982).
Boedt & Laker (1985) found that PAWC of wheat and maize
were comparable with a generally higher PAWC for wheat.
They, however, did studies mainly on fine sandy soils
which tend towards higher bulk densities and soil
strengths. Under =such conditiona root development of

maize is restricted more than that of wheat.

.eaf expansion and stem elongation were significantly
reduced when plants were exposed to s0il water stress
during the vegetative stages. This was also found by
Denmead & Shaw (1960), Acevedo et al. (1971) and Human &
De Bruyn (1988). The effects of water astreasa on leaf
expansion decressed as the plants neared maturity and

were minimal at the 168-leaf stage. This was confirmed by
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the results obtained by Human & De Bruyn (1988),
Contradictory to the resulta obtained with wheat, growth
ot leaves of plants which had exXperienced water stress
during the early vegetative Stages did not exceed the
growth of the control plants upon rewatering.
Consequently, the leaf area as well as the height of the
Stressed plants was Significantly smaller than that of
the control plants. Acevedo et al. (1971) stated that the
growth  of water stressed maize plants after rewatering is
merely the resumption of a postponed event and that the
truly compensatory rapid growth only lasts a fraction of
an  hour and does. therefore, not contribute to the total
leaf area. Denmead & Shaw (1960) alsc found that maize
plants which had been subjected to water stress during
the vegetative 3tages were shorter than non-streased

plants at the end of the growing season.

During the 1987-1988 experiments it was found that atem
elongation in maize was a more sensitive parameter to
indicate FMS than leaf expansion. Stem elongation data
could make the distinction between moderate and severe
water 8tress and indicated water stress where leaf
éxpansion failed. Stem elongation is easier to measure
and allows for more plants to be monitored. It 1is,
however, very important to measure the distances on the

atem between Successive leaves in order to identify the
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onaet of FMS. The total height of a plant will indicate
whether the plant has been subjected to streas or not,
but can not indicate at what time water sStress was

imposed.

Although significant differences in vegetative growth as
a result of water streas were found, no significant
differences in yield could be detected (See also Chapter
4, maize 1987-1988 geason). This contradicts the results
of Robina & Domingo (1953) and Denmead & Shaw (1960) who
found significant differences (at a 5% probability level)
in vield of stressed maize plants compared o
non-stressed planta. Denmead & Shaw (1960) reported that
"grain vield was affected more than any other plant
characteristic by moisture -stresa at all stages of
growth”. However. it must be taken into account that the
experiments by Denmead & Shaw (1960) were done in
containers, while during this study 128 plants per plot
(1987-1988 =eason)} and 45 plants per plot (1985-1986 and
13986-1987 seasona) were . harvested for vield
determinationa. Hensley & De Jager (1982) also criticized
the use of containers by Denmead & Shaw by proving that
the scil available to each plant in the field was about
12 times more than in the containers. Ritchie (13973)
congidered the difference in root denaity to be the main

reason for the discrepancies between his results
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(obtained sith field experiments) and those of Denmead &
Shaw. Denmead & Shaw (1960) attributed the decrease in
grain vield to the reduction of the Photoaynthetic
surface if water stress was applied during the vegetative
stages and to a reduction in photosynthesic assimilates
(used for grain production) if atress was applied during
the reproductive frowth stages. The results obtained
during this study confirmed the statements of Dwygr &
Stewart (1984,1985). They found that’ a decrease in leaf
area or biomass as a result of water stress does not

necessarily mean a reduction in yield or productivity.




261l

CHAPTER 4

IRRIGATION SCHEDULING EXPERIMENTS

4.1 INTRODUCTION

Hillel (1980} a3stated that the main questions concerning
irrigation management are “when"” to irrigate and "how
much”. The answers to these guestions are very complex
and involve the interrelationships between scil, water,
crop and climate. An extensive overview of literature on
the history of irrigation scheduling was given by Boedt &

Laker (1885).

In the past +the main objective of irrigation acheduling
studies was to maximize yield per unit area and research
waasa mainly concentrated on vield-evapotranspiration
relationships. This research pointed out that any
irrigation scheduling which reduces evapotranspiration
will also reduce yvield (Wenda & Hanks, 1981; Hanksa, 1982
and English & Nakamura, 1982). Hillel (1980) concluded
that oane should irrigate as frequently as is practicable.
This' conclusion is walid if water is not a limiting
factor. However.. due to climatic hazards (droughts) and

g

an increased use of water by urban users (industrial and
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domestic) water has become or ig becoming a limiting
factor in many areas. This resulted in shifting the aim
of irrigation scheduling studies towards maximizing water
use efficiencies without signiflcantly reducing yield per
unit area. A possible way of maximizing water use
efficiencies ia to extend the intervals between
irrigations (Montgomery, according to Laker, 1983). This
implied the definition of the “optimum so0il water
deficit” or the "allowable depletioh”. Bucheim & Ploss
(1977) defined this qQuantity of water as " the s0il water
that may be utilized from the root zone without causing
plant stress or vield reduction". However, plant water
gtresa does not always result in vield reduction, asg will

be shown in this chapter.

The definition of the critical Proportion of the
available water in the 30il oprofile waa approached in
different ways by various researchers. The traditional
approach defined +thisg proportion as the water held
between so0il water tensions of 10%Pa or 33kPa (field
capacity}! and 1500kPa (rermanent wilting point). This
approach is too simple and it has been proven that aome
Crops reach Permanent wilting point at soil water
tenaicns much higher than 1500kPa {Chapter 1).
Nevertheless, this approach is still used by many

researchers, who define the "allowable depletion” as a
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certain <Traction of <the available water between field
capacity and permanent wilting point. Hsiao. U Toole &
Tomar (1980 atated +that thia fraction ia in most cases
chosen by trial-and-error. A detailed diacuszion and s
list of "allowable depletions” for different crops i=

given by Doorenbos & Kaseam (1979).

& more recent approach is the “potential extractable
water”' (PLEXW) concept of Ratliff, ' Ritchie & Cassel
(1983). In the USA the PLEXW concept 1a often used for
calculating "allowable depletion” (Laker, 1983; Boedt &
Laker, 1985)Y. The problem is that purely arbitrary
fractions of PLEXW are taken as "allowable depletion”.
PLEX® itself is wunsuitable for irrigation echeduling
since the lower limit is taken as the soil water content
at which planta die or go dormant due to water stress.
The vield losaes experienced 1if such severe streas is
induced are too large to be acceptable for an irrigation

gitunation {Boedt & Laker, 1385).

A method for in situ determination of the “allowable
depletion” was developed by Bucheim & Ploss (1877). Three
valuea are needed to calculate the allowable depletion.
Firstly. the "full wvalue" which ias the soil water content
after drainage of excess water (i.e. field capacity).

Secondly, the “refill level" which 1is +the minimum
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allowable moisture content in the top 300mm of the goil

profile. Thirdly, the "root decimal" which is the ratio

of the water extraction from the top 300mm Zone to the
water extraction from the total g0il profile. Soi} water
cantent is measured by means of a neutron hydroprobe or
tensiometers. Water stress in plants is assessed with
visual symptoms or infra-red sensing. Carter & Conway
(undated) modified this method by measuring the soil
water content at alj depfha of the suil profile. This
method developed by Bucheim & Ploss (1977) and modified
by Carter & Conway (undated) ig extensively used in areas
served by the American Bureau of Reclamation and has
vielded higher water use efficiencies (Carter & Conway,

undated).

Another approach to determine “allowable depletion” was
the use of paw or the “plant available water”. Green
(1982} found that 70 to 75% of PAW could be depleted
without significantly reducing vield. However, PAW is
similar to the PLEXW-concept of Ratliff et al. (1983} in
the way that it has severe limitations for direct use in

irrigated agriculture because the lowar limit is too low

(Boedt & Laker, 1985).
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The study of PAW by Green (1882) formed the bhasis for the
development of the PAWC-concept by Hensley (19884},
-IHegsley (1984) stated that irrigation scheduling should
be based on the amount of water that has been consumed
when the crops have reached “"well defined atress”. PAWC
is intended to serve as a definite measurement of
"allowable depletion”., instead of wusing an arbitrary
fraction of “available water"” or "PLEXW" (Boedt & Lager,
1985). The validity of PAWC for irrigation scheduling was
tested by Hensley (1984) for wheat and maize at maturity
in sealed plots. Yields on plots which were irrigated
when an amount of water equal to PAWC for the site was
extracted were almost identical to yields on plots which
were frequently irrigated (control plota). Unfortunately,
no statistical proof of the significance of this finding
is available. Hensley (1984 concluded from these
evperiments that: "PAWC is a wvalid parameter for

irrigation scheduling”.

The PAWC-concept was further tested by Boedt & Laker
(18685). They conducted several irrigation scheduling
experiments during the 1983 winter and 1583-1984 summer
seagsons at the Vaalharts and Loskop irrigation schemes.
The main objective of the research was to determine the
effect of irrigation, at extraction of different,

arbitrarily chosen fractions of PAWC, on seasonal water



2686

use, vield and water use efficiency (Beedt & Laker,

1985). They found a strong relationship between seasonal

water use and yield. The reduced seascnal water use as a

regult of extending the intervals between irrigationa was
accompanied by a reduction in vield and conzequently
water use efficiencies were not improved. As long as a
certain threshold fraction of PAWC was not exceeded,
prolonged irrigation intervals did not significantly
reduce yields. This 1i=2 of extreme ' importance for twa
aspects of irrigation scheduling. Firstly. extending the
intervals between irrigations can save an the fixed cosats
that accompany each irrigation (English & Nakamura,
1982). 3econdly. the threshold value bhevond which yvields
drop gignificantly will indicate to what level soil water
can bhe depleted if one is aiming for an optimun

irrigation scheduling method (Boedt & Laker, 1985}.

An involuntary deficit irrigation resulted in high water
use efficienciea and more resgsearch in this field was

recommended (Boedt & Laker. 1985).

The answer to the question of when to irrigate also
depends on the sensitivity of the plants to soil water
stress at different growth atages. Thia has heen
extensively discussed in Chapter 1. Research on this

subject was dene during the study of PAWC at different
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growth gtagea (Chapter H and more experiments
establishing the effect of s0il water stress at different

growth stages on yield will be discussed in this chapter.

4.2 GENERAL RESEARCH PROCEDURES

The irrigation scheduling experiments were conducted at
site IS0 where two irrigation furrows serve two adjacent
areas, IS0O-A and 1ISO-B. IS0-A and ISO-B have 28 and 32
plots of 50 aquare meters each respectively (Figure 4.1).
The aima of the experiments were threefold: firstly, to
determine the threshold fraction of PAWC beyond which
yields drop significantly. Secondly. to field test
defictit irrigation gcheduling. Thirdly. to identify
degrees of soil water stress sensitivity at different
growth stages and the effect of these on yield. The
experiments were done with wheat and maize during the
1985 to 1988 winter and summer =easons. A sSmall
experiment with durum wheat was conducted during the 1986
winter season. Relevant climatical data for the duration

of the experiments are given in Table 2.2 (Chapter 2).

All crops were -planted manually because the plots were

too =small for mechanical planting. General agronomic
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— FURROW ——
10m
1 32 1 5m
2 31 2
3 30 3
4 I1S0-3 ' IS0-B 29 4
28 5 28 5
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FIG.4.1. GROUND PLAN OF IRRIGATION SCHEDULING SITE ISO.
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practices are described in Chapter 2 { Section 2.4.4).
More detailed information regarding agronomic practices
for each experiment are given in Appendices 2.2.2, 2.2.4,
2.2.6, 2.2.8, 2.2.10 and 2.2.11. A border surrounding all
plots was also planted to reduce the "oasis effect™. It
was technically impossible to cover the plotas for
protection against rain except during the 1987-1588
summer experiments with maize. An electrical fence was
erected around the plots for protection against animals.
A descfiption of the rain shields for maize is given in
Chapter 2. The main measurements done during the
experiments were so0il water content and pre-dawn leaf
water potential. These technigques are described in detail

in Chapter Z.

Wheat and durum wheat were harvested mechanically while
maize was harvested manually. Only the central part (8m
by 3m) of each plot was used for yield determinations to
avoid influences of treatments on adjoining plots. The
moisture content of maize grain was determined regularly
and crops were harvested when the moisture content was
less than 16%. Maize cobs were put in labelled bags and
hung in a well aerated barn to dry. The bags could not
be left on the floor because of the danger of the grain
being eaten by .rodents. Yield determinations were done

when the mocisture content of the grains waa 12,5%.
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For the statistical analysis of the data the method for

data with a Single criterion of classification described

egqual replication. For some experiments the analysis of
vartiance for any number of Eroups with wunequal
replication was used as some plots could not be used
because of a poor stand caused by factors not inherenp to
the treatments. For the calculations the statistical
tables 'compiled by Stoker (1874) were congulted. Due to
s0il variability a completely random design was used. The
variations in the S0il ©properties did not follow a
certain apatial direction and it was therefore not
suitable to use a randomized complete Dblock design.
Yields. applied water and seasonal water consumption for

each experiment are given in Appendices 4.1.1 to 4.1.7.

4.3 RESULTS
4.3.1 Wheat and durum wheat
4.3.1.1 1985 winter season

During the 198f%- winter season an irrigation scheduling

2xXperiment with wheat was conducted at aite ISO-A where
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28 plots were planted (Figure 4.1)Y. The aim of the
experiment was to determine the threshold fraction of
PAWC beyond which vyields drop significantly and to
compare the respective water use efficiencies. At the
time of the experiment PAWC of wheat had not been
determined vet and was estimated using the model for
wheat for soils containing more than 20% silt + clay
developed by Boedt & Laker (1985). Regular soil water
content monitoring on the plot used for in situ PAWC
determination indicated that the plants extracted water
up to a depth of L100mm. Calculation of PAWC using the
Boedt & Laker model for a rooting depth of 1100mm gave a
PAWC value of 179mm. A PAWC value of 179mm was,

therefore. used,

The six treatments, each with four replications, were

intended to be as follows:

treatment 25: refilled to field capacity when 25% of PAWC
was extracted.
treatment 50: refilled to field capacity when 50% of PAWC
was extracted.
treatment 75;: refilled to field capacity when 75% of PAWC
' was extracted.
treatment 100: refilled to field capacity when 100% of

PAWC was extracted.
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treatment 125 refilled to field capacity when 125% of
PAWC wasg extracted.

treatment der: refilled with 50% of PAWC when 100% of
PAWC was @xtracted. This is a typical

example of deficit irrigation.

Later in the S€ason it was found that the real PAWC for
wheat at this Site was 144mnm (in situ determinatiqn).
Consequently, the intended water extractions of 25%, 50%,
73%. 100% angd 125% were in reality water eXtractions of
0%, B0%. 95%, 125% and 150% respectively and the gix

applied treatments can be redefineq a8 follows:

treatment 30- refilled to field capacity when 30% of PAWC
was extracted.
treatment 80: refilled to field capacity when 60% of PAWC
was extracted.
treatment 90: refilled to field capacity when 90% of PAWC
was extracted.
treatment 125: refilled to field Caracity when 125% of
PAWC was eXtracted,
treatment 150: refilled to fiela capacity when 150% of
PAWC was extracted,

treatment def- refilled with 60% of PAWC when 125% of

PANC wasg extracted.
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The different treatments were started at flowering stage
and continued until the wheat =tarted drying. Until the
start of the experiment at flowering all plots were
irrigated regularly to aveoid soil induced water stress in
the plants. Unfortunately, heavy rains during early
summer sericusly interferedlwith the experiment and water
extraction never proceeded beyond about 90% of a PAWC of
144mm. Only treatmenta 30, 60 and 90 could be applied and
they received respectively 3, 2 and 1 irrigation after
the start of the experiment. The other treatments were
never Iirrigated after flowering and can therefore be
considered as the same treatment. No definite conclusions
in regard to treatmenta 125, 150 and def could,
therefore. be drawn, Rust infestation and delayed
harvesting, caused by persistent heavy rains, drastically

reduced vields.

Yields and water use efficiencies for both applied water
{WUEi) and total seasonal consumption (WUEt) are listed
in Table 4.1 and differences between WUElI meana are given
in Table 4.2. Extending the intervals between irrigations
did not reduce vield significantly but did not improve
water use efficiencies based on total water consumption
either. However, water use efficiencies for applied water
(WUEi)}) for treatments 125, 150 and def (which were in

fact identical treatmenta) were very similar and highly
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significantly higher than the WUEi for treatment 30, the
Lreatment whiech received the most frequent irrigations.
Although the WUELi means of treatments 125, 150 and deft
were not significantly different from the WUEi means of
treatments 80 apg 90, the former three treatments did

give s2lightly higher WUEi values than the latter two.

The freguent full irrigation treatment (treatment_ﬁO)
gave the lowest vield and WUEi. Possible exXplanations for
this are temporary water logging in the root zone upon
2ach irrigation A5 a4 result of Poor drainage and a
partial leaching of nutrients from the root zone by rain

water

Treatments Yield WUE4 WUEtL
(ton/ha) (kg/mm/ha)

30 2,60 3,78 2,75

60 3,08 5,03 3,55

90 2,86 4,45 3,17

125 2,83 5,28 3,33

150 2,94 5,42 3,41

def 3.186 5,89 3,73
lsd (p=0,05) ns 1,00 ns

lsd (p=0,01) ng 1,37 ns
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TABLE 4.2 - Differences between WUEL means of differsnt
irrigation treatments with wheat (1985 winter

season)
_Treatments 30 =19) 60 125 150
def 1,91%x 1,24% (.68 0,40 Q.27
150 1.84%x 0,97 0,39 0,13
125 1.51%% (0,84 0.26
80 1,25% ¢,58
90 0,67
¥% = gignificant at 1% level
¥ = gignificant at 5% level

4.3.1.2 1986 winter season

During the 1986 winter season an irrigation scheduling
experiment with wheat and durum wheat was conducted at
site 130-B (Figure 4.1). The aim of the experiment was to
asgsess if deficit irrigation would significantly improve
water use efficiencies without reducing vyield. A PAWC
value of 144mm, as determined in situ during the 1985
winter season., was used. No PAWC values for wheat at
young growth stages were available. The PAWC for
treatment 100yg-50 during voung growth stages had to be
determined during the experiment. This was done by
regular pre-dawn leaf water potential measurements and
soil water content monitoring. When FMS was identified
for the first time (shortly before tillering stage}) a
PAWC value of. 4bmm was found. When tillering was

completed a PAWC value of 80mm was found. When FMS5 was
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identified fop the third time (shortly before full canopy
stage} the PAWC was 120mm. Thereafter the PAWC value of
l44mm was wused and a 50% extraction-50% refill treatment
was applied. Because of the poor resulta obtained during
the previocus Season., the high frequency full irrigation
treatment was replaced by the 50% extraction treatment
(treatment control}. The PAWC value for durum wheat was

124mm.

The s=six treatments for wheat, each with four replications

were asg follows:

treatment control- refilled to field capacity when 50% of
PAWC was extracted,
treatment 50-75: refilled with 50% of PAWC when 75% of
PAWC was extracted.
treatment 25-100: refilled with 25% of PAWC when 100% of
PAWC wasz extracted.
treatment 50-100: refilleqd with 50% of PAWC when 100% of
PAWC was extracted.
treatment 75-100: refijlled with 75% of PAWC when LOC¥% of
PAWC was extracted.
treatment 100yg~50: refilled to field capacity when 100%
of PAWC was extracted at young growth
stages (before full canopy was

reached), thereafter refilled to
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field capacity when 50% of PAWC was

extracted.

The three treatments with durum wheat, =sach with three

replications were as follows:

treatment control: refilled to field capacity when 50% of
PAWC was extracted.

treatment 50-100: refilled with 50% of PAWC when 100% of
PAWC was extracted.

treatment 50-75: refilled with 50% of PAWC when 75% of

PAWC was extracted.

All +treatments., except 100yg-50, were atarted at full
canopy stage. All plots were irrigated regularly before
the start of the treatments. Yield, WUEi and WUEt for

each treatment are listed in Table 4.3.

Although yields and water uze efficiencies were much
higher than those ohtained during the previous season.
they were lower than expected in view of the good season
and great care to optimize other production conditions.
No significant differences in yield and WUEt between
treatments were Ifound. In other words deficit irrigation
failed to imprcve water use efficiencies based on total

consumption, contradicting the results of Miller (18977)
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and the lysimeter atudies done at Fort Hare (Boedt &
Laker. 1885). However, significant differences in water
use efficiencies based on applied water (WUEi) betwesen
treatments were found for wheat (Table 4.4). The highest
WUEL was found for deficit treatments 25-100 and 50-100,
but only WUELi of treatment 25-100 was significantly

higher than those of the other treatments.

TABLE 4.3 - Yield and water use efficiencies based on
applied water (WUEi) and total water
consumption (WUEt) of different irrigation
treatments with wheat and durum wheat (1986
winter season)

Treatments Yield WUEL WUEL

{(ton/ha) (kg/mm/ha)

control 2,22 10,24 7,57
50-75 4,89 9,98 5,89
25-100 4,48 12,63 6,80
50-100 4,41 11,75 7,54
75-100 3,95 10,26 5,64
100ye-50 5,00 9.44 7,15
lad (p=0.05) ns 2,086 ns
durum wheat

control 4,75 10,79 7.30
50-100 4,34 8,68 6,03
50-75 4,12 2,568 6,70
lad (p=0,08) ns ns ns

TABLE 4.4 - Differences between WUEiLi means of different
irrigation treatments with wheat (1986 winter
seasaon)

Treatment 100yg-50 50-75 control 75-100 50-100

25-100 3,19% 2,685% 2,39% 2,37% 1,38
50-100 1,81 1,27 1,01 0,99

75-100 0,82 0,28 0,02

contraol a,80 - 0,26

50-75 g, 54

# = significant at 5% level
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In wview of +their own results, and especially those of
Miller (1977) and others, Boedt & Laker (1985) suggested
that best water use efficiencies would probably be
obtained with so-called "freguent deficit irrigation”.
Thi=s concept amounts to frequent light irrigations in a
soil water range close +to FMS. The good WUEL results
obtained with treatment 25-100 in the present atudy
support the frequent deficit irrigation theory. It was
better than the full irrigation (control) treatment-and
the leés. freguent deficit irrigation treatments (e.g.
75-100). The frequent deficit irrigation, 25-100, gave a
no less than 23,3% increase in WUEL over the well-watered

control.

Deficit irrigation in combination with mild water
extraction (treatment 50-75}) did not have any beneficial

effects.

4.3.1.3 1987 winter season

During the 1987 winter s=eason an irrigation scheduling
experiment with wheat was conducted at site ISO-A (Figure
4.1). The experiment was aimed at determining the effect
nf =0il water stress at different growth stages on yield.

It followed a logical secuence to the results obtained
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with the young growth stage eéXperiments at sites D8, D12
and D16 (aee Chapter 3). Three Erowth stages, during
which drying cycles were started. were chosen on basis of
the resultg obtained with the young growth gtage
experiments. For each Stage moderate and severe soil
water stress was imposed on  the plants. The seven

treatments, each with four replications were as follows:

treatment control: refilled to field capacity when 50%-of
PAWC was extracted.
treatment 100t: drying ecycle started at beginning of
tillering (stage 2 according to Large,
1954) and extraction of 100% of PAWC.
Moderate stress at 8tage 5 (leaf gheaths
atrongly erected).
treatment 125t: drying cycle started at beginning of
tillering (stage 2 according to Large,
1954} and extraction of 125% of PAWC.
Severe stress at 8tage 7 (first node of
atem visible).
treatment 100Qtf: drying cycle started when tillers were
formed and leaf sheaths started to
lengthen {stage 4 according to Large,
1854) and extraction of 100% of PAWC.
Moderate stress at 3tage 8 (flag leaf

Just visible).
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treatment 125tf: drying cycle started when tillers were
formed and leaf sheaths started to
lengthen (stage 4 according to Large.
1954} and extraction of 125% of PAWC.
Severe gtress at stage 10 (egar in boot)}.
treatment 100bh: drying cycle started when "esar was in
boot" (stage 10 according to Large, 1854)
and extraction of 100% of PAWC. Moderate
stress shortly before flowering. |
treatment 125b: drying cycle satarted when “ear was in
baot” (stage 10 according to Larege, 1954)
and extraction of 125% of PAWC. Severe

streas at flowering and grain filling.

The term "PAWC" used in the description of the treatments
must be understood as the PAWC value for wheat at that
particular growth stage. The onset of FMS, corresponding
per definition with an extraction of 100% of PAWC. was
regularly checked by means of PLWP measurements. For
treatments 100t and 125t the PAWC value was 100mm. FMS,
indicated by PLWP readings, occurred at soil water
extractions between 140mm and 150mm for treatments 100tf
and 100b, confirming the in situ determined PAWC value of
144mﬁ. Before and after the respective drying cycles,
plots were freguently irrigated (at extraction of 50% of

PAWC) to aveoid =o0il induced water stress during growth
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stages other than the one that was being studied during

the specific treatment.

Yields were similar to those obtained during the previous
seagon {Compare Tables 4.3 and 4.5). Water use
efficiencies, both for applied water (WUEi) and total
consumption (WUUEt), were markedly higher during this
geagon than during 1986, however (Tables 3.4 and 3.5).
The 1987 WUEt values are high compared to values uauélly
found for wheat {e.g. Boedt & Laker., 1985 : and others).
A possaible explanation for the good 1987 values is the
fact that temperatures during September 1987 (monthly
average maximum of 21,1 €) were generally laower than
during Sept. 1986 (monthly average maximum of 24.9 C).
Jeptember 1987 was also characterized by a high rainfall

figure (70.5mm).

Moderate atress, i.e. exXtraction of 100% PAWC., did not in
the least affect yields, the results for all three growth
stages being remarkably similar to that for the
well-watered control (Table 4.5}. Hensley (1984)
developed the PAWC concept with the intention that it
should indicate the maximum quantity of water that could
be éxtracted from the soil between irrigations without
significantly reducing yields. Successful application of

this concept is strongly dependent on correct
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identification of PFMS, the lower limit of PAWC. The
results of the present study indicate that FMS was not

exceeded during any of the "100%" PAWC extractions.

None of the severe so0il water stress treatments caused
statistiecally significant reductions in yield (Table
4.58)Y. The yield for 125t, i.e. "severe atress” during the
youngest growth stage tested., was in fact practically
identical to that for the well-watered control. This
could be an indication that PAWC was in fact
under—-estimated for this growth stage. During the later
growth stages vields did decline where severe stregs was
induced and for 125bh the average vyield was quite low
ianly 6B% of that for the well-watered controli. Although
the differences were not statistically significant they
do probably indicate danger signz in regard to soil

induced water streass.

TABLE 4.5 - Yield and water use efficiencies based on
aprlied water (WUEi) and total water
consumption (WUEt) of different irrigation
treatments with wheat (1987 winter ssaaon}

Treatments Yield WUEL WUEt
(ton/ha) {kg/mm/ha )

control 5,686 13,32 8,92
100t 5.37 14,31 9,41
125t 5.61 14,96 3,75
100t f 5,65 17,39 10,57
125t f 4.96 18,02 10,27
100b 5,66 17.40 10,57
125b 3.85 14.01 8.78

1sd (p=0,051) ns 3,33 ns
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TABLE 4.8 - Differences between WUEi méans of different
irrigation treatments with wheat (1987 winter
season)

Treatments control 125b 100t 125t 100t f 100D

125tf 4,70 4,01x  3,71% 3.086 0,63 0,82
100b 4,08% 3.39% 3,09 2,44 0,01

100t f 4,07x% 3,38% 3,08 2.43

125¢ 1,84 0,95 Q,85

100t 0,98 0,30

125k 0,69

* = gignificant at 5% level

WUELi values for treatments 100tf, 125tf and 100b were
markedly higher thap those for all other treatments
(Table 4.5). a1l three were statistically significantly
higher ‘than those for the well-watered control and
treatment 125b, i_e. 3evere stresas induced at flowering
and grain filling (Table 4.68). The low WUEi for the
well-watered control was due to high total irrigation
levels giving the same vield as for 100tf and 100b. The
low WUEi for treatment 125b was due to the low yield
caused by the severe water stress induced at flowering
and grain filling stages. Both the yields and WUEL values

for treatments 100tf and 100b are remarkably similar.
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4.3.2 Maize
4.3.2.1 1985~198B6 szummer season

An irrigation scheduling experiment with maize aimilar to
the 1985 winter experiment with wheat was conducted at
site ISO-B during the 1985-1986 summer season (see Figure
4.1Y. The aim of the experiment was to assess the
threshold fraction of PAWC that can be extracted by-the
plants without significantly reducing vields and also to
determine the effect of extending intervals between
irrigations on yield. At the time of the experiment no
PAWC value for maize was available. It was then decided
ta use the PAWC of wheat (l144mm) which was determined in
aitu at this site. Previous research has shown that in
most cases differences between PAWC of wheat and PAWC of
maize are very small (Hensley & De Jager, 1982; Boedt &
Laker, 1985). The real PAWC for maize at flowering stage
was determined later during the experiment. and was found
to be 149mm. The difference between PAWC used for the
experiment (144mm) and the real PAWC (145mm) was very
small and the applied treatments were thus equal tc those

defined.
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Six treatments, each with four replications, were as

fallows:

treatment 25: refilled to field capacity when 25% of PAWC
was extracted.
treatment 50: refilled to field capacity when 50% of PAWC
was extracted.
treatment 75: refilled to field capacity when 75% of PAWC
wag extracted. * |
treatment 100: refilled to field capacity when 100% of
PAWC was extracted.
treatment 123: refilled to field capacity when 125% of
PAWC was extracted.
treatment def: refilled with 50% of PAWC when 100% of

PAWC was extracted.

The treatments were started when the maize had reached
full cancpy stage and were ended when the maize started
to dry (indicated by the change in leaf colour and the
drop in water extraction). Before the start of the
experiments all plots were frequently irrigated to keep
the so0il water content at an optimum level. Heavy rains
interfered with the experiment during the early summer
months, November and December, and the soil profile was
above field capacity level for some time, leading to

drainage losses of water. This was taken intoc account
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when the total seaaonal water consumption was calculated
and the necessary corrections were made. Yield and water
use efficiencies for both applied water (WUEi} and total

consumption (WUEt) are listed in Table 4.7.

Both vields and water use efficiencies were guite high.
Neither extending the intervals between irrigations, nor
deficit irrigation improved water use efficiencies based
on total consumption or, reduced vields significanély.
However, +the water use efficiency for -applied water
{WUEi} of treatment def (the deficit irrigation) was
significantly higher than for all other treatments (Table
4_.8). Furthermore the values for treatments 125 and 25
were significantly higher than those of treatments 50 and

75.

TABLE 4.7 - Yield and water use efficiencies based on
applied water (WUEi} and total water
consumption (WUEt) of different irrigation
treatments with maize (1885-1986 summer

season)
Treatments Yield WUEi WUEtL
(ton/hal {kg/mm/ha)
25 10,37 19,95 12.05
50 9,85 16.84 10.35
75 g,21 18,80 9,94
100 2.77 18.98 11.13
125 8,70 20.24 10,868
def 9,08 23.583 11.68
lsd {p=0.05) ns 2,93 ns

{p=0.01) ne. 4,01 ns
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TABLE 4.8 - Differences between WUEiLi means of different
irrigation treatments with maize (1985-1988
summer seaseon)

Treatments 75 50 100 25 125
def 6,93x% G6.69%% 4, K 55x%% 3.58% 3.29x%
125 3.64% 3,40% 1.28 0.29

25 3.35% 3,11 0.97
100 2.38 2,14

50 0.24

significant at 1% level

*
* *
I u

gignificant at 5% level

4.3.2.2 198868-12887 summer sseason

The good results obtained with the deficit irrigation
treatment during the previous season (see paragraph
4.3.2.1y Jjustified further research into this aspect.
Consequently., an irrigation experiment with the emphasia
on deficit irrigation was conducted at site ISO-A during
the 1986-1987 summer season (see Figure 4.1). The aim of
the experiment was to determine which deficit irrigations
would give the Dbest applied water use efficiencies
without significantly reducing yields. A PAWC value of
149mm, asg determined during the 1985-1986 summer season,
was used. 3Six treatments, each with four replications

were as follows:

treatment control; refilled to field capacity when 30% of

PAWC was extracted.
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treatment 30-50: refilled with 30% of PAWC when 50% of
PAWC was extracted.

treatment 30-75: refilled with 30% of PAWC when 75% of
PAWC was extracted.

treatment 50-75: refilled with 50% Of PAWC when 75% of
PAWC was extracted.

treatment 75-75: refilled to field capacity when 75% of
PAWC was extracted (control treatment
for 75% of PAWC extraction).

treatment 75-100: refilled with 75% of PAWC when 100% of

PAWC was extracted.

The treatments were sgtarted when the plants had reached
full canopy stage and were ended when the plants started
drying (indicated by the drop in water uptake and the
change in leaf colour). A severe hailstorm after
flowering stage damaged the plants very badly., resulting
in moderate yields. Yield and water use efficiencies for
bath aprlied water and total consumption and were

determined for each treatment (Table 4.3}.

Yield. WUEi and WUEt were lower than during the previoua
season. Although vield was not reduced by the deficit
irrigation treatments. water use efficienciea for total
consumption were. not improved. Treatments control. 50-75

and 30-75 all gave gignificantly higher WUEi values than
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treatments 75-100 and 75-75 (Table 4.10). This means that
high frequency irrigations, including "frequent deficit"
irrigations (pPreviously propagated by Laker, 1883 and
Boedt & Laker. 1885) in general gave better results than

low frequency full and deficit irrigations.

If the results cf the 1988 wheat experiment (Section
4.3.1.2) were available when this experiment was Planned,
deficit irrigations in the range of 100% PAWC extracéion
(e.g. 25-100. 50-100, etc.) would probably have been used
in this experiment. The latter could poasibly have given
better WUEi results than the milder 30~75 and 50-75

treatments.

TABLE 4.9 - Yield and water use efficiencies based on
applied water (WUEi) and total water
consumption (WUEt) of different irrigation
treatments with maize (1986-1987 summer
Seaaon) :

Treatments Yield WUE ] WUEL

(ton/ha) (kg/mm/ha)
caontrol 8,34 13,34 8,64
3J0-50 8,44 11,81 7,97
30-75 8,10 12,75 8,08
50-75 9,34 13,34 8,85
75-75 8,85 10,73 7,63
75-100 8,00 10,59 7,14

lsd (p=0.05) ns 1,75 ne
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TABLE 4.10 - Differences in WUEi means for different
irrigation treatments with maize (1986-13287
sumnner season)

Treatments 75-L100 75-75 30-50 30-75 control

50-75 2,75« 2.,61% 1,53 0,859 0,00
control 2,78 2.,61% 1,53 0,59

30-75 2.16% 2,02x 0,94

30-50 1,22 1.08

T5-75 0,14 '

¥ = gignificant at 5% level

4.3.2.3 1887-1988 summer =eason

The aim of thisz irrigation experiment. conducted at site
ISO-B. was to study the effect of moderate and severe
s0il water stress at different growth stages on yield and
to identify stress sensitive periods. The experiment
follows a logical sequel to the results obtained with the
voung growth stage experiments at sites D6, D12 and D6
{Chapter 3). The nature of the experiment was to impose
moderate and severe soil water stress at three different
growth stages. The onset of first material stress was
detected by means of regular pre-dawn leaf water
potential measurements. A PAWC value of 110mm was found
for treatment 100-4 for which FMS was detected at the 11
leaf  stage. PAWC wvalues for treatments 100-10 (FMS at
flowering stage)} and 100-15 (FMS at grain filling stage)
were between 145mm and 155mm, confirming the value of

149mm for mature maize found during the 1985-1986 summer
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Eight treatments, each with four replications. were as

follows:

treatment

treatment

treatment

treatment

treatment

treatment

treatment

treatment

control: refilled to field capacity when 30% to
50% of PAWC was extracted.
100-4: drying cycle started at four leaf Stage
and 100% of PAWC extracted.
125-4: drying cyecle started at four leaf stage
and 125% of PAWC extracted.
100-10: drying cycle Started at ten leaf atage
and 100% of PAWC extracted.
125-10: drying cycle Started at ten leaf gtage
and 125% of Pawe extracted.
100-15: drying cyele Started at fifteen leaf
Stage and 100% of PAWC extracted,
125-15: drying cyecle started at fifteen leaf
stage and 125% of PAWC extracted.
50-75: deficit irrigation, refilled with 50% of

PAWC when 75% of PAWC was extracted.

Before and after a dryving cycle, the relevant plots were

Lrequently

2Pt imum

irrigated to keep the goil water content at an

level. A} drying cycles were started with the

80il profile at field capacity. During the drying cycles
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rain shislds were put over the plots for protection

-

against rain (Chapter 2.

Yields and water use efficiencies (Table 4.11) were
almost identical to those obtained during the 1985-86
summer season (alsoc at site ISO-B}. Yields were somewhat
higher and water use efficiencies markedly higher than
thogse obtained at aite ISO—ﬂ‘ during the hail-affected

1986-B7 summer seazon (Compare Tables 4.7, 4.8 and 4.11}.

TABLE 4.11 - Yield and water use efficiencies. based on
applied water (WUEi) and total consumption
(WUEt ) of different irrigation treatments
with maize (1987-1988 summer season)

Treatments Yield WUEL WUEL
(tan/ha) (kg/mm/ha)

control 10,37 19,76 12,87
100~-4 10,03 19,11 11,98
125-4 g.46 21,01 13,19
100-10 9,68 20.39 12,14
125-10 8,00 20,01 11,32
100-15 9,98 19,02 12,50
125-15 8,05 16,96 10,51
A0-75 9,51 18,12 11,12

lsd (p=0,05) ns ns ns

bo significant differences in vyield and water use
efficiencies were found between treatments (Table 4.11).
Yields for the 125% extractions were consistently
aslightly lower than for the corresponding 100%
extractions. For' the 125% extraction at grain filling

(treatment 125-15) this difference was fairly clear and
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WUEL was alsn markedly lower than for the other
treatments (although none of these differences were
statistically significant). These trends are consistent

‘with similar trends found during previous =seascns.

4.4 DISCUSSION AND CONCLUSIONS

The quite good maize yields, averaging close to 10t/ha,
obtained during the 1985-86 and 1987-8B summer seasons at
site I50-B were achieved despite conditions, especially
in regard to quality of the soil. that are apparently far
from ideal for maize production. Even at site IS0-A,
where severe crusting and moderate salinity conditions
prevail (Chapter 5), vields of close to 9t/ha were
obtained during the hail-affected 1986-87 season. These
results are consistent with the vyields in excess of
10t/ha obtained at sites D12 and D16, and even DB with
its far from ideal soil (Chapter 3), and with the good
vielda generally obtained by other researchers at the

Cradock Experimental Station.

PAWC., defined as the amount of extractable water between
FC and FFMS based upon identification of FMS by means of

pre-dawn leaf water potential measurements, proved to be
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a reliable parameter for use in the design of irrigation
scheduling strategies for maize. Yields were not reduced
significantly even at extraction of 100% of PAWC. This is
in contrast to the results of Boedt & Laker (1885), who
found considerable maize vyield losses at exXtraction of
100% PAWC. They concluded that it was for maize not wise
to extract wmore than 71.5% of PAWC bhefore aprlying the
next 1irrigation. The overe=stimation of PAWC for maize was
explained by the inaccuracy of pre~dawn leaf water
potentiél as a parameter for identification of FMS under
climatic conditions of extremely high evaporative demand
{Boedt & Laker, 1985). They concluded that "under such
conditions c¢rops suffer considerable water stress before
it is indicated by pre-dawn leaf water potential”.
Cantrary to expectations., climatic conditions comparable
with the extremes experienced during the research of
Boedt & Laker (1985) at Vaalharts were not found during
the research period at Cradock reported here. This
probably explaina the differences between the present

results and those of Boedt & Laker (1985).

Although extraction of 125% of PAWC for maize did not
result in statistically significant lower yvields, there
was a consistent tendency for vyields at this level of
extraction to e somewhat lower than those for other

treatments (Tables 4.7 and 4.113). This must be seen as a
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clear warning that such extraction is excessive and that
100% PAWC should be taken as the absolute lower limit of

rlant-available water for irrigation purposes.

In «contrast to the fairly good vields obtained with
maize. the vields of wheat and durum wheat were moderate
toe poor, averaging slightly less than 5ts/ha in 1988 and
slightly wmore than 5t/ha in 1987 (Tables 4.3 and 4.5).
This was despite great‘ care to optimize producéion
conditions and following the advice of regearchers who
were consistently obtaining high yields with wheat and
durum wheat at the same research station during the same
seasons. The =so0il at site IS0 has an extremely severe
crusting problem, a factor known to have a serious
adverse effect on the emergence of wheat. At site IS0-A,
where most of the wheat research was done. moderate
salinity problems also exist which might have had a
significant effect. Similar moderate to poor yields were

also obtained at sites DB, D12 and D18 (Chapter 3).

In the case of wheat extraction of 100% of PAWC zgain. as
in the case of maize, did not reduce vields (Tables 4.1,
4.3 and 4.58). This agrees with the results of Boedt &
Laker (1985) for wheat and confirms the validity of PAWC,
based upon FMS determined by means of pre-dawn leaf water

potential measurements., as a parameter for irrigation
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scheduling for wheat.

Deficit irrigation failed to improve water use
efficiencies based upon total water consumption (WUEtL)
for both maize and wheat. This contradicts the results of
Miller (1977) and Boedt & Laker (1985). However, water
use efficiencies based upon applied water (WUEi) were
generally improved sgignificantly by deficit irrigation
practices {Tables 4.3 and 4.9). There was a ciear
tendency for high frequency deficit irrigation to give
the best resulta in this regard. High frequency deficit
irrigation around FMS (100% extraction of PAWC) gave
better results than high frequency deficit irrigation
combined with mild water extraction (e.g. extraction of
75% of PAWCY. All fﬁese findings regarding deficit
irrigation have very important practical and economic
implications in regard to irrigation scheduling and
egpecially irrigation system design. This will be

ocoutlined in Chapter B.

A third aspect studied during the irrigation scheduling
experiments was the influence of acil water stress at
different growth stages on yvield and water use
efficiencies for wheat and maize (Tables 4.5 and 4.11).
Because of the quite large guantities of water that both

maize and wheat could extract during drying cycles



it was in fact not possible to study stress effects at
young growth stages. Streas. therefore, only occcurred at
relatively advanced growth stages. For bath maize and
wheat moderate water stress (extraction of 100% of PAWC)
did not reducs vields at any growth stage, contradicting
the results of regearchers such as Singh & Malik (1983
and Human & De Bruyn (1988). Puring the late vegetative
stages even severe Stress (125% of PAWC extracted)‘did
not reduce vields. This differs from the results of

Denmead 3% Shaw (19601Y.

Severe water stre=ss at the flowering and grain filling
atages reduced vields in both crops, although the
reductions were not alwaysg Statistically significant. The
reductions during the grain filling 3tages were
Particularly severe. The latter isg in agreement with the
findings of Robins & Domingo {1953) and Classen & Shaw
(1970), who indicated =a high degree of sengitivity to
water stress during grain filling. These authors also
reported less damaging effects by water stress during
vegetative astages. Prolonged water Stress during grain

filling decreased the assimilation rate of the plant and

enhanced leaf senescence,
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. CHAPTER 5

STUDIES ON MISCELLANEOUS ASPECTS RELATED TO THE PAWC
RESEARCH OF THE PRESENT STUDY

5.1 INTRODUCTION

The research reported in Chapters 2, 3 and 4 was
conducted at sites that were far from ideal for this type
of research. They do, however., represent widespread
real-life situations for which answers need to be found.
These non-ideal situations necessitated some additional
studies and/or expansion and closer attention to certain
agpects normally studied in conjunction with PAWC

research.

The aspects which received special attention include:

a. At site D16 difficulties inserting aluminium
neutron probe access tubes were encountered
because of the presence of rocks and boulders in
the subscil. This led to the conclusion that

filled up gullies (dongas) were present at this
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2ite. A simple method was used to delineate thesge

filled up gullies.

The relatively Poor and spatially highly variable
vields obtained at site IS0-A led to special
studies indicating relatively high soluble salt
contents in the soils of some ﬁlots. The
relationships between salt content, yield and
irrigation regime was, therefore, studied for

this site.

The latter led to a further study aimed at
agsessing the influence of heavy irrigations
combined with gypsum applications on the leaching

of saluble salts from this soil.

Because of the different drainage characteristics
at the different sites and the possible
implications of slow drainage for water uptake in
the wet range of PAWC, i.e. close to "field
capacity”, drainage curves were determined for

the soils at all four aites.

Information regarding root densities at different
depths ars ugeful for explaining water extraction

patterns. The results of studies done by prof.
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A.T.P. Bennie of the VD.0.F.5. and his co-workers
at some of the sites during the present study are

reported briefly.

5.2 RESEARCH TECHNIQUES

5.2.1 Delineation of filled up gullieszs at site D16

A grid of equidistantial lines 1 meter apart was layed
ocut over the experimental area at site Dl6. At each
intersection point a hole was drilled tc a maximum depth
~f 1500mm by means of a standard soil auger with a 50mm
diameter. Where rocks or boulders hindered the ausgering.
the depth at which they occurred was noted. The result
was a bird's-eye view of the plots at site D16 which

clearly showed the location of the filled up gullies.

5.2.2 Relationships between vyield and =scluble salts at

site IS0-A

On every plot at site ISO0-A a sample of topsoil (0-300mm}
was taken in four places. The four samples were mixed and
500g was kept for analysis. The same procedurs was
followed for suybsoil (700-300mm} sampling. The soil

electrical resistance (saturated paste)l of each sample
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waa determined in the laboratoria of the Department of
S0il Science and Plant Nutrition at the University of

Pretoria.

5.2.3 Leaching of soluble salts at site IS0O-a

Four plots at Site ISO-A were Selected to represent
different salt contents. The amounts of soluble salts in
the =o0il on plots 3 and 28 were quite high, while low
amounts were found on Plots 26 and 27. At each plot two
S0il samples were taken from top and subsoil at depths of
300mm  and 700mm respectively and mixed together for each
depth. Thereafter 801l samples were taken after every
treatment. Care was taken that all Samples for each
treatment were taken on the same Spots in the respective
plots. The electrical resistance of Saturated pastes and
the amounts of soluble Na, K, Ca and Mg of each Sample
were measured. All analyses were done in the laboratories
of the Department of Soil Seience and Plant Nutrition of

the University of Pretorisa.

Plots 28 (with a high salt content) and plots 25 and 27
(both with a lower salt content) received heavy leaching.

Plot 3 (with a high salt content) received hoth gyDpsum

and heavy leachinz.
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treatments applied on all four plots were:

[

[0 )]

sampling and irrigation application of 350mm

water to all pleots on 18,/01/1988.

sampling.

plot 3 and irrigation application

gyvpsum application of 4

ton/ha on

of 200mm

water to all plots on 26/01/1388.

sampling, gyp=sum application of 4

plot 3 and irrigation application

ton/ha on

of 350mm

water to all plots on 03/02/1988.

sampling,

plot 3 and irrigation application

water to
gsampling
water to
sampling

water to

sampling.

gypsum application of 4

all
and
all
and

all

ton/ha on
of 250mm
plots on 11/02/1988.

irrigation application of 200mm
plots on 18/02/1988.

irrigation application of 200mm

plots on 07/0301988.
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5.2.4 Determination of drainage curves

_At each of the four sites an aluminium neutron hydroprobe
Access tube was inserted in a8 plot (2m by 2m). After
determination af the s0il water content by means of a
neutron hydroprobe., the Plots were irrigated. When all
surface water was drained the so0il surface was cavered
with a black plastic sheet to avoid evaporation. Soil
water content was regularly monitored at time intervals
ranging from 15 minutes during the first three hours

After irrigation to 24 hours a few daya after irrigation.

5.3 RESULTS AND DISCUSSION

9.3.1 Delineation of filled up gullies at site D18

The 1location of the filled up gullies is illustrated in
Figure 6.1. The numbers indicate the depth at which rocks
or ©boulders, preventing the auger of Eoing deeper, were
found. The x-svmbol indicates that no rocks or boulders
were found to a depth of 1500mm. Delineating filled up
gullies is very useful in studies On crop behaviour under

different treatments ag it can explain why plants behave
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‘differently from otheras in the same plot. It also gives a
camplete picture of s0il wvarizazbility in the experiment
location, allowing for a more accurate sampling and
adaptation= in =tatistical analysis if differences within

treatments should be unacceptably high.
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Fig. 5.1 Delineation of f£illed up gullies at site D16.
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5.3.2 Relationship between vyield and soluble salts at

site IS0-4

The electrical resistance values, measured in saturated
pastes, and the corresponding yields for each plot are

£iven in Table 5.1.

The resiatances meéasured in the topsoil were qqite
satisfactory except for .plot 25 where the Jlow value
indicated 3 high amount of solubile 2alts. This explaing
why growth on this plot was very poor from early in the
growing season. The low electrical resistances, due to a
high amount of soluble salts, ipn the subsoil of certain
plots explain why growth on  these plots sStarted
deteriorating AS s800n as the roots reached this part of

the profile.

No clear relationshop between electrical resigtance in
the subsoil and vield could be found when all plots were
taken into account. The reason for this was the
difference in irrigation treatments which also influenced
vields. It is therefore neécessary to study the effact of
salinity on vield for each treatment Seperately. These

efferts are shown in Figures 5. 92 and 5.3.

For treatments control and 30-50, where 8mall amounts of
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Fig. 5.2 Relationship between yield and salinity for
treatments control, 30-75 and 50-75.
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Fig. 5.3 Relationship between vield and salinity for
treatmencs 30-530, 75~75 and 75-1i00.
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water were applied quite frequently, the relationship ig
clear: the higher the level of salinity (the lower the
electrical resistance), the lower the vield. A
considerable drop in vield can be expected when
electrical resistance values are lower than 450 Ohm,
Application of small amounts of water, especially in a
deficit irrigation treatment, does not contribute to

leaching of soluble zalts.

For treatments 30-75., 50-75 and 75-75 the maximum
extraction of soi] water before irrigation was equal (75%
of  PAWC), but different amounts of water weres applied at
each irrigation. Treatment 30-75 received the same amount
of water at Every irrigation as treatments control and
30-50, but a higher EXtraction.of soil water was required
before irrigation. This resulted in lower vields for
Similar degrees 0f salinity. Considering the yields of
treatment 50-75, where larger amounts of water were
applied with every irrigation, it isg safe to say that fopr
treatment 30-75 we might already eXpect a drop in yield
for electrical registance levels of 500-800 Ohm. The
application of large amounts of water in treatment 75-75
decreased the effect of galinity on vield (leaching).
High vields were obtained even for high degrees of

salinity which decreased yields when smaller amounts of

water were applied.
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Treatment 75-100 involved aprlicationa of large amounts

of water but only when 100% of PAWC was extracted. This

high extraction resulted in a very concentrated scoil

solution and esven for moderate degrees of salinity yields

dropped considerably.

TABLE 5.1 - Soil electrical resistance measured in a
gsaturated paste for top and subsoil and

vields of maize at site I50-A (1986-1987
aummer season)

Plot Electrical resistance (Chm) Yield (tons/ha)
topsoil subzoil

1 no data no data not used
2 480 370 7.41

3 510 380 Q.17

4 500 360 7.80

5 430 450 9.35

B 480 650 9.24

7 500 780 9.24

13 4860 410 8.55

9 41Q 400 7,46
10 430 380 7,91
11 480 600 9,46
12 480 3B0-~-560 8,70
13 530 600 9,38
14 500 340-580 8,39
15 630 535 8.83
18 530 500 7.07
17 580 420 &.56
i8 680 300-500 7.93
19 820 510 8.69
20 540 475 8,486
21 500 490 7.31
22 530 800 8,13
23 480 430 9,08
24 550 525 6,83
2 520 440 not used
26 320 340 not used
27 400 400 not used
28 480 310 7,28
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5.3.3 Leaching of soluble salts at site IS0-a

The results of the chemical 80il analyses of Plota 27 and
28 are presented in Appendix 5.1. The effects of heavy
irrigations and gyrsum aprlications are clearly
illustrated by the results found on plots 3 ang 2B

(Figures 5.4 to 5.111),

The electrical resistance increased markedly in the top
80il of plot 26 where no EYPSuUm was applied, but ne
differences wera measured in the subsoil. The highest
increases in electrical resistance in the top soil of
plot 26 were already measured afterp apprlication of
Ereatments 1 and 2. Thereafter, the values remained
fairly constant. The displacement of soluble salts from

the topsoil into the subsoil is clearly illustrated by

the electrical resistance values (Table 5.2). The soluble
salts leached gut from the topsoil were merely replacing
thosze leached out of the aubsoil ang electrical
resistance values in the subscil only started increasing
after application of treatment 3. The application of
gvypsum on plot 3 did not have any effects on the
electrical resistance in the top 80il (Table 5.2y,
Howevér. 4@ sharp increase Wa8 noted in the electrical

resistance of +he 3ubsoil after application of treatment

3.
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Heavy irrigation treatments did not leach soluble calcium
or magnesium out of both topsoil and sub=oil on plot 26.
Similar results were found on plot 3 where gypsum was

applied fTable 5.2).

The application of gypsun on plot 3 had a distinctive
effect on the leaching of =soluble sodium and potasaium.
The amounts of sodium in both top- and subsoil were
markably decreased at the end of the experiments. The
effect of the gypsum application was illustrated by
comparison with the results found on plot 26 where no
gypaum was applied. The amounts of sodium in both top—
and subsoil of plot 26 were comparable to those on plot 3

before the start of the experiments. However, at the end

of the experiments the amounts of sodium on plot 28 were
considerably higher, especially in the subscil., than the
amounts meagured on plot 3 (Table 5.2). The amounts of
Sodium in the subsocil of plot 26 oscillated strongly
during the first four treatments and were only decreasing
steadily after the application of four irrigations. This
indicates that the application of gypsum contributes
strongly to the leaching of soluble sodium as would be
expected. Although the results in Table 5.2 could
indicate that the application of gypsum might leach out

rotaszium (See topsoil plot 3), two facts indicate that

this isa not the case. Firstly, the most important
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decrease was measured before E¥ypsum was applied.
Secondly, applications of Eypsum in treatments 2, 3 and 4
did not have any effect on the leaching of Potagsium. It
is, therefore. most likely that the value measured before

the start of the experiments (508 mg/kg) was wrong.

TABLE 5.2 - Electrical resistances and amounts of scluble
Ca. Mg. K and Na measured in top- and subsoil
of plots 3 and 26 for the different

treatments
Treatment 1 2 3 4 L5 8 7
Plot 3
topsoil
R (Ohm) 370 580 420 420 290 300 390

Ca (mgr/ke) 3356 2988 3126 3072 3440 3284 3342
Mg (mg/kgt 1192 956 1042 1084 984 1100 946
K (mg/kg)  508% 328 384 384 320 382 32z
Na (mg/kg) 402 272 242 214 1686 292% 126
gubsoil
R {(Ohm) 400 450 450 455 480 850 750
Ca (me/kg) 2834 2804 2772 2868 2820 2748 2B5Z
Mz (mg/kg) 840 744 794 872 872 796 802
K (mg/kg) 194 210 202 270 160 2285 1588
Na (mg/kg) 1326 a62 a8o 528 584 782% 302
FPlot 28
topsoil
R (Ohm) 480 800 700 700 660 730 780
Ca (mg/kg) 2394% 2772 2930 2756 2738 2854 2822
Mg (mgskg) 848 854 870 920 872% 932 978%
K {mg/kg) 202x 252 288 240 Z70 232 250
Na (mg/kg) 458 214 260 382% 208 190 220
subsoil
R {Ohm) TO0* 300 4Q0 530 550 730% 5860
Ca (mg/kg) 3038 2814 26894 2858 2780 2818 2938
Mgz (mg/kg) 848 770 730 658 732 884 176
K {(mg/kg) 156 130 144 110 172 144 156
Na (mg/kg) 1322 1050 1316 1090 920 568 864

* = doubtful value
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5.5.4 Lrainage curves

Urainage curves for the soils at all ZIour sictes are
illustrated in Tablea 5.3 to 5.6. The figures in these
tables indicate the =30il water contenta, expresszsed as a

volume percentage, at different =oil depths at different

times after irrigation.

The soils at all four sites showed fairly high to high
infiltration rates into the upper soil layers and except
for s8ite D&, where a compacted layar occurred just below
600mm, also relatively fast drainage. This is
contradictory to what was expected for "difficult” soils
like these with their high silt and fine =and contents,
but in agreement with +their unexpectedly 1low bulk
densities. This is als¢o in agreement with the efficient

leaching of excess salts found at site IS0.

The pre-irrigation determinationa at site D6 (Table 5.3)
showed that the layer at 800mm was very dry (in keeping
with the intense water extraction found in this layer
during PAWC studies -~ Chapter 3). During the {first
poet-irrigation measurement (2h) the water contents at
the 150 and 300mm depths had already almost reached a
maximum. By 6h it reached a meximum and by 12h 1t was

already declining, despite the barrier at 600mm. The
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water content in the 150mm layer kept om declining
extremely slowly until the last day of measurement (day
14}, In the 300mm layer it declined very slowly until day
4, from when it remained absolutely constant. The
decrease in water contents after day 2 was so slow and
small that the values for day 2 could be taken as "field
capacity" for practical purposes.

In the layers at 450 and 800mm the water contents had
also increased sharply by 2n after irrigation and
increased dramatically by 6h after irrigation. At this
stage both layers were in fact Over-saturated with water
{i.e. contained water in excess of the calculated total
porosityY. By 12h the water contents of these layers had
already started decreasing. The decrease in water content
was very slow and by day 14 the 600mm layer was still
over-saturated. The intense water extraction from this
layer and good plant Performance (especially by maize) on

this soil is, therefore, unexpected.

Despite the restricting layer above it the water content
in the layver at 750mm  showed s slow, gradual increase
right from the first measurement and reached a
practically constant value already at 36h, which can be
taken as fiela’ capacity. At 900mm a slow, gradual

increase started a little later, but even at this depth
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the value on day 3 can be taken as field capacity.

In the layer at 1050mm the increase started a little
later than at 900mm, as could be expected. The water
cantent in this layer increased sharply between days 2
and 3 and between days 3 and 4 and reached a2 very high
level of 364, which 1is very close to saturation (total
porosity in this layer being 42%), on day 5. After this
it decreased very slowly and was still high even after 14
days. This indicates a secondary restricting layer at

this depth, which apparantly also affected rooting depth

in this soil (Chapter 3).

At  1200mm field capacity was alsc reached on day 3. from
when on the water content in this layer remained
constant. The water contents of the layvers below 1200mm
remained low, indicating that insufficient water was

applied to bring the whole profile to field capacity.



TABLE 5.3 - Scoil water content at d
. . at different time

il

Depth (mm)
dry
150 26
300 23
450 23
600 13
750 21
900 13
LO50 16
1200 1B
1350 19
1500 21
5d
150 31
Joo 28
450 40
800 54
750 31
960 31
1050 38
1200 32
1350 20

1500 21

B8h 12h 24h 36h

41 37 36 34
37 34 34 32
47 45 44 43
61 55 58 54
24 25 28 30
21 22 24 25
17 19 18 21
18 18 19 24
19 19 19 19
2L 21 21 21

7d 8d 89d 1o0d

28 29 28 28
28 28 28 28
38 37 37 38
49 48 47 47
30 30 30 30
30 30 30 29
36 38 35 35
30 30 30 31
20 20 21 21
21 21 21 2%

2d

S50il water content (%)

3d

33
23
42
52

" 32

29
32
30
20
21

124

28
28
36
47

29
35
30
22
22

4d

Ji
28
40
52
31
30
36
30
20
21

13d

28
28
34
45
29
29
35
30
22
22

ifferent s0il depths
8 after irrigation at site

l4d

27
28
33
42
28
29
34
3o
24
24

324
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The s0il at D12 (Table 5.4) was quite dry before the
drainage curve determination was commnenced (except in the
layers at 750mm and 200mm). In the layers at 150, 300 and
490mm field capagity wag reached already at 6h after
irrigation. The gquantity of water applied was
insufficient to bring the layers below 450mm to field
capacity. On day 9 a second irrigation was applied to
bring the deeper lavers to field capacity. The wetting
front reached a depth of 1050mm within 24 hours after the
second .irrigation and a depth of of 1200mm the next day.
A&lthough the wetting front reached these deeper layers
quickly it was followed by a gradual relatively slow
increase in water content. The result was that field
capacity was practically reached only after 3 days (day
12) at 900mm, after 4 days at 1050mm and after 8 days at

1200mm. Actual "full values" were reached even later,

In the top layerz water infiltration and drainage into
the wet soil lavers during the second irrigation differed
much from that inte the dry scoil during the first
irrigation, as could be expected. After one day the water
cantents rose sharply, practically reaching field
capacity at a depth of 750mm after one day. At the same
time the water confents to a depth of 600mm rose above
field capacity and then started decreasing slowly to

reach field capacity only after four days (day 13) in the
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300, 450 and &00mm layers and even later in the 150mm

layer.

TABLE 5.4 - 5011 water content at different soil depths
at different times after irrigation at site
D12

'Depth (mm) 50il water content (%)

dry 2h 6h 12h 24h 36h 2d 3d 44 s54q

150 1232 28 28. 28 28 28 "28 28 o8

300 13 27 31 31 30 30 29 29 29 o9

450 14 25 30 30 30 31 31 31 31 29

800 16 17 19 20 2% 22 22 23 24 24

750 20 20 21 21 21 21 21 22 22 22

200 22 22 22 22 25 22 22 22 22 22

1050 10 10 10 10 10 10 10 10 10 10
1200 =] 8 S 9 ] 9 9 8 9 9
6d 7d 8d *9d 104 1ld 12d 13d 14d 154

150 28 28 28 28 3g 34 33 31 30 29

300 29 29 29 29 34 32 32 31 30 30

450 30 30 30 30 33 33 32 31 31 3ai

600 24 24 24 24 33 33 32 31 30 30

750 22 23 23 23 29 30 31 31 31 31

900 22 22 22 22 o4 26 29 30 30 32

1050 10 10 10 10 18 189 23 29 30 31
1200 8 ] 9 9 8 15 23 25 »27 29

* = second irrigation.
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At site D18 (Table 5.5} the whole profile was very dry
before the drainage curve determination was started. The
wetting front had reached 600mm by the time the first
post-irrigation measurement was made (after 2 hours). By
5 houras the wetting front had reached 750mm and the top
BO00mm had practically drained to field capacity. The
water applied was inasufficient to bring the layvers below
BO0mm to field capacity. There was a slow gra@ual
increase in the water contents to a depth of 1050mm and
the 750 wm layer was not far below field capacity after
24 hours. As in the case of D1Z an additional irrigation
was applied on day 9. In the case of D16 the wetting
front moved down even faster than at D12, reaching 1500mm
within 24 hoursa. Again the water contents in the top
BOOmm clearly exceed field capacity for the first two
days after irrigating this wet topsoil (in fact causing
very marginal air-filled porosities for these two days}.
By the third day these layers had practically drained to
field capacity again (abaolutely correct values being
reached by the £fifth day). The deeper layers filled to
field capacity gradually, the time lapse +to reach it

increasing with depth.
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TABLE 5.5 - Soil water content at different soil depths
at different times after irrigation at site

Depth (mm)

150
300
450
600
750
200
1050
1200
1350
1500

150
300
450
500
750
300
LOB0
1200
1350
1500

D16

dry

15
10
10
10
La
11
12

9

9

9

5d
28

27
29
30
29
23
15
2]
9
9

28
27
29
30
29
23
17
10

9

9

Eh 1Zh 24h 36h

31
3L
32
31
17
12
12

8

9

9

9

* = gecond irrigation.

30 28
30 30
32 31
31 31
21 27
12 13
12 12
2] 9
9 9
9 9
8d *9d
28 28
27 27
28 29
3o 30
29 29
23 23
18 18
11 11
9 9
9 8

28
30
J1
30
28
15
12

2d

28
30
3L
30
28
18
14

22

501l water content (%)

3d

28
30
30
30
28
21

14

144d

28
27
23
30
31
3z
31
32
J1
30
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At s3ite IS0 (Table 5.6} great care was taken to ensure
that sufficient water was applied to bring the whole
prafile ta field capacity. Before the start of the
measurements the top 7H0mm of the =soll was quite dry. the
layers at 900 and 1050mm relatively dry and the layvers
below that at field capacity. The wetting front reached
750mm within two hours after irrigation, 1050mm after 6
hours and 1200 after 12 hours, infiltration slowing down
as the wetter deeper layers were reached. In the top
450mm layers maximum water contents were reached after
only 2 hours. To a depth of 600mm field capacity was
practically reached within 12 hours after irrigation. The
latter seems to be true also for the 750mm layer. where a
maximum water content was reached after 4 hours. With the
exception o¢f the layer at 1200mm, the water contents of
the layers at 900mm and deeper showed small. gradual
increases over a long period. At 1200 mm the water
content reached a very high level. close to saturation.
after 12 hours. Thereafter it declined slowly, but was
atill high even after 5 days. Air-filled porosity in this
layer was clearly inadequate even at the latter stage. It
appears that there must be a scmewhat restricting layer
just below 1200mm. It obviously also affected the water
contents in the 1050mm (and to a lesser extent the S00mm)
layvers building up slowly over the 5 day period. to reach

quite high values in the layer at 1050mm.
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TABLE 5.8 - So0i) water content at different soi} depths
at different times after irrigation at site
130

Depth (mm) Soil water content (%)

dry 2h 4h 12h 24n 2d 3d 4d sd

150 15 40 32 31 a3 31 31 31 3o
300 13 35 34 32 32 32 32 32 31
450 13 33 31 31 31 31 31 31 31
500 15 30 30 30 30 32 32 32 32
750 17 31 34 33 a3 33 33 33 32
500 2l 26 29 29 ap 32 32 32 32
LO50 26 26 31 32 33 33 34 34 34
1200 33 33 33 37 38 35 35 35 a5
1350 31 31 31 32 32 32 33 °33 a3
1500 32 32 32 33 33 33 33 33 33

In gzeneral it is clear that in the three 80ils without
restricting layers close to the surface (D12, D16 and
IZ0) “field capacity” was for all practical Burposes
reached in the top layers within & few hours after
irrigating an initially dry soil. At site ISQ, where
adequate water was applied, this was true to a soil depth
of about S00mm. In a8n initially wet soil the situation is
quite different, 48 was indicated by the results of the
Second irrigations at sites D12 and Dis. Even in the
latter cases the layers down to 600mm have already

drained to field capacity by the time that the water
contents in  the layers below 730mm were still] increasing

towards field capacity,
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From the above it is clear that it would be non-sensical

to study field capacity and water uptake on a soil

profile basis. 1t should be studied on a layer by layer

basis in the wet range of plant available water.
Furthermore, the good results abtained on the strongly
layered soil at D8 and the widespread occurrence of such
gcils in many irrigated areas also warrants more study in
the wet range 1in such scils. Hensley & De Jager (19B2)
and Boedt & Laker (1985) already expréssed their concern
regarding water uptake and plant performance in the
"field capacity range'” of water contents. It is strongly
recommended that this aspect is studied in more detail -

al=o0 in regard to stratified soils.

The Limportance of determining field capacity in the field
is emphasized by the discrepancy between fizld determined
va}ues and those found at soil water potentials of -33kPa
in +the laboratory (Table 5.7). The Soil water contents at
a goil water potential of -~33kPa were constantly lower
than the wvalues obtained in the field for sites D6, D12
and ISO. The use of the former values would, therefore,
result in an underestimation of PAWC and destroy the

purpose of the PAWC concept.
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TABLE 5.7 - Volumetric water contents per horizon at
: different soil water potentials

Horizon Water content (%)
-10kPa -33kPa -150QkPa

D& A 24,1 18,7 8.9

s B 35.9 33,0 12,6

g C 27.7 22,2 10,1

D12 & 29.7 25.6 8.9

D12 B 28.7 22.4 7.9

D16 no data available

ISO A 36,4 26.5 . 13,9 i

[SO B 28,8 23,1 11,1

I50 C 28,1 22.8 10.8

5.3.5 Rooting density

Rooting densities of maize were determined at site D&,
D12 and Dis during the 1985-19388 season. The results are
listed in Tables 5.8 and 5.9. The values clearly explain
the water extraction patterns found in Chapter 3. The
presence of the restricting layer at site D6 is clearly
illustrated by the low rooting densities and low dry root
mass below a depth of 900mm relative to the other sites.
The deep extraction of s0il water by maize at site D18
{ see Chapter 3) is explained by the high rooting
densities and high dry root mass throughout the soil

profile. and especially in the deeper 80il layers.
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TABLE 5.8 - Rooting densities of maize at different soil depths
at sites D6, D12 and D18 (sampled on 29/1/19B6)

Depth (mm)} Density (cm per cubic cm)

D6k DBc D12b DiZ2e D16b
0- 300 1.5150 1.7884 00,8329 1,3271 0,9240
300- 800 0,3974. 00,3727 00,2685 00,3539 0,5113
800~ 900 Q,1981 0,1522 0.,3288 0.2488 0,2828
900-1200 00,0873 0,1515 0.6220 00,6526
1200-1500 00,2601 0,6343

TABLE 5.9 - Dvy root mass of maize at different =soil depth= at
sites D8, D12 and D16 (sampled on 29/1/1986)

Depth (mm) Dry mass (g) °

D6b D8c D12b DiZe Di6b
0~ 300 0,2316 0.,2556 Q,1785 | 0.,0811 0,1186
300- 600 0,035 00,0471 0.0631 00,0509 0,0690
500- 900 0,0171 0.0172 0.0230 0,0849 0.05812
900-1200 0.0035 0,0230 0.0849 0.0512
1200-1500 0,0324 0,0808

total 0.2842 0.3234 00,3306 0.3121 0,3543
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 INTRODUCTION

The "plant available water capacity“'[PAWC} concept was
developed by Hensley & De Jager (1982). The purpoze of
the PAWC concept was to define a well-founded and
ascientifically correct critericn_ which could accurately
expresa the amount of water available to the plant. This
would be very useful in irrigation scheduling as a tool
to improve on water ugse efficiencies without significant
reductiona in yield. Hensley & De Jager (1882) obtained
very interesting results in their research but could not
test the PAWC concept by means of extensive irrigation

ascheduling experiments.

The PAWC concept waa intensively studied by Boedt & Laker
{1285) in order to supplement the work of Hensley & De
Jager (19B2). DBoedt & Laker (1985} determined PAWC of
certain cropg on a variety of soila. The similarity of
the results obtained by Hensley & De Jager (1982) to

those obtained by Boedt & Laker (1985) eon similar sites
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proved that the PAWC concept was a reliable criterion. It
also proved that the PAWC concept yielded reproducible
results asg similar wvalues were found by different

researchers.

Laker (1982} used data obtained by Hensley & De Jager
(1982} to develop mathematical models to determine PAWC
on untested sites. The study of and further research on
these mathematical models was done by Boedt & Laker
(1985). The results of this study were very promising as

predicted and field-determined values were very close.

The PAWC concept was extensively tested by Boedt & Laker
(1985 by means of comparative irrigation scheduling
experiments. They proved that the PAWC concept was a
reliable criterion for irrigation scheduling. The PAWC
concept was also tested by Bennie and his co-workera at
the U.0.F.S. who, meanwhile, applied it in an excellent

micro-computer programme for irrigation scheduling.

6.2 CONCLUSIONS

During the present study PAWC was determined during
vegetative growth stagea in order to atudy the

development of +the PAWC values as the plants near
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maturity. The results indicated that water stress during
the vegetative stages rossibly stimulates root
development and, consequently, higher PAWC values were

found during young growth stages than would be expected.

Fre-dawn leaf water potential and plant performance
related parameters, such as stem elongation and leaf
expansion. clearly indicated FMS during voung growth
stages in wheat, durum wheat and maige. During the early
growth stages FMS was c¢learly identified when PLWP
decreased to about -BOOkPa. During later stages FMS is
indicated only by PLWP values of clearly leas than
~1000kPa, as was also found by Boedt & Laker (1985). It
was found that stem elongation of maize plants was more
gensitive than leaf expansion to water stress during the

vegetative growth stages,

During the experiments with durum wheat it was found that
the PLWP of immature leaves was constantly lower than
that of mature leaves. This emphasizes the importance of
a 9tandardized method for PLWP measurements even to the
peint n»f choosing the leaf. It is, therefore, recommended
£to choose the youngest mature leaf of the plant. This was

also suggested by Boedt & Laker (1885).
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Plant physioclogical responses to water stress indicated
that NCER was a more sensitive parameter to indicate FMS
than pre-dawn leaf water potential, especizally under
climatic econditions characterized by a high evaporative
demand. However, these conclusions are based on single,
daily PLWFP measurements. It is very important to realize
that, when using PLWP as an indicator of FMS, trends in
PLWP must be determined over an  axtended period,

starting as scon as possible after irrigation.

The behaviour of plants under water stress conditions at
different growth stages and the effects on vegetative
growth and yield was also studied. The results indicated
that water stress during the vegetative stages in wheat
and maize did not necessarily result in lower yields,
although vegetative growth was markedly affected. For
durum wheat, vield was severely affected by water atreas

during young growth stages.

The FPAWC concept was tested by means of extensive
comparative irrigation scheduling experiments with wheat,
durum wheat and maize as crops. These can be divided into
three. groups: Firstly, the determination of the fraction
of PAWC that can bhe extracted before yields are
gsignificantly raduced. Secondly, the application of

deficit irrigation at extraction of different fractions
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of PAWC. Thirdly., the influence of soil water stress at
different growth stages on vield and water usge

afficiencies for wheat and maize.

PAWC. defined as the amount of extractable water between
FC and FMS and based upon identification of FMS by means
of PLWP measurements, proved to be a reliable parameter
for wuse in the design of irrigation scheduling atrategies
for maize. Yieldsa were not reduced significantly aven at
extractién of 100% of PAWC. This is in contrast to the
results of Boedt & Laker (1985), who found coneiderable
maize yield losses at extraction of 100% PAWC. They
concluded that it was not wise for maize to extract more
than 71,5% of -PAWC before applying the next irrigatiocn.
The overestimation of PAWC for maize was explained by the
inaccuracy of PLWP as a parameter for identification of
FMS under climatic conditions of extremely high

evaporative demand (Boedt & Laker, 138858).

In the case of wheat extraction of 100% of PAWC again, as
in the case of maize, did not reduce yields. This agrees
with the results of Boedt & Laker (1985) for wheat and
confirma the wvalidity of PAWC, based upon FMS determined
by means of PLWP measurements, as a parameter for

irrigation scheduling for wheat.
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Deficit irrigation failed to improve water uge
efficiencies based upon total water consumption (WUEt)
for both maize and wheat. However., water use efficiencies
baged upon applied water (WJELi) were generally improved
asignificantly by deficit irrigation practices. There was
a clear tendency for high frequency deficit irrigation to
give the best results in this regard. High freguency
deficit irrigation around FMS (100% extraction of PAWC)
gave better results than high 'frequency deficit
irrigation combined with mild water extraction. The
practical and economical implications of these findings

are cutlined in Section 6.3.

For both maize and wheat moderate water stress
(extraction of 100% of PAWC) did not reduce yieldas at any
growth stage. During the late vegetative stages even
severe water gstresas (125% of PAWC extracted) did not
reduce vyields. Severe water stress at the flowering and
grain filling satageszs reduced yields in both crops,
although the reductions were not always statistically
significant. The reductions during the grain filling

stages were particularly severe.

Turing the irrigation scheduling experiments a study was
done on the ccnbined effects of the amount of soluble

zalta in the =20il profile and the amounts of water
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applied at each irrigation. The results of this study
indicated that the degree of salinity must be taken into
account when determining the amounta of water to be
aprlied at each 1irrigation. High frequenecy deficit
irrigation c¢ombined with a high degree of salinity had a
detrimental effect on vyield while low frequency deficit
irrigation treatments which involve applications of large
amounts of water were more sffective at the same degree

of salinity.

6.3 PRACTICAL APPLICATION OF THE RESULTS OF THE PRESENT
STUDY AND PREVIOUS PAWC RESEARCH

Laker (1985) pointed out that the most useful application
of a Lknowledge of the PAWC aof a certain soil for a
caertain crop probably lies in the faect that it
facilitates reduction ¢f the peak 1irrigation design
without causing crop losses due to water streas during
peak  demand ©periods. This could effect a considerable
gaving on irrigation system costs. What is required for
successful application of this concept is a correct
knowledge of the PAWC of a specific soil-crop-atmosphere
combination and the application of & suitable deficit

irrigation strategy (i.e2. where the soil is not filled to

field capacity =ath time).
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The present study clearly proved that deficit irrigation

can be applied successfully during peak demand periods

_without reducing vields or irrigation water us=e

efficiencies. In fact., deficit irrigation generally gave
higher irrigation water use efficiencies than full
irrigations.

Bennie and his co-workers at the U.0.F.5. have meanwhile
developed an excellent model for reducing peak design
eriteria and irrigation scheduling during peak demand
periods. making use of PAWC and deficit irrigation
principles. In +this approach the peak period is started
on a full profile (at field capacity) and the PAWC i=
progressively exploited =o that "first material stress”
(the lower 1limit of PAWC) is reached at the end of the
peak periend. During this period a "fregquent deficit”
irrigation approach is applied. In other words, water
application is less than crop demand., giving a
progressive decline in soil water content from field
capacity to first material strea=. This model has been
developed into the “hands-on'" BEWAB micro-computer
pProgramme for irrigation scheduling (A.T.P. Bennie,

J.0.F.5.. Personal Communication}.

The fact that ca2ficit irrigations at so0il water contents

close to first material stress had no harmful effects on
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vield and water uze efficiencies ig ample proof that the
above strategy for exploiting PAWC until first material
stress (or a value close to it) is reached, is indeed a

feasible irrigation management mode] .

6.4 RECOMMENDATIONS

6.4.1 Research

Pre-dawn leaf water Potential measurements for
determination of first material Stress must follow a
standardized Procedure up to the point of leaf selection.
The procedure described in Chapter 2 proved to be very

reliable. and gave highly reproducible results.

[t is also recommendable to use the technique describedq
by Reginato & Nakayama (1987) for taking standard counts
with neutron hydroprobes in order to determine 501l water
contenta. Standard counts are taken with the neutron
probe mounted on 4 tube at about 1,5 meter above ground

level. resulting in more consistent readings.

Intensive studies on the effects of water stpress during
Joung growth stages on root development are required. The
PAWC values only gave an indirect a3sessment of the root

development. Direct root growth monitoring will indicate
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how and where in the preofile root growth is increased as
a result of water streas. These experiments could easily

he dane in laboratories by using soil columns.

Detailed studies on soil water uptake by means of a
highly accurate so0il water content measuring apparatus
could 1lead to some interesting results. This type of
research will indicate from which parts of the profile
water i3 extracted at different degrees of soil water
content, ranging fraom field capacity to first material
gtreas, It can also help te explain certain phenomena,
such as the fluctuating phase in the pre-dawn leaf water
potential patterans. These experiments should be done in
laboratories and if possible in a controlled growth
~hamber in order to be able to measure the smallest
variations in soil water content in any part of the
profile and to have complete control of all external

factors, such as temperature and humidity.

More research on the combined effects of salinity and the
type of irrigation scheduling is required. These
experiments can either be conducted in the field if
saline soils are present or in laboratories where
different degrees of salinity can be created in soil

columns.
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Mare research on deficit irrigation applications is
recommended. More data on the effects of low and high
_frequency defiecit irrigation, especially for wheat are
reguired. This type of research should preferably be
conducted in field trials as it involves the

determination of vield and water use efficiencies=.

B.4.2 Practical on-farm scheduling

Because the wvalidity of the PAWC concept together with
deficirt irrigation scheduling has amply been proven and
because water is the most important and simultaneously
the limiting factor for agriculture in South Africa. the
fnllowing reccmmendation can be put forward: Extension
oTIficera who are the main link for transfer of knowledge
to the farmers, should make it their task to promote the
PAWC concept and its wuse in practical irrigation
scheduling. This can be done by the creation of technical
centra which c¢ould determine PAWC of specific crope on
gspecific s=seilas all over the country. The results would
then be used to establish irrigation scheduling
programmes for each crop and for each so0il or region
while also taking into consideration the technical
possibilities of- the farms in question. Bennie and his

co-workers at the U.0.F.S. have set an excellent example
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in this regard. Agricultural research stations could make
it their task to prepare the farmers mentally by applying
the PAWC concept in field trials and present the results

to the farmers during organized meetings.

In wview o0f the results obtained during the irrigation
scheduling experiments the feollowing conclusions and

recommendations can be given:

1. xténding intervals between irrigations will improve
water use efficiencies and save considerable amounts of
water and capital. However, soil water extraction should
not exceed 100% of PAWC (for the specific crop and soil)
as this would reduce yields to economically unacceptable

levals,

. Deficit irrigation, in particular high frequency
deficit irrigation around FMS for maize, will improve
water use efficiencies without the risk of inducing water
stress. This, again, means a considerable saving of water
and capital input but with a lower risk of yield

reductions.
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3. If watep supply is geverely limited and crops will
inevitably eXperience water stress at some stage during
the growing Season. then irrigations could be rostponed
during vegetative stages in order L0 sgave water and
€nsure an adequate amount of water in the soil Profile
during flowering and grain filling stages (moderate water
Stress during part of the latter is acceptable but not

recommended ) .
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APPENDIX 2.1.1 PROFILE DESCRIPTION AND ANALYTICAL DATA
FOR SITE D6

FORM: OAKLEAF
SERIES:LIMPOPO

A (0-470 mm): Dry: dull yellowish brown, 10YR 5/4 {(dry):
dark brown. 10YR 3/4 (moist}; fine sandy
loam: massive: hard when dry; roots:
recent deposit: abrupt undulating boundary
{450-650 mm).

IIBt (470-BOC mm): Dry; brown, 7.5YR 4/4 (dry); brown,
7.5YR 4/3 (moist); loamy 9ilt, clayish;
weak medium angular blocky: clay coatings;
calcareous material: slightly hard to
hard:; few fine roota: weakly permeable;
buried horizon: c¢lear boundary.

IIC (800-15%00 mm): Wet: dull yellowish brown, 10YR 5/4
(moist); fine lcamy sand; massive; very
friable; calcareous spots; few fine roots.

Horizon A Bt C

Particle size
distribution (%1 .
clay 7.0 26.4 15.2

Tine silt 11,4 24,5 28,1
coarse silt 10,8 11,7 17,3
total =ilt 22.0 36.2 45,4
0.06-0, Lmun 28.3 16,3 21.2
0,1-0,25mm 34,4 14,8 15,8
1,25-0.5mm 6,4 3,5 2.3
0.5-1,0 mm 1.3 0,8 0.4
1,0-2,0 mm 0,2 0.2 0.1
total sand 70.6 35,4 39,6
total 99.8 98,0 100,2

Exchangeable cations
(me/100g =o0il)

Ca 3,2 7.9 3.8
Mg 3.7 9.7 8.7
K ¢,5 1,3 0.8
Na 0.4 0,8 1.4
C.E.C.

{me/100g so0il) 7.8 19.8 14.5

Soil Taxonomy: Mcllic Ustifluvent



APPENDIX 2.1.2 PROFILE DESCRIPTION AND ANALYTICAL DATA
FOR SITE D12

FORM: QAKLEAF
SERIES: LIMPOPOQ

Ap (0-350 mm): Dry: dull vellowish brown, 10YR 5/4 (drv});
dark brown. 10YR 3/4 (moist); fine sandy
loam; massive: hard when dry:; roots:
abrupt transition.

IIBL (350-720 mm): Dry; dull yellowish brown. 10YR 5/3
{dry): dark brown, 10YR 3/4 (moiat); fine
ailty lecam: weak angular blocky; roots:
presence of calcareous material; clear
boundary.

IIBt (720~-830 mm): Dry; dark reddish brown., 5YR 3/2
(dry); dark reddish brown, 5YR 3/4
(moist); fine silty loam, clayish; medium
angular blocky:; c¢lay cutans: roots;
presence of calcareous material; abrupt
transition.

IIC (830-1500 mm): Wet; brown, LOYR 4/4 (moist); fine
loamy sand; masgive: very friable; few
fine roota: gpots of calcarecus material.

Horizon A El Bzt C

Particle size
distribution (%)

clay 9.2 15,7 32,7 12.6
tfine gilt 10,6 17,1 18.85 20,1
coarse silt 11.6 11.8 9.5 17,1

total silt 22.2 28,9 28,1 37.2
0,05-0,1lmm J0.86 24,9 17,8 35.0
0,1-0.25mm 31.4 25.3 17.9 14,0
0,25-0, 5mm 5.7 4.0 2.7 Q.7
0,5- 1,0mm 0.8 0.3 0,2 0.4
1,0- 2,0mm 0.1 0,0 0,2 0,2

total sand 68.6 55.5 3a.8 50,3

total 100.0 100.1 99,86 100,1

Exchangeable cations

(me/100g 3otl)

Ca 4,0 5.2 11,3 4,2
Mg 3,5 6.5 10.8 7.4
K Q.7 0,3 a,d a,4
Na 0.5 1.0 1.9 1.7
C.E.C.

(me/100g 30il) 8.7 13,90 24,2 13,6

Soil Taxonocmy: Mollic Ustifluvent



APPENDIX 2.1.3 PROFILE DESCRIPTIONS AND ANALYTICAL DATA
¥OR SITE D18

FORM: DUNDEE
SERIES: DUNDEE

Ap (0-300 mm}: Dry: dull vellowish brown, 10YR 5/4 (dryv);
dark brown, 10YR 3/4 (moist): fine sandy
loam; maszive; hard when dry; roots:
abrupt transition.

IIC (300-1500 mm}: Dry; dull vellowish brown, 1l0YR 5/3
(dry}: dark brown, 10YR 3/4 (moist):; fine
gilty loam: massive; occasional boulders
with diameter from 10 to 200 mm; roots;
presence of calcareous material.

Horizon A C

Particle size
distribution (%)

clay 20.4 15.1
fine silt 14,7 21.3
coarse gilt 11,5 21.1

total silt 26,2 42 .4
0.05=-0,lmm 22,2 30,0
0.1-0.25mm 24,5 11.4
0,25-0.5mm 5,4 0.7
0.5~ 1,0mm Q,7 0.3
1.0- 2,0mm ¢,0 0.2

total sand 52,8 42,86

total 89,4 1C0.1

Exchangeable cations
(me/100g s0il}

Ca 3,4 6,4
Mz 7.8 6,2
K 0,6 0.3
Na 2,5 0.5
C.E.C.

(me/100g so0il) 14,3 13,4

Soil Taxonomy: Mollic Uatifluvent
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APPENDIX 2.1.4 PROFILE DESCRIPTION AND ANALYTICAL DATA
FOR SITE IS0

FORM: Oakleaf
SERIES: Allanridge

A (0-230 mm}: Dry; dull brown, 7.5YR 5/4 {(dry}: brown.
7.5YR 4/4 (meoist); fine sandy loam:
massive; hard when dry:; roots; clear
transition.

Bl (230-370 mm): Dry; dull brown, 7.5YR 5/4 {dry); brown,
7.5YR 4/4 {(moist): fine sandy lcam; very
weall angular blacky: roots; abrupt
tranzsition.

IIBZ (370-770 mm}: Dry: dull vellowish brown, 10YR 5/4°
{dry); brown, 10YR 4/4 (moist): fine loamy
s5ilt; moderate, medium angular blocky;
clay cutans: rootsa:; spots of calcareous
material; abrupt transition.

IIB3 (770-1220 mm): Wet: brown, 10YR 4/6 (moist); fine
loamy sand; very weak angular blochky: few
clay cutans; roots; spots of calcareous
material; abrupt transition.

IIC (1220-1500 mm}: Wet; brown. 7.5YR 4/6 (moist): fine
loamy silt; massive; friable; spots of
calcareous material.

Horizon A B1 B2t B3 C

Particle size
distribution (%)

clay 17,2 g,1 9,3 6.8 14.8
fine =silt 16,9 14.8 19.2 25.6 12,1
coarse =ilt 17.6 13,5 18,7 19,7 25.8

total =ilt 34.5 28,3 37.9 45,3 7.7
0.05-0, lmm 26.3 26.9 25,2 26,8 17.2
0,1-0.25mm 21,0 32.8 25,1 18,4 24,4
0.25-0,5mm 1.3 3.7 1,8 1,2 2.9
0,5~ 1.0mm 0,1 .1 0,2 C.1 0.5
1.0- 2,0mm 0,9 0,0 0,0 0,0 0.5

total sand 48,7 63,6 52,3 47,5 45,5

total 100,4 101.0 99,5 99,6 98,0

Exchangeable cations

{me/100g s0il)

Ca 8,9 1.8 4,1 2,2 0.0
Mg 6.2 4.8 9.0 5.4 8.6
K 0,9 0.7 0.6 0,3 0.5
Na 0.8 2.5 1,3 4,3 13.8
C.E.C.

{me/100g =oil} 16.6 9,6 15,0 12,2 20.6

Soil Taxonomy: Typic Usatifluvent

1



APPENDIX 2.2.1 AGRONOMIC PRACTICES FOR THE 1985 WINTER SEASON
AT SITES D&, D12, D16 AND ISO.

3/7/1985 Fertilizer application at sites DE. D12 and D16

150kg/ha superphosphate

200kg/ha ammoniumsulphate
Sowing of wheat and durum wheat at sites D6, D12

and D16

wheat cultivar: Zarago=zsa

durum wheat cultivar: Fargo

100kg =seed per hectare

rows 150mm apart

4/7/1985 Fertilizer application at site IS0

250kg/ha superphoaphate

200kg/ha ammoniumsulphate
Sowing of wheat and durum wheat at aite ISO
wheat cultivar: Zaragossa

durum wheat cultivar: Fargo

100kg seed per hectare

rowg 1l50mm apart

8/7/,1085
9/7/1985 Fertilizer application at =sites D6 and D12 (v.g.
stages)
150kg/ha superphosphate
200kg/ha ammoniumsulphate
Sowing of wheat at sites D6 and D12 (young growth
stages)
wheat cultivar: Zaragossa
1C0kg seed per hectare
rowg 150mm apart

16/7,1985 Emergence at sites D6, D12, D16 and ISO
18/7/1985 Irrigation at sites D6, D12 and IS0
19/7/71885 Irrigation at site D16 and D&(v.g.)
21/7/1985 Irrigation at site DB(y.g.)} and Dl2(yv.g.)

13/8/198B5 Fertilizer application at sites D8, D12, D16, IS0,
DE(y.g.) and DiZ2({y.g.)
200kg/ha ammoniumsulphate
Irrigation at sites DB, D12, D18, IS0, D6(y.g.) and
. D12(y.g.}
Start drying cyvecle on plots a at =sites DB(y.g.) and
Di2(y.g.}

21/8/1985 Irrigation at sites D6(y.g.) and D12(y.g.): plots
b, ¢ and d

£



22/8/1985

27/8/,1985
28/8,1985
3/9/1985

9/9/1985
12/9/1985

16/9/1985

23,9,1985

24/9/1985
2/10/1985
4/10/1885
10/10/1985
11/10/1985

21/10/1985

23/10/1985

18/11/1985

13/11/1985

Weed control treatment at all sites
4 liter MCPA per hectare at 1:100 dilution

Irrigation at sites D6, D12 and D18

Irrigation at site ISO

Irrigation at sites DB(y.g.) and D12(y.g.): plots
b, ¢ and d

3tart drying cycle on plots b at sites D6(y.g.}l and
D12(y.g.}

Irrigation at =ites D8 and D12

Irrigation at aite IS0

Irrigation at sites DB(y.g.) and D12(v.g.}

End dryving cycle on plot= a

Irrigation furrow collapsed: impossible to irrigate

plots ¢ and d

Irrigation

at sites DB(v.g.) and D12(y.g.): plots a

(additional), ¢ and 4
3tart drying cycle on plots c at sites D6(y.g.) and

Di2(yv.g.}

Irrigation at aites D&, D12 and D16

Irrigation at sites D6(v.g.) and Di2(y.g.}: plots a
and d '

3tart drying cycle on plots 4

Irrigation
[rrigation

lrrigation

at site IS0
at sites D8, D12 and D16

at site IS0

Flowering at all sites (wheat)

Irrigation

at sites D6, D12, D16 and IS0

Start drying cycles for wheat at all gites

Flowering at all sites (durum wheat}

Irrigation

at giteg D8, D12, D18 and IS0

durum wheat plots
Start drying cyvcles for durum wheat at all sites

Irrigation

Irrigation

at sites D6. D12 and D18

at site ISO



APPENDIX 2.2.2 AGRONOMIC PRACTICES FOR THE 1985 WINTER SEASON
AT SITE ISO (A-BLOK).

18/6/1985 Fertilizer application
250kg/ha superphosphate
200kg/ha ammoniumsulphate

Irrigation

3/7/13985 Sowing on plots 2 to 5 and 17 to 28
wheat cultivar: Zaragossa
100kg seed per hectare
rowa 150mm apart

4/7/1985 Sowing on plots 1 and 6 to 16
wheat cultivar: Zaragossa
100kg seed per hectare
rows 150mm apart

5/7/71985 Sowing on plota 29 and 30
wheat cultivar: Zaragossa
100kg seed per hectare
rows 150mm apart

16/7/1985 Emergence on all plots

18/7/1985 Irrigation on all plots

15/8/1985 Fertilizer application
200kg/ha ammoniumsulphate

Irrigation on all plots

22/8/,1985 Weed control treatment
4 liter MCPA per hectare at 1:100 dilution

Z8/8/1985 Irrigation on all plets
12/,9/1985 Irrigation on all plots
24/9/1985 Irrigation on all plots
10/10/1985 Flowering

11/10/1885 Irrigation on all plots
Start experiments

10/12/1985 Harvest

.2
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APPENDIX 2.2.3 AGRONOMIC PRACTICES FOR THE 1985-19886 SUMMER

EXPERIMENTS AT SITES D8, D12 AND D16.

Scil at field capacity before planting

29/10/1985

671171885

13/11/1985
18/11/1985
9/11/1985
27/11/1085
2/12/19858

4/12/1585

5/12,/1985
17,12/1985

5/1/19886
134171986
17/1/19886

24/1/1986

29/1/1986

4/2/1986

11/2/1886
12/2/1986
19/2/1986
21/2/1986

3/3/19886
12/5,1988

Fertilizer application at all sites
300kg/ha superpvhosphate
150kg/ha ammoniumsulphate
Planting at all sites
maize cultivar: Pioneer PNR 542
50000 plants per hectare
rows 1lm apart, plants 200mm apart
Emergence
Irrigation at all sites
Thinning out
Irrigation at all aites
Fertilizer application at all sites
150kg/ha ammoniumsulphate ‘
Pest control treatment at all sites
trichlorfon application
Start drying cycle on plots a at all sites
Fertilizer application on plots b, c, d and e
150keg/ha ammoniumsulphate
Irrigation on plota b, ¢, d and e
Start drying cycle on plots b
Irrigation at sitea D12 and D16: plots c. d and e
Start drying cycle on plots ¢ at aites D12 and D16
Irrigation at site DB: plots ¢, d and e
Start drying cycle on plot ¢ at site D&
Irrigation at sites D12 and D16: plot= a, d and e
Irrigation at site DB: plot =
Irrigation at all sites: plots a, & and e
Start drying cycle on plots d at all sites
Flowering
Collecting root samples on plots b and c at all
aites (Prof. A.T.P. Bennie)

Irrigation at all sites: plotg a,b and e
Irrigation at sites DB and D12: plots a. b, ¢ and e
Irrigation at site D16: plots a, b. ¢ and e
Irrigation at site D6: plots a. b, c and e
Irrigation at sites D12 and D16: plots a, b, ¢ and
e
Irrigation at all sitea: plots a, b, ¢, d and e
Harvest

I3



APPENDIX 2.2.4 AGRONOMIC PRACTICES FOR THE 1985-1986 SUMMER
EXPERIMENTS AT SITE IS0 (B-BLOK).

Soil at field capacity before planting
17/10/1985 Irrigation on all plots
18/10/1985 Irrigation on all plots

28/10/1985% Fertilizer application on all plots
J00kg/ha superphosphate
150kg/ha ammoniumsulphate

2871071885 Planting on all plaots
maize cultivar: Pioneer PHNR 542
50000 plants per hactare
rows lm apart, plants 200mm apart

9-11/1985 Emergence on all plots
14/11/1885 Irrigation on all plots
21/11/1985 Thinning out

2/12/1985 Fertilizer application on all plots
150kg/ha ammoniumsulphate

4/12/1985% Pest control treatment on all plots
trichlorfon application ’

18/12/1985 Fertilizer application on all plots
150kg/ha ammeniumsulphate
Irrigation on all pleots

31/12/1985 Extra fertilizer application on plots 21 to 23, 28
and 27 '
100kg /ha ammoniumsulphatenitrate
Irrigation on all plots
Start of the experiments

16/1/15986 Flowering

3/5/1986 Harvest



APPENDIX 2.

2.5 AGRONOMIC PRACTICES FOR THE 1986 WINTER SEASON
AT SITES D6, D12 AND DiS§.

Soils at field capacity before planting

20/5/1986
27/5/1966

10/6,1986

16/6/19086

18/6/1386

26/6/1986
29/6/1986
29/6/1986
21/771986
30/7/1986

| 8,8/1986
20/8/,1086
29/8/1986
12/9/1986
19/9/1986

26/9/1986
7/10/13886

8/10/1986
13/10/1986

14/10,/1986
23/10/1986

24/10/1986

5/11,1985

24/11/1386

Preparation of the plots at sites D6 and D12
Irrigation at sites D6 and D12
Preparation af the plots at site D16
Irrigation at site D16
Levelling at =ites DB and P12
Fertilizer application at sites D6, D12 and D18
Jton/ha gypsum

100keg/ha superphoaphate

250kg/ha ammoniumsulphate
Sawing wheat at asite D6

wheat cultivar: Gamtoos

100kg seed per hectare

rowa 300mm apart )
Sowing wheat at sites D12 and D18
wheat cultivar: Gamtoos

100kg seed per hectare

rowa 300 mm apart

Irrigation at sites D6, D12 and d186
Emergence at site DB
Emergence at sites D12 and D16
Irrigation at all sites

Irrigation at all sites

Start drying cycles on plots a at all sites

Irrigation at all sites: plots b, ¢, d, and e
Start drying cycles on plots b at all sites
Irrigation at all sites: plots c, d and e
Start drying cycles on plots ¢ at all sites
irrigation at all sites: plots d and e

Start drying cycles on plots d at all aites
Irrigation at all sites: plots a and e
Irrigation at all sites: plots a, b and e
Irrigation at all sites: plots ¢ and d

Fertilizer application at all aites
150kg/ha ammoniumsulphate
Irrigation at all =sites
Flowering
Peat control treatment
B850ml Parathion and 500ml Metagystox diluted in
200 liter water
Irrigation at site D6
Irrigation at sgitea D12 and D18
Irrigation at site D6
Irrigation at sites D12 and D16
Irrigation at all sites
Harvest

.2
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APPENDIX 2.2.6 AGRONOMIC PRACTICES FOR THE 1986 WINTER SEASON

AT SITE ISO (B-BLOK).

Soils at field capacity before planting

23/5/1986

10/6/1986

12/6/13086

13/6/1986

23/6/1286

25/6/1988

26/6/1986

21/7/71286
8,/8/1986

28/8/19886

3/10/1986
9/10/190886

1371071986

1/12/1986

Preparation of the plots
Irrigation on all plots

Fertilizer application on all plots
4ton/ha gypsum

1C0kg/ha superphosphate

250kg/ha ammeniumsulphate

Sowing wheat
cultivar: Gamtoos
100kg seed per hectare
rows J00mm apart

Sowing durum wheat
cultivar: Moni
100kg seed per hectare
rowg 300mm apart
Irrigation on all plots

Emergence of wheat
Light irrigation

Emergence of durum wheat
Light irrigation

Irrigation on all plots

Irrigation on all plota

Fertilizer application on all plots
150kg/ha ammoniumsulphate
Irrigation on all plots

all plots at field capacity

Start of the experiments

Wheat at flowering stage

Durum wheat at flowering stage

Pest control treatment

650ml Parathion and 500ml Metasystox diluted in

300 liter water

Harvest



APPENDIX 2.2.7 AGRONOMIC PRACTICES FOR THE 1986-1987 SUMMER
SEASON AT SITES D6 AND D12.

50ils at field capacity before planting

13/10/1986 Fertilizer application at sites D8 and D12

Jton/ha gypsum

Z200kg,/a superphosphate

250kg/ha ammoniumsulphate

Irrigation on all plots
20/10/1986 Plantine maize on all plots

cultivar: Pioneer PNR 542

40000 plants per hectare

rows lm apart, plants 250mm apart

27/10/1386 Emergence on all plots
Light irrigation on all plots

5/11/1286 Irrigation on all plots

1741171986 Irrigation on all plots
Start drving cyvcle on plots a2

27711/1986 Irrigation at sites DB and D12: plots b,c,d and
SJtart drying cycle en plots b

5/12/1986 Irrigation at sites D6 and D12: plots e

83/12/1986 Irrigation at sites D6 and D12: pvlots ¢
Start drying cycle on plots ¢

101271086 Irrigation at sites D6 and D12: plots d and e

19/12/1986 Irrigation at sites DB and D12: plots d and e
Start drying cycle on plots d

29/12/1986 Irrigation at sites DB and D12: plots e
6/1/1887 Irrigation on all plots
13/1/1987 Fertilizer application on all plots
150kg/ha ammoniumsulphate
Irrigation on all plots
Flowering
22/1/1987 Irrigation on .all plots
2/2,1987 Irrigation on all plots

24,2/1987 Irrigation on all plots

nas5/1987 Harvest

™~
3



APPENDIX 2.

2171071286

22/10/1986

23,/10/13986

1/11/1986

7/11,/19406
247111286

4/12/1986

19/12/1986

13/ 72987

10/3,1987

4/5/1987

5/5/1987

2.8 AGRONOMIC PRACTICES FOR THE 1986-1987 SUMMER
SEASON AT SITE ISO (A-BLOK).

Fertilizer application on all plots
Jten/ha gypsum

200k=,/ha superphosphate

150ks/ha ammoniumsulphate

Planting maize on all plots
cultivar: Pioneer PNR 542

40000 plants per hectare

rows lm apart, planta 250mm apart
Irrigation on all pleots

Emergence
Light irrigation to soften crust

Irrigation on all plots
Irrigation on all plota
Fertilizer application on all plots
200kg,/ha ammoniumsulphate
Irrigation on all plots
Extra fertilizer application on plots 22 to 27
[rrigation on all plots: all plots at field
capacity
2tart of the experiments
Flowering

End of the experiments
Final irrigation

Harvest plots 1 to 15

Harveat plots 16 to 27

3
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APPENDIX 2.2.9 AGRONOMIC PRACTISES FOR THE 1987 WINTER SEASON

22/6/1987

6/7/1987

29,7,1987

5/8/18987

12-8/1987

14/8/1887

24,/8,1987

z8,8,1887

Lo/8,1987

1/10/18987

AT SITES D6, D12 AND Dié.

All soils at field capacity
Fertilizer application on all plots
Zton/ha gypsum

150kg/ha superphosphate

300kg/ha ammoniumsulphate

Sowing durum wheat

cultivar: Moni

100kg seed per hectars

rows 300mm apart

Emergence
Light irrigation

Irrigation on all plots iy

Fertilizer application on all plots
150kg/ha ammoniumsulphatenitrate

Irrigation on all plots

Start drying cycle on plots a

Fest control treatment
500ml Metasystox and 650m]l Parathion in 290 liter
water

Irrigation at all sites: plotas b, ¢, d and &

Irrigation at all sites: plots b, c, d and e
Start dryving cycle on plots b

Weed control treatment
2liter/ha Bromoxynil + lliter/ha MCPA in 500 liter
water

Irrigation at all asites: plots ¢, 4 and e
Start drying cyecle on plots c

Irrigation at all sites: plots a. d and e
Start drying cycle on plots d

1271071987 Jrrigation at all sites: plots a, b and e

16/10/1987 Irrigation at all sites: plots ¢

18/10/1987 Flowering

237101987 Irrigation at all sites: plot= a, b, ¢ and e

371171987
4/11/1987

4,12/1987

Irrigation at sites D6 and D12: all plots
Irrigation at site D16: all plots

Harvest



aPPENDIX.2.2.10.AGRONOMIC PRACTICES FOR THE 1887 WINTER SEASON
AT SITE IS0 (A-BLOK).

18/6/1987 Soils at field capacity

Fertilizer application on all plots
Jton/ha gypsum

150kg/ha superphosphate

300kg//ha ammoniumsulphate
Sowing wheat on all plots

cultivar: Gamtoos

100ke seed per hectare

rows 300mm apart

2/F/1987 Emergence
Light irrigation on all plots

3/8/1987 Fertilizer application on all plota
150kg/ha ammoniumsulphate
Irrigation on all plots
Start experiments

12/8/1987 Pest control treatment

500ml Metasyatox and 650ml Parathion in 250 liter
water

21/8/1987 Weed control treatment
2 liter/ha Bromoxynil + 1 liter/ha MCPA in 500
liter water
1271071287 Flowering
1271171987 End of the experiments

2/12/1387 Harvest



APPENDIX Z.

21/9/18987

2.11 AGRONOMIC PRACTICES FOR THE 1987-1888 SUMMER
SEASON AT SITE ISO (B-BLOK).

Prepare plots
Irrigation on all pleots

6/10/1987 to

8/10,1987

29/10/1987

15/10/1887

20/10/1987

28/10,/1987

9/11/1887
11/11/1987

12/11/1987

20/11,/1887

4/12/1887

17/2/1988

1/671988

Prepare plots
Fertilizer application on all plots
3ton/ha gypsum

Irrigation on all plots: all plots at field
caracity

Fertilizer application on all plots
150kg/ha superphosphate
Z00kg/ha ammoniumsulphate

Planting maize on all plots
cultivar: Pioneer PNR 542
40000 plants per hectare
rows lm apart, plants 250mm apart

Emergence
Light irrigation on all plots

Irr{gation on all plots

Thinning out

Fertilizer application on all plots
250kg/ha ammoniumsulphate

No irrigation. rain

Irrigation on a2ll plots

Soils at field capacity

Start experiments

Weed control treatment
2 liter/ha Bactril diluted in 500 liter water

Irrigation on all plots
End of the experiments

Harvest

r
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APPENDIX 2.3 STATISTICAL ANALYSIS OF THE RELATIONSHIP
BETWEEN LEAF LENGTH AND LEAF AREA PARAMETER
(LAP) FOR MAIZE PLANTS (PIONEER PNR 542).

The data used for this analysis were collected during the
1985-1986 summer season at sites DS, D12 and D18. The
regression analyszsis is given in Table 2.3.1. The data are
plotted out in Figure 2.3.1.

Table 2.3.1 Regression analysis

Dependent variable: leaf area parameter
Independent variable: total length of the leavea of a

plant
Number of data: 115
Variable coeff std err T-stat
constant -1897 115 -16, 486
total length 1,125 0,02 g8.45
R-3q Q0,978 corr R-3qg .976

Because the variable leaf area parameter includes the
variable total leaf length, there are some objectiona to
this appreoach from a purist statistical point. It was
thereiore decided to study the relationships between leaf
length and leaf width for the data collected in the
1985-1986 summer season.

For plots DBa and DEa and D12a combined total lengths of
all leaves of a specific plant measured at a specific
time were correlated with total width of all leaves
measured at the same time. The results are illustrated in
Figures 2.3.2 and 2.3.3 and Table 2.3.2.

For plot DlBa an analyvasis was made for single leaf values
{instead of total leaves per single plant}. The analysis
was done for all leaves and the results are illustrated
in Figure 2.3.4 and Table 2.3.2.



Table 2.3.2 Leaf width/leaf length relationships for
maize (Pioneer PNR 542)

Flot width/length regresasion
factor coefficient (R-3q)

D6a 0,125 0,86

D12a 0,127 0,95

Déa + D1Za 0.125 Q0,96

DiBa 0,123 0,886

The correlationas between leaf length and leaf width were
very good, even where single leaf values were used. This
largely contributes to the excellent correlations between
leaf length and leaf area parameter.

3

The leaf width/leaf length factor was very consistent for
all plots when all leaves were included (both for total
leaf and single leaf analyses). The factors ranged from
0,123 to D.127.
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APPENDIX 3.1.1 CUMULATIVE STEM ELONGATION OF WHEAT AT SITE D12 (1985 SEASON)

'DAYS AFTER PLANTING
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APPENDIX 3.1.2 STEM ELONGATION RATE OF WHEAT AT SITE D12 (1985 SEASON)
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APPENDIX 3.1.3 STEM ELONGATION RATE OF WHEAT AT SITE D12 (1985 SEASON)
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APPENDIX 3.1.5 STEM ELONGATION RATE OF WHEAT ON PLOT D12a (1986 SEASON)
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ABSTRACT

Stomatal diffusion conductance, leaf temperafure and
xylem water potential of mature upper canopy leaves of maize
{Zea mays L.), grown in a semi-arid region were measured at
different times of the day under different irrigation
treatments and soil water conditions at the flowering stage.
Two different response patterns of stomatal conductance and
xylem water potential to decreasing soil water content were
observed. In a well-watered (unstressed} situation stomatal
conductance and xylem water potential responded very
sharply to atmospheric coﬂditions, especially vapour
saturation deficit and/or temperature. In the drier soil
water range stomatal conductance responded very little to
atmospheric conditions and decreased only slightly with
decreasing soil water status. In this drier range xylem
water potential decreased markedly with increasing soil

water stress.

KEY WORDS: Maize - stomatal diffusion conductance - leaf

water potential - profile available water capacity.

INTRODUCTION

In several parts of the world agricultural production
is impossible without irrigation and therefore water use by

agricultural crops should be as efficient as possible in
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those regions where water is a scarce resource. As an aid
to understanding how the onset of plant water stress and
water use responds to increasing soil water deficits in
various climatic situations, it is necessary to know how
different plant-water related parameters are affected.
Predawn leaf water potential has been suggested as an
appropriate diagnostic measurement of water stress with
promise for irrigation scheduling, particularly for crops
which require irrigation during a short but critical period
(Dwyer and Stewart, 1984), Information on the use of

predawn leaf water potential for this purpose has inter alia

been obtained for maize plants in various parts of South
Africa (Boedt and Laker, 1985). However, it has become
apparent that satisfactory answers to the gquestion when and
how much to irrigate generally require a rather profound
insight into the soil-plant-atmosphere continuum (SPAC;
Jarvis, 1975; Milburn, 1979). The reason for this is that
water loss from the soil to the atmosphere takes place
mainly as a flow through the plant roots, stem and leaves.
Whereas flow may be influenced in every segment of this
pathway, the stomata are situated where the largest drop in
water potential in the whole SPAC occurs and are, therefore,
in the most advantageous position to control the flow of
water from soil to atmosphere (Jarvis, 1975; Cowan, 1977;
Jarvis and Morison, 1981}. Moreover, stomata are the ports
through which leaves

exchange most of their gases with the environment. By
opening or closing their pores, plants can regulate the loss
of water (transpiration) and the uptake of carbon dioxide
(photosynthesis; Milburn, 1979; Korner et al. 1979). Since

transpiration represents latent heat exchange, stomata also
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indirectly affect the exchange of sensible heat between
leaves and the air.

Numerous reports of in-phase changes in net
photosynthesis and transpiration strongly implicate somatal
control as a primary causal factor in decreasing net
photosynthesis and water loss under water stress conditions,
with stomata having a control function on plant
transpiration (for review see Jarvis and Morison, 1981;
Jones, 1973). Many studies on maize and other species have
also shown that stomatal resistance constitutes a major
fraction of the total (maize) leaf resistance to 002
assimilation. Strong evidence therefore exists for the
stomata being the major limiting factor to photosynthesis
(Miranda et al., 1981; Sanchez et al., 1983} and the prime
contreollers of photosynthesis by controlling the rates of
C02 diffusion into the leaves (Vaclavik, 1980; Pearson et
al., 1984}, -

For these reasons, as well as others, stomatal function
under field conditions still needs to be more widely studied
and understood., Factors which cause stomata to close are
low light or darkness, high CO2 concentration, and water
stress {Allen et al., 1975; Jarvis, 1975; Jarvis and
Morison, 1981).

This study was initiated to evaluate the effects of
soil water stress situations on stomatal conductance and
xylem water potential in maize plants at the critical
flowering stage .in a semi-arid climate (Karoo region in
South Africa). This region experiences severe water

deficiencies, especially during the summer season, and no

crop production is possible without irrigation (Fig., 1).
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MATERIALS AND METHODS

Maize (Zea mays L. cv. Pioneer PNR 542) was planted in
November 1985 in five plots of 5 rows each at the Cradock
Experimental Farm {(Republic of South Africa; 32008'5,
25°387'E; height above sea level : 660 m). Spacing was ca. 1
m between the rows and 20 cm within the rows, resulting in a
plant density of ca., 50,000 plants, ha_l. The soil of the
experimental site was an Inceptisol of alluvial origin with
a field capacity (FC) of approximately 475 mm and a profile
available water capacity (PAWC) of 151 mm to a depth of 1.5
m. PAWC is defined here as the total volumetric amount of
water between FC and first material stress (FS; Hensley and
de Jager, 1982; Boedt and Laker, 1985; see also Fig. 2).
Plots were irrigated at different time intervals, resulting
in different soil water contents for the five plets. Plot E
received the most frequent irrigation and plot B the least
frequent. Soil water content was measured daily by means of
a neutron hydroprobe (Campbell Pacific Nuclear, type CEN
503) every 0.15 m at ten different depths ranging from 0.15
m te 1.50 m. Maize plants were at the flowering stage at
the time of measurements.

Measurements of stomatal diffusion conductance, leaf
temperature, xylem water potential and incoming photosyn=
theéically active radiation {PAR) were made three times
daily, i.e. in the morning {08h00-02h00)}, at midday
(12h00-13h00) and in the afternocon (15h00-17h00) on three

consecutive days in mid-summer (January 21-23, 1986},
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Stomatal diffusion conductance was measured in five
replications on the abaxial side of mature, fully expanded
upper canopy leaves with an automatic, ventilated diffusion
porometer {a modified and improved Cayuga Developm., USA,
porometer originally described by Carbonneau, 1983},
Stomatal conductance readings were always taken in the
middle of the leaf beside the midvein. Because significant
distributional differences in stomatal conductance in
different areas of the maize leaf blade may occur (Vaclavik,
1977) standardisation of the position of measurement is
critically important.

The formula :

g, = L% 273 * 10
T R{273 + 7 ) 22.4
2 leaf
o
where : Tleaf = leaf temperature (°C)
9 = stomatal conductance (mmol.m_zs_l)
r. = stomatal resistance (s.cm -1}

was used to convert measurements of stomatal resistance,
made with the automatic ventilated porometer to conductance
values, after Whale (1983),

Simultaneously with porometer measurements leaf
temperature was measured with thin copper-constantan
‘ thermocouple (diam 0,51 mm; Omega Eng. Inc., USA) hair-clips
clamped to the lower side of the leaves. Xylem pressure
potential was measured at predawn and at different times
during the day with a modified pressure chamber, described
orginally by Scholander et al. (1965). Plant material was
carried to the £nstrument in a sealed polythene bag covered
at the inner side with aluminium foil to reduce errors due

to loss of water subsequent to detachment from the plant.
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At least four, randomly selected, mature leaves from
different plants in each plot were used for xylem water
potential determinations at any time. Readings were done on
the veins, parallel to the main vein, of a piece situated in
the centre of the leaf.

Immediately prior to the porometer and pressure chamber
measurements, PAR incident on the sampled leaf was
determined with a Lambda LI-190S quantum sensor (LiCor Inc.,
USA). The total (short- plus long-wave) net radiation
balance of the maize vegetation was estimated at different
times during the day with a properly calibrated Schenk net
radiometer (Ph. Schenk, Austria)l just above the canopy. Dry
bulb temperature and air vapour saturation deficity (VSD)
were monitored continuously with a calibrated thermohygro=
graph on the nearby meteoroclogical staticon of the Cradock
Experimental Farm. Some meteoroclogical and environmental

conditions on the days of measurements are given in Table 1.
RESULTS

The trend with time of the amount of so0il water during
the measu:ing period is shown in Fig. 2. Values were
calculated from the neutron hydroprobe readings and specific
calibration data for the soil profile according to the
method used by Boedt and Laker (1985). The water content of
the so0il profile was depleted steadily during the measuring
period. Plots % and B were water stressed plots; plots D
and E were well watered, unstressed plots receiving frequent

irrigation., Plot C was intermediate. In terms of PAWC

100, 110, 75, 40 and 45% of PAWC were extracted from Plots
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A, B, €, D and E respectively by January 23, 1986. A
typical example of soil water profiles with depth,
representing these extractions, is given in Fig. 3. Mean
water extraction patterns for stressed plots (A and B} and
unstressed plots (D and E) respectively on January 23, 1986
are represented on this figure. Maize roots extracted soil
water effectively to a depth of 1.5 m in these Inceptisols,
For reference purposes the soil water profiles at field
capacity and first material stress, the upper and lower
limits of PAWC, are also given. First material stress is
defined as the volumetric profile soil water content at the
point of water depletion beyond which further soil watex
depletion will cause significant decreases in plant
physiological processes or yield. Treatments were not
materially affected by the small guantity (3 mm) of rain
recorded on January 21, 19886.

Diurnal changes in atmospheric and leaf temperatures,
air VSD, incoming PAR and net radiation balance of the maize
canopy are presented in Figure 4. The cloudy, cool, humid
conditions associated with the light rain shower on January
21, 1986 modified the patterns for that day.

On any particular day stomatal conductance of
unstressed plants responded in a cl: 1ical way to increasing
PAR (Figure 5) and a rectanqular hyperbola could be used to
describe the conductance-PAR response curve (Whale, 19B3).
All points in Figure 5 are mean values of five replications
on different leaves in the unstressed plots. One could,
however, expect partial stomatal closure in plants of the

drier or stressed treatments at high PAR levels. This is
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supported by the finding that in contrast to the early
morning situation regarding stomatal conductance, which was
environmentally controlled and independent of soil water
status over the whole PAWC range (and even somewhat beyond
it), the further run of 9 to midday is a function of both

. s0il water status and environmental factors (Figure 6). The
pattern for unstressed plots is totally different from that
for stressed plots.

In the case of unstressed plants there was an almost

consistent increase in 9g from early morning until midday on
the different days, as shown by the virtually parallel lines
on Figure 6a. Midday stomatal conductance values differed
markedly between the different days. This is apparently
associated with early morning environmental differences,
which set a certain pattern, rather than midday
environmental conditions. It appears that in this moist
water range soil water conductance was adequate to cope even
with the highest 9g demands under the conditions prewvailing
on these three days. In this way scenario A of Figure 7 is
caused, viz. sharp daily fluctuations in midday stomatal
conductance - in response to differences in early morning
environmental conditions (especially temperature and VSD).
In the case of stressed plots (Figure 6b)} there was a
very slight increase in stomatal conductance from early
morning to midday on the day with a low early morning
conductance, Stomatal conductance remained constant until
midday on the day with an intermediate early morning value
and dropped shafply on the day with a high early morning

value. At this low soil water status seoil water conductance

is clearly a limiting factor, causing the failure of the



system to maintain a high stomatal conductance after a high
garly morning start. A further consegquence is that the
daily variations in midday stomatal conductance in this dry
so0il water range are very small (scenario B of Fiqure 7).

Unfortunately no very high early morning stomatal
.~ conductance values, such as the values of 700 to 800
mmol.m 2 s by 08h00 found by Ceulemans et al (1987),
occurred during the period of this study and consequently
situations where well-watered systems failed to cope were
not observed in the present study.

Late afterncon (16h00 to 17h00) stomatal conductance
values were, as in the case of the early morning values,
independent of soil water status, but for each plot {and the
average) closely related to VSD at the time of measurement
(Figure B8). Early morning 9g was in fact more closely
related to air temperature than to V5D, This was not the
case with late afternoon values.

Early morning (08h00) xylem water potentials were
constant at about -1,0 MPa, irrespective of soil water
status or environmental conditions on the three days of the
measurements (Figure 9). The value of -1.0 MPa is probably
lower than one would expect for the well-watered plots, but
higher than would have been expected for stressed plants,
The latter is probably a confirmation of the 9 data which
gave an indication that the plants of the "stressed" plots
were not under severe stress (in the sense that they were
still able to maintain a reasonable level of stomatal
conductance). Between early morning and midday the

logically expected sharp decrease in xylem leaf water

potential occurred. As in the case of stomatal conductance

a 3.4
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the midday patterns for stressed and unstressed plots
differed markedly for xylem water potentials. In the case
of stressed plants the midday values were almost constant at
about -1.8 MPa for all three days (Figure 9a). In the
unstressed plants there was a sharp daily variation in
midday <! similar to the pattern found for 9 (Figure 9b).
Midday xylem water potential was inversely related to early
morning VSD and stomatal conductance. In other words, it
decreased more, the higher the water demand was. On the day
with the highest early morning VSD and morning and midday
stomatal conductance < dgcreased to ~-1.8 MPa, the same
value as for the stressed plots. During the late afternoons
xylem water potential recovered somewhat, in response to the
decreases in VSD and stomatal conductance during these
periods. As could be. expected, this recovery was less for
the stressed than for the unstressed plots except on the day
with the cloudy afternoon ({(Jan. 21), On the latter day they

reached identical values.

DISCUSSION

It is well established that plants are able to respond
to the VSD gradient between leaf and ambient air by stomatal
control of transpiration (Jarvis and Morison, 1981}. In the
study reported here there was a strong positive response of
midday stomatal conductance to increasing early moxrning VSD
gradients at relatively high levels of available soil water,
At low levels of available water the response was variable,
Other factors, such as soil-root resistances, most probably

became overriding under the latter conditions.
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The diurnal patterns of stomatal conductance indicate
major stomatal opening during early morning on all plots.
On well-watered plots stomatal conductance increased from
then on to peak around midday, after which it decreased
again. On relatively dry plots stomatal conductance was
high during early morning on the day with high early morning
VSD, but then declined sharply towards midday. This
indicates‘an inability of the soil-plant system to cope with
water demand under these conditions. More detailed diurnal
patterns for maize under more extreme conditions, causing
such declines in stomatalvconductance from mid-morning to
midday even on well-watered plots are reported by Ceulemans
et al, (1987). The observed diurnal patterns agree more or
less with these reported for maize by Catsky et al. (1973).
The values of stomatal conductances are in the same order of
magnitude as those reported for maize by Catsky et al.
{1973), Korner et al. (1979) and Pearson et al (1984). The
reduction in stomatal conductance in stressed plants under
conditions of high demand indicates the response of maize
plants to drought stress, confirming the findings of other
researchers for maize {Cﬁtsky et al. 1973; Dwyer and

Stewart, 1984; Ogata et al, 1985).

No distinct PAR saturation was observed below 1,8 mmol. m_2
s_l, which is in the same range as the results of Catsky et
al, (1973) and Vaclavik (1980) for maize. It is, however,
rather high compared to results reported by JARVIS (1975)

for various other species and by Allen et al. (1975} for

peanuts,
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Where soil water availability is restricted, the
feed-forward nature of the stomatal response (Jones and
Muthuri, 1984) clearly has the effect of conserving soil
water supplies and maximizing daily photosynthesis for a
given level of transpiration, in line with the model of
optimal stomatal function proposed by Cowan (1977). This
feed-forward stomatal control might also be reflected in the
response of stomatal conductance to soil water stress on
Fig. 6 and might partially explain (together with the
increased soil-root resistance) why 9g remained low on the
relatively dry plots on the days that it shoots up on the
well watered plots. Studying responses of transpiration and
diffusion resistances to soil moisture stress in four
Plantago species, Sawada and Sugai (1984) also reported
considerable increases in stomatal resistance, supporting a
nearly constant water use efficiency as the soil water
content decreased. Responses of stomatal conductance to
drought stress similar to Scenarico B (Fig. 7) have been
reported a.o. for Plantago species by Sawada and Sugai
(1984}, for soybeans by Zur and Jones (1984) and for maize
by Ogata et al. {1985}). The reduction of stomatal
conductance of maize leaves with water stress could be
further accentuated by potassium application (Khanna-Chopra
et al., 1980).

According to Khanna-Chopra et al. (1%80) and Dwyer and
. Stewart (1984) the threshold level of xylem water potential
for induction of stomatal closure and significant
restriction of transpiration and photosynthesis in maize is

aroung -1.5 MPa, but Alvino and Zerbi (1980) claimed that
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maize had no threshold leaf water potential corresponding to
a rapid decrease of stomatal conductance. The results
reported here for field conditions apparently support the
latter. However, under specific and controlled conditions a
significant correlation between maize leaf water potential
and stomatal conductance affected by drought stress might be
observed (Jordan et al. 1975; Ackerson, 19B0; Ogata et al.
1985).

Significant stomatal closure under drought stress
conditions prevented deleterious loss of transpirational
water. In this manner, maize plants protected themselves
against drought stress by drastically closing their stomata
after most of the so-called available soil water has been

extracted.
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TABLE 1 : Environmental and meteorclogical conditions on
the different sampling days at the experimental
maize site in Cradock, Republic of South Africa in

mid-summer (January, 1986}.

" January, 1986 21 22 23
Max. temp. (°C) 34.0 22.5 30.4
Min. temp. (°C) 18.6 12,0 7.5
Grass temp. at 08h00 (°C) 14.5 6.8 1.8
Wind speed (m.s 1) 4.64 3.09 2,49
A~-Pan evaporation (mm) 7.0 9.5 9.0
Sunshine duration (hrs) 7.1 11.8 11.0

Rainfall (mm) 3.0 0.0 0.0
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Fig. 3.

Fig. 4,
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LEGENDS OF FIGURES

Potential evapotranspiration (PET; calculated by
means of a modified Thornwaite water budget
egquation used in the Department of Agronomy,
University of Fort Hare, Alice) and average
monthly rainfall (R; 82 years records) for

Cradock, Republic of South Africa.

Soil water content (to a depth of 1.50 m) and
rainfall for five different irrigation plots

{2, B, C, D and E) of maize at Cradock
Experimental Farm, South Africa in mid-summer
1986. Rainfall on the experimental plots is shown
by vertical bars above the water contnt curves,
Open symbols represent stressed plots; closed
symbols represent unstressed plots. Soil water
profile lines at field capacity (FC) and first
raterial stress {FS) are included for reference

purposes.

Soil water patterns for stressed (plots A and B)
and unstressed (plots D and E) maize plots in an
Inceptisol soil measured with a neutron hydroprobe
on January 23, 1986 at Cradock Experimental Farm,
South Africa. Field capacity (to a depth of 1.5

m)] : 475 mm. PAWC at flowering : 151 mm.

Diurnal courses of environmental factors on three

consecutive measuring days.



Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.
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The response of stomatal conductance to

photosynthetically active radiation incident on

the maize leaf surface for unstressed plants on a

specific measuring day {January 21, 1986). Each

point represents the mean of four measurements.

Vertical bars represent standard error of mean.

Stomatal conductance values for stressed and
unstressed maize plants respectively at three
different times of the day on three consecutive

measuring days.

Effects of increasing soil water stress on
stomatal diffusion conductance of mature maize at
midday in mid-summer. Each point is the mean of
five measurements. Vertical bars represent

standard errcr of mean.

Mean early morning and late afternoon stomatal
conductance values as a function of VSD on three

consecutive measuring days.

Xylem water potential values for stressed and
unstressed maize plants respectively at three
different times of the day on three consecutive

measuring days.
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AFPPENDIX 4.1.1 YIELD, APPLIED WATER AND TOTAL WATER

[
o
Cu
s

[Tl L
wi
Y
‘—l
¥}

245

(R
o

2
3
3

CONSUMPTION FOR THE DIFFERENT IRRIGATION

TREATMENTS WITH WHEAT AT

WINTER SEASON)

50

Treatments

75

oo

vield (tons/hal

L9602) 3
o8(10) 2
.59(19) 3
Jlit24) 2

13.6

applied water (mm)

245

L0B11) Z2,69(6)
.J30013) Z,16(14)

SITE IS0-A (1285

125

2,65(51
2.8817)

L2l(23Y 3,29(33) 3.00(9)
LBE(27Y 3,21(25) 3.22(017)
cv (%) ’

13.9

540
rain {(mm?

245

18.5

540

245

8.1

540

2495

soill water deficit at harvest (mm)

10

20

85

75

total water ceonsumption (mm)?

865

205

850

360

rain/total consumption (%)

27

29

28

det
2,92(3)
22,9408}
3.24(18)
3.53(20)

9.1

560

45

A50

numbers between brackets indicate the plot number.

Il



APPENDIX 4.1.2 YIELD. APPLIED WATER AND TOTAL WATER
CONSUMPTION FOR THE DIFFERENT IRRIGATION
TREATMENTS WITH WHEAT AT SITE ISO-B (1986

WINTER SEASON!}

Treatments

control S0-75 25-100 50-100 75-100 100yg=-h0
vield (ton/ha}

5.54(3) 4,.33(5) 4,Z3(11) 4,41(1) 4.,44(8) 4.%0(7)
4. 3304 4.68(10) 4.99(14) 5.068(19) 3.45(20) 4.97(18)
8B 118Y 5.34(13) 3.72(2681 3.98(24) 3,11(23) 5,08(22)
d.-3(271 5.21032) 4.,98(31) 4,18(281 4.80(33) 5,08(30)
cv (%)
2.9 9.8 13.8 10.6 20.3 1.7
applied water (mm)
510 49r) 355 375 385 537
rain {(mmt!
Lo 120 1Z0 120 120 120
=21l water deficit at harvest (mm!
B2 LiHD 105 90 100 59
tntal water consumption (mm?}
520 710 680 585 525 Ty

rain/total consumption (%)
17 17 21 21 20 17
number of irrigations

B 8 7 <] 5 7

numbers between brackets indicate the plet number.



APFENDIX 4.1.3 YIELD. APPLIED WATER AND TOTAL WATER
CONSUMPTION FOR THE DIFFERENT IRRIGATICN
TREATMENTS WITH DURUM WHEAT AT SITE I30-B
( 1986 WINTER SEASON)

Treatments
control 50-75 50-100
vield (ton/ha)l
4,53(3) 3,570(12) 4,32(8)

4,78(15) 4.55(17) 3,71(9)
4,86(29) 4,24(25) 4.,99(21)
cv (%)
2,9 12,2 14,7

applied water (mm)

440 430 500
rain (mm}
120 120 1Z0

soil water deficit at harvest (mm}
90 55 100
total water consumption (mm)
G50 615 720
rain/stotal consumption (%)

18 20 17
number of irrigations

8 8 8

numbers between brackets indicate the plot number.

4-
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APPENDIX 4.1.4 YIELD. APPLIED WATER AND TOTAL WATER CONSUMPTION
FOR THE DIFFERENT IRRIGATION TREATMENTS WITH WHEAT

AT SITE ISO-A (1987 WINTER SEASON)

Treatments

control 100t 125t 100t 125¢tf 100h 1Z5b
vield (ton/ha)
5,868(3) 4,08(16) 6,20(5) 4.57(1) 4.98(2) B6.36(6) 4,23(4)
4,B7(9) 5.47(21) 6,71(11) 5,89(8) 5,48(7) 5.46(13) 3,92(10)
6,24(20) 5,7L(24) 4,93(14) 6,85(12) 3,83(13) 4,68(17) 3.41(18)
5,.67(25) 6.21(28) 4,80(27) 5,30(15) 4,43(26) B,11(22)
cv(%)
L.z 17,0 18,0 17,1 15,0 13,2 10,8

applied water (mm)

425 375 375 325 275 325 275
rain (mm)
160 160 180 180 160 160 1680

soil water deficit at harvest (mm}
80 35 40 50 20 50 70
total water consumption {mm)
535 B70 575 535 4355 535 505
rain/total consumption (%)
25 28 28 30 35 30 32
number of irrigations

8 5 8 5 4 5 5

numbers between brackets indicate plot number.



APPENDIX 4.1.5 YIELD, APPLIED WATER AND TOTAL WATER

z5

Q,70(02)
10,801 14
9.85(19)
11,11¢25)

250

20

BBO

CONSUMPTION FOR THE DIFFERENT IRRIGATION

TREATMENTS WITH MAIZE AT SITE ISO-B (1985-1988

=UMMER SEASON)

Treatments
50 75 100 125 def
vield (ton/ha)
2.95( 8,92(4) 8,66(7)Y B8,43(6) B8,60Q(5)
8.30(8) 9,16(8) 8,43(1¢) B.49(11Y 9,86(15)
11.50{131) 10,10(12) 1lv.27(16) 9.82(17Y 9,37(18)
9.65(20) 8,86(21) 11,73(26) B.07(29) 8.,40(22)
cv (%)
13.3 6.8 15.8 8,8 7.5
arplied water (mm}
535 555 515 430 385
rain (mm)

250 250 250 280 250
so0il water deficit at harvest (mm)

115 125 115 130 135

total water consumption {mm}
250 930 880 g10 770
rain/total consumption (%)
26 27 Z8 31 32

number of irrigations

9 8 7 6 7

numbhers between brackets indicate the plot number.



APPENDIX 4.1.8 YIELD. APPLIED WATER AND TOTAL WATER
CONSUMPTION FOR THE DIFFERENT IRRIGATION
TREATMENTS WITH MAIZE AT SITE ISO-DAMBLOK

( 1986~1987 SUMMER SEASON).

Treatmenta

control 30-50Q 30-75 50-75 75-75 75-100
vield (ton/ha)
LB004d) 9.34(5)y 7.41(2) 9.21(6) 9.17(3) 7.91(10}
L24(7) B,B9(19) 7.46(9)Y 9,46(11) 8.55(8) 9,70(12)
320 14) BU46(20) 9.38(13) B6.56(17Y B.63(15) 7.07(18)
7.93018) 7.28(28) 8,13(22) 6,83(241 9,0B(23) 7.31L{(21)
cv (X1
7.3 .z 11.3 19.1 2.5 14.9
1.9%*

g D -3

applied water (mm)

B25 715 635 700 825 755
rain (mm}
130 190 130 130 190 180
soil water deficit at harvest (mm)

1812 155 175 165 145 175
total water consumption (mm}

265 1060 1000 1055 1160 1120
rain/total consumption (%)

20 18 19 18 18 17

number of irrigations
12 13 12 10 10 9

¢« for plots 5 and 10 only, plots 18 and 23 were not used
in the statistical analysis.
numbers between brackets indicate the plot number.
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APPENDIX 4.1.7 YIELD, APPLIED WATER AND TOTAL WATER
CONSUMPTION FOR THE DIFFERENT IRRIGATION
TREATMENTS WITH MAIZE AT SITE ISO-B
(1987-1988 SUMMER SEASON)

Treatments

control 100-4 125-4 100-10
yield {(ton/ha)

10,77(3) 9.32(1) 2.54(2) 10,55(4)

9.38(9) 9,90(7) 9,72(8) 3,25(12)

12.74120) 11,35(18) 10,06(19) 8,98(18)

B8.52(25)Y 9.,57(23) 8,50(24) 9,95(29)

cv (%)
17.5 5,0 7,1 7.3
applied water (mm)
525 525 450 475
total water consumption (mm)
825 840 720 B0OO
number of irrigations
10 9 8 a
Treatments
125-10 100-15 125-15 50-75

vield (ton/ha)}
3.,78(8) 9,32(11)y B8,77(10) B,70(5)
10,82(13) 12,73{(14) 7,48(22) 12,12(15)
8,73(17) 8,82(28) 5,80(26y 9,76(2L)
7.,87(31y 9,27(32) 10,17(30Y 7.,46{27)

cv ()
12.89 1846 23,1 20,8
applied water (mm)

450 525 475 hzH

total water consumption (mm)
800 800 T70 B55

number of irrigations
7 A 7 8

numbera between brackets indicate the plot number.

.1



a 5,

APPENDIX 5.1 ELECTRICAL RESISTANCE AND AMQUNT OF SOLUBLE
CALCIUM. MAGNESIUM. POTASSIUM AND SODIUM IN
TOP- AND SUBSOIL FOR EACH TREATMENT AT SITE
I50-A (1987-1988 SEASON)

Treatment 1 2 3 4 5 8 7
Plot 27
topsoil
R (Ohm) 750 920 800 830 BS0 780 900
Ca img/kg) 2632 2530 2840 2434 2878 2934 3012
Mg (mg/kgy 750 742 714 732 718 508 642
K (mg/kg) 244 222 248 210 244 266 220
Na (mgs/kgy 188 154 182 136 138 142 108
subsoil
R (Ohm) 420 5650 5560 730 550 T30 S00
Ca (mg/kg) 2888 29568 2768 2886 28B00 2780 2864
Mg (mg/kg) 824 808 712 966 730 850 808
K (mg/kg) 256 182 140 140 128 186 220
Na (mg/kg) 1022 578 988 422 868 370 200

Plot 28
topaoil
R (Ohm) 400 800 850 740 870 00 900
Ca (mgr/kg) 2878 2538 3022 2966 2724 2436 2750
Mg (mg/kg) 1154 796 899 946 786 aro 878
E (mg/kg) 270 274 300 - 278 296 216 252
Na (mg/kg) 338 204 182 208 162 168 124
subsgoil '
R (Ohm) 300 300 500 550 830 560 1000
Ca (mg/kg 1720 24866 25624 2874 2820 2538 286048
Mg (mg/kg} 812 680 Bi2 820 1000 8562 1088
K (mgrskgy 134 130 138 138 188 1586 218
Na (mg/kg) 1644 1400 Bs6 788 552 804 180



