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Foreword

One of the major objectives of the International Center for Agricultural
Research in the Dry Areas (ICARDA) is to develop improved winter
cereals for the dry areas of West Asia and North Africa. In ihe case of
barley, this scope is wider sirce ICARDA has the world mandate for this
crop within the Consultative Group on International Agricultural Research
(CGIAR).

Experience over the years has shown that wheat and barley yields in
stressed dryland areas have increased only modestly. The simultaneous
occurrence of two or more abiotic stresses such as drought, cold and heat
coupled with the high seasonal and interannual variability of the environ-
ment slows down the improvement prucess. The physiological basis of the
genetic improvement is not fully understood. However, plant physiologists,
based on their knowledge of the underlying processes affecting yield under
moisture stress, have suggested many traits to be of importance for increas-
ing yicld and stability of yicld under such conditions. This knowledge has
not yet been applied to improve the effectiveness of plant breeding
programs.

In recognition of the need o0 systematically explore the use of a physio-
logical basis in crop improvement programs, the National Research Council
of Italy (CNR — Special Project — IPRA) and ICARDA jointly organized
an international symposium ‘Improving Winter Cereals for Moisture-
limiting Areas’, in Capri, Italy. Its primary objective was to encourage
a dialogue between plant breeders and physiologists with a view to increas-
ing the stability and production of wheat and barley in rainfed areas,
particularly those in West Asia and North Africa. Leading scientists partici-
pated in the discussions with the objective of sharing experiences and
seeking ways of merging their knowledge. The efficiency of current breed-
ing procedures was reviewed and some more effective approaches were
suggested. The outcome of this meeting is presented in this book, which I
trust will contribute to science, as well as to a better understanding of the

Xiii
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problems of the ICARDA region. 1 have no doubt that the knowledge
generated from this symposium will be useful in improving food production
in dry areas.

MOHAMED A. NOUR
Director General, ICARDA



Preface

This volume is based on the presentations made by a multidisciplinary
group of scientists at an international symposium on Improving Winter
Cereals in Moisture-limiting Areas, held in Capri, Italy. Though belonging
to different disciplines, the participating scientists had a common focus:
how the disciplines in which they worked could contribute to improving
food production in those crop growing environments where availability of
water—or rather the shortage of it—is the major constraint.

The text is organized into four sections. Section I, ‘The Framework for
Winter Cercals Research in the Low-rainfall Areas of Southwest Asia and the
Mediterranean’, deals with the role of agroclimatology and of agroecological
models in developing a meaningful approach for crop improvement.
Section 11, ‘Breeding for Winter Cereals in the Low-rainfall Areas’, reviews
and compares the efficiency of current breeding methods and presents some
new approaches. Section 111 deals with ‘Physiological Rescarch for Drought
Avoidance and Tolerance and its Implication in Breeding Programmes’,
and section [V with *Plant Characteristics Required for Improved Perform-
ance in Moisture-limiting Environments—an ad interim  Assessment’, A
sct of recommendations of the symposium is also included.

While most papers were edited only for style, some had to be substan-
tially revised. Each presentation was followed by a series of lively, thought-
provoking discussions which highlighted the importance of a multidisci-
plinary approach, particularly the integration of agroclimatology and crop
physiology with breeding, in accelerating the cereal improvement for dry
areas. The discussion section for each paper was developed from tapes and
the question-and-answer sheets returned to us by the contributors, The
limitation of time did not permit us to clear the editorial changes in papers
and the drafts of discussion sections with all contributors, but every possible
effort was made to ensure that each paper and its accompanying discussion
scction reflected the contributors’ ideas as accurately as possible. However,
we solicit contributors’ indulgence for the mistakes of commission and
omission that remain,

Xv



Xvi PREFACE

Grateful thanks are due to the National Research Council of Italy
(CNR—Special Project—IPRA) and ICARDA for providing the financial
support to hold the workshop and to produce this volume. The success of
the symposium was primarily due to the personal interest and whole-
hearted encouragement of Dr G. T. Scarascia-Mugnozza, Rector,
University of Tuscia, Viterbo, and Dr Mohamed A. Nour, Director
General of ICARDA.

We thank Ms Parvin Damania of IPRA for her help during the sym-
posium; and Ms Joyce Bendki, Mg Margaret Jones, Mr Hassan Khairallah,
and Ms Sylva Cholakian of ICARDA for their assistance in preparation
of the manuscript.

J. P. SRIVASTAVA
E. PORCEDDU

E. ACEVEDO

S. VARMA



SECTION 1

The Framework for Winter Cereals
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Agroclimatological Classification of the
Mediterranean and Southwest Asian Areas

M. FRERE,* G. MARACCHI,T F. MIGLIETTA,t and C. CONESET
*Division of Plant Production and Protection, FAO, Via delle Terme di
Caracalla, Rome, Italy; and  Institute of Environmental Analysis and Remote
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ABSTRACT

Using the monthly data available with the Agrometearological Burcau of
FAO, we report an agroclimatological classification to characterize the
climatic patterns in relation to the growth and developnient of winter cereals
in the Mediterrarican arcas. The classification needs to be improved further
to assess the effect of daily and interannual variability.

The main emphasis was on the water balance equation accounting for the
water availability in the soil and its distribution during the growth period. The
parameters considered were rainfal, evapotranspiration, and temperature.
Temperature was considered to limit the development to levels below the
threshold.

A classification method of cluster analysis was used to identify the groups
with a high degree of similarity and of principal component analysis (PCA) to
build up a lincar combination of the original variables accounting for as much
of the total variation as possible.

The results of the classification revealed nine types of climate according to
the water balance and temperature levels. The plotted results for each station
made it possible to draw the main climatic patterns in relation to geographical
distributior..

Furthermore, the results could be of help in uaderstanding the most
convenient ideotypes for cach climatic regioi. At the same time, useful
indications could be obtained to further improve the classifieation using the
daily meteorological data instead ~¢ monthly average values.
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INTRODUCTION

The effect of climatic environment on plant growth can result in a dramatic
reduction in crop productivity, particularly in the sub-arid climates of the
Mediterrancan region. In that environment lack of adequate rainfall is a
serious constraint to winter cereal production and rainfall distribution, more
than its total seasonal amount, can adversely influence crop productivity,

A satisfactory solution to increase the productivity of winter cereals can,
however, be found through breeding drought-resistant varieties, These breed-
ing programmes should first evaluate the characteristics of the environments
where new varieties have to be introduced.

A good definition of plant ideotypes, in fact, can only result from a sound
knowledge of local climates and of quantitative genctic responses of the
existing germplasm. A knowledge of the climate, on the other hand, wil help
researchers in parameterizing the enviromenta] variability by some agi»-
climatic indexes. The climatic environment can be better defined by the ranges
of its temporal variability than, for instance, by its polyannual monthly
averages.

For low-rainfall areas, the coneept of agroclimates has necessarily to be
extended to the interaction of atmospheric variability with soil water storage
properties. Unfortunately most of that information is still lacking. Neverthe-
less, in a first approach to agroclimatic classification, more information can be
obtained using multivariate classification and ordination methods.

In this paper we discuss methodological problems and propose some
cxamples of classification. We also outline the need for more complex
databases and wider information sources as well as for collection and
homogencous management of the agroclimatic data of the area.

DATABASE AND METHODOLOGY

The climatic data used for this study were obtained from the Agrometeorolog-
ical Bureau of FAO. The data ranged from Morocco to Turkey along the
coastline of the Mediterrancan Sea for a minimum of 30 years for cach
station. In all, data for 210 stations were used. From the original dataset only
monthly rainfall, monthly average temperature, monthly maximum average
temperature, moathly average of minimum temperature, and evapotranspira-
tion computed by the Penman cquation were used for classification and
ordination.

The methodology used for data processing was to group the stations with a
similar pattern in the base dataset for the parameters named above. The
cluster analysis classiication and principal component ordination method of
Morrison (1967) was used.

The cluster analysis is a multivariate classification technique for displaying
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Figure 1. Thematic map of the proposed classification. Classes (climates) are displayed by different grey levels and each number
represents the class (see text) and geographical location of the station
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Figure 2. A part of Figure 1 enlarged to show the details

within-cluster variation in relation to between-cluster variation. There are
many criteria to assess the similarity leading to the cluster concept, the more
common being to judge the between-cluster variation by computation of the
distance among cluster centres in comparison with the distance of a cluster
member to its cluster centre.

Hierarchical methods allowed the classification of dataset at different levels
of siniiiarity (or dissimilarity) among classes. An optimized classification level
may be chosen a posteriori 1ecording to the classification goals,

The principal component analysis (PCA) transforms the original sct of
variables into a smaller one that accounts for a large part of the variance of
the original set. The purpose of the principal component analysis is to
determine factors (principal components) in order to explain as much of the
total variation in the data as possible with as few of the factors as possible.
The principal components are extracted so that the first principal component
accounts for the largest amount of the total variation in the data.

The first principal component is a linear combination of the observed
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Figure 3. Average rainfall during the vear for cach class (identified by its ordinal
numbers)

variables where the weights have been chosen to maximize the ratio between
the variance of principal component and total variation. Thus, a correlation
may be found petween the principal components and the original variables.

In this sense. the principal component analysis is a useful tool for under-
standing the relationship between variables and a previously classified
dataset, as well as within class unit distribudion,

RESULTS

Ninc main types of climate, with various numerical consistencies, emerge
from this ciassification.

The location of stations at heights ranging from sca level to mountam levels
pownts to the fact that temperature was not a relevant parameter for grouping.
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Figure 4. Potential evapotranspiration pattern for cach class

That was, however, not the case if we considered the minimum temperature
related to the frost events, instead of the average of minimum temperature,
but this needs to be further assessed with the daily data.

The most prevailing classes are 1, 2. 5, and 6. From a geographical
standpoint (Figures 1 and 2), they are located as follows:

Class 1: along the coastline of the Mediterrancan Sea

Class 2: a belt at the interior border of class |

Class 5: between class 2 and desert arcas

Class 6: in the northern area of Turkey
The other classes are related either to mountain or desert areas,

After cluster grouping we computed the balance for the various climatic
types according to the ratio between rainfall and evapotranspiration for the
winter cereals growing period. Evapotranspiration was computed as .75 of
potential cvapotranspiration (ETP) to account for the water stored in the soil.,
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Figure 5. Minimum daily temperature pattern for each class

The crossing point between the rainfall-ETP lines represent the starting point
for the growing scason.

Figures 3 and 4 show the chimatic pattern related to the water balance; the
main differences are related to the increasing aridity going from the coastline
to the interior. ETP patterns follow the temperature distribution while rainfall
patterns differ mainly in the total amount of rainfall with a refatively constant
distribution during the autumn-winter=spring period with a maximum in the
middle of the growing period. Due to the use of monthly data and interannual
average data, the variability i not considered.

The temperature distribution analysis (Figures S and 6) putsin evidence the
highland arcas where some problems may be related to the winter cold.

The PCA ordination is illustrated in Figures 7, 8 and 9. The usefulness of
this analysis may be considered, in association with classification, as a tool for
displaying ithe average class association with the main climatic variables. In
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Figure 6. Average daily temperature pattern for each class

Figure 7, the x axis, which is the first extracted component, is highly
negatively correlated with the average monthly air temperature during the
summer scason. The y axis, which is the second extracted component, is
negatively correlated with the average monthly rainfall. The graph may,
therefore, be split into four regions identifying four extreme climatic patterns
of the arca studied.

The homogeneity, i.e. the reduced space of the class in the plot, also gives
information about the within-class similarity of the stations.

Figure 8 is the plot of the first component (x axis), with the same
corrclation meaning as above, and the third component. The y axis has
correlation both with summer season temperature (positive) and total evapo-
transpiration (negative). Only the extreme desertic classes 5 and 9. and the
class 6 on the other hand, show a non-scattered distribution. The central
classes with average thermal! levels are overlapped. It is interesting to outline
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the stretched shape of class 5 distribution which relates to a high dissimilarity
level in ETP values distribution within the class.

In Figure 9 the x axis has the same meaning as above but the fourth
component, plotted on the y axis. shows a high correlation with summer
scason rainfall. This case, which stresses again the differences among extreme
classes (5 and 9 on the bottom and 6 and 8 on the top), allows us to interpret
how rainfall variability is lower among desertic classes than in more temperate
areas,

The PCA anarysis, thus, suggests the need for further investigation of the
variability within classes from daily meteorological data to derive the agro-
climatic classifications as related to interann ual variability for the assessment of
winter cereal potential productivity,

From the above, some general conclusions can be drawn: the main feature
of the climate in an average year is a shortage of water at the beginning and
towards the end of growth and development. Tt means that root growth,
foliage cover, vegetative development rate, and grain filling can be modified
by this pattern.

The data available on the basis of monthly records and interannual aver-
ages are not sufficient to identify accurately the ceological needs of crops. We
“an conclude from @ practical point of view that further data must be added to
the database for ag oclimatic classification, and also a general description of
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soil characteristics is needed to compute the soil water balance more accur-
ately.

REFERENCE
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DISCUSSION

S. K. Sinha ,
How would your classification be affected if you considered the coefficient of
variability of rainfall? Could you predict dry-matter production in different zones?

G. Maracchi
We could compute the growing period and the crop necessity in phenological stages.
We could predict the dry-matter production on the basis of the climatic model.

H. Ketata
PCA is used when dealing with several correlated characters. You have used rainfall
and temperature, ecach of which you have broken down into 12 levels, making a total
of 24 variables. Are you satisticd with the PCA, i.c. how much of the variation is
explained by the two lirst PCs?

G. Maracchi
Yes, we have 24 variables: the two principal components explained 80 per cent of
the total variation.

M. Tahir
The information on climatic zoning will stay fragmented and of little practical utility
unless a team involving breeders, physiologists, and climatologists works together to
work out information on crop modelling and phenology.

G. Maracchi
Itis just a starting point. A lot more data is needed even to create climatic zones.
However, Lagree with vou on the nead to make a joint effort.

G. T. Scarascia~Mugnozza
We will make a recommendation to create some kind of a team or infrastructure
involving climatologists, breeders, and physiologists.

B. Yilmaz
Do you have any plans to work on the relationship between plant type and
agroclunatic data for Mediterranean arcas?

G. Maracchi
Yes, in the future, after we have built up enough data.

M. S. Mekni
What kind of practical recommendations can we make from the data and type of
analysis available? Recommendations are more urgently needed in arcas where
weather and agroccological data-collection supplics are poor. What can we do about
it”?
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G. Maracchi
We could give some recommendations on the crop calendar and to forecast yield.
We can use remote sensing to interpolate the meteorological data.

F. N. Reyniers
(1) Can an NOAA satellite be used to collect daily rainfall data?
(2) What water balance terms should be used to characterize a site with agronomi-
cal purposcs in mind?
We think Eta is an interesting indicator for tropical agriculture. What about
Mediterrancan conditions?

G. Maracchi
(1) We can use WOAA for daily temperature,
(2) 0.75 of ET and rainfall.
(3) Yes.

M. Duwayri
You said this information wili be of value to farmers in the developing countries,
Would you please elaborate how those farmers could use this information?

G. Maracchi
They can use it for crop calendars, choosing the right varieties, and yield forecasting,
J. P. Srivastava
It would be desirable as a first cut to provide an agroclimatological zoning so that
breeders can tailor-make genotypes for specific environments. Could you specify
what form of cooperation is required from ICARDA and national programmes?
G. Maraucchi
The present stae-of-the-art allows us to give a first scheme of classification, 1
recommend the promotion of a joint team to collect data between ICARDA and
national institutions.

H. Harris
You have indicated a eed to colleet large volumes of daily climatic data for more
detailed analysis. Have vou considered the nse of w sather generators to simulate
stochastic data as an alternative to the logistics of data collection?

G. Maracchi
We think that without any data on interannual variability we cannot use weather
stochastic generators,
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ABSTRACT

A recently developed crop growth model (ACROM) was used to test some
fypotheses for the identification of wheat ideotypes in semi-arid lands. First
we summarise the model functioning and then test some ideotypes in wheat
plant. These are: (1) carly vegetative growth, low LA, (2) root depth, (3)
root/shoot ratio, (4) stomatal sensitivity, and (5) hydraulic root resistance.

For cach of these studies, we discuss the results of model runs and attempt
suggestions for future wheat breeding programmes.

INTRODUCTION

Water limitation is one of the major constraints to crop growth and produc-
tion in the semi-arid lands of the Mediterrancan area. Improvements in crop
growth and productivity may be obtained by increasing agronomic production
technology and by evaluating and selecting more suitable plant cultivars. This
evaluation and sclection may be approached exhaustively on the basis of the
definition of crop ideotypes.

For semi-arid conditions, we can restrict the concept of ideotype to a crop
fezture that is a compromise between better adaptation to environmental
conditions and productivity.

Generally, partial approaches have been made 1o describe and define the
characteristics of crop ideotypes and the related potential yicld of wheat,
studying, for example, photosynthetic systemn performances or root growth

15
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(Greacen et al., 1976; Austin, 1982; Passioura, 1983). On the other hand,
much of research has pointed out how only a general analysis and modelling
of crop behaviour may be useful in this perspective. For this reason we have
tried to verify some hypotheses by using a crop productivity model.

This type of mode! generally takes into account the interaction of the most
important physiological and structural processes in the plant, to describe all
total crop behaviour. ACROM (arid crop model), which has been recently
developed by the authors, was considered particularly suitable for this pur-
posc, mostly for the root system modelling approach that has been used.

The proposed development must be considered as a methodological way of
work. This means that (in any casc) further tests and discussion are necded.
Model improvement. above all in phenological tormalization and grain dry-
matter production, and further model validation might produce better results.

Finally, experimenial work is still needed to increase knowledge about root
systems, general root shape features, and partitioniing of root/shoot assimi-
lates as related to the water-use pattern during the life cycle of the crop.

MATERIALS AND METHODS

As described below, a productivity simulation model (ACROM) has been
used to test and validate crop ideotypes hypotheses. Due to the lack of
meteorological and paedological data on the Mediterranean area, the model’s
runs have been done using a single meteorological input, an only one soil type
has been chosen for tests.

The climatic growing season trend was described by the daily temperature
and rainfall records of 1983 of a Sicilian meteorological station (Sciacca)
located at 37.05 lat. N (Figure 1).

For paedological variables the model needs a soil tensiometric curve at
scven entry points, soil bulk density, saturated conductivity, and an infiltration
code ranging from | to 10 in relation to soil estimated-rainfall infiltrability. In
this case a silty clay—"oam soil is used as an example, and its characteristics are
shown in Table |.

THE MODEL

ACROM is a deterministic deseriptive model of crop biomass production. A
complete description of the model has been developed in Maracehi er al.
(1985a, 1985b) and recently improved by Miglictta et al. (unpublished data).

In this context a brief summary of ACROM'’s structure and behaviour will
be given to better understand the model's adaptability to the arid and
semi-arid agricultural environment. In fact, ACROM was conceived o
describe crop behaviour mostly as a function of a plant/soil system water
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Figure I. Standard climatic trend of rainfall and temperature for simulated
growing season

deficit. Root development and distribution and inain ecophysiological aspects
of crop growth are outlined and formalized in detail. The general model
scheme includes five modules: ‘(1) soil module, (2) root module, (3) plant/
water module, (4) photosynthesis module and (5) growth module.

Soil module

The ACROM approach to soil water dynamic modelling follows classical
schemes (Hillel and Talpaz, 1976; Feddes et al., 1978) using a multilayered
soil approximation, the darcyan flow equation, a linear approximation of
tensiometric curve between experimental points (Feddes et al., 1978;

Table 1. Soil characteristics

il

silty clay-loam
1.22

50.0 cm/day

1

Soil type

Bulk density
Saturated conductivity
Infiltrability code

Soil depth 1.5m
Soil water % at wilting point (—15 bars) = 0.0825
Soil water % at field capacity (—0.3 bars) = 0.225

- wunon
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Rijtema, 1969), and the unsaturated conductivity evaluation on the basis of
granulometric patterns of soil. For each simulation these variables are com-
puted and integrated using five main forcing variables: £ = soil evaporation,
P = rainfall, R = runoff, D = deep drainage, which may be considered as
infinite or related to a time constant water table, and § = root water uptake,
which is modelled as a function of soil resistance (Fuddes er al., 1978) and
root shape, root depth, and soil volume explored by roots.

Root module

The module includes both mechanistic and empirical approaches. Empirical
aspezts of the module relate to allometric constants which may be used in
root growth modelling. The assimilation partitioning between root/shoot
systems is expressad using two cmpirical coefficients (Passioura, 1983;
Acock, 1984; de Wit et al., 1978) as a function of plant water deficit. The
allometric relationship allows us to express root length as a function of root
dry matter using an empirical value of root weight per unit length (a = gr/
mm) (Passioura, 1983) and another corfficient (L = mm/mm?3) may give the
approximate soil volume explored by roots per unit length (Passicura, 1983).
Mechanistic aspects involved in the module refer to root system shape
analysis and maximum soil depth of water absorption according to the defined
shape. A preliminary definition may be obtained using a generai geometric

]

Vi s
\]/..,

Figure 2. Root shape in the model is defined as in the
figure using the a/b ratio as input variable
A—alb = 0.5
B—aib = 1.0
C—alb =20
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feature: two basis opposed cones and a ratio B which is given as model
input and refers to the dimensional relationship between the double of the
cone’s height and basis ray, as shown in Figure 2.

Plant/water module

Potential transpiration is used in the model as a forcing variable for plant
water balance. Thus actual transpiration 7, is computed in relation to
stomatal resistance, and then plant water volume is integrated over time. Leaf
water potential (a) can be roughly computed as a linear function of plant
water deficit. Finally, computed values of a and radiative Ievels are used to
evaluate stomatal resistance. Figure 3 shows an example of ACROM'’s
approximation as compared with experimental data.

Photosynthesis module

ACROM is a water-limiting crop productivity model. It has thus been
designed to use, as input. both daily radiation (PAR) values and monthly

10.00

T 1

8.00|-

6.00+

4.00F

Stamatal resistance {s/cm)
T

2.00

| { 1 1 § 1 1 J

0.00 L
0.00 -080 -1.60 -2.40 -3.20 -4.00

Leaf water potential (MPa)

Figure 3. ACROM’s approximation for storaatal resistance

(solid line) as compared with experimental data (dots) from

Turner (1978). Nodal points K, J may be imposed in the
model at different leaf water potential levels
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average estimates of daily radiation. The rough approximation of the second
case is improved in the model by taking into account a coefficient that is
applied to estimate radiation values during rainy days, as a reduction factor,
and during non-rainy ones, as an increasing factor.

Potential photosynthesis is then computed using radiation and thermal data
as meteorological input. Crop canopy structure is modelled on the extinction
and transmission coefficients and leaf area index basis, while the actual
potential photosynthesis (P.) at a given radiation level is computed on the
basis of the leaf photosynthetic response curve (France and Thornley, 1984):

IIPmax
P o=l 1
Il + Pmax ( )

where
I, = intercepted PAR

Prax = light-saturated value of photosynthetic rate (1.2 X 10-6 kg CO,/m?/s)
(Acock, 1976).

Using the Monsi-Saeki (Saeki, 1960) equation and a combination of it with
(1), the final photosynthesis equation may b written as follows:

Pm:u (IKI() + Pmax(l B I") :
P = 1 -
K l f LKI(,e“‘ Wty p (1 —m (2)
where
a = initial slope of the response curve, i.e. photosynthetic efficiency

(13 x 10-%kg CO+J(PAR)]
LAI = leaf area index
K exiinction coefficient
m = transmission coefficient
I, incoming radiation (PAR)(J/m?%/s)

I

il

Model performance at a given crop leaf area level (LAI = 1.77) is shown
in Figure 4.

Growth module

Finally, total shoot dry matter (DM) can be integrated over the time of the
simulation as follows:

rn

DM =J E‘ X Ranin X (1 = Ry) X (1 = Dr) dr (3)
[} s
where
Dr = root/shoot dry-matter partitioning ratio, which is expressed as a

function of leaf water potential
R, = actual crop stomatal resistance
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Figure 4. ACROM's potential photosynathesis computation at different
incoming radiation (PAR) levels

= crop respiration coefficient
= minimum crop stomatal resistance
the total time of the simulation.

2
J
E
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Root dry-matter growth is integrated as a difference between total growth
value and shoot dry-matter integral. Some of the ACROM's performances for
particular days of simulation are given in Figure 5 in order to appreciate
general model computation flow over daytime.

EXAMPLES AND DISCUSSION

In this section two different items, classical hypotheses about improvement of
cereal adaptation and productivity in semi-arid climates, and simulation
responses to these hypotheses will be examined and each theoretical level will
correspond tG a technical case study of simulation.

According to Passioura’s analysis (1983) of the performances of wheat
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Figurc 5. ACROM's performance is shown for a particu-
lar day when water stress is cvident, The effect of soil
water shortage is reflected by limited water uptake, trans-
piration. and leaf water potential, Simulated stomata clos-
ure regulates plant water balance and assimilation

growing with a limiting soil water supply, we can consider that crop yield is a
result of an interaction among these factors:
(1) amount of water available to a crop during the growth cycle,
(2) water-use efficiency, i.e. transpired water and accumulated dry-
matter ratio per unit time, and
(3) harvest index.

The quantity of water available to a crop depends on the amount of water
stored in the soil profile at sowing plus infiltrated rainfall during the crop life.
In the semi-arid areas, often the probability of rainfall during the most critical
part of the growing season is very low; therefore the soil water storage
capacity assumes high relevance for productivity. Water stored in the upper
layers may be lost for crop productivity through direct evaporation from the
soil surface. Soil evaporation depends largely on the radiative flux reaching
the soil in the absence of plant cover or, at low leaf arca levels, on exposed
areas between plants.

Evaporation from the soil surface can greatly contribute to water-loss
mechanisms. It would be useful for such a control to sclect wheat lines that
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Figure 6. Biomass production over growing season

emerge and establish adequate green stands as fast as possible. Some results
can be obtained by increasing wheat density a1 sowing, but the cost of extra
early growth could be strong in terms of water uptake. To avoid any cffect on
the final harvest index due to reduced available wiater, we need to have
cultivars which are able to make a compromise between carly growth and
carly water use. A low LA! enables the crop to maintain a high water status
while using water slowly (Passioura. 1983). In practice, a crop keeping its leaf
area index below, for example, 2.5 will suffer only mild drought effects.

Case study 1: eariy vegetative growth, low LAI

Following these assumptions, input variables of model’s runs have been tuned
to compare different growth curves and related characteristics of an earlier
and later growth ideotype. The first one (T.1.1) is defined as less sensitive to
low air temperatures: the lowest growth limit has been chosen at T = 1°C
while optimal air temperature values are above T = 15°C. For the second one
(T.1.2) these values are T = 5°C and T = 18°C. Maximum imposed crop LA
was different, ranging from 2 to 3. Figure 6 shows how the mode! simulation
allows the ideotype T.1.1 to have a higher cumulative dry matter than T.1.2.
This is in agreement with the hypothesis: a lower leaf area index can maintain
leaf water potential at a higher level during the growth of the crop, thus



24 DROUGHT TOLERANCE IN WINTER CEREALS

-28

Leaf water potential (MPq)

8.00 | | 1 | | 1 | 1 ! J
0.00 40.00 80.00 120.00 160.00 200.00

Days

Figure 7. Leaf water potential at midday over growing seuson

reducing water stress (Figure 7). Earliness aliows the crop to avoid drought
during the last period (Derera et al., 1969; McKay, 1966, 1970) and contri-
butes in reducing direct evaporation from the soil, promoting a rapid
development of leaf area. According to the literature, wheat cultivars with
earlier vegetative growth and reduced 1 Al are more suitable where the
amount of available water is the more limiting factor,

McKay (1979) indicates that the type of shoot development is to a large
extent related to the root system. A crop can respond to a dry climate by
diverting more assimilates to root growth. A more developed root systcm can
allow a better uptake of water tfrom the soil. The development of effective
deep roct depends on the strong interaction between environmental and
genetic factors. A promising way for water-use improvement in wheat could
be to breed plants with a vigorous root system at depth.

Hurd (1974) scarched for parents having deep roots and included them into
a breeding programme. A deeper root system can penetrate as far as the
wetting front and uptake the amount of available water. In dry areas, some of
the watcr deeply stored in the soil cannot be used because of the reduced
development of roots (Taylor and Gardner, 1960). An additional amount
of water extracted by a decper root system could improve the total biomass
production and also increase the harvest index, if water is available towards
the stage of grain filling,
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Case study 2: rooi depth

In this example three different root distribution shapes have been compared
to cevaluate the effect of the depth of the root system on growth and
late-season water storage in the soil. Root distribution is defined as having a
maximum soil explored depth of 40 cm for T.2.1, 80 cm for T.2.2, and
[50 em, at the soil bottom, for T.2.3. If only the upper layers of soil are
explored by roots, when rooting is poor (T.2.1), the crop wil! suffer water
stress in the carlier vegetative phase. The effeet on biomass accumulation is
very drastic, having at the end 45 per cent of dry matter as compared to
ideotype T.2.2 (Figures 8 and 9). T'he reduced water consumption during early
growth may, however, maintain higher water storage in soil after anthesis and
during the grain-filling period. Otherwise we must take into account that
severe stress during carly growth phases may strongly affect crop density.

This first simulation indicated that a deeper root system may give a better
use of available soil water. The followirig strategic step was then to analyse
how far this correlation may be stressed. The T.2.3 ideotype was then tuned to
have the deepest root system according to the hypothesized soil depth,
Results of this simulation are shown in Figures 10 and 1. It is interesting to
outline how the increased water consumption with a larger soil water availa-
bility may influence water stress, reducing the soil water storage. In fact T.2.3
has a large water consumption during a non-dry scason and it has very low
leaf water potential during crucial phases,
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Figure 8. Biomass production over growing scason
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Figure 1. Leaf water potential at midday over growing season

Finally, the hypothesis may be derived that ‘root exploring ability’ must be
in equilibrium between carlier water use and final soil water storage; paradox-
ically, drought resistance might be improved by decreasing the size of the root
system (Porceddu, 1984; Passioura, 1983).

Following previous indications, we must suppose that the ideal wheat crop
might have a bigger root system during drought periods and a smaller one
when water is not limiting. Ideotype hypothetical strategy to perform such
adaptation may be related to plant ability in modifying the partitioning of
assimilates between root/shoot systems as a function of water deficiency of
tissues. Classical studies (Schultz, 1974) indicate that the root/shoot ratio
normally ranges in wheat from 0.1 to 0.3. An adapted cultivar which can
modify this behaviour may be hypothesized with a lower root/shoot ratio at
high soil moisture levels.

Case study 3: root/shoot ratio

In this simulation test two ideotypes were compared: T.3.1 with a partioning
ratio of 0.1-0.3 lincarly dependent from leaf water potential, and T.3.2, with
4 0.01-0.3 range. Results (Figure 12 and 13) show a more equilibrated water
use in T.3.2, allowing the crop to have a higher biomass production. This yield
increase is otherwise balanced by a strong decrease in leaf water potential
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during maturity due to a more relevant transpirative loss. This might reduce
the benefit of the lower early water use.

One physiological trait often considered is stomatal resistance. Water-loss
regulation ia the green part of the plant is performed by stomata and
differenices in stomatal behaviour appear to explain differences in drought
resistance among species (Schmidt, 1983; Kirkham and Kanemasu, 1983).
Both stomatal size and sensitivity to leaf water potential changes can infiuence
crop water use. Stomatal resistance was considerably higher in drought-
resistant wheat than in susceptible ones. This trait might be of some interest if
included in programmes designed to screen wheat cultivars for dry lands.

Case study 4: stomatal sensitivity

Following case study 3, the selected test T.4.1 = T.3.2 may be improved,
inducing a more sensitive stomata closure to water stress (T.4.2). Soil water
storage might be influenced by changing the water-use pattern, Two ideotypes
were characterized in the model with different threshold values for leaf water
potential/stomatal resistance relationship. Nodal points (JLK in Figure 3)
were:

T.4.1 = -15/-19 MPa

T.4.2 = -12/-15 MPa
Figures 14 and 15 compare the results of simulation for the two ideotypes. A
very low final biomass reduction in T.4.2 is related to an important decrease
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Figure 14. Biomass production over growing season
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in water consumptiot. This seems to be in agreement with ideotype goals for
semi-arid lands.

When the wheat crop relies on soil water storage ai the time of sowing, the
water-use pattern during the life cycle is strongly related to final production;
grain yield in this case may depend on the amount of available water at the
time of flowering (Nix and Fitzpatrick, 1969). To reduce the amount of water
extracted from the soil in order to have a more efficient distribution along
phenophases, Passioura (1982} suggests that a good way might be to increase
the root hydraulic resistance to water flow, selecting, for example, wheat lines
that have small xylem vessels.

Case study 5: hydraulic root resistance to water flow

In this case two new tests, T.5.1 (= T.4.2) and T.5.2 (the last one defined
by an increased root hydraulic resistance), were compared. T.5.2 (Figures 16
and 17) shows a higher biomass production and a lower water consumption,
confirming that it is relevant to prevent the plant using water too freely during
vegetative growth,
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Figure 17. Leaf water potential at midday over growing scason
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Conclusions

From the above discussed examples of the use of simulation models to test
crop ideotypes for semi-arid lands, the first conclusion derived is that this type
of approach does not give as misleading results as suggested in the literature.
Crop models, when well validated, could be used as controls for ecophysiolog-
ical traits to be put in breeding programmes.

The final observation relates to the fact that average midday leaf water
potential, measured or simulated, is quasi-linearly correlated with crop dry-
matter production (Figure 18) (Sojka et al., 1981). All strategies that allow
the maintenance of high leaf water potential might be of great interest in
breeding programmes for semi-arid regions.
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DISCUSSION

M. Nachit
(1) What implication does deep rooting have on grain-filling rate?
(2) Could you elaborate on the relationship between stomata closure and leaf
temperature increase?

C. Vazzana
(1) The deep rooting genotype is not ideal for dry areas, and this is mainly due to
moisture extraction in carly developmental stages and not having enough water
during the grain-filling stage.
(2} Closed stomata during stress enhance the leaf temperature and this reduces the
photosynthetic activity. However, actually in the model, as said in the presenta-
tion, no heat exchange is considered.

H. M. Taylor
Yuur simulation mode! shows that deeper root systems reduce yield. Experience
shows that deeper root systems in fully wetted soil increase yield. Why do your
simulations show the opposite effect?

C. Vazzana
There is a large consumption of water in the early stage of the grain-filling period. In
the model, changing the hypothesized root geometry allows the plant to have a
deeper root system and so water consumption in the carly growth phasey is changed;
the stored water is freely consumed and rapidly exhausted. Soil water storage is
freely consumed ang rapidly exhausted. We think that this may recally happen
(Passioura, 1983).

B. Yilmaz
Is there any relation between coleoptile length and/or crown depth on yield?

C. Vazzana
At the present time we don't take into account the relation between coleoptile and
yvield. We take into account only the LAIL

D. Lawlor
The informztion given on stomatal resistance against leaf water potential: was it
assumed, caleulated, or measured? Is the relationship of a general type? Did you
simulate the effect of smaller stomatal changes at higher water potential? Increasing
resistance increases the vapour pressure gradient around the leaves, but may not
produce a proportional decrease in evaporation,

C. Vazzana
We validated the response used in the model for stomatal resistance against leaf
water potential with experimental data. The model itself calculates stomatal resis-
tance as a function of leaf water potential previously computed in the plant water
module. The relationship seems to be of a general type. We did not simulate the
effect of smaller stomatal changes at high leaf wate potentials, but we could do it.
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R. A. Richards
How was dry-matter production calculated from water use in simulation studies and
were any corrections made for changes in stomatal conductance or differences in
vapour pressiLe as time progressed?

C. Vazzanw
In the model, the water used by the plant influences the leat water potential and
stomatal resistance. The latter acts on actual photosynthesis and hence on dry-
matter production. We do not take into account the effect of senescence on stomatal
activity, but we compute the effect of decreasing LAL

R. B. Austin
How did you simulate the dry-matter distribution among the different organs of the
shoot? Was the performance of the model greatly sensitive to variation in the
above?

C. Vazzana
Only a relationship between dry matter and leaf area is considered in the model.
Other shoot components are actually neglected in the computation. We think that
improvement in this relatonship may be substantial due to high sensitivity of the
model. The casiest way to approach this problem might be to formulate different
crop architectures.

S. K. Sinha

(1) You have used wiiter potential changes as the main criterion of water stress.
However. water potential changes with the stage of growth even in an irrigated
crop. Did you take these changes into consideration?

(2} There is a strong effect of water stress on senescence. Does your model take the
rate of senescence into consideration in relation to the sink size? When you
alidate your models, do you use some existing varieties. If yes, they could be
better described as plant types rather than ideotypes.

C. Vazzana
We take into consideration the change in water potential connected with the change
in root/shoot water balance. We don't consider senescence at the moment; however,
the model computes a decrease in LAT after anthesis. Yes, a durum wheat variety,
‘CRESO’, is being used for validation. When we talk about ideotypes, we only
change crop characteristics as input data in the model.
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ABSTRACT

In most semi-arid regions where winter cereals are grown under dryland
conditions, productivity is limited not only by low and/or uncertain rainfall,
but also by both low and high extremes of temperature. The interaction of
these stresses is discussed in relation to winter rainfall arcas of the Mediter-
rancan region,

Means of reducing the c¢ffects of these stresses by either the application of
sound agronomic practices or modification of cultivars are considered, and
illustrated with data from agronomic trials and computer simulation stadies.

INTRODUCTION

The environment of crops is comprised of several elements. In any cne season
and location, weather conditions, soil factors, and cultural practices intzrplay
to determine to what extent the yield potential of a given genotype will be
expressed. When crops are grown for on-farm production, cultural practices
are determined to a large degree by the social and economic circumstances of
the producer and vary according to his resources and goals, the information
available to him, government policies, infrastructure support, and numerous
other factors. It is not the purpose of this paper to consider these
socioeconomic components of the environment, but they should not be
overlooked in consideration of strategies for crop genotype improvement,
This paper examines the influence of interrelationships of weather. soil, and
management factors on the productivity of crop genotypes in moisture-
limiting environments. Attention has been focused on those regions of the
world where spring-type temperate cereals are sown in the autumn (fall) and
harvested in late spring or ecarly summer. These regions include predomin-
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antly Mediterranean-type  and subtropical climates. The interaction of
environmental factors is illustrated using data from our programme which we
believe to be directly relevant to much of the Mediterranean Basin and to
have considerable relevance for other winter-rainfall arcas. Reference is
made to the implications of this interaction for other areas where appropriate,

CONSTRAINT IDENTIFICATION

Moisture supply

Rainfall patterns in winter cereal growing regions, where moisture supply is
limiting, range trom the classical Mediterranean-type distribution where rain
is received only during the six months of the year spanning the winter,
through areas where rainfall is uniformly distributed through the year, to
zones where as much as 80 per cent of rajn may fall in summer and cereals are
grown during the winter using stored soil moisture. It is characteristic of all of
these arcas that rainfall not only is low, but its distribution is highly variable
both between and within seasons,

One of the consequences of this variability for research, and probably
particularly for genotype evaluation, is that it becomes extremely difficult to
interpret data from field trials. The oceurrence of water stress of differing
degrees in succeeding seasons, or at different growth stages from season to
scason, means that genotype evaluation needs to be carried out in several
seasons and locations to arrive at conclusions regarding genotype perform-
ance. Even then, the range of environments covered may not represent the
full range to which a new genotype may e exposed. We believe that the
choice of environments for genotype evaluation is extremely important.
Testing sites should be carefully chosen to span ine environmental range of
arcas for which material is targetted in order to generate information not only
on genotype performance, but also on the environments themselves and con
plant-cenvironment interactions.

The question of the length of the period over which genotype testing should
be carried out deserves attention. In variable environments how long is long
enough to adequately assess genotype performance? We will return to this
later.

The numerous methods which have been developed to test relative
genotype—environment interactions (c.g. Finlay and Wilkinson, 1963:
Eberhart and Russell, 1966; Fischer and Maurer, 1978) have provided useful
interpretations in some circumstances but in others have been found wanting,
Probably, tne main reason for the lack of wide applicability of the first two
mentioned methods is that only final yield is used as a measure of crop
performance and no account is taken of the fact that yield development is
itself complex. The final yield (or that part f it, namely, the grain, which is
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most commonly mecasured) represents the summation of the ability of a
cultivar to adapt to a series of stresses and their interactions which may be
encountered during the life cycle. In other words, grain yield almost always
represents the integration of a season’s effects rather than a single identifiable
occurrence. Grain yield can be achieved by different pathways, depending on
the phyriological stage at which stress occurs and on the adaptive response of
the cultivar. The details of such adaptive responses form the subject matter of
other papers in this meeting and will not be pursued here.

Temperature limitations

There is a strong interaction between the temperature and moisture compo-
nents of the crop growth environment, particularly at both high and low
extremes of temperature,

High temperature

The temperature regime of moisture-limiting crvironments, where winter
cereals are grown as defined in the introduction, is virtually always character-
ized by a rapid risc of temperature in the spring (Figure 1) to a level where
temperatures during much of cach day are well above the optimum for the
growth of temiperate grasses. One consequence is that respiration rates are
markedly increased, Ieading to lower net assimilation and dry-matter accumu-
lation rates.

A sccond consequence of high temperature in spring is that the rate of
physiological development is increased and the onsct of the process of
senescence occurs more quickly. This reduces the time available for crop
growth and even under well-watered conditions may cause a marked erosion
of the yield potential of a cultivar. Strong temperature-genotype interactions
shown by McDonald ef al. (1983) include both of these effects, but suggest
genotype differences do exist.

A third, and most important, consequence of high spring temperatures is
the increase in the saturation vapour pressure deficit of the atmosphere which
they cause. This increase leads to a reduction in the efficiency of water use due
to the inverse relationship between carbon fixation and vapour pressure
deficit (Tanner and Siaclair, 1983). In the regions being considered. spring-
type cereals planted in autumn develop during winter and carly spring and
reach maximum canopy development and thus maximum transpiration rates
at the time of this increased evaporative demand. The size of the evaporative
load frequently exceeds the capacity of the soil-plant continuum to maintain
the supply of water to transpiring crop surfaces and, even where soil moisture
reserves are high, daytime water deficits occur within the crop canopy. These
arc exacerbated by the fact that in these enviroriments spring either marks the
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Figure 1. Monthly mean lemperature and mean daily evaporation for three
locations in Syria. Data supplicd by the Meteorological Department, Ministry
of Defence, Syrian Arab Republic

end of the rainfall season in winter-rainfall arcas or may coincide with a
period of low probability of rain in regions where rain is more uniformly
distributed throughout the year. Frequently, therefore, the water supply to a
crop is inadequate to meet the demand placed upon it. Some, and often
severe, water stress in the grain-filling stage of crop growth is virtually
inevitable in the environments we are considering. Quantitative effects of
these stresses are considered later.
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Low temperature

The effects of low temperatures on the productivity of winter-grown cereals
clearly vary with geographical area. Attention in the following discussion
again is focused on thosc arcas where spring-type cereals are grown during
the winter. Interactions with the moisture regime will be considered under
two headings: the effect of low temperature on growth and the effect of
freezing damage on development and yield.

Low temperatures and growth

In much of the area defined above, and particularly in the Mediterranean
region, low winter temperatures restrict crop growth rates. This results in slow
development of full ground cover by crops. Poor ground cover allows
increased evaporative loss from bare soil surfaces which reduces the water
available for crop use (e.g. Slayter, 1967; Jury, 1979; and for the specific
environment, Cooper, 1983). It is v ¢l documented that dry-matter produc-
tion is lincarly related to the amount of water transpired and that the
efficiency with which transpi:ed water is usad is greater at lower than at high
evaporative demands (e.c. Tanner and Sinclair, 1983). Further, it has been
shown that, except in v_ry severe postanthesis drought, grain yield is directly
related to biomass i the late vegetative/early reproductive stage of growth
(Fischer, 1979). It therefore has been argued that the greater the proportion
of crop growth w.ich can take place early in the season, the greater will be the
efficicncy of wuter use (Fischer, 1981). Obvivusly, slow winter growth will
reduce the efficiency, whereas any increase in winter growth could markedly
increa-¢ it, This will be considered quantitatively later.

Freezing damage, crop development, and yieid

Freezing damage has been observed in our experimental programme at
several stages of growth. In the scedling growth stage, freezing in conjunction
with wet (waterlogged) conditions caused quite extensive plan: death in the
1984-5 scason. This occurrence is possibly rare. Loss of leaf ar~a in the early
stages of growth (prestem clongation) of both wheat and barle: with screen
night temperatures less than about —8°C occurs more frequentliy, the severity
of damage probably being greater when mild temperatures precede the frost
cvent. Reduction in canopy size through this effect can be expected to lead to
similar water-use incfficiencies to those noted in the preceding paragraph.
Freezing damage following the commencement of stem elongation also
occurs in the environments we are considering, and the effect of this on crop
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grain yield is likely to be much more severe,
depend on the stage of development and the
temperatures below about -

The degree of severity will
main stem of both wheat an

form the damage takes, In Syria,
8°C in carly stem clongation caused death of the
d barley, but tillers were unaffected or suffered
only leaf burn. The crops recovered to give reasonable yields, but flowering
and maturity of damaged crops appeared to be delayed by a few days and
some  yield reduction undoubtedly  occurred, although this cannot be
quantified (Stapper, 1984; Shepherd, 1985).
Frost damage at later growth stages is a recognize
environments. When quite mild frosts (ca.
tion, booting, or heading stages, severe

d hazard of semi-arid
1975). At these stages of growth the

< =3°C) occeur in the late clonga-
yield reduction may result (Single,

re is little opportunity for recovery as
crops enter periods of high temperature and water deficit.
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The physiology of freezing damage in cereals, especially wheat, is reason-
ably well known. The severity of damage is related to the growth stage at
which it occurs and appears to be increased when relatively high day tempera-
tures immediately precede frost events (Single, 1975).

Given the complexities of the interactions of freezing temperatures with
crop growth stage and previous conditions, it is not surprising to find that the
cffects of the damage on crop yields are poorly quantified. It should be noted
in particular that the temperatures cited above are only approximate.

MODIFICATION OF GENOTYPE-ENVIRONMENT INTERACTIONS

Some interactions of crop genotypes with environment may be modified by
agronomic practices. One clear example is cited below. Alternatively, longer-
term breeding programmes are required. Both processes are costly—the
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former due to the need to test the efficiency of practices in a range of seasonal
conditions; the latter, in first producing and then testing new cultivars, is even
more time and resource demanding. One means by which it may be possible
to make these processes more cfficient is through the judicious use of
computer simulation models in conjunction with environmental data, to
explore alternative strategies. Some examples of the application of such a tool
arc also given below.

Plant nutrition

The amelioration of phosphorus deficiency has been shown to markedly
increase the efficiency of water use by barley crops in northern Syria. Figures
2 and 3 show the scasonal pattern of green area index (GAI) and the effect of
differences in GAI on seasonal water use, respectively. Fertilizer clearly
increased the rate of carly canopy development and crop transpiration (T) but
reduced soil evaporation (Esc). Total season water use was virtually the same
for unfertilized (220 mm) and fertilized (216 mm) crops but total dry-matter
yields were 3.6 and 4.9 t/ha, respectively. The water-use cfficiency (WUE)
was thus increased by 42 per cent. Fertilizer reduced the total growth period
of the crop by 7 days, and the increase in WUE for grain production was 26
per cent (Cooper, 1983).

Time of sowing

Studies on the time of sowing of cereal crops have, in the short term, been less
conclusive, with results varying between seasons and between sites within
seasons (ICARDA, 198]) depending on the rainfall distribution. Hewever,
when the question was addressed in the longer iermn using a regionally
calibrated simulation model for wheat genotypes (Stapper, 1984) and 20
years of daily weather data*, it was shown that small but consistent increases
in yield can be expected from earlier sowings (Figure 4).

The ability to sow earlier will depend on the timing of rains at the start of
the season. Figure 5 shows model predictions of moisture-dependent germi-
nation presented as the cumulative probability (for four sites) of germination
having taken place. The wide spread of germination dates (55-65 days) may
indicate a need for different geuotypes to make the bist use of the variable
length of the growing scason.

Earlicr sowing also may entail a risk of carly postemerg. nce drought which
may cause seedling death This effect is not included in the model as no data
on it are available. Probabilitics of the occurrence of short-term droughts at
this time have been examined by Keatinge er al. (1985).

* Data supplied by the Meteorological Department, Ministry of Defence, Syria.
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Figure 5. The cumulative probability distribution for

simulated time of germination of wheat sown at four

locations (K = Kafr Antcon; ] = Jindiress; B = Breda;

A = Alzppo) in northern Syria. The simulations used 20

years of climatic record for each location. (From Stapper,
1984)

Crop maturity type

Another long-term question which nas been addressed using the model is that
of the *best bet" maturity type for wheat in northern Syria. The results (Figure
6) indicate that, as might be expected, early cultivars are best suited to drier
sites (ca. < 350 mm) where the advantage of yield stability in lower-rainfall
years outweighs their inability to fully exploit the best seasons. However, a
longer season type is more suited where mean rainfall exceeds 450 mm.

This analysis of crop-type environment interactions is currently being
expanded to other areas in Syria, and it is planned that it will be extended to
other parts of the Mediterranean region as weather data for other countries
become available to us.

We suggest that this form of use of a simulation model can greatly assist
in the definition of breeding strategies in variable climates. Similarly, by
the quantification of a minimum set of parameters which describe the photo-
thermal responses and important morphological characters of individual
genotypes, this model (SIMTAG) should be able to be used to address the
question of the length of the testing period raised earlier.

The interaction of soil depth, maturity type, and season

The interaction of soil depth, crop maturity type, and seasonal variability, as
predicted by the model, is illustrated in Figure 7. This analysis indicates that
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for a deep soil with good water-holding capacity in the environment of Sweida
in southern Syria, a later cultivar will perform almost as well as an early one in
years with some stress, and will outperform the early one in good years.
However, oa shallow soil an carly cultivar will provide a yield advantage over a
late one in all but the most favourable years. Such interactions have obvious
implications for both breeding strategies and the selection of sites for
genotype evaluation,

CONCLUSIONS

A number of points arise from the foregoing discussion which we believe
should be addressed by a meeting of this nature.

(1) It is important that the environment for which breeding is under-
taken should be clearly defined, particularly with respect to the upper and
lower extremes of stress-inducing environmental variables. How well do
breeders currently explore this environmental variability for the purpose of
defining strategics?

(2) A good deal is known about the effect of stresses at different growth
stages on the adaptive strategics existing in plants. How well are these
quantified for breeding material?

(3) How are testing sites for new genotypes selected? Is information on
environmental variables collected in conjunction with yield evaluation in
order to facilitate the interpretation of yield responses?

(4) The occurrence of very extieme stress events is sometimes used in
breeding programmes to select heavily for apparent resistance to the stress.
What arc the limits to which such strategies should be taken? In other
words, what should be regarded by breeders as an appropriate event on
which to select: a one in five years event, one in ten years, one in twenty
years?

(5) Finally, we return to the socioeconomic component of the environ-
ment, which is not surprising since our research deals with farming systems.
What are the needs of the clients of breeding programmes, governments
and farmers, in respect to the environmental variability we are considering?
What level of yield variability can be accepted by the social systems with
which we deal? How well can we define this and how should such informa-
tion be incorporated into breeding strategies?
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DISCUSSION

N. C. Turner
What were the yield and grain size in the phosphates fertilizer study referred t0?
Your data suggested that high phosphate fertilizer use brought the date of anthesis
forward by a considerable period. Have similar experiments been conducted varying
the sowing density or cultivars with similar dates of anthesis but differing in tillering
to test the role of carly canopy development on water use by the crop versus that lost
from the soil and its influence on yield?

H. Harris
Total biomass yields were S t/ha with fertilizer, 3~5 t/ha unfertilized. The harvest
index of the fertilized crop was lower than the unfertilized one, implying lower
1000-grain weight. These data are available but not to hand here.
No, these experiments have not been carried out,
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G. Ortiz Ferrora
Data presented are based on four locations in Syria representing a radius of no more
than 100 km. What will be the feasibility to implement the models you are proposing
based on data from more distant and/or perhaps more representative locations from
North Africa and the Middle East region?

1", Harris
[t is planned to do this when weather data become available to us.

S. K. Sinha
In late growing experiments, was there the same seed rate? Because of photoperiod
and vernalization sensitivity the carly sown crop would produce more tillers, but not
the late sown. Did you compensate it? What was the soil moisture profile at the
harvest in early and late sown crops?

H. Harris
The same sceding rate (= 250 plants/m?) was used. At these populations, similar to
those used by farmers, very few tillers survive in the environment. Tiller number is
adjusted internally by the model depending on water supply and radiative energy
load prior to heading,

All crops used all the water available in any season, i.c. total water use is
dependent on ramfall. However, the model predicts that there will be substantial
shifts in the proportions either transpired or lost through soil evaporation. The latter
increases with later sowings duc to loss by evaporation prior to sowing and smaller
canopy development in late-sown crops, causing more soil evaporation.

M. Duwayri
Does the model take into consideration the monthly temperature during the
growing season aloag with the amount of rainfall?

H. Harris
The model operates on daily values of rainfall, maximum and mninimum tempera-
tures and radiation. It thus incorporztes the effect of all these variables o crop
growth.

R. A. Richards
What is the difference between the plus and minus P treatment in the proportion of
scasonal precipitation lost by evaporation from the soil surface. Is it related to P rate
and do farmers in the region already use P?

H. Harris
The proportions were of the order of 50 per cent from unfertilized crops and 25 per
cent from fertilized ones. P rate has not been evaluated.
No, farmers in dry areas do not have access to P fertilizer. The acrial extent of the
applicability of these results is currently being investigated with a view to reassess-
ment of fertilizer supply policy.

A. Hadjichristodoulou
Information obtained by using three or four varieties of different earliness, i.c. to
study the effect of carliness, has limited value and cannot be generalized, because
the varieties differ also in genes controlling other traits. Do you think that if one uses
varieties of the same carliness will get the same results?

H. Harris
The model has becn designed to accept descriptors which characterize individual
cultivars, It should be able to predict the response of specified cultivars provided this
information is used.
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A. Hadjichristodoulou

Do you have data from the region on the effect of intraseasonal variation in
precipitation on yield? Any difference in response of varieties? Data from Cyprus
(Institute of Agricultural Science, 1982) show that fortnightly distribution of
precipitation explained 61-98 per cent of yield variation depending on varicty while
only 5-70 per cent was explained by the amount of annual precipitation. More
detailed analysis showed that the precipitation during sowing time and grain filling
was the most important, but this effect also varied with variety,

H. Harris
Data of this type are needed to verily model predictions.

Howard Taylor
How did you define soil depth? Depth to those soil characteristics that stop root
development?

H. Harris
The two soil depths used were: for deep soil 180 em, with a potential water storage
capacity of 200-250 mm; and for shallow soil 40 em, with a water storage capacity
of 80-90 mm. In the case of the deep soil, free drainage is assumed below the
specified depth. In the shallow soil, the subtending material would be either CaCO;,
or rock.

M. Tahir
Don’t you think that by making a recommendation of early planting and carly types
the crop will be exposed to higher risks of frost damage as was indicated by you—a
damage of 90 per cent in carly types?

H. Harris
The recommendations on maturity types shown included the effects of potential
frost damage through the use of daily maximum and minimum temperatures in the
simulation. One site where frost damage would be a problem was not discussed. At
the sites discussed frost damage is not considered to be a problem for carly cultivars
except in extreme conditions such as 1984 -5.

S. C. Brown

You suggested that the breeding of cereals for the arid arcas should be done at the
extremes of environmental conditions as well as between the extremes. You have
also mentioned the in:=~tance of phosphate fertilizer for increasing productivity.
There is evidence thaty, s of landrace varietics, presumably developed under low
or zero fertilizer applicat. n conditions, are at least equal to those of ‘improved’
varicties bred under high available nutrient conditions. In contrast, under low or
zero fertilizer applications, yields of landrace varicties usually exceed by a significant
margin the yields of the ‘improved’ varieties. Since agriculture is at present generally
low input and the level of inputs in the future are uncertain, would it not be better
insurance to breed under zero or very low rather than medium or high fertilizer
input conditions?

H. Harris
I was referring specifically to testing of genotypes when I suggested that locations
covering the extremes of conditions should be used. Obviously, there are limits to
which breeding in low nutrient conditions can be carried. In the extreme, no yields
would be possible. The question of selecting under low productivity environments
versus higher yiclding ones will be addressed in a later paper (Ceccarclli ef al.).
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T. C. Hsiao
In your model evaluation of fertilizer effect on canopy development and water-use
efficiency. soil evaporation was shown t¢. centinue at a relatively high level through-
out the season. How is soil evaporation estimated? My understanding is that soil
evaporation should decrease markedly when the surface dries or when canupy cover
is good.

H. Harris
Soil evaporation was citimated by the method of Cooper er al., using measurements
of soil water under both crop and fallow and adjusting for radiation interception by
the crop. This is a dry site and GAl normally reaches a maximum of only ca. 3-4.
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Actual and Potential Yields of Cereal Crops
in Moisture-limited Environments
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ICARDA, PO Box 5466, Aleppo, Syria

ABSTRACT

The observed yield of a crop is the expression of its genetic yield potential in
a given environment. Cereal production data indicate that realized yields on
the farm are generally inferior to those obtained under controlled field
conditions in rainfed arcas.

Seasonal rainfall is the most important factor affecting yields in the rainfed
areas of North Africa and the Middle East. Up to 82 per cent of the variation
in grain yicld was found to be determined by scasonal rainfall in areas
receiving 133-454 mn with 11-19 kg/ha being produced for each additional
millimetre. Other important factors include rainfall distribution, soil charac-
terisiics, temperature, evaporative demand, and biological stress.

Yiclds in rainfed arcas of North Africa and the Middle East can be
increased by an appropriate crop rotation, adequate fertilization, and carly
planting. A 6-week delay in planting time resulted in yield reductions of 42
per cent in barley and 22-32 per cent in wheat.

Breeding cereal cultivars adapted 1o rainfed areas is a prerequisite to
raising yicld potential in those areas. At ICARD A, multilocation screening
of carly generations and yield testing of advanced material in targetted dry
environments has provided improved germplasm combining high yield poten-
tial and consistent performance both on research sites and on farmers' fields.
Examples are the lines Rihane (barley), Korifla (durum wheat), and FIK's'-
Horl (bread wheat).

Farmers in the dry arcas hesitate 1o make any substantial investinents
because of the high risk of total crop failure. Fax ~urable credit, pricing, and
insurance policies have to be developed for encouraging the farmers to adopt
the improved technology.

55
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INTRODUCTION

Although the genetic yicld potential of a crop is determined by its genetic
make-up, the measured yield potential, i.c. the maximum observed yield, is a
characteristic of both the genotype and the surrounding environment. In fact,
the yicld potential of a crop or genotype should be defined as the maximum
yield attainable under a given environment. Several factors make up the
environment of a crop and determine the maximum crop yicld. A number of
those factors, including rainfall, temperature, light, and carbon dioxide are
uncontrollable. Other factors, including crop type, crop management, and
socioeconomic systems may be manipulated by man to best meet his needs.

YIELD POTENTIAL AND YIELD GAP

The maximum theoretical grain vield for wheat under optimum growing
conditions was estimated to be around 37,500 kg/ha by Mac Key (1981) and
20,000 kg/ha by Hanson et al. (1982). However, the actual highest grain yield
in the field has now been more than 15,650 kg/ha. While research reports from
different parts of the world do often indicate grain yields of over 10,000
kg/ha, yield estimates are usually based on small plots grown under controlled
conditions, and actual yields at the farm level are frequently much lower.

The gap between potential and realized yiclds varies depending on the
technology, environment, and socioeconomic factors. It is relatively small in
developed countries but alarmingly large in many arcas of the developing
countries. In Tunisia, for example, the yield gap depends to a large extent on
farm management and is somewhat larger in the drier areas of the country
(Table 1). In Syria, the yield gap for wheat and barley ranged between 60 and
160 per cent, based on a comparison of on-farm research plots with farmers'
fields in 1984-85.

Past cereal research has emphasized crop improvement for high-rainfall,
high-input environments, and led to increased yields in those environments.

Table 1. Average cereal grain vields at research station and on
farm for different rainfall levels in Tunisia (1983-4 and 1984-5)

Grain yicld (t/ha)

Progressive Average
Rainfall (mm) Research farmer farmer
450-700 5.5 4.5 2.5
350-450 3.5 2.5 1.5
200-350 2.0 —* 0.7

*No progressive cere sl farmers for this rainfall level,
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In contrast, yields in iess favourable areas have remained low (Anon., 1982;
Srivastava and Winslow, 1385). A typical case is depicted in Figure 1 for the
yield trend for wheat in Tunisia over a 19-year period in two contrasting
environments with subhumid areas in the north (350-700 mm of annual
rainfall) and dry arcas in the centre-south (200-350 mm). This trend is
characteristic of most cereal-growing arcas in North Africa and the Middle
East. With the increasing population density in the region, increasing food
production for cereals has become a major challenge to decision makers and
agricultural workers. It is therefore essential to determine the major cereal
production constraints and develop ways to alleviate them.

PRODUCTION FACTORS

Moisture stress is the most important constraint to increasing grain yield in
rainfed cereal areas. Data in Table 2 demonstrate the positive effect of
increased moisture on grain yield of wheat and barley in Syria in 1980 and
1981 when rainfall was favourable. Data from 1983 to 1985 indicate that
scasonal rainfall in Syria accounted for up to 82 per cent of cereal grain yield
with 1119 kg/ha being produced for cach additiona! millimetre within the
range of 133-454 mm (Table 3). The effect of rainfall, however, becomes
confounded when extremes of other environmental factors prevail. For
example, in the 1985 season low temperatures during January, February, and
March drastically affected yield in Syria. Even in ‘normal’ years, a sizeable
portion (up to 37 per cent) of the variation in grain yield may not be explained
by total scasonal rainfall (Table 3). Other environmental factors affecting
yield under moisture-limited conditions include rainfall distribution, soil
characteristics, temperature, light, evaporative demand, biological stress, and
crop management.

Table 2. National average grain yield (1/ha) of rainfed and

irrigated wheat and barley for five years in Syria. (The Annual

Agricultural Statistical Abstracts, 1983, Syrian Arab Republic,
Ministry of Agriculture and Agrarian Reform)

Wheat Barley
Year Rainfed Irrigated Rainfed Irrigated
1979 0.72 2.39 0.35 1.35
1980 1.38 2.75 1.30 243
1981 1.48 2.82 1.03 2.21
1982 1.09 2.52 0.40 1.99
1983 1.07 2.47 0.67 2.02
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Table 3. Etfect of seasonal rainfall on grain yicld of barley and wheat at drr ites in

Syria
Regression parameters*
Rainfall B -
range b
Year (mm) Crop n {kg/ha/mm) R:
1983 186-380 Barley 12 19.2 0.82f
226-454 Bread wheat 15 12.0 0.701
226-1454 Durum wheat 15 12.3 0.741
1984 133-300 Barley 7 1.1 0.43
166-274 Bread wheat 12 10.8 0.6971
166-374 Durum wheat 13 12.7 0.63t
1985 171-416 Barley 12 -33 0.12
213-438 Bread wheat 10 6.1 0.23
213-438 Durum wheat 11 7.5 0.24

*n = number of sites.
b = coefiicient of linear regression of grain yield (kg/ha) on rainfall (mm). The value —~3.3
for barley in 1985 estimaies zero.
R* = coefficient of determination for the above regression,
FSignificant at P = 0.01.

Efficient management of the crop microenvironment has been found to be a
key factor te increasing cereal biological yield in moisture-limited areas
(Bolton, 1979, ICARDA, 1983, 1984). Larly planting, proper fertilization,
and appropriate crop rottion were found to increase water-use efficiency
(WUE). Results from Uyria (Table 4) and Jordan (Aron., 1984) have
consistently shown the beneficial effect of carly planting on grain yields in dry
areas.

Olsen (1980) reported that responses to iertilizers are less pronounced in
drier than more humid areas. However, most dry arcas have calcareous soils
and tend to be low in available P. Results at ICARDA indicate more frequent
responscs to P than N in drier arcas of Syria, where added P was found to
increase WUE and hasten barley maturity.

Fallowing is commonly practised in rainfed cereal-growing arcas. Results at
ICARDA (1984) show that in a fallow/barley rotation, fallowing consistently
increased the amount of available N and stored moisture in comparison with a
barley/barley rotation. In the Great Plains of the United States (Fenster,
1980). fallowing resulted in a twofold yicld increase of winter wheat. How-
cver, in rainfed arcas with more than 250 mm of annual rainfall, a medic/
wheat rotation may be more beneficial (Bakhtri, 1980).

Weed control also affects cereal yields. However, the results in dry envi-
ronments are not always consistent with regard to the economics of chemical
weed control which depends on the degree of infestation, type of weeds, and
moisture level (Anon., 1984).
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Table 4. Effect of sowing date on grain yield (kg/ha) of barley, durum, and
bread wheat at Tel Hadya (230 mm), Syria, 1983-4

Sowing date

— Percent  Rate of yield
12 Nov. 28 Dec, reduction reduction

Crop 1983 1983 (%) (sxg/ha/day)
Barley 3105 1805 42 "8
Durum wheat 2331 1815 22 11
Bread wheat 2368 1619 32 16

While suitable cultural practices are needed to maximize the expression of
genetic potential, breeding cereal cultivars adapted to rainfed areas is a
prerequisite to raising the cereal yield potential in those areas. The breeder is
here challenged to develop cultivars that are able to withstand drought and
yet respond favourably under less stressful conditions. Desirable plant type,
variety structure, crop duration, and reaction to diseases (Table 5) are
examples of key attributes sought in hybridization and selection programmes.
AtICARDA, multilocation screening of early generations and yield testing of
advanced material in the target dry environments has provided new lines
combining high yield potential and consistent performance both at research
sites and on farmers’ ficlds under varying degrees of biophysical and biologi-
cal stresses. Examples are the barley line Rihane, the durum wheat line
Korifla, and the bread wheat line Flk's’-Hork.

TRANSFER OF TECHNOLOGY
Development of improved production technology alone, however, is not

sufficient for insuring increased yields at the farm level. The new technology

Table 5. Desirable characteristic- of cereal cultivars for dry arcas

Characteristic Desirable feature
Plant type:
Tillering High potential, determinate type
Height Medium tall under normal conditions
Varictal structure Some degree of genetic heterogeneity or heterozygosity
Maturity Early (for efficient use of reserve moisture and escape

terminal drought)

Reaction to discases  Resistance to most damaging discases in dry areas such as
common bunt, loose smut, root and foot rot for wheat,
and powdery mildew and scald for barley
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has to be successfully introduced to the farmer through extension services.
Farmers in dry areas usually hesitate to make any substantial investments,
even when they are convinced of the usefulness of new technology, simply
because the risk of failure is always high in those harsh environments. It is,
therefore, for the decision makers to intervene to minimize the risk factor by
establishing a favourable policy of credit, price, and insurance. It is only when
the rick factor is minimized that the probability of adoption by the farmer will
be high.

The task of narrowing the yield gap at the farm level in dry areas is
extremely difficult and requires the combined efforts of agronomists, breed-
ers, cxtension specialists, sociologists, decision makers, and, above ali,
tarmers,
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DISCUSSION
B. Yilmaz
Do you recommend high-tillering ability with high seeding rate or low seeding rate?
H. Ketata

Higher-tillering potential combined with good plasticity was found to b.> associated
with higher yields in meisture-limiting environments, Seed rate in these environ-
ments should not be too high. Studies have shov n no effect on grain yield when sesd
rates were in the 1ange of 80-160 kg/ha.

F. N. Reyniers
How do you justify the recommendation for high-tillering variety for drought
environments? For rice, we recommend medium-tillering variety, for such environ-
ments.

H. Ketata

Wheat and barley are usually grown in environments which are very different from
those where rice is grown. High-tillering potential with genetic plant plasticity for its
expression provides the plant with a mechanism of buffering the environmental
variation. For low seed rates, or low germination, or pocr stand, the plant can tiller
more and take advantage of the available resources (moisture, nutrients, etc.).
Genotypes with relatively higher tillering potential were found to be better yiclding
than other genotypes in moisturc-limiting areas.

M. Tahir

Recommendation of high-tillering capacity is based on the agroclimatic pattern as
well as our studies on the landrace varieties of barley and wheat from West Asia and
North Africa where the rainfall comes during winter months and summers are dry.
The plant has to go tkrough a long vegetative phase with no moisture stress followed
by a short reproductive phase. This recommendation should also be [ooked into for
other desirable characteristics of a successful variety such as medium to short head
size, medium grain size, and short reproductive phase. These characteristics help in
avoidance of terminal moisture stress.
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ABSTRACT

West Asia and North Africa encompass two major types of environment: a
coastal Mediterranean environment with cool, wet winters and hot, dry
summers; and a second that includes highlands over 1000 m above sea level,
where winters are long and severe and summers short and hot. In these
environments bread wheat, durum wheat, and barley are the major crops
grown for food and animal feed. During the growing season, usually
October/November to May/June, lack of moisture and occurrence of such
stresses as cold, heat, or soil salinity damage or kiil the crop. Long stretches
without rain or skort dry or hot spells during critical growing stages reduce
grain yields.

Incorporating genetic resistance into plants can help them tolerate biotic
stresses which often limit their productivity. Coupled with better agronomic
practices this can improve not just productivity but also yield stability.
Characterization of the target environment is important in this process, as is
the heritability of plant characteristics beneficial in specific environments. It
is important to define the level of moisture stress and production level for
applying the appropriate breeding and selection strategy. Breeding and
sclection methods employed at [CARDA for developing barley and wheat
germplasm for dry arcas essentially comprise: (1) screening and development
of genetic stocks possessing resistance/tolerance to prevailing stresses in the
region, (2) incorporation of desired traits in the crosses required in the target
environment, (3) exposure of early generation populations to the environ-
ments in which they will be grown, (4) use of modified bulk procedures, and
(5) multicnvironment testing through a network of national programmes.
Genetic variability in local landraces, primitive forms, and wild progenitors of
barley and wheat have proved to be very useful.
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INTRODUCTION

Within the Consultative Group on International Agricultural Research
(CGIAR) system, the International Center for Agricultural Research in the
Dry Areas (ICARDA) has a global responsibility for barley improvement and
a joint mandate with the Centro Internacional de Mcjoramicnto de Maiz y
Trigo (CIMMYT) for wheut improvement in West Asia and North Africa. In
the ICARDA region about 97 per cent of durum wheat, 65 per cent of bread
wheat, and essentially all of barley is grown without irrigation under rainfed
conditions. In cooperation with national and international institutions, the
Cercal Improvement Program at ICARDA endeavours to increase the pro-

ductivity as well as stability of production of barley and wheat in rainfed
areas,

CHARACTERIZATION OF THE AGROENVIRONMENTAL
CONDITIONS

Barley, durum wheat, and bread wheat together cover 70 per cent of the land
devoted to food crops. The choice of the cereal grown is mostly determined by
moisture. Within the zone of 300-600 mm of annual precipitation, farmers in
wetter arcas (and farmers having irrigation facilities) favour bread wheat and
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Source: Factors Affecting VYheat Production in Jordan. Ministry of Agriculture,
Jordan, University of Jordan and ICA RDA,

Figure 1. Relationship beiween rainfall and wheat yields in Jordan, 1957-80
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those in moderate rainfall areas favour durum wheat. In more arid zones, with
200-300 mm of rain, farmers usually grow barley. The unpredictable rainfall,
and hot dry summers, typical of the region, have important implications for
agricultural researchers. One of these, obviously, is the drought tolerance of
cereal varieties.

The region has diverse and variable climatic conditions. Rainfall and
temperature regimes can differ considerably over short distances, and
interannual variation is high. Broadly speaking, there are two major agro-
climatic zones in which cercals are grown. One zone has a Mediterrancan
chmate characterized by hot, dry summers and cool, but not frigid winters in
which rainfall is concentrated. Crops are grown mostly during the winter. The
second zone consists of various highland arcas over 1000 m and areas of
continental climate where winters are cold and summers are hot and dry.
Snowfall during winter is a major source of soil moisture. Crops are usually
planted in the autumn, though spring plantings are important in parts of
Turkey, Afghanistan, and Pakistan,

In the rainfed arcas of West Asia and the Mediterrancan basin, drought,
heat, and cold predominate. Drought may be present alone or in combination
with a thermal stress, or a given thermal stress may prevail at various stages of

Table 1. Barley arca and yiclds in the ICARDA Region (1982-4).
(FAO Production Yearbook, 1684)

Arca harvested Grain yield
Country (1000 ha) (kg/ha)
Afghanistan 340 1060
Algeria 811 622
Cyprus 52 1718
Egypt 50 2636
Ethiopia 860 1214
Iraq 942 700
Iran 1883 970
Jordan 37 439
Lebanon 5 1224
Libya 257 325
Manrocco 2108 791
Pakistan 250 709
Saudi Arabia 6 2103
Syria 1463 446
Tunisia 505 659
Turkey 3096 1970
Yemen Arub Republic 43 1020
Others 5 —_

Total 12,713
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crop development. Furthermore, stress patterns may differ in cach of the
various climatic zones (ICARDA, 1985). Figure | indicates the relationship
between rainfall and wheat yields in Jordan which is typical of much of the
low to moderate rainfall wheat-production arca in West Asia and North
Africa, and highlights the dependence of winter cereal production on precipi-
tation. Even when the crop is grown in an ‘optimum moisture environment’
occasional periods of drought may occur during the growing scason and
reduce crop production. The use of technologics to alleviate the effects of
climatic stresses, such as irrigation, fertilization, and tillage is limited in the
region. Therefore, genetic manipulation of plants to minimize the effects of
climatic stresses is an important endeavour for rainfed areas.

Many regions of the world have succeeded in improving wheat yields,
particularly in favourable crop-growing conditions, through the introduction
of semi-dwarf, high-input-responsive varieties. However, such high-yiclding
varieties have not met with great success in the dry arcas of West Asia and
North Africa. Traditional methods of cultivation and landraces of improved
local cultivars predominate in most of these areas. The barley and wheat

Table 2. Wheat area and yiclds in the ICARDA Region (1982-4),
(FAO Production Yearbook, 1984)

Arca harvested Grain yicld
Country (1000 ha) (kg/ha)
Afghanistan 2330 1252
Algeria 1670 590
Cyprus 14 1298
Egypt 566 3433
Ethiopia 0656 1261
Iraq 1003 664
Iran 6011 1003
Jordan 77 801
Lebanon 17 1218
Libya 253 576
Morocco 1839 1121
Pakistan 7314 1584
People’s Democratic 15 1000
Republic of Yemen
Saudi Arabia 308 2725
Sudan 142 1096
Syria 1204 1159
Tunisia 800 963
Turkey 9108 1875

Yemen Arab Republic 50 985

Total 33,375




BARLEY AND WHEAT IMPROVEMENT FOR MOISTURE-LIMITING AREAS

Table 3. Approximate percentage distribution of wheat area according
to moisture environment in major production regions of the developing
world. (Byerlee and Winkelmann, 1980)

Moisture environment

Adequate

Semi-arid
Region Irrigated rainfall rainfed
Middle East/North Africa 14 34 51
South Asia 73 4 23
East Asia 25 39 37
Latin America 9 49 43
All developing countries 34 28 37

69

yields in the region (Tables 1 and 2) are among the lowest in the world. Small
farmers and those in very dry arcas (Table 3) are particularly vulnerable to
moisture stress that limits crop production. Barley and wheat varieties with
tolerance to moisture stress would provide stability and increased yields.
Their benefit would be even higher if accompanied by modifications in
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Figure 2. Grain yicld of three barley varicties in Tunisia (means

of three years, 1982-4)
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Table 4. Grain yield (kg/ha) of Tadmor, a pure line selected
from a local cultivar of barley, in sites receiving less than
250 mm of annual rainfall

Bouider Mean of five locations
Material 1984-5 1985-6
Tadmor 2428a 1785a
Local cultivar 1633 b 1580b

Values followed by different letters are significantly  different
(P 2 0.05).

cropping systems and cultural practices that would minimize the adverse
effects of drought.

Research efforts are under way to combine drought tolerance with
increased yield and stability of production as well as other desirable traits such
as resistance to important discases and pests. In the case of barley, through a
joint Tunisia-ICARDA barley-improvement project, three varieties have
been released in Tunisia which yield significantly higher than the existing
commercial varicties (Figure 2). Rihane ‘S, another barley line, has per-
formed well in several countries in the moderate rainfall (250-350 mm)
areas. In the severe moisture stress arcas (less than 300 mm rainfall), selec-
tions from the locally adapted landraces seem to be most promising. For
example, Tadmor, a line selected from the tocally adapted landrace in
Northern Syria, has performed best in 200-300 mm rainfall arcas of Northern
Syria (Table 4).
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Figure 3. Yicld stability of a landrace (Haurani), in comparison to a
landrace x improved varicty (Omrabi) and improved variety (Sham-1)
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Nachit and Ketata (1986) reported superior performance of Omrabi, a
durum wheat line derived from a cross involzing ‘Haurani’, a landrace
adapted to 250~400 mm rainfall arcas in Syria and Jordan, and Jori, C-69, a
high-yielding varicty in favourable environments (Figure 3). They also noted
that a new durum line, ‘Sebou’, derived from a cross involving ‘Cranc’ (a
variety adapted to favourable conditions) and a strain of T. polinicum, a
primitive wheat adapted to arid conditions, outyiclded Haurani in on-farm
trials at several locations for 3 years in Syria. Algeria released a durum variety
‘Sahl" in 1986, developed from a cross between T. dicoccum and *Crane’ 'S’
variety. ‘Korifla' has outyiclded the locally adapted line *Hanrani’ for 4 years
in on-farm trials throughout Syria in zone B (250-350 mm precipitation)
{Figure 4).

Bread wheat varieties Sham 2 and Sham 4 have been released in Syria for

1900 — E] Haurani
B Korifla
1800 -
1700 —

1600 —

1500 -

kg/ha

1400 —

1300 -

1200 ~

1100 H

1000 —f

1983-86

Figure 4. Mean grain yield of Korifla compared
to Haurani in on-farm trials in zone B,
250~350 mm rainfall, in Syria
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their superior yields in bread-wheat-growing areas. They have also performed
well in rainfed conditions in Turkey, Lebanon, Jordan, and North Africa.
Improved yield of these and other varieties clearly indicates the possibilities
of improving yicld and yield stability in the rainfed arcas by cmploying
suitable production technologies and varietics developed for moisture-
limiting areas.

CHOICE OF CROP SPECIES

A better characterization of the agroclimatic zone in the region may lead to a
more rational distribution of the arca traditionally cropped with barley,
durum wheat, and bread wheat. Data collected by Saari and Srivastava (1977)
from the region suggest that barley utilizes water more efficiently than wheat
at low to moderate moisture levels (Table 5). Wright (1978) reported that
similar calculations from 40 yield trials in Turkey indicated that barley was
always more cfficient than wheat under less than 450 mm of raun.fall. How-
ever, the sociocconomic structure, farmers’ needs, and pricing policies greatly
affect the cropping systems in the region.

Barley and wheat improvement strategy for moisture-limiting areas
requires a discussion of basic elements of its production systems, the envi-
ronment, the genotypes, and their complex interactions.

THE ENVIRONMENT

A better understanding of the target environment with respect to prevailing
environmental and biological stresses, their intensities, and frequency of
occurrence at a given growth stage of the crop is necessary before choosing
appropriate breeding and selection methods. Given the fact that yield is the
integrated product of genotypic expression in a given environment, Figure 5
shows huw our definition of a stress environment can affect the decisions
regarding breeding strategies. If the production potential of the target envi-

Table 5. Kilograms of grain produced by barley and wheat
per millimetre of moisture. (Saari and Srivastava, 1977)

kg grain/mm moisture

Moisture (mm)

(rainfall or irrigation) barley wheat
200 7.5 1.1

300 8.0 6.1

400 8.7 5.6

500 34 8.7

- 600 5.6 7.8

700 4.7 11.6
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Figure 5. Grain yield of two wheat varieties in unfavourable (A) and favour-
able (B) crop-growing environments

ronment is 3 t/ha and above, then selection could be effectively practised in
favourable crop-growing conditions. lowever, if the environment stresses
limit the yield potential to 3 t/ha and below, then it would be more efficient to
select plants directly under these environments. In this environment selection
for resistance/tolerance to drought and other prevailing stresses is of much
more importance than for maximizing yiclds in favourable environments.
General adaptation to a wide range of environments representing different
stresses may cost the plant some yield sacrifice; thercfore, best fitness in one
range of environments may be achieved by concentrating on development of
germplasm suitable for that environment. Austin (1987) reported the cffect
on yield of selection for different plant attributes at three levels of water
availability and found that an acribute that is beneficial in one environment,
with a particular level and pattern of water availability, may be detrimental or
of no effect in another onc. He indicated that selection in appropriate
conditions for the attri' :tes tested would benefit yield in one of twe of the
environments, but usually not all three. Nachit and Ketata (1986) suggested
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Figure 6. Wheat grain yield in five countries representing a range of agro-
climatic conditions

that phenotypic variation over the environments due to differences among the
testing sites can be significantly reduced through subzoning, using agro-
climatological information and appropriate statistical procedures snch as clus-
ter analysis. When they used this analysis on regional durum yield trials, the
portion of the total variation due to differences among sites came down from
80 per cent for all the 22 locations to | 8 percent for a cluster of four relatively
homogeneous locations,

Wheat grain yield in five countries representing three agroclimatic condi-
tions are presented in Figure 6. France represents an equable climate and
high-input environment where yields are high and the interannual cocflicient
of variation in yield is low. Egypt represents an irrigated and intensive
cropping system, good yields, and stability of production. Jordan, Morocco,
and Syria represent low-input rainfed agriculture and jow yields and a high
interannual coefficient of variation in yield. Much of the barley and wheat in
West Asia and North Africa is produced in similar arcas where yields are not
only low but interannual variation in vield causes considerable unpredictati]-
ity of production,

Therefore, a breeding programme will be more effective if genetic material
is developed to meet the specific needs of the target environment, Climate,
particularly differences in rainfall and temperature, has been usad to classify
germplasm into those destined for wet, mederate, or dry environments; those
destined for warm or cool environments; those for short or long maturity; and
those for low- or high-clevation climates. A number of statistical procedures
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has becn employed with varying degrees of success to group environments,
but much remains to be added to our understanding to better characterize
different production environments. Attempts to predict the rainfall and its
distribution in a particular area have been unsatisfactory, particularly in the
lower rainfall areas where the interannual variability is the greatest. The
importance of defining agroc'imatological zones, not only in terms of rainfall
and evaporation but also in terms of pests and diseases, cannot be over-
emphasized and should be an importans cooperative activity.

GERMPLASM IMPROVEMENT

It is possible te modify crop growth environments through the use of sound
agronomic principles, crop rctations, and fertilization. Improvements in
water-use efficiency have been achieved by these mractices. However, avail-
ability of varieties with specific adaptations which better match their
phenologies to the favourable crop periods and with genetic resistance/
tolerance to yield-limiting stresses would lead to further yield increase and
stability of production.

Both barley and wheat are presumed to have originated in West Asia,
where their wild progenitors, primitive forms, and landraces grow in varying
moisture stress conditions, with a cold and wet vegetative phase and a hot,
dry, and short grain-filling period. In their natural environments, these plants
are well adapted to prevailing stresses and may possess many desirable traits
that could be utilized in the breeding programmes. It is important to collect
and make special efforts to evaluate these germplasms for uscful and poten-
tially usefui tvaits. Broadening the diversity of germplasm used in national
programmes merits special efforts. Development of elite germplasm for
rainfed breeding programmes is one of the very important activities in the
cereal programme at ICARDA and this would make germplasm improve-
ment for moisturc-limiting areas easier and more efficient.

The next step in breeding for resistance to moisture stress is to identify
traits that could be beneficial in the target environment and to establish that
selection for the trait(s) and recombination with other desirable characters
are feasible. Reliable laboratory and field screening techniques should then be
available to screen potential germplasm and to develop genetic stocks with
known sources of resistance. It is important to determine the heritabiiity of
the trait and its relationship to yield performance in the target environment
(Clarke, ihis volume).

For most traits that appear to contribute towards drought tolerance, the
genes involved and their heritabilities are not kacwn, Physiologists have
proposed several morphological and biochemical traits that may be associated
wity drought resistance. They argue that progress in breeding would be faster
and more certain in outcome if there were a better knowledge of the
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significance for yield of particular attributes and how this depends on
environmental factors (Cornish, 1950; Austin, 1987). Although most of the
achievements in crop improvement have been made by the ‘empirical
approach’, physiological and genetical advance in understanding the complex-
ities of drought resistance in plants will certainly .ccelerate the rate of
progiess in improving barley and wheat yields in moisture-limiting areas.

Efficiency of selection

Employment of efficient techniques of selection is the key to success in plant
breeding. Any procedure ihat can discard undesirable germplasm in early
generations adds efficiency and cost effectiveness to the variety improvement
cfforts. No one set of selection procedures is likely to fit al} arid and semi-arid
production areas. It is desirable to examine and evaluate available techniques
for each situziion and/or to develop the most appropriate ones. Breeding and
selection methods employed at ICARDA for developing barley and wheat
germplasm jor dry areas have been described by Ceccarelli and Meknji
(1985), Nachit (1983), Ceccarelli (1986b), Nachit and Ketata (1986), Ortiz
Ferrara and Mulitze (1986), and Srivastava (1987). They essentially com-
prise: characterization and identification of eclite parental lines possessing
resistancs ‘. ~lerance to moisture stress and other stresses prevailing in the
region; inc./ oration of desired traits in the crosses for a target environment;
exposure of carly generation populations to the environments in which they
will be grown; use of modified bulk procedures; and multienvironment testing
through a network of national programmes. This requires a great deal of
ccordination and effort of a multidisciplinary group of scientists from national
and international centres as well as specialized institutions.

Several studies have considered the effect of different growing conditions
on responsc to selection for grain yield. Opinions vary on whether favourable
Or moisture stress environment will maximize the efficiency of selection if the
target area is a dry environment. As indicated earlier (Figure 5), a better
understanding of the degree of moisture stress in the target environment may
assist in determining the type of nursery environment that will allow max-
imum progress from seiection. Allen er al. (1978) computed averages of the
yield means, the error variance estimates, and genotypic variance estimates
for cach of the favourable, intermediate, and unfavourable environments.
They reported mean yields in the unfavourable environments to be less than
one-half thosc in the favourable environments and concluded that the use of
intermediate environment as test sites was preferable over either high or low
yield environment. Nachit and Ketata (1986) compared 210 durum wheat
lines both in intermediate and unfavourable environments and found that
genotypes that performed well in the intermediate conditions did not always
give higher yields under unfavourable conditions. Their results indicated that
selection from segregating populations in the unfavourable environment
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generated lines with higher grain yields in rainfed sites in Syria as compared to
lines derived through selection in more favourable environments. Ceccarelli
(19864, 1986b), working with barley at different sites representing a range of
moisture stress, reported a superior efficiency of selection under noisture
stress conditions when the objective is to identify genotypes for drought
environments. Srivastava et al. (1983) suggested that it is desirable to
determine the range of moisture stress that may occur in the majority of years
and to evaluate the germplasm derived from carefully planned crosses, even
in early gencrations, at sites selected 1o represent those environments. Any
functional new technique that could be developed for use on a large scale
would greatly simplify sclection procedures and therefore requires a great
deal of sustained effort by physiologists and plant breeders.

Yield stability

Our knowledge about plant characteristics and mechanisms of response to
moisture stress is very little and our understanding of the mechanisms
whereby different varieties respond differently to different environments is
even less. However, the significant role of genotype—environment interaction
is a predominant feature of rainfed experiments. Cornish (1950) reported
that 70-80 per cent of the variance of yicld from 296 locations in South
Australia for the years 1896-1941 was due to interannual variation in
rainfall. Multilocation testing is an integral part of variety development
procedures uscd by breeders for determining the performance of a genotype
at several carefully selected sites representing a range and type of moisture
stress that the plant may encounter over the years at a particular site. The
selected genotypes are subjected to intensive ‘on-farm’ evaluations for 3—4
years in the region of intended use before a variety is released for commercial
cultivation.

Nonetheless, the inherently large interscasonal variability, lack of satisfac-
tory breeding procedures, and suitable experimental design make the task to
improve yield stability in moisture-limiting areas slow and diffi-ult. It is
imperative to develop improved and functional methodologics to define
agroenvironmental boundaries for varietal adaptation and to develop germ-
plasm with specific adaptation to the target environment with increased yield
and yield stability. For moisture-limiting areas, breeders may consider
sacrificing some wide adaptability in favour of specific adaptation to cope with
prevailing stresses that limit yield and stability of production.
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ABSTRACT

Various piant-breeding strategies are examined and discussed. Empbhasis is
placed on wheat-improvement strategies for semi-arid conditions. One
strategy that bhas been successful in the Southern Great Plains of the United
States is the use of the F, progeny method of breeding. Jn this method,
head selections are made in F, bulks and subsequent selection is made
among (but not within) F; head rows. Promising subpopulations as identified
in replicated trials are then rogued i reselected jor uniformity. Cultivars
derived by this method retain some degree of heterogeneity which may add
to yield stability. Multilocation testing, including on-farm trials, provides a
database for predicting agricultural worth of new varieties. Such a system of
trials also serves to cxamine yield stability parameters of individual
genotypes. Multilocation testing strategies can be of special value in water-
limited conditions. Successful breeding strategies must include consideration
of disease and inscct resistance, including gere deployment, germplasm
evaluation, and prebreeding programmes. The plant architecture approachto
breeding, in which selection is based on yicld components, offers some
possibility of increasing yield potential, especially when target environments
can be defined with precision. However, this breeding strategy has not as yet
had much impact on practical breeding programmes. Selection based on
physiological traits such as leaf canopy temperature, cell osmotic adjustment,
leaf water potential, and stomatal resistance may lead to improved drought
resistance. For most physiological traits, however, screening is as yet not
feasible on a scale required by plant breeders. Initially, physiologic response
could be established for a series of genotypes for use as parents to produce
genctically variable populations for selection.
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INTRODUCTION

No one set of breeding strategics will likely fit all semi-arid situations or
rainfed production areas. Various breeding systems and procedures must be
examined and evaluated for each situation. Nevertheless, some generaliza-
tions are useful. This report deals with a number of plant-breeding strategies
that appear to have merit in rainfed production arcas. Emphasis is on
wheat-improvement problems in semi-arid rzgions.

F: PROGENY METHOD OF BREEDING

In semi-arid zones, certain types of modified bulk breeding methods may have
advantages over the ‘classical’ pedigree method of selection. One wheat-
breeding strategy that has been successful in the Southern Great Plains area
of the United States and which is currently employed in the rrogramme at
Oklahoma State University is the use of the F, progeny method of breeding,

This is a modified bulk breeding method in which head seicctions are made
in genetically variable populations in the F: generation. In our programme in
Oklshoma we take heads from promising F, populations (seeded at normal
densities) in multiples of 100 heads (up to 600 per F, population). This
technique fits with our use of 100-cell planting trays. Selection in the F, is
based primarily on highly fertile neads from vigorous plants of the proper
height and maturity classes. Normally 100 heads are taken from each F,
population, but occasionally up to 600 heads will be taken from particularly
promising crosses. The following year, F5 head rows are grown (a total of
approximately 40,000 per year) with occasional sets of standard cultivars to
serve as checks. In the F; generation, sclection is made among rows. There is
no within-row selection, Sclection is based on plant height, maturity, discase
reaction, and general vigour. After harvest of selected rows, seed samples are
examined for desirable grain characteristics. We normally save about 2000
Tows,

In the F,, the F, subpopulations are grown in four-row plots 3 m ir length
with a standard cultivar check planted in every tenth plot. This nursery is
seeded at two locations (non-replicated). One planting is made at our main
station which is in a reasonably favourable rainfall zone and in which good
disease development occurs. The other planting is made at a more droughty
location where differences in performance characteristics are recorded. Notes
taken at the two locations are used to identify promising subpopulations
(500-1000) which are then examined for 1000-kernal weight and bread-
making quality. Normally some 200-400 subpopulations are saved in inclusion
in preliminary yield trials.

Preliminary yield trials are grown at three locations each year (two replica-
tions per location). Two of the locations are the same as mentioned above for
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the Fys. The third location is at a site of rather severe drought stress. Thus, the
three locations provide a good range with regard to levels of drought stress,
The most promising subpopulations coming from the prcliminary yield trials
move into advanced levels of testing at seven locations in the state. These
sites, again, represent a good range in drought stress conditions.

The objective of this breeding strategy is to identify yield potential and to
some extent stability of yield early on in the breeding programme. Obviously,
with this method, there will be heterogeneity for a number of traits in those
subpopulations reaching the advanced testing stage. At that point, the most
promising lines will be rogued or reselected for uniformity. I¢ they are
reselected, the basic seed will be reconstituted by compositing a nuniber of
reselections of similar agronomic type. A finished cultivar coming from this
system of breeding will intentionally be somewhat heterogeneous, although it
will have ‘acceptable’ uniformity in terms of ‘field appearance’. We believe
that a certain amount of heterogeneity confers yicld stability in our target
zone. With this breeding strategy, sced-certifying agencies must be flexible
enough to accept heicrogencous cultivars, We have had no serious difficulties
with our seed inspection authorities since we have formally described the
variability within cultivars of this type.

OKLAHOMA WHEAT YIELDS

It is generally held that breeding for drought conditions is more difficult than
breeding for more favourable conditions. The greater degree of difficulty is
due to increased complexity of genntype—environment interactions associated
with yicld and yield-related tefals in wivess situations. The difficulty increases
even more in situations charactenized by unpredictable rainfall and tempera-
ture patterns (the reader is refezred to considerations of G X E interactions
by Allard and Bradshaw, 1964).

In spite of these difficulties genetic improvement for yield is possible in
semi-arid conditions. We have examples from a number of regions. One
example is that for winter wheat in Oklahoma (USA). In Oklahoma, average
wheat yields have increased from about 1000 kg/ha in the mid-1950s to
2000 kg/ha at the present time. This represents an average increase of more
than 2 per cent per year. When we partition this increase into genetic and
non-genetic influences we find that half of the increase is due to plant
breeding. The other half comes through improved cultural practices, better
crop management, and more effective pest control measures,

The plant-breeding progress noted in the above example was made primar-
ily through the use of empirical treeding approaches—by concentrating on
yield and kernel weight differences at selected locations providing various
levels of drought stress. It should be pointed out that this increase in yield was
accompanied by changes in plant type. As new cultivars replaced older ones,
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there was a shift towards earlier maturity, shorter plant stature, increased
spike fertility, and better disease resistance.

MULTILOCATION TESTING

Multilocation testing is a strategy widely employed in plant breeding; it is
routinely used in most national and regional programmes and is utilized on an
extenrive scale by international plant-improvement centres. Multilocation
testing has much merit in variety development programmes and is of special
interest to breeders in semi-arid zones for its utilized genotype performance
in natural stress environments.

Multilocatiun testing constitutes a system of trials which are generally
replicated over years as well as locations. The object of this system of trials is
to predict performance of breeders’ lines and new varietics in relation to
standard cultivar checks. Systems of trials are satisfactory orly if they piedict,
with an acceptable degree of accuracy, agricultural performance under far-
mers’ conditions. To improve the predictive value of agricultural worth, a
system of ‘on-farm trials’, used as a supplement to on-s‘ation trials, offers
some advantages. When properly conducted, on-farm trials should predict,
with greater accuracy, the performance of new cultivars under the system of
management employed by the farmer. They also serve as demonstration plots
and can be used 10 publicize new cultivars.

Multilocation testing also provides information on yield stability over
different environments. From the standpoint of varictv development, the
ideal situation would be to have a highly stable genotype with a high-yield
potential (Smith, 1982). However this ideal situation may be difficult to
achievz since the high-yield potential tends to be associated with lack of
stability. This may be due, at least in part, to the fact that in most brecding
programmes yield itself, rather than stability of yield, has been the main
criterion for selection. Regression analysis of genotype performance on
environmental iriex provides a description of relative stability of individual
genotypes (Ebe:hart and Russell, 1966). This technique, when used with
other performarce parameters, should be useful in programmes dealing with
y'eld and yield stability in semi-arid conditions,

As fur as the plant breeder is concerned, the major limitation of multiloca-
tion testing is that selection pressure is applied at thc final stage of breeding,
at which point genetic variability is usually limited. Consideration should be
given to multilocation selection systetns that could be employed earlier in the
breeding programme to take advantage of greater genetic variability. Some
type of modificd bulk breeding system could be utilized in which individual
plants are selected frcm potentially superior bulk populations as identified by
performance across several locations.
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SITES FOR SELECTION

Now for a comment about sites for selection. In water-limited production
zones the choice of site for early generation selection needs some considera-
tion. Within the target zone. the breeders will normally have access to a
number of potential selection sites differing in degree of stress, ranging from
severe stress to non-stress conditions. The breeder may be tempted to use a
site of severe stress for early generation seleetion, especially if it represents
stress conditions to be found in a major part of the target zone.

This, 1 believe, is a mistaken strategy. A site characterized by severe stress
is prone to crop failure which results in a loss of time and effort. In addition, it
is difficult to detect intergenotypic differences for production traits when
plants are severcly stressed. A better strategy would be to use a site of
modcTrate stress for initial selection and then conduct progeny tests under
both stress and non-stress conditions. This approach would be consistent with
systems developed empirically by a number of successful plant-breeding
programmes.

BREEDING FOR DISEASE AND INSECT RESISTANCE

Any breeding strategy for rainfed conditions must include consideration of
discase and inscct resistance. We must continue to give high priority to
‘defensive’ breeding to provide adequate protection to the crop. Disease and
insect resistance hag. played an important roie in most successful breeding
programmes. Genetic resistance, when it can be had, is the most effective and
inexpensive means of alleviating production constraints posed by pathogens
and insect pests (see the review articles by Parlevliet, 1981; and Jenkins,
1981).

A successful strategy must recognize the problems of physiological special-
ization of the causal organism and be ready with sources of resistance to
combat new physiologic races. In order to locate new sources of resistance, a
scarch may have to be made through much of the germplasm basc of the crop
species or even through related species and genera. When resistant genes are
found in poorly adapted types or related species, a programme of parent
building (prebreeding) may be requir:d to put the new gene into an adapted
background genotype so that it can be more effectively used by the breeder.

Consideration must be given to strategies of gene deployment (for race:
specific genes). Possible strategies include: use of resistant genes one at a
time, multiple resistance systems, multiline varieties, and various systems of
deploying resistant genes on a regional basis. The most effective gene
deployment strategy is one that provides adeguate protection to the crop
while at the same time prolonging the useful life of the gene in question,
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Non-specific genes for resistance, usually of polygenic inheritance patterns,
should be considered also. Although non-specific gene systems tend to be
more difficult to handle in the breeding programme, they have the advantage
of durable resistance, providing protection against a series of physiologic
races of the pathogen. Nonspecific genes may confer a lower level of resis-
tance, but even so they can still be useful. In this connection, Simmonds
(1979) states: *high resistance . . . is good to have if it can be got without
compromising other characters, but the examples of many successful varieties
shows us that . . . middling resistances wiscly used can be agriculturally very
satisfactory.’

The success of ‘defensive’ breeding depends to a large extent on the
availability of suitable screening techniques. These are systems of environ-
mental control designed to facilitate the identification of resistant plants
within genetically variable populations. Satisfactory screening techniques
have been developed for a number of pathogens and insect pests. However,
for others, more cfficient screening techniques are needed. Breeding for
disease and insect resistance requires cooperation between the breeder and
the pathologist/cntomologist. Close cooperation is especially important for
the development and cfficient use of screening techniques. A team effort is
the best approach.

PLANT ARCHITECTURE

Since the advent of Donald’s idcotype concept (Donald, 1968), the plant
architecture approach to breeding has been rather thoroughly studied. In this
approach, selection is based on yield components rather than on yield itself
(for wheat the major yield components are: number of tillers per unit areas,
average weight per grain, and average number of grains per spike). This, then,
is a system of indirect selection which utilizes selection indices cither stated or
imi=Yied. The theory is attractive but the required characterization of ‘model’
¢ nonents for the target environment has been difficult to achieve. In all
prob oility, there is no one ideal (model) architecture for any particular
environmental situation. Plant-breeding expericnce tells us that different
genotypes can make the same yield through different yield component
pathways,

Although the plant architecture approach appears to have some merit in
breeding for increased yields (Rasmusson, 1984), it has not as yet had much
impact on practical plant-breeding programmes. Major difficulties in using
this approach are: (1) yield component compensation and (2) allometric
relationships of size of organs of the plant. Neither system is well understood
at the present time,

However, as a result of plant architecture studies we have learned some-
thing about character interrelationships and the contributions of various
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organs to grain yield. These studies have reinforced carlier observations that
larger grain size, at least in barley and wheat, may contribute to yield stability
in water-limited situations.

MORPHOPHYSIOLOGICAL TRAITS

There has been a substantial increase in the number of physiologically
oriented studies on drought tolerance during the past 10 yeais. We have
gained a great deal of new information on the subject but so far we have not
been able to translate this information into procedures that can be utilized on
a scale of sufficient magnitude to be used efficiently in breeding programmes.

Over the years, a number of drought-related traits have been identified.
These include: leaf canopy temperature, cell osmotic adjustment, cell mem-
brane stability, leaf water potential, stomatal resistance, lcaf rolling index,
and leaf waxiness. For the most pary, however, the relationship of these traits
to grain yicld has not been established with any degree of certainty. The
problem lies with complex environmental influences affecting the trait in
question and yield itself. The expression of drought-related traits may vary
from one set of environmental conditions to another.

In wheat, for example, the total above-ground part of the plant (biological
yield) in a water-limited production area is directly related to the water supply
(Passioura, 1981). Although biological yicld offers little hope of modification
through breeding, the harvest index which reflects the ratio of grain to total
biological yicld appears to be amenable to genetic improvement for enhanced
drought tolerance,

In terms of drought tolerance, the root system of the plant merits additional
study. We know that wheat genotypes differ in types of root systems and in
rooting depths. Seminal roots are important in some situations while coronal
roots are important in others. If the crop depends on moisture stared in the
soil profile, 2 deep root system would be beneficial, However, breeding for
deeper rooting patterns would be counterproductive in situations of shallow
soils with limited water-holding capacity, especially when the crop is pro-
duced on seasonal rainfall. The breeder, then, must determine which type or
rooting pattern is needed in his particular area of production before launching
into a breeding programme aimed at root modification.

Roots are rather difficult to study but initially, in a breeding programme,
rooting patterns could be established for a series of genotypes for use as
parents to produce genetically variable populations for selection.

Although attempts by brecders and physiologists to collaborate in the
development of drought-tolerant cultivars have not been very successful, a
note of optimism appears in a recent review article (Blum, 1984). In this
article Blum suggests that results of recent studies are of sufficient promise to
stimulate better cooperation between breeders and physiologists. The poten-
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tial benefits to be gained by sich cooperation are enormous, and collaborative
efforts between breeders and physiologists should be encouraged.
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DISCUSSION

M. Nachit
Which phenological attributes have changed through the breeding process in your
programme during the last hundred years? What implications has dryland root rot
resistance for drought resistance?

E. Smith
The attributes that have changed during the breeding process (1890-1980) were the
maturity and the height (early + short). We are selecting the lines that survived the
dryland root rot and reincorporating these into parents.

R. B. Austin
Yields in Oklahoma have increased from 0.8-0.9 t/ha (1950s) to 2-2.2 t/ha (pres-
ent). Have they become more variable? Flas the climate become more favourable or
less variable over the period?

E. Smith
Production (yield) is perhaps more variable now than in the carly 1950s. In some
years as much as 25 per cent of the acreage is abandoned. In the late 1950s there
was a period ol favourable weather; since then weather patterns have fluctuated
from unfavourable to favourable.
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E. Porceddu
You have shown that high-yiclding varieties yield less than landraces in poor
environments. Would this be the result of carly generation selection in a good
environment?

L. Smith
Yes, perhaps. Also, selection has been based on average vield over several sites. For
increased emphasis on drought stress, we should pay more attention to the yields
and stressed environments.

G. Ortiz Ferrara
Considering the F, progeny row (or modified pedigree method) you usc in your
programme, at what stage in the selection phase do you apply selection pressure for
quality and which quality characteristics do you consider most important?

E. Smith
Quality ¢valuation consisting of protein percenrage, mixing time, mixing tolerance,
specific sedimentation, and flour yield is routinely conducted in the F, generation.
For specific crosses, some quality evaluation is conducted in Fi (especially for
protein where high-protein parent lines are involved in the Cross).
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ABSTRACT

Most Australian winter cereals are grown under dryland conditions in arcas
of limited and variable rainfall. As a result, increased drought resistance has
been a major aim of many Australian breeding programmes since their
inception. Yet few breeders have systematically tested or selected for drought
resistance per se. Rather, the emphasis has been on increasing yield potential
and - erage yields. Progress has been made in increasing average yields but
the nicrzases have been modest and progress slow and erratic.

This modest progress has led to considerable criticism of current breeding
strategies. It has frequently been suggested that yield per se is a poor
indicator of drought resistance znd that greater progress could be made by
selecting for other attributes specifically related to drought resistance. Many
such selective criteria have been proposed in the literature. However, except
for rare pilot studies, such tests have largely been ignored by plant breeders
because it has seldom been demonstrated that indirect selection for increased
yield via these criteria is more effective than direct selection for yield.
Instead, Australian breeders have concentrated on improving the efficiency
of traditional breeding procedures via increased mechanization and com-
puterization and improved analytical procedures. However, there has also
been substantial interest in more radical alternative approaches to yield
improvement and we will now briefly discuss two of these.

INTRODUCTION

Australia is a dry country—overall the driest continent on earth. As a result,
improved drought resitance has been an important objective in breeding
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programmes since the initiation in Australia of purposcfui plant breeding in
wheat by Wiiliam Farrer in the late 1880s. Further, plant--water relations in
ar.d and semi-arid environments heve long been @ major focus of rescarch by
Australian pilant physiologists and agronomists. In the coniext of tae present
confeience tliis raises two important questions. First, what lessons, in terms of
devising e:dicient breeding strategics for moisture-limiting environments,
have the local breeders learrt from this century of practical experience and
research? Second, which of these lessons, if any, are of relevance 10 breeders
in other regions or countries with broadly similar climates?

In attempting to answer these yuestions I will first consider the breeding
procedures used in the past, since some of the earlier Austral’an wheats have
bezan important as cuitivars or parents in many of the drier regions of the
world. T will then corsiager current breeding straegies and briefly describe
several ruture alicrmatives now under investigation,

THE PAST

For the first hundred years following Ewopean settlement in {788, wheat
production was confined to relatively small areas in the cool *r, higher rainfall
regions of Australia. During the next 50 years production increased dramatic-
ally (from=1M ha in 1880 to=7M ha in 1930) anu shifted to the hotter,
more arid inland arcas (growing scason rainfall May to October of
175-375 mm). The frst wheats grown in Auastralia, the red and white
Lammas and Tuscans and Purple Straw types of English origin, were rceng-
nized as potcntially the highest-yielding wheats available at that time (Vav-
ilov, 1951). However, these cuitivars were poorly adap‘ed to the expanding
Australian wheat beit. The critical deficiencies werc their late maturity and
associated excessive carly vegetative growth and tillering which caused them
to be highly susceptible to drought during flowering and grain filling. They
werce also susceptible to stem rust so that even in wet years they 'werz often
low yielding due to .ust epidemics.

Not surprisingly the carly Auttralian brecaers were concerned with over-
coming these deficiencies and their aims reflected this concern. For erample,
Farrer (1893) stressed the importance of carliness, sparse tillering, narrow
leaves, and the ability to fill plump grain under severe crought in adapting
wheat to the riore arid inland arcas. Farrer's contcmporaries had similar
objectives. Richardson (1914) even included short strong straw and high
‘migration ratio’, the equivalent of the harvest index, in his aims. These
objectives are rzmarkably sitilar to those of many modern bieeders in areas
with similar climatcs (e.g. Hurd, 1971; Hadjichristodoulou, 1981). Perhaps
*he first important lesson to learn here, as a reminder of the great difficulty in
making major advances in Jdrought resistance research, is that at a practical
level breeding aims have advanced little in more than 80 years.



AUSTRALIAN PLANT BREEDING STRATEGIES 91

Drought resistance germplasm sources

Early Australian wheat brecders pursued a vigorous programme of germ-
piism introduction in their search for d.ought-resistant stocks. Jltimately,
three sources of germplasm proved of critical importance. A short list of
cultivars which played a significant role in the extension of the Australian
wheat belt into drier arcas is given in Table | to illustrate this point. The first
important source of germplasm was southern Africa. Gluyas Early, sclected
from South African material, and its derivatives, Nabawa and Bencubhbin,
were among the dominant wheat cultivars in Australia, particularly in the
drier states of South Australia and Western Australia, frem the 1909s to the
1950s. The second important source of germplasm was India. These introduc-
tions were ar iinportant source of carliness (Macindoe and Walkden-Brown,
1968) as well as reduced height, nigh harvest index, and limited tillering
(Richardson, 1914). The third important source of germplasm appears to

Table 1. Some imzortant varieties in the extension of wheat production in Australia
into lower rainfall arcas

Variety Pedigreet Year released

Farmers’ selections

Steinwedel Selection from Champlains' hybrid

(American) Late 1880s
Early Gluyas Selection from Wards’ Prolific (South

African) 18905
Bred varieties
[Federation Purple Straw 14A//improved Fife/

Etawah 1901
Currawa Northern Champion/Cretant //Little

Club 1912
Canberra Federation/Volga*t 1914
Nabawa Early Gluyas/Bunyip 1915
Ghurka Gallipoli/3/Currawa//India 4E/

Federation 1924
Bencubbin Nabawa/Early Gluyas 1929
Gabo Bobin selection/Gazat //Bobin

selection 1945
Spica Three Scas/Kamburicot //Pusa 4/

Flora 1952

*Originally designated as skinless barley.
tInvolved hybrid between T, aestivum and T. durum.
$Pedigrees from Macindoe and Walkden-Brown (1968).
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have been tetraploid wheats, particularly 7. durum, from arid Mediterranean
climates. The pedigrees in Table 1 suggest that cultivars carrying T. durum
germplasm have made a significant contribution to the extension of the wheat
belt into the drier areas of Australia, despite the relatively few interspecific
hybrids made and used in breeding programmes (Macindoe and Walkden-
Brown, 1968).

This suggests that T. durum offered genes for adaptation to dryland condi-
tions not readily available in 7. aestivum. If this suggestion is valid, it has
important implications for breeders in the region serviced by ICARDA. This
region is particularly rich in landrace populations of tetraploid wheats which
have often evolved in harsh environments, and represent the pinnacle of
adaptation to those harsh environments. Crossing these highly drought-
resistant tetraploids with the best available, in terms of yield potential, bre 1d
and durum cultivars should generate significant scope for dryland yield
improvement,

THE PRESENT

The present-day breeders face very different circumstances to their pioneer-
ing counterparts. Farrer and his contemporaries could expect to make gains in
drier areas simply by breeding for carliness. Obviously, this is no longer
possible. Once a suite of cultivars that flower at the optimum time is available,
10 morz progress is possible via this route. Similar arguments can be made
about other easily measured or observable traits of moderate to high heritabil-
ity, such as height and tillering.

In this situation, a breeder can seck to identify other easily obscrvable traits
or adaptations that contribute to yield under drought and select for these.
Alternatively, he can breed for yicld directly. These different approaches
have been terined the analytical approach and the empirical approach,
respectively (Richards, 1982).

Analytical approach

Under this approach yield potential and drought resistance are presumed to
be controlled by separate and distinct genctic systems. Breeding requires the
identification of the drought resistance traits and their incarporation into
high-yiclding and well-adapted genotypes. It is assumed that because yield is
the ultimate expression of many individual processes and their interaction
with the prevailing climate and crop environment, selection for these
drought-conferring traits will be more efficient than for yield itself. It is also
assumed that the traits selected do not decrease yields in better environments
(Richards, 1982).
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Many morphological, physiological, and biochemical traits have been pro-
posed as indirect selection criteria for improved drought resistance. A partial
list is given in Table 2. However, in general, such proposals have been ignored
by practising winter cereal breeders. The reascns are simple. First, it has often
not been adequaiely demonstrated that the suggested criteria do improve
drought resistance or yields in water-limiting environments. Second, even
where it has been demonstrated that a particulzr trait does improve drought
resistance, it is usually not clear that its effects are substantial enough to
warrant its incorporation into all cultivars released. Third, even where it can
be demonstrated that a particular trait measurably increases drought resis-
tance and increases yield in water-limiting environments to a sufficient degree
to warrant mandatory incorporation of that *rait in all cultivars, it is usually
not clear that indirect selection for increased yield using this trait will be more
effcctive than direct selection for yield itself.

There are nevertheless several interesting pilot studies in progress to assess
the value of several traits as indirect selection for drought resistance. These

Table 2. Some proposed indirect selection
criteria* for improved yield in water-
limiting environments

1. Morphological traits
Awns
Leaf waxiness
Small and/or narrow Icaves
Low stomate density
Root weight/fineness
Root depth
Root xylem vessel diameter

(3]

. Physiological traits
Dehydiavion avoidance
stomatal regulation
osmotic adjustment
leaf rolling
excised leaf water retention ability
Dehydration tolerance
cell membrane stability

3. Mewbolic traits
Proline accumulation
Abscisic acid level
Betaine accumulation

*See Hall er al. (1979), Turner and Begg
(1981), Blum (1982), Richards (1982), and
Morgan (1984), and papers reviewed by these
authors,
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include leaf glaucousness, root xylem vessel diameter and reduced tillering
(Richards, 1982), osmoregulation (Morgan, 1984), and carbon isotope dis-
crimination (Richards, 1984).

Empirical approach

In the light of perceived deiiciencies in the analytical approach, emphasis in
Australian cereal-breeding programmes has been on increasing yield poten-
tial and average yields rather than on increasing drought resistance per se.
While the broad aim of these programmes, i.e. increasing yields in water-
limiting environments, can be described as traditional, the philosophies and
technologies adopted cannot. Indeed, there have been dramatic changes in
the so-called traditional breeding programmes in Australia over the last two
decades,

The most significant philosophical change has been the widespread adop-
tion of carly-gencration multilocation vield testing. This change was moti-
vated by experience which indicated that, while selection for casily observable
and simply inherited characters, such as discase resistance and plant height, in
spaced F; progenies or Fy progeny rows was effective, visual selection for yield
was not. Indeed, plants visually selected for yield in carly generations were
often no higher yielding on average over sites and years than random
selections from the same populations. Such results have led many breeders to
the view that selection for improved performance will only be effective if
based on yield tests over a range of sites (location/years) representative of the
target environment,

This viewpoint has an obvious practical corollary. Breeders must be able to
yield-test large numbers of lines at a representative set of locations each year.
As a consequence of this corollary, Australian breeders have concentrated on
improving the efficiency of yield testing through increased mechanization and
computerization and improved analytical procedures. With respect to
mechanization, the most significant advances have come with the introduction
of magazine seed-loading systems, the cone seeder, and the self-propelled
plot harvesters (Portmann, 1983). These machines have greatly increased the
potential of breeders to sow and harvest large numbers of yield plots,
However, realization of this potential without greatly increased staff has only
been possible with the introduction of computers as an everyday adjunct in
breeding programmes. Without computers the benefits would have been
largely lost because the bookkeeping and data processing would have been
prohibitive.

With current machinery and computing systems the number of yield plots
which can be routinely handled by breeders is impressive. For example,
Portmann (1983) estimated that the number of plots handled per man per
year has increased from 700 in 1969 to a massive 10,000 by 1983. As a result
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of such increases in plot-handling capabilities the size of many Australian
cereal breeding programmes has increased so that the largest now grow
40-80 thousand yield plots per yeur (Portmann, 1983; Hollamby er al.,
1983).

The increase in large-scale yield testing has also spawned increased interest
and substantial developments in testing and analytical procedures. One area
of major concern has been ways of identifying suitable test sites, particularly
early in the programme, when the number of lines to be tested is large and the
number of sites small. Several alternative procedures have been proposed and
are being further evaluated (e.g. Pederson and Rathjen, 1981; Brennan et al.,
1981). Another major area of concern has been optimal experimental designs
for large numbers of entries, and hew these may be analyzed and interpreted.
A significant advance here has been the devclopment of the ‘nearest neigh-
bour (NN) analysis’ (Wiikinson er al., 1983), which has quickly gained wide
currency in Australia but which is stil] highly controversial.

The rapid adoption over the last decade of new tect.nologies by Australian
breeders has important implications for plant physiologists and others
developing drought screening tests. Clearly, if breed:rs have the capacity to
grow 10,000 yield plots per man cach year and say, 2000 lines grow on five
sites in single replicate plots. then any alternative test must be able to handle
at least that many lines cheaper or more reliably if it is to be competitive.
Many tests have been promoted in the past as being ‘simple, cheap, and
reliable’. Future tests will indeed have to meet all these criteria to be adopted
by breeders.

THE FUTURE

Measurable progress has been made in increasing average yields in Australia
in recent decades. However, progress has been modest compared to the
absolute gains made over the same period in more favourable conditions such
as in the United Kingdom (Turner and Begg, 1981). Further, all indications
are that while the rate of progress may increase with improved technologies it
is still likely to remain modest. As a consequence, while breeders generally
regard the empirical approach as the only dependable route to improved
yields in regions with relatively low and uncertain rainfall, they are neverthe-
less interested in alternative approaches which may result in more rapid or
substantial increases in yield or water-use efficiency. Several su:ch alternative
approaches have been advocated in the literature in recent years. [ consider
two which have attracted the interest of cereal biecdeis.

Development of longer growing season cultivars

The first proposed means of increasing yields is by the development of longer
growing season cultivars. Emphasis has traditionally been given in drier
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environments to shorter season cultivars which use less water during the
preflowering period so more is available during the critical flowering and
grain-filling period. Such cultivars are more reliable in drier areas or years.
However, they are also less capable of responding to more favourable
moisture regimes,

In subsistence agriculture, stable yields, particularly in the poorer vears,
and a minimum of crop failure are obviously critically important. Similarly, in
less-developed countries with small local markets, where prices are high in
poor ycars and excess production virtually worthless in good years, stability is
also important. In sharp contrast, in developed countries, with relatively
stable or controlled prices, good storage, and access to worldwide markets,
high average yields are the critical factor. Proponents of longer-season wheats
argue that they will increase average yields, even in low input environments,
because the potential yicld increases in the good years far outweigh the
potential losses in the bad years.

One of the difficulties with this concept in Australia was ensuring that the
longer-season cultivar flowered at the optimum time, i.e. as soon as the frost
risk is acceptably low—in spring before the onset of drought and heat, In
other words, the growing season can only be lengthened by early sowing. This
problem was eventually resolved by the development of semi-dwarf
daylength-insensitive winter wheats with a relatively low vernalization
requirement of 4-5 weeks. Such wheats may be sown over an extended
period from mid-April to mid-July in New South Wales and still flower
around the optimum time. Unfortunately, the first such wheat developed in
Australia, WW33 (Pugsley, 1973), was not approved for cultivation because
of deficiencies in its quality, although it has subsequently been released in
California as ‘Phoenix’. However, in recent years several WW33 derivatives
have been released in Australia and appear to be competitive in yield with
hard spring wheats (Martin, 1981). If they are quickly and readily accepted by
farmers it will indicate that such cultivars may have a place in dryland wheat
production in many regions of the world.

Frost resistance

The second proposed means of increasing yield is indirectly via increased frost
resistance during stem elongation and heading. In Australia, spring radiation
frosts can cause severs damage to wheat during the reproductive stages of
development. Such damage can arise at temperatures in a standard
meteorological screen of —2°C or less. Frost during stem clongation produces
tiller mortality, whereas frost after car emergence can reduce sced set and
may result in complete sterility (Fletcher, 1984; Single, 1985),

The danger of spring frosts during reproductive development precludes
early flowering. As a consequence, the crop faces rapidly rising evaporative



AUSTRALIJAN PLANT BREEDING STRATEGIES 97

demand and mean daily temperatures, often coupled with limited or no
rainfall, during the flowering and grain-filling period. It has been argued that
by improving frost resistance it would be possible to move flowering and grain
filling earlier during the cooler spring months and therefore improve water-
use efficiency and grain yield (Fletcher, 1984). Trials in frost-free areas in
central Queznsland strongly supported this concept and indicaied that grain
yield of a number of genotypes was highest when anthesis occurred in
mid-winter (Woodruff, 1983; Woodruff and Tonks, 1983). Unfortunately,
progress in improving frost resistance has been limited (Fletcher, 1984) but
further progress appears nossible (Single, 1985). Given the potential yield
advantage of earlier flowering frost-resistant cultivars, this problem deserves
more attention from cereal breeders in water-limiting environments than it
has received to date.
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DISCUSSION

M. S. Mekni
Since the most important vield jump in cereal breeding in Australia has been
obtained through increases in HIL following the adoption of semi-dwarfs, have
Australian breeders sacrificed straw yield? Are you breeding for straw yield?

D. R. Marshatt
Itis true that, as recemt yield increases in Australia have been primarily due to
increases in harvest index associated with Rht genes, straw yields have decreased.
However, in contrast to many countries in the Mediterranean region, cereal straw is
not regarded in Australia as an important annual feed. Australian farmers often do
stock stubble after harvest but this is to control weeds and to assist in stubble
breakdown,

N. C. Turner
There are some pilot breeding programmes for physiological characters in Australia,
In the light of your comments in your paper do these have no validity?

D. R. Marshall

As Lnoted in my paper, there are a few notable exceptions to the general rule that
plant breeders have not adopted the selection criteria proposed by plant physiolo-
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gists. Ons notable exception is the use of leaf emergence by Dr J. Syme in
Queensland in breeding successful varicties. Another is the physiologist, J. Morgan,
in Tamworth, NSW, using osmoregulation as a selection criterion for drought
resistance.

F. N. Reyniers
How do you use the rank of your varieties in multilocation trial?
With my experience it could be used in two ways:
(1) to have specific variety for specific drought stress,
(2) cross varicties which periorm well in different types of drought.

D. R. Marshall
The rank of varicties in trials is used primarily 1o decide which varieties to release to
farmers. We are prepared to release varieties for specific arcas, if this is necessary.
However, we prefer to use multilocation tests to seleet cultivars which are accept-
able.
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ABSTRACT

The main objective of the cercal-breeding activities of ICARDA (Interna-
tional Center for Agricultural Rescarch in the Dry Areas) is to increase yield
and yield stability of barley, durum wheat, and bread wheat under the
environmental fluctuations of rainfed agriculture. The key strategy employed
involves targetted crosses and multilocation testing and selection of early
segregating populations to identify genotypes capable of coping with the
crratic and unpredictable climatic conditions of dry arcas. A modified bulk
method is used for the selection of early segregating populations. Additional
strategies are the use of landraces and wild relatives of these crops.

By using the traditional approach (selection for grain yield) it has been
found that in barley the Fy families derived from Fs selected under unfavour-
able conditions were more vigorous in the carly stages of growth, taller,
carlier in heading, and with larger vields than the Fy derived from F, selected
under favourable conditions. A high and negative correlation coefficient was
found between the drought susceptibility index and grain yield at the driest
site, whereas at the wettest site the correlation cocfficients were lower and in
some cases positive. Similar results have been obtained with durum wheat
and bread wheat advanced lines, indicating that, within the rainfall range of
the trials (178-380 mm for barley and 277-600 mm for durum wheat and
bread wheat), segregating populations and lines with the largest grain yield
under tavourable conditions are more drought susceptible than those with the
largest grain yield under drought. This indicates the existence of certain traits
which are desirable under drought but undesirable under favourable condi-
tions, or vice versa.

These results, confirmed by the data from the 1985-6 scason, indicate that
sclection under stress conditions is expected to be more cfficient than
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selection under favourable conditions when dry areas become the target
environment.

INTRODUCTION

The improvement of yield and yield stability of barley, durum wheat, and
bread wheat under rainfed conditions is the main objective of the cereal
breeding activitics of ICARDA (International Center for Agricultural
Rescarch in the Dry Arcas).

Barley, durum wheat, and bread wheat are grown under varied rainfed
conditions in the ICARDA region: barley. mainly under lower rainfall and
often harsh environment; bread wheat under higher rainfall or irrigated
conditions; and durum wheat in moderate rainfall areas.

Wherever the three crops are grown under rainfed conditions in a Mediter-
rancan type of climate, year-to-year fluctuations in the amount, frequency,
and duration of rain are higher, and other factors such as low temperatures in
winter and high temperatures during the terminal grain-filling period also
influence crop growth and yield. Often, biotic stresses such as low nutrient
level, discases, insect pests, and poor crop management also limit production.
Similar factors, although witn different intensity and timing, limit grain yield
when barley and wheat are grown in areas more than 1000 m above sea level
with a continental Mediterranean climate,

Breeding for moisture-limited environments and, in general, for stress
environments, raises two main issues. The first is whether breeding for stress
environments should rely on sclection under favourable conditions and
subsequent testing of selected material in stress environments, or on direct
selection under stress conditions. The second issue is related to direct selec-
tion for yield (also called the traditional or empirical approach) as opposed to
sclection for morphological and/or physiological attributes, which are
assumed to have a cause-effect relationship with yield in a moisture-limited
environment (the analytical or reductionist approach).

In this paper we present the current strategies and methodologies of the
Cereal Program at ICARDA in relation to those two issues, as well as some
experimental data which we have gencrated to test and monitor our current
stratcgics.

Breeding strategies

The breeding strategies common to all three crops are targetted crosses,
multilocation testing and selection of carly segregating populations, and the
use of modified bulk methods as a means to identify genotypes capable of
coping with the erratic and unpredictable climatic conditions typical of dry
areas and to reduce the effect of large environmental variability which limits



BREEDING STRATEGIES FOR IMPROVING CEREAL YIELD 103

the efficiency of sclection in dry areas. Additional strategies are the use of
landraces and wild relatives (Ceccarelli and Mekni, 1985 Srivastava and
Winslow, 1981; Tahir er al., 1983).

Multilocation testing is an extension of the ‘parallel selection’ initiated at
ICARDA in 1978 on durum wheat evaluated under rainfed and supplemen-
tary irrigation within one location. The results of parallel selection revealed
that ‘selection under low fertility dry farming conditions is more successful in
identifying drought-tolerant genotypes than selection in the fertile high-
moisture ¢nvironment' (Srivastava er al., 1983).

Most of the multilocation testing and selection is now carried out within the
Aleppo Province, i northern Syria, which offers the unique opportunity of
evaluating breeding materials between 175 and 450 mm of annual rainfall
within a distance of 100 km. Additional environments are provided by early,
normal, and late planting at ICARDA’s main experimental station at Tel
Hadya (Syria). The experimental station at Terbol (Lebanon) is used as a
high-rainfall environment (Table 1).

This approach is expected to have two major advantages. First, from a
practical viewpoint, it allows the evaluation of the genotype—environment
interaction in a given year or, stated differently, of the range of phenotypic
responses of a given genotype (or family) to a range of climatic events and
stresses (amount and distribution of rainfall, temperature, discases, and pests
pressure) which may occur at a given location over a number of years. Second,
from a methodological viewpoint, it generates a wealth of information on the
issue of whether breeding for stress environments should rely on selection
under good conditions and subsequent test in stress environments or on direct
sclection under stress conditions. Followers of the first strategy assume that
varieties that give good yields in favourable conditions will also yield rela-
tively well in unfavourable conditions. Selection is casicr because in favour-
able conditions genetic variability and heritability are higher. This strategy

Table 1. Locations and environments used by the cereal-breeding programmes at
ICARDA, with long-term annual rainfall as well as total rainfall in 1984-5

1984-5
Location or Long-term annual  rainfall
environment rainfall (mm) (mm) Crop*
Bouider 175 178 B
Breda 273 277 B.DW,BW
Tel Hadya (late planting) 300 B,DW,BW
(normal planting) 342 380 B.DW.BW
(early planting) 450 DW,BW
Terbol 600 B,.DW.BW

*B = barley, DW = durum wheat, BW = bread wheat.
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also assumes that genotypes selected in dry environments will have a low yield
potential in good environments. Although the argument for selection in
favourable conditions has been supported by some experimental data (Frey,
1964; Roy and Murty, 1970; Mederski and Jeffers, 1973; Richards, 1982),
the greater efficiency of the second strategy (direci selection under stress
conditions); has been emphasized by many workers (Authammer et al., 1959:
Burton, 1964; Hageman et al.. 1967: Johnson et al., 1968; Hurd, 1968,
1971 Boyer and McPherson, 1975; Johnson, 1980; Bidinger, 1980: Bud-
denhagen, 1983).

Selection in environment Y when the target environment is X is a special
case of correlated respons s to selection (Falconer, 1960), which is given by

CR, =

he
where CR, is the correlated response in the target environment (X), Ry is the
dircct response in environment Y, hy and h, are the root squares of
heritabilities in environments X and Y, and ry is the genetic correlation
between grain yields in the two environments. Figure 1 shows the relationship
between r, and the ratio CRVR, when the ratio between heritabilities in the
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Figure 1. Relationship  between genetic  correlation
coefficients between vields in environments Y and X and the
ratio between correlated response in environment X when
selection is done in environment Y over direct response at
different ratios of heritability in the two environments
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two environments is equal to 3, 4, 2, and i. If the heritability for a given
character is similar in the two environments, it will be more efficient to carry
out the selecsion in the environment in which the material is expected to be
giown, in spit= of the value of the genetic correlation coefficient. On this issue
and based on the magnitude of genetic correlations between yields in stress
and non-stress cnvironments, and on the ratio of genetic variances in stress
and non-stiess environmeats, selection for tolerance to stress is expected to
produce a negative corrclated response on mean yields in non-stress envi-
ronmen’*s (Rosiclle and Hamblin, 1981). This conclusion, which is supported
by the data of Langer er al. (1979), indicates that direct selection in stress
environments will decrease yield in a nun-stress environment unless genetic
variances in stiess environments are considerably greater than those in
non-stress environments and genetic correlations are positive and close to 1.

Recent resulis on Fy bulk familics of barley (Figure 2) indicated no
relationship between broad sense heritability and level of stress measured as
grain yield per millimetre of rainfall, which suggests that direct selection in
dry areas could be more efficient than selection in favourable environments
regard;»ss of the magnitude of the genetic correlation.
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Table 2. Agronomic characters and drought susceptibility index (DSI) in Fy bulk
families derived from Fas selected in 1983-4 at Breda, Tel Hadya, und both

locations
Grain
Cold Early Plant Days to yield
Selected at tolerance  vigour height heading (kg/ha) DSI
Breda 3.06 293 56a 152.6b 1880 a 0.73a
Tel Hadya 2.97 3.11b 53b 153.4¢ 1772 b 0.75b
Both locations 3.04 2.9%a S4b 150.2a 1850a 0.73a

Each value is the average of 26 families, 3 locations, and § trials, with the exception of the
drought susceptibility index which is the average of 26 families and 5 trials.

Values followed by the same letter(s) are not significantly (P < 0.05) difizrent. For DSI a
significant level or 10 per cent was used.

Some additional evidence in favour of a higher efficiency of direct selection
under dry conditions was observed in barley by comparing threc groups of Fs
families derived from F.s selected only at Breda, only at Tel Hadya, or at both
lecations. No significant differences were observed between the three agroups
of F3 families for cold tolerance (Table 2). Compared with the group selected
at Tel Hadya, the group selected at Breda was more vigorous in the early
stages of growth, taller, earlier in heading, and more productive. The group
sciected at both lccations was not significantly d’fferent from the group
selected at Breda except for shorter plants and earlier heading. The drought
susceptibility index (Fischer and Maurer, 1978; Fischer and Wood, 1979) was
slightly lower (P = 0.70) in the groups selected at Breda and at both
locations, indicating that the material in these two groups tended to have a
higher drought resistance. Altheugh significant, the differences were not
large, probably due to (1) the severe drought at Breda and Tel Hadya in
1983-4 and (2) the irefficiency of the visual selection of F,;. However, these

Table 3. Grain yield {(kg/ha) of three groups of F3 families

derived from Fs selected only at Breda, only at Tel Hadya,

and at both locations, and evaluated at Bouider, Breda, and
Tel Hadya

Grain yield*

Selected at Bouider Breda Tel Hadya
Breda Y21 a 1037 a 3675a
Tel Hadya 827b 928b 3577 a
Both locations 891 ab 10334 3628a

*Means followed by the same letter(s) are not signiticantly
(P < 0.05) different.
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data suggest an advantage of direct selection under dry conditions over
selection in more favourable conditions.

The data in Table 2 also indicate that the traditional approach is not
necessarily opposed to the analytical approach because, through the study of
correlated responses to selection, it may generate information on which
characters are more frequently associated with larger yields in a moisture-
limited environment. Examples of these characters are early growth vigour,
long culm, and carliness (Table 2).

The larger grain yield found in the two groups of families selected only at
Breda and those sclected both at Breda and Tel Hadya has to be attributed
to their better adaptation to drier arcas (Table 3). It is interesting to note
that ncither group lost the ability to respond to the favourable environment
at Tel Hadya.

In barley (Table 4) a high negative correlation coefficient was found
between the drought susceptibility index (S) and grain yield at the driest site,
indicating that larger viclds are associated with higher levels of drought
resistance, whereas at the wettest site the correlation coefficients were much
lower (even if significant) and in two cases positive. Positive and significant
correlation coefficients between S and grain yield in wet environments have
been reported by Fischer and Maurer (1978) and have been interpreted as an
indication of the existence of traits which are desirable under drought and
undesirable under favourable conditions, or vice versa. In spite of the low
value of the correlation coefficient between the drought susceptibility index
and grain yield at Tel Hadya, selection for high and low grain yield at this
location is expected to increase drought susceptibility (Table 5), whereas
selection for large grain yicld at Bouider is expected to increase drought
resistance. At both locations the Iy families with the largest grain yield were
significantly more cold tolerant, more vigorous in the carly stages of growth,
and taller than the F; familics with the lowest grain yield. Selection for large
and small grain yield at Bouider is also expected to determine a correlated

Table 4. Correlation coefficients among drought susceptibility index and grain yield
at different levels of moisture stress in barley

Bouider Breda Tel Hadya
Trial N (178 mm) (277 mm) (380 mm)
F; bulk familics 729 -0.769* 0.510* 0.249*
Elite vield trials 42 -().833t (.384* 0.298
Advanced vield trials 168 —0.86061 0.086 0.270t
Landraces—1 49 -0.719* 0.630* 0.134
Landraces—-2 36 -0.769* 0.784* 0.102
*F < 0.01.

tP < 0.001.



Table 5. Average grain yield (kg/ha), plant height, cold tolerance, early growth vi
susceptibility index (2SI} in contrasting environments of F3 families of barley selected for grain yield under favourable (Tel Hadya)

and unfavourable (Bouider) conditions

gour, days to heading, days to maturity, and drought

Character

Selection at Bouider

Top 5% Bottom 5%

Selection at Tel Hadya

Difference Top 5% Bottom 5% Difference
Grain yield at Bouider 1686 274 1412% 929 758 171
Grain yield at Tel Hadya 3935 3565 370* 5367 2508 2859%
Plant height at Bouider 53.2 38.3 14.9% 43.8 44.6 --0.8
Plant height at Tel Hadya 72.8 73.8 -1.0 79.5 63.6 15.9%
Cold tolerance 2.7 3.6 —-0.9%% 3.0 33 -0.3%
Early growth vigour 2.7 3.5 —0.8% 2.4 3.3 ~0.9%
Days to heading (Bouider) 148.4 158.3 —-9.9% 150.4 156.0 -35.6%
Days to heading (Tel Harlya) 142.2 143.2 -1.1 141.1 142.4 —-1.3
Days to maturity (Bouider) 171.9 173.4 —1.5% 172.0 172.7 -0.7*
Drought susceptibility index 0.83 1.17 -0.34 1.05 0.97 0.08*
*P < 0.05.
TP < 0.01.
iP < 0.001.
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response at Tel Hadya. On the contrary, selection for large and small grain
yieid at Tel Hadya is expected to produce insignificant effects when the
material is grown at Bouider.

These data indicate that direct selection under dry conditions is more
efficient than selection under favourable conditions or, stated differently, that
high yield potential undcr favourable conditions is not a useful selection
criterion to identify superior genotypes for dry areas. In fact, in the top 5 per
cent of the Fi families for grain yield at Tel Hadya, there are only three
families which are also included in the top 5 per cent for grain yield at
Bouider.

The implications of these results, obtained with carly segregating popula-
tions, arc obvious. In a breeding programme for dry arcas it is essential to
screen carly segregating populations, possibly as carly as the F, generation, in
the target environment, to avoid the risk of losing highly drought-resistant
genotypes by selecting for one or more cycles in a favourable environment.

Similar results have been obtained in durum and bread wheat by evaluating
210 lines in the advanced yiceld trials grown in five different environments
ranging from Breda to Terbol.

With the exception of bread wheat planted late at Tel Hadya (Table 6),
where probably heat stress, in addition to moisture stress during the final
stages of crop development, affected grain yield, the correlation coefficient
between the drought susceptibility index and grain yield was high and
iegative at the driest location, negative but progressively smaller with normal
and late planting at Tel Hadya, and positive in the higher rainfall environment
(Terbol). Similar to barley, selection for high grain yield in durum and bread
wheat under favourable conditions is expected (o cause an increase in drought
susceptibility, although the correlated response would probably be small in
bread wheat due to the low value of the correlation coefficient (r = 0.413).
In less favourable environments, larger grain yields become progressively

Table 6. Correlation coefficients among drought susceptibility index and
grain yield at different levels of moisture stress in bread wheat (BW)
and durum wheat (DW)

Correlation coefficient

Rainfall
Location or environment (mm) BW DW
Breda 277 —0.836 -0.71
Tel Hadya (late planting) 300 =0.041 -0.31
(normal planting) 342 —0.484 -0.32
(early planting) 450 -0.154 -0.18

Terbol 600 —0.413 —0.76




Table 7. Average grain vield (kg/ha), plant height, days to headin

g, early growth, davs 1o maturity, and drought susceptibility index
(DSI) in contrasting environments of bread wheat lines sel

ected for grain yield under low- and high-rainfall conditions

Low rainfall (LR) High rainfall (HR)

Character Top 3% Bottom 5¢% Difference Top 5% Bottom 5% Difference
Grain vield (LR) 3347 1663 1684% 1991 2623 -632%
Grain vield (HR) 5235 5438 -203 6032 4163 1869%
Plant height (LR) 80.0 66.0 14.0% 68.5 74.0 -55
Plant height (HR) 75.5 77.5 -2.0 82.5 76.5 6.0
Days 10 heading (LR) 140.4 141.8 ~-1.4 142.2 141.4 0.8
Days to heading (HR) 151.3 149.6 1.7 149.9 151.2 -1.3
Days to maturity (LR) 177.4 178.8 —-1.4% 179.0 177.7 1.3*
Days to maturity (HR) 192.7 193.2 -0.5 194.7 193.1 1.6*
Drought susceptibility index 0.71 1.37 -0.66% 1.33 0.73 0.60%
*P < 0.05.

TP < 0.01.

P < 0.001.



Table 8. Average grain yield (kg/ha). plant height. cold tolerance. days to heading,
environments of durum wheat lines selected for grain v

and drought susceptibility index in contrasting
ield under low- and high-rainfall conditions

Low rainfall (LR)

High rainfall (HR)

Character Top 5% Bottom 5% Difference Top 5% Bottom 5% Difference
Grain yield (LR) 1419 699 720% 986 1205 =219
Grain yield (HR) 4361 4083 278 5125 2836 2289%
Plant height (LR) 65 59 6* 58 60 -2
Plant height (HR) 70 68 2 76 65 1t
Cold tolerance 5.0 3.8 1.2* 6.3 3.7 2.6%
Days to heading 170 174 —-4* 173 175 -2
Drought susceptibility index 0.91 1.14 0.23% 1.04 0.92 0.12%
*P < 0.05.

tP < 0.01.

P < 0.001.
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associated with low values of drought susceptibility index (higher drought
resistance).

Therefore, it should be expected that (1) lines sclected under favourable
conditions will be difierent from those selected in unfavourable conditions
and that (2) selection for large grain yield in favourable conditions does not
causc a carry-over effect in moisture-limited environments,

This can be tested by comparing grain yield of the top and bottom 5 per
cent of the lines in contrasting environments (Tables 7 and 8). In bread wheat,
the lines with the highest and lowest grain yicld at Breda (low rainfall) were
found to give similar yield when evaluated at Terbol (high rainfall). By
contrast, the top and bottom 5 per cent of the lines for grain yield at Terbol
were found to differ significantly (P < 0.05) at Breda, the bottom 5 per cent
producing a larger yield than the top 5 per cent. The lines selected for large
grain yield under low rainfall were significantly (P < 0.001) taller and carlier
in maturity than those selected for low gr.n yield. By contrast, selection for
large grain yield in a high-rainfall environtnent did not affect plant height and
favoured late-maturing genotypes. This is additional evidence for the exist-
ence of traits which are of advantage under drought and are a disadvantage
or neutral in an optimum environment. Similar to the findings in barley, lines
selected for large grain yield under low rainfall are more drought resistant
than those selected for low grain yield, whereas lines selected for large grain
ﬁckiundcr}ﬂghrahﬂhuzncrnoredroughlmmccpﬁbhthunthoscscmchxlﬂn
low grain yicld.

In durum wheat the top and bottom 5 per cent of the lines for grain yicld
under low and high rainfall did not differ significantly in grain yicld in the
contrasting environments of high and low rainfall. respectively. Similar to
what we found in barley, favourable conditions did not allow the identification
of the most drought-tolerant durum wheat genotypes. Durum wheat lines
with larger grain yield in moisture-limiting conditions were talier, niore cold
tolerant, and carlicr than those with lower grain yield. Plant height and cold
tolerance are also conducive to larger yields in a favourable environment,
whereas earliness does not appear to be as important as in an unfavourable
environment.

In conclusion, it appears that in all three crops a high vield potential under
favourable conditions is not an efficient selection criterion to identify the
higher yielding material for rainfed and stress conditions. The results also
suggest that this is due to a different architecture of plant characteristics
associated with yield under stress and non-stress conditions,
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DISCUSSION

A. Hadjichristodoulou
Did you observe any difference in the range of height of individual varieties in your
top 5 per cent and bottom 5 per cent viclding varieties? And is there any association
between range (or stability of height) and grain yield?

S. Ceccarelli
No, but this information will be given in the final paper.

S. C. Brown
My question is directed 10 you although I would really like to address it to all
breeders. Nutrient as well as drought stress is very important for breeding for the dry
areas, particularly in relation 1o root characteristics. Do you use fertilizer or nutrient
availability levels similar to those farmers use at present, or are likely to use within
the next few years?

S. Ceccarelli
We are currently evaluating parents, segregating populations, and advanced lines at
fertilizer levels that are likely to be adopted by farmers in the near future,
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ABSTRACT

Evidence is presented of the production of stress proteins in response to high
temperature and water stress in barley scedlings. A brief period at 37°C
induced the production of heat shock proteins and increased the capacity of
the seedlings to recover from exposure to higher temperatures (42-45°C). In
particular, a 70 kD HSP was found. Novel proteins appeared after PEG
induced water stress.

Laboratory physiological screening methods were also used for selection
among genotypes. A lack of correlation among the response to physiological
tests at different stages of growth led to the postulation that the genetic
mechanisms of drought tolerance are independent and process-specific for
cach stage of barley development.

INTRODUCTION

Interest in crop response to environmental stresses has increased greatly in
recent years because severe losses may result from heat, cold, drought, and
high concentrations of toxic mineral elements (Lewis and Christiansen, 1981 ;
Blum, 1985). Unfavourable temperatures and lack of water limit the expres-
sion of full genetic yield potential of the plant (Kramer, 1980).

Any reduction in crop yield depends upon the extent of stress and the stage
of developraent of the crop during the stress. In fa-t, crop plants differ in their
sensitivity to stress factors according to their stage of growth from a¢ mina-

115
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tion to maturity. Several modifications in partitioning the dry matter to
harvestable yicld components have been reported (Hanson and Nelsen, 1980
Martiniello, 1984; Vaadia, 1985 Blum, 1986). An understanding of the
mechanisms of stress and their genetic control would help in developing
improved crop management and breeding techniques and therefore in
increasing crop production in unfavourable environments,

This paper deals with the impact of induction of stress proteins on the
acquisition of thermotolerance, and with the development of physiological

methodologies for drought resistance screening in barley (Hordeum vulgare
L),

BARLEY RESPONSE TO HIGH TEMPERATURE

Heat stress inaciivates some basic cellular processes and induces the synthesis
of novel proteins (Mascarenhas, 1984). We are studying the regulation
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Figure 1. cquisition of thermotolerance in barley seedlings fol-
lowing exposure to 37°C for various times. Duplicate samples of
50 seedlings, grown at 25°C, with protruding axis | cm long, were
cither directly exposed to 40, 42, 45, and 50°C for 2 h (first bar
from the left in cach group of four histograms) or preshocked at
37°C for 30 (second bar), 60 (third bar), and 120 min (fourth bar)
before the shock at 40, 42, 45, and 50°C for 2 h. Shoot clongation
was determined 24 (gridded). 48 (horizontal hatching), and 72 h
(diagonal hatching) after the transfer of seedlings from the stress
to the normal (25°C) growing temperature
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mechanisms that give rise to the production of stress proteins and the role of
these proteins in the acclimation of plants to high temperatures.

A brief period at a relatively high temperature (37°C) increases the
capacity of barley seedlings (Figure 1) to recover from exposure to tempera-
tures which otherwise inhibit the growth of the plant (42-45°C). This
thermoprotection o seedlings is associated with the induction of heat shock
proteins (HSPs). The production of HSPs starts at temperatures several
degrees below those that completely inactivate general protein synthesis and
growth of the plant (34-37°C).

Identification and isolation of specific heat shock genes was attempted
through classical molecular genetic approaches. The SDS polyacrylamide
clectrophoresis demonstrated the appearance of six major HSPs with MW 22,
47,70. 85, 94, and 100 kD (Marmiroli et al.. 1986). In particular, a 70 kD
HISP similar to the animal 70 kD HSP was found by molecular hybridization
between the mRNA from heat-shocked scedlings and a specific probe for the
HSP of Drosophila and yeast, as well as immunoprecipitation with an
antibody  specifically reactive towards animal and plant 70kD protein.
Apparently, the induction of HSPs scems to provide protection for plant cells
from heat-induced death or heat-induced inactivation of some basic cellular
process.

Synthesis of individual proteins has aiso been followed in plants subjected
to water siress under different experimental protocols: growth in the presence
of osmotic solutions or with a limited supply of water. As in maize (Bewley et
al., 1983), the synthesis of some proteins increases and of some others
decreases in barley  scedlings  maintained  at high concentration  of
polyethylene glycol (PEG 6000), but a discrete set of novel proteins appears
(Figure 2). Itis possible that these induced proteins have a role in water stress
resistance similar to that of HSPs in heat resistance,

PHYSIOLOGICAL SCREENING METHODOLOGY

Extensive work has been done in recent years on the genetic improvement of
drought resistance in cercals using empirical screening techniques for select-
ing new cultivars for arcas with limited soil moisture (Weltzien and Srivas-
tava, 19R]).

Onr approach is bascd on the assumption that drought resistance can be
enhanced, bevond the empirical approach, by using physiological tests for
selection among genotypes. However, the suceess of this approach will
require cvidence that the characters tested in the laboratory reflect droughr
tolerance under field conditions also.

Three laboratory tests have been applied to 50 barley genotypes (cultivars
and breeding materials): (1) seed germination in osmotic solution (GOS), (2)
dry-matter increase in seedling (DWI-DWO0) after a period of thermal stress
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Figure 2. Diagram of the water stress experiment on barley scedlings. Treatments
with and without 50% polycthylene glycol (PEG 6000) were applied tor 4 and 8 h,
Seedlings were labelled at 24°C in the presence of 3S-methionine for 3 h. On the
right: protein pattern after SDS-PAG clectrophoresis of excised coleoptile extracts
following water stress. C = control without stress; < h osmotic stress, 8 h osmotic
stress. Molecular weight (MW) determined with MW markers run on the same gel

carried out in greenhouse, and (3) evaluation of the stability of the cellular
membrane in the presence of osmotic stress applied at flowering time
(LEOS).

The physiological tests gave the opportunity to identify variability among
genotypes. A group of 16 genotypes (Table 1) was selected and evaluated in
the laboratory and in field trials at three locations in southern Italy where



Table 1. Grain yicld and physiological test responses (GOS = germination
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under osmotic solution; DW, ~ DW, = seedling dry-matter increase after

thermal stress; LEOS = loss of clectrolytes under osmotic stress) of some

barley genotypes (d = two-row; P = six-row)

Grain

Ear yield GOS DW, - DW, LEOS
Genotype type (kg/ha) (%) (g x 10~¥plant) (%)
Georgic D 5170 30.7 20.7 54.3
Gitane D 4630 54.7 14.0 69.4
lgri D 4680 6.4 24.5 63.4
Panda D 4370 1.8 12.9 67.2
Pepite D 3430 8.3 15.0 78.8
Arda D 4580 2.7 18.3 49.0
Alpha D 4180 29.3 13.2 67.7
Porthos D 4770 36.1 15.0 55.1
Tipper D 4460 14.7 18.6 73.0
Arma P 3740 1.3 9.5 75.6
Fior 26 P 4120 2.1 8.5 69.9
Robur P 4040 0.7 6.7 75.5
Pirate P 4330 0.1 25.4 68.5
Vetuiio | 3690 3.0 8.6 69.6
Barberousse P 4600 2.4 19.9 75.5
Jaidor P 4050 2.4 17.6 77.8
LSD (0.05) 3.3 6.9 3.1 5.7

conditions of drought are frequent (Cagliari, Catania, and Foggia). The
highest value for correlation between grain yield and physiological test
response (Table 2) was found with electrolyte leakage (LEOS), suggesting
that this test was a good indicator of drought-tolerant lines. The average grain
yicld of the genotypes with high scores in the physiological tests was 15 per
cent higher than the mcan yield of the discarded rnes (4590 kg/ha versus
3940 kg/ha). Of these genotypes, only Geergie showed good drought toler-
ance at three stages of deveclopment. Other genotypes showed different
responses at different stages. Tipper seemed to be highly resisrant at the early

Table 2. Correlations among grain yield and physiological

tests in barley

Yield GOS

DW; — Dw,

LEOS

0.48*

0.56t

—0.691

*P < 0.05.
tP < 0.01.
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Table 3. Barley genotypes with high test values

Cultivar GOS Cultivar DW, - DWw, Cultivar LEOS
Gitane* 54.7 Igrit 24.5 Ardat 49.0
Porthost 36.1 Georgiet 20.4 Georgict 54.3
Georgict 30.7 Tippert 18.6 Porthost 55.1
Alphat 29.3 Ardat 18.3 Igrit 63.4
Tippert 14.7 Barberousse* 19.9 Panda* 67.2

*Genotypes with a positive value in one test,
TGenotypes with a positive value in two tests,
$Genotypes with a positive value in three tests,

stage of growth, while Arda and Igri were tolerant from titlering to maturity
(Table 3). All these materials, cxcept Barberousse, are two-row types and
within the two-row cultivars both spring and winter types exhibited tolerance.
This means that the two-row materials could be utilized for developing winter
or spring cultivars with a good chance of adaptation for extremes of environ-
ment,

These results indicate that genetic variability for drought tolerance can be
identified by physiological laboratory tests applied at different stages of
growth (seed, seedling, and adult plant). These data, however, do not give any
information about the physiological mechanisms that underlie the correla-
tions between stress tolerance in field conditions and the performance in the
laboratory tests. It appears that the genotypes showing positive reactions to
laboratory tests possess some genetic mechanisms for recovering their normal
growth rate after the stress.

The lack of correlation (Table 4) among the responses to physiological tests
at different stages of growth indicates that the genetic mechanisms of drought
tolerance are independent and process-specific for cach stage of development
(Sullivan and Ross, 1979; Levitt, 1980 Trapani and Motto, 1984; Martiniello
and Lorenzoni, 1985).

The genotypes that gave positive response to these tests have been intro-
duced in breeding programmes for drought tolerance based on the develop-
ment of synthetic populations through the recurrent selection method. The
objective is to increase the frequency of favourable geaes and to maintain in

Table 4. Correlations among physiological tests in barley

GOS DW, - DW,
DW, - DW, 0.05 ns —
LEOS -0.32 ns —0.38*

*P < 0.05.
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the population a large amount of genetic variability by cyclic selection. From
these improved populaticns advanced breeding material can be extracted: (N
parents for further cycles of recurrent selection, (2) new varieties, and 3)
lines as parents for developing F, commercial hybrids.

ACKNOWLEDGEMENT

Research work for this paper was supported in part by the Italian Ministry of
Agriculture, Progetto ‘Cereali: Subprogetto Orzo’, and in part by CNR-italy,
Special Grant IPRA subproject 1, paper 1011.

REFERENCES

Bewley, J. D., Larsen, K. M. and Papp, J. E. T. 1983. Water-stress-induced changes in
the pattern of protein synthesis in maize scedling mesocotyls: a comparison with the
effects of heat shock. J. Exp. Bor. 34:1126-1133.

Blum, A. 1985. Breeding crop varicties for stress environments. CRC Review in Plaat
Science 2:199-238.

Blum, A. 1986. The cffect of heat stress on wheat leaf and ear photosynthesis. J. Exp.
Bot. 37:111-118,

Hanson, A. D. and Nelser, C. E. 1980, Water: adaptation of brops to drought-prone
convironments. Pages 77-152 in The Biology of Crop Productivity (Carlson, P. .,
ed.). Academic Press, New York.,

Kramer, P. J. 1980. Drought, stress, and the origin of adaptations, Pages 7-20 in
Adaptation of Plants to Water and High Temperature Stress (Turner, N. C. and
Kramer, P.J., eds.). John Wiley, New York.

Levitt, J. 1980. Responses of plants to environmental stress, 2nd cdition. Academic
Press, New York.,

Lewis, C. F, and Christiansen, M. N, 1981, Breeding plants for stress environmenss.
Pages 151-178 in Plant Breeding (Frey, F.J., ed), Vol.I1l. The lowa State
University Press, Ames.

Marmiroli, N., Restivo, F. M., Odoardi Stanca, M., Terzi, V., Tassi, F. and Lorenzoni,
C. 1986. Induction of heat shock proteins and acquisition of thermotolerance in
barley secdlings (Hordeum vulgare 1..). Genet. Agrar. 40:9-25,

Martinicllo, P. 1984, Drought resistance in inaize: methods of detection and breeding
considerations. Gener. Agrar. 38 267-307.

Martinicllo. P. and Lorenzoni, C. 1985. Response of maize genotypes te drought
tolerance tests. Maydica 30:353~361.

Mascarenhas, J. P. 1944, Molecdar mechanisms of heat stress tolerance. Pages
391-423 in Application of Genetic Engineering to Crop Improvement (Collins, G. B.
and Petolina, 1. G., eds.). Martinus Nijhoff and Dr W. Junk, Dordrecht, The
Netherlanads,

Sullivan, C. Y. and Ross, W. M, 1979, Selecting grain sorghum for drought and heat
resistance. Pages 263-281 in Stress Physiology in Crop Plants (Massel, H. and
Staples, R. C., eds.). John Wiley, New York.

Trapani, N. and Motto, M. 1984, Combining ability for drought tolerance tests in
ntaize populations. Maydica 29:325-334.



122 DROUGHT TOLERANCE IN WINTER CEREALS

Vaadia, Y. 1985. The impact of plant stress on crop yields. Pages 13-40 in Cellular
and Molecular Biology of Plant Stress (Key. J.1.. and Kosuge, T., eds.). Alan R,
Liss, New York.

Weltzien, H. C. and Srivastava, J. P, 1981. Stress factors and barley productivity and
their implications in breeding strategics. Pages 351-361 in Barley Genetics, Vol. 1V,
Editorial Subcommittee, 4th International Barley Genetics Symposium, Edinburgh.

DISCUSSION

D. W. Lawlor
(1) Are you selectin, plants for drought resistance on the basis of absence of
damage 10 membrancs?
(2) Would you select for drought resistance based on higher or lower level of
production of heat shock proteins?
(3) Do you also find low molecular weight HSPs as well as 70 kD?

A. M. Stanca
(1) Yes.
(2) We don't know yet.
(3) Yes, 22 and 47 kD HSPs.

M. Nachit
How different is the production of heat shock proteins in the tropical crops (maize
and sorghum) in comparison to that in the temperate crops (wheat and barley)?

A. M. Stunca
Synthesis of HSPs has bcen noted to accompany thermal shock in maize secdings. A
70 kD HSP has been found in maize and barley. The other HSPs found in barley
were similar but not totally identical to the HSPs of maize, Anather similarity
between maize and barley was the continuous synthesis of several normal proteins in
addition to the HSPs at temperatures between 34 and 40°C,

R. A. Richards
If the characteristics you discussed are so closely correlated with yi-1d then why is it
that they are still maintained in populations grown in dry arcas? Why hasn't natural
selection reduced their frequency?

A. M. Stanca
Populations selected in dry arcas have some mechanism to protect the cellular

membranes. We found a negative correlation between grain yield and percentage of
damaged membranes in stressed environments,
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An Attempt to Define a New Plant Ideotype
of Bread Wheat for Mediterranean
Conditions Based on Physiological Studies

B. BORGHI, M. CATTANEO, M. CORBELLINI, and M.
PERENZIN

Experimental Institute for Cereal Research, 20079 S. Angelo Lodigiano,
Milan, Italy

ABSTRACT

We summarize results obtained for five years on the identification of the
environmental and genetical factors limiting the preductivity of bread wheat
in Italy. The cultivated Italian varicties did not seem to fully exploit the
favourablc growing conditions induced with modern agricultural practices.
The new plant ideotype proposed should have a longer grain-filling period
associated with higher values of leaf area duration (LAD), and higher rates of
carbon and nitrogen remobilization towards the kernel. We illustrate new
selection criteria based on physiological traits and the use of recurrent
selection,

The history of wheat cultivation in Italy is similar to that of several other
countries but the evolution towards a modern agriculture took place at the
beginning of this century.

Several factors of both genetic and agronomic origin were responsible for
the very low yields of the Italian wheats. The cultivated varieties, very old
local populations, appeared too tall, late in ripening, and highly susceptible to
lodging and rust attacks. In the 1930s, after the pioneer work of Strampelli,
new semi-dwarf varietics which were also carly enough to escape the late rust
attacks became available.

The present Italian bread wheat varieties originate from breeding activity
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carried out during this century, with not less than five gencrations of varieties
characterized by increasing productivity. This justifies the wide usc of Italian
germplasm in breeding programmes in several East European and South
American countries (Valiega, 1974).

The continuous intercrossing among Ialian varieties produced in the 1970s
a group of genetically related nigh-yielding varicties, During the fast 10 years
the Italian breeders have been mainly concerned with the genetical improve-
ment of bread-making quality. The new varictics possess a better bread-
making quality but arc not superior to the older ones in productivity, In our
opinion a further improvement in yield requires new breeding strategies that
consider biochemical and morphophysiological traits to assure high yield
combincd with an acceptable bread-making quality.

Studies based on growth analysis carried out in recent years show that the
traditional Italian varictics appear to be ‘programmed’ for a fast filling of the
grain—in less than 4 weeks after Rowering they reach the maximum seed
weight. This characteristic, in our environmental conditions, is very important
because in May-June we can frequently observe a progressive reduction of
the water available in the soil together with a rise in temperatures. These
conditions accelerate the final process of ripening and such acceleration is
better tolerated by the carly ripening varicties,
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Figure 1. Kinetics of dry-matter accumulation in the grain of the
typical Italian variety Marzotto and of the English variety Norman
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Figure 2. Relative growth rates of dry matter and nitrogen in the kernel. The values
represent the mean of three locations. (From Corbellini and Borghi, 1985)

The traditional plant model, essentially based on stress avoidance, how-
cver, presents several limitations in a modern agriculture. In fact, the Italian
varicties scem unable to exploit fully the favourable environmental conditions
introduced with the new agronomical practices such as irrigation, late N
application, chemical control of foliar diseases, or conditions occurring natur-
ally (low temperatures, rains) at the end of the life cycle (Borghieral., 1982,
1983). Figure | shows the kinctics of dry-matter (DM) accumulation in the
grain of the typical lalian variety Marzotto and of the English variety
Norman. Irrigation after flowering remarkably increased the leaf arca dura-
tion (LAD) in both varietics but kernel size increased steadily only in the
English variety,

Remarkabie differences in the potterns of dry-matter accumulation into
grain are also cvident between the ltalian varieties Irnerio and Saliente
(Corbellini and Borghi, 1985). Irnerio accumulates grain proteins later than
Saliente (Figure 2). The green area in Irnerio remains functiona! for a longer
time, as demonstrated by the length of the intervai between heading and
complete desiccation, which is 2-3 days more than in Saliente. This particular
behaviour of Irnerio can explain why, in recent years, this variety has
become a leading one in italy; it also explains, however, why its protein
content is generally lower than that of other varieties. It is in fact likely that

Table 1. Biological characteristics of two varieties (mean values of three locations)

Dry matter in vegetative

Plant  Biological argans (g/m?)
height yield
Varicties (cm) (kg/ha) HI NHI Maximum  Translocated
Irnecio 74 9320 0.41 0.69 713 210

Saliente 87 10050 0.43 0.72 765 232
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Table 2. Effect of plant desiccation at different times from flowering on
the varieties Irnevio (1) and Saliente (S)

LAD* Kernel weight* Compensationt
Trcatments I S [ S I S
Control 100 100 100 100 9.5 8.4
29 days 98.3 9.9 94.6 91.3  -0.3 7.5
24 days 90.6 92.3 77.4 77.4 3.1 14.1
17 days 84.7 83.9 65.6 63.7 1.9 14.7
X treatments 91.2 92.0) 79.2 775 4.9 11.2

ns ns i

*In per cent of the control,

TIncrease m kernel weight in degrained spikes relative to intact spikes.
P < 0.01.

ns = not significant.

drought and/or heat stresses, which frequently occur in the final period of
grain filling and which do not greatly affect yield, prevent the migration of
nitrogen compounds from the green organs towards the kernel,

In contrast to Irnerio, Saliente shows a higher biological yield, associated
with high HI and NHI, a better capacity 10 store dry matter in the vegetative
organs after flowering, and to relocate it into grain (Table 1). This can be
better seen from the behaviour of these two varieties under stress conditions,
Stress was induced with a chemical desiceant applied at different periods after
fAlowering. Using the method suggested by Blum et al. (1983), we evaluated
the capacity of the plants to sustain kernel growth after the destruction of
photosynthetic organs. Saliente showed a greater ability to sustain grain filling
under stress conditions (Table 2). On the average of more than a hundred
trials, however, Saliente yielded only 0.6 per cent more than Irnerio, but in
nearly all locations it showed a higher protein content.

Tabie 3. Effect of leaf removal on yield components and protein
content. (From Borghi et al., 1985)

Kernel Protein

Seeds/ weight Grain vield/ content
Treaiments spikelet (mg) spike (g) (%)
Contrel 2.9 41.8 2.44 16.5
Only flag leaf 2.9 30.8 2.35 13.8
Flag leaf removed 3.0 41.8 2.49 12.9
No leaves 2.5 353 1.74 11.1
LSD (0.05) 0.36 474 0.48 2.0
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Table 4. Effect of spike degraining on yield components and protein content.
(From Borghi er al., 1985)

Kernel Protein
Seeds/ weight content

Treatments spikelet (mg) (%)
T1 Control 2.9 41.8 16.48
T3 One spikelet out of two 2.7 41.1 20.07
T4 Two lateral flowers/spikelet 1.9 45.5 16.62
TS Lateral flowers removed 1.8 30.5 20.80
T6 Top half of the spike removed 33 44.2 19.86
T7 T3 + T4 1.9 42.9 21.48
T8 Two spikelets/spike 32 389 19.00
LSD (11.05) 0.45 3.2 2.17

Other studies on carbon and nitrogen partitioning within the plant using the
traditional method of sink and source manipulation (Borghi er al., 1985) have
shown that, in Italian conditions, the green surface of the wheat plant is
generally sufficient to supply the amount of photosynthates necessary for a
complete development of grains (Table 3). On the contrary, in the presence of
a sink/source ratio which has been artificially shifted in favour of the source,
starch accumulation, considering the number of endosperm cells, cell expan-
sion, number of amyloplasts (Brcklehurst, 1979), is hampered significantly
by physical constraints, while the seed apparently did not cither oppose any
resistance or play anv major role in accepting differential levels of all the
nitrogen potentially translocatable into grains (Table 4). It must be emphas-
ized that the GPC increase was mostly a consequence of the stimulated
synthesis of gliadin and glutelin fractions while NPN and water-soluble
proteins increased less (Table 5). The guestion is how these observations can
be exploited in a breeding programme.

A possible answer could be: producing F, hybrids. The recent discovery of
very cffective chemical hybridizing agents (CHA) tas opened new pos-

Table 5. Increase (%) of the different nitrogen solubility classes and of total
protein in degrained spikes. The values refer to the single kernel and are the
average of 2 years. (From Borghi et al., 1985)

Alb + Tot
Varicties NPN Glob Gliad Glut Res Prot
Dcmar 4 47.1 38.4 127.5 80.7 56.2 72.4
Fiorello 33.7 27.0 56.2 62.7 43.7 47.4
Mec 70.1 35.0 82.7 57.5 49.2 56.1
Mean 50.3 33.5 88.8 67.0 49,7 58.6
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Table 6. Productivity of the commercial Lybrid HOl (Festin x
Frandoc) in comparison with the best variety within cach location

Grain yield (kg/ha)

Variety
Locations Hybrid HO1 Best variety name
1 7980 7780 Demar 4
2 9970 8730 Irnerio
3 10610 9070 Tommaso
4 8100 7610 Aurelio
5 6340 6180 Chiarano
6 5440 5340 Loreto
7 5160 4200 Aurelio
8 9940 9320 Chiarano
9 7230 7050 Saliente
10 3250 3760 Orso
11 5530 5450 Pandas
12 5220 5950 Pandas
13 5710 6280 Chiarano
14 5750 4780 Irnerio
15 6940 7670 Salvia
16 9660 9050 Leopardo
Mean 7050 6760

sibilities for raising yield. At present it is very difficult to foresee the future
role of wheat hybrids. However, preliminary trials carried out at several
locations show that the first commercial hybrid available on the market can
successfully compete, within each location, with the best traditional varieties
(Table 6). Tie patiern of grain filling and the cvolution of green area in the
first experimental hybrids produced in Italy showed that the hybrids and
higher values of LAI and LAD associated with higher HI, a higher ratc of
dry-matter accumulation, and longer duration of the grain-filling period than
in parental lines (Figure 3). In other words, the best hybrids seem to present
all the desired physiological traits that one could expect in a wheat plant,

Apart from the new way opened by the possibility of producing hybrids, an
important conviction has grown among the wheat breeders: the negative
correlation generally found between grain yield and protein content could be
overcome by selecting for a higher biomass associated with ‘efficiency of
remobilization’, a trait which positively affects boih grain yield and protein
content (Corocellini and Borghi, 1985). The first goal in the conditions of
Southern Europe, where bread wheat is grown under an intensive crop
system, should be achieved, however, without increasing plant height.

It is necessary to determine how to measure these characters through
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Figure 3. Growth analysis of the varieties Claudia and Leopardo and of
their hybrid

simple morphological or physiological traits that can be taken into account
during the carly stages of selection.

The traditional evaluation of GPC alone does not aliow one to distinguish
superior lines from those producing a high GPC simply because of their low
seed number or their rapid senescence, which generally affects starch storage
more adversely than protein accumulation. On the other hand, the early
dircct evaluation of GY is time consuming and scarcely correlated with the
potential yield of most advanced lines. Stem weight loss from flowering to
ripening is a relatively casy character to measure; however, according to Hunt
(1979) the decrcase in stem weight from flowering to harvesting is only
weakly related to car weight.

We suggest selecting for stem and leaf thickness and to increase the storage
capacity of the last intcrnode by introducing the character ‘solid stem’, a
typical trait of durum wheat but also found in some old bread wheat varietics.
Another important trait to select for is the duration of effective grain filling.
Under the environmental conditions of Southern Europe, the duration of
grain filling more than the rate of N or dry-matter accumulation is defective in
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the presently cultivated genotypes; on the contrary, as previously mentioned,
they already have high rates of accumulation because, in crder to escape from
late rust attacks, they were selected for carly maturation (Borghi et al., 1985).

Therefore, we propose to include. along with such traits as piant height,
spike size, leaf erectness, and resistance to discases, the visual selection for
thicker and/or solid stem, for a moderate carliness associated with a late
desiccation of green parts. After harvesting, the selected plants or lines ould
be further screened for plump seed, for GPC, and, cventually, for HI and
NHI.

To incorporate in one genotype all the positive morphophysiological
characieristics by the traditional pedigree method is a very hard task. The
time has come for the wheat breeder to pay more attention to the possibility
of applying recurrent selection.

The recent availability of effective chemical hybridizing agents and the
derived possibility of increasing genetical recombination and selection pres-
sure will greatly enhance the possibility of combining, after one or two cycles
of random mating, all the desired characteristics in a single gene pool.
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DISCUSSION

D. R. Marshall
You indicated that spring frost was a major constraint in your attempts to increase
the length of the grain-filling period. Have you attempted to breed for frost
resistance? (f not, why not?

B. Borghi
In spitc of the serious eiforts by breeders to improve carliness, no suceessful variety
which is 5 days carlicr than S. Pastore has been obtained in South European
countries in the last 20 years. Probably a reasonable amount of time is required for
spike ditferentiation. 1 also believe that the period from flowering to harvesting
could be extended by selecting genotypes for this character.
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Physiology and the Breeding of
Winter-grown Cereals for Dry Areas

R. A. RICHARDS
Division of Plant Industry, CSIRO, PO Box 1600, Canberra City, ACT 2601,
Australia

ABSTRACT

The breeding of higher-yiclding wheats for dry arcas has been little
influenced by physiology in the past. This paper discusses how physiological
processes and traits that affect them may be modified by breeding and hence
increase yieids in the future. We make reference to different reinfed envir-
omnents and discuss the following physiological processes and ways to
improve them: (1) crop transpiration, by improving water extraction and
decreasing surface water evaporation; (2) water-use cfficiency, by increasing
glaucousness, the amount of discrimination of the stable isotope 13C during
the fixation of CO:, imsroving cool temperature vigour, and altering root/
shoot partitioning: and (3) harvest index, by increasing hydraulic resistance
in the seminal roots and by modifying leaf arca development using determi-
nate tillering genotypes. Our breeding programme aims to increase yields in
dry areas by improving each of the above processes. Results from this
programme are discussed, as are ways to validate the worth of specific traits
and ways to incorporate traits into existing breeding programmes.

INTRODUCTION

There are abundant suggestions in the literature of physiological and mor-
phological characteristics that. if selected, may improve yields under drought.
It is surprising that traits suggested to improve yield under drought are more
numerous than those proposed to improve yields in the absence of drought.
This apparent imbalance may be for a variety of reasons, the more important
being an intrigue with drought and the nced to stabilize scasonal yield
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variations and reduce the calamity that drought is to individual farmers and
rniations.

The aim of plant breeders in semi-arid regions is to incrcase yields under
drought and hence reduce the difference in yield achieved in good and bad
years. They are impressed by the extent of variation in their populations and
are confident they can manipulate that variation if « particular trait is known
to be advantageous under drought. Breeders may therefore be tempted to
select for traits suggested in the literature, particularly as there is a tendency
to believe that certain touchstones may exist that will give rapid yield
advances. However, it is very difficult for the breeder to decide which
characteristics to select. As the intensity and timing of drought varies with
region and season it is not uncommon for disagrecment to arise among
physiologists as to the value of a particular trait. Also, since drought affects
many traits simultaneously, changing one may have an unexpected effect
clsewhere on the plant so that again there may not be agreement as to which
traits are likely to improve yield. It is not unexpected, therefore, that plant
breeders have become a little cynical of how physiology can contribute to crop
improvement under drought and they may be reluctant to risk adding another
trait to select for in their breeding programme, particularly as empirical
breeding methods continue to make a-vances in yield.

The purpose of this paper is to discuss tr.sits we have chosen in our breeding
programme that we think have good prospects of improving the yield of
winter-grown cereals. 1 shall also discuss factors important in the choice of
traits and the evaluation of their worth,

A FRAMEWORK IN WHICH TO CONSIDER YIELD WHEN WATER
IS LIMITED

To choose traits likely to increase yield under drought, we rely very much on a
very simple model first proposed by Passioura (1977) and discussed by
Fischer and Turner (1978), Richards (1982), and Passioura (1983). This
model is applicable to any water-limited crop. In its simplest form it states
that

Above-ground dry matter (AGDM) = T x WUE

where T is the amount of water transpired by the crop and WUE is the
efficiency in which this water is use | If the crop produces grain and this has
the same value as straw, as it does in many parts of the West Asia and North
Africa region that we are considering at this meeting, then these two compo-
nents are all we need to consider. However, if grain is the economic product
then a partitioning component is introduced into the model. It then becomes

Grain yield = T x WUE x HI
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where HI, t%ie harvest index, is the ratio of grain to AGDM., When consider-
ing ways to increase yield by breeding this model is useful for two reasons.
First, the components are largely independent of each other. Thus, if one
component is increased by breeding little change should occur in the other
components and grain yield should increase. Examples where this may not be
the case will be alluded to later. The second reason this model is useful is
because it focuses directly on the processes that affect productivity in dry
environments. {ndiscriminant recommendation of selection criteria is there-
fore avoided.

Environmental considerations

Before discussing individual traits, it is stressed that each must be considered
in relation to the rainfall pattern in the region, the approximate water
balance, the soils, and the optimum crop phenology. To not do so may lead to
failure.

Traits will be considered in relation to three typical rainfall patterns. These
encompass the possible range in seasonal precipitation (Figure 1). Type Ais a
Mediterrancan pattern typical of the West Asia, North Africa region. Here
fallowing is ineffective, most of the rain falls in winter beiore the crop has
reached full ground cover, and drought is common frem around the time of
anthesis through to maturity. The other rainfall patterns are represented by B,
where the crop relies on summer rainfzll and hence on water stored in the soil
from a previous fallow, and C, where rain may occur at any time of the year.
Although there is some unpredictability in all patterns, particularly in the
amount of rainfall, type C is the most unpredictable as there is no certainty of
rain at any time. Fallowing therefore may or may not be effective in C.

Within these rainfall patterns I will assume that cereals are sown just before
the winter depression in temperature and that flowering and grain filling occur
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Figure 1. Representation of three rainfall patterns in relation to
temperature and crop phenology that encompass the range of
cnvironments where wheat is grown in winter
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in spring when evaporation js rapidly increasing. In cach of these rainfall
patterns 1 consider scedling drought to be unimportant relative to drought
later in the season. Terminal drought is almost inevitable as potential evapo-
transpiration exceeds actual cvapotranspiration.

In the absence of nutrient deficiencies, limitations other than drought to
crop growth and yield of winter cercals may be waterlogging and cold
temperature in winter, frost during reproductive growth, and high tempera-
ture during spring. In a particular region, or season. anv of these factors may
have a greater effect on yield than drought. Thus, if the risk of any of these is
reduced by an improvement in Crop management or breeding then yields may
increase more than if there were an improvement in a genotype’s drought
resistance,

Breeding considerations

In the traits to be discussed, their choice was guided not only by their likely
influence on yield when water is limited but also by the range of genetic
variation in the character, whether its measurement is repeatable, and
whether it can be selected for casily and quickly. It is assumed that the
breeder has the capacity to add another trait to the already extensive range
that is required in the selection and release of a new varicty, With the above
considerations in mind, the use of this model in our wheat-breeding pro-
gramme will be discussed.

CROP TRANSPIRATION

Ignoring drainage. runon and runoff, the supply of water to the crop depends
on the amount of water stored in the soil at sowing plus precipitation during
the season. Soil water is depleted by evaporation from the soil surface and
extraction by roots for transpiration. There are two ways where breeding may
increase the total amount of water used by the crop. One is to increase the
depth of rooting to increase the total water extracted from the soil. The other
is to increase the relative proportion of water transpired to water evaporated
from the soil surface.

Increasing soil water extraction

In many regions, the ICARDA region included, careful studies have shown
that cereal crops extract all the available soil water by maturity. An increased
rooting depth achieved by breeding is unlikely to be effective in these
situations. However, in some areas water remains in the soil at maturity,
Usually this water is below the root zone, as in some parts of India where
crops grow on water stored deep in the soil following the monsoon scason and
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as in some areas of Australia (sce, for cxample, Passioura, 1983). Here
sclectior: for a greater rooting depth shoald have a very high priority in a
breeding programme as it has a good chance of increasing grain yield.
Unfortunately this is very difficult so that indireet techniques are required.
Turner and Nicolas (this volume) discuss one such technique that measures
differences in canopy temperatures.

Increased osmoregulation may be another way of increasing soil water
extraction. Morgan and Condon (1986) found that among wheat lines differ-
ing in osmoregulation, lines with high osmoregulation extracted 40 per cent
more water than low lines at soil depths between 40 and 140 em. It has also
been found that wheats with high osmorcegulation have an increased tiller
survival and kernel number per tiller than low lines (Morgan 1983): this was
attributed to the maintenance of turgor in the flag leaf at about the time of
meiosis. A pilot breeding programme has been initiated at Tamworth,
Australia, to screen lines derived from a bread wheat and a durum wheat
breeding programme for osmoregulation. Screening is being done in the
glasshouse on the flag leaf and lines are being evaluated for yield in field plots.
Results show that lines with high osmoregulation yield better than low lines at
all yield levels (J. M. Morgan, personal communication).

Decreasing surface water evaporation

Reducing surface water evaporation (E) relative to transpired water (T) by
genetic means is a sccond promising way that may increase the total amount
of water transpired and hence grain yield. I is unlikely to be substantial in
crops growing on stored soil water (type B in Figure t); however, when there
is rain during the scason before canopy closure (as in A and C of Figure 1) itis
large. Estimates of I as a proportion of evapotranspiration (ET) in crops in
Syria ranged from a minimum of 32 per cent in a fertilized wheat crop where
ET was 370 mm to 62 per cent in an unfertilized barley crop where ET was
220mm (Cooper et al., 1983). These surprisingly high estimates are not
uncommon. In South Australia, French and Schultz (1984) found in a study
conducted over 12 years with 61 sites that an average of one-third of ET was
lost by evaporation from the soil surface. This represents a considerable loss
in yield.

Although some water loss from the soil surfacc is inevitable, a reduction
should be possible. There is considerable genetic variation among winter-
grown cereals in leaf arca display that may increase the rate at which full
ground cover is achieved, and this may reduce E. The most notable variation
is in carly vegetative growth habit. Some genotypes are very prostrate, others
have long floppy leaves, yet others are very erect; some genotypes are more
vigorous, i.c. have a higher relative leal expansion rate (RLER) or relative
growth rate (RGR), and reach canopy closure cartier. A simple calculation to
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determine the effect of a small improvement in RGR, i.c. during the exponen-
tial phase of growth, is very instructive. Assume that genotype X has a 5 per
cent higher RGR than genotype Y (0.105 g/g/day against 0.100 g/g/day). This
would result in X having 50 per cent more dry matter than Y at the end of 100
days of exponential growth,

We have selected lines visually that differ in growth habit and also lines that
differ in carly vigour by measuring AGDM at about the five-leaf stage. These
traits appear to be highly heritable so that it may not be difficult to develop
contrasting lines to grow in the field to evaluate their importance.

A different approach to this same problem is to select plants with a greater
capacity to intercept water and channel it down the leaves and stem to the
ground, hence increasing the store of water immediately below the plant
rather than between the rows where it would otherwise be evaporated. This is
an interesting idea that may be feasible using genotypes with erect leaves and
a rigid midrib.

Ways to reduce E discussed above are based on genetic manipulation. It
should not be overlooked that £ may also be altered by crop management
such as smaller row spacing or nitrogen fertilizer at sowing, and these should
also be explored.

WATER-USE EFFICIENCY

Water-use cfficiency (WUE), defined as the amount of above-ground dry
matter per unit of water transpired, has been considered invariant. Thus,
Tanner and Sinclair (1983), in a review of WUE in crop production, con-
sidered it unlikely that WUE could be altered genetically. Rather they con-
sidered that increasing the efficiency of water use by increasing T relative to
E, as discussed above, or improving the ratio of grain to ET by increasing the
harvest index may be the only way to achieve increased yields when water is
limited. Evidence from ficld-grown plants supports this notion. 1 am not
aware of any experiments which have shown that increased grain yields in
water-limited areas, achicved by breeding, have come from an improved
WUE. But then few, if any, experiments have partitioned ET in studies
comparing old and recently bred cultivars, However, if increased yields have
resulted from an impreved WUE, then recently bred genotypes should have
been found with a higher AGDM than older genotypes. In the numerous
studies where this has been examined it is only wheats selected for high yield
under irrigation in Mexico (Waddington et al., 1986) and spring barleys
selected specifically for a high biomass in England (Hanson er al., 1985) that
an increased AGDM has been found. In our experiments where we have
measured above-ground biomass in the field and WUE in large soil containers
in the glasshouse, we have not found consistent differences between old and
new varieties of cultivated wheats. However, in the glasshouse cxperiments
we did find cultivated wheats had a higher WUE than their diploid and
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tetraploid ancestors. This apparent lack of improvement in the WUE among
cultivated wheats through breeding is worrying,

Despite the above discussion, sustained attempts to improve WUE are
required as any increase may have far-reaching effects in dry environments,
There are numerous traits that could canccivably increase WUL, if selected.
They can be separated into simple morphological traits that are casily
manipulatable, such as awns, puoescence and glaucousness, more complexely
inherited traits such as carbon isotope discrimination, specitic leaf weight and
abscisic acid, and finally traits that on the surface appear unrelated to WUE
such as cool temperature, vigour, and drv-matter partitioning to roots.
Instead of discussing cach of these characters briefly, a few only have been
chosen where recent data suggest a significant effect on WUE.

Glaucousncess

This refers to the bluish-white bloom of wax on photosynthetic surfaces
formed from about the time of flag leaf emergence. Although several major
wax inhibitor genes are present in wheat, most breeding materials lack these
genes and glaucousness is then controlied by numerous minor genes, each
having a small effect. It is with this latter material that we have produced
near-isogenic lines. It has been found that the grain yield of the glaucous lines
is., on average, 8 per cent more than the non-glaucous lines when grown in
water-limited environments (Richards, 1983b). This has been attributed to
several factors, all of which affect WUE by changing the evaporative water
loss from the leaf. These are that glaucous lines have: (1) a decreased
transpiration at night, (2) lower transpiration for a given rate of photosyn-
thesis during the day. (3) cooler photosynthetic surfaces, presumably because
of the increased reflectance of light (which may also lead to our observation of
less leaf firing on days of extreme evaporative conditions). Further discussion
of glaucousness in wheat and its apparent importance in water-limited condi-
tions, particularly as it cffects WUE and not the total amount of water
transpired or the harvest index, can be found in Johnson et al. (1983),
Richards (1983b), and Richards et al. (1986).

These results give some hint that other traits in cereals could, if selected,
also affect evaporation from the leaf surface and hence WUE. These traits
and their possible advantage may be: erect leaf posture—effect on radiation
shedding, small leaf size-—cffect on boundary fayer, and convective heat
transfer,

Carbon isotope discrimination

The naturally occurring stable isotope of carbon, '*C, is diseriminated against
during the fixation of carbon in Cy plants. Theory predicts that the amount of
discrimination, A, is determined by the intercellular partial pressure of CO,
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Figure 2. Relationship  between  carbon
isotope  discrimination, 3, and WUE of
wheat  genotypes in different drought
treatments grown in | m fonig pots. A was
determined on leaves a maturity and
WUE  calculated between sowing  and
maturity. (Adapted from Farquhar and
Richards, 1984)

(Pi), which in turn is regulated by variation in both stomatal conductance and
assimilation capacity (Farquhar er al., 1982). High WUE would be associated
with a tow A and a low Pi. This is achieved when stomatal conductance is small
relative to  assimilation capacity. Figare 2 shows that this theory was
confirmed in droughted wheat in large pot experiments (Farquhar and
Richards, 1984). It has subsequently been confirmed in pot experiments on
barley and peanuts (Hubick. Farquhar, and Shorter, unpublished results).
Measurement of A to estimate total growth relative to water use has many
features attractive 1o breeders, A can be determined on fresh or stored,
immature or mature plants, leaves, stems, or grain, providing plant material
was grown in the same environment., Very small samples only are required.
Determination of A using a ratio mass spectrometer can be automated and
large numbers can be measured over a year as samples are easily stored.
The potential value of A as a rapid measure of the WUE of a genotype will
depend primarily on three criteria, First, A must be correlated with WUE in
large field plots. Such data are not yet available. However, in field experi-
ments where we have measurements of A but not of water use of a diverse
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group of genotypes, variation in A was positively correlated with AGDM at
two sites where there was little water shortage (Condon, Richards, and
Farqubar, unpublished data). AGDM averaged 10/t/ha at these two sites.
This relationship is opposite to that found under dry conditions. The way we
interpret this result is that when there is adequate water there are stomatal
limitations to growth so that genotypes with a high A and hence a high P, have
higher assimilation rates and relative growth rates. This finding provides
evidence of the difficulty in combining high yield in both wet and dry
conditions into one cultivar.

It is, nevertheless, worth pointing out that under some water-limited
conditions a high .\ and hence a low WUE may not be incompatible with high
yicld. In environment A in Figure 1, where water is often not limiting until
about the time of canopy <losure, fast-growing genotypes (i.c. with high A)
may be favoured for two reasons. First, 1o reduced E and, second, as more
growth in winter is cheaper in terms of water than the equivalent growth when
itis warmer later in the season. The second point will be discussed in more
detail shortly.

A second criterion that A must satisfy for it to be useful in breeding is that
there must be variation in A, and its measurement should have as little error
as possible. A has been found to vary widely among genotypes. In a sample of
100 hexaploid wheats grown in the same field environment the range in A
values was 4 x 10 % which is large and corresponds to substantial variation in
WUE. Furthcrmore, measurements of A on fifteen advanced breeding lines
grown 300 km apart in very different field environments were highly corre-
lated, as were measurements of plants in pots and in field plots in different
cnvironments (Figure 3).
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Figure 3. Relationship between carbon isotope  discrimination, A,

determined (a) on grain from two sites 2000 km apart (r = (1.82) and

(b) stems from plants in pots grown at Canberra and from 8.6/m?

experimental plots  grown  300km away (r = 0.91). (Condon,
Richards, and Farquhar, unpublished data)



142 DROUGHT TOLERANCE IN WINTER CEREALS

The third criterion that A must satisfy is that it have insignificant pleiotropic
effects. In experiments using I m long pots we have not found A to adversely
influence either water use or HI over a range of different droughted environ-
ments (Richards, Townley-Smith, and Farquhar, unpublished work). How-
cver, based on our findings at wet field sites, discussed above, it may well be
that if genotypes with low A are associated with slower growth their increased
WUE may be offset by an increased E in environments A and C in Figure |,

Since we believe the measurement of A integrates the diffusion of CO- and
H.O into and out of the leaf in relation to assimilation capacity over an entjre
growing scason. we consider it may have considerable potential in breeding,
Clearly, we are only beginning to understand its significance.

Root/shoot partitioning and cool-temperature vigour

The third category of characters may appear to bear no relation to WUE.
These are cool-temperature vigour. dry-matter partitioning to roots, and
phenology. Passioura (1983) has discussed the possible consequences of a
high root/shoot ratio in a crop. It is worth highlighting again the calculation
made before of the effect of a § per cent increase in RGR. The theoretical 50
percent greater AGDM achieved after 100 days of exponential growth could
also arisc if one genotype partitioned 5 per cent more of its assimilate to the
roots than another. When WUE s expressed as the ratio of AGDM to water
used, then the genotype that partitioned less to the roots would not only have
a higher WUE but also carlier canopy closure, thereby reducing E. This
reduction in root/shoot ratio may be very important in superficially increasing
WUE and deserves further exploration.

Improved cool-temperature vigour is proposed as another way of increas-
ing WUE because of the tight relationship between WUE and vapour
pressure deficit of the air. Caleulations derived from Fischer (1979) show that
at Wagga Wagga. Australia, growth during the coldest months, June and July,
is 25 per cent more efficient in terms of water than growth in September
(WUE = 87 kg/ha*/mm; cf. 70 kg/ha*/mmy). In December WUE decreases to
28 kg/ha*/mm so that growth during June and July is three times more
efficicnt than during December. Improved growth during winter will, as
Fischer points cut, be better from the point of view of WUE as well as
decreasing E. Thus the message here is very clear. Growth should be
maxtmized during the coolest peried and careful attention should be given to
a phenology that most efficiently matches the scasonal change in WUE.,

HARVEST INDEX

Maximizing AGDM at maturity under water-limited conditions is first
achicved by maximizing its components: (1) water transpired by the crop and
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(2) the water-use cfficiency. Maximizing grain yield then becomes a function
of the harvest index. In considering ways to increase HI of water-limited Crops
by genetic manipulation three findings are relevant. The first is that increased
yields of recently released cereal varieties compared to older ones grown
under optimal conditions have generally been achieved by an increased HI
rather than an increased AGDM (c.g. Austin er al., 1978). There is little
doubt that this increased HI, achieved primarily by sclection under optimal
conditions, has also contributed to better yields in dry conditions. The second
is that although the HI of current cultivars grewn in good conditions is about
0.5, when grown as a dryland crop their HI is typically around 0.35 and often
less. Thus a censiderable amount of the potential yield is not being realized.
The third is that in dryland crops it is the balance between dry matter
produced (and hence water used) before and after anthesis that is important
in determining HI (Passioura, 1977). Thus, if a crop exhausts most of the soil
water before anthesis, little will be eft for grain filling and this will result ir a
low HL It follows that the HI of water-limited cercal crops may first be
increased by selecting genotypes with a high HI under optimal conditions.
When this is achieved HI may then be further increased by altering the
amount of pre- and postanthesis water use.

In dryland crops transpiration is lincarly related to leaf area up to an LAI of
about 3. It follows that water use is directly related to leaf arca throughout
much of the crop’s life so that a reduced rate of leaf area development should
conserve water for grain filling. It may also mean that in the period just before
anthesis when kernel number is very sensitive to drought the crop water status
will be better and this may reduce any catastrophic effect on kernel number if
drought is severe. Conserving water carly in the crop’s life for later use is
particularly relevant to environment B in Figure 1. Whether it is also effective
in A and C will depend on whether F is significantly affected by a stower leaf
arca development. Experiments over two years at Merredin, Western
Australia, where the mean average rainfall is 310 mm and is typicat of an
A-type environment, suggest that more conservative carly growth may also
increase yield and HI in that environment (Islam and Sedgley, 1981).

We have chosen five plant characteristics as having the potential to improve
HI and thereby grain yield from the joint considerations of their effect on leaf
area development and the extent of genetic variation. They are seminal root
hydraulic resistance, flowering time, determinate tillering, carly growth rate,
and leaf size. In all of these traits we have attempted to develop contrasting
lines or populations to determine their effect on HI. Several experiences in
producing these lines are worth relating. In selecting for a reduced leaf size, a
correlated response was found in final leaf number with the net effect of no
change in Icaf area. In developing contrasting lines for flowering time. it was
found that the carly lines were also shorter so that it was difficult to scparate
out these two traits for their effect on harvest index and grain yield.
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Table 1. Mean grain yield of lines containing smail and normal diameter

xylem vessels, in three scasons in southern Australia. Lines are

backcross-3 derivatives of the commercial variety Kite. April to October

rainfall was 228 mm at Condobolin, and 243 and 549 mm at Wagga
Wagga in 1982 and 1983, respectively

Grain yield (t/ha)

Xylem vessel Condobolin Wagga Wagga Wagga Wagga
diameter 1981 1982 1983
Small (50 wm) 0.90 0.96 3.46
Normal (60 pwm) (.81 0.88 3.35
LSD (59%) 0.07 0.08 0.16

Increased hydraulic resistance in the seminal roots

Increased root hydraulic resistance was first proposed by Passioura (1972).
Work subsequently has shown this can best be achieved by decreasing the
diameter of the main xylem vessel in the seminal roots (Richards and
Passioura, 1981a, 1981b). A summary of resalts obtained in two dry and one
wet environment in southern Australia show the potential of this character
(Table 1). In all environments lines with small xylem vessels yielded more
than lincs with larger vessels. The yield advantage was greatest in the driest
environments. Thus, there is no yicld penalty in having smali xylem vessels in
good seasons. This yield data corroborates Passioura’s original hypothesis,
which was that when the top soil is dry, plants rely on the seminal root system
to collect water deep in the profile and lines with small vessels will be unable
to meet the plant’s water requirements on days of high evapotranspiration.
Plants will adjust their growth accordingly and conserve some water before
flowering for use later and this should result in higher yields. Ov. the other
hand, when the top soil is wet, the nodal root system, which scems to be
unaffected, will override the effect of the small xylem vessel in the seminal
roots and growth will not be affected.

Determinate tillering

The other traits chosen have a more direct effect on the development of leaf
area and henee water use. The traits were chosen following a study where leaf
area was manipulated in wheat to determine effects on yield in dry environ-
ments (Richards, 1983a). Flowering time and determinate tillering are likely
to be the most influential. Determinate tillering will be discussed here, and the
reader is referred to Fischer (1981) for a full discussion on a change in
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flowering date. Determinate tillering wheats (Atsmon and Jacobs, 1977) and
barleys (Donald, 1979) are now available. Few, if any, tillers develop so that
often there is only a single main shoot per plant. They offer several advan-
tages. First, control over leaf arca development and henee the opportunity to
modify pre- and postanthesis water use and thereby HI as shown by Islam and
Sedgley (1981). This may also Iead to the avoidance of severe drought in the
period between flag leaf enmicrgence and anthesis. Second, it is a way of
climinating sterile tillers so that there is no water wasted in their production
during vegetative growth. Third, lowering is more synchronous, which should
increase 1 when drought is terminal. The final advantage they offer over
conventional wheats is in the control of population density, This may be
varied at sowing according to soil type, site, or soil water slorage.

Higher yiclds of the determinate tillering cereals over conventional types in
dry environments have been found by Donald (1979), Islam and Sedgley
(1981), and Richards (1983a). In the former two studies higher yields were
achieved in an A-type environment. It is likely that the effect would be
greater in B- and C-type environments where £ s less. We have developed
near-isogenic wheat lines for this character and they have been tested in
several wet environments in both western and castern Australia. Grain and
dry-matter yields of the determinate and conventional tillering lines sown at
different densities were indistinguishable (Richards and Delane, unpublished
work). We know therefore that there are no yield disadvantages in this
material when stand establishment is good. We wait with interest for data
from drier environments.

INDEPENDENCE OF FACTORS AFFECTING YIELD

When first discussing cach of the three components of the model, 1 pointed
out the apparent independence of each. However, in considering the different
traits in the context of the environment where crops will be grown it is clear
that this is not completely so and there may be pleiotropic effects that reduce
the effectiveness of the trait. In this context it is important to determine
whether an increased WUE is generally associated with slower growth during
winter and therefore a higher HI or E depending on the environment, and
also to determine the relative importance of scasonal WUE with fast- or
slow-growing genotypes in relation to variation in £. The interactions among
these factors will become clearer with the development and tesing of near-
isogenic lines for the many different traits.

VALIDATION OF TRAITS

To determine the worth of any trait, genotypes must be developed that have a
genetic background as similar as possible, but which contrast iu the expression
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of the trait. These genotypes, called either isogenic lines or isogenic popula-
tions, depending on how they are developed, must then be tested in field plots
free of edge effects in environments that are representative of the arca where
the trait may be successful.

The choice of method to develop contrasting lines depends on the trait, In
our work we considered that traits such as narrow xylem vessels in the seminal
roots or determinate tillering are unlikely to exist in breeders’ populations,
but theoretical considerations would suggest they have a very good chance of
improving yiclds in some environments. These two tiaits, aithough under the
control of several genes, are reasonabiy heritable, so we chose a backcrossing
programme to introduce them into the best available commercial varieties.
Then, if they did yield well in field trials, they could be released to farmers
very quickly. In the case of the narrow xylem vessel characteristic, two
experiences are worth recounting that are relevant to attempts to incorporate
a new characteristic into an existing cultivar. The first is the considerable yield
penalty associated with using a poorly adapted donor parent. The donor
parent in this case was a Turkish landrace wheat. More breeding work than
anticipated was required to achieve the yield level of the recurrent parent.
The second point refers to the difficulty in keeping ahead of changes in
pathogen populations. Lines derived from one of the wwo recurrent parcnts
became susceptible to a new race of stem rust in the first year of evaiuation of
backcross-5 F, lines. 1f it is possible to use as a recurrent pare.t a cultivar with
close relatives containing other resistance genes, then much ot the breeding
work will not be lost if there is a change in the pathogen population.

For traits that already exist in breeders’ populations, backerossing can again
be used to produce isogenic lines; however, other methods are also available
that may be better or quicker. If the trait is simply inherited and the
heterozygote can be identified, then the heterozygote can be selected cach
generation until at least the Fs or later generation. Seed is increased to enable
the cxtreme homozygotes io be bulked to give near-isogenic lines. We have
used this method to develop lines differing, for example, in glancousness,
awns, and pubescence, among others. For traits in breeders' populations that
are controlled by numerous genes and where the heicrozygote cannot be
identified, the development of isogenic populations is appropriate. We have
used this technique to develop lines that differ in early growth, among others.
The extreme expressions of the character are selected n Fy or some other
bulk population. Progeny from the selected plants are then tested for the
character and extreme lines are bulked to provide the contrasting popula-
tions. A useful variation to this method we have used for some traits is to
sclect in backcross-1 F; or backceross-2 F, populations. This enables more
closely related populations to be developed. For example, 87.5 per cent of the
genes are derived from one parent if plants are selected from a backcross-2
population.



PHYSIOLOGY AND THE BREEDING OF WINTER-GROWN CEREALS 147

The above approach will test the worth of a particular trait and is designed
to inform. A more empirical approach more suired to breeding programmes is
to advance lines containing the trait to the F, or Fs generation when sufficient
seed is available to sow plots large enough to be free of edge cffects. This may
require that lines containing the trait be ‘nursed’ so that they are well
represented. If the trait imparts any yield advantage then lines containing the
trait should advance to later generations without my conscious selection,
Although this method is very efficient in a breeding programme unfortunately
it gives little information to others of the value of a trait.

CONCLUDING REMARKS

Breeding for increased yields in dry regions can take several different forms.
Empirical methods have been very succeessful and they should continue to be
so. They will also be an integral part of any attempt to improve yields when
physiological processes are selected. If increased yields are to continue it is
important that both methods proceed in parallel. In this paper 1 have
discussed our breeding programme as 1 believe it provides a valuable
framework to view the formation of yicld when water is limited. It enables
traits to be sclected that have a good probability of increasing vield when
selected alone and perhaps a greater chance when traits are vvramided
together,

Although most characteristics that influence yield sheuld fit into one of the
three processes that determine vield, there are likely te be some that are more
intangible. One such characteristic has been referred to as ‘sink strength’.
When there is adequate waier there is evidence that photosynthesis during
grain filling depends in part on the sink size which in turn depends on kernel
number (King er al. 1967; Rawson er al.. 1976; Fischer et al., 1981). Similar
evidence has been found when water is limited, For example, some genotypes
have an exceptional ability during arain filling to continue accumulating dry
matter at a rate which is disproportionate to the water used up to that time
(Condon, unpublished results) leading to a high HI and WUE. Several factors
may be involved. A decereased respiration may be one. This has not been
discussed but it deserves further study as any decrease through breeding, as
has been achieved. in ryegrass, should result in a higher WUT. Another
factor may be the joint contribution of a high dry matter at anthesis and
osmoregualation. It is not implausible that a high dry matter sets a high
potential kernel number whereas osmoregulation buffers the crop to drought
in the preanthesis period, when kernel number is most susceptible, the net
result being the establishment of a large sink (high dry matter and kernel
number).

Clearly there remains considerable potential to further improve yiclds of
winter-grown cereals in dry regions based on a consideration of the processes
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influencing yield and the assiduous choice of traits. When 1 last reviewed
breeding more drought-resistant wheats (Richards, 1982), three characteris-
tics (phenology, tillering, and awns) were identified as being proven to be
advantageous in some dry environments. In the intervening years consider-
able progress has been made and there is no reason why this should not
continue.
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DISCUSSION

B. Borghi
You indicated glaucousness as an important trait to select for. Considering that the
differences between glaucous and non-glaucous lines appear mainly related to the
chemical composition of the epicuticular wax (presence or absence of B-dicktones)
and not to the amount of wax per unit of leaf area, 1 would like *o know your opinion
about the possibility of selecting lines with higher amounts of wax in order to reduce
water transpiration.

R. Richards

We have no information on whether an increased amount of wax will reduce
transpiration. Glaucousness, as we have considered, means that wax must be present
so that reflectance is increased, which appears to result in a cooling of the
photosynthetic surface. We have observed this in lines near-isogenic for glaucous-
ness but with the same amounts of wax. The glaucous lines yield morc grain and dry
matter than non-glaucous ones in dry environments. It is for this reason we have
concentrated on glaucous wheats rather than the amount of wax.
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N. C. Turner
Do you see narrow xylem vessels of the seminal roots being useful in a Mediterra-
nean environment in which the majority of rain comes after sowing?

R. Richards
Although this character has primarily been considered for crops grown predomin-
antly on stored soil water, there is no reason why it should be disadvantageous in a
Mediterrancan environment, Indeed, if the rainfall during the scason is very low,
particularly before anthesis, then winter cereals with a narrow xylem vessel diameter
may give a yield advantage.

N. C. Turner
The comparisons between the values from Wongan Hills and Ruthergham were
correlated, but not on a one-to-one basis, Doces this mean that we cannot screen for
WUE efficiency by this technique between a range of environments?

R. Richards
Yes, A will vary from location to location depending on the vapour pressure
dilference. Thus, as with almost all characteristics, selection should be done on
plants grown in the same environment. However, because values were correlated in
very different environments it is possible that by using a series of standard genotypes
selections could be made in different sites according to their ranking and the
standards.

J- M. Clarke
(1) What is the cost of the equipinent to measure carbon isotope discrimination?
(2) What is the possible rate of screening? As I understand, one can casily store
samples for later measurement.

R. Richards

(1) A ratio mass spectrometer is approximately US$100,000.

(2) Approximately 40 samples per day can be measured. However, with
refinements and less precision this value could be doubled. A determinations are
done on dried plant material. Hence samples are easily stored and measured at
any time.

M. S. Mekni
How much of the initial intensity of the character in the landrace (xylem diameter)
have you recuperated? Also, how much of the yield of Kite have you recuperated?
The understanding is that the character is valuable only when it leads to yield
increases in the recarrent parent.

R. Richards
The diameter of the xylem vessel in the seminal roots of our best selections is little
different from the donor landrace wheat. The yicelds of our best BC3 lines were
equal to Kite. We are currently testing BCS lines. We consider the character
valuable as, when conditions are wet, yields are the same as those of comparable
lines with a large or standard vessel diameter; however, when conditions are dry,
yields of lines with the small xylem vessel are higher.
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Breeding for Moisture-stressed Areas

M. OSMANZzA], S. RAJARAM, and E. B. KNAPP
CIMMYT Wheat Program, Londres 40, Apdo Postal 6-641, 06600 Mexico
DF, Mexico

ABSTRACT

CIMMYT’s approach to breeding for drought resistance is based on wide
adaptation, high yield, and stability (i.c. input efficiency and input respon-
siveness) for semi-arid regions. This approach involves testing of Fa, Fs, and
Fq in optimal conditions, and of Fy and Fy in water stress. The assumption is
that high-yield potential at the optimum and stress levels can be combined.
This is confirmed by analysis of the input-efficient and input-responsive
cultivar Veery “S’, which has a high genetic yicld potential and exhibits
superior yield performance across the entire range of environments.

Methods used at CIMMYT for identifying drought resistance are yield-
performance evaluation under reduced irrigation, low-rainfall conditions,
gradient irrigation, and multilocational international testing. Wide adapta-
tion, high yicld and yield stability-—the most important characteristics of
CIMMYT germplasm—-are derived through the application of the shuttle
breeding system in Mexico, using alternate sites of a contrasting nature. High
fertility and optimum moisture are applied in the Fy, Fs, and F,, generations at
Ciudad Obregon The F; and F, generations are grown under low fertility
and reduced moisture conditions at Huamantla and Ciudad Obregon.,
Advanced lines produced through this system undergo reduced irrigation,
rainfed, and optimum moisture conditions. The lines performing well under
all three conditions are internationally tested in various drought environ-
ments.

INTRODUCTION

Wheat is one of man’s principal foods. It is grown everywhere except in the
tropics and is the world’s major source of protein and calories. Breeding,
physiology, and production research for wheat have traditionally focused on
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incrzasing yield potential. While the average yield per unit area has risen
manyfold in high-moisture environments, increases in production under dry
conditions have been less impressive,

The genetics of drought-related characters is complex and not adequately
understood. Crop plants occupy diverse environments. These factors make it
difficult for breeders to develop genotypes adapted to arid conditions. Under-
standing drought resistance mechanisms, along with quantifying and clearly
explaining the relationsaip between plant characters and drought resistance,
would reduce the dependence on empirical methods and help in the develop-
ment of cultivars with a high and stable yield under moisture-limiting condi-
tions.

The major climatic factors affecting crop production in dry areas are yearly
precipitation and its distribution pattern, relative humidity, average tempera-
ture, and soil type and depth (Quizenberry, 1981).

WHEAT DISTRIBUTION ACCORDING TO MOISTURE
ENVIRONMENTS IN DEVELOPING COUNTRIES

Of about 241 million hectares of wheat planted worldwide, 105 million are
grown in the developing world and 136 million in developed countries
(CIMMYT, 1981). According to Byerlec and Winkelmann (1980), the
developing world’s wheat arcas can be divided into irrigated regions, rainfed
environments with generally adequate moisture, and semi-arid environments
where moisture is often a limiting factor (Table 1). The total area is more or
less equally distributed among the three categories of environments.
Thirty-seven per cent of the Third World wheat area is semi-arid, where
moisture is the most serious production constraint. The Middle East/North
Africa region represents 59 per cent of this area, with the largest arca being in

Table 1. Approximate percent distribution of wheat arca according to
moisture environment in major production regions of the developing
world. (Byerlee and Winkelmann, 1980)

Moisture environment

Adequate
rainfed Semi-arid
Region Irrigated moisture rainfed
Middle East/North Africa 14 34 51
South Asia 73 4 23
East Asia 25 39 37
Latin America 9 49 43

All developing countries 34 28 37
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Turkey. In South and East Asia, the countries with the largest semi-arid arca
are India and China. Argentina ranks first in semi-arid area among Latin
American countrics.

DROUGHT CLASSIFICATION

The term *drought’ describes a condition in which available soil moisture is
reduced to the point where the plant cannot absorb it rapidly enough to
compensate for transpiration. Drought occurs as a result of low precipitation,
high temperature, or wind. It is not a uniform phenoinenon, and a plant’s
reaction depends on the stage of development at which drought occurs. Some
plant processes are relatively insensitive to water stress, while others are
distinctly affected.

Drought resistance is the plant’s ability to obtain and retain water, as well
as continue its metabolic functions during a period of low water potential in its
tissue. It is the result of moany, often independent, morphological and
physiological characters whose interaction has not yet been clearly explained.
Arnon (1972) defined drought resistance as the ability to survive drought
conditions without injury. Levitt (1972) divided drougit resistance into
drought avoidance and drought tolerance. He stated that drought-avoiding
plants maintain a high internal water potential, in spite of low environmental
water availability. Kozlowski (1968) classified dry region plants into four
groups: drought escaping, drought evading, drought enduring, and those that
resist by storing up a water supply to be used when soil moisture is scarce. To
plant breeders, drought resistance is the ability of one genotype to be more
productive with a given amount of soil water than another (Quizenberry,
1981).

The drought resistance mechanisms of interest to agronomists concern
productivity. Yield is the integrated result of a number of interrelated
physiological processes. Moisture stress can affect photosynthetic processes.
growth (which provides photosynthetic tissue), and seed formation (which
provides a reservoir for photosynthates). Many morphological changes in
leaves and other green organs appear to improve resistance through higher
water-use cfficiency (WUE) and photosynthate accumulation. Metabolic
changes could be involved in the drought resistance of the plants exposed to
severe stress. Nitrate reductase activity and the accumulation of proline and
abscisic acid (ABA) are reported to be associated with drought resistance.

There are three stages of physiological rescarch concerning drought. The
first relates plant characteristics to stress survival. The second is the investi-
gation of drought-resistance-related differences within a species. The third is
the development of simple, rapid methods for measuring the characteristics
identified in the previous <tages.
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BREEDING FOR DROUGHT RESISTANCE

Increased productivity of crops grown under less-than-optimum conditions
can be achieved :ither by developing improved cultural practices or by
breeding varieties tha' are more productive under stress. The latter strategy is
dealt with here.

Although the need fcr crop varicties better adapted to semi-arid conditions
is widely recognized, plant breeders disagree on how to meet this need. Some
believe that drought resistance can be obtained simply by sclecting for high
yield. This commonly used approach assumes that some superior yielding
varictics at the optimum level will also yield rclatively well at suboptimum
levels (Arnon, 1972; Rajaram and Nelson, 1982). In such varieties drought
resistance may be present as an unidentified component of performance
stability. During the breeding process, yield and performance stability are
handled together.

The second major breeding approach maintains that the maximum yield
potential is irrelevant and that a superior variety {or semi-arid growing
conditions must be developed and tested in a semi-arid environment. Var-
ietics developed in such a programme often show a narrow adaptation to the
relevant environment and are said to have high genotype-ecnvironment
interaction (Blum, 1979).

Smith (1982) supgested that the ideal varicty would have a highly stable
yield combined with a high-yicld potential. However, in his correlation
studies, the higher-yield potential of short-statured genotypes was achicved at
the cxpense of yield stability. Thus, he proposed a ‘middle of the road’
genotype that could give a high-yiceld potential in all environments except
those of cither extremely high or extremely low production conditions.

CIMMYT’s concept of breeding for semi-arid environments

Here we elaborate on and propose modifications to the CIMMYT’s drought-
breeding concept presented by Rajaram and Nelson (1982). The long-term
objective of CIMMYT is to develop germplasm with a high-yield stability,
discasc resistance, and a high-yield potential under all conditions.

The result of this approach has been the development of high-yielding,
input-cfficient, and input-responsive varicties which have rapidly gained
worldwide acceptance. Worrall er al. (1980) analysed the data from 14 years
of the International Spring Wheat Yield Nursery (ISWYN) distributed by
CIMMYT. Their analyses show that CIMMYT wheats and their derivatives
perform well and fit into nearly every wheat-growing eavironment, including
semi-arid zones. Based on ISWYN data they concluded that CIMMYT's
breeding programme has been effective in developing high-yielding spring
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wheat germplasm and that significant progress is being made in breeding for
stability over a wide range of environments.

Pfeiffer (1924} analysed the data from the ISWYNs distributed by CIM-
MYT from 1964-5 to 1978-9. He concluded that:

(1) High-yiclding varictics (HYVs) are at least as stable as locally
developed varieties (LDVs) under all environmental conditions (but on a
higher yicid platcau).

(2) HYVsare at least as input efficient as LD Vs (and generally more so)
under all environmental conditions.

(3) HYVs are significantly more responsive than LDVs to improved
production conditions.

(4) “True’ HY Vs combine all three of the above characteristics. In other
words, CIMMY'T germplasm displays a combination of input cfficiency and
input responsiveness. traits nceded for better adaptation to highly variable
growing conditions.

Figure 1 illustrates the analysis of the input-cfficient, input-responsive
variety Veery ‘S’ which has a high genetic yield potential and cxhibits
superior yvield performance across the entire range of environments, including
moisture stress. Is coefficient of regression is not much higher than that of the
mean of all entries, but its yield is consistently above the mean yicld of all
other entries. According to the CIMMYT breeding philosophy, a varicty must
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Figure 1. Yield of Veery 'S’ regressed over mean yields
of 73 locations in the fifteenth ISWYN
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be relatively efficient in low-input situations, but must also respond to better
moisture and fertilizer availability.

Identification of drought resistance at CIMMYT

Key points in a drought resistance breeding programme are resistance
mechanisms, the stages at which a crop faces water stress, and the severity of
the stress. Lewis and Christiansen (1981) suggest that stress environments be
selected at a level tha  differentiates between stress-susceptible and stress-
resistant genotypes. The following methods are used to identify germplasm
for drought resistance at CIMMYT:

1. Evaluation of performance under reduced irrigation and limited rainfed
conditions to identify advanced lines or varieties with increased WUE

Many advanced lines have been tested at Ciudad Obregon, Sonora, under
both well-watered (five irrigations) and stress (two irrigations) conditions and
the results are very encouraging. Lines such as Genaro 81 and Lira S’ were
suitable for both regimes (Table 2). The Huamantla location is used to sereen
varictics and advanced lines under natural rainfed conditions. The soil is
sandy and the long-term average arnual rainfall is Iess than 500 mm.

2. Gradient irrigation (line source) to identify cultivars with WUE

Hanks et al. (1976) described line sprinkler systems that can be used to create
a continuous water gradient for studying the drought response of genotypes.

Table 2. Yield performance of six wheat varieties and
advanced lines under two irrigation regimes in Ciudad
Obregon, Sonora, 1982

Yicld under Yield under
five irrigations two irrigations
Variety kg/ha Rank kg/ha Rank
Genaro 81 7461 1 4745 2
Lira 'S’ 6920 2 4747 1
Veery ‘S’ 6819 3 4378 5
Neclkant 'S’ 6758 4 4585 4
Junco ‘S’ 6346 5 4681 3
Tanager ‘S’ 5202 6 3637 6

LSD (5%) 639 711
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At Ciudad Obregon, a sprinkler system was installed to apply water in a linear
fashion with the amount decreasing as the distance from tie irrigation line
increased. To evaluate the system’s usefulness in screening for moisture stress
performance, 25 genotypes were sown perpendicular to the irrigation line.
Five plots were harvested at 3-metre intervals to obtain information on the
relative performance of cach genotype at differing levels of applied water,
Average yield was positively correlated with the amount of water applicd.
The genotype response was evaluated using regression analysis. The lines
found to be the best adapted for water stress situations were Junco (bread
wheat), Yavaros (durum), and Civet 71 and Pika'S’ (triticale).

3. Mudtisite international trials for identifying drought resistance

Multilocation testing has been of great value to CIMMYT wheat-breeding
programmes in identifying cultivars that perform well over a range of envir-
onments including moisture stress situations. The ISWYN was the first
systematically organized international yicld trial. Begun in 1964 by CIM-
MYT, it was designed to disseminate the new spring wheat varicties through-
out the world and to obtain information on yield, discase resistance, stability
and wide adaptation, parucularly from national wheat-breeding programmes.
CIMMYT also distributes the Drought Screening Nursery (DSN) to provide
genetic material to national programmes in semi-arid areas around the world.

Through these programmes, input-efficient, input-responsive, and stable
varieties, such as Anza 7C, Pavon 76, Nacozari 76, Glennson 81, Seri 82,
Ur2s 81, and Genaro 81 have been identified and used as parents for building
future varictics. The programmes have produced promising results not only in
irrigated wreas of the world, but also in semi-arid regions (Rajaram et al.,
1984).

CIMMYT drought resistance breeding techniques.

The CIMMYT approach is to breed varieties at a high-yield potential level,
alternated with moisture stress conditions, on the assumption that input
efficiency and input responsiveness can be combined. The analyses of Worrall
et al. (1980) and Pfeiffer (1984) support this assumption,

The most important traits of CIMMYT germplasm—wide adaptation and
yield stability across varied environments—have been derived through appli-
cation of the ‘shuttle breeding’ principle, using alternate sites of contrasting
conditions. The CIMMYT programme involves two crop cycles per year:

(1) A summer cycle in Huamantla, Tlaxcala, at an clevation of 2500 m
and 19°N, where genotypes are screened for resistance to drought under
rainfed and sandy soil environments. Planting is done in May, when
daylength is increasing.
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Table 3. A generalized breeding scheme employed at CIMMYT for moisture stress
conditions

Environmental
Generation Location condition Sclection method

P (parents)

F, Well-watered
F, Ciudad Obregon Well-watered Individual plant
selection
Fs3 Huamantla Stress Modified Bulk
F4 Ciudad Obregon Stress Modified Bulk
Fs Toluca Well-watered Individual plant
selection
Fo Yaqui Well-watered Bulking of lines
Yield trial* Ciudad Obregon Well-watered
and stress
Yield trial* Huamantla Stress

*The outstanding yielding lines in both envir. imental situations are internationally distributed
in the DSN to obtain more information on drought resistance and yield performance.

(2) A winter nursery in Ciudad Obregon at 28°N, with an elevation of

40 m, where materials are screened for high-yield potential under optimum

conditions. Planting is done in November, when daylength is decreasing.

Testing here can be done under conditions of optimum moisture and

reduced irrigation simultancously.

Ciudad Obregon has dry weather from October to May and a long-term
scasonal average rainfall of 48.2 mm. This is considered a suitable environ-
ment for drought trials by regulating the number of irrigation applications. In
a breeding programme for optimal conditions, five to six irrigations are
applied to produce a good crop of wheat. In our drought experiments, plants
receive only one or two irrigations to facilitate the selection of lines. The lines
sclected are further tested in Huamantla under rainfed conditions, A sche-
matic representation of germplasm flow and the handling of the segregating
gencration are shown in Table 3. High fertility and optimum moisture are
applied in the F,, F, and F, generations. The F; and F, generations are grown
under low fertility and reduced moisture or rainfed conditions. Selection
during the irrigated and well-fertilized generations of F,, Fs, and F, are
conducted normally. Rust epidemics are created and susceptible plants are
discarded. Good tillering capacity, head development, leaf retention capabil-
ity, and grain plumpness are the characters evaluated in the individual plant
and line selections.

The following characters are important for drought stress situations and are
considered in sclecting materials grown under limited moisture and low
fertility in the F; and F4 generations:
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Delayed leaf senescence (longer leaf retention)

Tiller viability

Reduced spike sterility

Grain plumpness

Relatively higher test weight

Relatively higher yield

Advanced lines produced are simultancously subjected to optimum and
stress conditions yield trials. The lines showing high performance in both
conditions are included in the Drought Screening Nursery (DSN) and distri-
buted to CIMMYT's coofcrators in moisture stress regions.
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DISCUSSION

A. Hadjichristodoulou
In your presentation you mentioned that longer leaf area duration and moderate
tillering are among ycur objectives in breeding for low-rainfall areas. Do you have
any data to prove that the chosen levels for the two traits are better than other
levels?

Mahmoud Osmanzai

I presented CIMMYT's long-term objective to develop germplasm that possesses
(1) high-vield potential under favourable and stress conditions, (2) stable and wide
adaptation, and (3} disease resistance. 1 did not intend to prove or disprove selection
criteria, but I presented the criteria in selecting materials grown under limited
moisture and low fertility in Fy and F; generations. They are:

Longer leaf area duration or delayed leaf senescence

Moderate tillering ability

Grain plumpness

High test weight and

Yield per se.

E. Acevedo
Could you expand on the soil moisture conditions under which reduced irrigation
trials are performed? In my experience plant responses to stress vary according to
previous growth and stress history.

Mahmoud Osmanzai
I presented the performance of six cultivar/genotypes under five and two irrigation
regimes. The water infiltration at the site of the experiment was low. I agree that
response of plants (crops) to water stress varies according to the growth stage of the
crop, degree of stress, and previous history of stress.

M. Tahir
The yields of 3.8 and 3.3 tons/ha under grain-filling stress and severe stress,
respectively, seem to be still very high, Could you please explain the type of stress
you were referring to? What was the total moisture (mm) during the crop season for
the crop under severe stress?

Mahmoud Osmanzai
In Obregon where the experiments were conducted, the seasonal average rainfall is
48.2mm only. The moisture stress depended on the amount of water applied.
Normally, when only about 300 mm of water was applied, the grain yield reduction
was approximately 40-50 per cent as compared to non-stressed plots,

S. K. Sinha
What was the initial soil moisture when you applied two or five irrigations? How
much total water was used by different contrasting treatments?
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Mahmoud Osmanzai
The initial soil moisture varies, but we gave irrigation to aliow seedling emergence.
The amount of water used by different contrasting types was not measured.

S. Ceccarelli
(1) Can an environment which gives over 4 t/ha be defined as a stress environment?
(2) Please clarify the breeding sirategies for rainfed areas with regard to the
sclection environment.

E. B. Knapp
Unfortunately there don't yet seem to be any generally aceepted criteria for
quantifying stresses, and particulary ‘drought stress’, across different soil and
atmospheric environments. Our programme goal is to apply selection pressure (to a
degree generally encountered by the wheat plant) on the carly generation material
in order to clicit an adaptive response. In later generations (Fy and beyond) the
material is evaluated for yield. 'The particular case you point out represents yield
trials at the same location with and without selection pressure for reduced moisture.
The best six lines averaged 6785 kg/ha without moisture stress and 4464 kg/ha
under limited moisture —a reduction of 32 per eent. Until we have evidence to the
contrary, we consider this to represent an expression of the adaptive response to
limited moisture. However, I agree that it might help to clarify the question of
‘degree” of stress if we also looked at the six worst periorming lines for comparison,
With regard to your second question; our generat strategy for all wheat-growing
environments is basically the same. We try to supply the national programmes with a
pool of germplasm that is better than they already have. Of course, we are delighted
if they identify something so well adapted to their conditions that it can be released
as itis. Normally, however, we would expect the national programmes to refine the
material for even better adaptation,

Mahmoud Osmanzai

CIMMYT’s philosophical approach to breeding for dro- bt resistance is based on
wide adaptation. High yield and stability are necessary in any variety to be
recommended for semi-arid regions. The variety must be able to give a relatively
high yicld under low-input conditions, but must possess the genctic potential for
higher yiclds under optimum environmental conditions such as moisture and fertil-
izer availability. A schematic representation of germplasm flow and the handling of
segregating generations was presented. The Fy and Iy generations are grown under
low fertility and reduced moisture conditions. High fertility and optimum moisture
are applied in the Fy, ks, and F, generations, Advanced lines produced through this
system are subjected to selection of desirable types simultancously under reduced
irrigation, rainfed situation, and optimum conditions.
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Breeding for Improved Yield in
Moisture-limiting Areas: The Experience of
Jordan

MAHMUD DUWAYRI, A. M. TELL, and F. SHQAIDEF
Faculty of Agriculture, University of Jordan, Amman, Jordan

ABSTRACT

Sclection in a favourable environment did not result in superior lines for
stress environments. However, selection in a stress environment resulted in
some supecrior lines that were promising also for a favourable environment.
Furthermore, sclection of the seed weight ratio in the two contrasting
envircnments appeared to be more promising than sclection on the basis of
the dry-matter or grain yicld ratio.

INTRODUCTION

Frequent occurrence of drought is considered to be the main reason for low
wheat yields in semi-arid areas in general and in Jordan in particular.
Attempts to introduce high-yielding semi-dwarf varieties in Jordan have not
been successful because the grains shrivel under rainfed conditions. Keim and
Kronstad (1979) stated that under severely stressed conditions, performance
of high-yielding cultivars was the same or even poorer than the previously
developed cultivars, indicating the need for adaptation of improved cultivars
to a wide range of moisture conditions. Therefore, a poor yield of wheat
under stress was related to its inability to avoid stress, resulting in a severe
reduction in tiller number and grain-bearing spikes (Keim and Kronstad,
1981). Yield improvement in wheat may be accomplished by manipulating
the components of yield such as spikes per unit area, kernel number per spike,
and kernel weight (Knott and Talukdar, 1971; Sidwell et al., 1976).
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Stork, a semi-dwarf wheat cultivar, produces high grain yields under
optimum conditions, while Hourani, a semi-tall wheat, produces a reasonable
yield, but the grain is not as satisfactory as that of Stork, under optimum
conditions (M. Duwayri, unpublished data). Duwayri (1984) reported that
the stress-simulated trcatments produced the poorest yiclds and that Stork
was inferior to Hourani in grain yield in those treatments.

McNeal er al. (1978) stated tha* both kernel weight and kernel number per
spike were useful for selection for yield, but spik¢ number per plant was not.
Knott and Talukdar (1971) suggested that yield could be increased by
selecting for an increased kernel weight. Our breeding strategy is to select
high-yiclding varicties with desirable grain weight,

MATERIALS AND METHODS

An experiment was conducted at Jubeiha and Ramtha staticns. The annual
variability in rainfall at these stations is shown in Table 1.

A total of 122 durum wheat lines in the F; generation, resulting from the
cross Hourani X Stork, and the parental lines were planted in a randomized
complete block design with two replications. Hourani is a locally adapted
cultivar in raoderate rainfall arcas of Jordan and Syria, while Stork is a
high-yiclding, early maturing durum wheat variety. Each plot censisted of six
rows, 5m long and 25cm apart. The sceding rate was 80 kg/ha for both
locations. Dates for sceding were 25 and 27 October 1984 and dates of
harvesting were 6 June and 29 May 1985 at Jubeiha and Ramtha, respec-
tively,

Data were recorded for plant height, dry matter, grain yield, harvest index,

Table 1. Annual rainfall (mm) in the past 10
years for Jubeiha and Ramtha

Year Jubeiha Ramtha
1975-6 346 241
1976-7 441 216
1977-8 656 221
1978-9 359 120
1979-80 563 343
1980-1 491 181
1981-2 549 173
1982-3 604 274
1983-4 483 191
1984-5 448 243

Average 500 220
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Table 2. Agronomic characteristics of the parents and the F; population grown at
Jubeiha and Ramtha, 1984-5

1000-seed
weight (g)

Dry matter yield Grain vield

{kg/ha) (kg/ha) Harvest index

Jubetha Ramtha  Jubetha Ramtha  Jubeiha Ramtha  jubeiha Ramtha

Stork 5466 3240 2158 946 0.39 0.29 47.2 30.9

Hourani 6600 3216 2096 890 0.32 0.28 42.9 34.¢

Population 6829 2783 2289 768 0.33 0.28 43.0 32,5
n =122

and thousand-seed weight. The top ten lines based on their performance for
the above traits at Jubeiha and Ramtha were selected.

RESULTS AND DISCUSSION

The agronomic characteristics for parents and the F; population are presented
in Table 2.

Stork produced less dry matter than Hourani at Jubeiha but was slightly
better in grain yield at both locations. The harvest index was higher for Stork
than Hourani at Jubeiha, while at Ramtha, the drier site, the difference was
reduced. This was expected due to the high rainfall at Jubeiha. Though the
thousand-sced weight of Stork was higher by 10 per cent than Hourani at
Jubeiha, it dropped to 90 per cent of that of Hourani at Ramtha. The overall
means of dry-matter and grain yields of the population were higher than the

Table 3. Dry-matter yield (kg/ha) of the top ten lines grown at Jubeiha and
Ramtha, 1984-5

Line Top yielder Yield at Line Top yielder Yield at
number at Jubeiha Ramtha number at Ramtha Jubeiha
130 10650 3126 83 3976 5570
128 948() 2910 3 3820 3200
127 9350 2646 125 3700 8200
92 9200 2305 120 3696 8510
65 9160 2710 105 3690 7610
43 909Q 2800 1 3680 4770
47 a076 2166 108 3626 5690
68& 9020 2950 93 3450 8400
67 9000 2786 73 3360 6770
99 8800 2750 84 3310 5950
Average 9282 2715 3631 6467
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Table 4. Grain yicld (kg/ha) of the top ten lines grown at Jubeiha and Ramtha,

1984-5
Line Top yielder Yield at Line Top yiclder Yield at
number at Jubeiha Ramtha number at Ramtha Jubeiha
97 3480 600 105 1200 2556
130 3410 906 83 1110 1916
129 3330 670 116 1106 2440
127 3330 756 100 1020 3000
67 3230 660 71 1016 2950
120 3229 1010 28 1010 1740
92 3200 496 120 1010 3220
124 3186 576 93 996 2966
68 3160 696 60 990 2096
36 3136 640 122 970 2430
Average 3268 707 1043 2531

highest parent at Jubciha and were intermediate for harvest index and
thousand-seed weight at both locations.

The top ten lines for dry-matter production at Jubeiha and Ramtha are
listed in Table 3. It was interesting to note that the lines selected at Jubeiha
were not in the rank of the top ten at Ramtha, and vice versa. This indicates
the necessity to practise selection in the target environment. Seventy lines
produced higher dry-matter yield than the superior parent at Jubeiha, How-
cver, none of the lines selected at Jubeiha were superior to any parent in
dry-matter production at Ramtha. Furthermore, selection of the top ten lines
for dry-matter yield at Ramtha gave four lines that were superior to parents
or the population average at Jubeiha.

The average grain yield of the top ten lines at Jubeiha was 3268 kg/ha
(Table 4). However, only two of these lines produced higher yields than the
population average when grown at Ramtha. All top ten lines sclected, based
on their grain yield performance at Ramtha, were better “.an the parents or
the population average. Six of those <z2lected fro.» Ramtha produced higher
grain yiclds than the population average at Jubeiha (Table 4).

Many lines at both locations were superior to their parents in kernel weight,
Furthermore, the selected ten lines for this trait at one location produced lines
that gave a mean kernel weight €qual to that of the best parent at the other
location (Table 5).

The top ten lines for harvest index at Jubeiha were better than the sugrior
parent. The average value for harvest index (0.31) of these lines at Ramtha
was better than that for Stork (C.24) at that location. Harves: index values of
the top ten lines at Ramtha ranged from 0.32 to 0.36 (mean 0.34) and at
Jubeiha from 0.34 to 0.4] (mean 0.38).
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Table 5. Thousand-seed weight (g) of the top ten lines grown at Jubeiha and
Ramtha, 1984-5

Line Top yielder Yield at Line Top yielder Yield at
number at Jubeiha Ramtha number at Ramtha Jubeiha
26 49.8 39.5 66 40.5 46.8
71 49.8 32.8 126 40.0 46.5
8 49.0 37.3 26 39.5 49.8
60 49.0 32.0 78 39.5 47.3
68 49.0 343 118 39.5 47.5
117 49.0 30.8 39 38.8 47.8
24 48.5 36.8 22 38.5 44.0
49 48.5 34.0 44 38.5 46.8
29 48.0 37.3 134 38.5 45.6
73 48.0 37.8 73 37.8 48.0
Average 48.9 35.3 39.1 47.0

Other traits that are thought to be useful in brecding for stress are the ratios
of the values of dry-matter and grain yields and the single-seed weight in a
favourable environment to the values of the corresponding lines in a stress
environment (Jubeiha/Ramtha in this case). Data on the lowest ratio concern-
ing dry-matter yield are presented in Table 6. None of the lines selected on
this bases was superior to cither the population average or the better parent at
Jubeiha, whereas eight of these lines were superior to the population mean at
Ramtha. Furthermore, those lines were not superior in grain yield at Jubeiha

Table 6. Agronomic characteristics of the lowest ten lines in the Jubeiha/Ramtha
ratio of dry-matter yield grown in Jubeiha and Ramtha, 1984-5

Dry-matter yield Grain yicld 1000-seed
(kg/ha) (kg/ha) weight (g)
Linc —_—_ — -
number  Jubeiha Ramtha Ratio Jubeiha Ramtha Ratio Jubeiha Ramtha Ratio

1 4670 3680 1.30 736 620 1.19 39.0 30.5 1.28
30 4000 2875 1.39 1456 740 1.97 43.8 29.8 1.47
83 5570 3976 1.40 1916 1110 1.73 41.3 333 1.24
28 4570 3230 1.42 1740 1010 1.72 46.3 30.0 1.54
31 2320 1640 1.42 746 430 1.73 38.3 30.3 1.27

111 4470 3150 1.42 1346 800 1.68 41.6 333 1.25
108 5690 3626 1.57 2086 926 2.25 40.6 32.0 1.27
23 4690 2940 1.60 1516 700 2.16 44.3 29.5 1.50
86 3940 2386 1.61 1410 640 2.20 44.8 333 1.34
60 5400 3120 1.73 2096 990 2.12 49.0 32.0 1.53

—
W
~

1505 797 1.88 429 314

£
L=

Average 4532 3062 1,
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and five lines produced grain yields higher than the population mcan at
Ramtha. Similar results were obtained for the thousand-seed weipht.

The use of the grain yield ratio as a selection criterion resulted in poor
yielding lines at Jubeiha, and just five lines were higher than the population
mcan at Ramtha. The selected lines were poor in diry-matter yicld at Jubeiha
but five of them nroduced a reasonable vield at Ramtha. Single-seed weight of
these selected lines was superior to the mean of the population at both
locations,

The use of the sced weight ratio as a character for selection resulted in a
lower mean of the ten selected lines at Jubeiha than the population mean or
ary of the parents, with two lines approaching the values of the superior
parent (Stork). However, the mean of those lines at Ramtha was above the
mean of the superior parent and the population, and two lines had a seed
weight of 40 mg. Six of these lines produced « higher dry-matter yield than
the population mean at Jubeiha, The mean dry-matter yield of these lines at
Ramtha was equal to the population mean. Two lines scemed to possess
stable dry-matter and grain yields.
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DISCUSSION

E. Acevedo
Is there any cvidence that germination at a low water potential is an indicator of
plant resistance to water stress? [f not, wouldn’t this character have a counter-
productive effect in shallow sowing, increasing a false start in low-rainfall Jordanian
environment?

M. Duwayri
Germination ability at a low watcer potential when coupled with long coleoptife is
very important for stand establishment in the semi-arid regions. To overcome the
possibility of germination when there is a shortage of moisture afterwards, sceds
should be planted deep enough in the soil so there is residual moisture jn the soil
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from the previous fallow or in such a way that the moisture reaching the seeds from
the early rain will be enough for the growth of the seedlings till the next rains.

S. K. Sinha
In response to the question by Acevedo. Germination at a low water potential is
important for arcas when the crop is planted on receding soil moisture, as in central
India. Farmers prefer a local variety, Pissi Local, because it ensures a good crop
stand. However, germination at the low water potential phase does not mecan
drought resistance.,

G. Ortiz-Ferrara
Have you studied any morphological or metabolic characteristics present in Hourani
that give the wide adaptation under the low-rainfall conditions of Jordan?

M. Duwayri
Our studics showed that Hourani possessed long and heavy awns; it also has a large
flag leaf arca. These are iraportant traits for production under dryland conditions,
However, limited studies done on the relative water content at various stages did not
show differences from other cultivars which are thought to be drought susceptible.
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Use of Physiological and Morphological
Traits in Breeding Programmes to Improve
Drought Resistance of Cereals

JOHN M. CLARKE
Research Station, Research Branch, Agriculture Canada, Swift Current,
Saskatchewan S9H 3X2, Canada

ABSTRACT

Improvement of drought resistance of cereals through the use of physiologi-
cal and morphological traits is a complex, time-consuming process. Traits
must be fully evaluated in terms of heritability and relationship to yield under
various cenvironmental conditions  before  breeding  strategies can be
developed and put into use. Since there are so many factors, both within the
plant and in its environment, involved in the response to drought, progress
towards improving drought resistance will be much more difficult than the
gains that have been made in arcas such as rust resistance of wheat. Progress
is likely to be greatest where there is a rescarch team of sufficient size and
which receives adequate long-term funding.

Germplasm screening, preservation, and exchange plays an important role,
and will continue to be of great importance in the future, in efforts to improve
drought resistance of ceveals. There is inadequate variability for many
potentially useful drought resistance traits in the germplasm pools used by
cereal breeders in many countries. We should all, therefore, be encouraged to
colleet, screen, preserve, and cexchange germplasm, as well as to share
information and ideas, to broaden the geneiic bases of our major crops, and
1o foster progress in drought resistance improvement.

We have sufficient knowledge, in general terms, of how to go about using
physiological techniques in breeding for drought resistance. Our challenge is
to fuliy evaluate and start using physiological and maorphological traits in
practical breeding programmes.

171



172 DROUGHT TOLERANCE IN WINTER CEREALS

INTRODUCTION

Drought resistance improvement through plant breeding is an extremely
camplex problem. This complexity arises because of the number of physiolog-
ical, morpliciogical, and biochemical systems within the plant which are
related to drought resistance, Compensation of one system for another and
interactions with the environment make it even more difficult to corrclate
physiological or morphological traits with yield under drought conditions
(Iordan et al., 1983: Clarke e al., 1984). Therefore, an integrated approach
to the problem is required, as suggested in the literature (Townley-Smith and
Hurd, 1979). Unfortunately, however, very few good integrated investiga-
tions have been made, Many isolated studies of drought resistance mechan-
ism3 have been conducted and published, but little attempy has been made to
relate this knowledge to the crop systemn as a whole,

Yield has, and always will be, an important selection criterion in breeding
for drought resistance, since performance at the whole-plant level integrates
genotypic and environmental factors. In environments with considerable
year-to-year variation in precipitation, highly drought-resistant genotypes
may not be desirable, given that such genotypes are often unresponsive to
favourable moisture conditions. Genotypes with a high-yield potential buf-
fered by a few drought resistance traits will yield well under favourable
conditions and not substantially less than highly drought-resistant genotypes
under drought conditions. The challenge to plant and environment scientists,
with of course the cooperation of breeders, is to improve the success of
selecting genotypes with high and stable yields under drought stress,

USE OF PHYSIOLOGICAL TECHNIQUES IN BREEDING

An integrated approach to drought resistance in a breeding programme
should consist of several major steps (Table 1). First, the drought problem in
the target environment must be defined, including the consistency of the
incidence of drought and its timing in relation to crop development. From this
information a partial crop ideotype can be developed, with particular
emphasis on matching crop phenology to the target environment. In some
environments, for example, it may be possible to choose either winter or
spring growth habits, or to select the most appropriatc planting date. The

Table 1. Approaches to improvement of drought resistance in cereals

Define the drought problem and propose ideotypes.

Identify drought resistance traits and develop screening lechniques.
Evaluate trait heritability and relationship to yield,

Screen germplasm for suitable sources of the trait.

Utilize appropriate sources in breeding programmes,

kT B SNRLUS I 5
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Table 2. Useful traits for cereal ideotypes for various drought stress environments

Resistance
Environment mechanism Useful traits
1. Continuously increasing Stress avoidance Reduceed tillering
stress {conserve water Excised-leaf water
for grain-fill) retention
Reduced seminal root
xylem vessel diameter
Glaucousness
Early maturity
Stress tolerance Photosynthesis at low
water potential
Osmorcgulation
2. Early-scason stress Stress tolerance Germination at low soil
moisture levels
Osmoregulation
Photosynthesis at low
water potential
3. Stress during grain-fill Stress avoidance Glaucousness, leaf
rolling
Extensive root system
Remobilization of pre
anthesis carbohydrates
Stress tolerance Heat tolerance

Osmoregulation
Photosynthesis at low
water potential

desirability of various drought resistance traits will vary somewhat with the
stage of crop development at which stress occurs (Table 2). Water conser-
vation mechanisms (drought avoidance) tend to be more important when the
crop is grown under conditions of limited water supply and continually
increasing stress than when stress occurs during grain-filling only. Drought
tolerance mechanisms are desirable in the latter situation to maximize photo-
synthetic productivity.,

The second major step is the identification of morphological, physiological,
or biochemical traits related to drought resistance. Before this can be done,
the physiologist must have a range of apparently drought-resistant and
sensitive genotypes to study. Finding such genotypes is not always casy. For
example, does one study high and low yielding lines with the assumption that
the yield difference is due to drought resistance differences? This approach
will possibly miss important traits which often are found in low-yielding or
otherwise agronomically unsuitable genotypes. It may be preferable to rate
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drought resistance by cuiLparing relative yield depression by drought, such as
by a drought susceptibility index (Fischer and Maurer, 1978), when choosing
genotypes for usc in physiological studies. This approach too, in my experi-
ence, may be unsatisfactory where there is year-to-year variation in timing
and intensity of drought stress.

During the search for traits, it is important to study as many genotypes as
possible. I suggest using at least twelve genotypes, or more if possible, to
address the expected genetic variation for a trait, since empirical studies with
two or three genotypes quite often lead to erroncous conciusions. This is not
to say that basic drought physiology studies of a few genotypes are of no
use—indeed, such studies frequently provide the information and stimulus to
plan applied studies. The use of near-isogenic pairs can be a valuable tool for
evaluating drought resistance traits (Johnson et al., 1983). Even here, how-
ever, one should probably look at several pairs derived from diverse sources
of the trait being cvaluated 10 get some idea of the effect of ‘genetic
environment’ on the trait,

When an interesting trait is identified and suitable screening techniques for
identifying it have been developed, the third major phasc of the study is to
evaluate the heritability of the trait and its relationship to yield under drought
conditions. Unfortunately, this important step has been taken with very few
proposed drought resistance traits, resulting in many potential screening
techniques being passed over by breeders unwilling to commit scarce
resources to screening for unproven traits, To fully evaluate the heritability
and utility of the trait, it is probably best to use diverse sources of the trait,
screened from germplasm collections, i crosses with adapted genotypes. If
the drought resistance trait proves to be heritable and related to yield under
water stress conditions, breeding strategies can be developed and further
germplasm screening can be undertaken.

There are many reports in the literature of petential drought resistance
traits in cercal crops (Table 3), and since many of these have been reviewed
clsewhere (Clarke, 1981; Simpson, 1981; Townley-Smith and Hurd, 1979), it
is unnecessary to do so here. The utility of particular characteristics as
selection criteria in a breeding programme will depend upon the ease and cost
of screening as well as upon the heritability. Traits that are highly heritable
and related to an casily measured agronomic trait such as yield may require
little or no screening other thun to select suitable parents. Ease of screening
will also determine the stage of the breeding process at which the procedure
can be applied.

Screening for root system size, for example, is labour intensive and only
relatively low numbers of genotypes can be screened. This technique, there-
fore, is more likely to be applied to a search for potential parental genotypes
than to screening of hybrid lines. Townley-Smith and Hurd (1979) noted that
selection of potential parents with drought resistance traits, no matter how
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Table 3. Examples of proposed wheat drought resistance traits

Screening
Mechanisn Trait capability* Reference
1. Drought avoidance
(a) Water uptake
Extensive root system L Hurd (1968)
Reduced xylem vessel L-M Passioura (1972)
size in seminal root Richards and
Passioura (1981b)
(b) Reduction of water loss
Stomate number L Kazemi er al. (1978)
Stomatal conductance L-M Jones (1977)
Abscisic acid L Wright (1977)
Leaf temperature H Blum et al. (1982)
Excised-leaf water loss H Clarke and McCaig
(1982b)
Epicuticular waxes M Johnson et al. (1983)
2. Drought tolerance
Germivation in osmoticums M-H Gul and Allen (1976)
Seedling growth in osmoticums M Blum er al. (1980)
Photosynthetic rate L Kaul and Crowle
(1974)
Osmoregulation L Morgan (1983)
Heat tolerance M Smika and Shawecroft

(1980)

*l. = low numbers of genotypes; M = moderate; H = tugh.

cumbersome, is uscful because it reduces the number of crosses that the
breeder has to make and cvaluate. Conversely, a rapid screening technique
such as leaf temperature measurement with an infrared thermometer can be
used to process thousands of lines, and can be applied at any stage of cultivar
development,

Although we have at our disposal many sophisticated and expensive
instruments for usc in physiological studies, we should not overlook simpler
technologies which may in fact be faster and more casily used in breeding
programmes. As [ have alrcady mentioned, rapid screening techniques can be
more readily used at any stage of cultivar development than can slower
techniques. Visual screening techniques are particularly versatile and can be
of considerable practical value. O Toole et al. (1984), for example, found that
a visual leaf-rolling score was a good indicator of water stress in rice.
Gravimetric techniques, such as the one I will discuss betow, also show
promise and do not require sophisticated or expensive technology.

We have. 1 believe, sufficient knowledge of how to go about using
physiological techniques in breeding for drought resistance. Our major thrust
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should now be to put together rescarch teams to identify new or confirm
previously suggested drought resistance traits, and then to take the necessary
further steps to evaluate the traits for use in practical breeding programmes. It
has to be recognized by rescarch administrators and funding agencies, how-
ever, that such rescarch teams require long-term financial support in order to
make significant gains. Those unfamiliar with plant breeding are always taken
aback when informed that crosses made now may, if all goes well, produce
new cultivars in 1216 years. It is clear, then, that rescarch teams established
now will take a number of years to begin producing drought-resistant cul-
tivars.

With this brief general discussion of techniques, I weuld now like to discuss
several traits which have been studied in sufficient detail to at least obtain a
preliminary assessment of their utitity in practical wheat-breeding pro-
grammes. My emphasis on excised-leaf water retention capability at the
expense of other traits is not entirely because of my personal bias, but reflects
an attempt to avoid topics that are likely to be covered in more detail by other
participants ir. this seminar.

PROMISING SELECTION TRAITS FOR WHEAT

Excised-leaf water retention

The history of this trait goes back almost 50 years. Bayles er al. (1937)
observed differences among spring wheat (Triticum aestivum L.) cultivars in
the rate at which excised plants lost water. Twenty years later, Sandhu and
Laude (1958) observed that excised plants of drought-resistant winter wheat
cultivars lost water more slowly tiwan less resistant cultivars. More recently,
Dedio (1975) found differences in excised-leaf water loss rate among wheat
genotypes (T. aestivum L. and T. turgidum L. var. durum). These reports
suggested that excised-leaf water loss rate was perhaps a drought resistance
screening trait worthy of further investigation. As a result, the wheat
physiology/breeding team at Swift Current began detailed investigations of
the trait in 1980.

The first studics looked at environmental and phenological influences on
the trait. Differences in water loss rate were observed among genotypes
grown under rainfed and irrigated conditions in the field (Clarke and McCaig.
1982a). Leaves sampled from irrigated plots lost water more uickly than
those from rainfed plots (Table 4), which indicated that drought hardening
influenced water loss rate. This was later confirmed by Jaradat and Konzak
(1983). There tend to be some genotype~environment interactions for expres-
sion of the retention trait, but these usually consist more of changes of
ranking than of changes in significant differences among genotypes. Conse-
quently, it should be possible to screen for the trait under a variety of



PHYSIOLOGICAL AND MORPHOLOGICAL TRAITS IN BREEDING PROGRAMMES 177

Table 4. Excised-leaf water loss by durum wheat
leaves sampled from rainfed and irrigated environ-
ments (6-h wilting period)

Water loss (g/g)

Cultivar Rainfed Irrigated
Cando 1.22 1.62
Coulter 1.26 1.72
Hercules 1.09 1.46
Lakota 1.18 1.70
Macoun 1.19 1.80
Pelissier 0.77 1.31
Wascana 1.15 1.69
Wakooma 1.00 1.58
ASS 1.12 1.61
CC2B 1.01 1.67
DT363 1.03 1.48
DT367 1.04 1.75
EZ2E 1.00 1.60)
HBS5C 1.09 1.57
KA3 1.10 1.34
S3 1.01 1.63
Mean 1.08 1.60
Mean
Source of variation DF square
Environment | 12.921*
Error A 10 0.283
Cultivar 15 0.155*
CxE 15 0.041
Error B 150 0.051

*Significant P < 0.u1.

environmental conditions, However, preliminary studies indicated that rela-
tive water loss rate of some cultivars differs in field- compared to
greenhouse-grown plants (Clarke, 1983), so it may not be possible to screen
genotypes in controlled environments.

Differences among cultivars tend to disappear after anthesis, so the reten-
tion trait is operative only during the vegetative growth stage. It is not clear
whether the change after anthesis is due to physiological changes or to
physic i factors such as leaf ‘firing’. In any cvent, it is preferable to screen
material prior 1o anthesis.

The simpucity of measuring excised-leaf water retention gravimetrically
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makes it very attractive, botli from the standpoint of speed and cost. It may be
possible to rate excised-leaf water retention visually as well (Clarke and
McCaig, 1982a). Visual rankings could separate high and low retention types
and it may be possible to sclect the top lines from a segregating population in
this manner.

There is a potential interaction between rolling of excised leaves and
retention capabi'ity. We have observed differences among and within
genotypes in degree and rate of rolling. Rolling reduces the rate of water loss
by excised leaves, but it is clearly not the only factor causing the genotypic
differer.ces in water loss rate (Figure 1). So far, we have been unable to relate
ratings of leaf rolling, using a scale similar to that of O'Toole and Moya
(1978), in excised leaves with that of intact leaves on field-grown plants, We
have had great difficulty in scoring leaf rolling in field material and question
its importance as a drought avoidance trait in our environment. Jones (1979)
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Figure 1. The effects of rolling of excised Pelissier and Hercules durum
wheat leaves on rate of water loss (control leaves allowed to roll normally,
flattened leaves held flat during the wilting period)
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reported that leaf rolling of wheat was poorly correlated with leaf water

potential,

After it was confirmed that the excised-leaf technique showed some prom-
ise we refined our sampling procedures to allow handling of substantia!
numbers of genotypes. A set of sampling dishes was constructed, wiich
allowed convenient processing of 200 plots at a time. Three people can take
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Figure 2. Distribution of initial and initial-wilted (water loss) watcr concentrations of
excised leaves of the Fy lines and parents of four durum wheat crosses
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the samples, which consist of four to six of the newest, fully expanded leaves
per plot, in about 30 minutes. Weighing on an electronic balance interfaced
with a portable data entry terminal (PDET) or microcomputer takes one
person a further 20 minutes per weighing. The samples are weighed three
times during routine screening: immediately after sampling, after a period of
wilting, and after oven drying. Previously we usec: a wilting period of 6 h in a
controlled temperature reom (20°C, 50% Ri{), inllowed by oven drying
overnight. This allowed us to sample 200 plots per day. More rccently we
have switched to wilting the leaves for 2h at 28- 30°C, followed by high-
temperature drying in an oven for about 1 h. This has enabled us to sample
400 plots per day—200 in the morning and 200 in the afternoon.

The next step in the evaluation of the excised-leaf water-retention trait was
to determine its heritability and relationship to yield. Freliminary s*.:dies of
durum wheat lines from a high-retention (Pelissier) by low-retention (Her-
cules) cross indicated a positive relationship between water retention and
yield (Clarke and McCaig, 1982b). Eight crosses were made to further
evaluate this relationship, all involving the high-retention tarent Pelissier.
Lines were field tested in the F, F, and Fy generations (Clarke and
Townley-Smith, 1986). Forty to 50 random lines from each cross were grown
in the F; and F, generations; only the four crosses exhibiting the greatest
differences were grown in the Fy.

The distribution of initial water concentration and leaf water loss of the
lines varied among crosses (Figure 2). In all crosses and years, initial water
concentraticn of Pelissier tended to be near the high end of the distribution,
and leaf water loss tended to be near the low end of the rang:. The
distributions of leaf water loss do not support Dedio’s (1975) hypothesis that
the high-retention parert contributes one or a few dcninant genes governing
retention.

Table 5. Standard unit heritabilities ror initial leaf water concentration and
excised-leaf water loss determined by regressing Fy on F, and Fy on Fy, for
durum wheat crosses

Fy/Fq Fo/Fy
Initial water Initial water
Cross concentration  Loss concentration Loss
DT363/Pelissier 0.61t 0.49t 0.34* 0.36%
DT367/Pelissier 0.08 0.30* 0.411 0.10
7461-Q4A/Pelissier 0.10 0.39* 0.38* 0.38*
7562-HB5D/Pelissier 0.34* 0.14 0.15 0.31

*Correlation coefficient significant at P < 0.05 (n = 39-50).
tCorrelation coefficient significant at P < 0.01 (n = 39-50).
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Both initial water concentration and leaf water loss were heritable in some
crosses and years (Table 5). The two characters showed consistent heritability
in DT363/Pelissicr and 7461-Q4A/Pelissier, while in 7562-HBSD/Pelissier
there was low heritability for the characters. The apparent lack of heritability
in the latter cross is not surprising because of the narrow difference in water
concentration between the parents. Similarly, intrageneration heritability
estimates were greater than 0.30 for ovei 70 per cent of the cross-years. That
some of the heritabilities were high is encouraging in light of the number of
environmental and physiological factors interacting with the water loss rates
of excised leaves.

Corrclations between yield and leaf water loss were generally low and
non-significant. Comparisons of the yields of the ten fastest and ten slowest
water losers within crosses and years, however, showed significant differences
in most crosses (Table 6). Where yields were different, fast water losers
outyiclded slow water losers in some cross-years, while slow water losers
outyicldcd fast water losers in other Cross-years.

This differing pattern was probably due to both genetic and environmental
factors. In the case of DT367/Pelissier and DT363/Pelissicr, for example,
excised-leaf water retention capability was yicld-negative in the high-yield
environments of 1982 and 1983, but yield-positive under severe drought
conditions in 1984, suggesting that the watcer-retention trait is only beneficial
under drought conditions. Similarly, leaf diffusive resistance of wheat was
negatively correlated with yicld in a well-watered environment (Shimshi and
Ephrat, 1975), but positively correlated under water stress (Jones, 1977). The
crosses 7461-Q4 A/Pelissicr and 7562-HB5D/Pelissier, however, showed the
water-rewention trait to be yield-positive or yield-neutral regardless of envir-
onment. We are growing some of the lines under rainfed and irrigated
conditions to further study the yield relationship.

An area of the excised-leaf water-retention trait that we have ignored is the
undgerlying physiological or morphological reasons for the differences which

Table 6. Grain yields of fast and slow excised-leaf water-losing durum wheat lines

Fy yield* F, yield Fy yield
(1982) (g/m?) (1983) (g/m?) (1984) (g/m?
Cross Fastest  Slowest  Fastest  Slowest  Fastest Slowest:
DT363/Pelissicr 45371 440 334% 320 149 155%
DT367/Pelissier 406t 395 334 318 4.8 6.21
7461-Q4A/Pelissicr 422 444% 289 3017 151 150
7562-HB5D/Pelissier 303 367% 280 286 141 151t

*Yields of ten lines with fastest and ten lines with slowest excised-leaf water loss rate.
TMarked means significantly greater at P < 0.05 according to t-test.
$Marked means significantly greater at P < 0.01 according to t-test,
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we and others have observed. Presumably, one is largely measuring cuticular
transpiration (Jordan er al., 1984), since our measurements of excised leaves
with a porometer indicate very rapid and complete closure of stomata
following leaf excision, Membrane permeability to water and concentrations
of osmotically active compounds may be involved as well. Recently we
acquired instruments which will ollow us to investigate the relationship
between leaf water-retention capability and factors such as photosynthetic
rate, water potential, and stomatal diffusive resistance.

Preliminary field studies of the relationship between excised-leaf water-
retention capability and stomatal diffusive resistance show either no relation-
ship or a low-order negative correlation (Table 7). In thcory, if the excised-
leaf technique is measuring cuticular transpiration, ther: is r.ot necessarily a
relationship between stomatal diffusive resistance and v/ater-retention capa-
bility. Hov.zver, a correlation could arise through mutual association of the
two factors with a third factor such as membrane permeability to water or
accumulation of ¢smotically active compounds. .

We have screened numerous genotypes for the leaf water-retention trait. In
1984 we screened over 4000 durum lines obtained from ICARDA (Interna-
tional Center for Agricultvral Tesearch in the Dry Areas) via the University
of Saskatchewan. Al! of thesc iines are contained in the USDA Sma!l Grains
Collection. A bruad range of escised-leaf water-retention capabilities was
observed in this materjal, ranging ffom better than our best local check,
Pelissier (which, incidentally, was introduced into North America fromn
Algeria in 1905), to worse than our worst local check (Table 8). The lines
were also rated for other agronomic traits such as height and maturity, and for
morphelogical traits such as leaf size and attitude, tillering, glaucousness, and
leaf rolling,

Table 7. Correlations between excised-leaf water loss and stomatal diffusive resist-
ance of field-grown durum wheats in 1985

Correlation Number of
coefficient  observations

Trias Environment Date r n

Cultivar screening Rainfed 14 June 0.10 150
Cultivar screening Irrigated 14 June 0.03 150
Cultivar screening Rainfed 27 June -0.21* 150
Cultivar screening Rainfed 11 July —-0.26" 150
Cultivar screening Irrigated 11 July -0.31* 150
Durum crosses Irrigated 26 June —-0.08 196
Durum crosses Rainfed 10 July -0.11 196
Durum crosses Irrigated 10 July -0.13 196
Germplasm screening Rainfed 28 June -0.34* 192

*Significant P < 0.01.
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rable 8. Excised-leaf water loss ratings of 3560 durum
genotypes of diverse origin grown at Swift Current,
Canada, in 1984

Number
Water loss Classt of lines
Very low <7 0.53 116
Low* 0.53-0.84 815
Moderate 0.85-1.13 1217
Hight 1.14-1.61 1045
Very high > 1.61 367

*Range of best local check (Pelissicr).

tRange of poorest local check (Hercules).

$Relative to mean of four check cultivars (Pelissier,
Hercules, Kyle, Wakooma).

In 1985, 640 of the lines, representing high- and low-retention types, were
selected w .iin several of the agronomic and morphological classes for further
field studies in replicated tests, We hope to identify high-retention parents to
nalize in crosses to further evaluate the retention trait as well as to assess the
relationship between retention capability ard agronomic/morphological
traits.

The excised-leaf water-retention capability may be of interest in other
cercals as well. We screened triticale (X-Triticosecale Wittmack) lines from
the 1981-2 CIMMY'T Interaational Triticale Screening Nursery and found
genotypic differences of similar magnitude to those observed in wheat. Jordan
ct al. (1984) concluded that measurement of water loss from excised leaves of
sorghum (Sorghum bicolor L. Moench) was a fast, simple way to measure a
cuticular transpiration rate.

In summary, the excised-leaf water-retention trait seems to be somewhat
heritable, and is positively related to yield under drought stress. Sophisticated
technology is not required to screen for the trait, and large numbers of
samples can be processed with small labour input. Further research is
required to develop practical selection strategies for the trait and to confirm
its desirability in particular environments.

Root characteristics

Root systems have been of interest in drought resistance studies. Wheat
genotypes with extensive root systems have been suggested for environments
with moisture available deep in the soil profile (Hurd, 1974). For wheat crops
grown essentially on storad soil moeistuie alone, however, Passioura (1972)
suggested a reduction in root system size to conserve water for the grain-
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filling growth period. A reduction in effective rnot system size can be made by
reducing xylem vessel size in seminal root axes or by reducing the numbers of
seminal root axes (Richards and Passioura, 1981a). Through screening of
wheat germplasm, Richards and Passioura (1981b) cancluded that reduction
of xylem vessrl size was the most effective means of reducing effective ront
system size because of more genetic diversity and higher heritabilities than for
a number of seminal axes. The heritability estimates obtained by Richards
and Passioura (1981b) for reduced xylem vessel size (narrow-sense 52 per
cent, broad-sense 71 per cent) suggest that the trait could be very useful in
breeding programmes. Variation in xylem vessel size has been reported in
barley (Hordeum vuigare 1.) as well (Irvine and Therrien, 1985).

Epicuticular waxes

Epicuticular wax depositions produce glaucousness or ‘bloom’ on plant
surfaces, and appear to be a drought resistance characteristic in many species,
including wheat (Fischer and Wood, 1979). Total wax deposition in sorghum
tends to increase under hot, dry conditions (Jordan et al.. 1983), but there is
no consistent relationship between wax amounts and glaucousness. Rather,
glaucousness seems to be related to the composition and pattern of deposition
of wax (Troughton and Hall, 1967). In a study of near-isogenic wheat lines,
Johnson et al. (1983) reported that glaucous lines outyielded non-glaucous
lines in irrigated and rainfed situations but not in extremely dry environments.
These authors concluded that glaucousness did not appear likely to limit
yields in non-drought environments. Glaucousness reduced photosynthetic
rate in sorghum (Chatterton et al., 1975). Selectior. fox glaucousness in a
breeding programme stould be quite easy and rapid, either by visual means or
by measurement of reflectivity.

Osmoregulation

Osmoregulation, the adjustment of osmotic potential through accumulation
of solutes, contributes to the ability of plants to tolerate -ater deficits. It has
been demonstrated in sorghum and sunflower that the water potential at
which stomata closed decreased as osmotic potential decreased, thereby
ensuring maintenance of gas exchange and photosynthesis under water stress
(Turner et al., 1978).

Morgan (1983) has proposed, and currently uses, screening of wheat
genotypes for osmoregulation in a breeding programme. He screens lines by
applying artificial stress in the greenhouse. Under field drought conditions,
lines selected for high osmoregulation yielded 1.6 and 1.5 times greater than
lew osmoregulation lines in the F, and F, generations, respectively. Moderate
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numbers of advanced breeding lines or potential parents can be screened
using this technique.

Leaf temperature

Measuremert of leaf or canopy temperature has received some interest as a
drought resistance screening technique, particularly with the advent of port-
able infrared thermometers. Ehrler ot al. (1978) reported that wheat canopy
temperature provided a good indication of plant water potential when com-
paring environments with varying degrees of water stress. Clarke and McCaig
(1982a) found, however, that a hand-held infrared thermometer detected no
consistent differences among wheat cultivars within environments. Significant
correlations between leaf temperature and leaf water potential of wheat
genotypes were reported by Blum et al. (1982). Genotypic variation in leaf
temperature has also been observed in soybean (Glycine max L. Merr.) grown
in stressed environments (Harris ef al., 1984).

Although remote measurement of leaf temperature can be extremely fast
and simple, the technique has several limitations. Some degree of drought
stress is required to obtain an expression of genotypic differences (Blum et al.,
1982; Harris et al., 1984), which would limit the consistency with which a
breeder could use the technique. A second major limitation is that remote leaf
lemperature measurement requires @ dense canopy which covers the soil
surface (Clarke and McCaig, 1982a; Blum et al., 1982), since high soil surface
temperatures would bias the leaf temperature measurements. This limitation
makes it impossible to use infrared leaf temperature measurement on early-
generation lines where seed availability limits plot size, and also limits the
time available to make measurements on larger plots. In our environment, for
example, we have a very limited ‘window of opportunity’ for measuring leaf
temperature between canopy closure and leaf necrosis. Indeed, under
extreme drought stress, complete canopy closur » may never be achieved.

Remobilization of stored carbohydrates

There is cvidence to suggest that remobilization of non-structural carbo-
hydrates accumulated during the vegetative growth phase contributes to grain
filling in cereal crops subjected to postanthesis stress (Bidinger et al., 1977).
As well, there are genotypic differences in the amount of non-structural
carbohydrates (McCaig and Clarke, 1982) and in the remobilization of
carbohydrate as suggested by stem weight loss aftcr anthesis (Rawson ef al.,
1977).

Screening for either non-structural carbohydrates or postanthesis stem
weight loss would be rather tedious in a breeding programme. Blum er al.
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(1983) have proposed a technique to measure remobilization indirectly. The
technique consists of simulating postanthesis stress by application of desic-
cants to kill photosynthetic tissue. Grain size is subsequently evaluated to
determinc ability to maintain grain growth through remobilization. Such a
screening procedure would be quite rapid, but -riations in the date of
anthesis among genotypes would have to be accountsd for.
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DISCUSSION

H. Ketata
Are you satisfied with the criterion of water loss from excised leaves? 1 have noticed
low heritability values, which varied with crosses and had an inconsistent correlation
with yield.

J. M. Clarke
There is a requirement to further evaluate the relationship between water loss and
yield, which we are doing. The heritabilities were variable, and should be looked at
in other genetic backgrounds. I think this study illustrates the peint 1 made earlier
that it is very difficult to get a consistent relationship between potential drought
resistance traits and yizld. 1 think the trait looks promising, but a little more research
will be required to develop appropriate breeding strategics.

S. K. Sinha
(1) What is the relationship between leaf water loss and the rate of transpiration?
(2) Are the leaves of low leaf water loss types small and thick?

J. M. Clarke
(1) I'mentioned that we are just now beginning to evaluate such a relationship, and
I cannot give a good indication of any relationship at this stage.
(2) At this point we have no indication of a strong relationship between loss and
leal morphology, but are investigating several morphological factors in relation
to loss rates,

M. C. Saxena
(1) Regarding the technique, please could you indicate why you have decided upon
a 2-h wilting period?
(2) What is the environmental condition (temperature, RH, ctc.) in which the
leaves are allowed to lose water?
(3) Could you quantify the classes (very low, low, moderate, high, very high water
losses) for actual loss of water?

J. M. Clarke
(1) The wilting time is chosen to show good separation of genotypes and will vary
with the temperature and humidity conditions under which wilting occurs.
(2) Pres:ntly we use 28-30°C at 25-36% RH, our ambient laboratory conditions.
(3) The classes were based upon the mean values of four check cultivars sampled at
the same time. The classes were set so that the low-loss class corresponded to
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the range for Pelissier (our low-loss rate check) and the high-loss category
corresponded to the range for Hercules (high-loss rate check).

M. Tahir
(1) On the basis of your studies on water loss rate can you generalize whether
tetraploid or hexaploid snecies have a lower water loss rate?
(2) What is the heritability of this trait?

J. M. Clarke
(1) 1 have observe a similar range of genetic variability for excised leaf water loss
in Triticumn a-stivum, T. durum, and triticale.
(2) We have observed standard unit heritabilities of 30-45 per cent ia about half of
the cross/generation in the comparisons that we have studied.

D. Lawlor
Have you looked at the relationship of weight to leaf area, as leaf area determines
the water loss in the field, and whether the leaf arca/weight value in various types
could be a source or error and confusion?

J. M. Clarke
I feel ratin the absence of any large differences in leaf arca/weight ratio, expres-
sion of water loss on the basis of leaf dry weight avoids this problem. So far we have
not observed a great variation in leal area/weight ratios.

M. Nachit
(1) Could you please claborate on the use of leaf rolling techniques in the
segregating populations and () its relationship with the leaf water retention,
and (3) on the scores used for leaf water retention and which scores must have
drought-resistant lines?

J. M. Clarke

(1) We looked at leaf rolling in both excised leaves and in the field, but could
demonstrate no consistent relationship, partly because of extreme variability
among plants within genotypes in the field.

(2) Rolling of leaves reduces water loss, both in the intact plant and in excised
leaves. Differences among genotypes in the degree of rolling by excised leaves
does not account for the major genotypic differences in water loss by excised
leaves.

(3) The scores used for water loss in our germplasm screening were based on means
of four repeated checks. I would say that low to very low loss rates could be
uscful in environments where conservation of water for use during grain filling is
important.
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Traits

A. HADJICHRISTODOULOU
Agricultural Research Institute, Nicosia, Cyprus

ABSTRACT

Under low-rainfall conditions barley has been shown to be more stable than
wheat. Yields of even the same variety, sown under uniform agronomic
practices at several locations and years, vary significantly because of fluctua-
tions in the environmental conditions, especially the amount and distribution
of precipitation, Breeding for stability of performance under variable condi-
tions is a complex and difficult task because selection pressure is variable and
unpredictable. This affects the efficiency of traditional breeding programmes,
as some useful genotypes may be discarded and those with oniy specific
adaptation may be promoted. One of the approaches to improve stability is
the identification of adaptive traits that affect yield resporse to environments,
and formulation of a breeding programme to alleviate their adverse effects.
This is achicved by studying the stability or plasticity of adapiive traits and
their effects on consistency of performance. Screening techniques applicable
to F5 to Fs generations or to yield trials are described for some adaptive traits,

The studies revealed that the optimum range for carliness should be
determined for each region after a long-term testing, and this information can
then be used to select plants within that range. The varieties tested differed in
the stability of their heading date. The traits of high-tillering capacity per
plant and high plasticity of tiller number per plant (low variance of tiller
number per unit arca) can be used for selecting consistently high-yielding
lines. In segregating populations, plants with high and uniform tillering
should be selected. A screening method for stability of number of tillers per
unit area is described.

Varieties with stable height, high and stable thousand-grain weight, discase
resistance, and awned spikes are expected to give high and stable perform-
ance.

191
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INTRODUCTION

In moisture-limited arcas, yiclds of cercals are low and variable. Breeding
improved varieties appears the most efficient way to achieve high and stable
yields in ali environments in dry areas, in combination with suitable
agronomic practices. Stability refers to consistency of high and above-average
performance over a wide range of conditions and implies the genetic potential
of varieties to explojt fully the available environmental resources. In the
regression analysis ni dels (Finlay and Wilkinson, 1963; Eberhart and Rus-
scll, 1966) these varieties will have the average regression cocfficient p = I,
and as small a deviation from the regression as possible, Stable varieties will
have b = 0 or close to zero. Hadjichristodoulou (1985) found that in most
cases the highest-yielding varicties had b = 1.0.

Consistency in performance of new varieties plays a decisive role in their
adoption by farmers. In this paper a review of the available experimental
evidence on breeding for stability is presented, and the use of morphological
and physiological traits as selection criteria for the development of cereal
varieties with stable performance under unpredictable conditions of environ-
ment is discussed,

RESULTS AND DISCUSSION

Yield variation and jts causes

Yields of cereals are known to vary widely with cnvironmental conditions. To
quantify this variation, cereal varicties selected in Cyprus were tested in cight
different trials in 13-47 environn. 113 with more or less uniform management
practices. The term environment here refers to different combinations of
locations and years. The vaijation was very high, and barley yields ranged
from 732 10 6142 kg/ha, durum wheat from 355 to 8636 kg/ha, bread wheat
from 799 to 8636 kg/ha, and triticale from 2413 (o 8523 kg/ha. Valid
comparisons of these ranges among species could not be made because they
were not necessarily grown in the same trials,

These significant variations in yield of the same varicties were caused by
variations in environmental factors such as precipitation and its distribution,
soil type and fertility, seed-bed preparation, temperature, weed control, and
diseases and pests. In low-rainfall areas the annual amount and seasonal
distribution of precipitation varies widely with year and location (Hadjichris-
todoulou, 1982). The relative contribution of precipitation to variation in
yield in the Mediterrancan region has been studied by Lomas and Shashoua
(1973), Hadjichristodoulou (1982), and other workers, These studies
revealed that the amount of precipitation explained 5-79 per cent and its
distribution 61-93 per cent of the variation in yield, depending on the variety
and country,
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Breeding for stability

Variation in yield may " partitioned into the variation caused by
genotype-location ¢: genotype-year interactions. In the first case, varieties
or populations with spceific adaptation can be selected for cach region, thus
eliminating this source of variation. The year-to-year variations in the climatic
conditions at a given location can be minimized by developing stable varicties
(Allard and Bradshaw, 1964).

The available methods (Finlay and Wilkinson, 1963; Eberhart and Russell,
1966; Lewontin, 1966) can be used to evalaate the fixed lines for stability of
their performance, but not to develop such lines. Thus, there 15 a need to
develop new procedures for breeding varieties with consistently high yield
under diverse environmental conditions. To achieve this, it is necessary to
develop suitable selection criteria for important adaptive traits. which can be
used in segregating populations (F to Fs) or in nurserizs grown in onc
environraent with increase. probability that the selections will perform well in
different environments as well.

An attempt was nade to idzntify the morphological and physiological traits
or yicld components that are important contributors to yi:ld under iow-
rainfall conditions and to study their influence on stability >f performance.
The traits studiec are descrived below.

Tillering car acity

The number of productive tillers per unit area is one of the main yield
components. Variations in tiller number usually cause variation in grain yield.
Factors that affect tiller number per unit area are: (1) seed rare, sced-bed
preparation, sowing depth, soil-meisture conditions at sowing and soon after,
sced germinebility, bird or insect damage, ctc., and (2) tillering capacity of
varieties.

In low-rainfall areas, even if al¢ agronomic practices affecting stan< are
used correctly, drought conditiuns during the sowing period may affect the
stand significantly (Hadjichristodoulou et al., 1977; Photiades and Hadjichris-
todoulou, 1984). Thus, selection of varicties with a high plasticity for number
of tillers per plant shouid alleviate the adverse effects of variations in stand
establishment and resuli in a more stable number of tillers per unit area. To
accomplish this, it is necessary to establish that plasticity of tiller number is
genetically controlled. Several trials were conducted during 1981-3, which
showed significant Jifferences in the variance s’log x of tifler number rer
square metre among barley and wheat genotypes (Hadjichristodoulou, 1983,
1985).

Furtherninore, studies on the relation between yield, tiller number per unit
arca, and variance of tiller number for six-row and two-row barley genotypes
revealed that those with a low variznce and a high mean tiller number per
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square metre gave high aud stable yields (Hadjichristodoulou, 1985). The
implicaiinus of this finding in a breeding programme are:

(1) Inspaced-sown segregating populations single plants with a high and
uniform tillering oaly should be selected.

(2) InF,to F, generation, genetically fixed families are harvested in bulk
and are normally tested in nurseries. These should be sown at low, medium,
and high seed rates. Selected lines, expected to perform well under a wide
range of conditions, should have a relatively high number of tillers at the
lowest seed rate, a higii mean, and a narrow range for number of tillers
(Hadjichristodoulou, 1985).

Kirby and Faris (1972) discussed the effects of tillering on barley and
suggested that under favourable conditions the low tillzring types should
procuce the maximum yicld but, in dry areas, high tillering might be necessary
to expioit the environment fully.

Contrary to the finding of this study that high plasticity for number of tillers
is required, Donald (1968) suggested breeding wheat ideotypes capable of
producing only single culms, However, he acknowledged that, with single-
culm ideotypes, partial failure of stand establishment or any winter Killing will
not be compensated by an increased rate of tillering by surviving plants. He
stressed that a uniculrn wheat seems to have prospective limitaiions in an
environment of crratic seasonal rainfall, and concluded that one to three
tillers per plant, according to environmertal conditions, would suffice for dry
areas.

Earliness

The time of maturity or heading affects yields. Studies on the effect of
distribution of precipitation on graiin vield showed that increased precipitation
during heading to the maturity peric . of barley had positive cffects on yield
(Hadjichristodoulou, 1982). When a large number of unselected lines were
screened in a given environment, the relation between heading date and yicld
was more or less curvilinear (Figure 1). The performance of lines varied with
year, depending on the distribution of orecipitation; relatively early lines
produced high yields if drought occurred late in the growing scason and
relatively late-maturing lines if precipitation was adequate during the late
stages of maturity.

In Cyprus, where about 50~100 lines each of barley. durum whea:, and
bread wheat are tested cach year at onc to four locations, a study was
conducted on the relation of heading date with yield. It was found that the
heading date »f the successful barley varieties fell within the range of 4 days
carlier and 4 days liter than that of Anthenais, a variety that has been a top
yielder for 25 ycars (Hadjichristodoulou, 1981a). in durum wheat, the
successtul new varicties have a heading date 5~10 days earlier than the
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Figure 1. Heading date: above as percentage of Kantara, below as differ-
ences in actual number of days

heading date of the local variety, Kyperounda (Hadjichristodoulou and Kari,
1984). 1t can be concluded that:
(1) The unpredictable complex interactions between earliness and dis-
tribution of precipitation in dry areas complicate breeding for stability.
(2) For each region an optimum earliness range can be determined after
long-term studies with a large number of genotypes. In breeding for
stability of performance, single plants or genetically fixed lines expected to
perform well must have a crop duration within that optimum range. Once
this optimum is established, plants can be selected from segregating popula-
tions for that range.

Plant height

Under conditions of uncertain amounts of precipitation and its distribution, a
line may grow too tall and lodge under good moisture conditions or be too
short in dry scasons. The variations in plant height may become one of the
causes of variation in grain yield. In Cyprus, lines grown at a dry location
resulted in 2 per cent lodging (short plants), while at a wetter location lodging
was 35 per cent (tall plants). Tall varicties tended to give higher yield than
short varieties at the location where plants were short (Hadjichristodoulou,
1981a). By contrast, at the location where plants were tall and lodged, short
varieties gave higher yields. In Cyprus, the mean height under dryland
conditions of the highest-yiclding wheat varieties is 75-85 ~m and of barley
80-95cm.
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The variation in yield caused by instability of height can be eliminated by
breeding varietics for less-variable height. Evidence for significant differences
among varieties for the variance of plant height in barley was presented by
Hadjichristodoulou (1981a) and in durum wheat by Hadjichristodoulou and
Kari (1984).

Significant differences in stability (s°log x) of plant height were found in
Cyprus in the 1981-2 season for some of the 42 wheat genotypes tested in
cighteen environments (range for s’log x of 0.004-0.0018). The tall varieties
were more variable in height when non-transformed data were used
(r=0.64, P < 0.05), but when transformed data were used there was no
significant correlation between plant height and variance (r = 0.08 NS).

In barley, significant differences were obtained in s’log x for height, range
0.004-0.017 for 45 six-row types and 0.004-0.013 for 15 two-row types. For
SiX-row types there was a positive correlation (r = (0.55; P < 0.05) between
plant height and variance of non-transformed data.

Screening for stability of height can be made by comparing the range of
height of lines grown in two environments, one with optimum growing
conditions and the other with moisture and soil fertility stress,

Thousand-grain weight

Under low-rainfall conditions in Cyprus, thousand-grain weight of barley
genotypes was positively correlated with grain yield (Hadjichristodoulou,
1981a), but at Cambridge, UK, Pushman and Bingham (1975) working with
winter wheat found non-significant correlations. In three trials grown at three
locations in 1983-84, a significant correlation between grain weight and yield
was found only in two trials at one location (Dromolaxia). At this location,

Table 1. Correlation coefficient between grain yield and thousand-grain weight of
barley varictics (36 observations, 1983-4)

Location
Laxia Dromolaxia Akhera
Mean Mecan Mean
1000-grain 1000-grain 1000-grain
Trial r weight (g) r weight (g) r weight (g)
35/1/E  0.034 NS 36.6 ~0.013 NS 32.8 0.271 NS 34.1
35/1/D 0.333* 35.5 0.157 NS 34.0
35/1/C 0.588* 31.4 0.141 NS 37.6

*P < 0.05.
NS = not significant.
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the mean thousand-grain weight was lower than that at other locations and
genotypes with a high thousand-grain weight tended to produc= a high yield
(Tabie 1).

If envirorimental conditions become favourable during the grain-filling
period, the crop can compensate for a reduced number of tillers and/or lower
number of flowers fertilized due to unfavourable conditions carlier in the
season, by producing heavy grains. The thousand-grain weight will be lower if
the crop suffers from stress during the grain-filling period. The observation
made in this study and those reported by other workers suggest that under
moisture stress certain genotypes can remain greener and produce better-
filled grains than others. Assuming other effects to be equal, it is reasonable to
believe that the adverse effect of moisture stress during the grain-filling
period on the yield of such genotypes will be less than on fast senescing ones
under moisture stress conditions. In such a case, the yield of genotypes with a
high mean and low variance in thousand-grain weight will be affected less
than the yield of those with a high variance, even if the mean is high. Variance
for thousand-grain weight is a genetically controlled trait. All five barley
varicties tested gave significantly different variances for thousand-grain
weight (Hadjichristodoulou, 1981a). Kantara, a recently released variety in
Cyprus after many years of testing, has a high mean thousand-grain weight
and low variance.

Disease resistance

In general, discases affect cereal crops more in high-rainfall areas than in dry
areas. However, under certain conditions diseases may cause yield reductions
even in low-rainfall areas (Hadjichristodoulou and Kari, 1985). Strategies to
limit the effects of discases have been discussed carlier (Hadjichristodoulou,
1981b). Breeding for discase resistance appears to be one of the most
effective long-term strategies. Under varying rainfall conditions, performance
of high-yielding lines resistant to discases will be more stable than that of
susceptible ones.

Awn length

Awns of cereals are gencrally believed to increase yields under low-rainfall
conditions. Grundbacher (1963) reviewed the experimental evidence on this
and concluded that in hot dry regions awns increased yields while in humid
arcas the cffect of awns was variable. Similar conclusions were reached by
Bingham (1974). The physiological mechanism of the awn function is not
clear, but it is known that awn photosynthetic ability is affected by drought
less than that of leaves (Grundbacher, 1963; Evans er al., 1972, cited by
Bingham 1974). Indeed, all barley and wheat varicties grown in low-rainfall
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areas are awned. It can be concluded that in these areas awns contribute to
high and stable performance. This trait is highly heritable and can be selected
easily in segregating populations and in nurseries.
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DISCUSSION

D. Marshall
You have shown that barley tillers better than wheat so that it has a higher and more
stable number of tillers per square metre. Have you looked at increasing the seeding
rate of wheat to compensate for its lower tillering ability and. if so, what did you
find?

A. Hadjichristodoulou
The optimum sced rate of wheat is about S0 per cent higher than that of barley
under our conditions, because of the lower tillering capacity. However, under
unpredictable conditions causing poor stand establishment, wheat plants do not
have the plasticity that barley plants have to fill the empty gaps with tillers.

B. Yilmaz
Is barley carlier than durum and bread wheat after anthesis?

A. Hadjichristodoulou
This varies with variety and season. For the highest yielding lines the difference in
anthesis is about 10-15 days.

H. Harris
Given that main stems survive the stress better than tillers, and given that you report
differences in plant establishment, are you confident that the differences in fertile
tiller numbers you report are genetic and that they do not reflect differences in
establishment?

A. Hadjichristodoulou
The number of tillers reported refers only to productive tillers counted at the dough
stage. There were no or few non-productive tillers at that stage. All the varieties
were treated uniformly, i.c. three seed rates (10, 70, 130 kg/ha) and six sites. Thus,
for all varizties there were low, medium, and high numbers of plants. Those
differences in variance that were statistically significant were genetic.

M. Nachit
Could vou claborate on the importance of carly plant establishment for barley,
durum wheat, and bread wheat and their importance for rainfed conditions?
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A. Hadjichristodoulou
We studied the differences among the species (barley, durum wheat, and bread
wheat) in stability of tiller number per square metre and their mean tiller number in
eighteen environments. Barley is known 1o have better stand establishment than
wheat, but we have not measured this character.

M. S. Mekni
Variance for tiller number per unit area, as well as variance for height, both fairly
simply inherited, can be affected by several factors, such as plant density, depth of
seeding, ete. How reliable are the variances for those two characters between specics
and within a given species?

A. Hadjichristodoulon

The inheritance of tiller number and plant height is known but we do not know the
genetic control of the variance (or stability) of tiller number per unit area or of plant
height. The differences in stability for the two traits were statistically significant only
between cetain varieties, not among all of them. A test on stability, repeated in the
second year for some varicties, gave similar results, There was no difference
between barley and wheat in stability of height (s2 log x = (.008) but tiller number
was more stable in barley than wheat,

P. Martiniello
At this stage vou are considering cach trait separately. Would it not be more
desirable to apply a multiplicative index which considers more than one trait
simultancously to cope with the conmplex environmental stresses?

A. Hadjichristodoulou
At this stage we are studying individual traits, It is necessary to establish the effects
of modifying cach trait on grain yield and stability. It is also necessary to collect
information on the genetic control of stability and plasticity of the traits. Then one
can proceed with the application of multiplicative indices for high yield and stability
of performance.
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Drought Resistance of Wheat for
Light-textured Soils in a Mediterranean
Climate

NEIL C. TURNER and MARC E. NICOLAS
Dryland Crops and Soils Research Programme, CSIRO Laboratory for Rural
Rescarch, Private Bag PO, Wembley, WA 6014, Australia

ABSTRACT

Three characteristics are considered desirable in order to maximize grain
yield per unit of rainfall for wheat growing on deep freely draining, ligne-
textured soils in a Mediterrancan climatic zone. These are early vigour, deep
roots, and a high degrece of assimilate transfer from the stem and leaves to the
grain. This paper describes an experiment designed to measure these charac-
ters in 90 lines and cultivars of bread wheat. We present first results for 22 of
the 90 lines. Early vigour, scored visually, was shown to be closely correlated
with the dry matter accumulated per unit area by the five-leaf stage, and with
the dry weight per plant when final plant populations were between 50 and
150 plants per square metre. Early vigour. as measured by dry matter per
plant at the five-leaf stage, was positively correlated with final yield in
unirrigated wheat. Root depth was to be indirectly assessed by infrared
thermometry as water deficits developed in the spring, but gusty winds, poor
canopy development, and differences in stomatal conductance at similar
w2 1 contents suggested that it has limited usefulness in dryland cropping
programmes. We assessed assimilate transfer by desiccation of irrigated
plants 10~-15 davs after anthesis. Preliminary results showed that potassium
iodide was the chemical desiccant that most closely resembled drought
cffects.

INTRODUCTION

Agriculture in Australia’s Mcditerrancan climatic zones is based on a low-
input, extensive wheat/shecp farming system in which various lengths of

203
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Figure 1. Rainfall isohyets and cropping region for Australia’s south-western
Mediterranean climatic zone

self-sown annual legume pastures are interspersed with one or more years of
cereal crops, principally bread wheat. In the past decade there has been an
increase in the proportion of cropping and a partial replacement of pasturc
legumes by grain legumes, notably lupins, for a break in the cercal cycle.
Wheai production in south-western Australia occurs principally in the zone
ceceiving 300-500 mm annual rainfall (Figure 1). Climatically this zonc is
simiiar to that of the ICARDA region except that the seasons are offset by 6
months. Figure 2 compares the rainfall and temperatures for Aleppo, Syria,
with those for Merredin in the drier castern portion of the West Australian
wheatbelt (annual rainfall 327 mm) and Narrogin in the wetter western
portion of the West Australian wheatbelt (annual rainfall 505 mm). Aleppo is
intermediate in precipitation between Narrogin and Merredin and has a
stronger continental influence, with higher summer temperatures and lower
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winter temperatures than both Merredin and Narrogin. Both Australian
centres have higher summer rainfall than Aleppo, reflecting the occurrence of
cyclonic rain of tropical origin in some years. Trie cropping cycle, like the
climatic cycle, is offset 6 months from that in northern Mediterrancan regions
with sowing occurring in mid to late May and the crop being harvested in
November.

A marked feature of much of the cropping zone of south-western Australia
1s the predominance of light-textured surface soils. While some of these sandy
soils are underlain by heavy clay subsoils at (0.2~1.5 m, wheat is often grown
on deep sandy soils which contain no clay subsoil layers within the root zone.
The soils are free draining and have an average water-holding capacity of
about 50 mm/m. These characteristics Icad to losses of rainfall by deep
drainage below the root zone during the wet winter months when the crop is
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still small and vegetative, and to water deficits in the spring as rainfall
decreases, evaporation increases, and the water in the soil is rapidly depleted.

Fischer (1981), Turner and Begg (1981), and Turner (1982) suggested
characters that, from analysis, should benefit yields under Mediterranean
climatic conditions. The three characters that we consider of principal import-
ance for wheat production on light-textured soils in a Mediterranean climatic
zone are: (1) carly vigour, (2) deep rooting habit, and (3) high assimilate
transfer to the grain during grain filling.

A project has been initiated to test the importance of these characters for
yield under water-limited conditions ind the genetic diversity available for
the improvement of these characters in wheat. This paper reports on the
rationale behind the choice of characters, the methodologies employed, and
the carly results: final results will only be available after the completion of this

paper,

MAXIMIZING GRAIN YIELD PER UNIT OF RAINFALL

The objective of all dryland farming in water-limited environments is to
maximize economic yields per unit of growing-season rainfall. Grain yields in
water-limited environments are a function of three largely independent
factors (Passioura, 1977):

Grain yield = water use x water-use efficiency x harvest index

Current evidence suggests that wheat grown on light textured soils in a
Mediterrancan-type climate has restricted production per unit of rainfall
because of high water loss through deep drainage carly in growth and a !nw
harvest index from water deficits at the end of the scason (Turner, 1986a).

We postulate that a wheat plant with carly vigour will maximize water use
and minimize water loss during the winter months when rainfall is plentiful
and that deep roots will maximize the use of the water available throughout
the profile, particularly as the soil dries in the spring. A high transfer of
assimilates to the grain will maximize the harvest index under conditions of
terminal drought and reduce the proportion of dry matter produced early in
growth that is left as straw. While it is recognized that vigorous early shoot
growth may restrict root growth and may depicte water in the profile before
anthesis, thereby restricting the water available for grain filling (Fischer,
1979), evidence from studies in wheat on deep sandy soils suggests that such
feedback mechanisms do not necessarily occur. Vigorous carly growth result-
ing in high dry-matter yiclds by anthesis resulted in improved grain yields and
no decrease in the harvest index (Figure 3). We conclude from the results in
Figure 3 that on the decp sandy soils carly growth enables greater root
development so that yields are not restricted by water limitations at the end of
the season,
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Figure 3. Relationship between grain yield and dry-matter

yield at anthesis for wheat, given a wide range of tillage and

fertilizer treatments. (From J. Wilson, J. Hamblin, A. Brown,
and R. Delane, unpublished work)

EXPERIMENTAL LAYOUT

In order to test whether our suggested characters are beneficial to yield under
water-limited conditions, an experiment was conducted in 1985 at Bruce
Rock, Western Australia, where the annual average rainfall is 334 mm. The
soil was a deep, yellow, slightly acid (pH = 3.4 in calcium chloride) sand
containing less than 7 per cent clay. Ninety lines of wheat representing current
recommended varieties, older varieties that are no longer grown, and a
selection of advanced lines and cultivars from Australia and overseas were
sown on 24 June 1985. In this paper data for only 22 of the lines are
presented. These 22 lines are representative of the range of material studied
(Table 1). The wheat was sown in rows 19 cm apart in 5 m X 2.5 m plots in
six replicate blocks. Sowing rate was adjusted to give an expected plant
density of 100-150 plants/m*. The plots were fertilized with 35 kg N/ha and
18 kg P/ha. Half of the blocks were irrigated from c.rly September onwards
to reduce water deficits. Flowering occurred between 24 September and 12
October and the plots were harvested from 12-26 November.

The season was exceptionally dry. Growing-scason (April-October) rain-
fall at the site was 137 mm compared with the long-term district average of
260 mm (Table 2). In particular, rainfall in April, May, and June was well
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Table 1. Cultivars and lines of wheat grown in the field study at
Bruce Rock, Western Australia, in 1985 and reported in this
study

Recommended cultivars in South-western Australia:
Boazllin
Egret
Gutha
Kite
Kulin
Tincurtin
Warigal
Wailki

Grown in South-western Australia, but no longer recommended:
Garnenya
Halberd
Millewa

Old variety:
Darkan

Grown elsewhere in Australia:
Condor
Phoenix

Overseas cultivars:
Barkaee
Mongolia
Pembina

Expcrimental lines:;
Somaclonal line §
Somaclonal line 6
Somaclonal line 8

Cook isoline 49C
Cook isoline 58C

Table 2. Rainfall at the cxperimental site (mm) in 1985 compared with the long-
term average monthly rainfall (mm) for the district

April May  June July August  September  October

Experimental N 6 15 53 28 23 7
site
District 22 42 57 52 41 26 20

average
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Figure 4. Relationship between visual score for carly
vigour and dry matter per unit arcs at the five-leaf stage
in 22 wheat cultivars

below average, leading to a date of sowing about one month later than
normal. Since rainfall on any one date never exceeded 19 mm, the soil was
never wet below 0.6 m, leading to restricted rooting.

Early vigour

On 27 Augus: when the plants were at the five-leaf stage, early vigour was
assessed visually using a score of 1 to 10 waere | was low vigour and 10 was
high vigour, and by dry-matter sampling. The oven-dry weight of all plants in
0.5 m* together with the number of plants was measured. On a selection of 22
of the lines the vigour scores varied from 2 to 7 and the dry matter per unit
area varied from ¢ to 44 g/m>. The vigour score was closely correlated with
the dry matter per unit area (Figure 4). Due to the poor soil moisture
conditions at sowing, the range of final plant densities varied from 40 to 200
planis/m* amorg the 22 lines. The vigour score was poorly correlated with dry
matter per plant due to the fact that high vigour scores were attributed to
plots with high plant emergence and low vigour scores to sparse plots,
However, the correlation was quite acceptable for the medium density
(50--150 plants/m®) plots (Figure 5). Clearly, for visual scoring of early vigour
reasonably uniform seeding and emergence is required, but the good correla-
tion between vigour score and dry matter per plant for plant populations
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Figure 5. Relationship between visual score for

carly vigour and dry matter per pla t at the five-

leaf stage in 22 wheat cultivars that had final plant
populations of 40, 50-150, and 200 plants/m?

varying threefold suggests that plant densities do not need to be too uniform
for acceptable results,

Early vigour, as measured by dry matter per plant at the five-leaf stage, was
positively correlated with final grain yield per plant in the unirrigated plots
(Figure 6). However, onc of the high vigour lines had a low grain yield and
three of the low vigour lines had high grain yiclds. The poor-yielding high
vigour line is a very late-maturing line poorly suited to growth under the
conditions of this study. The three high-yielding, low early vigour lines clearly
have other attributes that enable them to yield under water-limited condi-
tions. Nevertheless, the data strongly suggest that early vigour is a major
determinant of yield under moisture-limiting conditions.

Deep roots

While techniques cxist for the measurement of rooting depth in seedlings
{Rumbaugh and Johnson, 1983), the necessity to sample 540 plots at or near
flowering precluded the direct measurement of rooting depth by sampling or
by methods such as water extraction. We therefore planned to measure
rooting depth indirectly by measuring the development of stress in the
postanthesis period by infrared thermometry. The technique is based on the
principle that the leaf temperature increases relative to air temperature as the
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Figure 6. Relationship between grain weight per plant at
maturity and dry matter per plant at the five-leaf stage in 22
wheat cultivars that had high or low carly vigour. Open symbols
identify lines not considered when fitting the linear regression

crop becomes stressed and transpiration decrcases (Jackson, 1982). Blum et
al. (1982) developed the technique as a screening tool for dehydration
avoidance or postponement. While several factors are involved in dehydra-
tion postponement (Turner, 1986b), maintenance of water uptake by deep
and prolific roots is a major component. Thus, provided other factors such as
stomatal conductance or leaf roiling do not vary across genotypes, infrared
thermometry can be used as an initial screen for lines likely to have deep
roots. In practice ihe technique requires a rapid measurement of leaf-to-air
temperature differences across the lines once water deficits begin to develop
(Blum et al., 1982). Blum (1983) worked with crops that were irrigated prior
to the development of a postanthesis stress cycle. Since irrigation is less likely
to lead to the expression of differences in root depth and more likely to show
differences in stomatal or leaf rolling responses to water deficits, we preferred
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to use the technique on the unirrigated plants as water deficits developed
naturally after anthesis.

For reliable results the technique depends on uniform wind speeds
(O’Toole and Hatfield, 1983) and complete canopy cover. Since dry soil has a
temperature several degrees or tens of degrees above the temperature of the
canopy, soil must not enter the field of view of the thermometer or must be
uniformly present in cach cultivar. We found that neither condition prevailed
in the present study. Gusty winds at the experimental site made comparisons
among cultivars difficult. Moreover, the late establishment of the crop meant
that full ground cover did not occur in any plot. While a low angle across the
plots was used to minimize the presence of soil in the field of view, a
photographic record showed that some soil was always in the field of view and
the amount varied with the cultivar. The amount of soil present in the field of
view varied from 5 to 12.5 per cent in three cultivars selected at random.
Moreover, measured leaf conductances on five of the cultivars as water
deficits developed showed that the conductances varied more than twofold at
similar relative water contents (Table 3). As differences among lines in
stomatal conductance will influence the lcaf temperature, we therefore con-
clude that infrared thermometry is unlikely to be useful as a screening tool for
root depth in wheat lines. Furthermore, it may prove difficult to use as a tool
for assessing dehydration postponement in dryland crop-breeding pro-
grammes,

Assimilate transfer

Blum er al. (1983a, 1983b) have shown that assimilate transfer to the grain
under drought can be simulated by spraying well-watered plants with a

Table 3. Leaf conductances, both absolute values and relative to

the irrigated controls, and relative watcr contents of five wheat

cultivars measured in the unirrigated plots between 1200 and

1430 h on 26 Scptember 1985. Conductances were measured
with the Delta-T porometer

Stomatal conductance

Relative
Absolute Relative water content
Cultivar (mmol/m?/s) (%) (%)
Gamenyu 152 36 93.1
Gutha 215 51 96.9
Bass 269 52 79.6
Halberd 353 94 93.7

Wailki 214 70 93.1
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Table 4. Effect of desiceants, drought, and defoliation applied 10

days after anthesis on grain weight of Gutha wheat. Values are

expressed as percentages of the untreated controls {weight - =

47.7 mg/gr). The desiccants were sprayed on the whole plant or

only the leaves. The mean coefficient of variation for the varions
treatments was 12.6 per cent

Desiceant sprayed on

Treatment Whole plant Leaves only

Desiceant sprav:*

(a) Magnesium chlorate 20.1 22.5
(b) Sodium chlorate 2534 29.8
(c) Potassium jodide 29.4 49.6
Drought 26.7
Deftoliation 71.2

*Magnesium and sodium chlorate were used as 4% solutions and potassium
iodide as a 0.3% solution.

desiccant 14 days after anthesis. The desiccant used was magnesium chiorate
(4% solution). A high relative grain weight after desiccation normalized for
grain weight in the untreated plants is taken as an indication of a high transfer
of assimilates from the leaves and stems to the grain. A. Blum (personal
communication) has reported lines with an ability to transfer 45 per cent more
of their assimilates to the grain than normal,

Prior to using the technique in the field, we assessed the effect of a range of
desiccants on the grain weight of Gutha wheat. The plants, grown in pots in a
glasshouse at 22/15°C day/night temperatures, were sprayed with the desic-
cants 10 days after anthesis. Either the whole plant or leaves only were
spraved. At the same time, some plants were defoliated and others were left
unwatered to provide a drought treatment, Table 4 shows the results for three
of the desiccants. While the drought treatment reduced the grain weight by
almost 75 per cent, defoliation of the leaves reduced the grain size by 30 per
cent. With the exception of the potassium iodide, the other treatments
reduced grain weight to a greater extent than the drought treatment. The
treatment of only the leaves indicated the reason for this, When applied to the
leaves magnesium chlorate reduced the grain weight by 77.5 per cent and
sodium chlorate reduced the grain weight by 70 per cent, suggesting that the
chemicals were transported to the grain and affected grain growth, The
potassium iodide treatment was the chemical that best simulated the cffect of
drought and had least effect when applied to the leaves only; the chemical
also desiccated the lower leaves first and then the upper leaves, giving the
appearance of accelerated senescence rather than desiccation.
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We utilized both sodium chlorate (1% solution), which is more readily
available than magnesium chlorate, and potassium iodide (0.2% solution) in
the field study. The study was conducted on the irrigated plants which were
sprayed 15 days after anthesis. The results will be compared with the effects
of the drought that occurred at the site on grain weight.

CONCLUSIONS

Our first results suggest that there is considerable variation among wheat lines
in carly vigour and that high carly vigour results in high yields under
water-limited conditions. The study has also highlighted that infrared ther-
mometry may prove difficult in screening for dehydration postponement and
root depth in dryland wheat lines. Finally, our preliminary results indicate
that magnesium chlorate is too severe a desiccant to simulate drought effects
and propose the use of potassium iodide as a preferable chemical.

The study will continue in 1986, In addition to more studies on the role of
carly vigour, root depth, and assimilate transfer in a selection of the lines from
the 1985 study, we propose to look in further depth at the variation in carly
vigour to see whether it is genetic or environmental. Additionally, we plan to
study the mechanisms of assimilate transfer, particularly the role of osmotic
adjustment and membrane stability under stress, on the quality and quantity
of assimilated transferred.
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DISCUSSION

M. Nachit
Commenting on carly vigour, your results are in accordance with our data. How-
ever, our experience with infrared has ben exciting. Waould you please elaborate on
the stress level when vou recorded the data of the experimental plots?

N. C. Turner
Our measurements were made with moderate stress around anthesis, The preferred
time would be under more severe stress during grain filling. Nevertheless, the stage
is immature if the carly crop development s poor because of poor seasonal
conditions and one is measuring soil temperatures,

T. C. Hsiao
You are attempting to select for carly vigour as well as deeper roating. It seems to
me this is selt-contradictirg since more carbon allocation to the shoot, associated
with carly vigour, would mean less carbon allocation 1o roots,

N. C. Turner
Although this may be theoretically true. our evidence suggests that this is not
practically true. The reason for this is that deep roots and early vigour may allow
better utilization of the soil and atmospheric resourees.

Howard Taylor
Your programme is using infrared thermometry 1o monitor root water supplying
power. You gave no indication whether you are monitoring nutrient uptake, Are
vou working on soils where the nutrient uptake rate is non-limiting to wheat growth
and vield?

N. C. Turner
Nutrient levels were aimed to be non-limiting in relation to phosphorus and
micronutrients. Nitrogen was applied at levels moderately above the current farmer
practice. Part of the possible advantage trom carly vigour and deep roots may arise
from better utilization of fertilizer nitrogen.
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S. K. Sinha
Do you think that higher dry-matter production before anthesis would be the same
both in 300 and 500 mm zones? Could you give any figures (percentage before
anthesis) for both zones?

N. C. Turner
In general there is little difference in water availability before anthesis in the
environments we are studying. With temperatures similar during the winter at the
two sites, there is unlikely to be any differences in dry-matter preduction at anthesis.
However, waere temperatures and rainfall between sowing and anthesis do differ we
would expect differences in dry-matter production.

J. M. Clarke
Do you envision problemns in the Blum desiccation technique due to variation in
anthesis date among genotypes? If so, how could such difficultics be overcome?

N. C. Turner
We are applying the desiccants at 15 days after anthesis so that all lines will be
desiccated at the same physiological stage. 1 see ne, problems with this approach,

A. Hadjichristodoulou
When sclecting for early vigour one may end up selecting too-carly types which have
a short growing period, do not utilize all moisture because they mature carly, and,
finally, give low yiclds. Early vigour may be of use when it deals with genotypes of
the same maturity,

N. C. Turner
Certainly carly vigour may be linked with carliness in some lines, but we are noting
anthesis date and will be comparing carly vigour in lines with similar maturities.



Drought Tolerance in Winter Cereals

Edited by J. P. Srivastava, E. Porceddu, E. Acevedo, and S, Varma
© 1987 I1ICARDA

Published by John Wiley & Sons Lid

17

Relations among Physiological Characters
in Durum Wheat under Drought

A. RASCIO, B. BALDELLI, Z. FLAGELLA, and G. WITTMER

Istituro Sperimentale per la Cerealicoltura, S.5. 16 Km. 675 as. Postale,
71100 Foggia, ltaly

ABSTRACT

We evaluated the tolerance of 25 cultivars to drought and heat stress by two
tests of membrane sability—an osmotic and a heat test,

We estimated the injury to cell membranes by measuring the clectrocon-
ductivity of an aqueous medium containing leaf discs previously stressed in
vitro cither by a solution 40% w/v PEG 6000 or by a temperature of 50°C,
We studied the tolerance of the cultivars to the two types of stress at five
different stages of development, but did not correlate the two tests, We found
a significant interaction between ‘stage of development’ and ‘variety® for the
osmotic but not for the heat test,

We also caleulated the trends of pereent injury over time for the mean
varictal response, but correlations were not significant,

The second experiment concerned leaf-water relations, Under limited
water conditions the osmotic potential showed a tendencey to deerease o the
non-irrigated treatment; however, at initial stages we observed significant
differences between the varieties, with Appulo having more negative values
than Valforte.

Water stress did not modify the relationship, which was a varictal charac-
teristic, between RWC and water potential,

The turgor pressure decrease, when RWC decreased. was greater in
Valforte than Appulo, which suggests that the latter has a greater cell wall
clasticity.

Stomatal conductance declined when the RWC decreased in a similar way
in the two treatments and varictics.

In Italy almost 65 per cent of the durum wheat area is located in semi-arid
areas, where the rainfall usually ranges from 420 to 490 mm per year and
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seasons with less than 300 mm are frequent. The problem of increasing the
yield ia these areas, traditionally devoted to this cron, is a serious one.

Until 15 years ago, the main objective of the Italian breeders was to impose
earliness, the only way considered practicable for avoiding the water deficit
which usually occurs from April. Two important examples of such genotypes
arc Capeiti 8 and Appulo, still widely cultivated in southern Italy in spite of
their height and their susceptibility to lodging and to rusts and mildew attacks,
A second breeding approach, started in the 1960s, and including the use of
interspecific crosses with bread wheats carrying genes for dwarfism and
sources of resistance to diseases, produced in the 1970s a great number of
very interesting semi-dwarf varicties, resistant to lodging and tolerant to the
more dangerous foliar discases.

In spite of severai positive characteristics, including the ability to make use
of higher guantities of nitrogen and therefore produce very high yield, this
new generation of durum cultivars (Valgroup, Creso, ete.) has not been
widely grown in southern Italy, probably because of their lateness. They were
judged in the first instance to be insufficiently tolerant to drcught and very
demanding as to soil conditions,

In order to define a better strategy for the future, at the end of the 1970s
the Foggia Section of the Cereal Experimental Institute decided to start a
research programme on applied physiology for determining a new plant
ideotype of durum wheat better adapted to conditions in southern Italy and
based on morphophysiological traits,

The research carried out in this context dealt with the growth analysis, the
nitrogen accumulation pattern, and the relations between morphological and
physiological yield components (Wittmer, 1979; Wittmer et al., 1982; lan-
nucci er al., 1983; Rascio er al., 1984: Baldelli er al., 1986).

The second part of our programme, already ia progress, concerns:

(1) the evaluation of several in vitro tests for screening for drought
resistance or tolerance;
(2) a basic study on water relations in the lcaves,

Drought tolerance may be measured by analysing the different metabolic or
physiological functions. Some authors reported that cell membrane stability
plays a critical role under conditions of moisture stress. Recently considerable
importance has been attributed to cell membrane thermostability as a meas-
ure of plant tolerance to high temperatures.

The tests for drought and heat tolerance developed by Sullivan and Ross
(1979) for sorghum were applied by us en durum whea:. Both tests are based
on the leakage of electrolytes from cell membranes after imposing in vitro
stress.

Twenty-five cultivars of durum wheat were tested for drought and heat
tolerence at five different stages of development. The percent of injury was
calcuiated as follows:
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Figure 1. Mean ‘percent injury’ of the 25 cultivars at five different
stages of development
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1 - TL/T2

T—ciica

Percent injury = | —

where T is treatment, C control, 1 before autoclaving, and 2 after autoclaving.

The maximum differences among varieties were found during stem clonga-
tion. At this stage, all the cultivars showed the highest values of injury for
both tests. In Figure 1 the mean response to the osmotic and heat stress at the
different stages is shown. In the drought tolerance test a decrease of pereent
injury was found from stem clongation to caryopsis water ripe, but there was
an increase of the membrane damage at the carly milk stage. In the heat
tolerance test, the increase of pereent injury was observed at the hooting
stage. The combined analysis of variance showed a phenological stage-variety
interaction for drought tolerance.

A regression was calculated to analyse the behaviour of percent injury
during plant development for both drought and heat tolerance. The two
different regressions showed a similar trend but were not correlated (Figure
2). In none of the growth stages were the varietal responses to these tests
correlated. It probably meant that each test measured a different kind of

1, Osmotic test

60 2, Heat test K 2

injury

cr
70

T T T T T
100 110 120 130 140 150
Days after emergence

Figure 2. Trend of *pereent injury’ over time
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damage to the cell membrane. Moreover cell membrane resistance is only one
of the several physiological factors determining drought and heat rolerance.

In our opinion, the consequences of these results for plant breeding are as
follows:

(1) Itis desirable to screen genotypes when moisture stress in the field is
more frequent due to in.oraction between phenological stage and variety
for the osmotic test,

(2) With cach test we sclected only one physiological character related
to drought tolerance. It may be better to utilize several tests which evaluate
different physiological or metabolic factors in order to have an integrated
genotypic response to drought.

The second aspecet studied was the characterization of the internal water
status in two durum wheat varicties that represent two phases of breeding for
the last 20 years: Appulo, a traditional variety that is considered adequatety
tolerant to drought, depending on agronomic practices, and Valforte, a
reeently released variety.

To test these varieties, two treatments were imposed: ‘irrigated’ and
‘non-irrigated’. During the booting-milk stage at 08.00 h and 12.00 h, on
cloudless and windless days, the following parameters on the youngest fully
expanded leaves were measured:

Days from sowing

120 128 136 144 152 16|0
1 L L —
—1.24 Booting Heading
a —1.61 B ~ e
: e~
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€
2 —2.,04
0
Q
@
g
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Appulo
284 — Non.irrigated
~=~= |rrigated

Figure 3. Midday leaf water potential of upper expanded leaves, The arrows
show the dates of irrigation. Vertical bars denote standard error (only when it
was greater than or equal to 0.15 MPa) of four replications
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Relative water content (method of Barrs and Weatherley)

Water potential (pressure chamber)

Osmotic potential (cryoscopic method)

The osmotic potential at full turgor was determined, collecting the samples
at 08.00 h and keeping them in distilled water for 3 hours (Hsiao er al., 1984).

Figure 3 shows midday leaf water potential from 22 April to 24 May, There
were significani differences between treatments starting from the heading
stage, while the differences between varieties appeared later: Appulo showed
higher water potential than Valforte during the milk stage.

The relationships between relative water content and water potential
(Figure 4) showed a great relative water content in Valforte than in Appulo,
when leaf water potential decreased. while the stress history of the pirnt did
not affect this relationship.

The ability to re‘ain a larger amount of water, at any given leaf water
potential, may be due to a greater rigidity of the cell wall, but may also result
from accumulation of osmotically active solutes in cells. For this reason, the
seasonal trends of midday leaf water potential and osmotic potential at full
turgor in the non-irrigated treatment were comparcd. The latter determina-
tion was preferred to the midday one because to study the active osmotic
adjustment it is necessary to eliminate changes due to dehydration.

95 - .
\\\';.' Irrigated Non.irrigated
\\-,\ ....... + Appulo Appulo
AN - =« Valforte s Valforte
AN
ES
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Figure 4. Relationships between relative water content (RWC) and w - ter poten-
tial. Lines are fitted according to the curvilinear regression
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Table 1. Values of solute potential at full turgor, modulus of
elasticity, and RWC at zero wurgor for unstressed winter wheat
cultivars

Solute
potential at

Modulus of

Relative
water content

full turgor clasticity at zero turgor
Varieties (MPa) € (%)
Appulo -1.33 2.6 66
Valforte —1.50 5.0 77
—_— Osmiotic potential at full turger
-0.5 4
— — — Midday leaf water potential
Heading
—1.04
)
a
= —1.59
K]
c
2
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Figure 5. Seasonal changes of osmotic potential determined on fully

rehydrated leaves and midday water potential. Each point represents the
average of four measurements
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As water potential fell, the osmotic potential decreased at a slower rate, so
that there was a decrease in the turgor potential. It was lower in Valforte than
Appulo because the osmotic potential did not differ between varieties, while
the water potential was lower in Valforte during the milk-development stage.

Valforte, which shows lower turgor potential (P) but greater RWC values,
probably has more rigid cell walls than Apoulo. The bulk volumetric elastic
modulus e (which is inversely related to the cell wall elasticity) may be given
by (Hellkvist er al., 1974)

- 3P x 100
T Rwc
assuming that the bound water in the leaf is negligible at RWC values reached
in this study.

The pressure-volume curves (Wilson et al., 1979) seemed to confirm what
has been observed in the field. Table 1 shows the osmotic potential at full
pressure potential, relative water content at plasmolysis (or zero turgor
potential point), and bulk modulus of elasticity () obtained by the above
technique, applied to plants grown unstressed for 30 days in the field.

Some authors (Coyne er al., 1982) thought that varieties with highly elastic
cell walls have to lose more water te develop a sufficient water potential
gradient to extract water from a drying soil. In the Mediterranean environ-
ment, however, whose particular attribute is climatic variability, the high cell
wall elasticity may be an important adaptive feature against the early loss of
turgor,
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Stress Metabolism: Its Implication in
Breeding Programmes

DAVID W. LAWLOR
Physiology and Environmental Physics Department, Rothamsted
Experimental Station, Harpenden, Herts. AL5 2]Q, UK

ABSTRACT

Attainment of large rates of plant dry-matter production under water stress
depends on the maintenance of metabolism, principally carbon dioxide and
nitrate assimilation. Translocation of assimilates and synthesis of proteins
and other cellular constituents are essential for the growth of the photo-
synthetic surface (and reproductive and storage organs) and for efficient
photosynthesis per unit arca of leaf. Interactions between metabolic pro-
cesses in assimilation and growth are not quantitatively understood; nor is
regulation of metabolism by environmental factors, including water stress.
Water stress operates at the physiologicul and whole-organ level, e.g. via
stomatal closure which decreases CO; supply and thereby photosyniiicsis and
increases the ratio of photorespiration to photosyithesis. Water stress
inhibits the photosynthetic mechanism, probably ATP synthesis, and changes
the amounts and type of carbon and nitrogen compounds formed. A decrease
in ATP synthesis but maintenance of reductant synthesis may lead to
accumulation of secondary metabolites, e.g. amino acids (particularly pro-
linc), glycine betaine, and hormones, Changes in assimilation of carbon and
in accumulation of metabolites may be used to identify and sclect plants
differing in response to stress. Accumulation of particular metabolites may
not confer resistance to, or increase productivity under, stress. We discuss the
value of altering metabolism and the possibilities of improving conventional
screening nicthods and of applying genetic enginecring techniques. By com-
bining measurements of photosynthesis as a function of CO,, light, etc., and
of sclected metabolites under defined water stress we might be able to assess
the value of particular metabolic features for inereasing production in
drought-prone environments and their potential in conventional breeding
and in genctic modification,

227
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INTRODUCTION

Yield of crops is determined by many processes (Figure 1) originating in the
genetic information of the nucleus, chloroplast, and other organclles of the
higher plant cell (Weeks, 1981 Le Rudulier and Valentine, 1982). The
information controls the synthesis of structural proteins and enzymes which
synthesize other cell components (c.g lipids and proteins of membranes, cell
walls, cte.). Cells grow and multiply, forming leaves and vegetative and
reproductive structures. often with storage function. Photosynthesis provides
directly, or via storage, the cnergy and materials required for metabolism.
Plants are adapted to a range of complex environments (Vaadia, 1983),
varying in temperature, light, and (the topic of this paper) water stress.
Inadequate and often very erratic rainfall 18, in many parts of the world, the
limiting factor in crop production, decreasing growth (Hsiao, 1973) because
transpiration exceeds water supply from the sojl. Conscquently piants lose
water and cell water, osmotic, and turgor potentials decrease. Metabolism is
sensitive to changes in ionic strength and composition (Wyn Jones and
Gorham, 1983) and 1o the concentration of metabolic control molecules. The
supply of substrates (c.g. CO., NO3) from the environment or from other
mctabolic processes in the cell or from other organs also affects metabolism.
Mild waterstress decreases cell cxpansion and thereby growth of leaves
(Hsiao, 1973) and may slow photosynthesis through accumulation of assimi-
lates. Photosynthesis of leaves under greater water stress is slowed by
stomatal closure and the ratio of photorespiration (P,) to net photosynthesis
(P.) may mcrease due to the decrease in the CO,L/O; ratio within the leaf
(Lawlor and Fock, 1975; Lawlor, 1979). Also with an inadequate CO, supply
photosynthetic cells may become photoinhibited under large solar energy

TIELD
l fhistritution)
DRY MATTEHH
lasnimilation)
ORGAN STRUCTURE
‘ feell multaplacation)
CELL STRUCTURE
(synthesin)
METABOLIC SYSTEM:

{membrane and
organelle synthesyy)

STHUCTURAL AND FNZYME FROTEING
fpretesn synthesis)

GENETIC INFORMATION
Figure 1. Organizational levels in Crop pro-
duction; water stress affects processes at all
stages
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loads (Sharp and Bower, 1985). Severe water stress inhibits photosynthesis
and causes imbalance between metabolic processes which greatly alters the
content of metabolites, ete., and disrupts cellular function (Lawlor, 1983).

Evolution (and recently selection and breeding for man’s requirements)
had adapted plants to particular environments in which they are most
productive and efficient in their use of light energy. CO., ete. When environ-
mental factors are outside the *norm’ to which the plant’s metabolic systems
are adapted (its ‘design limits” in engineering terms), then the efficiency of
metabolism decreases, growth hecomes erratic, and vield falls. Metabolism of
droughted plants is altered in many ways, as the vast literature testifies (c.g.
Hsiao, 1973; Hanson and Hitz, 1982). Recently, analysis of drought effects
has concentrated on (1) stomatal control of water loss and CO; exchange in
relation to plant and cell water contenr, and water, osmotic. and turgor
potentials (Fischer and Turner, 1978). (2) cell and organ cxpansion in
relation to water balance (Hsiao, 1873), {3) the role of osmotic potential in
the regulation of celt water balance and for the protection of metabolism
against desiccation (Wyn Jones and Gorham, 1983), (4) regulation of photo-
synthesis and  respiration, including the associated carbon and nitrogen
metabolism (Lawlor, 1979, 1983), and (5) accumulation of metabolites which
alter osmotic potential and may protect metabolism from damage, allowing
plants to survive drought and/or increase production of assimilates (Hanson
and Hitz, 1982).

Understanding of cvents caused by water stress at the level of gene
expression, in basic metabolism and i accumulation of mctabolites, is incom-
plete and poorly related to agronomic production under stress. Current effort
is directed towards protection from severe drought (Hanson and Hitz, 1982)
and less to increasing production under more mild stress, and also concen-
trates on sccondary metabolite rather than primary photosynthate produc-
tion.

At present, analysis of the ability of plants to be productive under stress is
best performed at the whole crop and organ levels of organization, rather than
by studying individual metabolic processes (Zeliteh, 1980). Mcasurcments
arc_generally made on the complete production system, in the normal
environment, and integrate the processes at lower levels of organization, Such
studies lack the information to describe the system in mechanistic terms and
to show how it is controlled by the environment, so cannot fead directly to
modifications. These must be made at the molecular level, even if the changes
are to be expressed in the whole organ.

Stress metabolism has been studied on many plant species, using different
methods of applying stress, and the rate of stress development and its severity
have varicd widely. Recently selection for ‘drought resistance’ has been based
onaccumulation of nitrogenous compounds, such as amino acids (Hanson and
Hitz, 1982) (particularly proline) and glycine betaine (Hanson and Grumet,
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1985), or hormones (c.g. abscisic acid). However, there is only indirect
evidence of the value of metabolite accumulation in maintaining plant pro-
duction (Blum and Ebercon, 1976). The effeets of proline or glycine betaine
on stabilizing isolated enzymes, in decreasing osmotic potential, and in
promoting the growth of bacteria under osmotic stress (Le Rudulier and
Valentine, 1982) show that they increase metabolic stability. Accumulation of
such metabolites in higher plant cells may reflect the operation of similar,
beneficial mechanisms, However, the control of photosynthesis in relation to
secondary metabolism has not been adequately investigated (Lawlor. 1983)
and it is not clear if photosynthesis will benefit from changes in, say, proline
content. Uncer.ainty about which metabolic processes should be modified or
of the value of metabolite accumulaticn stems from the lack of understanding
of metabolisn: under water sitess (Hsiao, 1973; Lawlor, 1983).

Conventional plant breeding aflows metabolic characters to be combined
and increased in the genome; also isogenic lines enable the effects of a single
gene change in a uniform genetic background to be tested, and the metabolic
conscquences analysed. Similarly genetic material may be incorporated by
gencetic manipulation teenniques (Le Rudulier and Valentine, 1982), giving
specific genetic and metabolic mudifications. Although both breeding and
genetic engineering are technically feasible, uncertainty about the key
metabolic processes may limit their efficient application to improving yield
under drought. To quote Hanson and Grumet (1985), ‘genctic engineering of
stress-resistance will necessarily be a series of shots in the dark” and this is also
applicable to conventional breeding. Despite this, the role of glycine betaine
in osmotic adjustment and increasing production of barley under stress is
being studied (Hitz er al., 1982), and attempts are being made to introduce
‘resistance genes’ for water and related stresses into plants (Le Rudulier and
Valentine, 1982). The value of genetic manipulation and isogenic lines may
lic in the increased understanding of the interactions between mectabolism and
production gained from analysis of the system modified by introduction of
single gene changes.

PHOTOSYNTHESIS UNDER DROUGHT

Total photosynthesis largely determines dry-matter production r ¢ crops: put
at its simplest, the rate of assimilation per unit ground area is 1 function of
crop leaf arca LA, the rate of net photosynthesis per unit leaf ; ea P,, and the
rate of crop respiration R:

Net dry-matter production = LA = P.-R

Total crop water loss depends on LA and the rate of evaporation per unit
leaf arca E:

Water loss = LA + E
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In moisture-limiting environments, increasing crop production by increasing
LA (either by breeding or abundant fertilization) is not a simple option, for
greater LA increases water loss which may cause greater water stress, and
increase yield variability and loss of production (Vaadia, 1985). Also E and
P, are dependent upon stomatal conductance g, as F is related to the
difference in water vapour pressure between the intercellular spaces (v;) and
air (v,) and g, the conductance to water vapour, by

E = 8w (Vl - "-I)

and Py is determined by the partial pressure of CO; in the intercellular spaces
(c,) and atmosphere (c,) by

Pn =g (Cn - C,)

where the conductance for CO., g = g./1.6, 1o correct for the diffusion
coefficients of water vapour and CO. in air (Farquhar and Sharkey, 1982).
Clearly, water loss and photosynthesis are related by g and LA and thus crop
dry-matter production and water loss are closely coupled; although separa-
tion of the two would be advantageous, it is not possible (Vaadia, 1985).
Water-use efficicncy (WUE = dry-matter production/water used) depends
on the net dry matter produced over the season and the accumulated water
foss.

An option tor increased production and WUE, and decreased water loss
wouid be to select plants for greater P, and smaller E. The principles
(Farquhar and Sharkey, 1982) involved in selection for optimum photosyn-
thesis are illustrated in Figure 2, which shows theoretical relationships be-
tween P, and ¢, for a leaf in light which saturates photosynthesis. The slope of
the curves indicates the efficiency of the complete chain of processes leading
to carboxylation. The maximum rate of photosynthesis, P, gives the capac-
ity of the system independent of stomatal conductance, and with saturating
CO:; and light. By comparing the relationships for different genotypes under
different conditions, e.g. of water stress or temperature, selection may be
made for photosynthetic efficiency and high rate in relation to environment.
Also, measureme . of g shows how it regulates assimilation.

A number of stiategies for optimizing P, and E may be envisaged. Leaves
with small maximum rates of P, (Figure 2, line A) may decrcase E by
decreasing g, without a large fall in ¢;. This would slow water loss and
minimize water stress but at the expense of crop production. Plants with large
potential rates of P, and small g, (Figure 2, line B) would, in theory, decrcase
water loss and maintain assimilation, but would suffer a large reduction in c,
As a low ratio of CQO,/O, adversely affects photosynthesis of Cy plants,
because it increases the proportion of assimilate lost by photorespiration (sce
next section), permanently small g and large potential P, are incompatible:
even short-term stomatal closure may damage leaf functions. If the carboxyla-
tion cfficiency were much larger (Figure 2, idealized response) then g and c;
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could fall greatly without affecting P,. The resemblance of this curve to that of
C, leaves is marked and illustrates the need for increasced photosynthetic
efficiency if large rates of dry-matter production are to be achieved with
minimum water loss. An alternative strategy of large P, and g would only be
effective if the crop grew so fast that water stress did not develop; this
approach is only found in plants growing in very wet habitats. Decreasing g
has a larger effect on water loss than on assimilation when CO, and g
maintain ¢; so that P, is on the plateau of the response curve, but generally P,
is maintained below P, P,, § and ¢; appear to be optimized below maximum
capacity for photosynthesis (Farquhar and Sharkey, 1982).

In breeding programmes it would be essential to select for high P, and
efficiency, particularly under stress, and for small total water use and large
WUE. However, plants with efficient water use are not necessarily more
resistant to water stress (Lawlor, 1979); that depends largely on the degree of
change in water content and turgor potential and the effects on metabolism.
Water use and dry-matter production must be optimized for iong-term
stability rather than maximani yield under good conditions. the differences in
the photosynthetic characteristics of plants are sufficient to justify exploita-
tion in breeding programmes. In wheats, modern higher ploidy varicties have
small P, (at given ¢, light, ctc.) comparcd to primitive wheats. although they
have a larger arca per leaf (Zeliteh, 1980). Dry-matter production and WUE
of wheats might be improved under stress by increasing P, and cfficiency of
modern varicties, decreasing their LA and g, but retaining greater assimilate
storage capacity.

Both photosynthetic rate and efficiency are decreased by water stress and
poor nutrition; the responses of P, to ¢; and light for winter wheat crops grown
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in the field at Rothamsted with different nitrate supplies and with or without
irrigation (rain excluded by automatic rain shelters) are shown in Figure 3.
Drought or fack of nitrogen decreased both carboxylation efficiency and P,,,.
The initial slope of the light response curves (Figure 3b) shows that P, and
light harvesting efficiency also decreased with water and nitrogen stress
during growth. These cffects of slowly developing stress are similar to those
observed with rapid waier stress which decreased both carboxylation effi-
ciency and P in proportion to feaf water potential (Lawlor and Khanna-
Chopra, 1983), although in other studies (Sharkey and Badger, 1982) P,
decreased but not efficiency and in others stress had little effect on assimi-
lation. For P, response curves to be useful indicators of resistance to stress,
conditions under which they should be measured need to be established.

Measurement of photosynthetic response curves allows the effect of defined
treatments on the metabolic processes to be analysed. By stressing plants of
different genotypes over periods of days and correlating the changes in
assimilation with water balance, a preliminary screen would be possible.
Subsequent comparisons would be made in the ficld and followed through the
breeding programme, to confirm the responses or to evaluate the effects of
other tissuc characteristics, ¢.g. osmotic adjustment, on photosynthesis.
Measurements may be made with existing gas exchange techniques (Farquhar
and Sharkey, 1982) both in the laboratory and field (light and CO, may now
be controlled with relative case although temperature is more difficult), and
microprocessor-based data acquisition and calculation greatly reduce the
labour. Although it would not be possible to screen large numbers of crosses
in a breeding programme, the techniaue is applicable to selection of parental
lines and evaluation of potentially useful material.
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Figure 3. Response of net photosynthesis to (a) intercellular

CO; and (b) light (measured in the laboratory) for the flag leaf of

winter wheat (cv. Avalon) grown in the field with high (H) or low
(L) nitrate supply with (+) or without (--) nitrate irrigation
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METABOLISM AND CARBON DIOXIDE ASSIMILATION

Photosynthesis of ¢, plants, such as wheat, depends (Figure 4) on the apture
of light energy by the chloroplast pigments and the efficiency with which the
energy is used to synthesize reducing power (reduced ferredoxin and
NADPH) and the phosphorylated  metabolie ‘energy  currency’ ATP,
NADPH and ATP arc used in the regeneration of ribulose bisphosphate
(RuBP). the acceptor of CO,. RuBp carboxylase-oxygenase (RuBPc-0) is the
cnzyme  which catalyses the reaction of CO, with RuBP, producing
3-phesphoglveeric acid: it also catalyses the oxyvgenation of RuBP with O,
producing phosphoglyeolate. 3-Phosphoglyceric acid is converted, via many
metabolic steps, o carbohydrates and (10 4 smaller extent) to amino acids, in
reactions that depend on the nitrogen supply. Phosphoglycolate is ultimately
metabolized in leaf cells to carbohydrates but with loss of COs in the process
of photorespiration. The ratio of P o depends on the RuBPe-o charac-
teristics and on the CO. and O, partial pressures in the tissue: P/l inereases
with a large O:/CO; ratio and also with increasing temperature, particularly
above 30°C. Water stress decreases & and thereby ¢, leading to an increase in
the P./P. ratio (Lawlor, 1979: Lawlor and Fock, 1975). The aftinity of
RuBPc-o for Gs and CO.is very similar in all crop plants, and has not beey
changed by selection or breeding methods, possibly because several changes
to the amino acid sequences at the enzyme active site are required. Genetie
engincering techniques may cnable an enzyme to be constructed with [ow
oxygenase activity. This would be g considerable benefit to photosynthesis
under drought conditions.
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The decrease in P, that occurs in stressed leaves has been ascribed to
several changes in metabolism. in the longer term, loss of RuBPc-o activity,
partly due to loss of protein, is probably important. There is progressive and
ronghly proportional decrease in most components of the photosynthetic
apparatus under stress, linked to senescence. In more rapidly and severely
stressed lecaves, there is evidence (Boyer and Younis, 1983) that ATP
synthesis  (photophosphorylation) is a very sensitive metabolic process.
Photophosporylation depends on the transport of electrons and protons in the
chloroplast and the activity of the enzyme, coupling factor (CF, 1o CF)).
Amounts of ATP in stressed tissues decrease (Figure 5) with loss of turgor
and changes in the ionic composition of cells, which alters the conformation of
coupling factor and inhibits aciivity (Younis ef al., 1979).

ATP synthesis appears to be more sensitive to water stress than is reduction
of NADP as the reductant status of stressed leaves is very large (Lawlor and
Khanna-Chopra, 1983) when ATP is much decreased (Figure 5). Inhibition
of ATP production and an imbalance with reductant will have serious
consequences for all cellular processes (Lawlor, 1983; Pradet and Raymond,
1983). It energy absorbed by the light-harvesting pigments is not dissipated
by photosynthesis, photeinhiibition may oceur, unless other processes can
dissipate the energy. There is a clear indication trom chlorophyli fluorescence
that energy accumulates in the light-harvesting apparatus, However, there is
controversy about photoinhibition as a cause of decreased P, (Sharp and
Bover, 1985).

SECONDARY CARBON AND NITROGEN METABOLISM

One aspect of stress metabolism which continues to attract much interest is
the changes in metabolite pools, particularly of nitrogen-containing com-
pounds (Hanson and Hitz, 1982) formed in secondary reactions removed
from photosynthesis (Figure 4). However, the complexity of metabolism
makes it difficult to analyse the changes, particularly as the severity and rate
of stress development impose different conditions on the leaves. In general,
mild stress decreases growth but not essimilation, and carbohydrates may
accumulate. Stress, which decreases P, but not demand for assimilates by
secondary metabolism, results in smaller pools of RuBP, 3-phosphoglyceric
acid, and carbohydrates. However, with more severe and rapid stress, amino
acids accumulate in leaves, and there is marked depletion of carbohydrates.
Very severe stress, which almost stops Py, greatly increases the amounts of
amino acids, particularly proline (Lawlor and Fock, 1977), of the nitrogen-
containing glycine betaine, and of hormones (Hsiao, 1973: Hanson and Hitz,
1982). Probably under these conditions ATP synthesis is inhibited and its
content decreasces, vet NADPH (and NADH) accumulate (Figure 5) (Lawlor
and Khanna-Chopra, 1983). These conditions may favour production of
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Figure 5. Changes in the amount of ATP, NADPH, NADH, sucrosc,
and total amino acid and proline in rapidly stressed leaves of wheat

ammonia by nitrate and nitrite reductases; ammonia is converted to gluta-
mate and subsequently other amino acids are synthesized as the reduced
cellular state favours their synthesis and yet demand from growth is stopped.
Proline, for example, is produced from glutamatz in a reaction which is
probably mitochondrial and consumes reductant, not ATP. It is stgnuicant
that proline accumulates when P, is inhibited (and dark respiration occurs),
and light encrgy is still captured so that electron transport continues t¢ make
reductant. Proline accumulation in higher plants is probably the end product
of disrupted metabolism (Lawlor, 1983). Similarly. accumulation of glveine
betaine, derived from the phosphatydyl choline of membranes (Hanson and
Hitz, 1982), the appearance of myoinositel (Lawlor and Fock, 1977), and
accumulation of polyamines (Flores er al., 1985) with severe stress, suggest
strongly that metabolite accumulation is a damage responsc in many specics,
Glycine betaine. however, oceurs in halophytes under non-stregs conditious;
it has bencficial effects on enzyme stability in vitro, suggesting that it may
have a particular rol» in resistance 1o salinity and water stress (Hanson and
Hitz, 1982; Le Rudulier and Valentine, 1982). The accumulation of relatively
small amounts of proline in crop plants has, as yet, not been shown to confer
an advantage to cellular stability or for increased assimilation and yield (Blum
and Ebercon, 1976), although, by analogy with bacteria, a protective role in
metabolisny is expected (Le Rudulier and Valentine, 1982). Evidence for the
ability of accumulated metabolites to maintain productivity in crop plants is
circumstantial.

PROTEIN SYNTHESIS AND STRESS

Under mild to severc stress, protein synthesis slows (Hsiao, 1973) due to loss
of polyribosomes, possibly caused by ATP shortage. Impaired protein syn-
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thesis may change cell function and increase senescence of stressed Ieaves.
Perhaps damage to the protein synthesizing mechanism, or associated
metabolic processes, is responsible for the synthesis of *shock proteins’ similar
to those caused by heat shock in many organisms (Key er al., 1983). Such
proteins may be the product of metabolic disturbance without advantage.
However, they may protect the protein-synthesizing system or other
metabolic processes or have regulatory functions which enable the plant to
adjust 1o stress. As with accumulation of other metabolites, the funetion of
‘shock proteins’ is equivocal. They may be useful in stress studies and
breeding to indicate the susceptibility of the tissue to damage or its capacity to
adjust to stress. Examination of the relation of protein synthesis to carbon
metabolism and the ability of the tissue to survive drought might resolve these
questions and show if shock proteins are of direct use as a screen for drought
resistance. There is much interest in protein synthesis under stress because of
the potential for genetic enginecring (Key er al., 1985).

METABOLIC INDICATORS OF USE IN BREEDING AND
SELECTION

To be useful as indicators of plant adaptation to drought, metabolites should
(1) be produced in well-characterized reactions, (2) accumulate in reproduc-
ible fashion in response to quantified stress, both degree and duration, 3)
have clear functions in metabolism, ¢.g. as substrate or control molecules, and
(4) have a well-understood mode of action in stressed tissue. Metabolites
currently employed as selection criteria do not meet these theoretical
requirements on present experimental evidence. Proline, for example, does
not meet criteria 1, 3, or 4. Accumulation of substances or changes in the
rates of complete processes, ¢.g. carbon fluxes in metabolic pathways such as
sucrose synthesis, may be used to indicate severity of stress as well as the
resistance of different genotypes to it. However, it is unlikely that any one
mctabolite or process will provide an unequivocal measure of ‘drought
resistance”. Comparison of photosynthesis and amounts of selected metabo-
lites under defined stress may be a way of cvaluating genotypes. Selection or
production of genetic material with contrasted characteristics would enable
their resistance to be tested and related to yield, ete.

The following aspects of metabolism and physiology could be of potential
* 2lue in breeding programmes:

(1) Amounts of plant structure (e.g. light-harvesting membrancs) or of
soluble proteins or activities of enzymes (c.g. RuBPc-0). They relate only
rather approximately to the potential capacity for photosynthesis. ete, Their
relationship to drought resistance is unclear and it is difficult and time-
consuming to measure them.

(2) Amounts of metabolites from photosynthesis or secondary reactions
often corrclate with particular stress thresholds (Hsiao, 1973; Hanson and
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Hitz, 1982; Lawlor, 1983). They indicate metabolic functions and can be
correlated with growth and production. The most useful of these are amino
acids and indicators f membrane damage, c¢.g. myoinositol. They link to
other physiological changes, ¢.g. osmotic adjustment (Wyn Jones and
Gorham, 1983), and may be analysed by routine automated chemistry, and
can therefore be used widely in selection.’

(3) Mecasurement of carbon fluxes, ¢.g. by radiotracer techniques (Law-
lor and Fock, 1975, 1977), provides information about short-term
metabolic changes with stress. Methods are demanding, time-consuming,
and difficult to interpret, particularly if conditions are changing rapidly.

(4) Photosynthesis, measured by gas exchange with light and CO,
responses, integrates all associated metabolic processes, indicates effi-
ciency, and can be related both to the stomatal and metabolic activity
(Farquhar and Sharkey, 1982). Techniques are advanced, and relatively
rapid, and they can be used in the field on droughted crops. Mcasurements
can be combined with tracer studies and metabolite sampling for detailed
analysis of the drought responses.

CONCLUSIONS

Mecasurements of metabolic change provide an insight into the mechanisms of
plant production under drought, although no one process uncquivocally
meets the criterion of predicting improved productivity and yield stability.
Gas exchange measurements integrate all metabolic processes associated with
photosynthesis and may be used to select genotypes for ‘drought resistance’.
Methods are established and cquipment is available; P, should be correlated
with soluble metabolites (amino acids and sugars) and with crop dry-matter
production and yield. This approach will show the effects and value of
particular metabolic changes and provide material for breeding programmes
and for genetic manipulation. Such detailed analysis is impractical for evalu-
ation of large numbers of genotypes. Progress is most iikely where a combin-
ation of characters is selected in parental material. incorporated into the
required genetic background, and the results evaluated on selected genotypes
in the environment for which they are intended. Thus a combination of
physiological and metabolic studies will provide informatioa for selection and
assessment of plants to increase yield under stress.
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DISCUSSION

N. C. Turner
Where you compared the net photosynthesis at different CO; levels and light levels
in high and low nitrogen regimes and with and without stress, were the leaf water
potentials and stress history of the leaves similar?

D. Lawlor
Leafl water potentials of the irrigated treatments were similar but the droughted
were not. Large nitrogen rate increased water loss from the soil and leaf water
potential in that treatment was smaller than in low nitrogen.

S. K. Sinha
You have shown the effects of drought on various metabolic processes. Do you think
that leaf and dry mater integrate these effects, and hence serve as aood selection
criteria?

D. Lawlor
Yes, metabolic changes are many aud complex. Dry-matter production, yield, leaf
area, ete., integrate the effects of environment on metabolic steps in their produc-
tion, s0 they are the best single indicator of response.

E. Porceddu
There is evidence of great variation among and within species of wheat in SOD
activity when under stress. Have vou found any similar evidence?

D. Lawlor
No, I have no evidence but there may be differences, perhaps as there are in relation
to light.
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ABSTRACT

We consider the role of nitrate and organic nitrogen compounds in relation to
water stress and also aspects of nitrogen acquisition, biosynthesis, and
cycling. We analysed both laboratory- and field-grown plants (on a line-
source sprinkler) for metabolites, such as nitrate, proline, and other amino
acids. In the barley varicties tested these all increase in concentration with
increased water deficit. Such compounds are thought to act as osmoticants.
Total reduced nitrogen also increases in drought-stressed plants, and we
questioned the so-called drought susceptibility of nitrate reductase. The
quantitative changes of amino acids in stressed barley have been used to
construct a metabolic index of stress which correlates very well with rates of
water loss from leaves. This may be useful in characterizing the susceptibility
of plants to drought stress.

INTRODUCTION

The essence of crop improvement, be it through breeding or management
practices, is perhaps best expressed by Jonathan Swift in Gulliver’s Travels:

- .. He gave it for his opinion that whoever could make :wo ears of corn,
or two blades of grass to grow upon a spot of ground where only one
grew before; would deserve better of mankind, and do more essential

service to his country, than the whole race of politicians put together.

241
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In arid and saline arcas the problem is that we have hardly managed to get
one blade of grass to grow.

In this contribution we want to consider some of the ways in which plant
nitrogen metabolism is affected by osmotic stress: drought and salinity. The
reasoa for doing so is that not only is nitrogen an important nutritional
component for plants but it is also found in solutes that often comprise an
iniportant part of a plant’s total osmotica. In this latter respect it may play an
important role in controlling the water relations of plants in drought-stressed
environments. The amino acid proline, for example, can comprise [-2 per
cent of the total dry weight in water-stressed barley (Aspinall and Paleg,
1981), orin salt-stressed Triglochin maritima it may be as much as 1() per cent
(Stewartand Lee, [974). Therefore, a knowledge of the processes involved in
nitrogen transformations, within plants under drought stress, may point to
desirable metabolic traits needed to improve crop varieties for growth in arid
environments,

Under stress a plant may compensate at genotypic and phenotypic levels by
using existing structures or pathways, or it may modify its status by forming
new structures or switching on new pathways. Either way the end result is
represented by the two extremes of adaptation or death. In studying
metabolic changes it is vital that we know where on this continuum the
stressed plant lies. Conclusions about processes and the role of metabolites,
such as proline, are difficult if the plant is dead or dying. One such method of
overcoming this problem that is particularly applicable to the study of crop
plants in dry arcas is that of the line-source sprinkler (LSS). Water is supplied
to plants at times of stress such that those nearest the sprinkler receive an
adequate supply, while those furthest away receive hardly any, Plants can
then be sampled along the irrigation gradient. In this way changes along the
continuum unstressed—(adapted) —stressed can be more casily studied.

Itis convenient to regard plant nitrogen metabolism as three areas which
overlap and interact with cach other. This emphasizes that an alteration in
once of these areas can have repercussions in either or both of the other areas.
Under stress it is generally possible to observe changes in almost every facet
of nitrogen metabolism.,

NITROGEN METABOLISM

Acanisition

In arid soils the predoininant form of available nitrogen to non-leguminous
crops is in the form of nitrate. Soil availability apart, two components of the
acquisition of nitrate are involved: uptake and transformation or assimilation.
Itis likely that in the absence of transformation there will be a limit to the rate
of uptake.
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Figure 1. Nitrate accumulation in the shoot of four barley varicties grown
on the LSS at ICARDA, Tel Hadya, Syria, 1985

Experiments on mostly laboratory-grown plants suggest that nitrate will
accumulate under drought stress, while at the same time the activity of nitrate
reductase, the first enzyme of nitrate assimilation, will decline (Hanson and
Hitz, 1983). Four LSS-grown barley varicties (Beecher and Er/Apm,
improved varicties for drylands; Atem, a north European improved variety;
and Arabi Abiad, a Syrian landrace) showed differing responses of nitrate
accumulation under drought stress (Figure 1). Beecher and Atem showed a
six- to sevenfold increase in shoot nitrate accumulation down the irrigation
gradient. Arabi Abiad gave no consistent response, while the nitrate content
of Er/fApm remained relatively Jow and constant. Increasing irrigation can
mean increased nitrate leaching from the soil: thus availability rather than
uptake may be primarily affected. However, plants grown in nutrient solution
with 6 mM nitrate and then given incremental doses of PEG 6000 every 3
days were still able to increase their shoot and root nitrate coneentrations
more than threefold (TFigure 2).

This increase in nitrate concentration under water stress could be due to the
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Figure 2. Nitrate accumulation in the shoot and root of Hordeum
spontaneun and a land.ace barley, Tadmor, grown on successive
incremental PEG 6000 concentrations

inhibition of nitrate reductase activity due to its drought sensitivity (Sinha and
Nicholas, 1981). However, Smirnoff ef al. (1985) showed that nitrate reduc-
tase activity in Er/Apm and Arabi Abiad, when grown on an LSS, did not
decline, even when leaf water potentials were as low as —2.5 to —3.5 MPa.
These plants when given rapidly applied water stress in the laboratory showed
decreases in nitrate reductase activity of 40-85 per cent of the control.
Further tentative evidence that its activity may not be so rcadily inhibited by
drought stress in plants under ficld conditions is given in Figure 3, where we
give a comparison of tissue nitrate against tissue total nitrogen (not including
nitrate). Apart from Er/Apm, where no significant changes occurred, there is
a reasonable positive correlation between tissue nitrate and total nitrogen.
Can we, therefore, regard nitrate accumulation under increased water
deficit as an adaptive response: If Suaeda maritima is drought stressed on
PEG 6000 without NaCl, then it can accumulate nitrate to levels as high as
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Figure 3. The correlation of shoot tissue nitrate with total nit-
rogen in four barley varieties

300 mM. There is also quite a good correlation between nitrate concentration
and leaf water potential (unpublished). The implications are that nitrate can
act as an osmoticant. In lettuce it has been shown that nitrate may act as an
alternative osmoticant when organic acid and sugar concentrations are
reduced under low light intensities (Blom-Zandstra and Lampe, 1945).

Todal plant nitrogen content can be said to reflect the rates of acquisition,
although for irdividual tissues (roots, leaves, seeds, ete.) the other two
processes of assimilation and cycling will be directly involved. Figure 3 has
already intimated that total tissue nitrogen in barley may increase with
increasing drought stress. The same seems to be true of other non-nodulated
crops, provided soil nitrate is not limiting (Hanson and Hitz, 1983). The: total
nitrogen content of two barley varictics grown on well-fertilized s»il on an
LSS at two locations in Syria verifies these findings (Figure 4). Again the
notion of nitrate reductase activity being drought susceptible can be ques-
tioned, as clearly nitrogen acquisition and assimilation is secemingly increased
under water stress.
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Figure 4. Total nitrogen content of straw plus grain for two barley

varicties: Arabi Abiad and Er/Apm. Plants were grown on fertilized plots

on an LSS at two locations in Syria in 1984, The regression factors are

Breda: Arabi Abiad r = ~0.95 and Er/Apm r = —=0.85; Tel Hadya:
Arabi Abiad r = ~0.660 and Erc/Apm r = —0.67

Biosynthesis

While the role of nitrate reductase in tissues experiencing water deficit can be
questioned, it is generally agreed that nitrite reductase and the GS/GOGAT
mechanisms are not so readily affected (Sinha and Nicholas, 1981: Taylor ef
al., 1982).

With respect of intermediary nitrogen metabolism, much attention has
been focused on proline and the betaines in relation to drought and salinity
exposure. However, it must be pointed out that proline is by no means the
only amino acid that alters in plants under stressed conditions. Several others
accumulate: asparagine, phenylalanine, isoleucine, valine, and leucine.
Others that generally decrease are aspartate and glutamate (Stewart and
Lahrer, 1980). Asparagine, for example, though usually present in relatively
large amounts in unstressed tissue shows a small increase with increasing
water deficit (Figure S). Figure 5 also makes the point that total amino acids
increase in concentration with drought stress. This increase is over and above
the levels accounted for by both proline and asparagine. During water stress
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polyribosomes disaggregate and it is known that protein synthesis is inhibited
(Bewley et al., 1983; Hsiao, 1970); paradoxically some protein hydrolysis
may also oceur. More interesting are the possible implications of altered
pathways of protein synthesis. This has been pursued with respect to heat-
shock proteins (mentioned carlier at this mecting). Is it possible that

drought-shock proteins may also be discovered (Bewley er al., 1983)?
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Figure 6. Total amino acius in four barley varicties grown on an
LSS at Tel Hadya, 1985
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The data showing total amino acid concentration in the LSS-grown var-
icties (Figure 6) are less clear, mainly because there was too much rainfall
during the course of the field experiment. Yet with Beecher und Atem the
trend towards amino acid accumulation at the drier end of the LSS is evident,

Other nitrogen-containing secondary metabolites have also been impli-
cated in drought-stress tolerance (Turner and Stewart, 1986). Figure 7 shows
the rates ol increase, or decrease, of putrescine in four barley varieties against
the change in leal water potential. Plants were grown in pots from which
water was withheld and then compared to well-watered controls, The two
most drought-tolerant varietics, Rihane and Alger ceres, have a greater
capacity to accumulate putrescine, whereas in the least tolerant, Roho,
putrescine levels decline,

Cycling

In briefly considering the cycling of metabolites it must be emphasized that
the timing and duration of water stress wiil have different repercussions on
photosynthesis and photorespiration (C; plants). This will greatly affect both
the history of the buildup of metabolites and their subsequent mobilization,
Barley is predominantly a shoot assimilator of nitrate and so translocation of
nitrate t¢ the shoot is important. This movement may be inhibited if the
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Flg,urc~ 7. Leut putrescine concentrations in four barley var-
ictics compared to rates of leaf water loss. Plants were grown
in pots from which the water had been withheld for 7 days
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transpiration rate declines due to water deficit. Further, export of reduced
nitrogen, or other metabolites, from leaf to root, other leaves, and grain, has
several stages that must be sensitive te changes in plant water status. Enzymes
involved in cither de novo synthesis or protein hydrolysis and amino acid
catabolism could be affected. Movement to and through the phloem to the
target site, as well as subsequent transformations and synthesis, may also be
altered under stress (Hanson and Hitz, 1983).

BIOCHEMICAL ASPECTS IN RELATION TO CROP BREEDING FOR
AR ENVIRONMENTS

From the data presented in the previous sections it is clear that in barley,
although the overall changes in nitrogen metabolism are similar, the extent of
these changes show marked intervarictal differences. There is also a degree of
intravarictal variation that is more evident in the landrace Arabi Abiad.
Selection for some of this genotypic variation with regard to the crop
physiology may be uscful, provided desirable traits can be characterized. For
instance. the evidence for barley suggests that the more drought-tolerant
varietics have a lower water potential threshold before nitrate, proline, and
amino acids in generai begin to accamulate. In this respect a useful metabolic
or physiologica! trait must: (1) have diagnostic value, (2) be readily measured
or quantified, (3) preferably show a wide hertable variation, and (4) be casy
to select for.

In order to comply with the above criteria we have worked on constructing
a metabolic index of stress. This is based on changes m the amino acid
content. The idea of an index of stress is not a new one; indeed indices have
been constructed purely from visual assessment of damage to plants during
stress. This index could revolve around those amino acids hat increase
(numerator) and those that decrease (denominator):

Pro x Phe x Isol x Val x Leu
Asp x Glu

Figure 8 shows the close corrclation of the index with rates of leaf water loss
from five barley varieties (cf. Figure 7). However, the techniques for indi-
vidual amino acid quaatification are time consuming and at best might only be
useful for looking for favourabic parents for crosses. As proline has by far the
highest concentration than any other amino acid formed in barley under
stress, then an index of proline/total amino acids might be more useful. This
has the advantage that simple colorimetric techniques can be used, and it
could be possible to screen modest numbers of offspring from crosses. The
index for the four LSS bariey varieties has been calculated against grain yicld
(Table 1). The higher values for the gas chromatograph are probably due to
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Figure 8. Flot of the natural log of the stress index against rate
of leal water loss for five barley varieties

the greater sensitiviiy of this technique. There is a strong negative correlation
of grain yicld with both indices (both r = —0.99).

We have already heard from Dr Marshall that any screening technique
must be rapid and simple, and capable of characterizing oftspring numbering
tens of thousands. One such technique which we are currently analysing is the
effect of stress on grain £11. Proline cycling from leaves, or possibly the awns,

Table 1. Index of proline/total amino acids tor four varictics of barley
receiving only 373 mm rainfall. Plants were grown at Tel Hadya,
Syria, 1985

Index Girain
e, yield

Variety Colorimetric Gas chromatography (kg/ha)
Arabi Abijad 0.122 0.334 3976
Beecher 0.216 0.461 2489
Er/Apm 0.356 — 3016

Atem 0.522 0.675 2035
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Figure 9. Correlation of grain yield with grain proline content in
Arabi Abiad, a landrace barley

to the grain may reflect the history of the drought stress during grain
maturation, and therefore it could be a useful aid to metabolic profiling. In
this way there is no need to spend time growing progeny before sampling, and
results can be compared readily with grain yield. Preliminary results (Figure
9) do indicate that there is a marked correlation between grain proline and
final yield in Arabi Abiad.

CONCLUSIONS

Even if physiological and metabolic profiling is not a realistic means of
screening large numbers of offspring from crosses, it may still help the plant
breeder in several ways. As far as we know within the entire barley genome
there is a limit to the degree of drought tolerance that can be achicved.
Physiological characterization of ancient relatives, landraces, and improved
varietics can assess these likely limits. It is impossible to conceive of barley
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being dessication tolerant 25 with the mosses and resurrection plants, or that it
can be made truly drought tolerant like the desert succulents. In the ei:d there
has to be a price paid for drought tolerance. If it is attainable it may only come
as a result of drastic yield reductions. Even the accumulation of osmoticants
such as proline or nitrate come at a price—the use of energy for uptake and
production and the waste of potential resources they represent (Oertli and
Jenka, 1985). In studying barley in terms of water use the physiologist might
just as casily ask how flood tolerant is it? In this way barley’s potential
genotypic position on the full spectrum of flood tolerance to true drought
tolerance could bz assessed.
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Modelling Stomatal Conductance in the
Identification of Physiological Traits for
Drought Resistance

A. M. CASTRIGNANO, N. LosAvIO, M. MASTRORILLI, and M.
E. VENEZIAN
Istituto Sperimentale Agronomico (MAF), Via C. Ulpiani 5, Bari, Italy

ABSTRACT

We propose a model that utilizes the response of stomatal conductance (K.)
to net radiation (R,,), vapour pressure deficit of the atmosphere (VPD), and
leaf water potential ().

We carried out the model calibration on the basis of the data from both
stressed and irrigated durum wheat. The calculated parameter values
appeared to be higher in well-watered plants for: (1) the maximum of K
under non-limiting light conditions and the rate of reaching this maximum
and (2) the minimum threshold of Y for the beginning of stomatal
opening. We observed lower values in stressed plants for these parameters:
(1) rate of stomata closing at the increasing VPD and (2) rate of stomatal
response to increasing ;.

We then discuss some speculations on the possibility of utilizing the values
of the considered physiological traits in breeding for drought resistance.

INTRODUCTION

Screening of genotypes for high yield under arid conditions should be based
on simple and rapid analytical procedures. The measurement of plant water
status and stomatal conductance K, can be used as a tool to evaluate the
genotype response to water deficit; the leaf water potential i is a good
overall indicator of the plant water status and the stomata opening, which is
related to the water status of the leaf, and can be used for the estimation of
the rate of water vapour flow (O'Toole e al., 1984).
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The crops respond differently to moisture deficit: some genotypes can
tolerate the water stress, reducing the sensitivity of stomata to lower values of
leaf water potential; on the other hand, the genotypes capable of maintaining
a relatively high water potential, when exposed to drought stress, could be
selected as drought avoiders.

The cultivation of durum wheat is of great importance in the Mediterranean
arca but its yicld fluctuates from year to year primarily due to the climatic
conditions, and drought is considered the main cause of yield reduction.

A mathematical model that can predict the stomata conductance behaviour
on the basis of some ccophysiological variables has been calibrated on durum
wheat in southern Italy under rainfed as well as supplementary irrigation
conditions, as a means to screen wheat lines most suitable for dry regions.

MATERIAL AND METHODS

We grew durum wheat under two different water supply conditions: rainfed
and irrigated (88 mm water applied at two different times) and measured
stomatal conductance and leaf water potential (Scholander et al., 1965)
during the flowering and sced-setting stages for two growing scasons.

Stomatal conductance was measured at different levels of radiation and air
humidity by a steady-state diffusion porometer equipped with a thermocouple
sensor to measure leaf temperature. The K, of the wheat flag leaf was
estimated by K, = &,, + K., where K, and K, are abaxial and adaxial
conductance, respectively (Brun et al., 1973).

During the period of measurements, net radiation, air temperature, and
relative humidity were determined and the actual vapour pressure deficit
(VPD) was estimated and expressed in megapascals.

Because many factors affect K, we propose a phenomenological model for
the stomata responsc to the main ecophysiological variables, on the basis of
the functions between K, and R, VPD and i,; these functions representing
the K, response to cach variable—the others being constant—were obtained
by Jarvis (1976) from the data from crops grown under controlled conditions
and checked later experimentally.

Assuming the cffects of the variables R, VPD, iy, acting at the same time
in the field, to be multiplicative and neglecting synergic effects, the resulting
global function for the stomatal conductance is:

K.(R,, VPD, ¥i;) = f(R,)(VPD)f({)
The first terin on the right-hand side of the equation:

P.P:R,
R, = AL
J(R,) P T PR,

relating K to R, is a rectangular hyperbola and its parameters are
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asymptotic value of K, under non-limiting light and optimal condi-
tions for the other variables

P, = slope of the function K, versus R,forR,— O

P,

The second tevm:
JS(VPD) =1~ P, x VPD

relating K, to VPD is lincar and its parameter P; is the rate of stomata
closing at the increase of VPD. Finally, the third term:

SOy =1-1¢ " - P
relating K, to i, is an exponential function with two parameters:

P, = rate of stomata response to increasing o,
Ps = lower threshold value of W, for the beginning of stomatal opening

We used an iterative process. implemented on a minicomputer using the
Marquardt method, to estimate the parameters (Marquardt, 1963; Draper
and Smith, 1966). The standardized residual, re. the ratio of the residual
(measured K, — predicted K.) to the standard error of the residual, was
estimated for each observation. The objective criterion used to test the model
depended on the value of standardized residual: observations with standard-
ized residual greater than two were neglected.
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Figure 4. Surface response of K, to R, and VPD on irrigated
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RESULTS AND DISCUSSION

We carried out the model calibration by utilizing two sets of data on durum
wheat grown under two different water supply conditions.

The surface responses of K, to two changing ecophysiological variablcs and
the third one unchanged are shown in Figures 1, 2, and 3 for the rainfed
treatment and Figures 4, 5, and 6 for the irrigated one. The main factors
controlling stomatal conductance appear to be R, and y,; the VPD appears to
affect this behaviour only in rainfed plants. Morcover, rainfed plants are
characterized by terally less conducting and more sensitive stomata to
changes of VPD an. o, if compared to irrigated plants.

Tabic 1 shows the estimated parameter values and their standard errors
(P = 0.05).

Corresponding parameter values between rainfed and irrigated plants
differed significantly. In particular, it seemed that the peak values of stomatal
conductance (P;)-—obtained at the same light saturation levels—were higher
in irrigated plants due to a higher soil water supply; the stomata of irrigated
plants were found to be more sensitive, i.c. they responded with a higher
opening rate (P,) to the increase of the net radiation and, at the same time,
were less sensitive to the increase of vapour pressure deficit (P3) and to the
leaf water potential variations (P3). Morcover, rainfed plants showed a lower
threshold value for the beginning of stomatal opening (Ps).
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Table 1. Estimated parameter values and their standard crrors

(P =0.05)

Rainfed plants Irrigated plants
Parameter Values SE Values SE
P, 0.484 0.022 2.020 0.057
P, .084 0.012 0.404 0.051
P, 210.672 19.081 04.735 18.224
P, 3.434 (1.824 0.406 0.017
P ~4.289 (1.098 -3.758 0.081

The parameter values obtained by the model calibration could be utilized as
a guideline to choose those attributes that may allow identification of wheat
genotypes most suitable for arid conditions.

Indeed, as reported by many workers, the differences in stomatal opening
and closing rate may supply useful information about the total capacity of a
plant to withstand water shortage (Shackel er al., 1982). In plants of Elaeis
guineensis (Jacq.) grown under dry conditions a higher yield was found to be
associated with a more rapid stomata closing as the water stress was starting
(Adjahoussou and Louguet, 1984). The other important factor that can
change the crop response to drought is the ability for poststress recovery
(Blum, 1984; Williams, 1984). Finally, the ability to keep stomata open at
lower leaf water status has been considered a drought resistance character by
many workers (Blum, 1984; Louguet, 1984; Adjahoussou and Louguet,
1984), and many genetic studies have reported that the leaf conductance and
water potential have a fairly good inheritability.

Based on the above information and our own experimental results, we
made attempts to identify the most suitable drought resistance traits for a
genotype: a lower peak value of K, stomata less sensitive 1o increasing solar
radiation and more sensitive to increasing VPD to limit water loss; more
sensitive stomata to leaf water potential variations, i.e. stomata quickly
closing at decreasing Wi, and rapidly opening at rising i, after a rain or an
irrigation in order to facilitate the poststress recovery; a lower threshold value
of r, for the beginning of stomata opening to enable plants to photosynthesize
cven under low water supply conditions.

Plant breeders can select lines for K, optimal values, assuming it to be a
dynamic function affected by many environmental factors on the grounds of
the parameter values obtained through the model proposed here.
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Responses to Water Deficits in Relation to
Breeding for Drougnt Resistance

E. FERERES
SIA and University of Cordoba, Apartado 240, 14071 Cordoba, Spain

ABSTRACT

In recent years, substantial knowledge has been accumulating on crop
responses to water deficits under relevant environmental conditions. Osmotic
adjustment, root growth under water stress, and maintenance of green area
and of gas exchange arc among the responses postulated to benefit crop
performance under limited water supply.

In breeding for drought resistance, use of current knowledge on crop
responses to water deficits is limited by ai least two problems. First, drought
resistance is a complex attribute of a crop community and it is not clear how
specific adaptive mechanisms are integrated in determining yield under water
stress. Therefore, selecting for any single adaptive mechanism may not result
in any vield improvestent under drought, There is also a lack of available
techniques for rapid scicening of large numbers of genotypes. Notwithstand-
ing these limitations, an understanding of crop responses to water deficits is
essential to define breeding strategies. We present a case study on sunflower
to demonstrate how physiological and agronomic knowledge can be used in
assisting breeding efforts for drought resistance.

INTRODUCTION

The study of plant responses to water deficits has been one of the major
rescarch topics in plant physiology for decades. An important justification for
such efforts is that, on a global scale, drought is the main environmental factor
limiting plant productivity (Boyer, 1982). Improvements in productivity have
depended heavily on plant breeding to increase the genetic yield potential of
crops. It is therefore critical to apply the knowledge on plant responses to
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water deficits to the breeding efforts designed to overcome the limitations that
drought imposes on crop productivity.

There has been little use of water stress studies in breeding programmes,
however. One reason is that most breeding programmes are designed to
increase the genetic yicld potential of crops in the absence of drought or any
other environmental limitation. This is because both empirical evidence and
theoretical considerations (Rosiclle and Hamblin, 1981) suggest that the
greatest progress in improving mean productivity would be achieved by
selecting under optimal conditions. On the other hand, many water stress
studies have been conducted under controlled conditions and the observed
responses are of questionable relevance to processes influencing crop yield
under field conditions. Until recently, the major form of interaction beciween
stress physiologists and plant breeders started with the physiologists’ sugges-
tions of an apparently important trait to select for (usually at the lower levels
of biological organization), and ended among the difficultics in devising rapid
screening tests for the trait and the general skepticism of the plant breeder.

While the above-mentioned approach has not been productive, recent
advances in the understanding of crop responses to water deficits in the field
(e.g. Turner and Kramer, 1980: IRRI, 1982) as weil as multidisciplinary
studies on the role of water in crop production (e.g. Taylor et al., 1983; Stone
and Willis, 1983) will certainly assist current and future efiorts in hreeding for
drought resistance. There is little doubt now that such eiforts are warranted in
many arid areas of the world where varieties bred under optimal conditions
never approach their yield potential.

Progress in breeding for drought resistance will require a number of
concerted efforts. First, the drought patterns must be characterized and
quantified in terms of probability levels. Then a number of potentially useful
agronomical and physiological traits must be identified and gencetic variation
within the germplasm pool must be found. Also. the adaptive value of the
selected traits must be demonstrated, preferebly through the development of
isogenic lines differing in the degree of expression of the particular traits.
Furthermore, efficient breeding methods must be designed, incorporating
rapid screening procedures for the traits involved. Evaluation of promising
lines in several environments representing a range of relevant drought situa-
tionis is imperative. Also, as simulation models become more realistic they
could aid in designing specific breeding strategies (Jordan er al., 1983).

Itis evident that breeding for specific, suboptimal environments will require
a deeper understanding of yicld-determining processes (Blum, 1983), and this
is where knowledge on crop responses to water deficits may be best put to use.
We revicw here some responses to water deficits that may be relevant in
breeding for drought resistance, Emphasis is given to our efforts directed at
evaluating the potential for increasing sunflower yields under the dryland
conditions of southern Spain.
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YIELD RESPONSES TO WATER DEFCITS

In several crop species there is evidence of genetic variability in their yield
responses to water deficit (Fischer and Maurer, 1978; IRRI, 1982). An
assessment of such variability may be obtained by conducting yield trials in
several drought-prone environments (Blum, 1983) by simulating a range of
water deficits using a line-source sprinkler system {Garrity et al., 1982) or
simply by comparing genotype performance under drought and under optimal
water supply threugh irrigation (Fischer and Maurer, 1978). Using the last
scheme, rainfed and wrrigated yields may be combined to evaluate the drought
susceptibility of various genotypes and its relation to yield potential (Fischer
and Maurer, 1978).

Over the last five years we have evaluated the genetic variability of
sunflower cultivars at Cordoba, Spain, under .ainfed and irrigated conditions
(Fereres et al., 1986). In all experiments we found a substantial variation in
botir dryland and potential vield. Variation in yicld potential among commer-
cial hybrids was mainly related to the length of the growing scason, while
dryland yields varied even within the same matarity range. The variability in
dryland yicld among genotypes of similar length of season was explained by
variation in the harvest index (1) (Figure 1), indicating that drought-
resistant cultivars are capable of maintaining high HI values when subjected
to water deficits. Adjustments in seed number were of primary importance in
the maintenance of the Hi under drought, while there was less variation in
individual seed “veight among the genotypes studied (Fereres et al., 1986).
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Figure 1. Relationship between harvest index

and rainfed grain yicld for sunflower genotypes of

similar length of season. (Adapted from Fereres
et al., 1986)
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One important limitation of cvaluating genotype performance on the basis
of the rainfed and irrigated yield in a single experiment is the year-to-year
variation in drought patterns, which can be significant even under predictable
Mediterrancan conditions. Such climatic variability can change the relative
ranking from year to year (Fischer and Maurer, 1978; Fereres eral., 1986). If
yield response is the major criterion in a brecding programme, moie extensive
genotype evaluation may be performed by (1) varying planting dates which
normallv result in different water stress levels, (2) using soils that differ in
their water-holding capacity (within those representative of the typical soils in
the target arca), and (3) conducting experiments at several locations known to
differ in rainfall or drought patterns. The above considerations alsu empha-
size the limitations of the empirical vield trials when they are used as the only
tool in drought resistance breeding programmes. 1t is therefore desirable to
include in such programmes aspeets of physiological responses to water
deficits as well as studies of soil and climatic variability within the target arcas.

PHYSIOLOGICAL RESPONSES TO WATER DEFICITS

Too often, genotypic differences in physiological responses to water deficits
have been pursued with the expectation that they would correlate with
presumed differences in yield under drought. A more fruitful approach may
be to study the variation in physiological responses only after consistent
differences in yield have been found among the genotypes considered. As
stated above, selection based on physiological responses should not start
unless the benefits of such responses in terms of vield advantage have been
demonstrated using isogenic lines differing in response levels. Progress using
this approach has been shown for ABA accumulation in wheat (Quarric,
1981), accumulation of proline and glycine betaine in barley (Hanson and
Hitz, 1982), and for other metabolic responses (sce this volume). An interest-
ing example is that of proline accumulation. For more than a decade,
accumulation of proline, described as a response to water stress (Hsiao,
1973), was proposed as a mechanism conferring adaptive value to plants
under water deficits (e.g. Singh ef al., 1972). Only until a critical study on the
role of proline in the adaptation of barley to water deficits was conducted by
Hanson and others (summarized by Hanson and Hitz, 1982) was it possible to
demonstrate that accumulatior: of proline does not confer a yield advantage to
barley in drought situations.

Associations between specific metabolic responses and yicld under drought
must be weak at best. Alternative studies which evaluate several physiologial
and agronomic responses of genotypes differing in drought resistance (Blum
et al., 1983; Aggarwall and Sinha. 1984: Nicolas er al., 1985) offer more
promise in the development of physiologically based breeding programmes.
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GROWTH, WATER RELATIONS, AND CROP PRODUCTIVITY

To explain the yield differences among sunflower genotypes we studied a
number of morphological and physiological responses of cultivars winch had
contrasting behaviour under water deficits (Gimenez and Fereres, 1986). As
reported earlier by Takami er al. (1982), we also found no evidence of genetic
variability in short-term leaf-prowth responses to water deficits. However,
there were drastic differences among genotypes in long-term leaf area
development and dry-matter accumulation (Gimenez and Fereres, 1986).
Twofold differences in LAT and leaf arca duration among cultivars were
observed, and some of the late genotypes produced 50-64 per cent more dry
matter than carly cultivars.

Genotypic differences in leaf water relations have often been described in
the literature, although rarely have they constituted a basis for breeding
programmes. An exception is that reported by Morgan (1983) who success-
fully used osmoregulation as a selection criterion for breeding drought-
resistant wheat. Osmotic adjustment has been associated with higher yiewds in
a comparative study of iwo sorghum hybrids (Wright er al., 1983). Its
adaptive advantage was attributed to the maintenance of high leaf conduc-
tance under low water potential. In contrast, in another comparative study
with two cotton genotypes (Quisenberry er al., 1985), higher yields were
recorded in the genotype which exhibited carlier stomatal closure. Thus,
maintenance of stomatal opening under a lirited water supply may or may
not benefit yields, depending on whether there is sufficient water to complete
the crop life cycle.

Our studies with sunflower on water relations (Gimenez and Fereres, 1986)
have not shown large differences in osmotic adjustment among genotypes.
However, the small differences observed were enough to induce nearly a
twofold difference in leaf conductance for a given low water potential value
(around 2.5 MPa). In some years, we detected genotypic differences of
about 0.5 MPa in predawn leaf water potential near the end of the scason
(Gimenez and Fereres, 1986).

Few studics have shown how genotypic differences m growth and water
relations in the ficld may affect the seasonal patterns of assimilate utilization
and distribution.  Gimenez and Fereres (1986) computed for several
sunflower genotypes an approximate balance sheet of the glucose equivalents
produced and utilized during the reproductive period (Table 1). The use of
glucose equivalents is justified by the high oil (around 50 per cent) and
protein content of the sunflower seed. The estimates presenied in Table |
indicate the quantitative differences between the two genotypes in canopy
photosynthetic efficicney during the reproductive period. The late genotype
(Sungro) apparently assimilated more per unit leaf arca duration, indicating
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Table 1. Computation of glucose equivalents (GE) required for the rainfed
production of an carly and a late sunflower genotype during the reproductive
period. (Adapted from Gimenez and Fereres, 1986)

Y R T LADg E
Genotype (GE/m?) (GE/m?) (GE/m?) (uiys) (GE/mY/day)
A, x R, 384 62 227 57.4 9.0
Sungro 446 554 419 37.1 15.7

Y, grain yicld; R, respiration; T, translocation from vegetative parts to the grain; LADy, leaf
arca duration after flowering; and E, canopy photosynthetic efficiency after flowering
(Y+R-T)+ LADp).

greater rates of photosynthesis when subjected to water deficits late in the
season. This idea is supported by the higher leaf conductances under water
stress observed in Sungro after flowering {Gimenez and Fereres, 1986).

EFFICIENCY OF WATER USE

The analysis of Tanner and Sinclair (1983) suggests that it would be unlikely
to find genotypic differences in water-use efficiency (WUE) for biomass.
Loomis (1983) also emphasized that evaporative demand is a major factor
influencing WUE. Our data in Figure 2a show differences among sunflower
genotypes in WUE for biomass. Sunflower in southern Spain is planted at the
end of winter and develops into the hot summer. The late genotypes thus
require an additional 30-75 mm of water to produce the same amount of
biomass as that produced by the carly genotypes which develop faster during
the period of low evaporative demand.

Similar differences in WUE for grain yield are shown in Figure 2b, since the
harvest index of the late cultivars tends to be lower due to the more severe
water deficits (Fercres et al ., 1986). Differences in WUE for oil yield are less
pronounced (Figure 2¢) because of the typically higher seed oil content of the
late genotypes. From the standpoint of WUE it can be concluded that earlv
sunflower genotypes may be more appropriate in situations of limited water
supply.

Genotypic variation in seasonal cvapotranspiration (ET) must be due to
differences in soil water extraction. Figure 3 shows the soil water extraction
for two contrasting sunflower genotypes. The late genotype explored substan-
tially greater soil depth, transpiring water that was not available to the early
genotype. That additional subsoil water extraction was mostly due to a longer
root growth period rather than to differences in apparent root-growth rates
(Figure 3). Obviously, water must be available to those genotypes capable of
exploring the deep subsoil.
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CONCLUSION

Drought escape has been a successful tactic in increasing the yields of many
crop species grown under limited water supply. Early genotypes of sunflower
have higher WUE (Figure 2) and may complete their life cycle in southern
Spain before the hot summer arrives. It would seem to be desirable to select
for short-scason genotypes in that situation. However, experimental data over
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the last five years suggest that late genotypes yield as much or more than the
carly ones when sufficient wate: is available in the subsoil. This apparent
paradox may be clarificd by plotting the experimental data in terms of
probabilities (Figure 4). When rainfall from Apiil to June is substantial, it
enables the carly genotype to complete its life cyele with less yield loss than
the later cultivar. Such a situation occurs at Cordoba, however, only once
every three to four years (Figure 4). In ali other cases, yield of the late
genotype is higher if the subsoil has been replenished by winter rainfall
(annual rainfall at Cordoba is 650 mm, mostly between October and March).
From consideration of Figure 4, it may be concluded that sunflower breeding
for the dryland conditions of south-western Spain should be based on
long-scason germplasm. ‘

Finally, it took five years of ficld experimentation to colleet the data
presented in Figure 4. Similar information could be obtained in a much
shorter time period if realistic simulation models were available  for
hypothesis testing. Such models will therefore become invaluable tools to
breed plants for specific environments in the future.
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DISCUSSION

H. Harris
You have not commented on the characteristic of sunflower to shed its radiation
load at relatively high plant watcr potentials. Could you comment on this charac-
teristic and speculate on its possible usefulness in cereals for the arcas we are
considering?
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E. Fereres
Such response is very significant and decreases radiation interception at midday by
50=70 per cent at a time when the evaporative demand is highest. A similar
response has been observed in grain sorghum where le.“angle changes substantially,
leaves becoming more erect under moderate water stress. | suppose that the same
mechanism could be useful to winter cereals which have an architecture similar to
that of sorghum.

R. B. Austin
The annual rain in your area is about 650 mm. Sunflower roots extract water to a
depth greater than 2.5 m. [s their actual evapotranspiration greater than the annual
rainfall and, if so, what are the consequences?

E. Fereres
The evapotranspiration of dryland sunflower crops varies between 330-450 mm
depending on year and genotype. In our typical wheat--sunflower rotation, there is a
high probability (- 40 per cent) that the soil profile will be refilled to the depth that
sunflower roots extract water before this crop is planted every other year.

D. Lawlor
You showed that there is substantial contribution of stored material to late grain
filling. Do the carly sowings and greater biomass provide a larger storage capacity
for remobilization under drought?

E. Fereres
The suggestion is correet. Long-season genotypes planted in winter produce large
amounts of biomass, which is apparently remobilized during grain filling,
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ABSTRACT

Experiments in controlled as well as ficld conditions showed the existence of
differences between barley varieties in both spatial patterns and rates of root
growth. Barley plants grown in controlled conditions for 8 weeks showed a
fourfold range of root length and a twofold range in leaf area, although the
two measures were not correlated. In field-grown crops, fertilizer appli-
cation increased the total root length and there were small, but significant,
differences between varieties. From stem elongation until maturity, the local
landrace, Arabi Abiad, had a longer root system below 15cm than the
varicty Beecker. The rate of water uptake from each soil layer increased as
root length increased to | em root/cm? soil,

In Mediterrancan environments, the depth of rooting is generally liniited to
the depth of profile wetting, and about 50 per cent of the rainfall is lost by
cvaporation from the soil surface. The timing of root growth, the root length
in a soil layer, and the rapid growth of lcaves to cover the soil are therefore
important for maximizing water use and the productior. of dry matter, These
may be affected by the applicatior. of fertilizer and by the choice of varicty.

INTRODUCTION

Differences between plant species in the size and shape of root systems are
well established. Differences within species have also been found (O'Brien,
1979; Richards and Passioura, 1981), although the magnitude and conse-
quences of the differences are only now being assessed. Taylor (1980) reviewed
the assumption that plants nced deep, vigorous root systems ir. drought-prone

275
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environments and concluded that rooting depth, root leagth in specific soil
layers, and the resistance to water flow within the root were all relevant
attributes of such a root system

The characteristics of a desirable root system will vary with edaphic and
climatic conditions. First, where water is stored deep in the soil profile, a deep
root system will be necessary (Hurd, 1974). Second, where the amount of
rainfall is uncertain and the crop must survive on stored water in the soil, a
sparse root system extracting water at a slow rate but for a prolonged period
may be advantageous (Passioura, 1972). Finally, where evaporation from the
soil surface is a major component of the total water use, a dense root system
may censure that & greater proportion of the water is transpired.

The purpose of this paper is to show the extent of varietal variation in some
root characteristics of barley grown in glasshouse and field conditions and to
indicate the characteristies that may be important for water use in Mediter-
rancan environments,

THE MEDITERRANEAN ENVIRONMENT

The Mediterranean climate is characterized by winter rainfall that peaks at
the time when temperature and radiation are at their minimum (Harris ef al.,
this volume). In northern Syria, rainfall decreases after March and tempera-
ture increases rapidly, so the autumn-sown crops frequently experience
drought during the grain-filling stage. The ficld work referred to in this paper
was done at sites in northern Syria in collaboration with the International
Center for Agricultural Research in the Dry Arcas (ICARDA). Jindiress has
a mean annual rainfall of 472 mm and Breda 283 mm. The soils at both sites
contain appreciable quantities of smectite and are classified as a Palexerollic
Chromoxerert (Jindiress) and a Typic Calciorthid (Rreda).

METHODS FOR ASSESSING ROOT GROWTH

Glasshouse cxperiments at the Department of Soil Science, University of
Reading, and field experiments at ICARDA sites in Syria were carried out to
compare the growth and development of roots and shoots of a range of barley
varicties,

In the glasshouse, a range of varieties was grown in three rooting media:
nutrient solution, sand with perlite watered with nutriznt solution, and sandy
loam soil from the University of Reading Farm at Sonning. The mean
temperatures were 19°C for roots and 24°C for shoots.

In field experiments, up to six barley varictics were used to examine
relations between water use and root and shoot growth. Roots were sampled
using a 10 cm diameter Jarratt auger in 15cm increments down the soil
profile. Roots were separated from the soil by washing with water and dead
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roots and debris were removed by hand. In both glasshouse and field studies,
root length was measured by couating intersectic.as with a 1 em grid (Ten-
nant, 1975). Root and shoot weights were measured after drying at 80°C and
the green area of shoots was measured with a planimeter. Selected results
from these experiments are presented here; full descriptions appear else-
where (Brown et al., 1987; Cooper et al., 1987; Wahbi, 1986).

VARIATION IN ROOT AND SHOOT GROWTH OF BARLEY
VARIETIES

Barley varietics show significant variation in both -rates of root and shoot
growth and the ratio of root length to leaf area during early growth (Figure 1).
While it is casy to demonstrate such differences in controlled conditions, it is
rare for substantial differences to be demonstrated i the field. However,
Brown et al. (1987) compared Arabi Abiad (a local landrace) witli Beecher
(an improved, widely adapted variety) and showed that although the total
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Figure 1. Root length and leaf area of five barley varieties at the
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Figure 2. Root length of Arabi Abiad and

Beecher at the beginning of stem extension (s)

and maturity (m). Both crops were grown at
Breda in 1982-3 and given fertilizer

length of both root systems was similar, Arabi Abiad had a significantly
greater root length below 15cm at the beginning of stem extension and at
maturity (Figure 2).

Similarly, differences exist in the shoot growth. Table 1 shows the ranking
of varieties according to shoot weight. In the glasshouse experiment there was
some interaction between the rooting medium and variety; nevertheless,
there were consistent differences between varieties. The ranking order of the
varieties in the field was similar to that in the glasshouse at an equivalent stage
of growth,

Rihane was generally worse than other varieties during early growth and
Arabi Abiad, Beecher, and Cytris were generally better than average. How-
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Table 1. Ranking of shoot weights of barley varicties at the four- to six-leaf stage,
beginning of stem extension (s) and maturity (m). Plants were grown in the glass-
house in nutrient solution (n.s.), sand with perlite (s.p.), and soil, and in the ficld

at Breda.

Arabi

Abiad Beecher Cytris Matnan Rihane Swanneck
Glasshouse
(5 leaves)
n.s, 2= 2= 1 5 4
s.p. 1 3= 3= 5 2
soil 2= 1 2= 5 2=
Breda
1982-3
s 1 2
m 1= 1=
1983-4
6 leaves 2= 1 4 6 5
s = 1= 1= 4 6 5
m 1= 1= l= 6 4= 4=
1984-5
4 leaves 2 4 1 3 4=
s l 4= 2= 2= =
m |= l= 4= 3 4=

ever, Swanneck grew well in the glasshouse but was worse than average in the
field. Differences between glasshouse and field results may be due to differ-
ences between varicties in response to temperature (mean air temperatures of
24 and 9°C, respectively) and to frost, which occurred only in the field
experiments. Further work is necessary to explain the variation in results
between media and to design simple techniques that might allow screening of
larger numbers of varieties.

Table 1 also shows that, in most cases, the ranking of varieties growvn in the
field changed little between stem extension and maturity. In all years, Arabi
Abiad had the highest shoot weight at both stem extension and maturity, and
weights of Rihane and Swanneck were generally among the lowest through-
out the growth period. Cytris was unusual in its fast rates of growth initially
but during 1984-5 irs ranking fell in later growth. Generally, the potential for
high productivity is determined by high growth rates during eaily growth but
this potential may not be achieved if frost or severe drought curtail later
growth,
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WATER USE BY BARLEY

Water use by a crop of barley grown at Breda during the 1982-3 season will
be used to illustrate the features of the Mediterranean environment. Figure 3
shows that water penetrated slowly down the profile during the winter to
reach its mazinum depth in March (90 cm in the fallow and 75 cm under
barley). The total water content of the soil profile also increased during the
winter period, reaching a maximum 1 about mid-March (Figure 4); there-
after cvaporative demand exceeded rainfall and the profile dried again either
by crop cxtraction of water or evaporation directly frem the soil surface or
both (Cooper, 1983; Gregory et al., 1984). The depth of wetting varies from
szason to scason and site to site, depending upon the total rainfall and its
distribution within the growth scason.

Effects of fertilizer applications and of varicty on watcr use are shown in
Figure 4. Total water use for the whole season was similar for all treatments
(sze Cooper er al., 1987, for details) and approximately equal to the seasonal
rainfall, as was found in other studies (Cooper, 1983; Gregory et al., 1984).
However, application of fertilizer increased the soil water extraction rate
during March and also the total water use by about 10-20 mm. The differ-
ences between varicties were smaller than the effects of fertilizer and Arabi
Abiad used more water than Beecher. Earlier use of water by Arabi Abiad
and by crops given fertilizer was associated with longer root systems, particu-
larly below the surface 15 cm (sec Figure 2 for effects of variety and Brown et
al., 1987, for effects of fertilizer). Figure 5 shows that at both Jindjress and
Breda, the mean rate of water extraction for individual soil layers during the
period of drying was related to the root length present in that layer. Water
was extracted at a maximum rate by about 1 cm root/cm? soil. Measurements
for the 0-15 cm layer have not been included in this figure because of the
substantial evaporation from the soil surface that occurs from this layer; in
deeper soil layers almost all of the chauge in soil water content is due to
uptake by roots.

CONCLUSIONS

This paper shows that there are differences between varieties in the growth of
roots, In the glasshouse, differences in root length, shoot weight, and leaf area
occurred; in the field, varicties of barley differed in both total root length and
in the distribution of root length within the soil profile. How might such
differences be exploited to use water most cffectively in the production of dry
matter in Mediterranean environments?

Varieties with deeper rooting systems are unlikely to result in increased
production because rooting depth is largely restricted by the depth of wetting
and because water stored below the mean depth.of wetting can only be
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exploited once. There is therefore little to be gained from increasing the
potential for deep rooting (cf. Hurd, 1974).

In the Mediterranean climate, the soil surface remains damp for most of the
winter period and up to 50 per cent of the seasonal rainfall is lost during this
period by evaporation directly from the soil. This large loss of water means
that little is gained by having a sparse root system and attempting to save
watcr for grain filling (Passioura, 1972). Indeed, growth during the winter
period is highly desirable because water is transpired that would otherwise be
lost from the soil surface and the ability to grow rapidly in early spring (late
February and March), when saturation deficits are lower than during grain
filling, also leads to greater transpiration efficiency (Richards, this volume). In
varieties currently available, anthesis occurs early enough in most years to
allow sufficient water for adequate grain filling.

Figure 5 shows that there is a definite relationship between the rate of water
extraction from a soil layer and the root length in that layer. The distribution
of root length is therefore important for optimizing water use and varieties
having more roots deeper in the profile from early in the spring may be able to
use water more efficiently to produce dry matter than those with sparse roots
at depth. However, there is also a need for roots to take up nutrients and the
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length per unit volume required for adequate rates of uptake may differ from
that for water (van Noordwijk, 1983). This may be particularly important
during early growth when shortage of nutrients (especially phosphate), rather
than of water, frequently limits growth,
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ABSTRACT

This paper first describes the general characteristics of wheat root systems
and then some opportunities for modifying axial resisiance in the seminal
roots and the subcrown internode. We also discuss opportunities for and
consequences of modifying root leugth densitizs with depth. Finally, we
discuss opportunities for modifying aluminum tolerance, penetration into
compact soil laycers, and cereal cyst nematode resistance,

INTRODUCTION

There arc four general approaches that we can use to manipulate root systems
for more efficient or more complete extraction of water from a soil profile. We
can: (1) modify the soil environment to reduce some soil constraint to rooting
or to water flow, (2) change from a species susceptible to a specific soil
constraint to one more tolerant, (3) alter crop management, such as changing
row spacing, plant population, or planting date, and (4) breed and select
strains within species.

This article concentrates on breeding and sclecting wheat root systems to
improve drought resistance. A general discussion of the other three
approaches is presented elsewhere (Taylor, 1983).

THE WHEAT ROOT SYSTEM

The wheat root system usually consists ¢f seminal and adventitious (nodal)
roots and a subcrown internode (Figure 1). The seminal roots occur at the

285
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Figure 1. Sketch of a wheat seedling as mod-
ified from Klepper et al. (1983)

depth of planting and arise from root primordia found in the seed. The
seminal root system consists of a radicle and up to five roots associated with
the scutellar and epiblast nodes. The xylem of a seminal root is dominated by
a single large metaxylem vessel in the center of the steie. This metaxylem
vessel is usually larger in the radicle than in the other seminal roots, Wheat
plants can grow to maturity using only their seminal roots (Locke and Clark,
1924).

Adventitious roots arise mainly at crown depth, but can arise at seed depth
when a coleoptilar tiller develops (Klepper er al., 1983). The number of
adveititious roots depends on the extent of tillering (Kler:per, 1986) but
adventitious roots do not develop into continuously dry scil (Passioura,
1974). There are several metaxylem vessels about cqual in diameter and some
smaller vesseis in the xylem of adventitious roots,

The crown usually develops 20-40 mm below :he soil surface (Chambers,
1963), but crown depth is somewhat affected by cultivar and temperature
(Hunt er al., 1983).

The main axis between the seminal root attachments and the crown is the
subcrown internode. Xvlem in the subcrown internode consists of seven to ten
groups of vessels, cach usually containing two large (12-25 um) and several
smaller vessels (Cornish, 1981). Because seminal root location is fixed by
seeding depth, and ciown depth usually occurs 20-40 mm below the soil
surface, length of the subcrown internode increases with seeding depth.
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OPPORTUNITIES FOR MODIFYING THE SEMINAL ROOT SYSTEM

The water-uptake rate from a soil volume depends on evaporative demand,
on rooting density, on water potential difference between soil and xylem, and
on radial resistance to flow of water from bulk soil tc the root xylem (Taylor
and Klepper, 1978). It is usually consideied that radial resistance from soil to
root xylem is a major impediment to water flow; however. magnitudes and
locations of this resistance are the subject of very active investigations and
methods of evaluating this resistance are time consuming and often not very
accurate. For these reasons, it seems inappropriate at this time to suggest that
plant-breeding opportunitics exist there.

There is opportunity, however, to select plants for more appropriate
resistances axially in the xylem of seminal roots. Axial resistance there is often
considered to obey the Poiscuille equation; thus

8ql
-1 )
wr

AP

where

AP = pressure drop (pascals) along a tube of length / (m)
q = rate of flow (m3/s)
mn = viscosity of water (1.1 X 10~ P/sec at 16°C)
7 = radius of the tube (m).

It will be noted that a unit decrease in radius of the tube will increase by 16
times the pressure drop required to maintain flow at a specified rate. The
resistance to flow of water through the xylem is considered to be ‘insignificant
in most plants (Cowan and Milthorpe, 1968; Kramer, 1969); however,
Passioura (1974) calculated that a pressurc drop as great as 4 MPa/m of
xylem might be required to maintain an average flow rate when only seminal
roots are supplying water to the plant tops.

Both Passioura (1974) and Greacen et al. (1976) considered that the upper
part of the seminal root system could be a bottleneck to the rapid and efficient
utilization of subsoil water if adventitious roots had not yet developed
sufficiently. Passioura (1974) discussed two situations: (1) when water was
restricted to the top meter of soil and periods of seveic drought were likely
and (2) when much water was contained below onz meter and periods of mild
drought were likely. Passioura (1974) concluded that substantial axial resis-
tance would be an advantage to the wheat plants in the first case and a
substantial disadvantage in the sccond case.

Substantial axial resistance can develop if only a few roots are delivering
water to the subcrown internode or if their metaxylem vessels have
sufficiently small radii. Richards and Passioura (1981b) investigated over a
thousand wheat accessions for the nature and extent of genetic variation in
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the number of xylem vessels. They concluded that xylem vessel diameter was
more tractable in selection programmes than number of axes because no entry
had substantially fewer axes than average, but some landrace wheats had
acceptably narrow vessels. Estimates of narrow-sensc heritability using
regression of Fy progeny means on F; parental values were high (71 per cent)
for xylem vessel diameter. A significant response to selection was achieved for
this trait in each of the six segregating populations (Richards and Passioura,
1981b).

Richards and Passioura (1981a) examined environmental effects on the
number of seminal axes and xylem vessel diameters for six hexaploid wheat
cultivars. They concluded that environmental influences are unlikely to be
significant unless hydraulic resistances already are large because of genetic
influences on vessel diameter. They estimated that vessel diameter should be
less than 60 um or that seminal axes should average less than two per plant
for this resistance to be significant in subsoil water conservation.

Passioura (1983) stated that breeding for decreased xylem vessel diameter
i semiinal roots is preferable to breeding for decreased icaf area in regions
that rely predominantly or stored soil water. His reasoning was that, during
good rainfail years, an adventitious root system will develop and take over the
water supply function from the high resistance seminal root system. If low leaf
areas were achieved for benefits in drought years, however, the low leaf area
genotype probably will not yield adequately in good rainfall years. Richards
(1982) has suggested that it may still be worth while modifying leaf area
development in wheat genetically to improve yields under some dryland
conditions.

In addition t» higis axial resistances, other attributes of seminal roots are
important in d.ought resistance. These attributes are root clongation rate,
rooting depth, and rooting density. Rapid root clongation rates are very
important in seedling establishment and persistence, especially when pro-
longed surface soil dryness occurs soon after seeding. Under these conditions,
adventitious roots do not develop from the crown and a drying front becomes
progressively decper with time. Elongation rate of the seminal roots must be
rapid cnough for a substantial portion of the root length to stay in moist soil
ahead of the drying front or the wheat plants will suffer drought stress. This
dry surface soil condition often occurs after wheat seeding time on the
Southern Great Plains where the authors are located.

There are significant differences among cultivars of wheat in rooting depth,
density, and elongation rates. Campbell and Lefever (1977) examined the
length of seminal roots for 43 cultivars and experimental lines of wheat after
they were grown iz a nutrient solution. There were major differences among
the various entries., Hur¢ (1968) used glass-fronted boxes to examine the
growth of seminal roots of seven cultivars of spring wheat. He found that the
Thatcher cultivar had a greater length of roots below 0.3 m depth and
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suggested that this greater root length was the reason that Thatcher yielded so
well under the semi-arid conditions of Saskatchewan. Derera et al. (1969),
also using glass-fronted boxc~. found significant differences among 15 wheat
lines in their rates of root penetration and in rooting depth. Kdpke er al.
(1982) found a close correlation betwecen differences among cultivars in root
growth within soil-filled containers and those tnat occurred at trench profile
walls.

The field and the glass-fronted box methods require so much time to finish
an evaluation that the most we should expect from them is to identify some
genctic materials that can be incorporated into breeding programmes without
further evaluation of progeny root systems. Glass or plastic tubes slanted
15-20° from the vertical can be used to characterize cultivar rooting traits
(Nilsson, 1973a, 1973b) and for limited progeny testing (Kaspar et al., 1984).
The nutrient solution technique (Reid, 1977), when applicable, can be used to
screen thousands of seedling root systems.

OPPORTUNITIES FOR MANIPULATING ROOTING DENSITY
McGowan and Tzimas (1985) have suggested that weier uptake by wheat
root systems can be described by the equation

'I/.s = lI/V((min)

where

U = rate of change of soil water storage (m?* H,0/m? soil/day)
L. = root length deusity (m roots/m?* soil)
i, = soil water potential (m)
Yryminy = time-averaged xylem potential at which water inflow into the root
i< zero (1)
R - cifective resistance (day/m)

I

They found that the wheat plants in their study produced more roots than
were necessary for cfficient water uptake. In their study, actual/potential
cvapotranspiration was about 1.0-1.2 at anthesis when their plants had
2.4 ¥ 10* m roots/m* land area (Gregory et al., 1978). In contrast, Proffitt ef
al. (1985) found that actual/potential cvporation was maintained at 1.0 with
3.5 X 10*m roots/m* soil, or 15 per cent of the rooting intensity found by
McGowan and 1zimas (1985). Pavlychenko (1937), Pavlychenko and Har-
rington (1935), and Walter and Barley (1974) support the values of Gregory
et al. (1978} while those of Hamblin and Hamblin (1985) and Képke et al.
(1982 support the values of Proffitt ef al. (1985). Thesc differences in rooting
are large cnough to be real and are significant to the carbon economy of the
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plants. Clarkson (1985) estimates that up to 20 per cent of the total photosyn-
thate is exuded from the roots. Rovira (1969) has shown that exudation from
wheat is greater from root tips than from other root parts. One can assume
that plants with greater root length per land area will have more root tips and
greater exud-tion rates. For these and many other reasons, it scems impera-
tive that we define, with much greater precision than has been done to date,
the minimum rooting densities that are necessary to dry various soil layers in
reasonable time periods.

Rooting depth of wheat decreases with frequency of watering and rooting
uensity usually decreascs with depth (Figure 2). This increased depth of
rooting, either seminal or adventitious, and increased density of roots deep
within the profile are important if the wheat plants suffer drought but leave
substantial quantities of water in the soil profile at harvest. There are
substantial differences among cultivars of wheat in rooting density at depths
below 0.50 m (MacKey, 1973). A liydroponic system using polystyrenc foam
and transparent tubes has proven to be an excellent and standard system for
cvaluating rooting density at depth. One should be extremely careful in
pursuing a breeding programme to increase rooting dep.h and density,
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Figure 2. Root length density of wheat as a func-
tion of soil depth and irrigation frequency. (Re-
drawn from Proffitt et al., 1985. Reproduced by
permission of Agronomy Journal and the authors)
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however, unless the altered rooting results in an increased water supply to
plants during grain fill.

OPPORTUNITIES FOR MODIFYING THE SUBCROWN INTERNODE
HYDRAULIC RESISTANCE

Wheat is often planted into soil when the surface 0.05-0.15 m is below the
permanent wilting percentage, but moist soil exists below those depths. This
situation often occurs at wheat sceding time on the Southern Great Plains.
Farmers respond to this condition either by planting the seed in dry soil or by
planting deep enough to place the seed in moist soil. Some wheat geneticists
have selected plants for their long coleoptiles, which allow these plants to
emerge cven though planted several centimeters deep (Chambers, 1963;
Sunderman, 1964). These decp plantings cause long subcrown internodes and
possibly cause high resistances along the xylem in the internode.

Under the USA Pacific Northwest conditions, Gul and Allan (1978) found
significant genetic variation and high parent-progeny regression heritability
estimates (74 per cent) for subcrown internode length. They concluded that
selection for this trait should give rapid genetic advance.

Cornish (1981) used a modified Poiseuille equation to study the conducting
capacity in subcrown internodes of five lines of wheat. Cornish (1981) used
equation (1) after calculating an effective radius r., after Wind (1955), using

the equation
m 1
= ($7) ®)

There were sufficient variations in subcrown internode lengths and effective
radii (Table 1) for Cornish (1981) to suggest that water-use rates could be
altered substantially by selection of genctic lines and planting depths.

In the situation where the plants are casily established, but have a limited
water supply in the soil profile and a terminal draught at maturity, one should
select for high subcrown internode resistances (i.e. small vessels). Where
seedling establishment is a severe problem, however, one should select plants
that have low resistance, even when the subcrown internode is 0.07-0.08 m
long.

OPPORTUNITIES FOR MODIFYING ROOT GROWTH IN PROBLEM
SOILS

There are many millions of hectares of land that are climatically, physio-
graphically, and hydrologically suited for cultivation, but are idle because of
some type of soil-related problems,

One soil-related problem that affects both seminal and adventitious roots
of wheat is that of aluminium toxicity. According to recent concepts of soil
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Table 1. Subcrown internode length and mean vessel efiective radii of the largest
seminal root, the three main roots combined, and the subcrown internode of five
wheat lines at two planting depths. (After Cornish, 1981)

Effective xylem radius

Subcrown
Largest Combined Subcrown internode
Depih root root internode length
(mm) Genotype (um) (um) (m) (mm)
45 AVSI16871 32 be 39 be 31 be 39¢c
Cook 29¢ 36 cd 30 be 19d
16871/Cook 28 ¢ 34c 20 be 20d
Kite 36 ab 42 ab 29 cd 24d
Kalyansona 37a 45a 39a 19d
90 AVS16871 32 be 38 be 26d 79 a
Cook 29¢ 35cd 30 be 54b
16871/Cook 30c 34c¢ 28 cd 59b
Kite 35ab 44 a 31 be 50b
Kalyansona 37a 45a 33b 41 ¢

Means within columns sharing a common superscript do not differ according to Duncan's
Range Test (P = 0.05).

acidity, the potential acidity of a soil is held as A, hydroxy-aluminium ions
such as AI(OH)** or AI(OH).*, or as charged hydroxy-aluminium complexes
(Coleman and Thomas, 1967). One hydrolysis reaction in soil is

AP + 2 H,0 2AIl(OH)*" + 2 H' (4)

When the soil system becomes more acid, the H* concentration increases and
the reaction moves toward the left, or Al increases. Any increase in Al**
concentration reduces root growth of wheat (Campbell and Lefever, 1977).

One of the outstanding successes of screening plants for root systems that
tolerate a soil problem has been with the aluminium ion. There are significant
differences among wheat cultivars in their tolerance to aluminium ions
(Campbell and Lefever, 1977). Cultivars developed in regions with strongly
acid soils often possess high levels of aluminium tolerance, while those
developed in other regions seldom possess this trait, Selection for
aluminium-tolerant cultivars began in Brazil in 1919, although the specific
cause of the ioxicity was not identified until later (Silva, 1977). In the case of
aluminium toxicity of wheat grown in Brazil, planting aluminium-tolerant
cultivars is clearly more logical than the use of lime to precipitate the
aluminium because the large amounts of limestone seem to encourage the
incidence of take-all discase [Ophiobolus graminis (Sacc.) Sacc.] (Silva,
1977). In addition, it is very difficult to change the subsoil aluminium activity
with additions of lime. The direct toxicity of AI** [ans in solution generally is
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the major factor reducing yield on acid soils; however, low pH also tends to
increase concentrations of Mn** and Fe*. Tolerance to AI** does not
necessarily infer tolerance to other toxic ions. For example, ‘Atlas 66° cultivar
of wheat is more tolerant to excess AI** than ‘Moaon,’ but ‘Monon’ tolerates
excess Mn** better than *Atlas 66° (Foy et al., 1973). The genetic variation in
responsces to Al, Mn, and Fe hold exciting promise for improved wheat yields,
on soils with low pH. In addition, new plant genetic engincering techniques,
including in vitro tissue culture selection, are potentially useful and efficient in
selection for improving to!:zrance to all kinds of chemical toxicities (Hanson,
1984).

Since 1974, when cooperative agreements were formalized between CIM-
MYT and Brazilian research institutions, shuttle breeding for tolerance to
aluminium toxicity has shown remarkable progress. With adequate disease
resistance, new wheat cultivars will yield up to twice as much as the currently
available commercial cultivars grown in Brazil’s wheat production areas with
acid soils high in soluble aluminium (CIMMYT, 1985).

While one can find soils with significant concentrations of aluminium in
drought-pronc areas such as parts of West Africa, Brazil, and Australia, a
more common problem in dry areas is that of excess salinity. A group of
scientists at Davis, California (Epstein ef al., 1980), has shown that genetic
variability for salt tolerance exists in wheat. They screened over 5000
accessions from the USDA collections and found 34 lines of spring wheat that
were capable of producing grain at a salinity 50 per cent that of sea water.
Figure 3 shows the percentage survival of 4 salt-tolerant and 30 salt-
sensitive sclections of wheat (Epstein et al., 1980). Plants of the sensitive
populations died within 7 weeks of germination, but those of the tolerant lines
survived much longer and 17 per cent of the plants produced viable seeds. In
one selection cycle using Kharchia, a salt-tolerant wheat cultivar from India,
Epstein er al. (1980) found strains that outperformed Kharchia. They con-
cluded that further sclection cycles should yield substantial improvement in
salinity tolerance. In addition, Srivastava and Jana (1984) have identified 64
promising lines for salinity tolerance (out of 948 accessions tested) of durum
wheat and 7 lines of bread wheat (out of 506 accessions). The salinity-tolerant
lines exclude salts from uptake by the roots (Greenway and Munns, 1980).
Progress in breeding for salinity tolerance has been reviewed recently by
Shannon (1984).

The nutrient olution technique is particularly appropriate to use in screen-
ing cultivars for tolerance to toxic quantities of chemicals in the soil solution.
In fact, Foy (1977) concluded that nutrient solutions were preferable to using
soil with the same level of chemical in the soil solution. One can change ion
concentration readily in a nutrient solution, but it is almost impossible to
change the concentration of a specific chemical in the soil without simultane-
ously changing concentrations of other chemicals that may affect root growth
(Meredith, 1984; Hanson, 1984).
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In many wheat-growing areas, high-strength layers form readily, especially
immediately below the depth of ploughing in sandy soils. Because roots must
cither grow through existing voids o1 must push aside the soil particles (Taylor
and Klepper, 1978), some researchers have suggested rhat one should select
plants with small-diameter root tips so the roots could more readily grow
through soil voids. Williams et al. (1982, 1983) compared the ability of large
versus small roots of tall fescue (Fes:uca arundinacea Schreb.) to penctrate
compact soil. Although subject to niore lance nematode (Hopoloaimus
galeatus [Cobb] Sher.) damage, the large-diameter roots penetrated the soil
better than small-diameter ones (Elkins er al., 1977). A.T. P. Bennie (per-
sonal communication, 1985) suggests that one shouid screen plants for high
root length density rather than for small root tips. Dr Bennie’s logic is that
many roots have a greater chance than few roots of finding voids to grow
through the compact layers. Plants can be screened for high root length
density by the acrylic slant-tube technique (MacKey, 1973; Nilsson, 1973a,
1973b).

Rovira (1979) has suggested that cultivar differences exist for resistance to
cereal cyst nematode in both oats (Avena sativa L.) and wheat. The opportun-
ity undoubtedly exists for selecting nematode-resistant cultivars of wheat, but
any progress to date scems to have been made as a result of observations on
top growth and yield.
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Vesicular—arbuscular (VA) mycorrhizae increase the absorption, per unit
of root length, of phosphorus (Khan, 1975), zinc (Swaminathan and Verma,
1979). brominc and chlorine (Buwalda er al., 1983), and copper (Gildon and
Tinker, 1983). Not enough is known about wheat cultivar differences in VA
infection, in VA persistence in soil or root, or in VA effectiveness in
increasing ion uptake to allow us to recommend or .eject a rescarch pro-
gramme based on selecting cultivars for enhanced uptake of ions under field
situations. It scems to us that phosphorus fertilisation of soil is the preferred
treatment for the present time if uptake of phosphorus is limiting cereal
growth and yield.

CONCLUSION

Wheat root systems vary from one cultivar to another due to genetic poten-
tial, but environment interacts strongly with genetic potential to control root
growth and cffectiveness. There is opportunity to select cultivars that reduce
the cffect of cach adverse soil condition, at least within certain ranges.
Selection of resistant cultivars is only one approach and it may be cconomi-
cally preferable to overcome the adverse soil condition through modifying the
soil itself, through changing from wheat to another, more tolerant species, or
through modifying soil management.

Finally, one should not assume that more root growth, a deeper root
system, or one with less resistance to water or ion movement will necessarily
yield more grain. Yield is controlled by many factors, only partly due to the
rooting parameters,
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DISCUSSION

N. C. Turner
(1) Is there any evidence that mycorrhiza affect water uptake and whether this
accounts for differences in estimates of water uptake efficiency?
(2) Do nodal roots grow as deep as to be effective in extracting water from deep
layers as seminal root °

H. M. Taylor

(1) The evidence is contradictory. Some experiments in the literature have been
interpreted as showing that VA mycorrhiza affect water uptake, especially for
survival, while other experiments do not show any water uptake benefits from
mycorrhiza. In view of my belief that root length densities and root uptake
efficiencies are inversely related in many instances, I will not spend my time on
experiments to show that VA mycorrhiza arc important to ficld-grown annual
plants in waters uptake. Of course, VA mycorrhiza are important in P uptake,
even in annuals.

(2) Yes, some wheat genotypes have nodal (crown) roots that go as deep und are as
effective as seminal roots in water uptake from deep layers.
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S. K. Sinha
A point has been made that wheat plants revive if rains come after a period of severe
stress. This could be dependent on the stage of plant development, Prior to grain fill,
the assimilates or reserves might be transported to roots, which can revive depend-
ing on the damage done to them. However, once the plant has started grain
development, the revival may not be possible unless seed development has been
impaired.

I. M. Taylor
Your comment is accurate if the revival occurs as a result of new root growth,
However, the revival of root uptake of water or nutrients may occur through the
remaining functional roots merely because water becomes available to be taken up
by the roots or to transport nutrients to the existing roots.

D. R. Marshail
Experience in the northern NSW wheai belt shows that tillers which do not develop
crown roots have poor seminal prospects. One suggestion is that deep crowns may
allow tillers greater opportunities to develop crown roots. Is there any evidence to
support this suggestion?

H. M. Tay!lor
Yes, the deep crowns are more likely to be located in somewhat wetter soil. The
crown roots will not develop to any significant extent in dry soil but can develop into
the somewhat moderately dry soil usually found deeper in the plow layer.

R. A. Richards
The reactivation of nodal roots in a drv soil after a rain event may be a very
important characteristic for cereals in the ICARDA region. Is there any evidence
that cereals have this capacity?

H. M. Taylor
Yes, root system reactivation occurs after a rain, sometimes as a result of new root
growth and sometimes because roots that remain, but were not able to function
because of lack of water, take up water and start transporting ions.
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ABSTRACT

We discuss a conceptual model to identify traits affecting stress resistance and
avoidance for a given environment and assess the importance of some traits in
cereal production in sicessed Mediterranean environments. We then compare
the morphological and physiological attributes between and within cereal
species.

INTRODUCTION

Physical or abiotic stresses greatly influence the growth of cereal crops in the
rainfed areas of North Africa and Southwest Asia. In these areas, which
constitute ICARDA'’s geographic regional mandate, drought, heat, and cold
predominate. Drought may occur alone or in combination with one or more
of the thermal stresses, or a given thermal stress may prevail at various stages
of crop development. Furthermore, the stress pattern may differ in each of the
various climatic zones (ICARDA, 1985; Frere ef al., this volume).
Breeding for cereal improvement under such conditions is thereforc
difficult. When the plant responses to environmental (physical) stresses are
included in the improvement process, additional factors must be considered.
These are:
(1) There seems to be no single plant trait conferring stress resistance in
the form of avoidance or tolerance but there are responses to a combination
of traits.
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(2) Some traits which help improve tke performance of a plant under
stress conditions are constitutive (always present) while others are adap-
tive, i.e. they will express only under a given set of environmental stimuli.

(3) Plant performance is the result of a combination of constitutive and
adaptive traits

(4) The response depends on the stress history of the plant since
acclimation (short-term responses) may also be present.

(5) If adaptive traits are important to plant response under stress, a
target environment for the breeder’s selection is needed.

(6) There seems to be a tradeoff between yield and stress resistance.,
Two main approaches have been proposed for varietal improvement under

stressful environments. The first and most widely used approach relies on
grain yield as the main sclection criterion, since this parameter integrates all
the components in a stressful environment. The second, and most recently
introduced for areas where stresses are of high intensity, is the ‘analytical’
approach. The latter relies on the adaptation mechanisms of a plant in a
stressful environment, with the possibility that breeding and selection for
these adaptations will contribute to growth and yield under stress. The
analytical approach links plant and crop physiology with breeding efforts so as
to hasten the otherwise usually slow pace of plant improvement in highly
stressed environments (Richards 1982, and this volume: Marshall, this vol-
ume). In fact both approaches are complementary,

The key component of the analytical approach is to identify the individual
traits conferring stress resistance, which could be separated for further
recombination to produce plants with resistance at various stages of growth,
To do this an environment (or a set of similar environments) must be first
defined in view of the complexity of the stress syndrome. Assuming that the
physiological response within the plant to a specific stress is known, a simple
plant parameter that correlates with the plant response to the stress must also
be found. It should then be proved that genctic variapility within a population
exists to warrant plant selection. Finally, sclection for the trait(s) and their
recombination with other characters must be feasible, without any negative
effects on such characters as yield, disease resistance, or quality of the final
product (Simpson, 1981).

For this study, two Mediterrancan environments differing in their long-
term rainfall (about 300 and 200 mm) were selected in northern Syria. A wide
range of genotypes were fully characterised, to identify specific parameters or
attributes representing significant traits conferring survival and productivity at
each stage of the life cycle. Since water stress is of major concern in the
region, a set of plant attributes was derived based on the conceptual model of
Passioura (1977) and Fischer and Turner (1978). The model suggests that
yield under water stress may be viewed as the product of transpiration (7'),
transpiration cfficiency (TE), and a partitioning term (F) which, in the case of
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grain yield, is the harvest index of the crop. Based on this model, a hypotheti-
cal crop ideotype was designed for the Mediterranean cnvironments.

The main features of the environments under consideration may be sum-
marised as follows: (1) low and variable winter rainfall and low temperatures,
(2) high probability of early and terminal drought stress, (3) low temperatures
during canopy development with the possibility of frost, (4) high tempera-
tures during grain filling, and (5) water availability essentially determined by
current rainfall, particularly in low-rainfall areas.

HYPOTHESIS

The proposed model suggests that maximizing the threce components, T, TE,
and F would maximize yield at a plant or crop level. The following attributes
may be derived to maximize T as a fraction of evapotranspiration (ET): (1)
early crop establishment with profuse root growth in the top of the soil and
sparse root growth at depth, as deep as allowed by the wetting front, (2) fast
leaf arca development, (3) initial prostrate growth habit, (4) ability to grow
under suboptimal temperatures, and (5) resistance to low temperatures and
occasional drought.
The plant attributes postulated to maximize TE are as follows:
1. Morphological

1. Short and narrow leaves, with high specific weight (Nobel, 1980,
1983) to maximize the mesophyll area over the leaf area (A™A);
erect leaves after stem extension (Evans and Wardlaw, 1976).
These attributes would tend to increase photosynthesis.

2. Relatively high plant resistance to liquid water flow, specially under
very dry (approximately 200 mm) conditions such that osmotic and
stomatal adjustment is induced.

3. Properties of the photosynthetic organs that would minimize the
cnergy load during terminal drought and heat stress (Johnson et al.,
1983).

II. Physiological

1. Ability to photosynthesize under stress (drought, cold, heat),
coupled with relatively low transpiration rates in the very dry areas,

2. High sink capacity in the above-ground parts of the plant.

3. Stomatal adjustment to drought.

The plant attributes postulated to maximize grain yield (F) are:

1. An amount of dry matter at anthesis that would maximize yield (i.e.
high sink capacity) (Fischer, 1981).

2. Early flowering as allowed by spring frosts.

Relatively fast grain filling as allowed by drought and heat stress.
4. A high proportion of preanthesis assimilates reallocated to the grain
and/or a slow leaf senescence (Boyer, 1983).

w
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5. Presence of awns (Turner and Kramer, 1980).
6. High net photosynthesis under drought (heat).

These attributes must be evaluated for their contribution to stress resist-
ance and yield under stress.

The objective of this work is to evaluate a wide range of barley, durum
wheat, and bread wheat genotypes for some of the attributes stated in the
working hypothesis. Comparisons between as well as within species are being
made.

Materials and methods

Seventy-two barley, 20 durum wheat, and 20 bread wheat genotypes were
grown at Tel Hadya and Bouider in northern Syria. The genotypes chosen
represented contrasting characters of early vigour, growth at low tempera-
ture, height under stress, flowering date, and grain-filling period. Genotypes
with a high-yicld potential and/or good yield stability, pure lines isolated from
landraces (in the case of barley), and lines thought to be stress tolerant were
also included.

Two experiments were performed at each site with barley and wheat
genotypes. In both cases a completely randomized block design with three
replicates was used. Plots were 2.4 m wide (12 rows, 20 cm apart) and 5m
long. The sowing rate was adjusted to 250 plants/m? for each genotype by
correcting for percent germination and kernel weight of the seed.

At Tel Hadya, the wetter site, the soil was fertilized with a preplanting dose
of 40 kg of nitrogen/ha in the form of ammonium sulphate and 60 kg of P-O+/ha
in the form of triple superphosphate. An additional 40 kg of nitrogen/ha was
broadcast at mid-tillering. At Bouider, the drier site, the split application of
nitrogen was reduced to 20 kg/ha at cach time while the preplanting phosphorus
was kept at 60 kg POs/ha. All preplanting fertilizations were incorporated
into the soil with the last harrowing. Perforan was used as a preemergence
herbicide at a rate of 2.5 I/ha at all sites. Weed control was complemented
with Brominal plus applied at a rate of 1.5 I/ha in 400 litres of water at the five-
leaf stage.

Table 1. Cereal physiology nurseries, field score

Minimum Maximum
Ground cover 1 10
Plant vigour [ 5
Plant wilting 1 5
Leaf rolling l 5
Plant senescence | 5

Growth habil: 1, erect; 2, intermcdiate; 3, prostrate.
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range in maturity type of the genotypes tested. Arrows indicate times

of planting (P), emergence (E), heading (H), and maturity (M)
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Observations were periodically taken on development using Zadoks stages.
Peduncle length and plant height were measured to determine growth. Water
relations measured included water potential using a pressure chamber, leaf
moisture release curves around anthesis (the relation between relative water
content, RWC, and water potential ¥), and stomatal conductance. Net
photosynthesis was measured with a portable IRGA and related parameters
included substomatal CO, concentration (calculated) and stomatal conduc-
tance. Biological yield (roots excluded), grain yield, and number of spikes per
unit surface were determined at harvest. Other crop and plant observations
were scored in the field (Table 1) five times during the growing season.

Climatic corditions

Climodiagrams including rainfall and screen temperature for the sites are
presented in Figure 1. They are typical for the Mediterranean climate. They
show how the opportunity for grain filling decreases, as rainfall decreases, due
to terminal drought and heat stresses. Concurrently the risk of a false start or
seedling water stress increases.
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Figure 2. Predawn water potential during the growing season

for barley and wheat. Measurements were taken on the last fully

expanded leaf at Tel Hadya and Bouider. The LSD is for site
comparisons of the pooled populations
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Figure 3(a) Midday shoot water potential in wheat (W),
four genotypes; improved barleys (1B), eight genotypes;
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Wate relations

Figure 2 shows generalized curves of predawn leaf water potential through
the growing scason at Tel Hadya and Bouider. These curves indicate the
contrasting severity of water stress experienced by the genotypes at the two
sites.

The working hypothesis postulated that a relatively high resistance to liquid
water flow would be desirable for plants growing under drought. Passioura
(1977) has long advocated this trait and it is being tested as a breeding
objective (Richards and Passioura 1981a, 1981b; Richards, this volume) for
cereals experiencing terminal drought stress. The cereal physiology nurseries
assembled provided an opportunity to test this trait under natural conditions,
Figure 3a shows the shoet water potential of wheat, improved barley
genotypes and barley landraces measured at midday at the Tel Hadya site, 38
days after emergence. The day was overcast following rain, the photosyntheti-
cally active radiation (PAR) being around 400 pmol/m-/s during the meas-
urements. The plants were at the two- to three-leaf stage (Zadoks stages
12-13). Nodal root growth had not yet started, nor was it incipient, The
plants therefore grew on their seminal root systems. Wheat had a significantly
higher W than the improved barleys, which in turn had a significantly higher
value than the barley landraces. Figure 3b shows that the shoot water
potential of the barley genotypes during the morning was significantly lower
than that of the wheat genotypes at the same site even after nodal root
devzicpment had been initiated (55 days after emergence).

Shoot water potential alone, even when measured with the soil at field
capacity, does not prove that there are differences in resistance to liquid water
flow between or within species as the water status of a plant results from water
uptake and transpiration. Measurements were therefore taken of leaf conduc-
tance. Figure 4 shows that the stomatal conductance of barley was
significantly lower both at Tel Hadya and Bouider at the tillering stage
(Zadoks stages 22-25). These results indicate that barley has a conservative
strategy in terms of water use as compared to wheat and the increased
resistance to liquid water flow in the plants was in the order wheat <
improved barleys < landrace barleys. In terms of rainfall this trend is
consistent with the areas where these crops are grown in northern Syria. In
fact, landrace barleys are grown in the very low rainfall areas (approximately
200 mm), while wheat and improved barleys are grown in areas receiving
300 mm and above,

There was great variability between genotypes in predawn water potential
and stomatal conductance as demonstrated by the physiology nurseries.

It has been suggested during the last decade that the ability of tissues to
retain water is an important attribute of plants grown under stress (Acevedo,
1975; Acevedo et al., 1979; Pearson et al., this volume; Morgan, 1983;
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to —2.17 MPa at Bouider for an RWC of 1.0



ASSESSING CRGP AND PLANT ATTRIBUTES FOR CERFAL IMPROVEMENT 313

- 20
’— {a)
-~ 18}
4 Bouider
® Tel Had
—-14}) ¢l Hadya
B~ 1.0
S~
~-CHF
- 02}~
0 L 1 l 1 | 1
0 01 02 03 04 05 06 07 0.8 N9
RWC
(b}
250 r— *f o
B [
.
S 20} °
3
g B b
3]
% 210 |.
®
E
& -
8
@ 190 °
]
.
o
170 }-
[ ]
150 — ] { 1
0 10 20 30 40
Apoplast

Figure 7. (a) Moisture release curves as in Figure 6a

for a barley landrace. Osmotic adjustment and an

increase in apoplastic tissue are evidenced at the dry

site, Bouider, as compared to the wet site, Tel

Hadya. (b) Trend in decreased substomatal CO,

concentration with increased apoplastic tissue i, a
range of barley genotypes



314 DROUGHT TOLERANCE IN WINTER CEREALS

Sinclair and Ludlow, 1985). This is usually achieved by osmoregulation.
Morgan (1983) advocated osmoregulation as a selection criterion for drought
tolerance in wheat. In the working hypothesis, osmoregulation and stomatal
adjustment, which are usually associated with each other (Turner and Jones,
1980; Acevedo and Massardo, 1984), was postulated. Leaf moisture release
curves i predawn samples taken around anthesis were determined for
sclected wheat and all the barley genotypes.

Figure 5 shows that there was a tendency for barley landraces to retain
more water in the leaf tissue at a given water potential as compared to
improved barleys and wheat. Release curves in the barley nursery were more
intensively studied. Large differences were found between genotypes. In
some, this character was constitutive (the same curve observed at Tel Hadya
and Bouider, Figure 6a) with no osmotic adjustment under drought. Others at
the dry site, Bouider (Figure 6b), presented an adaptive trait and adjusted
osmotically up to about 1 MPa at full turgor (RWC = 1.0). Still other
genotypes increased their apoplastic tissue under drought (Figure 7a). This
increase may be due to a decreased mesophyll cell size and increased A™/A,
which may be associated with an increased photosynthetic rate under stress,
The trend in substomatal CO, concentration (Figure 7b) seems to indicate
this. The substomatal CO, concentration was strongly and negatively corie-
lated with net photosynthesis (r = —0.83, P < 0.001). Other variables that
affect photosynthesis also play a role (Farquhar and Sharkey, 1982).

The shift within a given barley genotype of the leaf moisture release curve
(Figure 6a) to the right under stress conditions had a significantly (P < 0.05)
negative correlation with grain (r = 0.26) and biological yield (r = 0.30) at
the dry site (Bouider). The change in position of the curve was quantified as
the value (negative) at which the RWC dropped to 75 per cent, which is
roughly the value of zero turgor pressure (Figures 6b and 7a) for barley. The
implications of the type of leaf moisture reicase curve in terms of stability of
performance of a variety under drought are yet to be assessed,

Net photosynthesis

Leaf conductance and photosynthesis in wheat dropped drastically under
drought at heading as compared to barley (Table 2). On the contrary the
ba:ley genotypes seemed to adjust their stomata and kept a higher photosyn-
thesis rate. The mean substomatal CO, coneentration was lower in barley as
cornpared to wheat at the wet site and increased by 15 per cent in barley but
only 8 per cent in wheat under drought. Within barley and wheat genotypes
nct photosynthesis per unit leaf conductance as well as per unit substomatal
CO; varied significantly (P < 0.001) for similar leaf conductances at the dry
site. This finding may have relevance in terms of transpiration efficiency
differenc* s between genotypes. The ranges in Table 2 also indicate that there
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Table 2. Net photosynthesis (NP), stomatal conductance (CWV) and calculated

substomatal CO, concentration
genotypes). Measurements take

(Int CO3) in barley (72 genotypes) and wheat (40
n at the flag leaf-1 at Zadoks stage 50-59 (ear

cmergence)
Barley Wheat

Variable Tel Hadya Bouider Tel Hadya Bouider
NP 14.4 54 17.7 2.8
(umol CO; ms) range  (19.6-8.4)  (15.6-0.8) (2L4-11.6)  (7.7-0.2)
Cwy X 0.39 0.17 (.60 0.07
(mol/m2/s) range  (0.75-0.21) (0.47-0.03) (0.79-0.48) (0.1 2-0.03)
Int CO, X 227 212 229
(/1) range  (241-153) (300--154) (232-195) (305-153)

Table 3. Barley physiology nursery at Bouider (174-195 mm). Correlation between

lant and crop attributes and yield (72 genot es)
p P B yp

Crop
attribute

Ground cover
(10-40 days)
Ground cover
anthesis
Wilting
anthesis
Leaf rolling
(20 days)
Leaf rolling
anthesis
Senescence
(grain filling)
Peduncle
length
Plant height

Days to
heading

Days to
maturity

Score
(0-10)
(0-10)
(1R~58)
(1L-5H)
(1L-5H
(1L-5H)
(Mcasured)
(Measured)
(50%)

(50%)

Correlation
cocfficient
Mean Standard ———
(range) crror BioY GY
1.9 0.04 0.38t -0.211
(0.2-5.5)
7.7 0.09 0.34% —0.16t
(4.0-10)
2.5 0.07 -0.33% -0.32%
(1-5)
I.1 0.02 0.31% 0.201
(0-2.0)
21 0.03 -0.11 -0.03
[y 5—3)
2.6 0.07 -0.321 -0.29t
(1-5)
7.2 0.16 0.28t 0.40t1
(2.7-15.9)
40.7 0.60 0.43% 0.29t
(24.0-73.0)
88 0.29 -0.26t -0.23¢%
(80-115)
115 0.32 -0.201 -0.23t
(106-126)

P < .05,
P <0.01.
N =211,

R = resistance; § = susceptible; L = low; H = high,
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is scope for selection for these traits. Osmotic and stomatal adjustment would
probably be most important in wheat (Morgan, 1983), while finding lines with
higher carboxylation rates would be a goal in both species, particularly in
barley. The variability in net photosynthesis within these species is wide
(Table 2).

Plant (crop) attributes and yield

Tables 3 and 4 show some crop and plant attributes including their mean and
range as well as simple correlations with yield at Tel Hadya and Bouider. A
highly significant correlation was found at both sites between ground cover
and biological yield (BioY) as well as beiween ground cover and grain yield
(GY). However, the correlation of ground cover at anthesis with GY was
weak at Bouider. This might indicate that there may be an optimum ground

Table 4. Barley physiology nursery at Tel Hadya (261-290 mm). Correlation
between crop attributes and yield (72 genotypes)

Correlation
coefficient

Crop Mean Standard B —

Attribute Score (range) error BioY GY

Ground cover (0-10) 1.6 0.07 0.39t 0.31t
(30 days) (0.3-5.5)

Ground cover (0-10) 7.0 010 0.41t 0.311
anthesis (1.5-9.5)

Wilting (1R-5S) 1.0 0.00 — —
anthesis (1.0-1.0)

Leaf rolling (1L-5H) 1.6 0.03 0.04 0.11
(30 days) (0.5-5.0)

Leaf rolling (1L-5H) 2.4 0.03 0.08 0.05
anthesis (1.5-3.6}

Senescence (1L-5H) 1.1 0.02 —-0.24t -0.15*
(grain filling} (1.0-2.5)

Peduncle (Mcasured) 16.4 0.28 0.24t1 0.34t
length (5.3-28.9)

Plant height (Mecasured} 78.7 0.62 0.271 0.20t

(57.0-110.0)

Days to (50%) 92 0.25 -0.20% —-(0.35t
heading ( 85-105;

Days to (50%) 120 0.25 0.02 -0.14*
maturity (114-133)

*P -2 0.05.

tP <:0.0i1.

N =211.

R = resistance: $ = susceptible; L = low; H = high.



ASSESSING CROP AND PLANT ATTRIBUTES FOR CEREAL IMPROVEMENT 317

cover at the dry site for maximum grain yield as postulated by Fischer (1981).
Wilting symptoms were highly negatively correlated with yield at the dry site
(no wilting was observed at Tel Hadya). Leaf rolling, assessed as the number
of turns of the leaves, early in the season was positively correlated with yield
at the dry site only. The genotypes showing this trait at this time were not
experiencing drought stress and hence it may be a constitutive trait. The same
trait at anthcsis, however, was negatively correlated with yield at the dry site
and had a higher mean for the population. At this stage water stress was
probably inducing rolling.

In the working hypothesis it was also postulated that slow leaf senescence
would be a desirable trait. This was found to be the case both at Tel Hadya
and Bouider (Tables 3 and 4). Peduncle length and plant height had a highly
significant correlation with yield at buth sites. Days to heading was negatively
correlated at both sites but days to maturity was strongly negatively correlated
with yield only at the dry site.

If, as shown, carly ground cover is a desirable crop attribute, ihen the
growth habit of the plant may play an important role. Table 5 shows that
ground cover between 30 and 50 days (tillering stage) is highly and positively
associated to a prostrate habit. Plants become erect after shoot extension (70
days), and this is associated with ground cover (score: | erect, 3 prostrate)
and is highly correlated (r = 0.38, P < 0.01) with grain yield.

Stepwise multiple-regression analysis of grain yield and crop attributes at
the dry site indicated the relative importance of the following variables in the
indicated order: head number per square metre > peduncle length > growth
habit at anthesis > senescence during grain filling > predawn W at anthesis
(flag leaf — 1). At Tel Hadya, the most important variables were ground

Table 5. Barley physiology nursery at Tel
Hadyi, 1985-6. Simple correlations between
ground cover (GC) and growth habit (GH)

GCl G2 GC3
GH1 -0.002 =-0.012 0.049
GH2 0.165 0.244% 0.178*
GH3 0.079 0.232% 0.216%
GH4 ={.258 -0.340% -0.492t
*P < 0.05.
P < 0.01.
N =216.

GH score: 1, erect; 2, mediam: 3, prostrate.

1. 10 days after emergence
2, 30 days after eniergence
3. 50 days after emergence
4, 70 days after emergence
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cover > grain-filling period (positively correlated with grain yield) > plant
height.

CONCLUSIONS

(1) Barley as compared to wheat seems to have a conservative strategy
in terms of water use. This strategy was shown by an increased resistance to
water flow within the plant and a decreased leaf conductance to water
vapour under well-watered conditions.

(2) Within barley genotypes there wese variations in resistance to water
flow, the implications of which must be studied in terms of their contribu-
tion to ‘responsiveness’ and ‘stability’ in production,

(3) Stomata closure at heading was clear in the wheat population at the
dry site. The barley genotypes showed a higher stomata conductance. Net
photosynthesis was also more depressed in wheat than in barley at this time.

(4) The relative importance of osmotic adjustment to genotype ‘respon-
siveness’ and ‘stability’ needs to be assessed. Both adaptive and constitutive
barley genotypes regarding this trait were observed.

(5) An carly ground cover was strongly and positively associated with
biological yield both at the dry and wet sites. Grain yield was clearly
associated with ground cover only at the wet site, indicating that probably
an optimum ground cover and/or a more conservative water-use strategy
may be needed for the dry site.

(6) Early leaf scnescence during grain filling was parcicularly detrimental
at the dry site, both in total biological yield and grain yicld.

(7) At both dry and wet sites the number of spikes per square metre
seemed to predict the biological as well as grain yield. The same was true
for peduncle length.

(8) Leaf rciling during carly growth (10-30 D) was significantly corre-
lated with biological and grain yicld, being probably a constitutive character
at this stage.

(9) In barley, a prostrate habit through stem elongation is highly desir-
able for increased ground cover. Thereafter, an ereci habit with relatively
vertical leaves is highly correlated with biological and grain yield.

(10) Sufficient variability within barlcy genotypes exists in the above-
mentioned attributes to explore them as sclection tools.
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DISCUSSION

M. S. Mekni
Early ground cover might tead to faster depletion of soil moisture if cvaporation
was small, If that is so, during the winter months, what would be the value of fast
initial ground cover in a dry environment? Would you try to verify current belief at
ICARDA on usefriness of rapid ground cover?

E. Acevedo
The value of fast initial ground cover is to favour the transpiration component of
evapotranspiration, i.c. decrease direct soil evaporation. The crop is also intercept-
ing more solar radiation per unit arca in a period during which it is decreasing. At
ICARDA we are testing this hypothesis and the results obtained so far seem to
support it.

N. C. Turner
You said that planting early gave best yields in the ICARDA region, If water stress
occurs after anthesis, does this occur? Observations in Western Australia suggest
that water stress after emergence may so hasten anthesis that dry-matter accumula-
tion at anthesis may be low and a later planting may give higher dry matter at
anthesis and grain yield,

E. Acevedo
Yes, it does. The experimental evidence for barley grown in sites of 200-300 mm
rainfall supports this view. Early planting is usually done in the second half of
October. Many of the landraces grown in the very dry area have some vernalization
requirement.

M. S. Mekni

Would you care to comment on how important you consider the kernel number in a
selection index you would devise for dry arcas?

E. Acevedo
'n dry areas with terminal drought, kernel number and kernel weight arc negatively

related. On the other hand, spike number per unit area seems to be highly correlated
with yield.
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Some Crop Characteristics of Wheat and
Their Influence on Yield and Water Use

R. B. AUSTIN
Plant Breeding Institute, Maris Lane, Cambridge CB2 21.Q, UK

ABSTRACT

In favourable environments, cereal yields have at least doubled during the
past 30-40 years. These increases in yield have depended jointly on the
increased use of fertilizers and other agrochemicals and on the breeding of
varictics with greater yield potential. By contrast, in regions of the world
where water is a dominant limiting factor, little increase in yield has been
achicved. In this paper, we argue that there is scope for increasing vields in
such areas, but that improvements in cultural conditions and a much greater
cffort in breeding are required to achieve this.

To improve the efficiency of cereal-breeding programmes in dry arcas, we
suggest that research be undertaken to establish the importance for yield and
water use of component characteristics for which selection could casily be
pract.sed. This approach has been followed at the Plent Breeding Institute,
Cambridge, where experiments have been carried oat on winter wheat to
study fiie consequences for yield and water use of various plant characteris-
tics. The results showed that high tillering capacity benefited yield except
when there was a preanthesis drought, that semi-dwarf (Rht1 or Rht2) lines
were sfightly more adversely affected by drought than tall ones, that carly
flowering lines yiclded more grain than later flowering oncs, and that a high
capacity of the lcaves to accumulate abscisic acid was associated with
increased water-use efficiency.

INTRODUCTION

Genetic limitations to cereal improvement in dry areas

By definition, the major limitation to cereal yields in dry areas is the amount
of water available to the crop. At least in the short and medium term, it can be

321
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taken that there is no prospect of irrigating cereal crops on any scale.
Therefore, the question arises, given the necessary fertilizer that would be
required to support increased grain and/or total dry-matter yield, would the
water available to the crop permit such increased yield, i.e. could water-use
cfficiency be increased? Simple theory, based on the resistance analogue for
cabon dioxide and water vapour fluxes into and out of individual leaves
exposed to saturating light intensity (e.g. Gaastra, 1959; Jones, 1976),
suggests that water-use efficiency is at a maximum when the rate of photosyn-
thesis of a leaf is less than half its rate when not stressed (Figure 1). For crop
canopices the rate of photosynthesis at which water-use cfficiency is maxinium
is influenced by additional factors which may be susceptible to genetic
modification. The resistance of the crop boundary layer to CO, and water
vapour transport affects transpiration more than assimitation, and nuay vary
with leaf size, leaf disposition, and canopy structure. This resistance will tend
to increase water-use efficiency. Over the period of the growth of a crop, the
pattern of water availability and transpirational demand will vary with the
weather and with genetically determined characteristics, so affecting phenol-
ogy and canopy structure, and have a ‘feedback’ effect on water-use effi-
ciency.

[t should be noted that the resistance analogue model is an oversim-
plification because it takes no account of the fact that the ‘carboxylation’ or
‘mesophyll” resistance is influenced by water stress and that a mechanism
operates to maintain C, the CO; concentration in the air spaces within the
leaf, relatively invariant. This mechanism involves direct regulation of
stomatal behaviour by C.. Also, in crop canopies, and over a diurnal cycle, not
all the leaves arc light saturated, so photochemical steps will be limiting at
times. The resistance model requires additional terms to take this into
account,

The crop characteristics, as distinct from individual leaf properties which
affect water-use efficiency, are individually of second-order importance in
comparison to the main effect illustrated in Figure 1, and this is why for a
given site and over a limited range of crop yield there is a strong correlation
between the dry-matter production of a crop and water use (de Wit, 1958;
Day et al., 1978). To increase water-use cfficiency and crop yields in
drought-pronc arcas breeders can cxpect to manipulate the crop characteris-
tics, which individually are of ‘second-order’ importance, more easily than
stomatal and photosynthetic properties. Taking the second-order factors
collectively, the scope for yield improvement may be considerable, but it will
probably be location specific and may depend on achieving genetic increases
in total dry-matter yield. Thus progress in breeding for higher yield in
moisturc-limited environments will be much more difficult than in those
where moisture is not limiting,

As shown later in this paper, there may be scope for increasing water-use
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Water-use efficiency (10004)
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Figure 1. (a) Water-use cfficiency as a function of assimilation
rate. (b) Rate of transpivation (T) as a function of rate of
assimilation (A). Assumptions: stomatal resistance, r,, equal to
1.0 s/cm. where 4 = 1.0 mg/m*/s and T = 250 mg/m?/s. Cuticu-
lar resistance to water vapour transport cqual to 20s/cm.
Mesophyll resistance, ry, equal to 5s/cm. A is proportional to
1/{ry + ry) T is proportional to the reciprocal of 1/r, + 1/r,
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efficicncy by genetically modifying the regulation of stomatal aperture. Gen-
etic increases in the photosynthetic capacity of individual leaves (equivalent to
decreasing the r, in Figure 1) would also increase water-use cfficiency
provided that there were no compensating pleiotropic effects. So far there is
little evidence that this has been achieved by breeders.

As with crop production in more humid regions, increases in dry-matter
production should be possible by improving cultural practices, especially by
using more fertilizer. During the time that the crop is intercepting most of the
incoming radiation, there should not be an increase in the water use of the
crop. which is commensurate with the increased dry-matter yield which, of
course, will generally be associated with increased grain yield, as agronomic
practices are unlikely to reduce substantially the grain/straw ratio.

Cereal improvement in areas no! subject to severe drought

In the United Kingdom, as in other countries of western Europe that do not
normally experience serious drought, wheat yields have doubled since 1950
and are at present 6-7 t/ha. About half of the increase in yicld has been
attributed to improved varictics and half to improved cultural conditions
(Silvey, 1979). Cultural factors, preeminently the increased vse of fertilizer
nitrogen, have increased the total amount of dry matter produced per unit
arca. As there has not been a systematic increase in annual rainfall over the
period, nor, as far as is known, an increase in evapotranspiration commen-
surate with the increase in grain or total dry-matter yield, it follows that the
water-use cfficicncy of the crop, ecither expressed as grain or as total dry-
matter yield per unit of evapotranspiration, has increased.

Where old and new varieties of wheat and of barley have been comipared in
the same experiment and the complications of differential lodging and disease
incidence avoided, it has been found for botls crops that genetic gain in grain
yield is attributable mainly to the increased grain/straw ratio of the modern
varieties. Total dry-matter yields of modern English varicties arc only slightly,
if at all, greater than those of their predecessors (Austin ef al., 1980: Riggs et
al., 1981). Of course, past cxperience is not an infallible guide as to what may
happern in the future, but at least it can be concluded that genetic improve-
ments in total dry-matter vield are likely to be much more difficult to achieve
than improvements in grain/straw ratjos.

A logical approach to breeding cereals for dry areas

Crop simulation models are not yet sufficiently rcfined to be able to predict
with any confidence the effects of crop characteristics on water-use efficiency,
Thus, although a number of features can be identified which are likely to be of
significance (Table 1), only experiments can measure the actual effect of any
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given feature. Direct comparisons of 4 few cultivars contrasting in the
expression of a given feature do not give an adequate assessment of the effects
of that feature because the cultivars will vary in numerous other characteris-
tics. If the feature of interest is governed by a major gene, it is a straightfor-
ward if tedious task to produce isogenic lines which can then be compared.
When the inheritance of the feature is not known, is complex, or has low
heritability, the appropriate procedure is to make crosses between conrasting
cultivars and select in the F, and subsequent generations for the feature under
investigation, This procedure gives sets of lines with low or high expression of
the feature under investigation, and these sets (as distinct from the individual
lines) will differ only in respect of the genes that control the feature and any
pleiotropic effects on yicld, water-use efficiency, ete. If there are any closely
linked genes with effects on yield, the lines may also differ in respect of these
genes.

With wheat, the plant chuaracteristics studied at Cambridge using this
approach have included tillering capacity, mature plant height, flowering date,
and the capacity of droughted leaves to accumulate abscisic acid. The results
of the experiments are reviewed below briefly but have been published in
more detail clsewhere. It is emphasized that the work was undertaken to
provide information for wheat breeders in the United Kingdom, where
drought is estimated to cause an average loss in yield of 10-20 per cent. The
results cannot be regarded as directly applicable to the ICARDA region, but
are described to illustrate the approach being advocated.

EXPERIMENTS AND RESULTS

Tillering capaciiy

The number of cars produced by a crop is a yield component and, if it could
be increased genetically without compensating decreases in the other comnpo-
nents, there would be a benefit to yield. To investigate this, crosses were made
between three pairs of winter wheat varieties. One member of cach pair had a
low (L) and the other & higher (H) number of cars at maturity. Sclection for
number of ears was carried out in the F,, Fy, and F, generations and by the Fs
there were consistent, heritable differences between H and L lines in each
cross. Four H and four L lines from cach cross (24 lines in ally were grown in
ficld experiments in 1978--9 and 1 979-80. Also in 1979-80), the cight lines of
the cross contrasting the most in car number were compared in a trial which
was sheltercd from rain and was irrigated to produce three regimes: fully
irrigatea (I°1); carly drought (ED}, in which irvigatin was withheld for the 35
days between 1 May ana anthesis; and late drought (1.D), in which irrigation
was withheld for the 61 days from: anthesis to harvest,



Table 1. Attributes which may be associa

ed with drought tolerance in barley, correl

effects. (Adapted from Austin. 1977)

ated attributes, and their probable consequential

Alttribute

Beneficial effects in
Mediterranean environment

Pattern of response to
photoperiod and temperature
which reduces duration of
life cycle

Reduced leaf and tiller
development

Low stomatal freq uency

Rapid closure of stomatal
in response to stress

Low ABA concentration*
throughout growth
High ABA concentration®

when water stressed

High cuticular resistance
to water loss

Correlated attributes and/or
consequential effect

Effect of correlated attribute/
consequencial effect

Early maturity, reduced
water use. Improved vieid

Reduced plant size and water
use. Wasteful use of water in
growth of tillers destined to
die is avoided. Improved yield

Increased stomatal diffusion
resistance and decreased
transpiration

Reduced transpiration when
piants stressed. Yield may
be increased, due to
increased water-use efficiency
Indicates that plant is not
stressed

Stomatal closure, reduced
transpiration. Water-use
efficiency and yield may
be increased

Reduced transpiration and
resistance to desiccation

Reduced plant size, ear
size, and number

Reduced ear size

Increased stomatal pore
length and maximum width.
Larger leaves

Reduced photosynthesis when
plants stressed. Need to
dissipate more energy as
sensible heat cr by re-radiation

May indicate small plant size
and so conservation of
available soil water resources

Reduced photosynthesis, leaf
expansion. and ear size

None known

Reduced potential yield (i.e.
yield when water is non-
limiting)

Reduced potential size

Decreased stomatal diffusion
resistance and increased
transpiration. Increased
transpiration and photo-
synthesis per leaf

Reduced growth and potential
yield

May indicate low-yield potential

May reduce yield potential
where stress occurs early

None known



High rate of light-saturated
photosynthesis

Narrower leaves

Dwarf habit and stiff straw

Absence of leaf rolling

Large awns

High concentration of
soluble carbohydrates early
in grain-filling period

Large, deep root system

High hydraulic resistance to
water transport in roots

Increased water-use
efficiency and grain yield

Heat dissipation from crops
may be increased. Reduced
respiratory loss and
possibly increased yields

Uncertain, but direct effects
on heat loss, transpiration,
and photosynthesis likely
to be small (effects depend
on wind speed)

Indicates plants not stressed,
i.e. water uptake satisfies
transpirational demand

Increased contribution by awns
to grain filling; greater
proportion of intercepted
radiation dissipated as
sensible heat. Water-use
efficiency of crop after ear
emergence is increased

Increased availability of
assimilate late in the grain-
filling phase

Increased ability to extract

waler from lower parts of soil

profile

Decreased water use during
early growth, more available
during iater stages of growth

Small, narrow leaves; increased
stomatal frequency and
possibly decreased stomatal
diffusion resistance

High rate of light-saturated
photosynthesis. Because
boundary-laver resistances
reduced, transpiration and
photosynthesis may be
increased

Major height-reducing genes
may have pleiotropic effects
on ear size

Rolling reduces transpiration
and photosynthesis

Unkown

Unknown but may indicate

reduced ear growth rates and

low-yield potential
Dzcreased availabilty of
assimilate for growth of
shoots, including ears
Unknown, but watzr stress in
leaves may increase during
periods of high irradiance

Reduced photosynthesis per
leaf, reduced leaf boundary-
layer resistance, increased
transpiration per unit leaf
area

Water-use efficiency decreased
because effect on transpi-
ration is greater than effect
on photosynthesis

Uncertain

Decreased assimilation during
periods of high irradiance

*The consequences of variations in ABA (abscisic acid) concentration depend on the sensitivity to ABA of the various processes it affects. These

sensitivities may or may not vary independently of one another and of the tendency of leaves to accumulate ABA.
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Table 2. Grain yield and related characters for high and low car number
selections, 1978-9

High Low SE H/L
Grain vield (t/ha) 8.33 7.68 0.20 1.13
Num- .7 of car. per m? 556 445 13 1.25
Tiller zurvival (%) 45.3 45.0 1.1 1.01
Harvest index (%) 47.4 46.1 0.3 1.03

The results (Tables 2 and 3) show that when tully irrigated the H lines had
20 per cent more ears than the L lines and yielded 11 per cent more grain,
When they experienced an early drought, more tillers died in the H than in
the L lines, and the surviving ears of the H selections had Jess grain per ear, so
the H lines gave an 8 per cent lower yield.

The late drought had, as expected, no effect on the number of ears per
Square metre, and so there remained a yield advantage of the H over the L
lines (6 per cent, as compared to 11 per cent in the fully irrigated treatment of
the same experiment). Of particular relevance to the Mediterranean areas
was that the H lines had a greater biomass and water use (evapotranspiration)
than the L ones, although the H lines were able to extract more water from the
soil below a depth of (.9 m than the L lines during the early drought.

The results from these experiments have been described more fully by
lnnes er al. (1981).

Table 3. Grain yicld and related characters for high (H) and low (L)
ear sumber selections, 1979-80)

Grain yield Ears per Water usci
(t/ha) m- {mm)
(a) Sheltered trial*
Fully irrigated K 7.41 448 372
L 6.68 396 353
Early drought H 5.96 365 325
L 6.45 373 317
Late drought H 7.24 455 280
L 6.84 370 265
SE 0.23 23 7
(b) Irrigated trialt
H 6.21 — —_
L 5.66 — -
SE 0.19

*Selections from one cross.
tSelections froin three CIosscs.
$May-July inclusive.
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Mature plant height

The dwarfing genes of wheat which are insensitive to gibberellic acid, Rhtl
and Rht2, are now present in many wheat varieties throughout the world.
These varieties are generally called ‘semi-dwarf’. Although the original
motivation for using the genes was io achieve resistance to lodging in
high-yielding environments, it is now established, at least for conditions
prevailing in western Europe, that even in the absence of lodging the genes
confer a yield advantage. While conclusive evidence from experiments is still
lacking, it appears that these tvo genes are not advantageous in wheat grown
in dry areas, or may even be detrimental. Rht3, which is allelic with Rhtl but
reduces height much more, confers reduced biomass when compared with
Rht] or Rht2, and has not yet been exploited commerciaily. Isogenic lines of
these genes and the tall control (rht) in each of three different genetic
background provided ideal material for studying the cffects of the genes on
response to drought. As described in the previous section, the lines were
compared in drilled trials and in plots sheltered from rain giving F1, ED, and
LD treatments.

The results (Tables 4 and 5) show that when fully irrigated the semi-dwarf
lines gave 13-15 per cent greater yields than the wall controls. They still gave
greater yields then the tall controls when subject either to an early or a late
drought, but their yield advaniage was less (11 per cent). Looked at in

Table 4. Grain yicld, harvest index and water use for vemi-dwarf (Rhtl
and Rht2), dwarf (Rht3), and tall (rht) isogenic lines in an experiment in
1984 which was sheltered from rain

Semi-dwarf Dwarf Tall
isolines isolines isolines
(a) Grain yield (t/ha)
FI 9.20 8.42 8.00
ED 6.57 — 5.94
LD 8.27 7.18 7.48
SE 0.24
(b) Harvest index (%)
FI 43 47 38
ED 39 — 33
LD 41 43 37
(c) Cumulative water use (mm)
FI 272 272 284
ED 225 — 225
LD 190 183 202

SE 5.4
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Table 5. Grain yield of semi-dwarf (Rhtl
and Rht2), dwarf (Rht3), and tall (rht)
isogenic lines in fully irrigated drilled trials

Grain yield

(t/ha)
Rht1 10.28
Rht2 10.44
Rht3 8.72
rht 9.19
SE 0.18

another way, early drought reduced the yield of the semi-dwarf lines by 29
per cent and the talls by 26 per cent; and late drought reduced the yields by 10
and 7 per cent, respectively. Whichever way these figures are considered, the
semi-dwarf lines always yielded more grain than the talls in a given environ-
ment, though their yield advantage was somewhat reduced by drought.
Therefore, these results do not support the view that the Rht] or Rht> genes
are disadvantageous. at least in the kinds of drought experienced in this
experiment. For any given treatment the total dry-matter yicld of the semi-
dwarf lines was similar to that of the tal] ones. Their water use was also less,
though not significantly so. This may have been an artefact of the experiment,
caused by advective effects, as the tall lines would have been more exposed to
the wind than the dwarf ones. As expected, the Rht3 lines yielded less than
the Rhti and Rht2 lincs.

These results were obtained by my colleagues Dr P. Innes anu R.D.
Blackwell and the isolin:s were made available by Dr M. D. Gale of the Plant
Brecding Institute.

Flowering date

Modern English varieties of winter wheat reach the stage of ear emergence
more than two weeks sooner than the very old varieties which were grown in
the nineteenth century. There has been a consistent trend to carlier flowering
in wheat varieties since the last century. Early flowering is strongly correlated
with reduced height but it is not known whether reduced height, in any
measure, causes carlicr flowering. Experiments have not yet been done to
measure how much of the yield advantage of modern varieties can be
attributed solely to their earlier flowering.

My colleague, Dr J. Hoogendoorn, undertook to investigate whether
earlier flowering would benefit yield among modern wheat varicties. She
selected for early and late flowering from the progeny of a cross between
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Table 6. Mcan grain yields and other characters of carly and
late flowering lines in irrigated, drilled trials in 1982-3

Early Late SE
Grain yield (t/ha) 8.62 B.15 0.06
Day to car emergence 152 159 0.2

(Julian days)

Number of cars per m? 516 517 11
Mecan grain weight (kg) 50.0 47.2 0.6
No. of grains per car 34.7 353 0.6
Harvest index (%2) 48.4 46.4 0.5

Norman and an carly flowering French wheat variety, Talent. The Fqlines fell
into four phenotypic classes since Norman has the Rht2 gene and Talent lacks
it but has another non-allelic dwarfing gene of smaller effect. For the purpose
of this account the results presented are averages over the tall and dwarf
groups (there being no interaction between the effects of height and flowering
date for yield). The results are given for three drilled experiments carried out
during 1982-3 which were irrigated to avoid severe water stress (one on light
soil at Trumpington, one on heavy soil on the same farm but with two sowing
dates, and one carried out near Edinburgh), and one experiment under the
plot shelters.

The results (Tables 6 and 7) showed that in the drilled trials, which
experienced some stress, the carly selections yielded more grain than the late
ones and had heavier grains. Presumably this difference in grain weight

Table 7. Grain yield, harvest index, and water use of early and late
flowering lines in sheltered experiment, 1982-3

Treatment and Grain yield Harvest index Water use®
genotype (t/ha) (%) (mm)
Fully irrigated

Early 9.48 398 285

Late 9.29 38.4 296
Early drought

Early 8.06 39.3 237

Late 7.80 38.9 242
Late drought

Early 8.06 37.5 216

Late 7.07 33.6 221
SE 0.17 0.5 2.8

*May-June inclusive.
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occurred because carly selections partially escaped the cffects of drought.
This conclusion is borne out by the results of the sheltered experiment where,
in the late drought treatment, carly selections yielded almost | t/ha more
grain than the late ones. When not droughted, or droughted prior to anthesis,
yields of carly selections were only slightly more than those of the late ones.
In all cases, early selections used less water than the late ones, Although they
reached ear emergence 7 days sooner than the late selections. early sclections
matured only 2-3 days in advance of the late ones, as indicated by the date
when grain moisture had decreased by 25 per cent.

These results suggest that even in the relatively mild droughts experienced
in England, earlicr lowering, which does not reduce yield potential, would
benefit yield when there was a terminal drought. These results have been
described in detail by Innes er al. (1985).

Drought-induced abscisic acid accumulation

Abscisic acid (ABA) plays a central role in causing the adaptive responses of
plants to drought stress. Within a few minutes of a reduction in turgor in leaf
tissue, the concentration of the hormone increases, often 40 or more times the
levels present in non-stressed tissue. The hormone causes stomatal closure
and appears to stimulate the pioduction of proline. It is rapidly translocated
to growing parts of the plant where it reduces cell expansion, and during
prolonged cpisodes of stress (or continued applications to non-stressed
plants) causes a reduction in the final size of organs in which cell division and
expansion are taking place.

To fiud out whether there was genetic variation in the capacity of wheat to
accumulate ABA, .y colleague, Dr S. A. Quarric, developed an assay system
in which lcaves, grown in standardized conditions and of a fixed age and
position on the plant, were rapidly desiccated and then incubated under
controlled conditions which prevented further loss of water. He found that
there was substantial variation in drought-induced ABA accumulation
(DIAA) among spring wheat varicties (Quarrie, 1981). Subsequently this has
also been found for rice, pearl millet, maize, and barley (Henson, 1983:
Henson et al., 1981; Pckic and Quarrie, personal communication, 1986;
Arachchi, 1985j. Two spring wheat genotypes adapted to UK conditions but
contrasting in DIAA were crossed and the prugeny selected in the Fa and later
generations for high and low DIAA. F, lines (20 low and 20 high) were
compared in a sheltered experiment and in drilled trials.

The results from the sheltered experiment (Table 8) show that in the fully
irrigated and late drought treatments the high ABA lines yielded slightly
more grain than the low ABA lines. In all trcatments, however, and in
irrigated and unirrigated drilled trials, the water-use cfficiency for grain yield
was greater for H than for L lines by 0.11 t/ha/100 mm. Although not a large
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Table 8. Yield, biomass, and water-use efficiency for grain yield for
high and low ABA accumulating lincs of spring wheat. Sheltered
experiment, 1982

WUE"* for grain

Grain yield Biomass yields

Treatment (t/ha) (t/ha) (t/ha/100 mm)
Fully irrigated

H 7.25 15.10 2.27

L 6.90 14.71 2.16
Early drought

H 4.92 9.98 2.28

L 5.03 10.44 2.25
Late drought

H 6.3% 13.99 2.96

L 6.02 13.62 2.74
SE 0.10 0.13 0.07

*Water use from May to July inclusive.

difference, this result suggests that selection for high DIAA may be a means
of increasing grain yield and water-use efficiency in Mediterranean environ-
ments. High lines accumulated 1.8 times more ABA than the low ones, and it
is now known that some wheat varieties have a higher DIAA than the high
lines studied here, so it may be expected that, by crossing and sclecting for
higher DIAA, further improvements in water-use efficiency could be
achieved.

Further information o1 these experiments is given by Innes et al. (1984).

CONCLUSIONS

High-yielding varietics of wheat and barley remove more nitregen from the
soil than low-yielding ones (Austin et al., 1980) and so it is unlikely that there
will be a sustainable yicld improvement from breeding programmes alone.
There need to be matching improvements at least in fertilizer use, but
probably also in other inputs. This is true for crops grown in dry areas, as well
as for those in wetter ones.

Grain/straw ratios of barley varicties grown in the dry areas of the Mediter-
rancan region (Gregory ef al., 1984) appear to be lower than those achieved
with modern varieties of these crops grown in western Europe. In Europe,
modern varieties are 70-80 cm tall and have a harvest index of 45-50 per
cent. Attempts to breed shorter varieties have not so far met with success for
they produce less total dry matter and do not have a greater harvest index. In
dry areas, drought often restricts plant height to 70-80 cm or less so it is
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questionable whether breeding for reduced height would give an increased
harvest index or yield, Furthermore, with terminal droughts which vary in
their time of onset, severity, and duration, varicties with high grain/straw
ratios may be less stable in yield than traditional types.

If this is so, improvements in grain yield through breeding will depend on
increased total dry-matter production. Experience in western Europe sug-
gests that this will be difficult to achieve. It may be especially difficult at low
yield levels, where full canopy closure, if it occurs, lasts only for a short
period, because under these conditions biomass is likely to be proportional to
water use. Some crop characteristics which may confer the capacity to
produce increased dry-matter yields are listed in Table 1.

There may be scope for modifying the timing of the life cycle to achieve
greater grain yields. Earlier flowering would permit grain filling to occur in
cooler conditions when the crop is likely to be less water stressed. The
reduced potential yield which may be associated with carlier flowering might
be avoided if co-selection for carly vigour was practised.

It may be possible to increase water-use efficiency by selecting for high
capacity to accumulate the hormone abscisic acid. In addition, more efficient
photosynthesis, i.c. greater quartum yield and increased light saturated rate
of photosynthesis per unit leaf area, would confer increased water-use effi-
ciency. Variation in these measures of photosynthesis is known among wheat
species (Evans and Dunstone, 1970) and among wild diploid forms of H.
Spontanewm (unpublished data), and it may be possible to transfer the
features to cultivated barley and hexaploid wheat, so achieving increases in
waltcr-use efficiency and yicld.

Evidence from studics in other environments and predictions from crop
models are not a substitute for the systemnatic evaluation of the significance of
individual plant characteristics for water use and yield. Four examplcs of the
process of ‘character evaluation’ are described in this paper. These examples
show there is scope for improving water-use efficiency by breeding. It is
suggested that character evaluation is the only satisfactory way to provide
breeders with definitive crop ideotypes.

Finally, perhaps because planners and scientists pe - zive that most progress
can be made in improving yield in favourable enviro..ments, relatively little
effort has been devoted to crop improvement for dry areas, Yet, because of
the greater variability of the environment jn dry areas, the heritability of yield
is certain to be lower than in more favourable environments. As a conse-
quence, for a given percentage improvement of yield to be achieved by empiri-
cal selection, more effort is needed in dry than in wetter areas. If this were
recognized and more resources committed to breeding and the relevant
science, I would be optimistic about the progress that could be achieved.,
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DISCUSSION

E. Smith
With modern wheats in England yielding 11.3 t/ha, has there been any change in
number of spikes per square metre and in leaf carriage and patterns as compared to
old ones?
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R. B. Austin
There are more grains (more ears) per square metre; the duration of the grain-filling
period is about the same; no consistent patterns in leaf size, shape, or arrangement
are evident.

S. K. Sinha
The present increase in yield has occurred because of an improvement in harvest
index, as you rightly say. If an increase in the rate of photosynthesis is achieved, how
would the additional dry matter, in terms of yield component, be cffective in
increasing yvield? Where do you think it would be best to put it, considering the
aspects of competition?

R. B. Austin
Increased ‘photosynthetic efficiency’ of individual leaves, if expressed at the crop
level in terms of more rapid growth, would benefit vield only if there were suitable
adjustments in crop morphology and phenology. Exploited in this way, it should
increase vield and water-use efficiency.

N. C. Turner
Have your high and low abscisic lines been tested in low-input Mediterranean
environments?

R. B. Austin
No, we have recently sent grain samples to Canberra for testing. However, they are
English spring wheats and may not be well adapted to Australian conditions,

A. Hadjichristodoulou
Your finding that late drought affects the yield of late varieties more than that of
carly varieties is common experience in our dry regions. In these arcas the timing of
late drought is not predictable and not controlled as in your trials, Do you wish to
comment on the next steps to be taken in order to increase yields and improve
stability of performance?

R. B. Austin
Lagree that our finding is consistent with common experience. I gave my example to
illustrate the approach which needs to be followed to determine the optimum
flowering date for a given locality (zone). Of course, the optimum will vary with
year, so trials over several years will be needed to determine the best compromise.
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Use of Water Balance Terms in Breeding
Jor Drought Resistance—The Upland Rice
Case*

R. N. REYNIERS
La Zolad, Batiment 7, 34100 Montpellier, France

SUMMARY

Rice, which is a staple diet in the tropics, is grown mainly in upland conditions
in Brazil, with 5.5m ha, and in West Africa, with 1.4m ha. For about 12 years,
the improvement in drought tolerance of upland rice varieties has been the
subject of research in several institutions: IRAT, EMBRAPA, IDESSA,
IRRI, ete. It is important to examine the results and the problems encoun-
tered and to propose ‘rescarch for the medium term’.

For varietal improvement, selection is made cither directly, in functions of
drought tolerance, defined by production capacity in drought conditions, or
indirectly, according to tolerance factors grouped in functions of their mode
of action, e.g. maintaining a favourable water state and control of the
claboration processes of yield adapted to periods of drought.

Direct sciection compares varicties at several similar phenological stages
during drought. This has enabled IRAT to sclect and create varieties adapted
to drought conditions ir West Africa. The results of multilocation trials
organized in networks make it possible to select tolerant varicties. At present,
direct selection is still the most efficient method.

Indirect sclection involves the identification of tolerance factors, screening
for the variability for the traits, and incorporation of those traits in a single
genotype.

*Full text net received.
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Root characteristics, particularly the root depth, stomatic regulation,
cuticular resistance, leaf rolling, and osmotic adjustment, are the principal
known factors in the water control of upland rice. The leaf arca, stomatic
regulation, tillering dynamics, distribution of photosynthates, and growth
cycle length are the characteristics determining yield and the effect of
droughts. Some factors linked to the developmental processes of the repro-
ductive organs and to mineral nutrition in pcor soils are not yet well known
but could be important. ’

The tolerance factors, such as root depth, growth cycle length, and stomatic
resistance, have been screened for a sufficient number of varieties to make a
rough estimation for genetic variability. Howcver, little information is avail-
able on screening of segregating generations. These tactors are difficult to
screen for large populations.

The final stage of accumulation of factors has not rcally been carried out. It
poscs practical and theoictical problems. In fact these factors have a cost in
productivity, as emphasized by some authors, and the more traits we add the
more the productivity will fall. Moreover, their effects are sometimes con-
tradictory, depending on the modalities of the drought,

In view of tiese difficulties, another avenue is now being explored at the
CNPAF.

The first stage consisted of evaluating for each region whether the drought
risk could be reduced by the combined choice of sowing date, grewth cycle
length, and rooting, which are basic agronomic factors. The methodology
consists of calculating the satisfaction rate of water requirements (ET/ET,)
for the different phases of development by varying the factors indicated. This
calculation is carried out by a microcomputer file simulating the water
balance, which has been perfected by IRAT. The first results show that for
realistic values of these factors, in very vast regions, there may be up to 80 per
cent satistaction of water requirements for the whoie cycle, making possible a
production expectation of 3 t/ha on fertile soils.

The second stage aims at helping producers attain these optimum values, In
the third stage, areas are selected where, even with an optimum combination
of these factors, the satisfaction rates of water requirements remain inad-
equate and where the main drought problem occurs at the productive stage,
Here, direct selection is used,
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Maize in the Mediterranean Cropping
System—Modifying Its Growth to Combat
Drought

R. KENT CROOKSTON* and SAID QUATTART

TAgronomy Department, University o f Minnesota, St Paul, Minnesota 55108,
USA; Tinstitur A gronomique et Veterinaire Hassan 11, BP 6202, Rabat,
Morocco

ABSTRACT

Rainfed maize grown in Mediterrancan climates suffers from water stress as
rainfall ceases and soil moisture reserves are drawn down during grain filling.
Researchers have hypothesized that a reduction of carly vegetative growth
might save soil moisture for maize that would alleviate the effects of the
late-season drought. We conducted two studies to test this hypothesis. In
both studies, maize was cempletely defoliated at an carly growth stage to
reduce its vegetative growtt. and final production of leaf area. In one study
(conducted in the United States), the amount of water provided to the plants
wus controlled. Tn the other (conducted in Moroceo), the crop relied on the
natural rainfall pattern characteristic of the Mediterrancan area. Early
defoliation helped in soil moisture conservation which benefited grain yield in
severe moisture-stress conditions. We do not recommend defoliation as a
production practice, but suggest that restricted carly vegetative growth be
investigated further as a means of improving grain yields of maize in
Mediterranean environments,

INTRODUCTION

Maize is becoming an increasingly important component of the rainfed
Mediterranean cropping system. The grain is prized as human food, the stover
serves as premium cattle feed, and the crop is valuable for rotating with small
grain crops, especially when a ‘clean-up’ crop is needed because of weeds.

339
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Unlike sma' grain crops, maize is sown at the end rather than at the
begitining of the 1ainy Mediterranean winter season. This leads to frequent
water stress problems for at least two reasons. First, the overall crop cycle is
shifted towards summer, or into a period of greater heat and water stress.
Second, growth conditions during the warm carly secason favour vigorous
vegetative growth. This leads to a rapid depletion of soil moisture, with a
resulting shortage of water during grain filling.

Results from studies in the U.S. corn belt suggested that a deliberate
reduction of the early vegetative growth of maize might help to conserve soil
moisture early in the Mediterranean season, so that more moisture would be
available to the crop during grain filling. Crookston and Hicks (1978)
reported that early defoliation of maize led to grain yield increases in
low-yielding situations. They also observed, as did others, that under high-
yielding conditions carly defoliation reduced grain yiclds (Crockett and
Crookston, 1980: Crookston and Hicks, 1978; Ferris, 1979; Jeppson and
Crookston, 1986; Johnson, 1978). Crookston and Hicks (1981, 1986)
reasoned that carly defoliation and the resulting reduction of upper plant
mass led to an carly saving of soil moisture that proved to be advantageous
when water stress occurred during grain filling. The same reduction of carly
plant mass appeared to be a disadvantage in years when plenty of moisture
was available during grain filling. They hypoihesized that early defoliation of
maize might be a profitable production practice in arcas where soil moisture is
adequate for the crop early in the season, but becomes limiting during grain
filling,

We conducted two studies to test this hypothesis. In the first (bucket study)
we grew maize in plastic buckets and defoliated half of them at an early
growth stage. The objective was to see if defoliation actually resulted in soil
moisture savings, and if these savings could be translated into improved grain
yields. In the second (field study) we grew and defoliated maize in Morocco in
a Mcditerrancan climate. The two studics are presented and discussed sepa-
rately.

MATERIALS AND METHODS (BUCKET STUDY)

The maize hybrid ‘Trojan TXS 85" was grown in plastic buckets (Volume of
19 liters) which were placed in the field at St Paul, Minnesota, in 1980. Soil
water status was monitcred daily by tcsiometers positioned in the buckets
prior to planting, one cach at a depth of 30 and 60 cm. The soil in the
containers tested at an equivalent of 200:222:670 kg/ha of N:P:K.

Plants were defoliated when they had grown to the five-leaf stage, by
cutting the pseudo-stalk (whorl of leaves) with a razor blade at the collar of the
second leaf. Treatments were imposed in pairs. A set of defoliated and a
matching set of non-defoliated plants were maintained on each of two
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identical watering regimes. The first set was placed on its regime immediately
after defoliation. The defoliated plants were provided enough water to
maintain the soil in their buckets at or above —0.3 bars. The matching set of
non-defoliated plants was given the same amount of water as the defoliated
plants. All plants in the sccond sct were provided with sufficient water to
maintain the soil in their buckets at or above —0.3 bars up until just after
pollination. They werc then placed on their regime. The non-defoliated plants
were again given the same amount of water as the defoliated plants. There
were four replications of cach treatment set. The cxperimental design was a
randomized complete block.

Results (bucket study)

As expected, defoliated plants withdrew less water from the soil than their
non-defoliated counterparts. When the regime was initiated at the five-leaf
stage, soil moisture began to decline under the non-defoliated plants within
five days (Figure 1) and within 20 days it was 0.4 bars lower than that of the
soil under defoliated plants. The accompanying stress was apparently of such
a magnituce that growth was reduced or arrested. The defoliated plants thus
‘caught up’ with the non-defoliated plants, in werms of grow/th and water
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Figure 1. Difference in water potential (i = bars) of soil in which defoliated and

non-dcfoliated maize plants were growing. Both plants were provided with the same

s0il volume and the same amount of water. The water was limited to the ‘needs’ (see

text) of the defoliated plant starting the day after defoliation (regime 1) or the day
after pollen shed (regime 2)
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Table 1. Yield and yield components of defoliated and non-defoliated maize plants
grown in plastic buckets on limited amouats of water. The water was limited 1o the
‘needs’ (see text) of the defoliated plants, commencing immediately after defoli-
ation at the five-leaf stage (5LS) or after pollination (P} (compare to Figure 1)

o Yield ot e

Water — Kernel
regime Grain  Stover  Harvest Kernel weight
Treatment started (g/plant) index number  (mg/kernel)
Defoliation SLS 83 bc {70 b 0.49 ab 38l a 218 ns
Non-defoliation  51.8 72 ¢ 154 b 0.47b 356 b 274 ns
Defoliation p 109 a 199 a 0.55a 343 a 306 ns
Non-defoliation P 97 ab 198 a 0.49 ab 362 a 258 ns

Values not followed by the same letter in a columa are significantly different at the 5 per
cent level of probability according to Duncan’s multiple range test,

consumption, and 35 days after commencement of the regime hoth defoliated
and non-defoliated plants were using equal amounts of water. The brief
period of stress experienced by the non-defoliated plants results in a
significant reduction of kernel number per plant (Table 1). Defoliated plants
tended to have higher grain yields (14 per cent) and a higher biomass (10 per
cent), bur these differences were not significant.

When the regime was postponed until after pollination, soil moisture uader
the non-defoliated plants began to decline immediately (Figure 1), and within
15 days it was approximately 0.3 bars lower than that uader the non-
defoliated plants. There was apparently no water-use adjustment as occurred
with the earlier regime. The defoliated plants again tended to yield more (12
per cent) but the difference was not significant. Stover weight was unaffected
(Table 1).

Thus, we were able to confirm that defoliation did result in less water
consumption, but did not demonstrate that this had any significant effect on
yield. We were not able to draw conclusions regarding « true field situation,
however. The limited soil volume within the buckets led to rapid growth
compensations unlikely in the field, and we knew that field water supplies
would not always match the ‘needs’ of defoliated plants. We therefore
conducted field trials in Morocco where we expected seasonal climate and soil
moisture patterns to allow a better evaluation of early defoliation,

MATERIALS AND METHODS (FIELD STUDY)

The field study was conducted during 1982 and 1983 on a clay-loam soil in
the Settat area of Morocco. The previous year’s crop was wheat. Prior to
planting, plots received 90:100:100 kg/ha of N:P:K. Weeds were controlled
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by hand. Two local cultivars ‘Dra 400" and ‘Berrechid’ were grown. Plots
were overp'anted, during February, and later thinned to a uniform stand
density of 53,000 plants per hectare. A randomized complete block design
was used in both years. Cultivars served as main plots and treatments as
subplots. The first treatment was a check and the sccond consisted of
complete defoliation at the five-leaf stage (as in the bucket study).

In 1982 the soil moisture at defoliation time was adequate for good growth,
In 1983 the soil was rather dry at defoliation time. We therefore duplicated
the entire experiment in 1983. For one duplicate, the plot area was flood
irrigated after defoliation to assure good recovery. The other duplicate
received only natural rainfall, which was minimal. In other words, there were
three environments in our two-year study (Figure 2).

Plots consisted of 14 rows, cach 7m long, spaced 75 cm apart. The four
centre rows were saved for yield (grain and stover) determinations. In 1982,
soil moisture was determined gravimetrically at 20 cm intervals to a depth of
I m undl silking. The measurement of soil moisture at harvest was impossible
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Figure 2. Rainfall and/or irrigation received, and average
daily temperature during the field experiments
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and we gave up trying to take soil cores after two sample probes were broken.
In 1983, a neutron probe was used to monitor soil moisture. Evapotranspira-
tion was calculated from soil water measurements and rainfall data using the
classical water balance over each cousidered period. Water drainage and
runoff were assumed to be negligible. Soil moisture values at —15 bars were
determined with a pressure plate.

Results (field Study)

Defoliation caused about a 10-day delay in leaf area expansion and reduced
the final leaf area index by an average of 30 per cent (Figure 3). This is in
agreement with the results of others (Crockett and Crookston, 1980; Hsu and
Yeh, 1978; Johnson, 1978), who found that early defoliation of maize
reduced the £nal leaf area by 21 to 42 per cent.

There was a close association (r"=10.67, P< 0.01) between the leaf area
index and evapotranspiration. As leaves grew and cvapotranspiration
increased, soil water reserves beneath control plants were drawn down at a
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Figure 4. Soil-moisture profiles under control and defoliated
maize sampled three times during the 1982 season {(environ-
ment B)

Table 2. Effect of carly defoliation on grain yield, biomass, and harvest index of
maize grown under rainfed conditions at Seutat, Morocco, in 1982 and 1983. See
text and Figure 2 for explanation of environments

Yield of

Grain Biomass Harvest

Environment Cultivar Treatment (kg/ha) index
A Berrechid Control 91 590 0.17
Defoliation 121 470 0.25
DRA 400 Control 210 610 0.29
Defoliation 183 480 0.36
B Berrechid Control 33 340 0.10
Defoliation 63" 400 0.16
DRA 400 Control 57 380 0.15

Defoliation 114* 410 0.28*
C Berrechid Control 4 560 0.09
Defoliation 94* 530 0.18
DRA 400 Control 141 640 0.22
Defoliation 153 540 0.28

*Indicates significant difference between control and defoliation (0.05 level of probabilitv).
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faster rate than bencath defoliated plants. By silking in 1983, defoliated plots
contained an average of 18 mm more soil water than the control plots (Figure
4). This represents substantial water savings, considering the amount of
rainfall received during the 1983 season (Figure 2).

The grain yields obtained in this study were very low (mean ef 109 kg/ha
for control plots). That any grain yield was obtained at all might be regarded
as remarkable considering the low amount of rainfall received at the research
site during these two years. In 142, the total rainfall was 161 mm (84 mm
after defoliation). In 1983, the total rainfall was 145 mm (12 mm after
defoliation).

The effect of defoliation on grain yicld was highly dependent on the
circumstances. When control yields were below the study mean of 109 kg/ha,
defoliation increased yields by an average of 70 per cent (changes usually
significant, Table 2). When control yields were above the study mean of
109 kg/ha, defoliation decreased yields by an average of 4 per cent (changes
non-significant, Table 2). Thus, there was a strong negative correlation
between the control yield level and yield increase following defoliation
(Figure 5). A similar trend was obscrved by Crookston and Hicks (1986),
even though the average control yield of their study was 770 kg/ha. Defolia-
tion reduced biomass yicld by an average of 9 per cent, but in no case was the
effect of defoliation on biomass vield significant (Table 2).

With grain yields increased or unchanged and with biomass yields slightly
reduced. there was a consistent upwards shift in the harvest index following
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Figure 5. Relationship between level of control yield and
relative change in yield following defoliation
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defeliation. The average increase in the harvest index was approximately 47
per cent, but individual increases were significant only once. The tendency for
the harvest index to be increased following defoliation confirms other reports
{Crockett and Crookston, 1980; Ferris, 19795 Jeppson and Crookston, 1986)
that carly defoliation of maize alters the lifelong pattern of dry-matter
partitioning in favour of grain development.

The results of our Moroccan studies with maize are not unlike studies
conducted with wheat in the Mediterrancan climate arcas of Australia.
Passioura (1976), Islam and Sedgley (1981), and Richards (1983) demon-
strated that wheat made more efficient use of water and yielded better when
vegetative growth and/or carly water use were reduced.

CONCLUSICNS

We conclude, from our two studies, that carly defoliation of maize can result
in soil water conservation, and that such conservation can be beneficial to
grain yield under moisture-stressed conditions. The increase in the harvest
index following defoliation is a growth response which definitely warrants
further investigation.

We recommend that restricted carly vegetative growth be investigated
further as a means of improving grain yields of corn grown in Mediterranean
environments. Mechanical defoliation provides a simple experimental tech-
nique for evaluating the influence of plant design on water use and yields. We
would not recommend defoliation as necessarily the best experimental tech-
nique to evaluate growth modification in drought-stressed arcas, however.
Defoliation is likely to alter root growth which could restrict extraction of
available soil water. In a few cases, Crookston and Hicks (1981) found that
defoliation resulted in plant death. The development of genetically modified
plants or the use of chemical growth suppressants would be likely to offer
more opportunities to scarch for optimum growth modification and improved
yields in semi-arid zones where maize will continue to be an important
compounent of the cropping system.
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DISCUSSION

A. Hadjichristodoulou

You showed that under stress conditions defoliation at carly growth stages increases
grain yield of corn. In the Mediterrancan countries barley and wheat are grazed at
the tillering stage and then harvested for grain. Our studies and those of others show
a reduction in grain yield of winter cereals after grazing. I have a feeling that this
effect will be more drastic in winter cereals under moisture stress than under more
favourable conditions. The experience, thus, with winter cereals is in disagreement
with your findings in corn. Do you have any comment on this?

R. K. Crookston
I agree with your ‘guess’ that small yields would be hurt by carly defoliation
followed by stress during grain filling. Perhaps the most relevant difference between
corn and small grain is that corn cannot compensate by producing more or fewer
tillers. The within-the-main-stem compensation of corn apparently provides for a
rather unique response.

D. Lawlor
There is evidence in barley and wheat that stresses, such as low nitrogen or water
deficits during vegetative growth, decrease the production of tillers, stem, and leaf
material but do not affect the growth of reproductive organs, so that the harvest
index and often yields are increased,
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Critical Physiological and Biochemical
Assessment
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ABSTRACT

This review attempts to define drought and drought resistance, analysis of
yield of crops, and the effects of water deficit on growth and yield. Sceveral
plant processes which oceur in time scales ranging from seconds to minutes,
hours, days, and months culminate in crop vield under field conditions in a
competitive environment. While the importance of short-term responses
cannot be denied, their correlation with yield is difficult to expect. Itis for this
reason that many individual tests have not been found of wider application in
selection for drought resistance. A wholistic view of plant growth develop-
ment and yield components in relation to environment, particularly water
availability, is discussed.

The following criteria are suggested for selecting physiologically superior
genotypes to conform to the wholistic approach: (1) seedling vigour in kharif
(rainy scason) and slow acrial seedling growth in rebi (winter scason); (2)
canopy temperature lower than the ambient temperature when Crop canopy
is formed is desirable; (3) assessment of total dry-miatter production in
relation to soil moisture depletion: and (4) medium capacity of yield compo-
nents.

INTRODUCTION

Drought is the most common adverse environmental factor limiting crop
production in different parts of the world. Drought is often accompanied by
relatively high temperatures, which promote evapotranspiration and hence

349
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accentuate its effects, leading to reduced crop yiclds. Consequently, breeding
for drought resistance is a major objective of many research programmes in
international and national institutions. This has beer so for the past several
decades. However, to our disappointment, there has not been any identifiable
and measurable success in these programines, when we compare them with
such objectives as *breeding for yield’, ‘breeding for discase resistance’, and
‘breeding for quality’. In fact, this disappointment was sadly expressed by
Arnon (1980) when he stated, ‘Breeding for drought resistance has been a
consistent theme for as long as | remember and probably the greatest source
of wasted breeding cffort in the whole field of plant breeding.” However, the
fact remains that we do hear of drought-resistant varicties in many crops. For
example, C306 in wheat, Lalnakanda in rice, and M35-1 in sorghurm are some
of the better-known examples in India. It is also claimed that a large number
of cultures among the Assam Rice Collection exhibit a considerable degree of
drought tolerance. Many landraces and wild relatives of several crop species
are said to carry drought-resistant genes or traits, which could be utilized
profitably in breeding programmes.

Before developing a new strategy it is always good to assess the state-of-
the-art in the concerned arca. The following questionnaire was prepared and
distributed to 75 distinguished plant breeders and plant physiologists in India
and abroad to assess the present situation of drought-resistant varietics:

Questionnaire

Namec of crop; varicty or varietics identified/recognized as drought resistant;
duration of these varieties (seedling to maturity) in comparison with other
popular high-yiclding varicties; yield in a good rainfall and in a drought year;
any special morphological or physiological characteristics of the resistant
variety; water use in comparison with susceptible varicties; was the variety
specifically bred for drought resistance or was it a selection from the cxisting
types?; is there any varicty that has been produced specifically fo - drought
resistance through hybridization?

Many scientists from India and abroad responded to the questionnaire. The
following is a summary of their responses:

(1) Some varictics of wheat, barley, sorghum, oats, and rice are recog-
nized as dr. ught resistant,

(2) Most varicties are of medium or long duration. In sorghum, the
hybrid CSH-6 is of short duration, but it cscapes the drought period. It is
not successful in rabi (wintev season, sce belovs), when the crop actually
cxpericnees drought. Under such conditions an average yiclding varicty
M35-1 is most stable, and hence is considered drought resistant,

(3) In good rainfall years, the varietics recognized as drought resistant
do not take sufficient advantage of the available water. The average yield is
between 2.5 and 3.0 t/ha and is reduced to 1.0 t/ha or less in drought years.
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(4) Some wheat varicties, such as Olympia in Australia, have carly
vigour, whereas others, such as C306 in India, have slow vegetative growth
in the initial stages, and they also have a good tillering habit,

(5) The drought-resistant varietics use as much as or more water than
susceptible types, such as Olympia and 306 in wheat and Lalnakanda n
rice.

(6) Most of thesc varieties aie local sclections, or selections from other
breeding programmes, which were not meant for ‘drought resistance’,

(7) No one claimed to know any varicty produced through a hybridiza-
tion programme on breeding for drought resistance. 1t was stated that such
varieties are in the process of development. For such varieties, the upper
limit of yield in rice would be 4 t/ha in good years and 1.5-2.0 t/ha in bad
years.

The above information raises the question of why success in breeding for
drought resistance has not been comparable to breeding for disease resistance
and other characteristics. Have we failed in defining our objectives? Aristotle
said, ‘This is the alpha and omega of logic, the heart and soul of it, that every
important term in serious discourse shall be subjected to the strictest scrutiny
and definitioa, It is difficult, and ruthless, but tests the mind, but once done it
is half of any task’ (Durant, 1953). The same point was emphasized by
Voltaire, an cighteenth century French philosopher, when he said, ‘If you
wish to converse with me, define your terms.’

DEFINING DROUGHT AND DROUGHT RESISTANCE

There are a large number of definitions of drought resistance, depending upon
who defines it: a molecular biologist, a biochemist, a plant physiologist, an
agronomist, or a plant breeder. However, the assessment of a farmer for
drought resistance is on the basis of economic returns or on his own survival
when crops fail to grow to maturity.

Gotoh er al. (1979) stated, ‘Breeding crop plants for drought-prone condi-
tions requires an appreciation and knowledge of the environmental factors
which interact with rainfall deficits to create the array of complexes collec-
tively referred to as “‘drought™. The variability (across and within scasons)
and range of these salient environmental factors are extremely location-
specific.’ Thus it is being increasingly realized that ‘drought’ from the point of
view of a crop is the state when an adequate amount of water, in qu. ntity and
distribmion, is not available to allow the crop to express its full genetic yield
potential. Since the availability of water during the whole plant life is not
determined by rainfall alone, but is also dependent on soil characteristics and
evaporative demand, the intensity and duration of drought become highly
location specific. The pattern of rainfali distribution adds to the uncertainty of
stage specificity for experiencing drought. Therefore, in India, where most of
the rainfall is received between late June and carly September, the concept of
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drought is different for kharif (monsoon scason) and rabi (winter secason)
crops. Accordingly, the concept and magnitude of drought in Europe or the
Mediterranean region will be different from the Indian subcontinent, The
experience of the past, particularly of precipitation. temperature, and evapo-
transpiration, could serve as a guide, but cannot be entirely dependable
because on the basis of the past 30-50 years of meteorological data no
individual year could be classed as a ‘normal’ year. These records, however,
may help in defining the nature of drought at different locations. Thus, a
working definition of drought would be water availability, including precipita-
tion and soil moisture capacity, in quantity and distribution during the life
cycle of the crop, inadequate for realization of its full yield potential.

An important approach to assessing the drought resistance of a variety is by
determining the stability index following the methads of Finlay and Wilkinson
(1963) and Eberhart and Russell (1966). In these methods a large number of
varietics are grown in a range of environments differing in water availability.
s he variety that shows maximum stability is considered drought resistant, the
criterion of stability being the grain yield. Sinha et af (1986) cstimated the
stability index of seventeen cultures, which included some well-known var-
icties, belonging to Triticum acstivam, T. durum, and triticale. Among T.
aestivum, C306 cxhibited better stability and was followed by HD200Y as
against Moti, which had the poorest stability (Figures | and 2). Thus, at the
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Figure 1. Relationship of yield potential with drought susceptibility index. Genotypes:
Triticum aestivum, 1,2, 3,4.5,6: T. durum, 7,89, W0, 1,12, T arivicale, 13, 14, 15, 16, 17.
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Figure 2. Relationship of cultivar mean grain yield with the
envitonmental index in wheat cultivars

field level, the stability index could be equated with drought resistance.
However, it must be recognized that such genotypes are not able to take
advantage of a good environment from the point of view of water availability.

Efforts have also been made by biochemists and molecular biologists to
define drought resistance, Bewley (1981) reviewed literature on protein
synthesis in two mosses (Tortla ruralis and Tortuda filicinum) which were
categorized as drought resistant and susceptible. Quick recovery in protein
synthesis because of conscrvation of messenger-RNA was possibly associated
with drought resistance. Bewley (1981) very candidly stated that this criterion
could not be extended to crop plants.

More recently the interest in molecular aspects of drought resistance has
been generated by Le Rudulier ef al. (1984), by the discovery of osmoregula-
tion genes (osm) in Escherichia coli. Osmoregulation was considered the
cardinal point in drought resistance of crop plants, though the survival of E.
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coli mutants was tested in a medium containing sodium chloride. Therefore,
for a molecular biologist, the drought resistance is osmoregulation, irrespec-
tive of the source of stress, such as the lack of water, salinity, alkalinity, or
temperature,

Scientists belonging to different disciplines, therefore, have different per-
ceptions of drought resistance and hence might define it accordingly, as stated
below:

Molecular biologist: Drought resistance as survival of individual cells or
unicellular organisms such as E. coli, through
osmoregulation in saline or PEG-ivduced water
stress

Biochemist: The tolerance of important biochemical reactions
such as protein synthesis, conservation  of
messenger-RNA, ctc., to water deficit in an organ-

ism
Physiologist: Maintenance of growth during water stress and its
accelerated resumption on termination of water
stress
Agronomist: Stability in yicld performance of a Crop or a variety

in a water-deficient environment

It is this perception of an individual that becomes the basis of the search for
a criterion of drought resistance. However, these perceptions refer to differ-
ent time scales in the life of a plant which culminate in producing an economic
yield. Thus, an integration of events in different time scales is essential for
assessing drought resistance in an agronomic sense, which is the ultimate
nbjective of agricultura! programmes. It might be useful to define drought
resistance as the mechanism/s causing the minimum loss of yield in a water-
deficient environment relative to the maximum yield in a water-constraint-
free management of the crop. This definition of drought resistance includes
the concepts of the relative amounts of water and the relatjve yield. There-
fore, an understanding of the basis of yield is essential to describe the
performance of a genotype in a water-limiting and a water-sufficient envi-
ronment,

Basis of yield in wheat

Although each crop has its own characteristics, every crop passes through
different growth phases, starting from sowing to maturity, to culminate in
economic yield. It is the differentiation along with growth, which results in the
development of economically important structures, such as spikes, inflores-
cence, tubers, ctc., in different crops. Growth basically results in accumulation
of dry matter while differentiation and subsequent development leads to
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economic yield. It is obvious that any amount of growth or dry-matter
production would not help in producing grain yield unless the yield compo-
nents differentiate and develop appropriately. In a sense we are talking of a
dynamic relationship between ‘source’ and ‘sink’. It is their complementation
during the differentiation of ‘sink’, such as panicle, spike, tubers, etc., and
subsequently their development that determines yield (Sinha and Khanna.
1975).

It would be appropriate to discuss the specific example of wheat which has
been extensively studied in many parts of the world (Asana, 1968; Evans et
al., 1975; Fischer, 1983, 1984).

The following phases of growth can be clearly distinguished (Sinha et al.,
1982):

(1) Germination to spike initiation

(2) Spike initiation to terminal spikelet formation

(3) Terminal spikelet formation to spike emergence

(4) Spike emergence to grain development and maturity
The above four phases at Delhi take about 26, 25, 40, and 45 days,

respectively, if a crop is sown in mid-November and receives adequate
irrieation. The duration of these phases changes at different latitudes, leading
to changes in crop duration and yield (Sinha er al., 1986). The process of yield
realization actually starts after ear or spike initiation. How does the growth
achieved carlier or leaf arca at this stage determine the yield? From pasi
studies the following main conclusions can be drawn:

(1) Approximately 60~70 per cent of the total dry matter is produced
before anthesis.

(2) After anthesis, mainly the flag leaf, peduncle, and ear photosynthesis
contribute to assimilation.

(3) Only 15-25 per cent of preanthesis assimilates are mobilized for
grain development.

(4) Prcanthesis assimilates could be rostly amino acids to mobilize
nitrogen from different plant parts,

(5) Eighty to 85 per cent of the total nitrogen is assimilated before
anthesis, and is present in leaves and stem.

Thus, current assimilation or photosynthesis and mobilization of the previ-
ously accumulated nitrogen are important for grain development. There is
now additional evidence to show the following:

(1) When grains develop they trigger senescence of the flag leaf, pre-
sumably by enhancing the level of ABA, or ABA-like substances (Morgan,
1980). The main feature of this is the mobilization of protein nitrogen from
the flag leaf.

(2) Protein, which is mostly present as RuBP carboxylase in leaves, is
mobilized (Sinha and Rajagopal, 1980; Peoples et al., 1980).

(3) There is disruption of chloroplast membranes.
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The above processes lead to impairment of photosynthesis and hence
carbon assimilation. However, these processes are delayed, if the number o
developing grains is low. Thus, the present evidence suggests that eventually
the ‘sink’ disrupts the ‘source’ or rather shortens the leaf area duration, Ii i
likely that normally some balance is maintained between the ‘sink’ demand
and the ‘source’. A disturbance in this balance leads to the disruption of the
‘source’,

Effects of drought

Inadequate availability of water in quantity and distribution leads to water
deficit and has profound effects on various plant processes. These processes
have different time scales in their responses to water deficit or drought (Table
1). Changes in leaf water potential, turgor pressure, and stomatal resistance
occur within seconds and minutes while the cell growth, accumulation of
proline and betaine, degradation of proteins and polysaccharides are effected
in hours.

Observable effects on leaf expansion, shoot and root growth might take
days, but the influence on reproductive biology and grain yield is scen in days
and months. Thus, plant physiologists and biochemists who seek a criterion of
drought resistance which often responds in minutes or hours have an unenvi-
able task of relating it with the final grain yield which is a cumulative effect of
various processes over a period of days and months.

An important feature of plant response to drought is that it varies at
different stages of plant growth. Often the plant is most sensitive just before
panicle emergence or during the period of grain/sced development (Mat-
sushima, 1962). There is now evidence that the genotypes which are
identified as drought resistant at the seedling stage do not necessarily exhibit
resistance during later stages of growth, particularly the reproductive phase.

Table 1. Plant water status (low) influencing plant
characteristics and processes in time scale

Yicld days-months
Flower and fruit development days-months
Leaf senescence and shedding days
Root growth days
Leaf growth hours-days
Leaf movement hours-minutes
Cellular metabolism (proline,

betaine, abscisic acid accumulation) hours-minutes
Changes in hydraulic resistance hours-minutes
Stomatal movement hours—minutes

Turgor pressure minutes—seconds
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Major changes occur during plant growth. Initially the roots arc a major
‘sink’. When a plant experiences water stress, it shows senescence of the
leaves, but the metabolites arc mobilized to the roots (Reddy, Khanna-
Chopra, and Sinha, unpublished work). The roots are thus able to grow more
and collect more water, or become a source of metabolites if water is again
available after a period of stress. As against this, once a plant enters the
reproductive phase it mobilizes metabelites from the leaves to the developing
grains/seeds. This process is hastened if the plant experiences water stress.
Thus, depending upon the size of the *sink’, the sencscence of leaves and plant
could be influenced; the larger the sink the faster the senescence, and hence
greater susceptibility to drought. These effects are possibly caused by syn-
thesis of ABA or ABA-iike substances by the grains (Morgan, 1980) and also
because ABA is produced in response to water stress. Thus, the combined
effect of reproductive sink and stress will have a more detrimental effect on
the plant. Experiments using normal and male-sterile lines of sorghum and
wheat were performed to test the above hypothesis. In addition, the technique
of defruiting was also employed in mung bean (Vigna radiata) and cowpea
(Vigna wunguiculata). The secdlings of normai and sterile male plants of
sorghum and wheat had a similar response, but during the reproductive phasc
the normal plants appcared more susceptible to drought (Khanna-Chopra
and Sinha, unpublished work). The defruited plants of mung bean and
cowpea also exhibited greater tolerance to water stress as compared with the
control plants with fruits (Paharia and Sinha, unpublished work; Reddy and
Sinha, unpublished work).

These results suggest that the genotypes with a higher ‘sink’ capacity or
those with a higher harvest index would show a greater susceptibility to
drought than those with poor ‘sink’ or poor harvest index. This would also
explain why the response of seedlings and the plants at grain development
could be different. In fact, the varieties which are identified as drought
resistant do have a poor ‘sink’ or a poor harvest index.

WATER AVAILABILITY AND CROP RESPONSE

Since water is usually a limiting factor in dryland agriculture, it must deter-
mine growth and yield. It can be seen from Figure 3 that dry-matter
production is a function of water availability in all genotypes of wheat. They
ail had a lincar relationship but there was a difference in slope. For grain
yield, this difference in slope suggests that it is a function of dry-matter
production and harvest index which could be influenced by the pattern of
water availability. However, the total water availability could be used for
suggesting suitable plant characteristics at a given location as stated below.
In north India, it is estimated that water availability in a fully charged soil
profile after monsoon rains is about 20 cm. On the basis of our present studies
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Figure 3. Dry-matter production in relation to water availability in wheat

on water-use efficiency under field conditions, this amount of water is enough
to produce 800 g/m* of dry matter (Aggarwal and Sinha, 1983). The winter
rains would add further to this dry matter. For a 5-cm rain, another 200 g/m?
could be produced. Therefore, the yield components and phenology of the
p: 1t should conform to these requirements. The crop should be able to
produce 800 g/m* of dry matter if there is no rain but should have the ability
to respond to additional water. This would not be possible by a uniculm plant,
but a tillering variety would respond to this situation. Of this dry matter, at
least 40 per cent should be produced after anthesis. Therefore, about 40 per
cent of the total available water should be available at anthesis. In other
words, at least 8 cm of water should be present in the soil profile to ensure
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postanthesis photoassimilation. This means that carly growth of the plant
should be slow but, by anthesis, should reach approximately 500 g/m? of dry
matter. Having reached anthesis, it would be desirable if the spike had a
potential of 35 to 40 grains, combined with 250-300 spike-bearing shoots per
square metre. Such an ideotype would have to be provided with adequate
nutrient supply. For example, a crop producing 1000 g/m’ of dry matter and
400 g/m* of grain would need approximately 110 kg N/ha. If such an amount
was not provided, the tillering and spike characters would not reach their
potential, despite water availability. Thus, our proposed ideotype of wheat in
ihe stated environment would have the following traits:

(1) Tillering type

(2) Slow carly growth, reaching approximately 500 g/m’ by anthesis

(3) Adequate lcaf arca at anthesis to produce 300 g/m’ more after

anthesis

(4) 250-300 shoots/m?

(5) Potential of 35-40 grains of 40 mg each per spike

(6) Medium duration and semi-tall, to ensure adequate preanthesis

conservation of assimilates

Indeed, some of these characteristics do exist in some genotypes such as
C306, HD2009, ectc.

Thus, depending upon the estimated water availability and a particular
crop, a suitable location-specific idcotype could be proposed. In many
instances it might be necessary te estimate the final yields based on water
availability, to assess whether the upper limit was achieved.,

SINGLE TRAIT AND DROUGHT RESISTANCE

Scveral efforts have been made to identify a single character which could
serve as the basis of selection for drought resistance. Among these,
chlorophyll stability, proline accumulation, betaine accumulation, occurrence
of specific fatty acids, and now osmoregulation are noteworthy. Positive
correlation of these individual characters to drought resistance (possibly in
the agronomic sense) were shown by some workers but negated by others. In
recent years, proline accumulation as an index of drought resistance has been
extensively debated (Singheral., 1972: Sinha and Rajagopal, 1975a; Hanson,
1980). That proline could provide protection to enzymes against desiccation
or high temperature now seems to be beyond doubt (Sinha and Rajagopal,
1975b; Paleg et al., 1981; Nash er al., 1982). However, a correlation between
proline accumulation and drought resistance, estimated on the basis of yield,
is difficult to establish because of a number of intervening biochemical,
physiological, and differentiation steps. Thus, proline accumulation might
have a short-term advantage at the cellular level but it may not be a
practically usable selection criterion. The influence of environmental factors,
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growth stages, and a relatively low heritability further support this contention
(Lewin and Sparrow, 1975 Aspinall and Paleg, 1981). The cvidence in
support of using betaine accumulation as a criterion for drought resistance is
very limited, and raa- again have importance in cellular functions rather than
the whole plant sysici.. Accumulation of ABA as a criterion of drought
resistance has not been stablished cither (Quarrie, 1981).

Recently, osmorcgulat on both in microbes and higher plants has been
advocated as a mechanism causing drought tolerance (Le Rudulier er al.,
1984 Morgan, 1984). In E. coli this evaluation was based in response to
salinity stress, and osmoregulatior: was mostly due to proline accumulation.
Salinity stress cannot be equated with water stress for a variety of reasons.
Furthermore, in higher plants, such as wheat and barley, the osmoregulation
is achieved by accumulation of sugars and inorganic ions (Munns er al., 1979).
Proline contributes very little to this phenomenon. If osmoregulation is
achieved by accumulation of organic molecules, then partition of assimilates
between growth and vsmoregulation would become an important factor in
determining yield. This could assume even greater significance if water stress
developed at the time of grain developmient. Therefore, it should not be
surprising that osmoregulating cultures of wheat had a maximum yield of
I-1.5 t/ha (Morgan, 1984). This, once again, shows that the combination of
high yield and drought resistance is an incompatible objective,

The above discussion leads us to the conclusion that it may not be realistic
to look for a single trait as a selection criterion for drought resistance.

INTEGRATION

In this review an effort has been made to define drought and drought
resistance, analysis of yield of crops, and the effects of water deficit on growth
and yield. It should be appreciated that several plant processes which occur in
time scales ranging from seconds to minutes, hours, days, and months
culminate in crop yield under ficld conditions in a competitive environment.
This relationship is diagrammatically shown in Figure 4. It should be clear
from this that while the importance of short-term responses cannot be denied,
their correlation with yield is difficult to expect. It is for this reason that many
individual tests have not been found of wider application in sclection for
drought resistance. Therefore, a wholistic view of plant growth development
and yield components in rclation to water availability would have to be taken
for a particular crop. This could be summarized as follows:
(1) Reduced water availability reduces growth and dry-matter produc-
tion,
(2) Stress at flowering/anthesis has a severe influence, particularly on
senescence,
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(3) The larger the sink size, the faster is the leaf senescence. Therefore,
the sink potential is not realized.

(4) These effects are possibly accentuated because of increasing canopy
temperature.

(5) Intraplant competition for assimilates, particularly between the roots
and grains ‘sink’, impair the former. This in turn further reduces the
water-collection abiliy of roots.

In view of the above, the following attributes are suggested:

(1) In a situation of intermittent rainfall, thc genotypes with shorter
growing period are selected. However, they should have faster initial
growth rates. Such genotypes should have the ability to utilize nitrogen,
enabling a high percentage of it to be in leaf tissues. If these genotypes
experienced water deficit they would have the capacity to recover and
complete their life cycle soon after the cessation of rains. The hybrid CSH-6
of sorghum is such an example.

(2) When the crop is grown with declining soil moisture as in rabi, the
genotype should have a slower aerial growth combined with delayed
differentiation. This plant behaviour ensures better root development and a
reasonable number of tillers. By anthesis the crop should attain
500-600 g/m* of dry matter, and leave 8-10 cm of water iu the soil profile
for maintaining adequate photoacsimilation in the postanthesis phase. Each
spike in wheat should have a potential of 1.0-1.2 g of grain weight. This
means that the genotypes should have a tillering capacity along with
approximately 40 grains in each spike.

The above attributes could be adopted under limited water availability
instead of irrigated or completely rainfed conditions. By providing a uniform
population in carly stages of growth, the performance of genotypes can be
appropriately judged. In kharif this is possible because the crop is usually
sown after un adequate rainfall. However, in rabi it would be advisable to
grow the crop after a presowing irrigation to ensure germination and appro-
priate competition.

Having emphasized the wholistic approach in relation to environment,
particularly thc water availability, it may bc mentioned that the following
criteria might prove useful in selecting physiologically superior genotypes to
conform to the above-mentioned wholistic approach:

(1) Secdling vigour in kharif and slow aerial seedling growth in rabi.

(2) A canopy temperature lower than the ambient temperature, when
crop canopy is formed is desirable.

(3) Assessment of total dry-matter production in relation to soil mois-
ture depletion.

(4) Medium capacity of yield components.
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INTRODUCTION

Special features of the region

The Mediterrancan arca of West Asia, North Ajrica, and South Europe is
characterized by a highly variable environment, both spatial'v and tempor-
ally. Most of the presentations in this conference stressed this feature of the
region. Whereas the moisture stress due to insufficient and/or inapp.opriate
distribution of rainfall was said to be ine major factor constraining produc-
tion, other associated yield retardants identified by the speakers for winter
arcas were: (1) low-temperature stress, carly in the season; (2) high-
temperature stress, late in the season; (3) poor soil fertility; and (4) presence
of suil salinity and alkalinity in some arcas. These factors interact and
accentuate the moisture stress and, therefore, make the productivity highly
unstable and low.

Agronomic management versus genetic improvement

Due to the vagaries of the environment, the yield gains over the last several
years have been very little, as pointed out by J. P. Srivastava, Habib Ketata,
and D. R. Marshall. According to D. R. Marshall, for a comparable environ-
ment in Australia—when contrasted with the relatively milder environment
of North Europe—the yield increases accruing from the genetic improvement
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have been rather insignificant. Yield increases over the last decades in North
Europe were attributed to both genetic improvement and improved crop
management. Several speakers emphasized that both these aspects are almost
equally important in effecting significant improvements in productivity and
yield stability in the dry rainfed areas of the region. The need for exploiting
the interaction between genetic improvement and agronomic management
was particularly siressed, which highlights the importance of a close collabora-
tion between agronomists, soil scientists, crop physiologists, and breeders.

Concern was raised that the present conference did not give adequate
attention to the agronemic aspects. However, G. T. Scarascia-Mugnozza,
chairing the first technical session, emphasized the urgency for a comprehen-
sive review of the work carried out in the past on various aspects of crop
management in dry areas of the Mediterranean region. Much of this work has
been published in regional languages and thus has not been accessible to all.
Future research strategy on crop management will have to be based on the
dircctions provided by this review. Having agreed on this, the conference
focused on genetic improvement in its deliberations.

RESEARCH STRATEGY FOR IMPROVED PRODUCTIVITY AND
YIELD STABILITY OF CEREALS IN DRY AREAS

Characterization of environments

In view of the ¢normous variability in the region, a clear characterization of
the environment and a definition of the nature of drought stress encountered
in different parts of this region was considered a high priority by most of the
speakers. G. P. Maracchi preseated an interesting account of the efforts to
characterize the agroecological zones in West Asia and the Mediterranean
region using 30-ycar average monthly data for rainfall, air temperature, and
potential evapotranspiration. However, because the interannual and intra-
annual variations were not adequately considered in this analysis, these efforts
were of limited value so the speaker recommended that empbhasis should be
on developing a network for collection of the needed data and that satellite
data should also be used. Hazel Harris drew attention to the current efforts in
the CGIAR system on agroecological zoning, including the forthcoming
Inter-Centre Conference on the subject. The discussion led to the consensus
that it offered an expanded opportunity for an interinstitutional collaboration
within the region and for establishing a strong iinkage between IPRA and
ICARDA agroccological zoning,

A clear characterization of ‘drought stress' in different parts of the region is
needed for designing crop improvement strategies that would suit the target
area. Breeders look to agroclimatologists for this information and to crop
physiologists and agroccologists to define the probabilities of the occurrence
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of environmental extremes. Crop physiologists have to generate information
for developing crop models that would provide good indicators to breeders.
The progress that could be made by this approach was illustrated by the
current modelling efforts presented by Hazel Hairis and A. M. Castrignano et
al. For crop modelling, kowever, information will be needed on the crop
performance in different environments and Hazel Harris requested breeders
to collect the relevant information to characterize the environment where the
breeding material is evaluated. This information would be greatly uscful in
validation and fine-tuning of models. Realistic simulation models could go a
long way in helping all those involved in improving crop productivity in the
dry arcas.

Once the agroecological zones are clearly defined and the moisture suffi-
ciency indices developed using the necessary water-balance terms, as
described by F. N. Reyniers, the crop physiologists could attempt to suggest
the potential crop productivity for each of the subregions so that breeders
have a clear crop productivity target in their crop improvement efforts.

Plant ideotype consideration: trait identification and screening

To do away with the hitherto used empirical approach in varietal improve-
ment, there is a need to define suitable plant ideotypes for different
agroecological conditions. Attempts to define characters for an ideotype for
some specific situations were presented by several speal 'ts from Italy (A. M.
Castrignano et al., A. M. Stanca et al., and B. Borghi er al.). A. Hadjichris-
todoulou and M. Duwayri also described the types suitable for the environ-
ments encountered in the cereal production areas in Cyprus and Jordan,
respectively. Presentations by E. L. Smith, D. R. Marshall, N. C. Turner, S.
Ceccarelli et al., and J. M. Clarke also had suggestions for developing
ideotypes that would be most suitable for different dry areas. S. Brown, H. M.
Taylor, and R. A. Richards discussed the root characteristics desired for
different environments. Information on specific phenology and shoot mor-
phological features was presented by E. Acevedo and R. B. Austin.

As expected, there were different opinions on the desirability of a given
character for the dry arcas, because the nature of moisture stress and other
interacting environmental factors vary greatly, Whereas useful information on
many major traits was presented, it was obvious that there is a need for
additional work on this aspect to establish clear principles with respect to crop
phenology, root and shoot morphology, and physiological traits for different
environmental conditions to arrive at precise definitions of plant ideotypes for
different agroecological situations. This clearly is in the domain of crop
physiologists who have to devise appropriate experimental protocols to
gencerate information for defining the right plant ideotypes.
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R. B. Austin suggested that for certain characters the system of rain-out
shelter could permit identification of genotypic differences, and help in the
determination of significance of several physiological and biochemical traits.
Such an cptimization research is a prerequisite for developing suitable plant
ideotypes. I M. Clarke proposed a simple and pragmatic approach for
evaluation of the leaf-water loss characteristics. Use of a line-source sprinkler
system was referred to by several speakers as a good tool for creating the
needed soil moisture gradients for cvaluating genotypes for desirable traits for
soil moisture stress tolerance. Crop physiologists and biochemists will, how-
ever, need assistance from breeders in identifying a small number of
genotypes with extreme values, and some intermediate ones, of the test
characters so that these could be used for identifying the relative significance
of different characters. Consideration of wild progenitors and landraces will
be necessary ii. these evaluations.

Once the characters are identified by crop physiologists, their heritability
will have to be determined. This will require collaborative efforts from both
physiologists and breeders.

Since "he desirability of a trait might be environment specific, we cannot
suggest a common ideotype for all environments. The traits that were most
frequently suggested for adapung a cereal genotype to droughty environ-
ments included the following:

(1) Morphological traits. Emergence and establishment of scedlings in
low soil moisture content; tillering; rate of dry-matter accumulation up to
anthesis; presence of awns; leaf waxiness; leaf shape and size; stomatal
frequency; flag-leaf area and green area duration; root fineness; root depth;
diameter of metaxylem vessels in seminal roots; rooting density at depth;
subcrown internodal hydraulic resistance; root response to adverse soil
conditions; kernel number; kernel plumpness.

(2) Physiological traits. Stomatal resistance 10 water vapour diffusion;
osmotic regulation and adjustment; leaf-rolling; excised leaf water reten-
tion ability; cell membrane stability; rate of kernel filling; duration of
kernel filling; translocation of metabolites from stem to kernel; partitioning
of photosynthate between root and shoot at various stages of crop growth.

(3) Metabolic irrits. Net photosynthetic rate; photorespiration; respira-
tion; abscisic acid (ABA) level; proline accumulation; betaine accumula-
tion; production of heat shock proteins.

Many of the above characters have been a subject of study since 1898 in
developing drought-tolerant material, as D. R. Marshall pointed out. How-
ever, the way that they are currently being considered is different from the
past in that there is a greater interdisciplinary interaction including physiol-
ogy, bicchemistry, agroecology, and genetics and breeding. Barley and wheat
as two species differ in their adaptation to drought, barley being more drought
tolerant. Therefore, there is a need to exploit those traits for wheat that make
barley better adapted to drought. Characters in durum wheat may provide an
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‘intermediate link’ in understanding nature’s strategy for adaptation of a crop
species to drought.

Whereas there are some good indications for several morphological and
physiological traits for their usefulness in adaptation to drought, little is
known about the potential biochemical traits. R. B. Austin and D. Lawlor
considered the ABA content, which could be potentially exploited. The
strong positive relationship between ihe transpiration and carbon gain
through photosynthesis, as illustrated by T.C. Hsiao, would lead one to
conclude that there is little possibility of increasing photosynthesis in the
winter cereals in a moisture stress environment, unless the biotechnological
approaches arc used to make substantial modifications in their gencetic
make-up to incorporate characteristics of C4 plants. Pending that, however,
there should be a possibility of identifying genetic differences, in the existing
germplasm and related gene pools, for variations in the temperature optima
for photosynthesis and respiration so that net photosynthesis could be
increased without concomitant increase in the water ase to permit improved
photosynthetic water-use efficiency. Besides grain, straw is also economically
important in the region; hence there is a need for increased total biomass
production for the unit amount of water transpired, which at present scems to
be possibl only Ly the above approach. An input from physiologists and
biochemists is necessary in this regard.

Breeders need simple morphological and phenological traits which can be
used in screening a large number of genotypes quickly. Hence physiologists
will have to identify those morphological and phenological traits that are
intimately associated with the physiological and biochemical parameters
considered important for resistance/tolerance to stresses. Breeders are also
interested in knowing the association between resistance characteristics for
different abiotic stresses with the aim of incorporating resistance to more than
one stress in their genotypes. They are also interested in making assessment of
the ‘yicld cost’ that one may have to pay (e achieve a certain measure of yield
stability. Physiologists have a role to play in providing answers to these
questions. They also need to develop quick and reliable screening methods for
key physiological and biochemical traits that breeders can use in screening
large scgregating populations for reducing the numbers of eventual field
testing. Such methods as canopy temperature measurement through infrared
thermometry, membranc permeability measurements through electrolite
leakage following partial desiccation or heat, and assessment of postanthesis
translocation of carbohydrates to kernels following chemical desiccation of
shoot deserve consideration.

CONSIDERATION IN BREEDING

The principal considzrations in breeding for increased yield and stability to
drought-prone environments were brought out in the presentations by J. P,
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Srivastava, A. Hadjichristodoulou, M. Duwayri, E. L. Smith, D. R. Marshall,
S. Ceccarelli e al., M. Osmanzai, A. M. Stanca, and B. Borghi, and the
subject evoked a very fruitful discussion. Examples were cited of the progress
made for yield improvement in severe or partial stress and non-stress envi-
ronments by the current breeding methods. Whereas there was an indication
of growing realization among brecders of the need to consider specific
environmental conditions and crop season available in different target ar:as
for which they breed the genotypes, this can be further refined as more precise
information >n agroecological zonation becomes available.

It was amply clear that the choice of right parents was crucial in any
breeding effort to improve yield and yield stability in stressful environments
in the region. Consideration of the following criteria was suggested:

(1) Phenology to match, as best as currently possible, the target envi-
ronment such that the chances of the crucial phenological stages coinciding
with optimum environments are maximized.

(2) Any morphological, physiological, and/or biochemical traits that
have so far been identified as important and are, therefore, components of
the ideotype for the target area.

(3) Use of landraces and p.ogenitors from the target areas to incorpo-
rate adaptation to the environment and to provide the desired buffering for
stresses. While laying out the objectives of a breeding programme, it would
be necessary not to become overambitious to consider very wide adaptabil-
ity. Adaptability to specific ecological regions/subregions should be the
priority,

Handling of the Fis derived from the crosses made for adaptation to
stressful environments would need special care to ensure that the desirable
recombinants are not lost. They will, therefore, have to be grown in the
‘medium’ stress rather than in the ‘extreme’ stress environments. The possibil-
ity of using specific physiological or biochemical traits to assist in selection
should be given the highest consideration by biceders with the necessary
input from physiologists and/or biochemists, to reduce the numbers of lines to
be evaluated more vigorously subsequently. The subsequent early-generation
material has to be so handled as to be most cost effective. Use of the ‘modified
pedigree’ method or ‘modified br k' or other methods was suggested as the
alternatives. There appeared a general agreement that the early generation
materials should be evaluated in as many environments in the target zone as
possible so that the genotypes capable of producing high and stable yields in
stress conditions and yet possessing the ability to fully exploit the conditior=
of favourable environments are identified. While evaluating these breeding
materials, efforts should be made to characterize each site as precisely as
possible so that the nature of drought to which the material is likely to be
exposed could be fully defined. The selected material could eventually be
subjected to multilocational testing at regional or international nurseries,
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Based on yield performance and stability, the national programmes could
then release varieties for their farming conditions.

Int conclusion, the meeting provided an excellent opportunity for a multi-
disciplinary group of scientists from different parts of the world to come
together and discuss the problems of improving productivity and yield stabil-
ity of cereals in stress-prone environmeits in West Asia and the Mediter-
ranean region. The dialogue started should hasten the pace of research in
improving the cereal production in the region.



Recommendations

The workshop considered the research and development needed to accelerate
the production of improved varieties of cereals for countrics with Mediter-
ranean climates.

It was recognized that the scope for realizing the benefits from improved
varieties will be considerably increased when accompanied by improved
management practices.

Further work was recommended on the following topics:

1. Assembly, review and evaluation of the results from relevant prior
research and experimentation

It was considered that many of the results from past work are not known
by or available to scientists working in the area served by ICARDA. A
synthesis of past results would avoid wasteful repetition and provide a
sound basis for new work.

2. More precise definition of agroclimatic zones, taking account of
socioeconomic factors

The aim is to define realistic target zones for individual breeding
program.nes and to provide the information needed to devise appropri-
ate strategies for breeding and selection, and the evaluation of candidate
varieties,

3. Research to develop breeding strategies appropriate for defined agro-
climatic zones

(a) The use of simulation models

An important part of this research will be the use and improvement of
simulaticn models of crop growth which take into account plant charac-
teristics, weather, and soil conditions. These models will enable
ideotypes for particular zones to be defined more precisely, taking into
account the climate and its variability. They can also be of help in each
zone for carrying out selection and trialling, and in identifying parents
for crossing.
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(b) Evaluation of the consequences for yield and its stability of chang-
ing particular plant traits

There is continued discussion on the significance of individual traits for
yield. Because of the complexity of plant function and interactions with
environments, the uncquivocal assessment of traits can be made by
incorporating them into isogenic lines with an appropriate genetic
background and evaluating the lines in a range of sites and environment
in the target agroclimatic zones. It was noted that this approach was
being followed in Australia and Britain and that the scientists involved
could provide guidance on the methods they use. it was deemed to be
especially important to study carly growth, root system structure and
function, phenology, water-use efficiency, and dry-matter partitioning
using this approach. Alternative and simpler methods should be
developed.

(c) Efficiency of selection for moisture-limiting areas

More research is needed to develop efficient and cost-2ffective methods
of selection to identify germplasm for moisture-limiting areas. The
general consensus was that selection in conditions in which the crop is
ultimately to be giown is desirable.

Research to exploit useful traits in landraces of wheat and barley and in
the wild progenitors of these crops

It was noted that the countries served by ICARDA include the centres
of diversity of wheat and barley and their wild progenitors. Although
mostly collected and preserved, little work has been done to character-
ize this germplasm or exploit traits which might be useful in the genetic
backgrounds of modern varietics of wheat and barley.

The workshop did not consider what organizational changes, if any, would
be needed to ICARDA’s programmes to implement effectively these pro-
posals. However, it was recognized that the success of the new work would
depend on close collaboration between breeders, physiologists, and
climatologists.
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282
wheat plants, 285-6
density modified, 289-91
hydraulic resistance modified, 291
problem soils, 291-5
seminal roots modified, 287-9
water uptake equation, 289
Root shape analysis
ACROM model use of, 18-19, 34
case study examples of, 24, 25-7
root Jistribution defined for, 25
Root/shoot ratio, water-use efficiency
affected by, 142
RWC (relative water content),
relationship to wa'er potential
barleys, 311
durum wheat, 222, 222
wheats, 37/

Salt-tolerant wheat varieties, 293, 294
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Saudi Arabia
barley grown in, 67
wheat grown in, 68
Screening techniques
metabolic profiling, 250-1
physiological traits, 174-5, 176-86
root characteristics, 289, 293
Selection techniques, 76-7
Semi-dwarf wheat varieties, 123, 163,
164, 329, 329, 330, 330
Shock proteins, 117, 118, 237
Shuttle breeding technique, 157-8
SIMTAG model, 46
Simulation models
improvement required, 373
inadequacy of, 324-5
need for, 271
see also ACROM model
Sink capacity, drought resistance affected
by, 357
Sites (for selection), choice of, 83
Slanted-tube (root measurement)
technique, 289, 294
Socioeconomic considerations, 49, 61, 72
Soil characteristics
in ACROM model, 17-18
in Australia, 205, 207
in Syria, 276
Soil depth
definition of, 52
sunflower sced yiclds affected by, 268,
270
wheat yields affected by, 48, 49
Soil water extraction, increase in,
136-7
Soils
toxicity testing in, 293
Sorghum
cultivars
CSH-6, 350, 362
M35-1, 350
excised-leaf water-retention
measurements, 183
glaucousness in, 184
heat tolerance tests for, 218
root characteristics of, 184
South America
moisture environment data for wheat
areas, 69, 152, 153
see also Brazil
South Asia, moisture environment data
for wheat areas, 69, 152, 153
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Southwest Asia
agroclimatological classification of, 6
see also Middle East

Sowing times, yields affected by, 44, 45,

46, 59, 60
Spain, sunflower trials in, 26571
Species, factors affecting choice of, 72
Spring plantings, 67
Spring temperatures,
genotype~environment interactions
affected by, 39-40

Sprinkler systems, drought resistance
identified using, 156-7, 243, 244,
265, 368

Stability (of yield), 70, 77
barley vs. wheat, 193, 194, 199
breeding for, 193~8
cffect of single trai:s on, 359-60, 374
wheat cultivars, 352, 352, 353
yield cost for stability, 252, 369

Stomatal closure
ACROM o | simulation of, 22, 29,

34
barley, 314, 327
photosynthesis affected by, 228

Stomatal vnr.uc:ance
barley, 310. 511
drought efizcts on, 314, 315
global function for, 156-7
measurement of, 256
modelling of, 256-61
photosynthesis affected by, 231, 232
radiation effects on, 256, 2537-60
vapour pressure deficit effects oi, 256,

257-60
wheat, 310, 3//

Stress metabolism, 228-38, 241-52

Stress-environment selection
physiological traits required for, 264
see also Direct-selection Strategy

Sudan, wheat grown in, 68

Sunflowers
genotype—environment interactions,

267-8
physiological responses to water
deficits, 266
water-use efficiency data, 268, 269
yield responses to water deficits, 265-6

Surface water evaporation
reduction of. 137-8
values quoted, 137

INDEX

Sweet corn, see Maize
Syria
agroclimatological classification of, 6
barley grown, 67
factors affecting, 42, 43
cvaporation data for, 40, 43
ICARDA test stations in, 103, 103
rainfall in, 43, 205, 276, 30~
soil types in, 276
temperature data for, 40, 205, 307
wheat grown
area harvested, 68
new varieties grown, 71-2, 71
yield data, 68, 71, 74
wheat trials, 45-8

Take-all discase, 292
Techuology transfer, 60-1
Tempersture data
Austr.iia, 205
Mediterranean region, 9, 10, 17
Morocco, 343
Sicily, 17
Syria. 40, 205, 307
Tem,. =ature limitations
gend:vp e—environment interactions,
39-43
see also High-temperature
interactions: Low-temperature
effects
Thousand-grain weight
correlation with yield, 196-7
stress environment effects on, 167,
157
Tillering behaviour, 144-5, 325, 328
desired ciiaracteristic for, 60, 62
factors affecting, 193
stability of, 193~4, 199, 200
yield affected by, 145
Timescales, plant processes, 356, 361
T'ranspiration
as function of assimilation rate, 323
maximized as fraction of
evapotranspiration, 305
Triticale
cultivars
Civet 71, 157
Pika 'S’ 157
excised-leaf water-retention
measurements, 183
yield data in Cyprus, 192
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INDEX

Tunisia
agroclimatological classification of, 5
barley grown
area harvested, 67
cultivars, 69
new varieties, 70
yield data, 67
wheat grown
arca harvested, 68
yield data, 55, 56, 57, 58, 68
yield gap in, 56
Turkey
agroclimatological classification of, 5, 8
barley grown in, 67
wheat grown in, 68

UK, wheat yields in, 324

USA
fallowing practice in, 59
Great Plains, 59, 80, 288, 291
wheat-breeding strategies used, 80, 81

VA (vesicular-arbuscular) infection,
wheat affected by, 295

VPD (vapour pressure deficit), stomatal
resistance affected by. 256, 257-60

Water potential
barley crops, 308, 509, 310
durum wheat, 221, 223
maize defoliation studies, 341
relative water content related to,
durum wheat, 222
wheat crops, 308, 309, 310
wheat ideotypes, 24, 26, 27-28, 30-2
Water stress resistance experiments,
barley scedlings, 117, 118
Waxiness, 149, 184
see also Glaucousness
Weed control, yields affected by, 59
West Africa
drought-resistant rice varieties grown,
337
rice acreage grown in, 337
Western Australia, deep light soil trials,
207-14
Western Europe, wheat yields in, 324
Wheat
area harvested in Mediterranean
region and West Asia, 68
Australian studies, 207-14
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crop characteristics of, 321-34
cultivars
Appulo, 218, 221- 4,221,222, 223,
223
ASS5, 177
Atlas 66, 293
Aurelio, 128
Avalon, 233
AVS16871, 292
AZ2E, 177
Barkace, 208
Bass, 212
Bencubbin, 91, 91
Bodallin, 208
C306, 350, 351, 352, 352, 353, 359
Canberra, 91
Cando, 177
CC2B, 177
Chiarano, 128
Claudia, 129
Condor, 208
Cook, 292
Coulter, 177
Crane, 71
Currawa, 91
Darkan, 208
Demar 4, 127, 128
DT363,177, 179
DT367, 177, 179
DT347-1, 352
DTS138, 352
DTS141, 352
DTS205-4-1, 352
DTS707, 352
Egret, 208
Federation, 91
Fiorello, 127
Flk's’-Hork, 60
Gabo, 91
Gamenya, 208, 212
Genaro 81, 156, 156
Ghurka, 91
Gluyas Early, 91, 91
Gutha, 208, 212, 213, 213
Halberd, 208, 212
Haurani, 70, 71, 71
HB5C/HB5D, 177, 179
HD2009, 352, 352, 353, 359
HD2143, 352, 353
Hercules, 177, 178
HOI1 hybrid, 128
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Wheat (contd)
cultivars (contd)

Hourani, 164, 165, 169
Irmerio, 125-6, 125, 125, 126, 128
Jori C-69, 71
Junco ‘S’, 156, 157
KA3, 177
Kalyansona, 292, 352, 353
Kharchia, 293
Kite, 144, 208, 292
Korifla, 60, 71, 71
Kulin, 208
Kyperounda, 195
Lakota, 177
Leopardo, 128, 129
Lira ‘S’, 15€, 156
Loreto, 128
Macoun, 177
Malvika, 352
Marzotto, 124, 125
Mec, 127
MG120-1, 352
MG180-9, 352
MG191-24-1, 352
MG413-2, 352
Millewa, 208
Mongolia, 208
Monon, 293
Moti, 352, 352, 357
Nabawa, 91, 91
Neelkant ‘S’, 156
Normua, 124, 125, 331
NP824, 352, 353
Olympia, 351
Omrabi, 70, 71
Orso, 128
Pandas, 128
Pelissier, 177, 178, 179
Pembuina, 208
Phoenix, 96, 208
Pissi Local, 169
Q4A, 179
RAJ911, 352
S3,177
Sahl, 71
Sal.ente 125-6, 125, 125, 126, 128
Salvia, 128
Sebou, 71
Sham varieties, 70, 71-2
Spica, 91
Steinwedel, 91

INDEX

Stork, 164, 165
Talent, 331
Tanager *S’, 156
Thatcher, 288-9
Tincurrin, 208
Tommaso, 128
Valforte, 218, 221-4, 221, 222,223,
223
Veery ‘S’, 155, 155, 156
Wailki, 208, 212
Wakooma, 177
Warigal, 208
Wascana, 177
WW33 and derivatives, 96
Yavaros, 157
drought-resistant varieties, 70, 71-
71
factors affecting yield in UK, 324
fullowing effect on, 59
growth phases of, 355
Indian drought-resistant cultivars, 350,
351, 352, 352, 353, 359
Italian studies, 123--30
Jordanian trials, 164-9
light-soil drought resistance of,207-14
mdtum/ type etfects on, 46, 47, 48, 49
maximum theoretical yleld for, 5
physiology of, 286
rainfall effects on, 58, 59, 66, 72
root system of, 183-4, 285-6
density modified, 289-91
hydrauhc resistance modified, 291
in problem soils, 291-5
seminal-root system modified,
287-9
water uptake equation, 289
salt-tolerant varieties, 293, 294
soil-depth effects on, 48, 49
tlllermg capacxty of, 62
time of sowing, effect of, 44, 45, 60
water relations for, 308, 309, 310,
311-13, 314
yield
drought effects on, 3567
factors affecting, 355-6
in Cyprus, 192
in Mediterranean region, 68
in Syria, §8, 59
in Tunisia, 57
in West Asia, 68
in Western Europe, 324
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WUE (water-use efficiency)

carbon isotope discrimination effect
on, 139-42

cool-temperature vigour effects on,
142

definition of, 138

effect of fertilizer on, 43, 44

factors affecting, 59

function of assimilation rate, 323

glaucousness effect on, 139

relationship to above-ground dry
matter, 134

root/shoot partitioning effect on, 142
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sunflower plants, 268, 269

Yemen (Arab Republic)
barley grown in, 67
wheat grown in, 68
Yemen (People’s Democratic Republic),
wheat grown in, 68
Yield gap, 56
factors affecting, 56-60
risk-minimization in reduction of, 61
Yield stability, see Stability {of yield)
Yield variaticn, causes of, 192



