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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 aieas of West Asia and North Africa. In the case of 
barley, this scope is wider since ICARDA has the world mandate for this 
crop within the Consultative Group on International Agricultural Research 
(CGIAR). 

Experience over the yeais has shown that wheat a 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 process. 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 yield and stability of yield under such conditions. This knowledge has 
not yet been applied to improve the effectiveness of plant breeding 
programs. 

In recognition of the need to 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 thii book, which I 
trust will contribute to science, well asas to a better understanding of the 

xiii 
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problems of the ICARDA region. I 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 1, 'The Framework for 
Winter Cereals Research in tLhe 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 II, 'Breeding for Winter Cereals in the Low-rainfall Areas', reviews 
and compares the efficiency of current breeding methods and presents some 
new approaches. Section III deals with 'Physiological Research for Drought 
Avoidance and Tolerance and its Implication in Breeding Programmes', 
and section IV with 'Plant Characteristics Required for Improved Perform
ance in Moisture-limiting Environments-an ad interim Assessment'. A 
set 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 
section reflected the contributors' ideas as accurately as possible. However, 
we solicit contributors' indulgence for the mistakef 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 financialsupport to hold the workshop and to produce this volume. The success ofthe symposium was primarily due to the personal interest and wholehearted 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 symposium, and Ms Joyce Bendki, M,- 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 I
 

The Framework for Winter Cereals
 
Research in the Low-rainfall Areas of
 
Southwest Asia and the Mediterranean
 



1 

Drought "Iolerance in Winter Cereals 
Edited by J. P.Srivastava, E. Porceddu, E. Acevedo. and S.Varma 
© 1987 ICARDA 
Published by JMhn Wiley & Sons Ltd 

Agroclimatological Classification of the 
Mediterranean and Southwest Asian Areas 

M. FRERE,* G. MARACCHi,t F. MIGLIETIA,t and C. CONESEt 

*Division of Plant Productio-i and Protection, FAO, Via delle Terme di 

Caracalla,Rone, Italy; and t Instituteof EnvironmentalAnalysisand Remote 
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ABSTRACT 

Using the monthly data available with the Agrometeorological Bureau of 
FAO, we report an agroclimatological classification to characterize the 
climatic patterns in relation to the growth and development of winter cereals 
in the Mediterranean areas. The classification needs to be improved further 
to assess the effect of daily and interannual variability. 

The main emphasis was on the water balance equatiom accounting for the 
,ater availability in the soil and its distribution during the growth period. The 

parameters considered were rainftll, 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 componcnt analysis (PCA) to 
build up a linear 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 
distribution. 

Furthermore, tie results could be of help in understanding the most 
convenient ideotypcs for each climatic regioll. At the same time, useful 
indicatiots could be obtained to further improve the classification using the 
daily meteorological data instead -" monthly average values. 

3 



4 DPOUGHT TOLERANCE IN WINTER CEREALS 

INTRODUCTION
 
The effect of climatic environment on plant growth can result in a dramaticreduction in crop productivity, particularly in the sub-arid climates of theMediterranean region. in that environment lack of adequate rainfall is aserious constraint to winter cereal production and rainfall distribution, morethan 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 breeding programmes should first evaluate the characteristics of the environments 
where new varieties have to be introduced. 

A good definition of plant ideotypes, in faci, can only result from a soundknowledge of local climates and of quantitative genetic responses of theexisting gernplasm. A knowledge of the climate, on the other hand, wil. helpresearchers in parameterizing the enviromental variability by some agt' climatic indexes. The climatic environment can be better defined by the range,'.of its temporal variability than, for instance, by its polyannual monthly 
averages.


For low-rainfall areas, the concept of agroclimates has necessarily to beextended to the interaction of atmospheric variability with soil water storageproperties. Unfortunately most of that information is still lacking. Nevertheless, in a first approach to agroclimatic classification, more information can beobtained using multivariate classification and ordination methods.
In this 
 paper we discuss methodological problems and propose someexamples of classification. We also outline the need for more complexdatabases and wider information sources as well as for collection andhomogeneous management of the agroclimatic data of the area. 

DATABASE AND METHODOLOGY 
The climatic data used for this study were obtained from the Agrometeorological Bureau of FAO. The data ranged from Morocco to Turkey along the
coastline of the Mediterranean 
 Sea for a minimum of 30 years for eachstation. In all, data for 210 stations were used. From the original dataset onlymonthly rainfall, monthly average temperature, monthly maximum averagetemperature, nmonthly average of minimum temperature, and evapotranspiration computed by Penmanthe equation were used for classification and 
ordination. 

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

The cluster analysis is a multivariate classification technique for displaying 



0 

7.
 

2 

> 

Figure 1. Thematic map of the proposed classification. Classes (climates) are displayed by d~fferent grey levels and each number 
represents the class (see text) and geographical location of the station 

LA~ 



6 
IROUGI IT TOLERANCE IN WINIF'IR CEREALS 

1 2 2 
22 

2 2 

Figure 2. A part of Figure I enlarged to show the details 

within-cluster variation in relation to between-cluster variation. There aremany criteria to assess the similarity leading to the cluster concept, the morecommon being to judge the between-cluster variation by computation of thedistance among cluster ccntres in comparison with the distance of a cluster 
member to its cluster centre. 

Hierarchical methods allowed the classification of dataset at different levelsof similarity (or dissimilarity) among classes. An optimized classification level may be chosen a posteriori -iccording to the classification goals.The principal component analysis (PCA) transforms the original set ofvariables into a smaller one that accounts for a large part of the variance ofthe original set. The purpose of the principal component analysis is todetermine factors (principal components) in order to explain as much of thetotal variation in the data as possible with as few of the factors as possible.The principal components are extracted so that the first principal componentaccounts 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 ,ear for each 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 tetween the principal components and the original variables. 

In this sense, the principal colnipone nt anialsis is a useful tool for under
standing the relationship between variables and a previously classified 
datasCt, as well as within class unit distribmtion. 

RIS U LTS 

Nine main types of climate, with various 11umerical consistencies, emerge 
from this ciassification. 
The location of stations at heights ranging from sea level to mountain levels 

points to the fact that temperature was not a relevant parameter for grouping. 
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Figure 4. Potential evapot ranspiration pattern for each class 

That was, however, not the case if we cunsidered 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 I and 2), they are located as follows: 

Class 1: alog the coastline of the Mediterranean Sea 
Class 2: a belt at the interior border of class I 
Class 5: between class 2 and desert areas 
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 0.75 ofas 
potential evapotranspiration (ETP) to account for the water stored in the soil. 
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Figure 5. Mlinimun daily temperature pattern for each class 

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

Figures 3 and 4 show the climaic pattern related to the water balance; the 
main differcnces are related to the increasing aridity going from the coastline 
to the interior. ETP patterns follow the tempcraturc distribution while rainfall 
patterns differ mainly in the total aumount of rainfall with a relatively constant 
distribution during the auttim t-winter-spring period with ia maximum in the 
middle of the growing period. I)ue to tle use of monthlv data and interannual 
average data, the variability it;not considered. 

The tem perat tire dist ibution :nalvsis (Figures 5 and 6) puts in evidence the 
highland areas 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 he considered, in association with classification, as a tool for 
displaying the 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 season. The 3, 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 area studied. 

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

Figure 8 is the plot of' the first component (x axis), with the same 
correlation meaning as ab ve, and the third component. The y axis has 
correlation both with summer season temperature (positive) and total evapo
transpiration (ncgative). 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 thernial 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 wit hin the class.
 

In Figure 9 the x axis has thle same 
meaning as above but the fourth 
component, plotted on thle 'v axis, shows a high correlation with summer 
season rainfall. This case, which stresses again tho differences amnong extreme
classes (5 and 9 onl thle bottom and 6 and 8 onl thle top), allows us to interpret
how rain fall variability is lower amiong desert ic classes than in more temperate 
areas.
 

The PCA an alysis, thus, suggests the need 
 for futrt her inivestigation of thevariabil itx' withbin classes from daily meteorological dlat a to derive the agro
clinmat ic classificat ions as related to in te ialn 
 al variabil itv for the assessment of

w~inter cereal potetiial prodoct ivitv.
 

Fromt the above. some general concluosionis canl be dIrawn: the main feature
of tilie climate ill anl ave rage year is a shortage of' water at the begin viing andtowards thle end of' ,ro\\t li anid development. It means that root gYrowth,
foliage cover, vegetative developmenvit rate, and grain filling cantibe modified 
by this pattern. 

The data available onIthe basis of monthly records and interann nal aver
ages are not sufficient to identify accura tely, the ecological needs of crops. Wecanl concluode from a'practical poinvit of view that forthle r dat a mulst be added tothe dlatabase for ag -oclimat ic cla-i fi'at ioti, and also a general description of' 
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soii characteristics is needed to compute the soil water balance more accur
ately. 
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DISCUSSION 

S. K. Sinha 
How would your classification be affected if y'ou 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 stagcs.
We could predict the dry-meatter production on the basis of the climatic model. 

I!. Ketata 
PCA is used when dealing with several correlated characters. You have used rainfall 
and temperature, each of which you havc broken down into 12 levels, making a total 
of' 24 variables. Are you satisfied with the PCA, i.e. how much of the variation is 
explained by the two first P('s? 

G. Maracchi 
Yes, we have 24 variahles; the two principal components explained 80 per cent of 
the total v'ariation. 

M. 	 Tahir 
The information on climatic zoning will stay fragmented and of little practical utility
Unless a team in' olving breeders, physiologists, and climatologists works together to 
work o0it inf )rm- lion on crop modellinig and phenology. 

G. Maraccli 
It is just a starting point. A, lot more data is nCCdcd evn !o create climatic zones, 
I lowever. I agree with you on the IL.'2d to make a joint effort. 

G. T. Scarascia-Mugnozza 
We will make a recommendation to create soic kind of a leam or infrastruttcure 
invo,,lving climatologists, bleeders, and physiologists. 

B. 1ilma.z 
Io you have an',' plans to work on the relationship between plant type and 
agrcliniatic data for NlCliterranean areas? 

G. 	 Maracchi 
Yes, in the tuture, after w\'ehave built up enough data. 

M. S. Mekni 
What kind of practical recommendations can we make from the data and type of 
analysis available? Recommndations are more irgently needed in areas where 
weather and agroccological data-collection Supplies are poor. What can we do aboLit 
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 
(I) Can an NOAA satellite be used to collect daily rainfall data?(2) What water balance terms should be used to characterize asite with agrononi

cal purposes in mind?
We think Eta is an interesting indicator 
 for tropical agriculture. What about 
Mediterranean conditions? 

G. Maracchi 
(I)We can use WOAA for daily temperature. 
(2) 0.75 of lYT and rainfall. 
(3) Yes. 

M. l)uwayri

You said this information will 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 thatbreeders can tailor-make genotypes for specific environments. Could yOu specifywhat form of cooperation is require-i from ICARDA and national programmes? 

G. Maracchi
The present staic-of-t c-art allows us to give a first scheme of classification. Irecommnd the promtion of a joint team to collect data between ICARDA and 
national institutions. 

If. Harris
 
You have indicated a 
 ced to collect large volumes of daily climatic data for moredetailed analysis. Have you considered the use of weather generators to simulatestochastic data as an alternatie to the logistics of data collection? 

G. Maracchi
We think that without aN data intcrannual variability weon cannot use weather 
stochastic generators. 
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ABSTRACT
 
A recently developed crop growth modl (ACROM) 
was used to test sotne
hypotheses for the identification of wheat ideotypes in seni-arid lands. First 
we summarise the model functioning and then test some ideotypes in wheat 
plant. These are: (1) early vegetative growth, low LAI, (2) root depth, (3)
root/shoot ratio, (4) stomatal sensitivity, and (5) hydraulic root resistance. 

I-or each of these studies, we discuss the results of model runs and attempt
suggestions for future wheat breedig programmes. 

INTRODUCTION 

Water limitation is one of the major constraints to crop growth and produc
tion in the semi-arid lands of the Mediterranean 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 selection 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
feature that is a compromise between better adaptation to environmental 
conditions and productivity. 

Generally, partial approaches have been made to describe and define the 
characteristics of crop ideotypes and the related potential yield of wheat,
studying, for example, photosynthetic system 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 painted out how only a general analysis aud modelling
of crop behaxiour 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 model 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
pose, 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 case) further test!, and discussion are needed. 
Model improvement, above all in phenological iormalization and grain dry
matter production, and further model validation might produce better results.

Finally, experimental work is still needed to increase knowledge about root 
systems, general root shape features, and partitioning of root/shoot assimi
lates as related to !he 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 i).

For paedological variables the model needs a soil tensiometric curve at
 
seven entry points, soil bulk density, saturated conductivity, and an infiltration
 
code ranging from I to 10 in relation to soil estimated-rainfall infiltrability. In

this case a silty clay-loam soil is used as an example, and its characteristics are
 
shown in Tahle 1. 

THE MODEL 
ACROM is a deterministic descriptive model of crop biomass production. A
complete description of the model has been developed in Maracchi et al. 
(1985a, 1985b) and recently improved by Miglietta etal. (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 ,:
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 main ecophysiological .aspects 
of crop growth are outlined and formalized in detail. The general model 
scheme includes five modules: '(I) 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 

Soil type = silty clay-loam 
Bulk density = 1.22 
Saturated conductivity = 50.0 cm/day 
Infiltrability code = I 
Soil depth = 1.5 m 
Soil water % at wilting point (-15 bars) = 0.0825 
Soil water % at field capacity (-0.3 bars) = 0.225 
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Rijtema, 1969), and the unsaturated conductivity evaluation on the basis ofgranulometric patterns of soil. For each simulation these variables are com
puted and integrated using five main forcing variables: E = soil evaporation,
P rainfall, R = runoff, D = deep drainage, which may be considered asinfinite or related to a time constant water table, and S = root water uptake,
which is modelled as a function of soil resistance (Fcddes et a/., 1978) and 
root shape, root depth, and soil volume explored by roots. 

Root module 

The module includes both mechanistic and empirical approaches. Empirical
aspc:ts of the module relate to allometric constants which may be used in 
root growth modelling. The assimilation partitioning betwkeen root/shoot
systems is expressed using two empirical 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 coefficient (L = mm/mm 3) may give the
approximate soil volume explored by roots per unit length (Passioura, 1983).

Mechanistic aspects' involved in the module refer to root system shapeanalysis and maximum soil depth of water absorption according to the defined
shape. A preliminary definition may be obtained using a generai geometric 

A b 

bb 

Figure 2. Root shape in the model is defined as in the 
figure using the a/b ratio as input variable 

A-a/b = 0.5
 
B-a/b = 1.0
 
C-a/b = 2.0
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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 v.ariable for plant 
water balance. Thus actual transpiration Ta 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 lcvels 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 

8.00 
E 

6.00
0.3 

46.00 

E 4.00
0 K 

0-.00 K _ 

0,00 I I I I I I I IJ 

0.00 -0.80 -1.60 -2.40 -3.20 "-4.0O 

Leaf water potential (MPa) 
Figure 3. ACROM's approximation for stomatal rtsistance 
(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 isapplied 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): 

P, Ijpmax (1) 
I + Pma 

where 
It = intercepted PAR 
Pmax = light-saturated value of photosynthetic rate (1.2 x 10-6 kg C0 2/m2/s)
(Acock, 1976).
 
Using the Monsi-Saeki (Saeki, 1960) equation and a combination of it with
 
(1), the final photosynthesis equation may be written 
as follows: 

Pmax { aKI, + Pmax(1 - n)
g In [ gle_,IAI +Pma(1 - re)j (2) 

where 
a = initial slope of the response curve, i.e. photosynthetic efficiency

-
[13 x I09kg CO2/J(PAR)] 
LAI = leaf area index 
K = exiinction coefficient 
n = transmission coefficient 
I, = incoming radiation (PAR)(J/m2 /s) 
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: 

DM = 
',pc

X Rsnml X (I - Rp) × (I- Dr) dt (3) 
j R, 

where 
Dr = root/shoot dry-matter partitioning 

function of leaf water potential 
ratio, which is expressed as a 

R, = actual crop stomatal resistance 
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Figure 4. ACROM's potential photosynthesis computation at different 

incoming radiation (PAR) levels 

RP = crop respiration coefficient
 
R,,,in = minimum crop stomatal resistance
 
1t = the total time of the simulation.
 

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 ANI) 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 to a technical case study of simulation. 

According to Passioura's analysis (1983) of the performances of wheat 
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Figure 5. ACROM's performance isshown for a particular day when water stress is evident. The effect of soilwater 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 waterstored 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 criticalpart of the growing season is very low; therefore the soil water storage
capacity assumes high relevance for productivity. Water stored in the upperlayers may be lost for crop productivity through direct evaporation from thesoil surface. Soil evaporation depends largely on the radiative flux reaching
the soil in the absence of plant cover or, at low leaf area levels, on exposed 
areas between plants.

Evaporation frorm the soil surface canl greatly contribute to water-loss
mechanisms. It would be useful for such a control to select wheat lines that 



A(ROI:('OIOGI('AI. 5I)IELS ANO WiI-A [ II)I()I'YpIS FOR SI-MI-ARII) LANS) 23 

200.00 

160.00 
0 

E 120.00

0, T.1.1 
T.1.2 

-. 80.00 
0 
E 

oo /
 

0.00 I I I 
0.00 '40.00 80.00 120.00 160.00 200.00 

Days 

Figure 6. Biomass prodLction over growing season 

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

Case study 1: early vegetative growth, low LAI 
Following these assumptions, input ,ariables 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 tempcratures: the lowest growth limit has been chosen at T = IC
while optimal air temperature values are above T = 15'C.For the second one 
(T.1.2) these values are T 7-50C and T = I 8°C. Maximum imposed crop LAI was different, ranging from 2 to 3. Figure 6 shows how the model 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 
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Figure 7. Leaf wvater potential at midday over growing seaison 

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

McKay (19719) indicates that the type of shoot development is to a large
extent related to thle root system. A crop can respond to a dry climate by
diverting more assimilates to root growth. A more developed root systemi can 
allow a better uptake of water from the soil. The development of effective 
deep rotct depends on thle 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) searched 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 wvater. In dry areas, some of 
the water 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 deeper root system could improve the total biomass 
production and also increase the harvest index, if wvater is available towards 
the stage of grain filling. 
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Case study 2: root depth 
In this example three different root distribution shapes have been compared
to evaluate 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 amaximum soil explored depth of 40 cm for T.2.1, 80 cm for T.2.2, and150(cm, at the soil bottom, for T.2.3. If only the lavers of soilupper areexplored by roots, when rooting is poor (T.2.1), the crop wili! suffer water
stress in the earlier vegetative phase. The effect 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). The reduced water consumption during earlygrowth 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 early growth phases may strongly affect crop density.

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



26 DROUGHT TOLEIRANCE IN WINTER CEREALS 

-2.8 

-2.4 T.21 

T.2.2 
.O -2.0
 

0 

, -1.6 

-1.2 

-0.8 
0.00 40.00 80.00 120.00 160.00 200.00 

Days 
Figure 9. L.euf water potential at midday over growing season 

200.00 

160.00 

x 

NE 120.00 

T.2.2 

80.00 T.2.3 
a 

E 

40.00 

40.00
0.001 I I I II 

0.00 40.00 80.00 120.00 160.00 200.00 
Days 

Figure 10. Biomass production over growing season 
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Figure I1. Leaf water potential at midday over growing season 

Finally, the hypothesis may be derived that 'root exploring ability' must be 
in equilibrium between earlier 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. ldeotype 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 linearly dependent from leaf water potential, and T.3.2, with 
a 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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Figure 12. Biornass production over growing season 
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during maturity due to a more relevan! transpirative loss. This might reduce 
the benefit of the lower early water use. 

One physiological trait often considered is stomatal resistance. Water-loss 
regulation in the green part of the plant is performed by stomata and 
differences 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 infhuence 
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 (J,K 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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in water consumptioi. 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 tht soil in order to have a more efficient distribution along 
phenophases, Passioura (1983) suggests that a good way might be to increase 
the root hydraulic res;istance 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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relationship can be found among averaged leaf water potentials
at midday along the growth cycle and final dry-matter produc
tion. Except in cases T.5.1 and T.5.2 a decrease in leaf water
potential corresponds to lower production. For the other cases
the different functional approach used in the model allows the
ideotypes to economize on water during thz growth cycle and

increase final yield, diverting rapidly fron, the drawn line 

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 tomoisture extraction in earl, developmental stages and not having enough water
during the grain-filling stage.(2) 	 Closed stomata during stress enhance the lea:f temperature and this reduces thephotosynthetic activity. However, actually in the model, as said in the presenta
tion, no heat exchange is considered. 

H1.M. Tay-lor
Yoonr simulation model shows that deeper root systems reduce yield. Experienceshows that deeper root systems in fully wetted soil increase yield. Why do yoursiml:lations show the opposite effect? 

C, Vazzana
There is a large consumption of water in the early stage of the grain-filling period. Inthe 	model, changing the hypothesized root geometry allows the plant to have adeeper root system and so water consumption in the early growth plhase,: is changed;the stored water is freely consumed and rapidly exhausted. Soil water storagefreely consumed ano 	 israpidly exhausted. We think that this may really 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 andyield. We take into account only the LAI. 

1). Lawlor 
The informat ion given on, stomatal resistiance against leaf water potential: was itassumed, calculated, or measured? Is the relationship of a general type? Did yousimulate the effect of smaller stomatal changes at higher water potential? Increasingresistance increases the vapour pressure gradient around the leaves, but may notproduce a proportional decrease in evaporation. 

C. Vazzana
We 	validated the response used in the 	model for stomatal resistance against leafwater potential with experimental data. The model itself calculates stomatal resistance as a function of leaf water potential previously computed in the plant watermodule. The relationship seems to be of a general type. We did not simulate the
effect of smaller stonatal changes at high leaf watc , 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 pressu, as time progressed? 

C. 	 Vazza;,1 
In the model, the water used by the planl influences the lear water potential and 
stomatal resistance. The latter acts on actual photosynthesis and hence on dry
matter productiOtn. We do not take into account the effect of senescence on stomatal 
activity, but we compute the effect of decreasing LAI. 

R. 	 B. Austin 
I low did you siululate the dry-mnatter distribution among the different organs of the 
shoot? Was the performance of the model greatly sensitive to variation in the 
abhove? 

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 relationship may be substantial dui' to high sensitivity of the 
model. The easiest way to approach this problem might be to formulate different 
crop architectures. 

S. 	 K. Sinha 
I ) You have used water potential changes as the main criterion of water stress. 

I lowever. water potential changes with the stage of growth evcn in an irrigated 
crop. )id 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 
validate your models, do you use some existing varieties. If yes, they could be 
better described as plant types rather than idcoty'pcs. 

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 LA! after anthesis. Yes, a durumn wheat variety,

'
 'CR..SO ,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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Crop Genotype-Environment Interaction 

HAZEL C. HARRIS, W. GOEBEL, and P. J. M. COOPER 
ICARDA, PO Box 5466, Aleppo, Syria 

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 areas of the Mediter
ranean region. 

Means of reducing the effects of these stresses by either the application of 
sound agronomic practices or modification of cultivars are considered, and 
illustrated with data front agronomic trials and computer simulation studies. 

INTRODUCTION 

The environment of crops is comprised of several elements. In any one season 
and location, weather conditions, soil factors, and cultural practices interplay 
to determine to "hat 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 early summer. These regions include predomin

37 
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antly Mediterranean-type and subtropical climates. The interactionenvironmental factors is illustrated using data from 
of 

our programme which webelieve to be directly relevant to much of the Mediterranean Basin and tohave considerable relevance for other winter-rainfall areas. Reference ismade 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 islimiting, range from the classical Mediterranean-type distribution where rainis received only during the six months of the year spanning the winter,through areas where rainfall is uniformly distributed through the year, tozones where as much as 80 per cent of rain may fall in summer and cereals aregrown during the winter using stored soil moisture. It is characteristic of all ofthese areas that rainfall not only is Iow, but its distribution is highly variable

both between and within seasons. 
One of the consequences of this variability for research, and probablyparticularly for genotype evaluation, is that it becomes extremely difficult tointerpret dta from field trials. The occurrence of water stress of differingdegrees in succeeding seasons, or at different growth stages from seasonseason, means that genotype evaluation needs to be carried 

to 
out in severalseasons and locations to arrive at conclusions regarding genotype performance. Even then, the range of environments covered may not represent thefull range to which a new genotype may 1'e exposed. We believe that thechoice of environments for genotype evaluation is ey!rcmely important.Testing sites should be carefully chosen to span ',nc environmental range of
areas for which inaterial is targetted in order to generate information not only
on genotype performance, but also on the environments themselves and on
plant-environment 
 interactions. 

The question of the length of the period over which genotype testing shouldbe carried out deserves attention. In variable environments ho" long is longenough to adequately assess genotype performance? We will return to this 
later. 

The numerous methods which have been developed to test relativegenotype-environment interactions (e.g. Finlay and Wilkinson, 1963;Eberhart and Russell, 1966; Fischer and Maurer, 1978) have provided usefulinterpretations in some circumstances but in others have been found wanting.Probably, tne main reasan for the lack of wide applicability of the first twomentioned methods is that only final yield is used as a measure of cropperformance and no account is taken of the fact that yield development isitself complex. The final yield (or that part Ji' it, namely, the grain, which is 
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most commonly measured) 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 environments, where winter 
cereals are grown as defined in the introduction, is virtually always character
ized by a rapid rise of temperature in the spring (Figure 1) to a level where 
temperatures during much of each day are well above the optimum for the 
growth of temperate grasses. One consequence is that respiration rates are 
markedly increased, leading to lower net assimilation and dry-matter accumu
lation rates. 

A second consequence of high temperature in spring is that the rate of 
physiological development is increased and the onset 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 et al. (1983) include both of these effects, but suggest 
gcnotype 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 incj'casc leads to a reduction in the efficiency of water use due 
to the inverse relationship between carbon fixation and vapour pressure 
deficit (Tanner and ,.'aclair, 1983). In the regions being considered, spring
type cereals pla,,!.,:d in autumn develop during winter and early 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 
are exacerbated by the fact that in these envirohilents spring either marks the 
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end of the rainfall season in winter-rainfall areas 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 
,hese 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 those areas 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 temperaturesand 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 ". elI doct,,'nted that dry-matter produc
tion is linearly related to thte amount of water transpired and that the 
efficiency with which transp; ed water is us'ed is reater at lower than at high 
evaporative demands (e.,- Tanner and Sinclair, 1983). Fur-her, it has been 
shown that, except in ,'riysevere postanthesis drought, grain yield is directly 
related to biomass i, the late vegetative/early reproductive stage of growth 
(Fischer, 1979). It .herefore has been argued that the greater the proportion 
of crop growth which can take place early in the season, the greater will be the 
efficiency of w.,ter use (Fischer, 1981). Obviously, slow winter growth will 
reduce th, efficiency, whereas any increase in winter growth could markedly 
increi-, it. This will be considered quantitatively later. 

Freezing damage, crop development, and yietd 

Freezing damage has been observed in our experimental programme at 
several stages of growth. In the seedling growth stage, freezing in conjunction 
with wet (waterlogged) conditions caused quite extensive plan' death in the 
1984-5 season. This occurrence is possibly rare. Loss of leaf ar-a in the early 
stages of growth (prestem elongation) of both wheat and barle, with screen 
night temperatures less than about -8°C occurs more frequently, the severity 
of damage probably being greater when mild temperatures precede the frost 
event. Reduction in canopy size through this effect can be expected to lead to 
similar water-use inefficiencies 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 



42 
I),(II1I)IX RANUE IN WINTIER ('IRI-ALS 

grain yield is likely to be much more severe. The degree of severity willdepend on the stage of development and the form the damage takes. In Syria,temperatures below about -8°C in early stem elongation caused death of themain stem of both wheat and barley, but tillers were unaffected or sufferedonly leaf burn. The crops recovered to give reasonable yields, but floweringand maturity of damaged crops appeared to be delayed by a few days andsome yield reduction undoubtedly occurred, although this cannot bequantified (Stappcr, 1984; Shepherd, 1985).
Frost damage at later growth stages is a recognized

environments. When quite mild frosts (ca. 
hazard of semi-arid 

< -3OC) occur in the late elongation, booting, or heading stages, scvere yield reduction may result (Single,1975). At these stages of growth there is little opportunity for recovery ascrops enter periods of high temperatire 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, i975). 

Given the complexities of the interactions of freezing temperatures with 
crop growth stage and previous conditions, it is not surprising to find that the 
effects 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. Alternativcly, 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 seasonalconditions; the latter, in first producing and then testing new cultivars, is evenmore time and resource demanding. One means by which it may be possibleto make these processes more efficient through theis judicious use ofcomputer simulation models in conjunction with environmental data, toexplore alternative strategies. Some examples of the application of such a tool 
are also given below. 

Plant nutrition
 

The amelioration of 
phosphorus deficiency has been shown to markedlyincrease the efficiency of water use by barley crops in northern Syria. Figures
2 and 3 show the seasonal pattern of green area index (GAI) and the effect ofdifferences in GAI on seasonal water use, respectively. Fertilizer clearlyincreased the rate of early canopy development and crop transpiration (T) butreduced soil evaporation (Es,). Total season water use was virtually the samefor unfertilized (220 am) -nd fertilized (216 mm) crops but total dry-matteryields were 3.6 and 4.9 t/ha, respectively. The water-use efficiency (WUE)was thus increased by 42 per cent. Fertilizer reduced the total growth petiodof 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, 1981) depending on the rainfall distribution. Hcwever,
when the question was addressed in the longer ierm 
 using a regionallycalibrated simulation model for wheat genotypes (Stapper, 1984) and 20
 years of daily weather data*, i! 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 germination presented as the cumulative probability (for four sites) of germinationhaving taken place. The wide spread of germination dates (55-65 days) mayindicate a need for different genotypes to make the b.st use of the variable 
length of the growing season. 

Earlier sowing also may entail a risk of eatly postemerg, nce drought whichmay cause seedling death This effect is not included in the model as no dataon it are available. Probabilities of the occurrence of short-term droughts at
this time have been examined by Keatinge et 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; J = Jindiress; B = Breda; 
A = Aleppo) 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 tias been addressed using the model is thatof 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, on shallow soil an early 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 strategies? 

(2) A good deal is known about the effect of stresses at different growth 
stages on the adaptive strategies 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 
oider to facilitate the interpretation of yield responses? 

(4) The occurrence of very extreme stress events is sometimes used in 
breeding programmes to selec, heavily for apparent resistance to the stress. 
What are 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 to?
Your data suggested that high phosphate fertilizer use brought the date of anthesis 
forward by a considerable period. I-lave similar experiments been conducted varyingthe sowing density or cultivars with similar dates of anthesis but differing in tillering
to test the role of early canopy development on water use by the crop versus that lost 
from the soil and its influence on yield? 

H. 	Harris 
Total biotnass yields were 5 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 Ferrara 
Data presented are based on four locations in Syria representing a radius of no morethan 100 ki. What will be the feasillity to implement the models you are proposingbased on data from more distant and/or perhaps more representative locations from
North AfriLa and the Middle East region? 

Harris 
It 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 photoperiodand vernalization sensitivity the early sown crop would produce more tillers, but notthe late sown. Did you compensate it'? What was the soil moisture profile at the
harvest in early and late sown crops? 

If. Harris 
The same seeding rate (= 250 plants/n 2 ) was used. At these populations, similar tothose used by farmers, very few tillers survive in the environment. Tiller number isadjusted 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.e. total water use isdependent on rainfall. lowever, the model predicts that there will be substantialshifts in the proportions either transpired or lost through soil evaporation. The latterincreases with latei sowings due to loss by evaporation prior to sowing and smaller 
canopy development in late-sown crops, causing more soil evaporation. 

N1. l)uwayri
Does the model take into consideration the monthly temperature during thegrowing season along with tie anount of rainfall? 

H. Harris 
The model operates on daily values of rainfall, maximum and minimum tempera
tures and radiation. It thus incorporates the effect of all these variables onJcrop
growth. 

R. 	 A. Richards 
What is the difference between the plus and minus P treatment in the proportion ofseasonal precipitation lost by evaporation from the soil surface. Is it related to Prate
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 aerial extent of theapplicability 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.e. tostudy the effect of earliness, 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 earliness will get the same results? 

H. Harris 
The model has becn designed to accept descriptors which characterize individualcultivars. It should be able to predict the response of specified cultivars provided this 
information is used. 
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A. ladjichristodoulou 
Do you have data from the region on the effect of intraseasonal variation in 
precipitation on yield? Any difference in response of varieties9 Data front Cyprus
(Institute of Agricultural Science, 1982) show that fortnightly distribution of 
precipitation explained 61 -98 per cent of yield variation depending on variety while 
only 5-70 per cent was explainedl by tile 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 verify model predictions. 

Howard Taylor 
How did you define soil depth'? l)epth to those soil characteristics that stop root 
devel)pinct? 

H1.Harris 
The two soil depths used were: for deep soil 180 cm, with a potential water storage
capacity of 200-250 rm; and for shallow soil 40 cm, 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 3 
or rock. 

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

H. 	Harris 
The recommendations on includedmaturity types shown the effects of potential
frost damiage through the use of daily maximum arid min iLium 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 early cultivars 
except in extreme conditions such as 1984-5. 

S. C. Brown 
You suggested that the breeding of cereals for the arid areas should be done at the 
extremes of environmental conditions as well as between tie extremes. You have 
also mentioned the in:-,tance of phosphate fertilizer for increasing productivity.
There is evidence that , Isof landrace varieties, presumably developed under low 
or zero fertilizer applicat, inconditions, are at least equal to those of 'improved'
varieties bred under high available nutrient conditions. In contrast, under low or 
zero fertilizer applications, yields of landrace varieties usually exceed by a significant
margin the yields of the 'improved' varieties. Since agriculture is at present generally
low input and tie level of inputs in the fu' ire are uncertiin, would it not be better 
insurance to breed under zero or very low rather than mediLl or high fertilizer 
input conditions'? 

H. Harris 
I was referring specifically to testing of genotypes when I suggested that locations 
covering tile extremes of conditions should be used. Obviously, there are limits to 
which breeding in low nutrient conditions caii be carried. In the extreme, no yields
would be possible. The question of selecting Unlder low productivity environments 
versus higher yielding ones will be addressed in a later paper (Ceccarelli et al.). 
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1. C. lisiao 
In your model evaluation of fertilizer effect on canopy development and water-useefficiency. soil evaporation was shown tc Continue at a relatively high level throughout the season. H1ow is soil evaporation estimated? My understanding is that soilevaporation should decrease markedly vhen the surface dries or when canopy cover 
is good. 

i. 	 Harris 
Soil evaporation was L.,;timated by the method of Cooper et al., using measurementsof soil water under both crop and fallow and adjusting for radiation interception bythe crop. This is a dry site and GAI normally reaches a maximum of only ca. 3-4. 
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Actual and Potential Yields of Cereal Crops 
in Moisture-limited Environments 

H. KETATA 
ICA RIA, PO Box 5466, Aleppo, Syria 

ABSTRACT
 

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

Seasonal rainfall is the most importatit factor affecting yields in tilerainfed 
areas of North Africa and the Middle East. Up to 82 per ccitt of the variation 
in grain yield was found to be determined by seasonal rainfall in areas 
receiving 133-454 tni with II - 19 kg/ha being produced for each additional 
millimetre. Other important factors include rainfall distribution, soil charac
terisics, temperature. evaporative demand, and biological stress. 

Yields in rainfed areas of North Africa and the Middle Fast can be 
increased by an appropriate crop rotation, adequate fertilization, and early
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 to raitfed areas is a prerequisite to 
raising yield potential it those areas. At ICARI)A, mtltilocation screening
of early generations and v'eld testing of advanced material in targetted dry 
environtents has provided improved gerniplasin combining high yield poten
tial atid consistent performance both oti research sites and oi farmers' fields. 
Examples are the lines Rihane (barley), Korifla (durum wheat), and Elk's'
hhorl; (bread wleat). 

Farmers in tile dry areas hesitate to make any substantial investmnents 
becaw,e of the high risk of total crop failure. Fa,,'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 yield potential of a crop is determined by its genetic
make-up, the measured yield potential, i.e. tile maximum observed yield, is a
characteristic of both the genotype and :he surrounding environment. In fact,
the yield 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 yield. A number of
those factors, including rainfall, temperature, light, and carbon dioxide are 
uncontrollable. Other factors, includin' 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 yield 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 noi 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'arc 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 yields varies depending on the
technology, environment, and socioeconomic factors. It is relatively small in 
developed countries but alarmingly large in many areas 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 I. Averaige ceread grain yields al research station and on 

farm for different rainfall levels in Tunisia (1983-4 and 1984-5) 

Grain yield (t/ha) 

Rainfall (ram) Research 
Progressive 

farmer 
Average 
farmer 

450-700 
350-450 
200-350 

5.5 
3.5 
2.0 

4.5 
2.5 
__* 

2.5 
1.5 
0.7 

*No progressive cereil farmers for this rainfall level. 
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Figure 1. Trend of average grain yield (t/ha) for durum and bread wheat in two contrasting rainfall zones 

(north and centre-south) of Tunisia 
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In contrast, yields in less favourable areas have remained low (Anon., 1982; 
Srivastava and Winslow, 1985). A typical case is depicted in Figure I 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 areas in the centre-south (200-350 mm). This trend is 
characteristic of most cereal-growing areas 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 w.is favourable. Data from 1983 to 1985 indicate that 
seasonal rainfall in Syria accounted for tip to 82 per cent of cereal grain yield
with 11-19 kg/ha being pioduced for each 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 seasonal rainfall (Table 3). Other environmental factors affecting
yield under moisture-limlited conditions include rainfall distribution, soil 
characteristics, temperature, light, evaporative demand, biological stress, and 
crop management. 

Table 2. National average grain yield (I/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 
1981 

1.38 
1.48 

2.75 
2.82 

1.30 
1.03 

2.43 
2.21 

1982 1.09 2.52 0.40 1.99 
1983 1.07 2.47 0.67 2.02 
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'Fable 3. Eltfect of seasonal rainfall on grain yield of barley and wheat at dr' iltcs in 
Syria 

Regression paranleters*Rainfall 
range bYear (mmn) Crop /I (kg/ha/mn) R2 

1983 	 186-380 Barley 12 19.2 0.82t 
226-454 Bread wheat 15 12.0 0.70t
226-454 ),uruni wheat 15 12.3 0.74t1984 133-300 Barley 7 11.1 0.43
166-274 Bread wheat 12 10.8 	 0.69t 
166-374 )urum wheat 	 12.713 	 0.63t1985 	 171-416 Barley 12 -3.3 0.12
213-438 Bread wheat It0 	 6.1 0.23
213-438 l)uruin wheat 	 7.511 	 0.24 

n = ntutnber of site,,.

b = coeficient of linear regression of grain yied (kg/ha) 
 on rainfall (nun). The value -3.3 

for barley in 1985 estimaies zero. 
I 2 = coefficicit of determination for ie above regression.
 
tSignificailt at I -- 0.01.
 

Efficient management ofthe crop microcnvironment has been found to be a 
key factor to increasing cereal biological yield in moisture-limited areas 
(Bolton, 1979; ICARDA, 1983, 1984). Early planting, proper fertilization,

and appropriate crop rot',tion were 
 found to increase water-use efficiency

(WUE). Results from ,yria (Table 4) and Jordan (Anon., 1984) have

consistently shown tile beneficial effect of early planting on grain yields in dry
 
areas. 

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

Fallowing is commonly practised in rainfed cereal-growing areas. 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 yield increase of winter wheat. How
ever, in rainfed ateas 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 yield12 Nov. 28 Dec. reduction reductionCrop 1983 1983 (%) (kg/ha/day) 

Barley 3105 1805 42 28
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.
At ICARDA, 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' fields 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 areas 

Characteristic Desirable feature 

Plant type:
Tillering High potential, determinate type
Height Medium tall under normal conditions 

Varietal structure Some degree of genetic heterogeneity or heterozygosity 
Maturity Early (for efficient use of reserve moisture and escape 

terminal drought) 
Reaction to diseases Resistance to most damaging diseases 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 ri'k 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, extension specialists, sociologists, decision makers, and, above all, 
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.. associatedwith higher yields in moisture-limiting environ.ents. Seed rate in 	these environments should not be too high. Studies have shov n no effect on grain yield when seedrates were in the iange of 80-160 kg/ha. 

F. N. Reyniers
How do you justify thc recommendation for high-tillering variety for droughtenvironments? 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 fromthose where rice isgrown. High-tillering potential with genetic plant plasticity for itsexpression provides the plant with a 	mechanism of buffering the environmentalvariation. For low seed rates, or low germination, or pocr stand, the plant can tillermore and take advantage of the available resources (moisture, nutrients, etc.).Genotypes with relatively higher tillering potential were found to be better yielding
than other genotypes in moisture-limiting areas. 

M. 	Tahir 
Recommendation of high-tillering capacity is based on the agroclimatic pattern aswell as our studies on the landrace varieties of barley and wheat from West Asia andNorth Africa where the rainfall comes during winter months ind summers are dry.The plant has to go through a long vegetative phase with no moisture stress followedby a short reproductive phase. This recommendation should also be looked into forother desirable characteristics of a successful variety such as medium to short headsize, medium grain size, and short reproductive phase. These characteristics help inavoidance 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 kill the crop. Long stretches 
without rain or short 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 
selection methods employed at ICARDA for developing barley and wheat 
germplasm for dry areas 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) multienvironment testing through a network of national programmes. 
Genetic variability in local landraces, primitive forms, and wild prngenitors of 
barley and wheat have proved to be very useful. 

65 
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INTRODUCTION
 
Within the Consultative Group on International Agricultural Research
(CGIAR) system, the International Center for Agricultuial Research in theDry Areas (ICARDA) has a global responsibility for barley improvement and a joint mandate with the Centro Internacional de Mejoramiento de Maiz yTrigo (CIMMYT) for wheat improvement in West Asia and North Africa. Inthe ICARDA region about 97 per cent of durum wheat, 65 per cent of breadwheat, and essentially all of barley is grown without irrigation under rainfed
conditions. In cooperation with national and international institutions, theCereal Improvement Program at ICARDA endeavours to increase the productivity as well as stability of production of barley and wheat in rainfed 
areas. 

CHARACTERIZATION OF THE AGROENVIRONMENTAL 

CONDITIONS 
Barley, duruin wheat, and bread wheat together cover 70 per cent of the landdevoted to food crops. The choice of the cereal grown is mostly determined bymoist-are. Within the zone of 300-600 mm of annual precipitation, farmers inwetter areas (and farmers having irrigation facilities) favour bread wheat and 
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Source: Factors Affecting Wheat Production in Jordan. Ministry ofAgriculture, 
Jordan, University of Jordan and ICARDA. 

Figure 1. Relationship between rainfall and wheat yields in Jordan, 1957-80 
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those in moderate rainfall ireas 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 cereals are grown. One zone has a Mediterranean 
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 areas over 1000 m and areas of 
continental climate where winters are cold and summers arc hot and dry. 
Snowfall during winter is a major source of soil moisture. Crons are usually
planted in the autumn, though spring plantings are important in parts of 
Turkey, Afghanistan, and Pakistan. 

In the rainfed areas of West Asia and the Mediterranean 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 area and yields in the ICARDA Region (1982-4).
(FAO Production Yearbook, 1984) 

Area 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
 
Morocco 2108 791
 
Pakistan 250 709 
Saudi Arabia 6 2103
 
Syria 1463 446
 
Tunisia 505 659
 
Turkey 3096 
 1970
 
Yemen Arab Republic 43 1020 
Others 5 

Total 12,713 
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crop development. Furthermore, stress patterns may differ in each of the
various climatic zones (ICARDA, 1985). Figure 1 indicates the relationship
between rainfall and wheat yields in Jordan which is typical of much of thelow to moderate rainfall wheat-production area in AsiaWest and North
Africa, and highlights the dependence of winter cereal production on precipi
tation. Fven when the crop is grown in an 'optinmumn moisture environment' 
occasional periods of drought may occur during the growing season and
reduce crop production. The use of technologies 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 cndeavour for rainfed areas. 

Many regions of the world havC succeeded in improving wheat yields,particularly in favourablc crop-growing conditions, through the introduction
of semi-dwarf, high-input-responsive varieties. However, such high-yielding
varieties have not niet with great success in the dry areas 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 yields in the ICARDA Region (1982-4).
(FAO Production Yearbook, 1984) 

Area harvested Grain yieldCountry (1000 ha) (kg/ha) 

Afghanistan 2330 	 1232Algeria 1670 
 590Cyprus 14 	 1298
Egypt 
 3433
Ethiopia 	

566 
1261656 


Iraq 1003 
 664
Iran 6011 
 1003
Jordan 77 
 801

Lebanon 
 17 
 1218

Libya 
 253 
 576
Morocco 1839 
 1121
Pakistan 7314

People's Democratic 	

1584 
15 	 1000 

Republic of Yemen
Saudi Arabia 308 
 2725
Sudan 142 

Syria 	 1096 

1204 
 1159
Tinisia 8(1( 	 963Turkey 
 9105 
 1875
Yemen Arab Republic 50 	 985 

Total 33,375 
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'rabic 3. Approximate percentage distribution of wheat area according 
to moisture environment in maor production regions of the developing 

world. (Byerlee and Winkelmann, 1980) 

Moisture environment 

Region Irrigated 
Adequatc

rainfall 
Semi-arid 

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 

yields in the region (Tables I and 2) are among the lowest in the world. Small 
farmers and those in very dry areas (Table 3) are particularly vulnerable t(; 
moisture stress that limits crop p-oduction. 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 yield of three barley varieties in Tunisia (means
of three yea. 982 4) 



- -

70 D)it(t IU iii.[RAN(I: IN WINIFR (RIALS 

Table 4. Grain yield (kg/ha) of ''adtnnr, a pure line selected
from a local Cultivar of barley, in sites receiving less tihan 

250 mm of annual rainfall 

Boulider Mean of live locations
Material 1984-5 1985-6 

Tadmor 2428 a 1785 a
Local cultivar 1033 b 1580 h 

Vactics followed by differein letters are significantly different 
(P - n.05). 

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

Research efforts are under way to combine drought tolerance withincreased yield and stahility of production as well as other desirable traits such 
as resistance to important diseases and pests. III the case of barley, through a
joint Tunisia-lCARI)A harley-improvement project, three varieties have
been released in Tunisia which yield significantly higher than the existing
commercial varieties (Figure 2). Rihane 'S', another barley line, has per
formed well in several countries in the moderate rainfall (250-35(0 iin)
areas. In the severe moisture stress areas (less; than 31)1 mn rainfall), selec
tions frotn the locally adapted landraces scem to be tuost promising. For
example, Tadnmor, a line sclcctcd from the locally adapted landrace
Norli'rn Syria, has perforned best in 201)-311 inIn rainfall areas of Northern

iti 

Syria (Table 4). 
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Figure 3. Yield stability of ilandrace (Haurani), ini comparison tolandrace x improved variety (Omrabi) arid improved variety (Sham-I) 
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Nachit and Ketata (1986) reported superior performance of Omrabi, a 
durum wheat line derived from a cross involding -laurani', a landrace 
adapted to 250-400 mm rainfall areas in Syria and Jordan, and Jori, C-69, a 
high-yielding ,ariety in favourable environments (Figure 3). They also noted 
that a new durum line, 'Sebou', derived from a cross involving 'Crane' (a
variety adapted to favourable conditions) and a strain of T. polinicum, a 
primitive wheat adapted to arid conditions, outyielded Haurani in on-farm 
trials at several locations for 3 years in Syria. Algeria released a duruI variety 
'Sahl' in 1986, developed from a cross between T. dicoccum and 'Crane' 'S' 
variety. 'Korifla' has outyielded the locally adapted line 'lapirani' 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 
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Figure 4. Mean grain yield of Koritla 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 yield and yield stability in the rainfed areas by employing
suitable production technologies and varieties 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 area 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 efficient than wheat under less than 450 mm of rai..fall. How
ever, the socioeconomic structure, farmers' needs, and pricing policies greatly
affect tile 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 how 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/mam moistureMoisture (nram)
 
(rainfall or irrigation) barley 
 wheat 

200 7.5 1.1 
300 8.0 6.1
400 8.7 5.6 
500 3.4 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 unfavourablc (A) and favour
able (B) crop--rowing environments 

ronment is 3 t/ha and above, then selection could bc effectively practised in 
favourable crop-growing conditions. Ilowevcr, 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 yields in favourable environments. 

General adaptation to a wide range of environments representing different 
stresses may cost the plant sonic yield sacrifice; therefore, best fitness in one 
range of environments may be achieved by concentrating o development of 
germplasm suitable for that environment. Austin (1987) reported the effect 
on yield of selection for different plant attributes at three levels of water 
availability and found that an a, ribute that is beneficial in one environment, 
with a particular level and pattern of water availability, may be detrimental or 
of no effect in another one. He indicated that selection in apprepiiate 
conditions for the attri' "tes tested Would benefit yield in one of twc 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 thetesting sites can be significantly reduced through subzoning, using agroclimatological information and appropriate statistical procedures suich as cluster analysis. When they used this analy:-is on regional durum yield trials, theportion of the total variation due to differences among sites came down from80 per cent for all the 22 locations to I8 per cent for a cluster of four relatively
homogeneous locations.
 

Wheat grain yield in 
 live countries rcpresenting three agroclimatic conditions are presented in Figure 6. France represents an equable climate andhigh-input environment where yields are high and the interannual coefficientof variation in yield is low. Egypt represents an irrigated and intensivecropping system, good yields, and stability of production. Jordan, Morocco,and Syria represent low-input rainfed agriculture and '.w yields and a highinterannual coefficient of variation in yield. Much of' the barley and wheat inWest Asia and North Africa is produced in similar areas where yields are notonly low but interannual variation in yield causes considrable unprediclaDl
ity of production. 

Therefore, a breeding programme will be more effective if genetic materialis developed to meet the specific needs oif the target environment. Climate,particularly differences in rainfall and temperature, has been used to classifygermplasm into those destined for wet, moderate, or dry environments; thosedestined for warm or cool environments; those for short or long maturity; andthose for low- or high-clevation climates. A number of statistical procedures 
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has been 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 agror'imatological zones, not only in terms of rainfall 
and evaporation but also ill terms of pests and diseases, cannot be over
emphasized and should be an importanm cooperative activity. 

GERMPLASM IMPROVEMENT 

It is possible to modify crop growth environments through the use of sound 
agronomic principles, crop rotations, and fertilization. Improvements in 
water-use efficiency have been achieved by these rrqctices. 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 useful and poten
tially useful traits. 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 moisture-limiting areas easier and more effic'ent. 

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 heritability of 
the trait and its relationship to yield performance in the target environment 
(Clarke, this volume). 

For most traits that appear to contribute towards drought tolerance, the 
genes involved and their heritabilities are not known. Physiologists have 
proposed several morphological and biochemical traits that may be associated 
wit'i 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 onenvironmental factors (Cornish, 1950; Austin, 1987). Although most of theachievements in crop improvement have been made by the 'empiricalapproach', physiological and genetical advance in understanding the complexities of drought resistance in plants will certainly c.ccelerate the rate ofprogiess in improving barley and wheat yields in moisture-limiting areas. 

Efficiency of selection 
Employment of efficient techniques of selection is the key to succ.ss in plantbreeding. Any procedure that can discard undesirable germplasm in earlygenerations adds efficiency and cost effectiveness to the variety improvement
efforts. 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 techniquesfor each sitw ion and/or to develop the most appropriate ones. Breeding andselection methods employed at ICARDA for developing barley and wheatgermplasm ',or dry areas have been described by Ceccarelli and Mekni
(1985), Nachit (1983), Ceccarelli (1986b), Nachit and Ketata (1986), OrtizFerrara and Mulitze (1986), and Srivastava (1987). They essentially com
prise: characterization and identification of elite parental lines possessingresistanc ' .- lerance to moisture stress and other stresses prevailing in theregion; inc, ir oration of desired traits in the crosses for a target environment; 
exposure of early generation populations to the environments in which theywill be grown; use of modified bulk procedures; and multienvironment testing
through a network of national programmes. This requires a great deal ofcoordination 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 response to selection for grain yield. Opinions vary on whether favourable 
or moisture stress environment will maximize the efficiency of selection if thetarget area is a dry environment. As indicated earlier (Figure 5), betteraunderstanding of the degree of moisture stress in the target environment mayassist in determining the type of nursery environment that will allow maximum progress from seiection. Allen et al. (1978) computed averages of theyield means, the error variance estimates, and genotypic variance estimates
for each of the favourable, intermediate, and unfavourable environments.
They reported mean yields in the unfavourable environments to be less thanone-half those in the favourable environments and concluded that the use ofintermediate environment as test sites was preferable over either high or lowyield environment. Nachit and Ketata (1986) compared 210 durum wheat
lines both in intermediate and unfavourable environments and found that
genotypes that perforned well in the intermediate conditions did not alwaysgive higher yields under unfavourable conditions. Their results indicated that
selection from segregating populations in the unfavourable environment 
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generated lines with highei grain yields in rainfed sites in Syria as compared to 
lines derived through selection in more favourable environments. Ceccarelli 
(1986a, 1986b), working with barley at different sites representing a range of 
moisture stress, reported a superior efficiency of selection under moisture 
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 generations, at sites selected to represent those environments. Any 
functional new technique that could be developed for use on a large scale 
would greatly simplify selection 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 yield 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 used by breeders for determining the performance of a genotype 
at several carefully selected sites represent;ng 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 interseasonal 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 methodologies 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 plant-breeding strategies are examined and discussed. Emphasis is 
placed on wheat-improvement strategies for semi-arid conditions. One 
strateg) that has been successful in the Southern Great Plains of the United 
States is the use ot the F2 progeny method of breeding. In this method,
head selections are made in F, bulks and subsequent selection is made 
among (but not within) F3 head rows. Promising subpopulations as identified 
in replicated trials are then rogued cc reselected 'or 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 examine yield stability parameteis 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 gece deployment, germplasm
evaluation, and prcbreeding programmes. The plant architecture approach to 
breeding, in which selection is based on yield components, offers some 
possibility of increasing yield potential, especially when target environments 
can be defined with precision. However, this breeding sirategy 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 
genetically variable populations for selection. 
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'NTRODUCTION
 
No one set of breeding strategies 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 strategiesthat appear to have merit in rainfed production areas. Emphasis is on
wheat-improvement problems in semi-arid regions. 

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
Oklahoma State University is the use 

at 
of the F2 progeny method of breeding.This is a modified bulk breeding method in which head selections are made

in genetically variable populations in the F, generation. In our programme in
Oklnloma we take heads from promising F, populations (seeded at normaldensities) 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, isbased primarily on highly fertile hleads from vigorous plants of the proper
height and maturity classes. Normally 100 heads are taken from each F2population, but occasionally up to 600 heads will be taken from particularly
promising crosses. The following year, F3 head rows are grown (a total of
approximately 40,000 per year) with occasional sets of standard cultivars to serve as checks. In the F3 generation, selection is made among rows. There is 
no within-row selection. Selection is based on plant height, maturity, disease
reaction, and general vigour. After harvest of selected rows, seed samples are
examined for desirable grain characteristics. We normally save about 2000 
rows. 

In the F4, the F2 subpopulations are grown in four-row plots 3 m ip lengthwith 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 loc7ations 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 replications per location). Two of the locations are the same as mentioned above for 
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the F4s. 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 number 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 yield stability in our target 
zone. With this breeding strategy, seed-certifying agencies must be flexible 
enough to accept hetcrogciicous 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 genotype-environment interactions associated 
with yield and yield-related tWa, in -.:'ess situations. The difficulty increases 
even more in situations charactellzed by unpredictable rainfall and tempera
ture patterns (the reader is referred 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 number of regions. Onea 
example is that for winter wheat in Oklahoma (USA). In Oklahoma, average
wheat yields have increased fr,n 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, bettei 
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 breeding 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 isroutinely used in most national and regional programmes and is utilized on anexten:ive 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. 

Multilocation testing constitutes a system of trials which are generally
replicated over years as well as locations. The object of this system of trials isto predict performance of breeders' lines and new varieties in relation to
standard cultivar checks. Systems of trials are satisfactory only if they pledict,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 he used to publicize new cultiVars.
 

Multilocation testing also provides 
 information on yield stability overdifferent envi,'onments. From the standpoint of variety 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
achievc since the high-yield potential tends to be associated with lack ofstability. This may be due, at least in part, to the fact that in most breeding
programmes yield itself, rather than stability of yield, has been the main

criterion for secwtion. Regression analysis of genotype performance on
environmental ir:,.iex provides a description of relative stability of individual
 
genotypes (Eb ,iart and Russell, 
 1966). This technique, when used with
other performaie parameters, should be useful in programmes dealing with 
y'eld and yield stability in semi-arid conditions. 

As far as the plant breeder is concerned, the major limitation of multilocation testing is that selection pressure is applied at the final stage of breeding,
at which point genetic variability is usually limited. Consideration should begiven to multilocation selection systems that could be employed earlier in the
breeding programme to take advantage of greater genetic variability. Some 
type of modified bulk breeding system could be utilized in which individual
plants are selected from 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 selection, especially if it represents 
stress conditions to be found in a major part of the target zone. 

This, I 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 severely stressed. A better strategy would be to a site ofuse 
mode'rate 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 sitrategy for rainfed conditions must include consideration of 
disease and insect resistance. We must continue to give high priority to 
'defensive' breeding to provide adequate protection to the crop. Disease and 
insect resistance ha.'. 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 
search may have to be made through much of the germplasm base 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 requirf: 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 adequate 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 wisely used can be agriculturally very 
satisfactory.' 

The success of 'defensive' breeding depends to a large extent theon
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 efficient screening techniques are needed. Breeding fordisease and insect resistance requires cooperation between the breeder and
the pathologist/entomologist. Close cooperation is especially important for
the development and efficient use of screening techniques. A team effort is 
the best approach. 

PLANT ARCHITECTURE
 

Since 
 the advent of Dcald's ideotype concept (Donald, 1968), the plantarchitecture 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 either stated orir,-!ied. The theory is attractive but the required characterization of 'model' 
c ,.,.nents 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 experience 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 contributionsthe of various 
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organs to grain yield. These studies have reinforced earlier 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 thal 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, leaf rolling index,
and leaf waxiness. For the most part, however, the relationship of these traits 
to grain yield 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 varyfrom one set of environmental conditions to another. 

In wheat, for example, the total above-ground part of tile plant (biological
yield) in a water-limited production area is directly related to tile water supply 
(Passioura, 1981 ). Although biological yield offers little hope of modificationthrough breeding, the harvest index which reflects the ratio of grain to total
biological yield 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 stvred in the
soil profile, a 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 breedersby 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 sr!&h cooperation are enormous, and collaborative 
efforts betu,cen brecedcrs and physiologists should be encouraged. 
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DISCUSSION 

NI. Nachit 
Which phenological attribules have changed through the breeding process in your
programme during the last hundred years? What implicaitions 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 anl reincorporating these into parents. 

R. 	 B. Austin 
Yields in Oklahoma have increased from (.8-0.9 t/ha (I 950s) to 2-2.2 t/ha (prcs
ent). Have they become more variable? I-las the climate become more favourable or 
less variable over the period? 

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

E. Smith 
Yes, perhaps. Also, selection has been based on average yield over several sites. Forincreased emphasis on drought stress, we should pay more attention to the yields
and stressed environnents. 

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

E. Smith 
Quality c',aluation consisting of protein percentage, mixing time, mixing tolerance,specific sedimentation, and flour yield is routinely conducted in the F4 generation.
For specific crosses, some quality evaluation is conducted in F3 (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 areas
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 perse. Rather, the emphasis has been on increasing yield potential
and erage yields. Progress has been made in increasing average yields but
the iijcroases 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 poorindicator of drought resistance and that greater progress could be made by
selecting for other attributes specifically related to drought resistance. Manysuch 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 alsobeen 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 breedingin 
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programmes since the initiation in Australia of purposeful plant breeding in 
wheat by William Farrer in the late I880s. Further, plant-.water relations in 
arsd and semi-arid environments h .ve long been a major focus of research by 
Australian plant physiologists and agronomists. In the c,,niext of the prcsent 
conference this vaises two important questions. First, what lessons, in terms of 
devising eiicient breeding strategies for moisture-limiting environments, 
hav the local breeders learnt from this century of practical experience and 
research? Second, which of these lessons, if any, are of relevance to breeders 
in other regions or countries with broadly similar climates? 

In attempting to answer these questions I will first consider the b:eeding 
procedures used in the past, since some of the earlier Austral;an wheats have 
been impo7-tant as cuitivars or parents in many of the drier regions of the 
world. I will then copsiner current beeding strategies and briefly describe 
several future alierniatives now under investigation. 

THE PAST 

For the first hundred years following Euiopean settlement in 788, wheat 
production was confined to relatively small areas in the cool -r, higher rainfall 
re!gions of Australia. During the next 50 years production increased dramatic
ally (from- IM ha in 1880 to -7M ha in 1930) ani shifted to the hotter, 
more arid inland areas (growing season rainfall May to October of 
175-375 mm). The first wheats grown in A.istralia, the red and white 
Lammas and Tuscans and Purple Straw types of English origin, were rc ')g
nized as potentially the highest-yielding wheats available at that time (Vav
ilov, 1951). However, these cultivars were poorly adap'ed to the expanding 
Australian wheat belt. The critical deficiencies werL their Fite maturity and 
associated excessive early vegetative growth and tillering which caused them 
to be highly susceptiHble to draught during flowering and grain filling. They 
were also susceptible to stem rust so that even in wet years they ',ere often 
lo" yielding due to ,ust epidemics. 

Not surprisingly the early Au! Iralian breeaers were concerned with over
coming these deficiencies and their aims reflected this concern. For erample, 
Farrer (1898) stressed the importance of earliness, sparse tillering, narrow 
leaves, and the ability to fill plump grain under severe drought in adapting 
wheat to the ulore arid inland areas. Farrer's contemporaries had similar 
objectives. Richardson (1914) even included short strong straw and high
'migration ratio', the equivalent of the harvest index, in his aims. These 
obiectives are r'zmarkably sim~iilar to those of mayiy modern b eeders in areas 
with similar climat.s (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 drought resistance research, is that at a practical 
level breeding aims have advanced little in more than 80 years. 
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Drought resistance germplasm sources 

Early Australian wheat breeders pursued a vigorous programme of germ
pamsn introduction in their search for d:ought-resistant stocks. Ultimately, 
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 areas is given in Table 1 to illustrate this point. The first 
important source of germplasm was southern Africa. Gluyas Early, selected 
from South African material, and its derivatives, Nabawa and Bencabbin, 
were among the dominant wheat cultivars in Australia, particularly in the 
drier states of South Australia and Western Australia, from the I 900s to the 
1950s. The second important source of gerniplasm was India. These introduc
tions were at, important source of earliness (Macindoe and Walkden-Brown, 
1968) as well as reduced height, high harvest index, and limited tillering
(Richardson, 1914). The third important source of germplasm appears to 

Table 1.Some important varieties in the extension of wheat production in,Australia 
into lower rainfall areas 

Variety Pedigreet Year released 

Farmers' selections 
Steinwedel Selection from Champlains' hybrid
 

(American) Late I 880s
 
Early Gluyas Selection from Wards' Prolific (South
 

African) 1890s
 

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/Currawaf/India 4E/ 

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

selectior 
 1945 
Spica Three Seas/Kamburicot //Pusa 4/ 

Flora 1952 

*Originally designated as skinless harley.
 
tInvolved hybrid between T aestivun and T. durum.
 
tPedigrees from Macindoe and Walkden-Brown (1968).
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have been tetraploid wheats, particularly T. durum, from arid Mediterranean 
climates. The pedigrees in Table I 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 T. 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 ld
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 earliness. Obviously, this is no longer
possible. Once a suite of cultivars that flower at the optimum time is available, 
no more progress is possible via this route. Similar arguments can be made
about other easily measured oi observable traits of moderate to high heritabil
ity, such as height and tillering.

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

Analytical approach 

Under this approach yield potential and drought resistance are presumed tobe controlled by separate and distinct genetic systems. Breeding requires theidentification of the drought resistance traits and their incorporation into
high-yielding and well-adapted genotypes. It is assumed that because yield isthe 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 reasons are simple. First, it has often 
not been adequately demonstrated that the suggested criteria do improve
drought resistance or yields in water-limiting environments. Second, even 
where it has been demonstrated that a particular 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 Irait in all cultivars, it is usually 
not clear that indirect selectioa, for increased yield using this trait will be more 
effective 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. Morphologicaltraits 
Awns
 
Leaf waxiness 
Small and/or narrow leaves 
Low stomate density 
Root weight/fineness 
Root depth 
Root xylem vessel diameter 

2. Physiologicaltraits 
Dehyd:ation avoidance 

stomatal regulation 
osmotic adjustment 
leaf rolling 
excised leaf water retention ability 

Dehydration 	tolerance 
cell membrane stability 

3. Metabolic traits 
Proline accumulation 
Abscisic acid level 
Betaine accumulation 

'See Hall et 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 deliciencies in the analytical approach, emphasis inAustralian cereal-breeding programmes has been on increasing yield potential and average yields rather than on increasing drought resistance per se.While the broad aim of these programmes, i.e. increasing yields in waterlimiting environments, be described as traditional, the philosophies and

can 

technologies adopted 
cannot. Indeed, there have been dramatic changes inthe so-called traditional breeding programmes in Australia over the last two 
decades.
 

The most significant philosophical change 
has been the widespread adoption of early-generation multilocation yield testing. This change was motivated by experience which indicated that, while selection for easily observableand simply inherited characters, such as disease resistance and plant height, inspaced F2 progenies or F3 progeny rows was effective, visual selection for yieldwas not. Indeed, plants visually selected for yield in early generations wereoften no higher yielding on average over sites and years than randomselections from the same populations. Such results have led many breeders tothe view that selection for improved performance will only be effective ifbased 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 toyield-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 analyticai procedures. With respect tomechanization, the most significant advances have come with the introductionof magazine seed-loading systems, the cone seeder, and the self-propelledplot 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 onlybeen possible with the introduction of computers as an everyday adjunct inbreeding programmes. Without computers the benefits would have beenlargely lost because the bookkeeping and data processing would have been 
prohibitive.

With current machinery and computing systems the number of yield plotswhich can be routinely handled by breeders is impressive. For example,Portmann (1983) estimated that the number of plots handled per man peryear 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 grownow 
40-80 thousand yield plots per year (Portmann, 1983; Hollamby et 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 thenumber 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 hcw these may be analyzed and interpreted.
A significant advance here has been the development of the 'nearest neigh
bour (NN) analysis' (Wiikinson et al., 1983), which has quickly gained wvide 
currency in Australia but which is still 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 breedf.rs have the capacity to grow 10,000 yie!d plots per man each 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 Australiain 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). Fucther, 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 s,.-n alternative
approaches have been advocated in the literataire in recent years. I consider 
two which have attracted the interest of cereal bicdcis. 

Development of longer growing season cultivars 

The first proposed means of increasing yields is by the development of longergrowing season cultivars. Emphasis has traditionally been given in drier 

http:breedf.rs
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environments to shorter season cultivars which use less water during the 
preflowering period so more is available (luring 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, particilarly in the poorer years,
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 years and excess production virtually worthless in good years, stability is 
also important. In sharp contrast, in withdeveloped countries, 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 yield 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 may sown anwheats be over 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 severe 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 elongation produces
tiller mortality, whereas frost after ear emergence can reduce seed 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 
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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 Queensland strongly supported this concept and indicated 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 rjossible (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. 

REFERENCES 

Blum, A. 1982. Evidence for genetic variability in drought resistance and its implica
tions for plant breeding. Pages 53-68 in Drought Resistance in Crops with Emphasis 
on Rice. International Rice Research Institute, Los Banos, Phillipines. 

Brennan, P. S., Byth, D. E., Drake, D. W., Densey, I. H. and Butler, I). G. 1981. 
I)etermination of the location and number of test environments for a wheat cultivar 
evaluaion program. Aust. J. Agric. Res. 32:189-201. 

Farrer, W. J. 1898. The making and improvement of wheat for Australian conditions. 
Agric. Gaz. NSW 9:131-168, 241-250. 

Fletcher, R. J. 1984. Breeding for frost resistance in early flowering wheat. Pages 
615-619 in Proceedingsof the 6th International Wheat Genetics Symposium, 1983, 
Kyoto, Japan. 

Hadjichristodoulou, A. 1981. Aspects of barley breeding for dry Mediterranean 
regions. Barley Genet. 1%':383-388. 

Hall, A. E., Foster, K. W. and Waines, J. G. 1979. Crop adaptation to semi-arid 
environments. Pages 148-179 in Agriculture in Seni-Arid Enviromnents (Hall, 
A. E., Cannell, G. H. and Lawson, H. W., eds.). Ecological Studies, Vol. 34. 
Springer-Verlag, Berlin and Heidelberg. Germany. 

Hollamby, G. J., Wilson, R. E. and Bayraktar, A. 1983. Extending the wheat breeding
philosophy to farrmers-thc Roseworthy programmc. Pages 358-360 in Proceed
ings of the Australian Plant Breeding Conference ()riscoll, C. J., ed.), 14-18 
February 1983, Adelaide, South Australia. University of Adelaide, Adelaide, 
Australia. 

Hurd, E. A. 1971. Can we breed for drought resistance? Pages 77-78 in Drought
Injury and Resistance in Crops (Larson, K. L. and Rachter, J. D., eds.). CSSA 
special publication 2, Crop Science Society of America. 

Macindoe, 	 S. L. and Walkden-Brown, C. 1968. Wheat breeding and varieties in 
Australia. Scientific bulletin 76, NSW Department of Agriculture. 225 pp.

Martin, R. H. 1981. In Farrcr's footsteps. J. Aust. hIst. Agric. Sci. 47:123-131. 
Morgan, J. M. 1984. Osmoregulation and water stress in higher plants. Ann. Rev. 

Plant Physiol. 35:299-319. 
Pederson, D. G. and Rathjen, A. J. 1981. Choosing trial sites to maximise selection 

response for grain yield in spring wheat. Aust. J. Agric. Res. 32:411-424. 



98 
DROUGIHITrOLERANCI INJWINTER CERFALS 

Portmann, P. A. 1983. Machines and computers-then, now and next. Pages 18-23 inProceedings of the Australian Plant Breeding Conference (Driscoll, C. J., ed.). 14-18February 1983, Adelaide, South Australia. University of Adelaide, Adelaide,
Australia.Pugsley, A. 1'. 1973. At Iast-semi-dwarf wheats for Australia. Bulk Wheat 8:34-35.Richards, R. A. 1982. Breeding and selecting for drought resistance in wheat. Pages303-316 in Drought Resistance in Crops with Emphasis on Rice. International RiceResearch Institute, Los Banos, Phillipiies.Richards, R. A. 1984. An analytical approach to 	breeding for higher wheat yields indroLighted env'ironments. Pages 29-30 in Proceedings ofthe 4th Assembly of WheatBreeding Society ofAustralia, A ugust 1984. Toowoomba, Queensland. QueenslandWheat Research Institute, Toowoomha, Australia.Richardson. A. I. V. 1914. Wheat breeding in Australia. J. Dept. Agric., Vic.12:644-655.

Single, W. V. 1985. Frost injury and the physiology of the wheat plant. J. Aust. Itst.Agric. Sci. 51:128-134.Turner, N. C. and Begg, J. F. 198 1. Plant-water relations and adaptation to stress.Plant and Soil 58:97- 131.Vavilov, N. 1. 1951. The origin, variation, immunitY and breeding of cultivated plants.Ronald Press, New York. 3(4 pp.Wilki;nson, G. N., Eckert, S. R., IHancock,
Sparrow, I). If. B. 1983. 	

T. W.. Mayo, 0., Rathjen, A. J. andA new statistical methodology for design and analysis ofplant breeding and varietal field trials. Pages 59-65 in Proceedings of the AustralianPlant Breeding Confi,rence ()riscoll, C.J., ed.), 14-18 February 1983, Adelaide,South Australia. Univeritv of Adelaide, Adelaide, Australia.Woodruff, 1). R. 1)83. The effect of a common date of either anthesis or planting onthe rate of development and grain

Woodruff, 1). R. and Tonks, J. 1983. 

vield of wheat. Attst. J. Agric. Res. 34:13-22.

Relationship between time of aithesis and grainyicld of wheat genotypes with differing developmental patterns. Aust. J. Agric. Res.

34:1-1I1. 

DISCUSSION 
M. S. Mekni

Since the most important yield jump in 	 cereal breeding in Australiaobtained through increases in Il, following 	
has been

the adoption of seni-dwarfs,Australian breeders sacrificed straw yield? 	
have 

Arc you breeding for straw yield? 
D. 	 R. Marshall
It is true that, as recent yield increases in Australia have
increases in harvest 	 been primarily due toindex associated with Rht genes, straw yields have decreased.However. in coilIrast to inany countries in tile Mediterranean region, cereal straw isnot regarded in Australia as an important annual feed. Australian farmers often dostock sLubble 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 I noted in my paper, there are a few notable exceptions to the general rule thatplant breeders have not adopted the selection criteria proposed by plant physiolo
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gists. On- notable exception is the use of leaf emergence by Dr J Syme in 
Queensland inbreeding successful varieties. Another is the physiologist, J. Morgan, 
in Tarnworth. NSW, using osmoregulation as a selection criterion for drought 
resistance. 

F. N. Reyniers 
tHow 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 varieties which periorm well in different types of drought. 

D. R. Marshall 
The rank of varieties in trials is used primarily to decide which varieties to release to 
farmers. We are prepared to release varieties for specific areas, if this is necessary. 
However. we prefer 10 usL multilocation tests to select cultivars which are accept
able. 
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ABSTRACT 

The main objective of tile cereal-breeding activities of ICARDA (Interna
tional Center for Agricultural Research in tile Dry Areas) is to increase yield 
and yield stability of barley, dururn wheat, and bread wheat tinder the 
environmental fluctuations of rainfed agriculture. The key strategy employed 
involves targetted crosses anid multilocation testing and selection of early 
segregating populations to identify genotypes capable of coping with the 
erratic and unpredictable climatic conditions of dry areas. 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 F3 families derived from F, selected under unfavour
able conditions were more vigorous in the early stages of growth, taller, 

earlier in heading, and with I rger yields than the F3 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 coefticien's were lower and in 
some cases positive. Similar results have been obtained with durumn wheat 
and bread wheat adkanced 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 lavourable conditions are niore drought susceptible than those with the 
largest grain yield under drought. This indicates the existence of certain traits 
which arc desirable under drought but undesirable under favourable condi
tions, or vice versa. 

These results, confirmed by the data from the 1985-6 season, indicate that 
selection under stress conditions is expected to be more efficient than 

101 
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selection under favourable conditions when dr, areas becone the target
environllcil t. 

INTRODUCTION
 
The improvement 
 of yield and yield .3tability of barley, durum wheat, andbread vheat under rainfed conditions is the main objective theof cerealbreeding activities of' ICARDA (International Center for Agricultural
Research in the )ry Areas).

Barley, dLruL wheat, and bread v'hcat are growni under variedconditions in the l('ARI)A region: 
rainfed 

barley, mainly Under lower rainfall andoften harsh environmenlt; bread wheat under higher rain fall or irrigatedconditions; and durunm wheat in moderate rainfall areas.Wherever the three crops are grown tinder rainfcd conditions in a Mediterranean type of climate, year-to-year fluctUatiolls ill the amount, frequency,and duration of rain are higher, arId other factors such as low temperatures inwinter and high temperatltres during the terminal grain-filling period alsoinfluence crop growth and yield. Often, Iiotic stresses such as low nutrientlevel, diseases, insect pests, and poor crop lanagement also limit production.Similar factors, although \vitn different intensity and timing, limit grain yieldwhen barley and wheat are grown in areas more than 1000 i above sea levelwith a continental Mediterranean climate.

Breeding for moisture-lirnited 
 environments and, in general, for stressenvironments, raises two main issues. The first is whether breeding for stressenvironments should rely on selection under favourable conditions andsubsequent testing of selected material in stress environments, or oti directselection under stress conditions. The second issue is related to direct selection for yield (also called the traditional or empirical approach) as opposed toselection for morphological and/or physiological attributes, which areassumed to have a cause-effect relationship with yield in a moisture-limited

environment (the analytical or reductionist approach).

In this paper ve present 
 the current strategies and methodologies of theCereal Program at ICARDA in relation to those two issues, as well as someexperimental data which we have generated to test and monitor our current
 

strategies.
 

Breeding strategies 
The breeding strategies common to threeall crops are targetted crosses,multilocation testing and selection of early segregating populations, and theuse of modified bulk methods as a means to identify genotypes capable ofcoping with the erratic and unpredictable climatic conditions typical of dryareas and to reduce the effect of large environmental variability which limits 
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the efficiency of selection in dry areas. Additional strategies are the ofuse 
landraces and wild relatives (Ceccarelli and Mekni, 1985; Srivastava and 
Winslow, 1981 ; Tahir et al., 1983). 

Multilocation testing is an extension of the 'parallel selection' initiated at 
ICARDA in 1978 on durunl 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 environment' (Srivastava et al., 1983). 

Most of the multIocation testing and selection is now carried out within the 
Aleppo Province, in northern Syria, which offers the uniqutie opportunity of 
evaluating breeding materials between 175 and 450 mm of annual rainfall 
within a distance of 100 ki. Additional ,irnvironmenits are provided by early, 
normal, and late planting at ICARI)A's main experimental station at Tel 
Hadya (Syria). The experimental station at 1erbol (Lebanon) is used as a 
high-rainfall environment (Table I ). 

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, diseases, and pests 
pressure) which lay occur at a given location over a nnm!,er 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 
selection 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 ulfavourable conditions. Selection is easier 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 
ICARI)A, with long-term annual rainfall as well as total rainfall in 1984-5 

1984-5 
Location or Long-terrm annual rainfall 
environment rainfall (mm) (m) Crop* 

Bouider 175 178 B 
Breda 273 277 B,DW,BW
Tel Hadya (late planting) 300t 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 yieldpotential in good environments. Although the argument for selection infavourable conditions has been supported by sonic experimental data (Frey,1964; Roy and Murty, 1970; Mcderski and Jeffers, 1973; Richards, 1982),
the greater efficiency of the second strategy (dire' selection under stressconditions); has been emphasized by manly workers (Aufhanmcr et al., 1959;Burton, 1964; Hlageman 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 specialcase of correlated respons ,s to selection (Falconer, 1900), which is given by 

CR, = rAh= , 

where CR, is the correlated response in the target environment (X), R, is thedirect response in environment Y, h, and h, are the root squares ofheritabilities in environments X and Y, and rA is the genetic correlationbetween grain yields in the two environments. Figure I shows the relationshipbetween rA and the ratio CR,/R, when the ratio between heritabilities in the 
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FigurL I. Relationship between genetic correlation 
coefficients betwccn yiclds in cnivironnenls Y and X and thc 
ratio between correlated response in environment X whenselection is done in env'ironment Y over direct response at

different ratios of heritabilily in Ih two environmenls 
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two environments is equal to 3, A, 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 seleoion in the environment in which th: material is expected to be 
giown, in spi?- 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 environments, and on the ratio of genetic variances in stress 
and non-stiess environments, selection for tolerance to stress is expected to 
produce a negative corrclatcd response on mean yields in non-stress envi
ronmen's (Rosielle and Hamblin, :981). This conclusion, which is supported 
by the data of Langer et al. (1979), indicates that direct selection in stress 
environments will decrease yield in a non-stress environment unless genetic 
variances in stiess environments are considerably greater than those in 
non-stress environments and genetic correlations arc positive and close to 1. 

Rccen: results on F 3 bulk families of barley (Figure 2) indicated no 
relationship between broad sense hcritability 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.' .sof tI, magnitude of the genetic correlation. 
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Figure 2. Relationships between broad sease heritability and moisture stress 
measured as grain yield per millimetre of rainfall 
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Table 2. Agronomic characters and drought susceptibility index (DSI) in F3 bulkfamil.es derived from F~s selected in 1983-4 at Breda, Tel Hadya, and both 
locations 

Cold Eary GrainPlantSelected at Days to yieldtolerance vigour height heading (kg/ha) DSI 
Breda 3.06 2.93 a 56 a 152.6 bTel Hadva 1880 a 0.73 a2.97 3.11 b 531) 153.4c 1772 bBoth locations 0.75 b3.04 2.9! a 54 b 150.2 a 1850a 0.73 a 
Each value is the average of 26 famil;es, 3 locations, and 5 trials, with the exception of thedrought susceptibility index which is the average of 26 families and 5 trials.
Values followed by the 
same lettei(s) are not significantly (IP< 0.05) different. For DSIsigniticant levzl or a10tper cent was used. 

Some additional evidence In favour of a higher efficiency of direct selectionunder dry conditions was observed in bar!ey by comparing three groups of F,families derived from Fs selected only at Breda, only at Tel Hadya, or at bothlocations. No significant differences were observcd between the three groupsof F3 families for cold tolerance (Table 2). Compared with the group selectedat Tel Hadya, the gr,,up selected at Breda was more vigorous in the earlystages of growth, taller, ea~rlier in heading, and more productive. The groupseiected at both kecations was not significantly d'fferent from the groupselected at Breda except for shorter plants and earlier heading. The droughtsusceptiblity index (Fischer and Maurer, 1978; Fischer and Wood, 1979)slightly lower = was(P 0.1() 
locations, indicating that 

in the groups selected at Breda and at both
the materit in these two groups tended to have ahigher drought resistance. Although significant, the differences werelarge, probably due (1) severe 

not 
to the drought at Brcda and Tel Hadya in1983-4 and (2) the it-efficiency of the visual selection of F2 . However, these 

Table 3. Grain yield (kg/ha) of three groups of F3 familiesderived from F, 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 3reda Tel Hadya 

Breda 921 a 1037 a 3675 aTel Hadya 827b 928 b 3 577 aBoth locations 891 ab I(133 a 3628 a 
*Means followed by the same lettei(s) are not significantly 
(P < 0.05) different. 

http:famil.es
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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 culn, and earliness (Table 2). 

The larger grain yield found in the two groups of families selected only at 
Breda and those selected both at Breda and Tel ladya has to be attributed 
to their better adaptation to drier areas (Table 3). It is interesting to note 
that neither group lost the ability to respond to the favourable environment 
at Tel Hadya. 

ir 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 viels 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 arc desirable under drought and 
undesirable under favourable conditions, or vice versa. In spite of the low 
value of the correlation coefficiernt 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 yield at Bouider is expected to increase drought 
resistance. At both locations the F3 families with the largest grain yield were 
significantly more cold tolerant, more vigorous in the early stages of growth, 
and taller than the F3 families 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 mam) (277 mm) (380 mm) 

F 3 bulk families 729 -0.769* 0.510* 0.249* 
Elite yield trials 42 -0.833t 0.384* 0.298 
Advanced yield trials 168 -0.866t 0.086 0.270t 
Landrace;- 1 49 -0.719* 0.630* 0.134 
Landraces--2 36 -0.769* 0.784* 0.102 

*P < 0.01. 

tP < 0.001. 



Table 5. Average grain yield (kg/ha), plant height, cold tolerance, early growth vigour, days to heading, days to maturity, and drought
susceptibility index (ESI) in contrast'.g environments of F 3 families of barley selected for grain yield under favourable 

Character 

Grain yield at Bouider 
Grain yield at Tel Hadva 
Plant height at Bouider 
Plant height at Tel Hadva 
Cold tolerance 
Early growth vigour 

Days to heading (Bouider)

Days to heading (Tel Hadya)

Days to maturity (Bouider)

Drought susceptibility index 


*P< 0.05.
 
tP < 0.01.
 
±P < 0.001.
 

Top 5% 

1686 
3935 

53.2 
72.8 

2.7 
2.7 

148.4 
142.2 
17i.9 

0.83 

(Tel Hadya) 
and unfavourable (Bouider) conditions 

Selection at Bouider 

Bottom 5% 

274 

3565 


38.3 
73.8 

3.6 
3.5 

158.3 
143.2 
173.4 

1.17 

Difference Top 5% 

1412t 929 
370* 5367 

14.9* 43.8 
-- 1.0 79.5 
-0.9#+ 3.0 
-0.8f 2.4 
- 9.9t 150.4 
- 1.1 141.1 
- 1.5t 172.0 
-0.34 1.05 

Selection at Tel Hadya 

Bottom 5% 

758 

2508 


44.6 
63.6 

3.3 
3.3 

156.0 
142.4 
172.7 

0.97 

Difference 

171
 
2859.
 

-- 0.8
 
15.9t
 

-0.35 
-0.9t 
- 5.6t 
-1.3 
-0.7* 

0.08* 
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response at Tel Hadya. On the contrary, selection for large and small grain 
yield 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 Linder favourable conditions or, stated differently, that 
high yield potential under 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 F3 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 early segregating popula
tions, are obvious. In a breeding programme for dry areas it is essential to 
screen early segregating populations, possibly as early as the F, generation, in 
the target environment, to avoid tile 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 yield 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 
negative at the driest location, negative but progressively smaller with normal 
and late planting at Tel Hadya, and positive in tile higher rainfall environment 
(Terbol). Similar to barley, selection for high grain yield in durum and bread 
wheat under favourable conditions is expected to cause an increase in drought 
susceptibility, although the correlated response would probably be small in 
bread wheat due to the low value of tile 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 (ram) BW DW 

Breda 277 -).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 yield (kg/ha), plant height. days to heading, early growth. days to maturity, and drought susceptibility index 
(DSI) in contrasting environments of bread wheat lines selected for grain vyield under low- and high-rainfall conditions 

Low rainfall (LR) 
Character Top 5% Bottom 5% Difference Top 5% 

High rainfall (HR) 

Bottom 5% Difference 
Grain yield (LR) 
Grain yield (HR) 
Plant height (LR) 
Plant height (HR) 
Days to heading (LR) 
Days to heading (HR) 
Days to maturity (LR) 
Days to maturity (H R)
Drought susceptibility index 

3347 
5235 

80.0 
75.5 

140.4 
151.3 
177.4 
192.7 

0.7i 

1663 
5438 

66.0 
77.5 

141.8 
149.6 
178.8 
193.2 

1.37 

1684. 
- 203 

14.01 
-2.t) 
-- 1.4 
1.7 
- 1.4-
-0.5 
-0.66a 

1991 
6032 

68.5 
82.5 

142.2 
149.9 
179.0 
194.7 

1.33 

2623 
4163 

74.0 
76.5 

141.4 
151.2 
177.7 
193.1 

0.73 

-632 
1869t 

-5.5 
6.0 
0.8 
-1.3 
1.3* 
1.6" 
0.60t 

"P < 0.05. 
tp < 0.01. 
:P < 0.001. 



Table 8. Average grain yield (kg/ha). plant height, cold tolerance, days to heading, and drought susceptibility index in contrasting
environments of durum wheat lines selected for grain yield 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) 
Grain yield (HR) 
Plant height (LR) 
Plant height (HR) 
Cold tolerance 
Days to heading 
Drought susceptibility index 

1419 
4361 

65 
70 

5.0 
170 

0.91 

699 
4083 

59 
68 

3.8 
174 

1.14 

720t 
278 

6* 
1 
1.2* 

-4* 
0.23: 

986 
5125 

58 
76 

6.3 
173 

1.04 

1205 
2836 

60 
65 

3.7 
175 

0.92 

-219 
2289f 

-2 
1It 

2.6: 
-2 

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 selected tinder favourable
conditions will be difirent from those selected in unfavourable conditionsand that (2) selection for large grain yield in favourable conditions does not 
cause a carry-over effect in moisture-limited environments. 

This can be tested by comparing grain yield of the top and bottom 5 percent of the lines in contrasting environments (Tables 7 and 8). In bread wheat,
the lines with the highest and lowest grain yield 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 'tlarger yield than the top 5 per cent. The lines selected for large
grain yield under low rainfall were significantly (P < 0.001) taller and earlier
in maturity than those selected for low gr., n yield. By contrast, selection forlarge grain yield in a high-rainfall environment 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 aii 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
yield under high rainfall are more drought susceptible than those selecteu for 
low grain yield.

In durumr wheat the top and bottom 5 per cent of the lines for grain yicld
Linder low and high rainfall did not differ significantly in grain yield 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 lineswith larger grain yield in moisture-limiting conditions were taller, niore cold
tolerant, aind earlier 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 yield potential under
favourable conditions is not an efficient selection criterion to identify the 
highir yielding material for rainfed and stress conditions. The results alsosuggest 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 yourtop 5 per cent and bottom 5 per cent yieldilg varieties? And is there any association
between range (or stability of height) and grain yield? 

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

S. 	 C. Brown 
My question is directed to u although I would really like to address it to allbreeders. Nutrient as well its drought stress is very important for breeding for the dryareas, particularly in relation to root characteristics. Do you use frrtilizer or nutrientavailability levels similar to those farmers use at prcsent, or are likely to use within
the next few years? 

S. 	 Ceccarelli 
We are currently evaluating parents, segregating populations, and advanced lines atfertilizer levels that are likely to be adopted by farmers in the near future. 
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ABSTRACT
 
Evidence ispresented of the production of stress proteins in response to high
temperature and watet stress in barley seedlings. A brief period at 37°Cinduced the production of heat shock proteins and increased the capacity ofthe seedlings to recover from exposure to higher tetnperatures (42 -45°C).particular, a 71) kl) lISP was found. Novel proteins appeared after PEG 

In 

induced water stress.
 
Laboratory physiological screening niethods were 
also used for selectionationg genotypes. A lack of correlation among the response to physiologicaltests at different stages of growth led to the postulation that the genetictnechanisns of drought tolerance are independent and process-specific for

each stage of barley developtment. 

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 stageof developnent 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 gcrnina

115 
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tion to maturity. Several modifications ill partitioning the dry matter to
harvestab!e yield components have been reporte:d (Hanson and Nelsen, 1980;
Martiniello, 1984; Vaadia, 1985; Blun, 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 unfav'ourable environments. 

This paper deals with the impact of induction ot stress proteins on the
acquisition ot thernotolerance, and with the development of physiological
methodologies for drought resistance screening in barley (Hordeum vulgareL.). 

BARLEY RESPONSE TO HIGH TEMPERATURE 

Heat stress inacivates some basic cellular processes and induces the synthesis
of novel proteins (Mascarenhas, 1984). We are studying the regulation 

ri
 

0 

40 45 50 
Temperature (00) 

Figure 1. -cquisition of therinotolerance in barley seedlings fol
lowing exposure to 37°C for various times. Duplicate samples of50 seedlings, grown at 25°C, with protruding axis I cii long, were 
either directly exposed to 40, 42, 45, and 50'C for 2 11(first bar
from the left in each group of four histograms) or preshocked at
37°C for 30 (second bar), 60 (third bar), and 120 ain (fourth bar)
before the shock at 40. 42, 45, and 50'C for 2 h. Shoot elongation 
was determined 24 (gridded). 48 (horizontal hatching), and 72 I
(diagonal hatching) after the Iransfer of seedlings from the stress 

to the normal (259"C) growing tiMperat tire 
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mechanisms that give rise to tie production of stress proteins and the role of
these proteins inthe acclimation of plants to high temperatures.

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


Iden tification and isolation of specific 
 heat shock genes was attempted
through classical molecular genetic approaches. The SDS polyacrylatnide
clctrophorcsis demonstrated t lie appcarance of six major ISPs with MW 22,
47, 70. 85, 94, and I( kD (Marmiroli et al., 1986). In particular, a 70 kD
IISP similar to the animal 70 kI) ISP was found by molecular hybridization
between the mRNA from heat-shocked seedlings atid a specific probe for the
ISP of Drosophila and yeast, as well as immunoprecipitation with an


antibody specifically reactive towards 
 animal and plant 70 kD protein.
Apparently, the induction of ISPs seems to provide protection for plant cells
from heat-induced death or heat-induced inactivation of some basic cellular 
process.
 

Synit hesis of irrnd ividunal proteins has aiso been followed 
 in plants subjected

to w.tcr :;:rcss under different experimental protocols: growth in the presence

(f osmotic solutions or with a limited supply of water. As in maize (Bewley et

al., 1983), the synthesis of some proteins increases and of somne others

decreases in seedlings
barley maintained at high concentration of
polyethylene glycol (PEG 6000), but a discrete set of novel proteins appears
(Figure 2). It is possible that these induced proteins have a role in water stress
 
resistance similar to 
that of 1-ISPs in heat resistance. 

PHYSIOLOGICAL SCREENING METHODOLOGY 
Extensive work has been done in recent years on the genetic improvement of

drought resistance incereals using empirical screening techniques for selecting new cultivars for areas 
with limited soil moisture (Weltzien and Srivas
tava, 1981). 

Our approach is based on the assumption that drought resistatcc can
enhanced, beyond tile empirical approach, by 

be 
using physiological tests for

selection arnong genotypes. However, the success of this approach will
require evidence that the characters tested inthe laboratory reflect drough,'
tolerance tiider field conditions also. 

Three laboratory tests have been applied to 50 barley genotypes (cultvars
and breeding materials): (I) seed germination in osn-otic soltution (GOS), (2)
dry-matter increase in seedling (I)WI-DWO) after a period of thermal stress 
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Figure 2. Diagram of the water stress experiment on barley seedlings. Treatments 
with and without 50% polyethylene glycol (PFG 6000)) were appfied for 4 and 8 I.
Seedlings were labelled at 24'C in the presence of 35S-methionine for 3 h. On the
right: protein pattern after SI)S-PAG clectrophoresis of excised coleoptile extracts
following water stress. C =-control without stress; 4 It osmiotic stres,, 8 h osmotic 
stress. Molecular weight (MW) deterntincd with MW tnarkers ruti on the same gel 

carried out in grecnhous, 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 I) was selected and evaluated in 
the laboratory and in field trials at three locations in southern Italy where 
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Table 1. Grain yield and physiological test responses (GOS = germination
under osmotic solution; DWI - DWo = seedling dry-matter increase after
thermal stress; LEOS = loss of electrolytes Under osmotic stress) of some 

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

Ear 
Genotype type 

Georgie D 
Gitane D 
Igri D 
Panda D 
Pepite D 
Arda D 
Alpha D 
?orthos D 
Tipper D 

Arma P 
Fior 26 P 
Robur P 
Pirate P 
Vetuiio P 
Barberousse P 
Jaidor P 

LSD (0.05) 

Grain 
yield 

(kg/ha) 

5170 
4630 
4680 
4370 
3430 
4580 
4180 
4770 
4460 

3740 
4120 
4040 
4330 
3690 
4600 
4050 

3.3 

GOS 
(%) 

30.7 
54.7 

6.4 
1.8 
8.3 
2.7 

29.3 
36.1 
14.7 

1.3 
2.1 
0.7 
0.1 
3.0 
2.4 
2.4 

6.9 

DW, - DW0 LEOS 
(g x 10- 2/olant) (%) 

20.1 54.3 
14.0 69.4 
24.5 63.4 
12.9 67.2 
15.0 78.8 
18.3 49.0 
13.2 67.7 
15.0 55.1 
18.6 73.0 

9.5 75.6 
8.5 69.9 
6.7 75.5 

25.4 68.5 
8.6 69.6 

19.9 75.5 
17.6 77.8 

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
yield of the genotypes with high scores in the physiological tests was 15 per
cent higher than the mean yield of the discarded ones (4590 kg/ha versus 
3940 kg/ha). Of these genotypes, only Georgie showed good drought toler
ance at three stages of development. Other genotypes showed different 
responses at different stages. Tipper seemed to be highly resistant at the early 

Table 2. Correlations 	among grain yield and physiological 
tests in barley 

Yield GOS DWI - DW% LEOS 

0.48* 0.56ti -0.69ti 

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

Cultivar GOS Cultivar DWI - DWO Cultivar LEOS 

Gitane* 
Porthost 
Georgie T 

Alphat 
Tippert 

54.7 
36.1 
30.7 
29.3 
14.7 

Igrit 
Georgiet 
Tippert 
Ardat 
Barberousse* 

24.5 
20.4 
18.6 
18.3 
19.9 

Ardat 
Georgiet 
Porthost 
lgrit 
Panda* 

49.0 
54.3 
55.1 
63.4 
67.2 

*Genotypes with a positive value in one test. 
tGenotypes with a positive value in two tests. 
tGenotypes with a positive value in three tests. 

stage of growth, while Arda and lgri were tolerant from ti!lering to maturity
(Table 3). All these materials, except 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 each stage of development
(Sullivan and Ross, 1979; Levitt, 1980; Tiapani and Motto. 1984; Martiniello 
and Lorenzoni, 1985). 

The genotypes that gave positive response 1o 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 genes and to maintain in 

Table 4. Correlations among physiological tests in barley 

GOS DWI - DWO 

DWI - DW0 0.015 ns -

LEOS -0.32 ns -0.38* 

OP < 0.05. 
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the population a large amount of genetic variability by cyclic selection. From
these improved populatins advanced breeding material can be extracted: (1)
parents for further cycles of recurrent selection, (2) new varieties, and (3)
lines as parents for developing F, commercial hybrids. 
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DISCUSSION 

D. W. Lawlor 
(1) 	Are you selectin, plants for drought resistance on the basis of absence of 

damage to menibranes? 
(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 lISPs as well as 70 kD? 

A. M. Stanca 
(1) 	 Yes. 
(2) 	 We don't know yet. 
(3) 	 Yes, 22 and -17 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. St i:ca 
Synthesis of HSPs has ben noted to accompany thermal shock in maize secdings. A70 kD HSP has been found in maize and barley. The other HISPs found in barleywere similar but not totally identical to the HSPs of maize. Another similarity
between maize arid 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-ld then why is itthat they are still maintained in populations grown in dry areas? Why hasn't natural 
selection reduced their frequency? 

A. M. Stanca 
Populations selected in dry areas have some mechanism to protect the cellularmembranes. We found a negative correlation between grain yield and percentage of
damaged membranes in stressed environments. 
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ABSTRACT
 
We summarize results obtained for five years on the identification of the 
environmental and genetical factors limiting the productivity of bread wheat 
in Italy. The cultivated Italian varieties did not seem to fully exploit the 
favourable 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 tu 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 I 930s, after the pioneer work of Strampelli, 
new semi-dwarf varieties which were also early 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 generations of varietiescharacterized by increasing productivity. This justifies the wide use of Italiangermplasm 	 in breeding programmes in several East European and South
American countries (Vallega, 1974).The continuous intercrossing among Italian varieties produced in the I 970sa group of genetically related high-yielding varieties. During the last 10 yearsthe Italian breeders have been mainly concerned with the genetical improvement of bread-making quality. The new varieties possess a better breadmaking quality but are not superior to the older ones in productivity. In ouropinion a further improvement in yield requires new breeding strategies thatconsider biochemical and morphophysiological traits to assure high yieldcombined with an acceptable bread-making quality.Studies based on growth analysis carried out in recent years show that thetraditional Italian varieties appear to be 'programmed' for a fast filling of thegrain-in less than 4 weeks after 	flowering they reach the maximum seedweight. This characteristic, in our environmental conditions, is very importantbecause in May-June we can frequently observe a progressive reduction ofthe water available in the soil together with a rise in temperatures. Theseconditions accelerate the final process of ripening and such acceleration isbetter tolerated by the early ripening varieties. 
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Figure I. Kinetics of dry-matter accumulation in the grain of thetypical 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
ever, presents several limitations in a modern agriculture. In fact, the Italian 
varieties seem 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 (Borghi et al., 1982, 
1983). Figure 1 shows the kinetics of dry-matter (DM) accumulation in the 
grain of the typical Italian variety Marzotto and of the English variety
Norman. Irrigation after flowering remarkably increased the leaf area dura
tion (LAD) in both varieties but kernel size increased steadily only in the
 
English variety.
 

Remarkabie differences in the p.tterns of dry-matter accumulation into 
grain are also eviden;' between the Italian varieties lrnerio and Saliente 
(Corbellini and Borghi, 1985). Irnerio accumulates grain proteins later than 
Saliente (Figure 2). The green area in Irnerio remains functional 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/m2 ) 
height yield

Varieties (cm) (kg/ha) Il NHI Maximum Translocated 

trnecio 74 9320 0.41 0.69 713 210
Saliente 87 0.43 76510050 0.72 232 

http:J~o~0.5o
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Table 2. Effect of plant desiccation at different times from flowering on 
the varieties lrnclio (I) and Salientc (S) 

LAD* Kernel weight* Compensationt 

Treatments I S I S I S 

Control I00 1100 9.5I 101 8.4 
29 days 98.3 94.699.9 91.3 -0.3 7.524 days 90.6 92.3 77.4 77.4 3.1 14.117 days 84.7 83.9 65.6 63.7 11.9 14.7 

.t treatments 91.2 92.0 79.2 77 5 4.9 11.2 
ns 	 [s t 

*In per cetnt ot the control. 
tIncrease i kernel 	 %cgilt in degrained spikes relativ!e to intact spikes. 

ns not signifticat 

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 
uitrogen compounds from the green organs towards the kernel. 

In contrast to lrnerio, Saliente shows a higher biological yield, associated 
with high HI and NIlI, a better capacity to 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 desiccat applied at different periods after 
flowering. 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. 

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

Kernel Protein 
Seeds/ weight Grain yield/ contentTreatments spikelet (rag) spike (g) (%) 

Control 2.9 41.8 2.44 16.5
Only flag leaf 2.9 39.8 2.35 13.8
Flag leaf removed 3.0 2.4941.8 	 12.9
No leaves 2.5 35.3 1.74 11.1 

LSD (0.05) 0.36 	 0.484 74 	 2.0 
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Table 4. Effect of spike degraining on yield components and protein content. 
(From Borghi et al., 1985) 

Kernel Protein
Seeds/ weight contentTreatments spikelet (mg) (%) 

TI Control 2.9 41.8 16.48T3 One spikelet out of two 2.7 41.1 20.07T4 Two lateral flowers/spikelet 1.9 45.5 16.62T5 Lateral flowers removed 1.8 3(0.5 20.80T6 Fop half of the spike removed 3.3 44.2 19.86T7 T3 + T4 1.9 42.) 21.48T8 Two spikelets/spike 3.2 38.9 19.00 

LSD (0.05) 0.45 3.2 2.17 

Other studies on carbon and nitrogen paritioning within the plant using thetraditional method of sink and source manipulation (Borghi et 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 (Br)cklehurst, 1979), is hampered significantly
by physical constraints, while the seed apparently did not either oppose any
resistance or play any 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 c(Iestion is how these observatior-b cdli 
be exploited in a breeding programme.

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

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

AIb + TotVarieties NPN Glob Gliad Glut Res Prot
 

Demar 4 47.1 
 38.4 127.5 80.7 56.2 72.4Fiorello 33.7 27.0 56.2 62.7 43.7 47.4Mec 70).1 35.0 82.7 57.5 49.2 56.1Mean 50.3 33.5 88.8 67.0 49.7 58.6 
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Table 6. Productivity of the commercial hybrid HOI (Festin x
Frandoc) in comparison with the best variety within each location 

Grain yield (kg/ha) 
Variety

Locations Hybrid HOt Best variety name 

1 
2 

7980 
9970 

7780 
8730 

Demar 4 
Irnerio 

3 
4 
5 

10610 
8100 
6340 

9070 
7610 
6180 

Tommaso 
Aurelio 
Chiarano 

6 
7 

5440 
5160 

5340 
4200 

Loreto 
Aurelio 

8 9940 9320 Chiarano 
9 

10 
11 
12 

7230 
3250 
5530 
5220 

7050 
3760 
5450 
5950 

Saliente 
Orso 
Pandas 
Pandas 

13 5710 6280 Chiarano 
14 5750 4780 lrnerio 
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). The pattern of grain filling and the evolution 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 rate 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 hetween grain yield and protein content could be 
overcome by selecting for a higher biomass associated with 'efficiency of 
remobilizatiin' a trait which positively affects bodh grain yield and protein 
content (Coroellini 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 early stages of selection. 

The traditional evaluation of GPC alone does not allow 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 
direct evaluation of GY is time consuming and scarcely correlated with the 
potential yield fif most advanced lines. Stem weight loss from flowering to 
ripening is a relatively easy characte r to measure; however, according to Hunt 
(1979) the decrease 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 durun wheat but also found in some old bread wheat varieties. 
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 isdefective in 
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the presently cultivated genotypes; on the contrary, as previously mentioned,
they already have high rates of accumulation because, in order to escape fromlate rust attacks, they were selected for early maturation (Borghi el al., 1985).

Therefore, we propose to include, along with such traits as plant height,spike size, leaf erectness, and resistance to diseases, the visual selection forthicker and/or solid stem, for a moderate earliness associated with a latedesiccation of green parts. After harvesting, the selected plants or lines couldbe further screened for plump seed, for GPC, and, eventually, for 1-11 and 
NHI. 

To incorporate in one genotype al! the Positive morphophysiological
characteristics by the traditional pedigree method is a very hard task. Thetime has come for the wheat breeder to pay more attention to the possibility
of applying Tecurrent selection. 

The recent availability of effective chemical hybridizing agents and thederived possibility of increasing genetical recombination and selection pressure will greatly enhance the possibility of ccmbining, after one or two cyclesof random mating, all the desired characteristics in a single gene pool. 
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DISCUSSION 

1). R. Marshall 
You indicated that spring frost was a major constraint in Vour attempts to increase 
the length of the grain-filting period. Have you attempted to breed for frost 
resistance? if not, why not? 

B. Borghi 
In spitc of the serious efforts b. breeders to improe earliness, no successful variety 
which is 5 days earlier than S. Pastore has been obtained in South European 
countries in the last 20 years. Probably a reasonable amrount of time is required for 
spike differentiation. I also believe that the period from flowering to harvesting 
could be extended by selecting genotypes for this eiaracter. 
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Physiology and the Breeding of 
Winter-grown Cereals for Dry Areas 

R. A. RICHARDS 
Divisionof Plant Industry, CSIRO, PO Box 1600, CanberraCity, A CT2601, 
Australia 

ABSTRACT 
The breeding of higher-yielding wheats for dry areas 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 .iek!s in the future. We make reference to different rainfed envir
onments and discuss the fbllowing physiological processes and ways to 
improve them: (I) crop transpiration, by improving water extraction and 
decreasing surface water evaporation; (2) water-use efficiency, by increasing
glaucoustess, the amount of discrimination of the stable isotope 1

3C during
the tixation oif CO,, imi.roving cool tem perature vigour, and altering root/
shoot partitioning: and (3) harvest index, by increasing hydrauilic resistance 
in the seminal roots and bv modifying leaf area development using determi
nate tillering genotypes. Our breeding programme aims to increase yields in 
dry arca.i by improving each of the above processes. Results from this 
programme are discussed, as arc ways to validate he worth of specific traits 
and ways to incorporate traits into existing breeding programmes. 

INTRODUCTION 

There arc 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 seasonal yield 

133 



134 
DROUGHTI'OLi-RANC(E IN VINTIER C{REALS 

variations and reduce the calamity that drought is to individual farmers and 
tiations. 

The aim of plant breeders in semi-arid regions is to increase yields underdrought and hence reduce the difference in yield achieved in good and badyears. ThLy are impressed by the extent of variation in their populations andare confident they can manipulate that variation if a particular trait is knownto be advantageous under drought. Breeders may therefore be tempted toselect for traits suggested in the literature, particularly as there is a tendency
to believe that certain touchstones may exist that will give rapid yieldadvances. However, is difficultit very for the breeder to decide whichcharacteristics to select. As the intensity and timing of drought varies withregion and season it is not uncommon for disagreement to arise amongphysiologists as to the value of a particular trait. Also, since drought affects many traits simultaneously, changing one may have an unexpected effectelsewhere on the plant so that again there may not be agreement as to whichtraits are likely to improve yield. It is not unexpected, therefore, that plantbreeders have become a little cynical of how physiology can contribute to cropimprovement under drought and they may be reluctant to risk adding anothertrait to select for in their breeding programme, particularly as empirical

breeding methods continue to make alvances in yield.
The purpose of this paper is to discuss tt,;its we have chosen in our breedingprogramme that we think have good prospects of improving the yield ofwinter-grown cereals. I 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 avery simple model first proposed by Passioura (1977) and discussed byFischer 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 theefficiency in which this water is use : If the crop produces grain and this hasthe same value as straw, as it does in many parts of the West Asia and NorthAfrica region that we are considering at this meeting, then these two components are all we need to consider. However, if grain is the economic productthen a partitioning component is introduced into the model. It then becomes 

Grain yield = T x WUE x HI 
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where HI, 'te harvest index, is the ratio of grain tu AGDM. When consider
ing ways to increase yield by breeding this model is useful for two teasons. 
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. Indiscriminant 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 I). Type A is a 
Mediterranean pattern typical of the West Asia, North Africa region. Here 
fallowing is ineffective, most of the rain falls in winter before the crop has 
reached full ground cover, and drought is common fro;m around the time of 
anthesis through to maturity. The other rainfall patterns are represented by B, 
where the crop relies on summer rainfall 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 

0 B
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Figure 1. Representation of three rainfall patterns in relation to 
temperature and crop phenology that encompass the range of 

environments where wheat is grown in winter 
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in spring when evaporation is rapidly increasing. In each of these rainfallpatterns I consider seedling drought to be unimportant relative to droughtlater in the season. Terminal drought is almost inevitable as potential evapo
transpiration exceeds actual evapotranspiration.

In the absence of nutrient deficiencies, limitations other than droughtcrop growth and 
to

yield of winter cereals may be waterlogging and coldtemperature in winter, frost during reproductive growth, and high temperature during spring. Jn a particular region, or season, any of these factors mayhave a greater effect on yield than drought. Thus, if the risk of any of these isreduced by an improvement in crop management or breeding then yields mayincrease 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 likelyinfluence on yield when water is limited but also by the range of geneticvariation in the character, whether its measurement is repeatable, andwhether it can be selected fo! easily and quickly. It is assumed that thebreeder has the capacity to add another trait to the already extensive rangethat is required in the selection and release of a new variety. With the aboveconsiderations 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 dependson the amount of water stored in the soil at sowing plus precipitation duringthe season. Soil water is depleted by evaporation from the soil surface and
extraction by roots for transpiration. There arc 
two ways where breeding mayincrease 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 shownthat cereal crops extract all the available soil water by maturity. An increasedrooting depth byachieved breeding is unlikely to be effective in thesesituations. 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 wherecrops grow on water stored deep in the soil following the monsoon season and 
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as in soml-e areas of Australia (see, for example, Passioura, 1983). Here 
selectior for a greater rooting depth should have a very high priority in a 
breeding programme as it has a good chance of increasing grain yield. 
Unfortunately this is very difticult so that indirect techniques are required.
Turner and Nicolas (this volume) discuss one such technique that measures 
differences in canopy temperatures. 

Increased osmoregulation may bc another way of increasing soil water 
extractioi. Morgan and Condon (1986) found that anong wheat lines differ
ing in osmoregulation, lines with high osmoregulation extracted 40 per cent 
nore water thn low lines at soil depths betveen 40 and 140 cm. It has also 
been found that wvheats with high osmoregulation have an increased tiller 
survival and kernel numlber per tiller than low lines (Morgan 1983); this was 
attributed Io the maintenance of turgor in the flag leaf at about the time of 
inciosis. A pilot breeding programme has been initiated at l'amworth, 
Australia, to screen lines derived from a bread wheat and a durum wheat 
breeding programme for osmoregulation. Screening is being done in the 
giasshouse on the flag leaf and lines ire 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 coln Iin ication). 

Decreasing surface ,vaterevalporation 

Reducing surface water evaporation (E) relative to transpired water (T) by
genetic ieans is a second promising way that may increase the total aniount 
of water transpired and hence grain yield. E is unlikely to be substantial in 
crops growing on stored soil water (type B in Figure I); however, when there 
is rain during the season before canopy closure (as in A and C(of Figure 1 ) it is 
large. Estimatcs of E as a proportion of evapotranspiration (El') in crops in 
Syria ranged from a miniimL of 32 per cent in a fertilized wheat crop where 
ET was 370 mnm to 62 per cent in inunfertilized barley crop where ET was 
220 mm (Cooper et al., 1983). These surprisingly high estimates are not 
uncomm1on. In South Australia, F'rench ind Schultz (1984) found in a study 
conducted over 12 years with 6 1sites that an average of one-third of ET was 
lost by evaporation front the soil surface. This represents a considerable loss 
in yield. 

Although some water loss from the soil surfact is inevitable, a reduction 
should be possible. There is considerable genetic variation among winter
grown cereals in leaf area display that may increase the rate at which full 
ground cover is achieved, and this may reduce E. The most notable variation 
is in early vegetative growth habit. Some genotypes are very prostrate, others 
have long floppy leaves, yet others ire very erect; some genotypes are more 
vigorous, i.e. have a higher relative le:Jf expansion rate (RLER) or relative 
growth rate (RGR), and reach canopy closure earlier. A simple calculation to 
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determine the effect of a small improvement in RGR, i.e. during the exponential phase of growth, is very instructive. Assume that genotype X has a 5 percent higher RGR than genotype Y (0.105 g/g/day against 0.100 g/g/day). Thiswould result in X having 50 per cent mre 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 thatdiffer in early vigour by measuring AGDM at about the five-leaf stage. Thesetraits appear to be highly heritable so that it may not be difficult to developcontrasting lines to grow in the field to evaluate their importance.
A different approach to this same problem is to select plants with a greatercapacity to intercept water and channel it down the leaves and stem to theground, hence increasing the store of water immediately below the plantrather than between the rows where it would otherwise be evaporated. This isan interesting idea that may be feasible using genotypes with erect leaves and 

a rigid midrib.
 
Ways to reduce E discussed above based on
are genetic manipulation. Itshould not be overlooked that E may also be altered by crop managementsuch as smaller row spacing or nitrogen fertilizer at sowing, and these should 

dIso be explored. 

WATER-USE EFFICIENCY
 
Water-use efficiency (WUE), defined 
 as the amount of above-ground drymatter per unit of water transpired, has been considered invariant. Thus,Tanner and Sinclair (1983), in a review of WUE in crop production, considered it unlikely that WUE could be altered genetically. Rather they considered 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 field-grown plants supports this notion. I am 
aware of any experiments which have 

not
 
shown that increased grain yields inwater-limited areas, achieved by breeding, have conic from an improved

WUE. But then few, if any, experiments have partitioned ET in studiescomparing old and recently bred cultivars. However, if increased yields have
resulted from an 

been 

impr-ved WUE, then recently bred genotypes should have
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 barleysselected specifically for a high biomass in England (Hanson et al., 1985) thatan increased AGDM has been found. In our experiments where havewemeasured above-ground biomass in the field and WUE in large soil containersin the glasshouse, we have not found consistent differences between old andnew varieties of cultivated wheats. However, in the glasshouse experimentswe did find cultivated wheats had a higher WUE than their diploid and 
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tetraploid ancestors. This apparent lack of improvnlent 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 illdry environments. 
There are numerous traits hat could cN >. Ic,:ncrease WU F, if selected. 
They can be separated into simple morphological traits that are easily 
manipulatable, such as awns, puihescence and glaticousncss, more complexcly 
inherited traits such as carbon isotope discrhnhation, specific leaf weight and 
abscisic acid, and finally traits that on the surface appear unrelated to WUE 
such as cool tenperatlre, vigour, and dry-matter partitioning to roots. 
Instead of discussing each of these characters briefly, a fe.v only have been 
chosen where recent data suggest a significant effect on WUl. 

Glaucousncss 

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 controlled by numerous minor genes, each 
having a small effect. It is with this latter material that we have produced 
ncar-isogenic lines. It has been found that tile 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). ]'his has been attributed to 
several factors, all of which affect WUE by changing the evaporative water 
loss froni 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 increascd reflectance of light (which may also lead to our observation of 
less leaf firing on days of extreme evaporative conditions). Further discussion 
of glaucousncss ill wheat and its apparent importance in water-lim itcd condi
tions, particularly as it effects WUE and not the total aniount of water 
transpired or tlie harvest indcx, can be found in Johnson et al. (1983), 
Richards ( 1983b), and Richards et al. (1986). 

These results give some hint that other traits incereals could, if selected, 
also affect evaporation froni the leaf surface and lienice WUE.Thcsc traits 
and their possible advantage may be: erect leaf posture-effect on radiation 
shedding, small leaf size--effect on boundary layer, and convective heat 
transfer. 

Carbon isotope discrimination 

The naturally occurring stable isotope of carbon, n"C, is discriminated against 
during the fixation of carbon in C3 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, A, and WUE of
wheat genotypes in different drought
treatments grown in I in long pots. A was
determined on leaves at maturity and
WUE calculated betwen sowing and
maturity. (Adapted from Farq uhar and 

Richards, 1984) 

(Pi), which in turn is regulated by variation in both stomatal conductance andassimilation capacity (Farquhar et al., 1982). High WUE would be associatedwith a low A and a low Pi. This is achieved when stomatal conductance is smallrelativ.e to assimilation capacity. Fir-ire shows2 that this theory wasconfirmed in droughted wheat in large pot experiments (Farquhar andRichards, 1984). It has subseqlcntly been confirmed in pot experiments onbarley and peanuts (Hubick, Farquhar. and Shorter, unpublished results).Measurement of . to estimate total growth relative to water use has manyfeatures attractive to breeders. A can be determincd on fresh or stored,immature or maure plants, leaves, stems, or grain, providing plant materialwas grown in the same environmcnt. Very small samples only are required.Determination off A using a ratio mass spctcoiel er can be aiiUtomlated andlarge numbers can be measured over a year as samples are easily stored.The potential value oftA as a rapid Measure of the WUE of a genotype willdepend primarily on three criteria. First, A must be correlated with WUE inlarge field plots. Such data notare yet available. However, in field experinmelts 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 
Farquhar, 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 A and hence a low WUE may not be incompatible with high 
yield. In environment A in Figure !, where wv'ter is often not limiting until 
about the time of canopy ,:losure, fast-growing genotypes (i.e. with high A) 
may be favoured for two reasons. F'irst, to reduced E and, second, as more 
growth in winter is cheaper in terms of water than the equivalent growth when 
it is 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 
is possib'le. A has been found to vary widely among genotypes. In a sample of
1 )t) hexaploid wheats growmvn in the same field environment the range in A 
values was 4 x 10 ', which is large and corresponds to substantial variation in 
WUE. Furthermore, measurements of A on fifteen advanced breeding lines 
grown 30)0 km apart in very different field environments were highly corre
lated, as were measurements of plants in pots and in field plots in different 
cnvironnients (Figure 3). 
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Figure 3. Relationship between carbon isotope discrimination. A,
determined (a) on grain from two sites 2t0001J km apart (r = 0.82) and 
(b) stems from plants in pots grown at Canberra and from 8.6/m 2 

experimental plots grown 300 km away (r - 0.91 ). (Condon,
Richards, and Farquhar, unpublished dala) 
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The third criterion that A must satisfy is that it have insignificant pleiotropiceffects. In experiments using I in long pots we have not found A to adverselyinfluence either water use or HI over a range of different droughted environments (Richards, Townley-Smith, and Farquhar, unpublished work). However, based on our findings at wet field sites, discussed above, it may well bethat if genotypes with low A are associated with slower growth their increasedWUE may be offset by an increased E in environments A and C in Figure 1.Since we believe the measurement of A integrates the diffusion of CO, andHO into and out of the leaf in relation to assimilation capacity over an entiregrowing season, 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 \igour. dry-matter partitioning to roots, andphenology. Passioura (1983) has discussed the possible consequences of ahigh root/shoot ratio in a crop. It ij worth highlighting again the calculation
made before of the effect of a 5 per cent increase in RGR. The theoretical 50per cent greater AGDM achieved after 100 days of exponential growth couldalso arise if one genotype partitioned 5 per cent more of its assimilate to theroots than another. When WUE is expressed as the ratio of AGDM to waterused, then the genotype that partitioned less to the roots would not only have a higher WUE but also earlier canopy closure, thereby reducing E. Thisreduction 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 increasing WUE because of the tight relationship between WUE and vapour
pressure deficit of the air. Calculations 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/ha2 /mm; cf. 70 kg/ha 2 /mm). In December WUE decreases to28 kg/ha 2/mm so that growth duriog June and July is three times moreeflfisient than December.during Improved growth during winter will,
Fischer points 
 o,,t, be better from the 
as 

point of view of WUE as well asdecreasing E. 'Ihus the message her" is very clear. Growth should bemaximized during the coolest pcri -i ,nd careful attention should be given toa phenology that most efficiently matches the seasonal change in WUE. 

HARVEST INDEX 
Maximizing AGDI maturityat under water-limited conditions firstisachieved by maximizing its components: (1) water transpired by tht crop and 
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(2) the water-use efficiency. Maximizing grain yield then becomes a function 
of the harvest index. In considering ways to increase 111 of water-limited crops 
by genetic nanipulation 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 (e.g. Austin et al., 1978). There is little 
doubt that this increased I-, achieved primarily by selection under optimal 
conditions, has also contributed to better yields in dry conditions. The second 
is that although tile H-1I of current cultivars grcwn in good conditions is about 
0.5, when grown as a dryland crop their 1I-Iis typically around 0.35 and often 
less. Thus a considcrable amount of the potential yield is not being realized. 
The third is that in dryland crops it is tile balance between dry matter 
produced (and hence water used) before and after anthesis that is important 
in detcrmining HI (Passioura, 197; ). Thus, if a crop exhausts most of the soil 
water before anthesis, little will be eft for grain filling and this will result ii' a 
low 1I-I. It follows that the III of water-limited cereal crops may first be 
increased by selecting genotypes with a high 1I-l under optimal conditions. 
When this is achieved III may then be further increased by altering the 
amount of pre- and postanthesis water use. 

In dryland crops transpiration is linearly related to leaf area up to an LAI of 
about 3. It follows that water use is directly related to leaf area 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 early 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 depcnd on whether E is significantly affected by a slower leaf 
area development. Experiments over two years at Merredin, Western 
Australia, where ilie mean average rainfall is 3 10 mill and is typical of an 
A-type environment, suggest that more conservative early growth may also 
increase yield and HiI in that environment (Islam and Scdgley, 1981). 

We have chosen five plant characteristics as having the potential to improve 
HIiand thereby grain yield from the joint considerations of their effect oin leaf 
area development and the extent of genetic variation. They are seminal root 
hydraulic resistance, flowering tinie, determinate tillering, early growth rate, 
and leaf size. In all of these traits we have attempted to develop contrasting 
lines or populations to dctrmine their effect on 1II. Several experiences in 
producing these lines are worth relating. In selecting for a reduced leaf size, a 
correlated response final leaf number with thewas found in net effect of no 
change in leaf area. In developing contrasting lines for flowering time. it was 
found that the early lines were also shorter so that it was difficult to separate 
out these two traits for their effet on harvest index and grain yield. 
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Table I. Mean grain yield of lines Containing small and normal diameterx)em vessels, in three seasons in soUthern Australia. Lines arebackcross-3 derivatives of the coniniercial variety Kite. April to Octoberrainfall was 228 mm at Condobolin, and 243 and 549 m ii at Wagga
Wagga in 1982 and 1983, respectively 

Grain yield (t/ha) 
Xylem vessel 
diameter 

Condobol in 

1981 
Wagga Wagga 

1982 
Wagga Wagga 

1983 
Small (50 jto)
Normal (60 lima) 

0.90 
0.81 

0.96 
0.88 

3.46 
3.35 

LSD (5%) 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 thediameter of the main xylem vessel in the sem inal roots (Richards andPassioura, 1981 a, 1981 b). A summary of restilts obtained in two dry and onewet enviromnent in southern Australia show the potential of this character(Table 1). In all environments lines with small xylem vessels yielded morethan lines with larger vessels. The yield advantage was greatest in the driestenvironments. Thus, there is no yield penalty in having small xylem vessels ingood seasons. This vield data corroborates Passioura's original hypothesis,which was that when the top soil is dry, plants rely on the seminal root systemto collect water deep in the profile and lines with small vessels will be unableto meet the plant's water requirements on days of high evapotranspiration.

Plants will adjust their growth accordingly and conserve some water beforeflowering for use later and this should result in higher yields. O. tie otherhand, when the top soil is wet, the nodal root system, which seems to beunaffected, 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 leafarea and hence water use. The traits were chosen following a study where leafarea was manipulated in wheat to determine effects on yield in dry environinents (Richards, I 9 83a). Flowering time ard determinate tillering are likelyto be the most influcntial. Determinate tillering will be discussed here, and thereader is referred to Fischer (1981) for a full discussion on a change in 
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flowering date. Determinate tilering 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 area development and hence the opportunity to 
modify pre- and postanthesis water use and thereby 1-11 as shown by Islam and 
Sedglcy (1981). This may also lead to the avoidance of: severe drought in the 
period between flag leaf cin ,gence and anthesis. Second, it is a way of 
eliminating sterile tillers so that there is no water wasted in their production
during vegetative growth. Third, tiwering is more synchronous, which should 
increase I-I1 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 ntorage.

Higher yields of the determinate tillering cereals ovei 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 en,,ironnient. It is likely thai the effect would be 
greater in B- and C-type environments where E is less. We have developed
near-isogenic wheat lines for this character and they have been tested in
several wt environments in both western and eastern Australia. Grain and 
dry-matter yields of the determinate and conventional tillering lines sown at 
different densities were indistinguishable (Richard:s and Delane, unpublished
work). We know therefore that there are no yield disadvantages in this 
material when stand establishment is good. We wait with inlerest for data 
from drier environments. 

INDEPENDENCE: OF FACTORS AFFECTING YIELD 

When first discussing each of the three components of the model, I 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 -1I or E depending on the environment, and 
also to determine the relative importance of seasonal WUE with fast- or 
slow-growing genotypes in relation to variation iinE. The interactions among
these factors will become clearer with the development and teSLtng 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 inthe 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 thet are representative of the area 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 yields in sonic environments. These two tiaits, although under the 
control of several genes, are reasonably 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 asing 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 two recurrent parents 
became susceptible to a new race of stem rust in tie first year of evaluation of 
backcross-5 F4 lines. If it is possible to use as a recurrent pare.'t a cultivar with 
close relatives containing other resistance genes, then much ot 'ie breeding 
work will not be lost if there is a change in the pathogen population. 

For traits that already exist in breeders' populations, backcrossing 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 identifi,d, then the heterozygote can be selected each 
generation until at least the F, or later generation. Seed is increased to enable 
the extreme homozygotes to be bulked to give near-isogenic lines. We have 
used this method to develop lines differing, for example, in glaucousness, 
awns, and pubescence, among others. For traits in breeders' populations that 
are controlled by numerous genes and where the hcierozygote cannot be 
identified, the development of isogenic populations is .ppropriate. We have 
used this technique ,o develop lines that differ in early growth. among others. 
The extreme expressions of the character are selected in F, 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 sonic traits is to 
select in backcross-I F, or backcross-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. 
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The above approach will test the worth of a particular trait and is designed 
to inform. A more empirical approach more suited to breeding programmes is 
to advance lines containing the trait to the F4 or F5 generation when sufficient 
seed is available to sow plots large enough to be free of edge effects. 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 th,,.
trait should adVance to liater generations without ,ny conscious selection. 
Although this method is very e'fiiciet in a breeding programme unfortunately
it gives little infomation to others oft lie value of a trait. 

CONCLUDING REMARKS 

Breeding for increased yields in dry regions can tak,- several different fornis. 
Empirical methods have been very successful 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 Inparallel. tliF paper I have 
discussed our breeding programme as I believe it provides a valuable 
framework to view the formation of yield when is limited.water It enables 
traits to be selected that have a good probability of increasing yield when 
selected alone and perhaps a greater chance when traits are pyramnided 
together. 

Although most characteristics that influence yield should fit into one of the 
three processes that deterfmine yield, there are likely to be some that are more 
intangible. One such characteristic has been referred to as 'sink strength'.

When there is adequate water there is evidence that photosynthesis during

grain filling depends in part on the sink size which in turn depends on kernel
 
number (King et al. 1967; Rawson et al., 1976; Fischer et al., 1981). Similar
 
evidence has been 
 1ound when Water is limited. For example, some genotypes

have an exceptional ability during grain 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 II and WUE. Several factors 
may be involved. A decreased respiration may be one. This has not been 
discussed but it deserves further study isany decrease through breeding, as 
has been achieved, in ryegrass, should result in a higher WUE. Another 
factor may be the joint contribution of a high dry matter at an thesis and 
osmoregulation. It is not implausible that a high dry matter sets a high 
potential kernel number whereas osmoregulation iffers 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 andi kernel 
number). 

Clearly there remains considerable potential to further improve yields 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 I 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 thedifferences between glaucous and non-glaucous lines appear mainly related to thechemical composition of the epicuticular wax (presence or absence of B-dicktones)and not to the amount of wax per unit of leaf area, I would like lo know your opinionabout the possihility 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 reducetranspiration. Glaucousness, as we have considered, means that wax must be presentso that rcflectance is increased, which appers to result in a cooling of thephotosynthetic surface. We have observed this in lines near-isogenic for glaucousness but with the same amounts of wax. The glaucius lines yield morm grain and drymatter than non-glaucous ones in dry environments. It is for this reason we haveconcentrated 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 
Mediterranean environment. Indeed, if the rainfall during the season 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 Ruthergharn were 
correlated, but not on a one-to-one basis. Does 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 locatioa 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 
(I) 	 What is the cost of the Cquipmcnt to measure carbon isotope discrimination? 
(2) 	 What is the possible rate of screening? As I understand, one can easily store 

samples for later measurement. 

R. Richards 
(I) 	 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. Mckni 
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 recurrent 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 yields of our best BC3 lines were 
equal to Kite. We are currently testing BC5 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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ABSTRACT
 
CIMMYT's approach to breeding for drought resistance is based on wideadaptation, high yield, and stability (i.e. input efficiency and input responsiveness) for semi-arid regions. This approach involves testing of F2, F5, and
F6 in optimal conditions, and of F1 and F4 in water stress. The assumption isthat 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 yield potential and exhibits
superior yield performance across the entire range of environments.

Methods used at CIMMYF for identifying drought resistance are yield
performance evaluation under reduced irrigation, low-rainfall conditions,gradient irrigation, and inultilocational international testing. Wide adapta
tion, high yield and yield stability--the most important characteristics ofCIMMYT germplasm--arc derived through the application of the shuttlebreeding system in Mexico, using alternate sites of acontrasting nature. High
fertility and optimum moisture are applied in the F2, F5, and F(, generations atCiudad Obregon The F3 and F4 generations are grown tinder low fertilityand reduced moistlire condittons at Huanmantla and Ciudad Obregon.
Advanced lines produced through this system undergo reduced irrigation,rainfed, and optimum moisture conditions. The lines performing well underall three Lottditions are internationally tested in various drought environ
mients. 

INTRODUCTION 

Wheat is one of mans 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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increasing 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 relationship 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 tinder 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 aboul, 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 Byerlee and Winkelniann (1980), the 
developing world's wheat areas can be divided into irrigated regions, rainfed 
environments with generally adequate moisture, and semi-;trid 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 area being in 

Table 1. Approximate percent distribution of wheat area 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 31 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 area 
are India and China. Argentina ranks first in semi-arid area among Latin 
American countries. 

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. I)rought occurs as a result of low precipitation,
high temperature, or wind. It is not uniforma phenomenon, 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 many, 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 drought resistance into
drought avoidance and drought tolerance. lie 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 gcnotype to be more
productive given of soilwith a amount water than another (Quizenberry, 
1981). 

The drought resistance mechanisms of interest to agronomisti 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 efficiency (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 research 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 stages. 
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BREEDING FOR DROUGHT RESISTANCE
 
Increased productivity of crops grown tinder less-thaii-optimum conditions 
can be achieveo -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 fc r crop varieties 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 selecting for high
yield. This commonly used approach assumes that some superior yielding
varieties at the optimum level will also yield relatively 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 for semi-arid growing
conditions must be developed and tested in a semi-arid environment. Var
ieties developed in such a programme often show a narrow adaptation to the
relevant environment and are said to have high genotype-environment 
interaction (Blum, 1979). 

Smith (1982) suggested that the ideal variety would have a highly stable 
yield combined high-yield However,with a potential. in his correlation 
studies, the higher-yield potential of short-statured genotypes was achieved at
the expense of yield stability. Thus, he proposed a 'niiddle of the road' 
genotype that could give a high-yield potential in all environments except
those of either 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,
disease resistance, and a high-yield potential under all conditions. 

The result of this approach has been the development of high-yielding,
input-efficient, and input-responsive varieties which have rapidly gained
worldwide acceptance. Worrall et 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 environment, 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 (1980) analysed the data from the ISWYNs distributed by CIM-
MYT from 1964-5 to 1978-9. He concluded that: 

(1)High-yielding varieties (HYVs) are at least as stable as locally
developed varieties (LDVs) under all environmental conditions (but on a 
higher yield plateau). 

(2) HYVs are at least as input efficient as LDVs (and generally more so) 
under all environmental conditions. 

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

(4) 'True' HYVs combine all three of the above chaiacteristics. In other 
words, CIMMY'F germplasni displays a combination of input efficiency and 
input responsiveness, traits needed for better adaptation to highly variable 
growing conditions. 
Figure I illustrates the analysis of the input-efficient, input-responsive

variety Veery 'S', which has a high genetic yield potential and exhibits 
superior yield performance across the entire range of environments, including
moisture stress. Its coefficient of regression is not much higher than that of the 
mean of all entries, but its yield is consistently above the mean yield of all 
other entries. According to the CIMMYT breeding philosophy, a variety must 

10- ISWYN 15 

9-Veery"S' 0 

8

7

6- 00
0 

5- 0 
0 

00 

3-
Mean of all entries 

2- Regression line of Veery"S" 
Q'S" •0e Environments located in the 

tropical highland region 

Y 1.05X 4 0.52 

Environments (t/ha) 
Figure I. Yield of Veery 'S'regressed over nean 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: 

I. 	 Evaluation of performanceunder reduced irrigationand limited rainfd 
conditions to identify advanced lines or varieties wiith 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 .;uch as Genaro 81 and Lira 'S' were 
suitable for both regimes (Table 2). The HLuamantla location is used to screen 
varieties and advanced lines under natural rainfed conditions. The soil is 
sandy and the long-term average ai nual rainfall is less than 500 mim. 

2. 	 Gradientirrigation (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 

Yield 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 43783 	 5 
Neelkant 'S' 6758 4 4585 4 
Junco 'S' 6346 46815 	 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 toe 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 each genotype at differing levels of applied water. 
Average yield was positively correlated with the anmount of water applied. 
The genotype response was evaluated using regression analysis. The lines 
found to be the best adapted for water stress situations were lunco (bread 
wheat), Yavaros (durum), and Civet 71 and Pika'S' (triticale). 

3. Multisite internationaltrialsfir identifying droughtresistance 

Multilocation testin.v has been of great value to CIMMYT wheat-breeding 
programmes in identifying cultivars that perform well over a range of envir
onients including moisture stress situations. The ISWYN was the first 
systematically organized international yield trial. Begun in 1964 by CIM-
MYT, it was designed to disseminate the new spring wheat varieties through
out the world and to obtain information on yield, disease resistance, stability 
and wide adaptation, partulcLlarly 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, Pavo 76, Nacozari 76, Glennson 81, Seri 82, 
Ures 81, and Genaro 81 have been identified and used as parents for building 
future varieties. The programmes have produced promising results not only in 
irrigated i reas 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 elevation 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 

EnvironmentalGeneration Location condition Selection method 

P (parents)
F1 Well-wateredF1 Ciudad Obregon Well-watered Individual plant 

selectionHuamantlaF3 Stress Modified BulkF4 Ciudad Obregon Stress Modified BulkF5 Toluca Well-watered Individual plant 
selectionF6 Yaqui Well-watered Bulking of linesYield trial* Ciudad Obregon Well-watered 

and stressYield trial* Huamantla Stress 

*The outstanding yielding lines in both envir, nmental situations are internationally distributedin 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 isdone in November, when daylength is decreasing.
Testing here can bc done under conditions of optimum moisture and 
reduced irrigation simultaneously. 
Ciudad Obregon has dry weather from October to May and a long-termseasonal 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 areapplied to produce a good crop of wheat. In out drought experiments, plants
receive only one or two irrigations to facilitate the selection of lines. The lines
selected are further tested in Huamantla under rainfed conditions. A sche
matic representation of germplasm flow and the handling of the segregating
generation are shown in Table 3. High fertility ,nd optimum moisture are
applied in the F,, F5, and F¢,generations. The F3 and F 4 generations are grown
under low fertility and reduced moisture or rainfed conditions. Selection
during the andirrigated well-fertilized generations of F,, areFs, and F(,
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 evahated in the individual plant
and line selections. 

The following characters are important for drought stress situations and areconsidered in selecting materials grown under limited moisture and low 
fertility in the F 3 and F4 generations: 
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Delayed leaf senescence (longer leaf retention)
 
Tiller viability
 
Reduced spike steility
 
Grain plumpness
 
Relatively highei test weight 
Relatively higher yield 
Advanced lines produced are simultaneously 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 cooperators 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 yc'Jr 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-yield potential under favourable and stress conditions, (2) stable and wideadaptation, and (3) disease resistance. I did not intend to prove or disprove selectioncriteria, but I presented the criteria in selecting materials grown under limited 
moisture and low fertility in F3 and F4 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 irrigationtrials are performed? In my experience plant responses to stress vary according to 
previous growth and stress history. 

Mahnoud 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 stress,severe
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 Osnmanzai 
In Obregon where the experiments were conducted, the seasonal average rainfall is
48.2 mm 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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Mahnioud Osmanzai 
The initial soil moisture varies, but we gave irrigation to allow seedling emergence. 
The anount of water used by different contrasting typcs was not measured. 

S. Ceccarelli 
(1) 	 Can an environment vhich ives over 4 t/ha be delined as astress environment'P 
(2) 	 Please clarify the breeding strategies for rainfed areas ;.ith regard to the 

selection environment. 

E. 	B. Knapp 
Unfortunately there don't vet seem to ainy generally accepted criteriabe 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 CcOtiltered by the wheat ;lant) on the early generation material 
in order to elicit an adaptive response. In later generations (|Es and beyond) the 
material is evaluated for yield. The particular case you point out represents yield 
trials at tile same location Wi]th antd without selection pressure for reduced moisture. 
The best six lines averaged 6-85 kg/ha without moisture stress and 4464 kg/ha
tinder limited moisturc-a rcduction of 32 per cent. Until we have evitlece to the 
contrary, we consider this to represent an expression of the adaptive response to 
limited moisture. Ilowever, I agiec that it might help to clarify the question of
'degrec' of stress if we also looked at lhe six worst pcrforming lines for comparison. 

With regard to your seconid question; our general strategy for all wheat-growing
enviromuents is basically the same. We try to supply the national programmes with a 
pool of germplasni that is better than they already have. Of course, we are delighted
if they identify something so well aidapted to their conditioins that it can be released 
as it is. Normally, however, we would expect the natioinal programmes to retine the 
material for even better adaptation. 

Mlahmoud Osmanzai 
CIMMYT's philosophical approach to breeding for dro .t resistance is based oi 
wide adapt ation. hligh yield and stability are necessary in aiy variety to be 
recommended for scmi-arid regions. The variety must be able to give a relatively
high yield tinder low-input conditions, but must possess the genetic potential for 
higher yields under opti min environmental conditions such as moisture and fertil
izer availability. A schematic representation of gernuplasn flow antd the handling of 
segregating geiuerations was presented. The 1'3 aid F1 generations are grown inder 
low fertility and iethUccd moisture coiditions. Itigh 'ertility and optimum moisture 
are applied in the F,, I-, and F,, generatios. Advanced ines produced through this 
system are subjectcd to selection of desirable types simultaneously under reduced 
irrigation, rain fed situation, aniild optimium conditions. 
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Breeding for Improved Yield ,n 
Moisture-limiting Areas: The Experience of 
Jordan 

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

ABSTRACT 

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

163 
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Stork, a semi-dwarf wheat cultivar, produces high grain yields underoptimum conditions, while Hourani, a semi-tall wheat, produces a reasonableyield, but the grain is not as satisfactory as that of Stork, under optimumconditions (M. Duwayri, unpublished data). Duwayri (1984) reported thatthe stress-simulated trcatments produced the poorest yields and that Stork 
was inferior to Hourani in grain yield in those treatments. 

McNeal et al. (1978) stated tlw both kernel weight and kernel number perspike were useful for selection for yield, but spike number per plant was not.Knott and Talukdar (1971) suggested that yield could be increased byselecting for an increased kernel weight. Our breeding strategy is to select
high-yielding varieties with desirable grain weight. 

MATERIALS AND METHODS 
An experiment was conducted at Jubeiha and Ramtha stations. The annualvariability in rainfall at these stations is shown in Table 1.

A total of 122 durum wheat !ines in the F 7 generation, resulting from thecross Hourani X Stork, and the parental liies were planted in a randomizedcomplete block design with two replications. H-burani is a locally adaptedculti-ar in ':,oderate rainfall areas of Jordan and Syria, while Stork is ahigh-yielding, early maturing durum wheat variety. Each plot consisted of sixrows, 5 m long and 25 cm apart. The seeding rate was 80 kg/ha for bothlocations. Dates for seeding were 29 and 27 October 1984 and dates ofharvesting 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 (ram) in the past 10 

years for Jubeiha and Ranitha 

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
1982-3 664 274
1983-4 483 191
1984-5 448 243 

Average 500 220 
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Table 2. Agronomic characteristics of the parents and the F7 population grown at 
Jubeiha and Ramtha, 1984-5 

Dry matter yield Grain yield 1000-seed 

(kg/ha) (kg/ia) Harvest index weight (g) 

Juheiha Rarntha Jubeiha Rantha Jubeiha Ranitha 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.G 
Population 6829 2783 2289 768 1.33 0).28 43.( 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 F7 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-seed 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 1065(0 3126 83 3976 5570
 
128 948(0 2910 3 3820 3200
 
127 9350 2646 125 3700 8200
 
92 9200 2306 120 3696 8510 
65 9160 2710 105 3690 7610
 
43 9090 2800 1 3680 4770
 
47 9076 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 yield (kg/ha) of the top ten lines grown at Jubeiha and Ramtha, 
1984-5 

Line 
number 

Top yielder 
at Jubeiha 

Yield at 
Ramtha 

Line 
number 

Top yielder 
at Ramtha 

Yield at 
Jubeiha 

97 
130 
129 
127 
67 

120 
92 
124 
68 
36 

3480 
3410 
3330 
3330 
3230 
3229 
3200 
3186 
3160 
3136 

660 
906 
670 
756 
660 
1010 
496 
576 
696 
640 

105 
83 

116 
100 
71 
28 
120 
93 
60 
122 

1200 
1110 
1106 
1020 
1016 
1010 
1010 
996 
990 
970 

2556 
1916 
2440 
3000 
2950 
1740 
3220 
2966 
2096 
2430 

Average 3268 707 1043 2531 

highest parent at 
Jubeiha 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 arelisted in Table 3.Itwas interesting to note that the lines selected at Jubeiha 
were not inthe 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
ever, none of the lines selected at Jubeiha were superior to any parent in
dry-matter production at Ramtha. Furthermore, selection of the top ten linesfor 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 thepopulation average when grown at Ramtha. All top ten lines selected, based 
on their grain yield performance at Ramtha, were better '.ian the parents or
the population average. Six of those -elected fro,, Ramtha produced higher
grain yields 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 linesthat gave a mean kernel weight equal 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 su*rior 
parent. The average value for harvest index (0.31) of these lines at Ramtha 
was better than that for Stork (0.24) 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 0.41 (mean 0.38).
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Tabk 5. Thousand..seed weight (g) of the top ten lines grown 3t Jubeih, 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 34.3 118 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 breeding 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 sttess 
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 either 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 yield 1000-seed 
(kg/ha) (kg/ha) weight (g) 

Line 
number Jubeiha Ramtha Ratio Jubeiha Ramtha Ratio Jubeiha Ramtha Ratio 

1 4670 3680 1.30 736 6201 1.19 39.0 30.5 1.28 
30 4000 287, 1.39 1456 740 1.97 43.8 29.8 1.47 
83 5570) 3976 1.40 1916 111t 1.73 41.3 33.3 1.24 
28 4570 3230 1.42 1740 10110 1.72 46.3 30.0 1.54 
31 2321) 1640 1.42 746 430 1.73 38.3 30.3 1.27 

111 4470 3150 1.42 1346 801) 1.68 41.6 33.3 1.25 
108 5690 3626 1.57 2086 926 2.25 40.6 32.0 1.27 

23 4690 2940 1.61) 1516 700 2.16 44.3 29.5 1.5) 
86 3940 2386 1.61 1410 640 2.20 44.8 33.3 1.34 
60 5400 3120 1.73 21196 990 2.12 49.0 32.0 1.53 

Average 4532 3062 1.49 151)5 797 1.88 42.9 31.4 1.37 
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and five lines produced giain yields higher than the population mean atRamtha. Similar results were obtained for tile thousand-seed weight.The use of the grain yield ratio as a selection criterion resulted in pooryielding lines at Jubeiha, and just five lines were higher than the populationmean at Ramtha. The selected lines were poor in dy-matter yield at Jubeihabut fivc of them produced a reasonable yield at Ranitha. Single-seed weight ofthese 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 inlower mean aof the ten selected lines at Jubeiha than the population mean orar.y of the parents, with two lines approaching tile values of the superiorparent (Stork). However, the mean of those lines at Ramtha was above themean of the superior parent and the populat;,on, and two lines had a seedweight of 40 ig. Six of these lines produced . higher dry-mattcr yield thanthe population mean at Jubeiha. The mean dry-matter yield of these lines atRamtha was equal to the population mean. Two lines seemed to possessstable dry-mratter and grain yields. 
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DISCUSSION 
E. AcevedoIs there any evidence that germination at a low water potential is an indicator ofplant resistance to water stress? If not, wouldn't this character live a counterproductive effect in shallow sowing, increasing a false start in low-rainfall Jordanian

environment? 

M. DuwayriGermination ability at 
very important 

a low water potential when coupled with long coleoptile isfor stand establishment in the semi-arid regions. To overcome thepossibility of germination when there is a shortage of moisture afterwards, seedsshould be planted deep enough in the soil so there is residual mois*Ltire in 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 areas 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 mean 
drought resistance. 

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

M. Duwayri 
Our studies showed that ijourani possessed long and heavy awns; it also has a large 
flag leaf area. These are important 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 environmental conditions before breeding strategies can be 
developed and put into use. Since there are so nany factors, both within the 
plant and in its environment, involved in the response to drought, progress 
towards improving drought resistancc will be Much more difficult than the 
gains that have been made in areas such as rust resistance of wheat. Progress 
is likely to be greatest where there is a research team of sufficient size and 
which receives adcquate long-term funding. 

Gerniplasn 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 ceccals. There is inadequate variability for many 
potentially useful drought resistance traits in the gerniplasm pools used by 
cercal breeders in manry countries. We should all, therefore, be ,-couraged to 
collect, screen, preserve, and exchange germlplasm, as well as to share 
information and ideas, to broaden the geneic bases of our major crops, and 
to 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 morphological traits in 
practical breeding programmes. 

171 
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INTRODUCTION
 
Drought resistance improvement through plant breeding is an extremelycqmplex problem. This complexity arises because of the number of physiological, morphiological, and biochemical systems within the plant which arerelated to drought resistance. Compensation of one system for another andinteractions with the environment make it moreeven difficult to correlatephysiological or morphological traits with yield under drought conditions(Jordan et al., 1983; Clarke et cl., 1984). Therefore, an integrated approachto the problem is required, as suggested in the literature (Townlcy-Smith andHurd, 1979). Unfortunately, however, very few good integrated investigations have been made. Many isolated studies of drought resistance mechanismns have been conducted and published, but little attempt has been made torelate this knowlcdge to the crop system as a whole.
Yield has, and always will be, an 
 important selection criterion in breedingfor drought resistance, since performance at the whole-plant level integratesgenotypic and environmental factors. In environments with considerableyear-to-year variation in precipitation, highly drought-resistant genotypesmay not be desirable, given that such genotypes are often unresponsive tofavourable moisture conditions. Genotypes with a high-yield potential buffered by a few drought resistance traits Will yield well under favourableconditions and not substantially less than highly drought-resistant genotypestinder drought conditions. The challenge to plan! and environment scientists,with of course (lie cooperation of breeders, is to improve the success ofselecting 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 I ). First, the drought problem in
the target environment must 
 be defined, including the consistency of theincidence of drought and its timing in relation to crop developient. From thisinformationi a partial crop ideotype can be developed, with particularemphasis on matching crop phoinology to the target environment. In sonicenvironmnts, for example, it may be possible to choose either winter orspring growth habits, or to select the most appropriate planting date. The 

Table 1.Approaches to improvement of drought resistance in cereals 

1.Define the drought problem and propose idcotypcs.2. Identify drought resistance 
3. 

traits and develop screening techniques.Evaluate trait heritability and relationship to yield.4. Screen gerniplasin for suitable sources of the Irait.5. Utilize appropriate sources in breeding prograinies. 
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Table 2. Useful t;aits for cereal 	ideolypes for various drought stress environments 

Resistance 
1.ivironilent mechanism Useful traits 

I. Continuously increasing 
stress 

Stress avoidance 
(conserve water 

Reduced tillering 
lxci!ed-leaf water 

for grain-till) retention 
Reduced seminal root 

xylem vessel diameter 
Glaicousness 
Early mat urity 

Stress tolerance Photosynthesis at low 
water potential 

Osmoregulation 
2. Early-season stress Stress tolerance Germination at low soil 

moisture levels 
Osmoregulat ion 
Photosynthesis at low 

water potential 
3. Stress during grain-till Stress avoidance Glaucousness, leaf 

rolling 
Extensive root system 
Rermobilization of pre 

antlihesis carbohydrates 
Stress tolerance [feat tolerance 

Osmoregulation 
Pho0tosynthesis 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) lend 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 idctitication 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 gcnotypes to study. Finding such genotypes is not always easy. For 
example, does one study high and low yielding lines with tile assuniption 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 cui.,paring relative yield depression by drought, such asby a drought susceptibility index (Fischer and Maurer, 1978), whc I choosing
genotypes for use in physiological studies. This approach too, in my experience, 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 aspossible. I suggest using at least twelve genotypes, or more if possible, toaddress the expected genetic variation for a trait, since empirical studies withtwo or three genotypes quite often lead to erroneous conclusions. This is notto say that basic drought physiology studies of a few genotypes are of nouse-indeed, such studies frequently provide the information and stimulus toplan applied studies. The use of near-isogonic pairs can be a valuable tool for
evaluating drought resistance traits (Johnson et al., 1983). Even here, however, one should probably look at several pairs derived from diverse sourcesof the trait being evaluated to get some idea of effectthe of 'genetic
environment' on the trait. 

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

There are many reports in the literature of potential drought 
 resistance

traits in cereal crops (Table 3), and since many of these have been reviewed
elsewhere (Clarke, 1981 ; Simpson, 1981 ; Townley-Smith and Hurd, 1979), it
is unnecessary 
 to do so here. The utility of particular characteristics asselection criteria in a breeding programme will depend upon the ease and cost
of screening 
as well as upon the heritability. Traits that are highly heritableand reh ted to an easily measured agronomic trait such as yield may requirelittle or no screening other than 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 onlyrelatively low numbers of genotypes can be screened. This technique, therefore, 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
Mechansn Trait capability* Reference 

I Drought avoidance 
(a) Water uptake 

Extensive root system 
Reduced xylem vessel 

siz. in seminal root 

L 
L-M 

Hurd (1968) 
Passioura (1972) 
Richards and 

(b) Reduction of water loss 
Passioura (1981b) 

Stomate number 
Stomatal conductance 

L 
L-M 

Kazemi et al. (1978)
Jones (1977) 

Abscisic acid 
Leaf temperature 
Excised-leaf water loss 

L 
1H 
H 

Wright (1977) 
Blum eI al. (1982) 
Clarke and McCaig 

Epicuticular waxes M 
(1982b) 

Johnson et al. (1983) 

2. l)rought tolerance 
Germiiation in osmoticums 
Seedling growth in osmoticums 
Photosynthetic rate 

M-H 
M 
L 

Gul and Allen (1976) 
Blun et al. (1980) 
Kaul and Crowle 

Osmoregulation L 
(1974) 

Morgan (1983) 
Heat tolerance M Smika and Shawcroft 

(1980) 

"L= low numbers of genotypes; M = nioderate; IH= high. 

cumbersome, is useful because it reduces the number of crosses that the 
breeder has to make and evaluate. 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 use in physiological studies, we should not overlook simpler 
technologies which may in fact be faster and more easily used in breeding 
programmes. As I have already 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 below, also show 
promise and do not require soph:sticatcd or expensive technology. 

We have. I 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 research 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. Ithas to be recognized by research administrators and funding agencies, how
ever, that such research teams require long-term financial support in order tomake 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 12- 16 years. It is clear, then, that research teams established 
now will take a number of years to begin producing drought-resistant cul
tivars. 

With this brief general discussion of techniques, I would now like to discuss
several traits which have been studied in sufficient detail to at least obtain apreliminary assessment of their utility in practical wheat-breeding programmes. 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 it this seminar. 

PROMISING SELECTION TRAITS FOR WHEAT 

Excised-leaf water retention 

The history of this trait goes back almost 50 years. Bayles et al. (1937)observed differences among spring wheat (Triticurn aestivum L.) cultivars in
the rate at which excised plants lost water. Twenty years later, Sandhu andLaude (1958) observed that excised plants of drought-resistant winter wheat
cultivars lost water more slowly t;an less resistant cultivars. More recently,
Dedio (1975) found differences in excised-leaf water loss rate among wheat 
genotypes (T. aestivun L. and 7. turgidum L. durum). Thesevar. reportssuggested that excisEcd-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 studies looked at environmental and phenological influences
the trait. Differences in water loss rate were observed among genotypes

on 

grown under rainfed and irrigated conditions in the field (Clarke and McCaig.
1982a). Leaves sampled from irrigated plots lost water more quickly thanthose from rainfed plots (Table 4), which indicated that drought hardening
influenced water loss rate. This was later confirmed bv Jaradat and Konzak
(1983). There tend to be some genotype-environment interactions for expression 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 
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Table 4. Excised-leaf water loss by durum wvheat 
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.)9 1.46 
Lakota 1.18 1.70 
Macoun 1.19 1.80 
Pelissier 0.77 1.31 
Wascana 1.15 1.69 
Wakoona 1.00 1.58 
AS5 1.12 1.61 
CC2B 
DT363 

1.01 
1.03 

1.67 
1.48 

DT367 1.04 1.75 
EZ2E 1.00 1.60 
HB5C 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 1 12.921* 
Error A 10 0.283 
Cultivar 15 0.155* 
C x E 15 0.041 
Error B 150 0.051 

*Significant P < 0.u!. 

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 riot clear 
whether the change after anthcsis is due to physiological changes or to 
physic ; factors such as leaf 'firing'. In any event, it is preferable to screen 
material prior to anthesis. 

The simplicity of measuring excised-leaf water retention gravimetrically 
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makes it very attractive, both 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 select 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
differences 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 mtterial and question
its importance as a drought avoidance trait in our environment. Jones (1979) 

20 
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I J 
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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 penod)
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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 substantial 
numbers of genotypes. A set of sampling dishes was constructed, w'1-:ch 
allowed convenient processing of 200 plots at a time. Three people can take 
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Figure 2. Distribution of initiat and initial-wilted (water loss) water concentrations of 
excised leaves of the F8 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 room (20'C, 50% RiH), fllowed by oven drying 
overnight. This allowed us to sample 200 plots pei day More recently we 
have switched to wilting the leaves for 2 h at 28- 30°C, followed by high
temperature drying in an oven for about I 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. Preliminary 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 parent Pelissier. 
Lines were field tested in the F4, F,,, and F8 generations (Clarke and 
Townley-Smith, 1986). Forty to 50 random lines from each cross were grown 
in the F4 and F(, generations; only the four crosses exhibiting the greatest 
differences were grown in the F8. 

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 
concentration 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 parernt contributes one or a few dominant genes governing 
retention. 

Table 5. Standard unit heritabilities ior initial leaf water concentration and 
excised-leaf water loss determined by regressing F4 on F, and F6 on F8, for 

durum wheat crosses 

174/176 F6/F8 

Initial water Initial water
 
Cross concentration Loss concentration Loss
 

DT363/Pelissier 0.61t 0.49t 0.34* 0.36t
 
DT367/Pelissier 0.08 0.30* 0.41i 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/Pelissier and 7461-Q4A/Pelissier, while in 7562-HB5D/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. 

Correlations 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
outyielded slow water losers in some cross-years, while slow water losers 
outyielded 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/Pelissier, for example,
excised-leaf water retention capability was yvield-negative in the high-yield
environments of 1982 and 1983, but yield-positive under severe drought
conditions in 1984, suggesting that the water-retention trait is only beneficial
under drought conditions. Similarly, leaf diffusive resistance of wheat was
negatively correlated with yield in a well-watered environment (Shimshi and
Ephrat, 1975), but positively correlated under water stress (Jones, 1977). The 
crosses 7 46 1-Q4A/Pelissier and 7562-HB5D/Pelissier, however, showed the
water-re,,nlion trait to be yield-positive or yield-neutral regardless of envir
onnien. We growing of linesare some the 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
underlying physiological or morphological reasons for the differences which 

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

F 4 yield* F,yield Fg yield
(1982) (g/m2) (1983) (g/m2 ) (1984) (g/m2) 

Cross 
 Fastest Slowest Fastest Slowest 
 Fastest Slowest,
 

DT363/Pelissier 453t 440 334f 320 149

DT367/Pelissier 406t 334f 

155t 
395 318 4.87 461-Q4A/Pelissier 

6.2t 
422 444t 289 301t1 151 150


7562-HB5D/Pelissier 303 367f 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 et 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 olow 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 theory, if the excised
leaf technique is measuring cuticular transpiration, ther. is r.ot necessarily a 
relationship between stomatal diffusive resistance and \water-retention capa
bility. Hov. ever, a correlation could arise through mutual association of the 
two factors with a asthird factor such membrane permeability to water or 
accumulation of osmotically active compounds. 

We have screened numerous genotypes for the leaf water-retention trait. In 
1984 we screened over 4000 clurum lines obtained from ICARDA (Interna
tional Center for Agricultural rvsearch in the Dry Areas) via the University
of Saskatchewan. Al! of these iines are contained in the USDA Sma!" Grains 
Collection. A brud range of c,¢cised-leaf water-retention capabilities was
observed in this material, ranging from better than best local check,our 
Pelissier (which, in:identally, was introduced into North America from 
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 
morphological 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 observationsTriai Environment Date 1r 

Cultivar screening Rainfed 14 June 0.10 150
Cu.ltivar screening Irrigated 14 June 0.03 150
Cultivar screening Rainfed 27 June -0.21* 150
Cultivar screening Rainfed I1 July -0.26P 150
Cultivar screening Irrigated 11 July -0.31* 150
Durum crosses Irrigated 26 June -0.08 196
Durum crosses "ainfed 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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Fable 8. Excised-leaf water loss ratings of 3560 durum 
genotypes of diverse origin at Current,grown Swift 

Canada, in 1984 

Number
Water loss Class: of lines 

Very low <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 (Pelissier). 
t Range of poorest local check (Hercules).
*Relative to mean of four check cultivars (Pelissier,
Hercules, Kyle, Wakooma). 

In J985, 640 of the lines, representing high- and low-retention types, were
selected m .iin several of the agronomic and morphological classes for further
field studies in replicated tests. We hope to identify high-retention parents to,,tilize in crosses to further evaluate the retention trait as well as to assess the
relationship between ietention capability ard agronomic/morphological 
traits. 

The excised-leaf water-retention capability may be of interest in other
cereals as well. We screened triticale (X-Triticosecale Wittmack) lines from 
the 1981-2 CIMMYT Internlational Triticale Screening Nursery and found 
genotypic differences of similar magnitude to those observed in wheat. Jordan 
el a .(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 store d soil moistuie alone, however, Passioura (1972)
suggested a reduction in root system size to conserve water for the grain

http:1.14-1.61
http:0.85-1.13
http:0.53-0.84
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filling growth peiiod. A reduction in effective root 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 (1981 b) concluded that reduction 
of xylem vess-I size was the most effective means of reducing effective root 
system size b, cause 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 L.) 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). 'otal 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 cmposition 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, foi glaucousness in a 
breeding programme should be quite easy and rapid, either by visual means or 
by measurement of reflectivity. 

Osinoregulation 

Osmoregulation, the adjustment of osmotic potential through accumulation 
of solutes, contributes to the ability of plants to tolerate :,iter 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 
low osmoregulation lines in the F4 and F6 generations, respectively. Moderate 
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numbers of advanced breeding lines or potential parents can be screened 
using this technique. 

Leaf temperature 

Measurement 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 et 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 el al. (1982). Genotypic variation in leaf 
temperature has also been observed in soybean (Glycine max L. Merr.) grown
in stressed environments (Harris el al., 1984).


Although remote measurement of leaf tempeiature 
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 
temperature measurement requires a dense canopy which covers the soil
surface (Clarke and McCaig, 1982a; Blum et al., 1982), since high soil surface 
temperatures would bias the leaf temperatu:'e 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, tinder
 
extreme drought stress, complete cannpy clost -, may never be achieved.
 

Remobilization of stored carbohydrates 

There is evidence 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-tructural 
carbohydrates (McCaig and Clarke, 1982) and in the remobilization of
carbohydrate as suggested by stem weight loss after anthesis (Rawson et al., 
1977). 

Screening for either non-structural carbohydrates postanthesisor stem
weight loss would be rather tedious in a breeding programme. Blum et al. 
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(1983) have proposed a technique to measure remobilization indirectly. Thetechnique consists of simulating postanthesis stress by application of desiccants to kill photosynthetic tissue. Grain size is subsequently evaluated
determine ability to 

to
maintain grain growth through remobilization. Such ascreening procedure would be quite rapid, but -riations in the date ofanthesis among genotypes would have to be accounttd for. 
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DISCUSSION 

H. 	Ketata 
Are you satisfied with the criterion of water loss from excised leaves? I have noticedlow 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 andyield, which we are doing. The heritabilities were variable, and should be looked atin other genetic backgrounds. I think this study illustrates the point I made earlierthat it is very to get adifficult consistent relationship between potential droughtresistance traits and yield. I think the trait looks promising, but a little more research
will 	be required to develop appropriate breeding strategies. 

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, andI 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 andleaf morphology, I)ut are investigating several morphological factors in relation 

to loss rates. 

M. 	C. Saxena 
(I) 	 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, etc.) in which theleaves 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 varywith the temperature and humidity conditions under which wilting occurs.(2) 	 Pre, :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 atthe 	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). 

A. Tahir 
(1) 	 On the basis of your studies oil water loss rate can you generalize whether 

tetraploid or hexaploid species have a lower water loss rate? 
(2) 	 What is the heritability of this trait? 

J. M. Clarke 
(1) 	 I have observe& a similar range of genetic variability ior excised leaf water loss 

in Triticum a-stivuim, T. durumn, and triticale. 
(2) 	 We have observed standard unit heritabilities of 30-45 per cent a 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 area/weight value in various types 
could be a source of error and confusion? 

j. M. Clarke 
I feel nat in the absence of any large differences in leaf area/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 leaf area/weight ratios. 

M. Nachit 
(1) 	 Could you please elaborate on the use of leaf rolling techniques in the 

segregating populations and (2) 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 r ,lling by excised leaves 
does not account fon the major genotypic differences in water loss by excised 
leaves. 

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



Drought Tolerar-ce in Winter Cereals 
Edited by J. P. Sr~vastava, E. Porceddu, E. Acevedo, and S. Varma 
© 1987 ICARDA 
Published by John Wiley & Sons Ltd 

15
 
Stability of Performance of Cereals in 
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Traits 
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AgriculturalResearch 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 sonic useful genotypes may be discarded and those with on;y specific 
adaptation may be promoted. One of the approaches to improve stability is 
the identification of adaptive traits that affect yield respoile to environments, 
and formulation of a breeding programme to alleviate their adverse effects. 
This is achieved by studying the stability or plasticity of adapive traits and 
their effects on consistency of performance. Screening techniques applicable 
to F, to Fs generations or to yield trials are described for some adaptive traits. 

The studies revealed that the optimum range for earliness 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 area) 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, disease 
resistance, and awned spikes are expected to give high and stable perform
ance. 

191 



192 

DROUGIITTOLFRANCF, IN WINTER CFEREAIS 

INTRODUCTION 
In moisture-limited areas, yields of cereals are low and variable. Breedingimproved varieties appears the most efficient way to achieve high and stableyields in all environments in dry areas, in combination with suitableagronomic practices. Stability refers to consistency of high and above-averageperformance over a wide range of conditions and implies the genetic potentialof varieties to exploit fully the available environmental resources.regression analysis nii In the:lels (Finlay and Wilkinson, 1963; Eberhart and Russell, 1966) these varieties will have the average regression coefficient b = 1,and as small a deviation from the regression as possible. Stable varieties willhave b = 0 or close to zero. Hadjichristodoulou (1985) found that in mostcases the highest-yielding varieties had b = 1.0.Consistency in performance of new varieties plays a decisive role in theiradoption by farmers. In this paper a review of the available experimentalevidence on breeding for stability is presented, and the use of morphologicaland physiological traits as selection criteria for the development of cerealvarieties with stable performance under unpredictable conditions of environ

ient is discussed. 

RESULTS AND DISCUSSION 

Yield variation and its causes 
Yields of cereals are known to vary widely with environmental conditions. Toquantify this variation, cereal varieties selected in Cyprus were tested in eightdifferent trials in 13-47 environm 
practices. The 

t3 with more or less uniform managementterm environment here refers to different combinationslocations and years. The valiation was very high, and barley yields ranged
of 

from 732 to 6142 kg/ha, durun wheat from 355 to 8636 kg/ha, bread wheatfrom 799 to 8636 kg/ha, and triticale from 2413 to 8523 kg/ha. Validcomparisons of these ranges among species could not be made because theywere not necessarily grown in the same trials.These significant variations in yield of the same varieties were caused by
variations in environmental factors such as precipitation and its distribution,
soil type and fertility, seed-bed preparation, temperature, weed control, anddiseases and pests. In low-rainfall areas the annual amount and seasonaldistribution of precipitation 
todoulou, 

varies widely with year and location (Hadjichris1982). The relative contribution of precipitation to variation inyield in the Mediterranean region has been studied by Lomas and Shashoua(1973), Hadjichristodoulou (1982), and other workers.revealed that the These studiesamount of precipitation explained 5-79 per cent and itsdistribution 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 )c partitioned into the variation caused by
genotype-location v: tg,.notyp, --year interactions. In the first case, varieties 
or populations with spc&;'ic adaptation can be selected for each region, thus 
eliminating this source of variation. The year-to-year variations in the climatic 
conditions at a given locatian can be minimized by developing stable varieties 
.(Allard and Bradshaw, 1964). 

Tile available methods (Finlay and Wilkinson, 1963: Eberhart and Russell, 
1966; Lewontin, 1966) can be used to eval-ate the fixed lines for stability of 
their performance, but not to develop sucl lines. Thus, there is a toneed 
develop nt.w 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 trait,. which call be 
used in segregating populations (F, to 1-5) or in nurieris grown in one 
environment with increase,:. probability that the selections will perform well in 
different environments as well. 

An attempt was made to idntify the morphological and physiological traits 
or yield components that are important contributors to yil d under iow
rainfall conditions and to study their influence on stability af performance. 
The traits studied are described below. 

Tillering car.icity 

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 rate, seed-bed 
preparation, sowing depth, soil-moisture conditions at sowing and soon after, 
seed germinebility, bird or insect damage, etc., and (2) tillering capacity of 
varieties. 

In low-rainfall areas, even if ah agronomic practices affecting stand are 
used correctly, drought conditions during the sowing period may affect the 
stand significantly (Hadjichristodoulou etal., 1977; Photiades and Hadjichris
todoulou, 1984). Thus, selection of varieties with a high plasticity for number 
of tillers per plant should alleviate the adverse effects of variations in stand 
establishment and result 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 1981-5, which 
showed significant differences in the variance s2log x of til'er number per 
square metre among barley and wheat genotypes (Hadjichristodoulou, 1983, 
1985). 

Furtherinore, studies on the relation between yield, tiller number per unit 
area, and variance of tiller number for six-row and two-row barley genotypes 
revealed that those with a low variance and a high mean tiller number per 
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square metre gave high arid stable yields (Hadjichristodoulou, 1985). Theimplications of this finding in a breeding programme are:
(1) In spaced-sown segregating populations single plants with a high and

uniform tillering only should be selected. 
(2) In F4 to F,generation, genetically fixed families are harvested in bulkand 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 thelowest 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 andsuggested that under favourable conditions the low til!ering types shouldproduce the maximum yield but, in dry areas, high tillering might be necessary 

to exploit the environment fully.
Contrary to the finding of this stud) that high plasticity for number of tillersis required, Donald (1968) suggested breeding wheat ideotypes capable ofproducing only single culms. However, he acknowledged that, with singleculm ideotypes, partial failure of stand establishment or any winter killing willnot be compensated by an increased rate of tillering by surviving plants. Hestresse~d that a unicuhn wheat seems haveto prospective limitations in anenvironment of erratic seasonal rainfall, and concluded that one to threetillers per plant, according to environmer.tal conditions, would suffice for dry 

areas. 

Earliness 

The time of maturity or heading affects yields. Studies on the effect ofdistribution of precipitation on griin l'"dshowed that increased precipitation

during heading to the maturity perke.,of barley had positive effects on yield

(Hadjichristodoulou, 1982). When a large number of unselected lines werescreened in a given environment, the relation between heading date and yield
was more or less curvilinear (Figure 
 I ). The performance of lines varied with year, depending on the distribution of precipitation; relatively early linesproduce(] high yields if drought occurred late in the growing season andrelatively late-maturing lines if precipitation was adequate during the late 
stages of nlaturitv. 

In Cyprus, where about 50-100 lines each of barley. durum whea,, andbread wheat are tested each year at one fourto locations, a study wasconducted on the relation of heading date with yield. It was found that theheading date )f the successful barley varieties fell within the range of 4 daysearlier and 4 days Liter than that of Anthenais, a variety that has been a topyielder for 25 years (Hadjichristodoulou, 1981a). in durum wheat, the
successful new valieties 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). It 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. 

Plantheight 

Under conditions of uncertain amounts of precipitation and its distribution, a 
line may grow too tall and lodge under good moisture conditions or be toi 
short in dry seasons. 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 varieties 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-yielding wheat varieties is 75-85 -m and of barley 
80-95 cm. 
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The variation in yield caused by instability of height can be eliminated bybreeding varieties for less-variable height. Evidence for significant differencesamong varieties for the variance of plant height in barley was presented byHadjichristodoulou (1981a) and in durum wheat by Hadjichristodoulou and 
Kari (1984).

Significant differences in stability (s2log x) of plant height were found inCyprus in the 1981-2 season for some of the 42 wheat genotypes tested ineighteen environments (range for s 2log x of 0.004-0.0018). The tall varietieswere more variable in height when non-transformed data were used(r = 0.64, P < 0.05), but when transformed data were used there was nosignificant correlation between plant height and variance (r = 0.08 NS).In barley, significant differences were obtained in slog x for height, range0.004-0.017 for 45 six-row types and 0.004-0.013 for 15 two-row types. Forsix-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 ofheight of lines grown in two environments, one with optimum growingconditions and the other with moisture and soil fertility stress. 

Thousand-grain weight 
Under low-rainfall conditions in Cyprus, thousand-grain weight of barleygenotypes was positively correlated with grain yield (Hadjichristodoulou,
1981a), but at Cambridge, UK, Pushman and Bingham (1975) working withwinter wheat found non-significant correlations. In three trials grown at threelocations in 1983-84, a significant correlation between grain weight and yieldwas 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 varieties (36 observations, 1983-4) 

Location 

Laxia Dromolaxia Akhera 

Mean Mean MeanI0 00-grain I000-grainTrial r weight (g) r weight (g) 
1000-grain 

r weight (g) 
35/1/E 0.034 NS 36.6 -0.013 NS 32.8 0.271 NS 34.135//D 0.333* 35.5 0.157 NS 34.035/1/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 
(Table I). 

If environmental conditions favourable thebecome during grain-filling
period, the crop can compensate for a reduced number of tillers and/or lower 
number of flowers fertilized due to unfiwourable conditions earlier 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
varieties 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, diseases 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 diseases have been discussed earlier (Hadjichristodoulou, 
1981b). Breeding for disease resistance appears to be one of the most 
effective long-term strategies. Under varying rainfall conditions, performance
of high-yielding lines resistant to diseases will be more stable than that of 
susceptible ones. 

A wn length 

Awns of cereal'i arc generally believed to increase yields under low-rainfall 
conditions. Grundbacher (1963) reviewed the experimental evidence on this 
and concluded that in hot dry regions increased yields while in humidawns 
areas the effect 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 et al., 1972, cited by
Bingham 1974). Indeed, all barley and wheat varieties 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. 	 Itdjichristodoulou 
The optimum seed rate of wheat is about 50 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 harley plants have to till the empty Saps with tillers. 

B. Yihmaz 
Is barley earlier than durum and bread wheat after anthesis? 

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

11.Harris 
Given that main stems survive the sircs, 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. 	 iladjichristodoulou 
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.e. three seed rates (10. 70). 131) kg/ha) and six site,,,. Thus, 
for all vari-ties there were low, medium, and high numbers of plants. Those 
differences in variance that were statistically significant were genetic. 

M. 	 Nachit 
Could you elaborate on the importance of early 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 anong the species (barley, durum wheat, and breadwheat) in stability of tiller number per square metre and their mean tiller number ineighteen environments. Barley is known to have better stand establishment thanwheat, but we have not measured this character. 

M. S. Mekni
Variance for tiller number per unit area, as well as variance for height, both fairlysimply inherited, can be affected by several factors, such as plant density, depth ofseeding, etc. How reliable are the variances for those two characters between speciesand within a given species? 

A. i lad,jichristodoulou
The inherit:ance of tiller number and plant height is known but we do not know thegenetic control of the variance (or stability) of tiller number per unit area or of plantheight. The differences in stability for the two traits were statistically significant onlybetween ce.tain varieties, not among all of them. A test on stability, repeated in thesecond year for some varieties, gave similar results. There was no differencebetween barley and wheat in stability of height (s2 log x = 0.008) but tiller number was Iore stable in barley than wheat. 

P. Martiniello
At this stage you are Considering each trait separately. Would itdesirable to apply not be morea multiplicative index which considers moresimultaneously to cope with the complex environmental stresses'? 

than one trait 

A. Hadjichrislodoulhu
At this stage we are studying individual traits. It is necessary to establish the effectsof modifying each trait on grain yield and stability. It is also necessary to collectinformation ointhe genetic control of stability and plasticity of the traits. Then onecan proceed with the application of multiplicative indices for high yield and stabilityof 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 
Research, Private Bag PO, Wembley, WA 6014, Australia 

ABSTRACT 

Three characteristics are considered desirable in order to maximize grain 
yield per unit of rainfall for hcat growing on deep freely draining, lignt
textured soils in a Mediterranean climatic zone. These are early vigour, deep 
roots, and a high degree of assnimilate 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 vistally, was shown to be closely correlated 
with the dry matter accutnulated 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 live-leaf stage, was positively correlated with final yield in 
unirrigated wheat. Root depth was to be indirectly assessed by infrared 
thermotuctry as water deficits developed in the spring, but gusty winds, poor 
canopy development, and differences in stomatal conductance at similar 
w!,, r contents suggested that it has limited usefulness in dryland cropping 
prograrmmes. We assessed assimilate transfer by desiccation of irrigated 
plants 10- 15 days after anthcsis. Preliminary results showed that potassium 
iodide was the chemical desiccant that most c!osely resembled drought 
effects. 

INTRODUCTION 

Agriculture in Australia's Mediterranean climatic zones is based on a low
input, extensive wheat/sheep farming system in which various lengths of 

203 
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self-sown annual legume pastures are interspersed with one or more years of
cereal crops, principally bread wheat. 
 fla the past decade there has been anincrease in the proportion of cropping and a partial replacement of pasturelegumes by grain legumes, notably lupins, for a break in the cereal cycle.Wheat production in south-western Australia occurs principally in the zone:cceiving 300-500 mm annual rainfall (Figure 1). Climatically this zone issimilar to that of the ICARDA region except that the seasons are offset by 6months. Figure 2 compares the rainfall and tempcratures for Aleppo, Syria,with those for Merredin in the drier eastern portion of the West Australianwheatbelt (annual rainfall 327 am) and Narrogin in the wetter westernportion of the West Australian wheatbelt (annual rainfall 505 am). Aleppo isintermediate in precipitation between Narrogin and Merredin and has astronger continental influence, with higher summer temperatures and lower 
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temperature for Aleppo, Syria, and Narrogin and 

Merredin, Australia 

winter temperatures than both Merredin and Narrogin. Both Australian 
centres have higher summer rainfall than Aleppo, ceflecting the occurrence of 
cyclonic rain of tropical origin in some years. Tr;e cropping cycle, like the 
climatic cycle, is offset 6 months from that in northern Mediterranean 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 
is the predominance of light-textured surface soils. While some of these sandy 
soils are underlain by heavy clay subsoils at 0.2-1.5 in, 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 mnim/m. These characteristics lead 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 deficits into water the spring as rainfalldecreases, 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 Mediterraneanclimatic conditions. The three characters that we consider of principal importance for wheat production on light-textured soils in a Mediterranean climatic 
zone are: (I ) early vigour, (2) deep rooting habit, and high(3) assimilate 
transfer to the grain during grain filling.


A project has been initiated 
to test the importance of these characters foryield under water-limited conditions ind the genetic diversity available forthe improvement of these characters in wheat. This paper reports on therationale behind the choice of characters, the methodologies employed, andthe early 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 tomaximize economic yields per unit of growing-season rainfall. Grain yields inwater-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 wheat
that grown on light textured soils inMediterranean-type a

climate has restricted production per unit of rainfallbecause of high water loss through deep drainage early in growth and a 1owharvest index from water deficits at the end of the season (Turner, 1986a).We postulate that a wheat plant with early vigour will maximize water useand minimize water loss during the winter months when rainfall is plentifuland that deep roots will maximize the use of the water available throughoutthe profile, particularly as dries in thethe soil spring. A high transfer ofassimilates to the grain will maximize the harvest index under conditions ofterminal drought and reduce the proportion of dry matter produced early in
growth that is left as 
straw. While it is recognized that vigorous early shootgrowth may restrict root growth and may deplete water in the profile beforeanthesis, thereby restricting the water available for grain filling (Fischer,1979), evidence from studies in wheat on deep sandy soils suggests that suchfeedback mechanisms do not necessarily occur. Vigorous early growth resulting in high dry-matter yields by anthesis resulted in improved grain yields andno decrease in the harvest index (Figure 3). We conclude from the results inFigure 3 that on the deep sandy soils early growth enables greater rootdevelopment so that yields are not restricted by water limitations at the end of 
the season. 
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yield at anthesis for wheat, given a wide range of tillage and 
fertilizer treatments. (From J. Wilson, J. H-amblin, A. Brown, 

and R. lDelane, unpublished wvork) 

EXPERIMENTAL LAYOUT 

In order to test whether our suggested characters are beneficial to yield tinder 
water-limited conditions, anl 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 =5.4 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 thle lines are 
presented. These 22 lines are representative of thle range of material studied 
(Table 1). The wheat was sown in rows 19 cm apart in 5 mn X 2.5 m plots in 
six replicate blocks. Sowing rato was adjusted to give an expected plant 
density of 100-150 plants/in 2. Thle plots were fertilized with 35 kg N/ha and 
18 kg P/ha. Half of thle blocks were irrigated fron, _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-season (April-October) rain
fall at the site was 137 mi compared with the long-term district average of 
260 m, (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 atBruce Rock, Western Australia, in 1985 and reported in this
study 

Recommended cultivars in South-western Australia:
 
Bo :llin
 
Egret
 
Gutha
 
Kite
 
Kulin
 
Tincuriin
 
Warigal
 
Wailki
 

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

Old variety: 
Darkan 

Grown elsewhere in Australia: 
Condor
 
Phoenix 

Overseas cultivars: 
Barkace 
Mongolia 
Pembina 

Experimental lines: 
Somaclonal line 5 
Somaclonal line 6
 
Somaclonal line 8
 

Cook isoline 49C 
Cook isoline 58C 

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

April May June July August September October 

Experimental 5 6 15 53 28 23 7
site 

District 22 42 
 57 52 
 41 26 
 20
 
average
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Fgure 4. Relationship between visual score for early
vigour and dry matter per unit area at the five-leaf stage 

in 22 wheat cultoars 

below average, leading to a date of sowing about one month later thannormal. 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 August when the plants were at the five-leaf stage, early vigour wasassessed visually using a score of I to 10 Aiere I was low vigour and 10 washigh vigour, and by dry-matter sampling. The oven-dry weight of all plants in0.5 m2 together with the number of plants was measured. On a selection of 22of the lines the vigour scores varied from 2 to 7 and the dry matter per unit area varied from !'to 44 g/m 2 . The vigour score was closely correlated withthe 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 200plants/nt among the 22 lines. The vigour score was poorly correlated with drymatter per plant due to the fact that high vigour scores were attributed toplots with high plant emergence and low vigour scores to sparse plots.
However, the correlation was quite acceptable for the medium density
(50--150 plants/rn2 ) p ots (Figure 5). Clearly, for visual scoring of early vigourreasonably 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 
early 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/rn 2 

varying threefold suggests that plant densities do not need to be too unif3rm 
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, one of the high vigour lines had a low grain yield and 
three of the low vigour lines had high grain yields. The poor-yielding high 
\igour 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 exist for the measurement of rooting depth in seedlings 
(Rurnbaugh 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 22wheat cultivars that had high or low early vigour. Open symbols
identify lines not considered when fitting the linear regression 

crop becomes stressed and transpiration decreases (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 asstomatal conductance or leaf rollin, do not vary across genotypes, infrared
thermometry can be used as an initial screen for lines likely to have deep
roots. In practice 'he 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 thrmometer or must be 
uniformly present in each cultivar. We found that neitter 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 leaf 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 et 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 water contents of five wheat
cultivars measured in the unirrigated plots between 1200 and 
1430 h on 26 September 1985. Conductances were measured 

with the Delta-T porometer 

Stomatal conductance 
Relative 

Absolute Relative water content 
Cultivar (mmol/m 2/s) (%) (%) 

Gamenya 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 desiccalts, drought, and de foliation applied 10
days after anthesis on grain weight of Gutha wheat. Values areexpressed as percentages of' the untreated controls (weight =
 47.7 mg/gr). The desiccants were sprayed on the whole plant oronly the leaves. The mean coefficient of variation for the various 
I reatmeits was 12.6 per cent 

l)esiccant sprayed on 
Treatment Whole plant Leaves only 

Desiccant spray:*
(a) Magnesium chlorate 2 0.1 22.5(b) Sodium chlorate 23.4 29.8
(C)Potassiuni iodide 29.4 49.6

Drought 26.7I)efoliathon 
71.2 

*Nlaiesi ull and chlorate weresodiumlll 
 tLised as 4% solutions and potassium
iodide as a 0.3'; solution. 

desiccant 14 days after anthesis. The desiccant used was magnesium chlorate(4% solution). A high relative grain weight after desiccation normalized forgrain weight in the untreated plants is taken as an indication of a high transferof assimilates from the leaves and stems to the grain. A. ,lum (personalcomm un icatiol) has rc ported 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 tile effect of a range of
desiccants on :he grain weight of Gutha wheat. The plants, grown in pots in a
glasshouse 
at 221I.5 (' day/night temperatures, were sprayed with the desiccants 10 days after anthesis. Either the whole 
 plant or leaves only were
sprayed. At lie same time, some plants were defoliated and others were leftunwaterCd to provide a drought treatment. Table 4 shows the results for threeof the desiccants. While the drought treatment reduced the grain wcight by
almost 75 per cent, defoliation of the leaves reduced the grain size by 30 per
cent. 
 With tile exception of tle potassium iodide, the other treatmentsreduced grain weight to a greater extent than the drought treatment. Thetreatment of only the leaves indicated the reason for this. When applied to theleaves magnesium chlorate reduced the grain weight by 77.5 per cent andsodium chlorate reduced the grain weight by 70 per cent, suggesting that thechemicals were transported to tile grain and affected grain growth. Thepotassium iodide treat menit was tile chemical that best simulated the effect ofdrought and had least effect when app ied to tle leaves only; the chemicalalso desiccated the lower leaves first and then thei upper leaves. giving theappearance 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 early vigour and that high early 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 m11ore studies on the role of 
early 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 early 
vigour to see whether it is genetic or environmental. Additionally, we plan to 
study the ricchanisms of assimilate transfer, particularly the role of osmotic 
adjustment and membrane stability tnder stress, on the quality and quantity 
of assimilated transferred. 
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DISCIU SSION
 

N1. Nachit
Commenting on early vigour, .our results are in accordance with our data. However, our experience with infrared has beL itexciting. Would you please elaborate onthe stress level when vYou recorded the data of the experimental plots? 

N. C. Turne~r
Our measurelentS kt-eicnade with moderate stress around anthesis. The preferredtime would be under more severe stress during grain tilling. Nevertheless, the stageis 	 immature if the earlY crop dtelopnient is poor because of poor seasonalconditions and one is measuring soil utll)pCritltres. 

T.C?. 
 e rsiro
YOU are attempting to select for earl' \igour as well as deper rooting. It seems tofie this is sell-Coltradictizg since morc carblon :llocation to tie shoot, associatedwilh carl \igour, \Wonld nican less carbon allocation to r(ots. 

N. 	C. Turner 
Although this ma\ be theoretically true. our evidence suggests that this is notpracticallv true. The reason for this is that deep roots and early vigour may allow
better uitilialioln f lie soil and atmospheric resources. 

Iltwsard "'la lotr 
''otr prograninic is io.inig infrared thermometry to imollnitor root water supplyingpower. You gase no indicalion whether you are monitoring nutrient uptake. Arevon wortinig on soils where the nutrient uptake rate is non-limiting to wheat growth
ailn\iLdF? 

N. C. Turner 
Nutrient levels were aimed to be non-limiting in relation to phosphorus andmicrontlrients. Nitrogen was applied at levels moderately aboe the current farmer pra ctice. Part offthe possible advantage trim early vigour and deep roots may arisefron 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 production at anthesis. 
lowever, wnere temperatures and rainfall between sowing and anthesis do differ we 

would expect differences in dry-nmatter production. 

J. M. Clarke 
Do you envision problems in the Blum desiccation technique due to variation in 
anthesis date among genotypes? If so, how could such difficulties be overcome? 

N. C. Turner 
We are applying the desiccants at 15 day,; after anthesis so that all lines will be 
desiccated at the same physiological stage. I see n, problems with this approach. 

A. Hadjichristodoulou 
When selecting for early vigour one may end tip selecting too-early types which have 
a short growing period, do not utilize all moisture because they mature early, and, 
finally, give low yields. Early vigour may be of use when it deals with genotypes of 
the same maturity. 

N. C. Turner 
Certainly early vigour may be linked with earliness in some lines, but we are noting
anthesis date and will be comparing early vigour in lines with similar maturities. 
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Relations among Physiological Characters 
in Durum Wheat under Drought 

A. RASCIO, B. BALDELLI, Z. FLAGELLA, and G. WITTMER 
Istituto Sperinentale per la Cerealicoltura, S.S. 16 Kin. 675 Gas. Postale, 
71100 Foggia,Italy 

ABSTRACT 
We evaluated the tolerance of 25 cultivars to drought and heat stress by two 
tests of nimbrane smability-an osmotic and a heat test. 

We estimated the injtry to cell mnmbranes by measuring the clectrocon
ductivity of an aquenus nedium containing leaf discs previously stressed in
vitro either by a solution 40% w/v PEG 6000 or by a temperatire 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 
osrnotic but not for tileheat test.

We al;o calculated the trends of percent injury o~ er tine for the nican 
varietal response, but correlations were not significant.

The ;econd experiment concerned leaf-water relations. Under limited
water c nditions the osmotic potential showed a tenlncy to decrease :,the
non-irrigated treatment; however, at initial stages wc ob:,crved signific,,rit
differences between the varieties, with Appulo having ilirc negative valhLes 
than Valforte. 

Water stress did ti t modify the relationship, which was a varietal charac
teristic, between RWC and water potcitial.

The turgor pressure decrease, when RWC decreased, was greater in
Valforte than AppulO, which suggests that the latter has a greater cell wall 
elasticity.

Stonatal cmductancec declined when tihe R\WC decreased ina siinilar way
in tiletwo treatments and varieties. 

In Italy almost 65 per cent of the duruim wheat area is located in semi-arid 
areas, where the rai"rfall 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 ii these areas, traditionally devoted to this crop, 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 
are Capciti 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 I960s, 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 varieties, resistant to lodging and tolerant to the 
more dangerous foliar diseases. 

In spite of several positive characteristics, including the ability to make use 
of higher quantities of nitrogen and therefore produce very high yield, this 
new generation of durum cultivars (Valgroup, Creso, etc.) 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 deught 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 dctermining 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; lm
nucci et al., 1983; Rascio et al., 1984: Baldelli et al., 1986). 

The second part of our programme, already in 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 leaves. 

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
tre 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 on 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 
tolerrnce at five different stages of development. The percent of injury was 
calcuiated as follows: 
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Figure 1. Mean 'pereent injury' of the 25 eultivars at five different 
stages of development 
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Percent injury II - TI/T2 x 10
I - CI1C2 

where T is treatment, C control, I before autoclaving, and 2 after autoclaving.
The maximum differences among varieties were found during stem elonga

tion. At this stage, all the cultivars showed the highest values of injury forboth tests. In Figure Ithe mean response to the osmotic and heat stress at thedifferent stages is shown. In the drought tolerance test a decrease of percent
injury was found from stem elongation to caryopsis water ripe, but there was 
an increase of the membrane damage the earlyat milk stage. In the heat
tolerance test, the increase of percent injury was observed at the booting
stage. The combined analysis of variance showed a phentological 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 twodifferent 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 
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Figure 2.Trend of 'pcrccnt injury' over tirne 
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damage to the cell membrane. Moreover cell membrane resistance is only oneof the several physiological factors determining drought and heat rolerance.

In our opinion, the consequences of these results for plant breeding are as 
follows: 

(1) It is desirable to screen genotypes when moisture stress in the field is more frequent due to ir.-raction between phenological stage and variety
for the osmotic test, 

(2) With each test we selected only one physiological character relatedto 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 
 aspect studied was the characterization of the internal waterstatus in two durum wheat varieties that represent two phases of breeding forthe last 20 years: Appulo, a traditional variety that is considered adequatelytolerant to drought, depending on agronomic practices, and Valforte, a 

recently 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, oncloudless and windless days, the following parameters on the youngest fully

expanded leaves were measured: 
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Figure 3. Midday leaf water potential of upper expanded leaves. The arrowsshow the (lates of irrigation. Vertical bars denote standard error (only when it was greater dian 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 el 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 plnt 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 

Valforte . Vaiforte 

'0.62 

81.5 . "S.. 

%r 0.59* 

r 0.47* 

65 	 r 0.45* 

-1.0 	 -2.0 -- 3.0 

Water potential (MPa) 

Figure 4. 	 Relationships between relative water content (RWC) and \ ter poten
tial. Lines are fitted according to the cur',ilinear regression
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Table 1. Values of solute potential at full turgor, modulus of 
elasticity, and RWC at zero turgor for uistressed winter wheat 

cultivars 

Solute Relative 
potential at Modulus of water content 
full turgor elasticity at zero turgor 

Varieties (vlPa) M(%) 

Appulo -1.33 2.6 66 
Valforte - 150 5.0 77 

-- Osmotic potential at full turger

-0.5
 

- - - Midday leaf water potential 

Heading 

o // 

-2.0
\'4,: 

~\\ /-
% -2.5-

-3.0 1 

125 129 143 150 156 159 

Days from sowing 
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 Appulo. The bulk volumetric elastic 
modulus E (which is inversely related to the cell wall elasticity) may be given 
by (Hellkvist et al., 1974) 

AP 
E - - x 100RWC 

assuminp 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 I shows the osmotic potential at full 
pressure potential, relative water content at plasmolysis (or zero turgor 
potential point), and bulk modulus of elasticity (E) obtained by the above 
technique, applied to plants grown unstressed for 30 days in the field. 

Some authors (Coyne ei al., 1982) thought that varieties with highly elastic 
cell walls have to lose more water to 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 EnvironmentalPhysics Department, Rothamsted 
Experimental Station, Harpenden, Herts. A L5 2JQ, 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 area of leaf. Interactions between metabolic pro
cesses in assimilation and growth ,'e not quantitatively understood; nor is 
regulation of metabolism by environmental factors, including water stress. 
Water stress operates at the physiological and whole-organ level, e.g. via 
stomatal closure which decreases CO 2 supply and thereby photosyitiliusis and 
increases the ratio of photorespiration to photosynthesis. 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 c-condary metaboliles, e.g. amino acids (particularly pro
line), glycine betaine, and hormones. Changes in assimilation of carbon and 
in accumulation of metabolites may be used to identify and select 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 methods and of applying genetic engineering techniques. By com
bining measurements of photosynthesis as a function of CO,, light, etc., and 
of selected metabolites under defined water stress we might be able to assess 
the value of particular metabolic features for increasing production in 
drought-prone environments and their potential in conventional breeding 
and in genetic modification. 

227 



228 
DROlUGI ITOIRAN(T IN \VIN ER CEREALS 

INTRODUCTION
 
Yield of crops is determirned by many processes (Figure 1) originating in thegenetic information of the nucleus, chloroplast, and other organelles of thehigher plant cell (Weeks, 1981 , Le Rudulier and Valentine, 1982). Theinformation controls the synthesis of structural proteins and enzymes whichsynthesize other cell components (e.g lipids and proteins of membranes, cellwalls, etc.). Cells grow and multiply, forming leaves and vegetative andreproductive structures, often with storage function. Photosynthesis providesdirectly, or via storage, the energy and materials required for metabolism.
 

Plants are adapted to a range 
 of complex environments (Vaadia, 1985),varying in temperature, light, and (the topic of this paper) water stress.Inadequate and often very erratic rainfall is,in many parts of the world, thelimiting factor in crop prikluction, decreasing growth (Hsiao, 1973) becausetranspiration exceeds water supply from the soil. Consequently plants losewater and cell water, osmotic, and turgor potentials decrease. Metabolism
sensitive to changes in ionic 

is 
strength and composition (Wyn Jones andGorham. 1983) and to the concentration of metabolic control molecules. Thesupply of substrates (e.g. CO. NO3) from the environment or from othermetabolic processes in the cell or from other organs also affects metabolism.Mild wateistress decreases cell expansion and thereby growth of leaves(Hsiao, 1973) and may slow photosynthesis through accumulation of assimilates. Photosynthesis of leaves under greater water stress is slowed bystomatal closure and the ratio of photorespiration (P,) to net photosynthesis

(P") may increase due to the decrease in the CO,/0 2 ratio within the leaf(Lawlor and Fock, 1975; Lawlor, 1979). Also with an inadequate CO,supplyphotosynthetic cells may become photoinhibited under large solar energy 
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Figure 1. Orgaiiizational 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, etc., an(J 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 etficient in their use of light energy, CO,, etc. When environ
mental factors are outside the 'norni' to which the plant.s metabolic systems 
are adapted (its 'design limits' in engineering terms), then the efficiency of 
metabolism decreases, growth heconies erratic, and yield falls. Metabolism of 
droughted plants is altered in many ways, as tile vast literature testifies (e.g.
l-siao, 1973; Hanson and !-titz, 1982). Recently, analysis of drought effects 
has cin,.entrated on (I) stoniatal control of' water loss and CO. exchange in 
relation to plant and cell water content, and water, osmotic, and turgor 
potential: (Fischer and Turner, 1978), (2) andcell organ expansion inrelation to water balance (Hlsiao, 1973), (3) the role of' osmotic potential in 
tile regulation of cell water balance and for the protection of metabolism 
against desiccation (Wyn Jones and Gorham, 1983), (4) regulation of photo
synthesis and respiration, including tile 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 events ca used by water stress at the level of gene
expression, in basic metabolisni and Inaccumulation 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 oilsecondary 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 (Zelitch, 1980). Measurements 
are generally made on tile 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 inmechanistic terms and 
to show how it is controlled by tile environment, so cannot lead directly to 
modifications. These nmust 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 tile rate of stress development and its severity
have varied widely. Recently selection for 'drotght resistance' has been based 
on accumulation of nitrogenous compounds, such as amino acids (Hanson and 
Hitz, 1982) (particularly proline) and glycinc betaine (Hanson and Grumet, 
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1985), or hormones (e.g. abscisic acid). However, there onlyis indirectevidence of the value of metabolite accumulation in maintaining plant production (Blun and Ebercon, 1976). The effects of proline or glycine betaineon stabilizing isolated enzymes, in decruasing osmotic potential, and inpromoting the growth of bacteria under osmotic stress (Le Rudulier andValentine, 1982) show that they increase metabolic stability. Accumulation ofsuch metabolites in higher plant cells may reflect the operation of similar,benefic;al mechanisms. However, the control of photosynthesis in relation tosecondary metabolism has not been adequately investigated (Lawlor. 1983)and it is not clear if photosynthesis will benefit from changes in, say, prolinecontent. Uncerainty about which metabolic processes should be modified orof the value of metaholite accumulation stenis from the lack of understanding
of nietabillisnu ,rdcr ",ater sti t.,-,Isiao,q'i I173; Lawlor, 1983).Conventional plant breeding allows metabolic characters to be combinedand increased in the genonie; also isogenic lines enable the effects of a singlegene change in a uniform genetic background to be tested, and the metabolicconsequences analysed. Similarly genetic material may be incorporated bygenetic manipulation teciniqIues Le Rudulier and Valentine, 1982), givingspecific genetic and metabolic modifications. Although both bleeding andgenetic engineering are technically feasible, uncertainty about the keymetabolic processes may limit their efficient application to improving yieldunder drought. To quote Hulson and Grumet ( 1985), 'genetic engineering ofstress-resistance will necessarily be a series of shots in the dark' and this is alsoapplicable to conventional breeding. Despite this, the role of glycine betainein osmotic adjustment and increasing production of barley under stress isbeing studied (litz el al., 1982), and attempts are being made to introduce.resistance genes' for water and related stresses into plants (Le Rudulier andValentine, I 982). The value of genetic manipulation and isogenic lines maylie in the increas;ed understanding of the interactions between metabolism andproduction gained fron analysis of the system modified by introduction of


single gene changes.
 

PHOTOSYNTHESIS UNDER DROUGHT 
Total photosynthesis largely determines dry-matter production r i crops: putat its simplest, the rate of assimilation per unit ground area is .tfunction ofcrop le'if area LA, the rate of net photosynthesis per unit leaf , ca 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 area 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 
g reater 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 conductancc g, as E is related to the 
difference in water vapour pressure between the intercellular spaces (v,) and 
air (v,,) and g,,_ to water vapour, bytile conductance 

E = g, (v, - v) 

and P,, is determined by the partial pressure of CO 2 in the intercellular spaces 
(c,) and atmosphere (c,,) by 

t,,= g,(c,- c') 

where the conductance for CO,, g, = g,,/1.6, to 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 tile two would be advantageous, it is not possible (Vaadia, 1985). 
Water-use efficicncy (WUIE =.dry-matter production/water used) depends 
on the net dry matter produced over th,- season and tile accumulated water 
loss. 

An option for increased production and WUE. nd 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 c, 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 
differunt conditions, e.g. of water stress or temperature, selection may be 
made for photosynthetic efficiency and high rate in relation to environment. 
Also. mcasureme of g shows how it regulates assimilation. 

A number of sti.tegies for optimizing P,, and E may be envisaged. Leaves 
with small maximum rates of P,, (Figure 2, line A) may decrease E by 
decreasing g, without a large fall in c,. 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, decrease 
water loss and maintain assimilation, but would suffer a large reduction in c,. 
As a low ratio of CO 2 /O adversely affects photosynthesis of C3 plants, 
because it increases the proportion of assimilate lost by phoorespiration (see 
next section), permanently small g and large potential P,, are incompatible; 
even short-term stomatal closure may damage leaf functions. If the carboxyla
tion efficiency were much larger (Figure 2, idealized response) then g and ci 
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P,, I 

DR (C0 2) 

Figure 2. Photosynthetic response to intercel
lular carbon dioxide [CO 2]1 at a given ambient 
[COJa and two stonatal con, uctances, g,
greater than g, for different photosynthetic 

capacity 

could fall greatly without affecting P,. The resemblance of this curve to that of
C4 leaves is marked and illustrates the need for increased 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 so thatcrop grew fast water stress did not develop; this
approach is only found in plants growing in very wet habitats. Decreasing ghas a larger effect on water loss than on assimilation when CO, and g
maintain c, so that P. is on the plateau of the response curve, but generally P,,
is maintained below P....; P,,, g and ci 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 long-term
stability rather than mjaxiintm-;i yield under good conditions, t'hc differcices in
the photosynthetic characteristics of plants are sufficient to justify exploita
tion in breeding programmes. It wheats, modern higher ploidy varieties have
small P,, (at given ci, light, etc.) compared to primitive wheats. although they
have a larger area per leaf (Zelitch, 1980). Dry-matter production and WUE
of wheats might be improved under stress by increasing P, and efficiency of
modern varieties, 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 ci 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 lack 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 effects of slowly developing stress are similar to those 
observed with rapid wvaer stress which decreased both carboxylation effi
ciency and P.....proportion potential (Lawlor and Khanna, in to le;,f water 
Chopra, 1983), although in other studies (Sharkey and Badger, 1982) F,... 
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 fic:ld and followed through the 
breeding programme, to confirm the responses or to evaluate the effects of 
other tissue characteristics, e.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 ease 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 techniuuc 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 inthe laboratory) for Ihe flag leaf of 
winter wheat (cv. Avalon) grown in the field with high (H)or low 
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METABOLISM AND CARBON DIOXIDE ASSIMILATION 
Photosynthesis of C, plants, such as wheat, depends (Figure 4) on the captureof light energy btthe chloroplast pigmeritls and the efliciency with which theenergy is used to s'ynhesize rducing power (rCduiced ferredoxinNADPH) and andtIhe phosphorylated metabolic 'energy currency' ATP.NADPH and ATP are used in the regeneration of ribulose bisphosphate
(RuBP), the acceptor of (0,. RulIP carboXVlase-oxygeIase (RuB Pc-o) is the
enzymie which catalyses the r-aclioll of C()2 with RulP, prodiucing3 -phosp hoglyceric acid it also catalyses tlie oxgCnaltion of RuBP with

producing phosphoglycolate. 3-Phosphoglyceric acid is converted, 
0,. 

metabolic steps, to carbohydrates aind (to Ismaller extent) 
via Illally 

reactions that dlepend oi lthe 
to amino acids, in

nitrogen supply. Phosphoglycolate is ultimatelyvmetabolized in leaf cells to carhohydrat

of photorespiration. 

; but with loss of CO,in the proc-:ss

The ratio of P, to depends on the RuBPc-o characteristics aid Oiltle CO2 an! 0, partial pressures in the tissue: PI1',, increaseswith a large O/CO, ratio and also with 
 increasing teniperat tire, particulaily
above 30C. Water stress decreases g and thereby c,, leading to an increase illthe Pr/P,, ratio (Lawlor, 1979: 1 awlor and Fock, 1975). Tl'he affinitv ofRulPc-o for 0 1 1nd CO,is very similar illall crop plants, and has not Lc -lichanged by selection or breeding nethods, possibly because several changesto the amino acid sequences at the enzyme active site are reqLuired. Geneticengineering techniques may enable an enzyme to be constructed with lowoxygenase activity. This would be a 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 mctabolism. in the longer term, loss of RuBPc-o activity, 
partly due to loss of protein, is probably important. There is progressive and 
roughly proportional decrea, in most conponllents of the phiotosyn thetic 
apparatus under stress, linked to senescence. In more rapidly and severely 
stressed leaves, there is evidence (I3Bycr and Younis, 1983) that ATP 
synthesis (photophosphorylation) is a very sensitive metabolic process. 
Photophosporylation depends oin the transport of electrons and protons in the 
chloroplast and tile activity of the CnzylC, coupling factor (CI to CFI). 
Amounts of ATl in stressed tissues decrease (Figure 5) with loss of turgor 
and changes in tile iolic composition of cells, which alters the confformation of 
coupling factor alld inhibits activity (Younis t al., 1979). 

ATI synthesis appears to be more sensitive to water stress than is reduction 
of NADtP as the reductant status of stressed leaves is very large (Lawlor and 
1lhanna-Chopra, 1983) when ATIP is much decreased (Figure 5). Inhibition 
of ATP prodtuction and an imbalance with reductant will have serious 
consequences for all cellular processes (Law!or, 1983; Pradet and Raymond, 
1983). If energy absorbed by the light-har,,esting pigments is not dissipated 
by photosynthesis, photoinilibition may occur, unless other processes can 
dissipate the energy. There is a clear indication from chlorophyll fluorescence 
that energy accumulates in the light-harvesting apparatus. However, there is 
controversy about photoinhibition as a cause of decreased P,, (Sharp and 
Boyer, 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 I] itz, 1982) formed in secondary reactions removed 
fro i 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 vssimilation, and carbohydrates may 
accumulate. Stress, which decreases P, but not demand for assimilates by 
secondary metabolism, results ini smaller pools of RuBI, 3-phosphoglyceric 
acid, and carbohydrates. However, with more severe and rapid stress, amino 
acids accumulate in leaves, ant there is marked depiction of carbohydrates. 
Very severe stress, which almost stops P, greatly increases the amounts of
amino acids, particularly proline (ILawlor and Fock, 977), of the nitrogen

containing glVcinle betaine, and of hormones (l1siao, 1973; Hanson and Hitz, 
1982). Probably under thee conditions ATP synthesis is inhibited and its 
content decreases, vet NADPI-I (and NADI) accumulate (Figure 5) (Lawlor 
and Khanna-Chopra, 1983). These conditions may favour production of 
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ammonia bv nitrate 
and 

and nitrite re luctmses; ammonia is converted to glutam.ate subsequertly other amino areacids synthesized as the reduced
cellular state favour s their sy nthe sis and yet demand from growth is stopped.Proline, for example, is fromproduced glutamnat in a reaction which isprobably mitochondriaml and consumnes red uctan t, not ATrP. it is sign:.;icanthat pro line accIum ulateS When P,,I'is in hibited (a ad dark respiration occurs),and light energy is st ill captutred so that electron transport conitinutes tc mnakeredLuctan t. Pro! ine accum ul.1at ion in hiigher plants is probably the end producetof' disrtupted metabolism (L-awlor, 1983). Sim ilarly. accumuolat ion of' glveinebetaine, deriv ed from the phosphaty-lyl choline of mnemtbranes; (H-ansonF it'i, 1.982). the a.ppearance of' mnvoinos ito 

and
(L lor and Fock, 1977), and

accumtulation of' polyatnine:i (Flores et al., 1985) with severe stress, suggeststrongly that nietabol ite aCcLT'nmitlat ion is a damage response in many species.
(;lxciile betainle. however, occurs in hialophy'tes uinder non;-Stress conditions;
it has beneficial effects on enzyne stability in itro, suggesting that it mayhave a particular rol, in resistance to salinity and water stress (Hevanson andIlit, 1i982 Le Rudulierand Valentine, 1982). The accumulation of relatively
small anounts of proline in crop plants has, as yet, iiot been 
 shown to conferan alvantage to cellu tlaer s yibilitsor tor inceaed assimilation and yield (Blum
ard [becon, 1976), although 
 by analogy with bacteria, i protective role inmetabolism is expected (nLeRutdulier and Valentine, 1982). Evidence for theability Of aCCilllatCl Metabolites to maintain prodtictivit in crop plants is 
circumstantial. 

PROTEIN SYNTHESIS AND STRESS 
Under mild to severe stress, protein synthesis slows (lsiano, 1973) due to lossof polyribosoles, possibly caused by ATP shortage. Impaired protein syn
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thesis may change cell function and increase senescence of stressed leaves. 
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 et al., 1985). 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 io stress. As with accumulation of other metabolites, the function 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 tie 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 engineering (Key et al., 1985). 

METABOLIC INDICATORS OF USE IN BREEDING AND
 
SEL1ECTION
 

To he useful as indicators of plant adaptation to drought, metabolites should 
(I ) 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, e.g. as substrate or control molecules, and 
(4) have a well-understood mode of action stressed tissue.in 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 change.s in the 
rates of complete processes, e.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. lowever, it is unlikely that any one 
metabolite 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 evaluating genotypes. Selection or 
production of genetic material with contrasted characteristics would enable 
their resistance to be tested and related to yield, etc. 

The following aspects of metabolism and physiology could be of potential 
Slue in breeding programmes: 

(I ) Amounts of plant structure (e.g. light-harvesting membranes) or of 
soluble proteins or activities of enzymes (e.g. RuBPc-o). They relate only 
rather approximately to the potential capacity for photosynthesis. etc. Their 
relationship to drought resistance is unclear and it is difficult and time
consuning to measure then. 

(2) Amounts of metabolites from photosynthesis or secondary reactions 
often correlate 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 4,f membrane damage, e.g. myoinositol. They link to
other physiological changes, e.g. osmotic adjustment (Wyn Jones and
Gorham, 1983), and may i e analysed by routine automated chemistry, and 
can therefore be used widely in selection.' 

(3) Measurement of carbon fluxes, e.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 associaed metabolic processes, indicates effi
ciencv, and can be related hoth to the stornatal and metabolic activity
(Farquhar and Sharkey, 1982). Techniques are advanced, and relatively
rapid, and they can be used in the field on droughted crops. Measurements 
can be combined with tracer studies and rnetabolite sampling for detailed 
analysis of the drought responses. 

CONCLUSIONS 
Measurements of metabolic change provide an insight into the mechanisms of
plant production under drought, although no one process unequivocally
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 equipment 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 hKely 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 2 levels and light levelsin high and low nitrogen regimes and with and without stress, were the leaf waterpotentials and stress history of the leaves similar? 

1). Lawlor
 
Leaf water potentials of the irrigated 
treatments were similar but the droughtedwere not. Large nitrogen rate increased water loss from the soil and leaf waterpotent:al in that treatment was smaller than in low nitrogen. 

S. K. Sinha 
You have shown :he eflects of drought on various metabolic proccsses. Do you thinkthat leaf and dry matter integrate these effects, and hence serve as good selection 
criteria? 

1). Lawlor 
Yes, metabolic changes are many aud complex. l)ry-mattcr production, yield, leafarea, etc., integrate the effects of environment on metabolic steps in their production, so they are the best single indicator of response. 

E. Porceddu 
There is evidence of great variation among and within species of wheat in SODactivity when under stress. Have you found any similar evidence? 

I). Lawlor 
No, I have no evidence but there may be differences, perhaps as there are in relation 
to light. 

http:expose.xd
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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 fie!d-grown plants (on a line
source sprinkler) for metabolites, such as nitrate, proline, and other amino 
acids. In the barley varieties 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 areas 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 
rc:a ;a for doing so is that not only is nitrogen an important nutritional 
conponent for plants but it is also found in solutes that often comprise all
important part of a plant's total osnotica. Ilthis latter respect it may play an
important role in controlling the water relations of pl:ats in drought-stressed
environments. The amino acid proline, for example, can counprise 1-2 per

cent of the total dry weight in water-stressed barley (Aspinall and Paleg,

198 1), or in salt-stressud 7riglochintnaritima it iny bL as much as I10
per cent

(Stewart and lcc. 1Q74). Therefore, a knowledge of the processes involved in

nitrogen transf irmations, within plants under drought stress, may point to

desirable metaboliu traits neuded to improve crop varitics for growth in arid
 
environmens.
 

Under stress a plant may conipcnstc at genotypic and phenotypic levels by

using existing structures or pathways, may modify its status by forming
or it 

new structures or switching on new pathways. Either way the end result 
 is
represented by the two extremes of adaptation or dleath. In studying

metabolic changes it is vital that we 
 know where on this continuum the

stressed plant lies. ('onclusions 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 problen that is particularly applicable to the study of crop
plants in drN areas 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 call
 
then be sampled along the irrigation gradient. III this way changes along tile

continuum unstressed-(adaptc)-strcsscl 
 can be more easily studied. 

It is convenient to regard plant nitrogen metabolism as three areas which
overlap and interact with each other. This emphasizes that an alteration in one of these areas call 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 MFTABOLISM 

Acodisition 

In arid soils the predo,iinant form of available nitrogen to non-leguminous 
crops is in the form of nitrate. Soil availability apart, two components of the
acquisition of nitrate arc involved: uptake and transfornation or assimilation.
It is likely that in the absence of transformation there will be a limit to the rate 
of uptake. 
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Figure I.Nitrate accunuilation in the shoot of four barley varieties grown 
on the LSS at ICARI)A, 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 varieties (Beecher and Er/Apm,
improved varieties for drylands; Atem, a north European improved variety; 
anid Arabi Abiad, a Syrian landrace) showed differing responses of nitrate 
accumulation under drought stress (Figure 1). Beecher and Atem showed a 
SiX- to ;eveIfold increase in shoot nitrate accumulation down the irrigatior 
gradient. .\rabi Abiad gave no consistent response, while the nitrAt, co n!nt 
of Er/Apm remained relatively low and constant. Increasing irrigaion 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 atnd then given incremental doses of PEG 6000 every 3 
days were still able to increase their shoot and root nitrate concentrations 
more than threefold (Figurc 2). 

This increase in nitrate concentration under water stress could be due to the 
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Figure 2. Nitrate accumulation in the shot and root of Hordeum 
spontaneum and a land, ce barley, Tadnior, grown on successive 

incremental PEG 60001concentrations 

inhibition of nitrate rcductasc activity due to its drought sensitivity (Sinha and 
Nicholas, 1981 ). However, Smirnoff et 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 centper of the control. 
Further tentative evidence that its activity may not be so readily inhibited by
drought stress in plants under field 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 NaCI, 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 ati
alternative osmoticant when organic acid and sugar concentrations are 
reduced tinder low light intensities (Blom-Zandstra and Lampe, 1985).

'Fotal plant nitrogen content can be said to reflect the rates of acquisition,
although for idividual tissues (roots, leaves, seeds, etc.) the other two 
processes of assimilation and cycling will be directly involved. Figure 3 has 
already i';imated that total tissue nitrogen in barley may increase with
inrreitlg drought stress. The same seems to be true of other non-nodulated 
crops, provided soil nitrate is not limiting (I lanson and Hitz, 1983). Tie total 
nitrogen content of two barley varieties 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
tiontd, as clearly nitrogen acquisition and assimilation is seemingly increased 
under water stress. 
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Figure 4, Total nitrogeni content of straw plus grain for two barley
varieties: Arabi Abiad aid lIr/Apin. Plants were grown on fertilized plots 
on an LSS at two locations in Syria in 1984. The regression factors are 
Breda: Arabi Abiid r = -- 0.95 and Fr/Api r =-0.85; Tel I ladya: 

Arabi Abiad r 0.06 and Er/Apni 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 et 
al., 1982). 

With respcct of intermediary nitrogen metabolism, ntich attention has 
been f'ocuIsCd On prolinc and the hetaincs in relation to drought and salinity 
exposure. Ilowever, it Inust be pointed oUt that proline is by no means the 
only amino acid that alters in plants under stressed conditions. Several others 
accuunitilate: asparagine, phenylalanine, isoleucine, valine, and leIucine. 
Others that generally decreasc are aspartatc and glutamate (Stewart and 
Lahrer, I 98)). Asparagine, for exam pIc, t houigh uIsually present in relatively 
large amottnts in unstressed tissue shows a stuall increase with increasing 
water deficit (Figure 5). Figure 5 also makes the point that total atnino acids 
increase in concentration with drouttht stress. This increase is over and above 
the levels accouttd for by both prolinc and asparagine. )uring water stress 
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polyribosomes disaggregate and it is known that protein synthesis is inhibited 
(Bewley et al., 1983; I-lsiao, 1970); paradoxically some protein hydrolysis
aiay also occur. More interesting are the possible implications of altered 
pathways of protein synthesis. This has been pursued with respect to heat
shock proteins (mentioned earlier at this meeting). Is it possible that 
drought-shock proteins may also be discovered (Bewley et al., 1983)? 
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Figure 6. Total av';1h( acii.; in fotir barley varieties grown on an
 
LSS at Tel Hadya, 1985
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The data showing total amino acid concentration in the LSS-grown var
ieties (Figure 6) are less clear, mainly because there was too much rainfall 
during the course of the field experiment. Yet with Beecher and Atem the 
trend towards amino acid accumulation at tile drier end of the LSS is evident. 

Other nitrogen-containing secondary metabolites have also been impli
cated in drought-stress tole:'ance (Turner and Stewart, 1986). Figure 7 shows 
the rates of increase, or decrease, of putrescine in ftour barley varieties against 
tile change in leaf water potential. Plants were grown in pots from which 
water was withheld and then compared to well-watered controls. The two 
most drought-tolerant varieties, Rihane and Alger ceres, have a greater 
capacity to accumulate putrescine, whereas in the least tolerant, Roho, 
putrescinc levels decline. 

Cycling 

In briefly considering the cycling of metabolites it must be emphasized that 
the timing and duration of water stress widl have different repercussions on 
photosynthesis and photorcspiration (C3 plants). This will greatly affect both 
the history of the buildup of metabolites and their subsequent mobilization. 
Barley is predominant lv 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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Figure 7. Leaf puirescine concentrations in four barley var
ieties compared to rates of leaf water loss. Plants were grown
in pots from which the vater had been withheld for 7 dayv 
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transpiration rate declines due to water deficit. Further, export of reduced 
nitrogen, or other metabolites, fronm leaf to root, other leaves, and grain, has 
several stages that must be sensitive to changes in plant water status. Enzymes
involved in either de noi'o 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 
ARID ENVIRONMENTS 

From the data presented in !he previous sectiois it is clear that in barley,
although the overall changes in nitrogen metabolism are similar, the extent of 
these changes show marked intervarietal differences. There is also a degree of 
intravarietal variation that is nore evident in the Iandrace Arabi Abiad. 
Selection for some of this genotypic variation with regard to the crop
physiology may be useful, provided desirable traits can be characterized. For 
instance, the evidence for barley suggests that tile more drought-tolerant 
varieties have a Potential threshold before!ower water nitrate, proline, and 
aMno acids in general begin to accum ulate. In this respect a useful metabolic 
or physiological trait must: (I) have diagnostic value, (2) be readily measured 
or quantified, (3) preferably show a Wide heritable variation, and (4) be easy 
to select for. 

In order to comply with tie above criteria we have worked on constructing 
a metabolic index of stress. This is based on changes In 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 amino acids that
those increase
 
(numerator) and those that decrease (denominator):
 

Pro X Phe X Isol x Val x Leu
 
Asp x GI
 

Figure 8 shows the close correlation of the index with rates of leaf water loss 
from five barley varieties (cf. Figure 7). However, the techniques for indi
vidual amino acid quantification are time consuming and at best might only be 
useful for looking for favourable parents for crosses. As proline has by far the 
highest concentration than any other anino acid formed in barley under 
stress, then an index of proline/total anino acids inight 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 barley varieties has been calculated against grain yield
(Table I). The higher values for the gas chromatograph are probably due to 
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Figure 8. Plot of the natural log of the stress index against rate 

of leaf water loss for five barley varieties 

the greater sensitiviiy of this technique. There is a strong negative correlation 
of grain yield 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 offspring numbering 
tens of thousands. One SuICh technique which we are currently analysing is the 
effect of stress otigrain till. Proline cycling from leaves, or possibly the awns, 

Table I. Index of proline'total amino acids for four varieties of barley
receiving only 373 ini rainfall. PlaItS were grown1 at Tel -I ladya, 

Syria, 1985 

Index Grain 

Variety (iolorimetric Gas clrmatography 
yield

(kg/ha) 

Arabi Abiad 0.122 0.334 3976 
Beecher 
Er/Apm 

0.216 
0.356 

0.461 
-

3489 
3016 

Aten 1.522 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 glain

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 notis 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 bar!ey genome
there is a limit to the degree of drought tolerance that can be achieved. 
Physiological characterization of ancient relatives, landraces, and improved
varieties can assess these likely limits. It is impossible to conceive of barley 
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being dessication tolerant -- with the mosses and resurrection plants, or that it 
can be made truly drought tolerant like the desert succulents. In the eiud 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 easily 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 h,- 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 Sperimnentale 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 (N'PD), andleaf water potential (i'li).We carried out the model calibration on the basis of the data from bothstressed and irrigated durum wheat. The calculated parameterappeared valuesto be higher in well-watered plants for: (I) the maximum of K,under non-limiting light conditions and the rate of reaching this maximumand (2) the mininimum threshold of 01 for the beginning of stomatalopening. 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 01.We then discuss some speculations on the possibility of utilizing the valuesof the considered physiological traits in breeding for drought resistance. 

INTRODUCTION 
Screening of genotypes for high yield under arid conditions should beon basedsimple and rapid analytical procedures. The measurement of plant waterstatus and stomatal conductance K, becan used as a tool to evaluate thegenotype response to water deficit; the leaf water potential qjiis a goodoverall indicator of the plant water status and the stomata opening, which isrelated to the water status of the leaf, and can be used for the estimation ofthe rate of water vapour flow (O'Toole el al., 1984). 

255 
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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 
area but its yield 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 ecophysiological 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 secd-setting stages for two growing seasons. 

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,,,d, where Kh,,, 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 fur 
the stomata responsc to the main ecophysiological variables, on the basis of 
the functions between K, and R,,, VPD and ilij; these functions representing 
the K, response to each variable-the others being constant-were obtained 
by Jaivis (1976) from the data from crops grown under controlled conditions 
and checked later experimentally. 

Assuming the effects of the variables R, VPD, qi, 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,,)f(VPD)f(q,1 ) 

The first term on the right-hand side of the equation: 

P P2Rf(R,,) 
,, 

P, + PR ,,

relating K, to R,, is a rectangular hyperbola and its parameters are 
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P, = asymptotic value of K, under non-limiting light and optimal condi
tions for the other ,,ariables 

P, = slope of the function K, versus R,,for R,,- 0 

The second tc,'m: 

f(VPD) = I - P3 X VPD 

relating K, to VPD is linear and its parameter P3 is the rate of stomata 
closing at the increase of VPD. Finally, the third term: 

I e 1'4(,/,jP,)ftl,,I)= - 

relating K, to I,, is an exponential function with two parameters: 

P. = rate of stomata response to increasing ,ii 
Ps = lower threshold value of ,hifor the beginning of stomatal opening 

We used an iterative process, implemented on a minicomputer using the 
Marquardt method, to estimate the parameterF (Marquardt. 1963; Draper 
and Smith, 1966). The standardized residual, i.e. ihe 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 onl the value of standardized residual: observations with standard
izCd residual greater than two were neglected. 
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Figure 1. Surface response of K, to R, and VPD on rainfed plants (q/i 
S-3 MPa) 
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Figure 2. Surface response of K, to R,, and qh]on rainfed plants 
(VPD= 15MPa x 10- 4) 
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Figure 3. Surface response of K, to VPD anti 'ijt on rainfed plants 
(R,, = 56 mW/cn--2) 
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Figure 4. Surface response of K, to R,, and VPD on irrigated
plants (qj, -3 MPa)= 

RESULTS AND DISCUSSION 
We carried out the model calibration by utilizing two sets of data on durumwheat grown under two different water supply conditions.

The surface responses of K, to two changing ecophysiological variables andthe third one unchanged are shown in Figures 1, 2, and 3 for the rainfedtreatment and Figures 4, 5, and 6 for the irrigated one. The main factorscontrolling stomatal conductance appear to be R,, and iij; the VPD appears toaffect this behaviour only in rainfed plants. Moreover, rainfed plants arecharacterized by icrally less conducting and more sensitive stomata tochanges of VPD an, i01 if compared to irrigated plants.
Table I shows the estimated parameter values and their standard errors 

(P = 0.05). 
Corresponding parameter values between rainfed and irrigated plantsdiffered significantly. In particular, it seemed that the peak values of stomatalconductance (Pl)--obtained at the same light saturation levels.-were higherin irrigated plants due to a higher soil water supply; the stomata of irrigatedplants were found to be more sensitive, i.e. they responded with a higheropening rate (P,) to the increase of the net radiation and, at the same time,were less sensitive to the increase of vapour pressure deficit (P.) and to theleaf water potential variations (P4). Moreover, rainfed plants showed a lower

threshold value for the beginning of stomatal opening (P5 ). 



260 	 I)ROUGII'ITOL[RANCE IN WINTER CEREALS 

1.26 

0.84 

3 0.42 

0 

C'1 	 -'2.5 

Figure 5. Surface response of K, to R,, and qh1 on irrigated plants 
10 - 4)(VPI) = 15 MPa x 

-A 1.35 

3 0.89 

0.44. 

~-0.6 
V % ( tAP a), 0o-3"A -'2A.(58 

Figure 6. Surface 	 response of K, to VPD and qi, on irrigated 
plants (R2 = 56 mW/cm 2) 



261 MOIELLING STONIATAI. CONI)U('TANC'-

Table I. Estimated parameter values and their standard errors 
(P = 0.05) 

Rainfed plants Irrigated plants 

Parameter Values SE Values SE 

P1 0.484 0.022 2.020 0.057 
P,
P. 

0.084 
210.672 

0.012 
19.081 

0.404 
64.735 

0.051 
18.224 

P4 3.434 0).824 0.406 0.017 
PS - 4.289 0.098 -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 reportcd 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 et al., 1982). In plants of Elaeis 
guineensis (Jacq.) grown tinder 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; Louguct, 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 to increasing solar 
radiation and more sensitive to increasing VP!) to limit water loss; more 
sensitive stomata to leaf water potential variations, i.e. stomata quickly
closing at decreasing Iiqand rapidly opening at rising '/,z after a rain or an 
irrigation in order to facilitate the poststress recovery; a lower threshold value 
of i1 for the beginning of stomata opening to enable plants to photosynthesize 
even 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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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 are anong the responses postulated to benefit crop 
performance tnder limited water supply.

In breeding for drought resistance, use of current knowledge on crop 
responses to water deficils is limited b, at 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. Therefoi.. selecting for any single adaptive mechanism may no! result 
in any yield improve:ment tunder drought. There is also a lack of available 
techniq ues for rapid sciecning of large numbers of genotypes. Notwithstand
ing these limitations, an understanding of crop responses It)water deficits is 
essential to detine breeding strategies. We present a case study on sunflower 
to demonstrate how physiological and agronomic knowledge can be used in 
assisting breeding efforts for drotight resistance. 

INTRODUCTION 

The study of plant responses to water deficits has been one of the major 
research 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 yield potentia: of crops in the absence of drought or anyother environmental limitation. This is because both empirical evidence and
theoretical considerations (Rosielle 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 beween 
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 difficulties in devising rapidscreening 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 well 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 breeding fordrought 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. theFirst, 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 genetic variation
within the germplasm pool must be found. Also, the adaptive value of the

selected traits must be demonstrated, prefervbly 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
tions is imperative. Also, as simulation models become more realistic they
could aid in designing specitic breeding strategies (Jordan et al., 1983).

It is evident that breeding for specific, suboptimal environments will requirea deeper understanding of yield-determining processes (Blum, 1983), and this
is where knovledge on crop responses to water deficits may be best put to use.
We revicw here some responses to water deficits that may be relevant inbreeding 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 DIEF LCITS
 

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 he obtained by conducting yield trials in 
scveral drought-prone environments (lullm, 1983) by simulating a range of 
water deficits using a line-source sprinkler system (Garrity et al., 1982) or 
siunply by comparing genotype performance under drought and under optimal 
water supply thro'ugh irrigation (Fischer and Maurcr, 1978). Using tile last 
scheme, riinfed and irrigated yields may bc combined to evalnate the drought 
susc ip!ibility of various genotypes atitl its relation to yield potential (Fisch.:r 
and Maurer, 1978). 

Over the last five years we have evaluated the genetic variability of 
sunflower cultivars at (?ordoba, Spain, tnder .- in fed and irrigated conditions 
(Fcrercs et al., 1986). In all cxpcrimcnts we found a substantial variation in 
both dryland anti potential yield. Variation in yield potential among commer
cial hybrids was mainly rclated to the Icngth of the growing season, while 
dryhand yields varited even within the sanie niattirity range. The variability in 
dryland yield among gc notypes of similar length of season was explained by
variation in the harvest index (111) (Figure I),indicating that drought
resistant cultivars arc ca pable of maintaining high III values when subjected 
to water deficits. Atljustments in seed number were of primary importance in 
the maintenance of tihe Il While there wasUnder drought, less variation in 
individual seed veight among the genotypes studied (Fcreres el al., 1986). 
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Figure 1.Relationship betveccn harvest index 
mid rainfd grain yield for sunflower genotypes of 
similar Icngth of*season. (Adapted from Fcreres 

el al., 1986) 
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One important limitation of evaluating 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
Mediterranean conditions. Such climatic variability can change the relative
ranking from year to year (Fischer and Maurer, 1978; Fercres et al., 1986). If
yield response is the major criterion in a breeding programm,, mole extensive 
genotype evaluation may bc performcd by (I) varying planting dates which
normally result in different water stress levels, (2) using soils that differ in
their water-holding capacity (within those representative of t lie typical soils inthe target area), and (3) conducting cxperiments at several locations known to
differ in rainfall or drought patterns. The above considerations also empha
size tie limitations of the empirical Nield trials when they are used as the only
tool in drought resistance breeding programmes. It is therefore desirable to
include in such programmes aspects of physiological responses to water
deficits as well as studies of soil and climatic variability within the target areas. 

PHYSIOLOGICAL RIESPONSES 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. Asstated above, selection based on physiological responses should not start
unless the benefits of such responses in terms of yield advantage have been
demonstrated using isogenic lines differing in response levels. Progress using
this approach has been shown for ABA accumulation in wheat (Ouarrie,
1981), accumulation of proline and glycine betaine in barley (Hanson and
Hitz, 1982), and for other metabolic responses (see this volume). An interest
ing example is that of proline accumulation. For more than a decade,
accumulation of prolinc, described as a response water stressto (Hsiao,
1973), was proposed as a mechanism conferring adaptive value to plants
under water deficits (e.g. Singh et 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 Hlitz, 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 yield 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 et 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 
numbei of morphological and physiological responses of cultivars which had 
contrasting behaviour under water deficits (Gimenez and Fereres, 1986). As 
reported earlier by Takami et al. (1982), we also found no evidence of genetic 
variability in short-term leaf-srowth 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 LAI and leaf area duration among cultivars were 
observed, and some of the late genotypes produced 50-60 per cent more dry 
matter than early 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 yie'ds in 
a comparative study of iwo sorghum hybrids (Wright et 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 genotype.; (Ouisenbcrry el al., 1985), higher yields were 
recorded in the genotype which exhibited earlier stomatal closure. Thus, 
maintenance of stomatal opening under a limited 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. 
lowever, 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 ;ome years, we detected genotypic differences of 
about 0.5 MPa in predawn leaf water potential near the end of the season 
(Gimenez and Fereres, 1986). 
Few studies have shown how genotypic differences in growth and water 

relations in the field may affect the seasonal patterns of assimilate utilization 
and distribution. Gimcnez 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 i:3- by the oil (around 50 per cent) andjustified high 
protein content of the sunflower seed. l'he estimates presented in Table I 
indicate the quantitative differences between the two genotypes in canopy 
photosynthetic efficiency during the reproductive period. The late genotype 
(Sungro) apparently assimilated more per unit leaf area duration, indicating 
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Table 1. Computation of glucose equivalents (GE) required for the rainfedproduction of an early and a late sunflower genotype during the reproductive
period. (Adapted from Gimenez and Fereres, 1986) 

Y R T LADF 
Genotype (GE/m 2) (GE/m') (GE/m 2) (coy) (GE/m 

E 
2/day) 

A, x R 7 384 227',62 57.4 9.0Sungro 446 554 419 37.1 15.7 

Y, grain yield; R, respiration; T, translocation from vegetative parts to the grain; LAD,, leafarea duration after flowering; and E, canopy photosynthetic efficiency after flowering
(Y + R - T) + LADF). 

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 evapirative 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 early 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 bt lower due to the more severe 
water deficits (Fereres et al., 1986). Differences in WUE for oil yield are less
pronounced (Figure 2c) because of the typically higher seed oil content of the
late genotypes. From the standpoint of WUE it can be concluded that early
sunflower genotypes may be more appropriate in situations of limited water 
supply. 

Genotypic variation in seasonal evaputranspiration (ET) must be due todifferences in soil water extraction. Figure 3 shows the soil water extraction
for two contrasting sunflower ge'gotypes. 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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Figure 2. Relationships between evapotranspiration and (a) biomass, (b)
grain, and (c) oil ),id for five early (open symbols) and five late (closed
symbols) .'inflower cultivars. )ata obtained at Cordoba, Spain, between 

1981 and 1985 

CONCLUSION 

Drought escape has been a successful lactic 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-season genotypes in that situation. However, experimental data over 
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Figure 3. Soil water extraction and evolution of the time of initiation of root water extraction for an early A 4 x R 7 (open circles)
and a late sunflower cultivar (Contiflor, closed circles). (Adapted 

from Gimcnez and Fereres, 1986) 
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the last five years suggest that late genotypes yield as much or more than the 
early ones when sufficient WatL: is available in the subsoil. This apparent 
paradox may be clarified by plotting the experimental data in terms of 
probabilities (Figure 4). When rainfall from Apil to June is substantial, it 
enables the early genotype to complete its life cycle with less yield loss than 
the later cultivar. Such a situatiOn occurs at Cordoba, however, only once 
every threc to four ),cars (Figure 4). Iu al; other cases, yield of the late 
genotype is higher if the subsoil has been repleuished by winter rainfall 
(annual rainfall at Cordoba is 650 mim, mostly between October and March). 
From considcration of Figurc 4, it may be concluded that sunflover breeding 
for the dryland conditions oft soullh-western Spain should be based on 
long-scason gcrm plasm. 

Finally, it took live years of field experimentation to collect the data 
prese nted in Figure 4. Similar information could be obtained in a mnuch 
shorter time period if realistic simulation models were available for 
hypothesis testing. Such models will therefore hecone invaluable tools to 
breed plants for specific environments in the future. 
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DISCUSSION 

It. Harris 
You have not commented on the characteristic of sunflower to shed its radiation 
load at relatively high plant water potentials. Could you comment on this charac
teristic and speculate on its possible usefulness in cereals for the areas we are 
considering? 
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E.Fereres
 
Such response is very significant and decreases radiation interception at midday by50-70 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. I suppose that the samemechanism could be usef til to winter cereals which have an architecture similar to 
that of sorghum. 

R. 1B.Austin 
The annual rain in vouir arca is about 65(0 ini. Stflower roots extract water to adepth greater than 2.5 in. Is their actual evapotranspiration greater than the annual 
rainfall and, if so, what are the consequences? 

E. 	 Fereres 
The evapotranspiration of dryland stnflower crops varies between 330-450 mmdepending on year and genotype. In our typical wheat-sunflower rotation, there is ahigh 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. 

1). Lawlor 
You showed that there is substantial contribution of stored material to late grainfilling. )o the early sowings and greater biomass provide a larger storage capacity
for remobilization under drought? 

E. lereres 
The suggestion is correct. Long-season genotypes planted in winter produce largeamounts of biomass, which is apparently remobilized during grain filling. 
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ABSTRACT 
Experiments in controlled as well as field 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
variety Beecher. The rate of water uptake from each soil layer increased as 
root length increased to 1 cm root/cm 3 soil. 

In Mediterranean environments, the depth of rooting is generally liimited to 
the depth of profile wetting, and about 50 per cent of the rainfall is lost by
evaporation from the soil surface. The timing of root growth, the root length
in a soil layer, and the rapid growth of leaves 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 variety. 

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 need deep, vigorous root systems ir,drought-prone 
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environments and conclided that rooting depth, root lenlgth 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 ensure that a 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 characteristics that may be important for water use in Mediter
ranean 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 et al., 
this volume). In northern Syria, rainfall decreases after March and tempera
ture increases rapidly, so tile autumn-sown crops frequently experience 
drought during the grain-filling stage. The field 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 Areas (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 (Breda). 

METHODS FOR ASSESSING ROOT GROWTH 

Glasshouse experiments 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 
varieties. 

In the glasshouse, a range of varieties was grown in three rooting media: 
nutrient solution, sand with perlite watered with nutrient 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 varieties were used to examine 
relations between water use and root and shoot growth. Roots were sampled
using a 10 cm diameter Jarratt auger in 15 ci 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 couiting intersectic.is with a 1cm grid (Ten
nant, 1975). Root and shoot weights were measured after drying at 80 0C and 
th! 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 varieties 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 easy to demonstrate such differences in controlled conditions, it is 
rare for substantial differences to be demonstrated io -the field. However,
Brown et al. (1987) compared Arabi Abiad (a local landrace) with Beecher 
(an improved, widely adapted variety) and showed that although the total 
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Figure 2. Root length Arabi andof Abiad 
Bcecher 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 15 cm at the beginning of stem extension and at 
maturity (Figure 2). 

Similarly, differences exist in the shoot growth. Table I shows the rankingof 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 thevarieties 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 ave!rage.. How
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Table 1. Ranking of shoot weights of barley varieties at the four- to six-leaf stage,
beginning of stern extension (s) and maturity (in). Plants were grown in the glass
house in nutrient solution (n.s.), sand with perlite (s.p.), and soil, and in the field 

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= 2=1 5 2= 

Breda 
1982-3
 
s 1 2
 
n 1= 1=
 

1983-4
 
6 leaves 2= 2= 1 4 6 
 5 
s 1= 1= 1= 4 6 5
 
n 
 != 1= 1= 6 4= 4=
 

1984-5
 
4 leaves 2 4= 1 3 4=
 
s 1 4= 2= 2= 4=
 
In I= I= 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 varieties 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 I also shows that, in most cases, the ranking of varieties gr-.vn 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 i, 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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Figure 3. ('umuLat iVC change ill soil water content of 15 cm 
depth increments at! Breda under Arabi Abiad with fertilizer and 
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Figure 4. Change it, soil water content at Breda tnder Arabi Abiad, Bee'lier,
and fallow, both with and without fertilizer. Times of tile beginning of stem 

extension (s), anthesis (a), and maturity (m) are indicated 
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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 ma::;.num 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 in about mid-March (Figure 4); there
after evaporative demand exceeded rainfall and the profile dried again either 
by crop cxtraction of water or evaporation directly from the soil surface or
both (Cooper, 1983; Gregory et al., 1984). The depth of wetting varies from 
season to season and site to site, depending upon the total rainfall and its 
distribution within the growth season. 

Effects of fertilizer applications aijd of variety water us;eon are shown in 
Figure 4. Total water use for the whole season was similar for all treatments
(se!e Cooper et 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 varieties were smaller than the effects of fertilizer and Arabi 
Abiad used more water than Beecier. 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 (see Figure 2 for effects of variety and Brown et 
al.. 1987, for effects of fertilizer). Figure 5 shows that at both Jindiress 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/cm3 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 change 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, varieties 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 effectively 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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Figure 5. Relation between the mean rate of water extrac
tion calculated from the beginning of stem extension to 
maturity, and mean root length for 15 cm depth increments 
between 15 and 120 cm. Results from Arabi Abiad and 
Beecher varieties both with and without fertilizer at Jindiress and Breda, during 1982-3 

exploited once. There is therefore little to be gained from increasing the 
potential for deep rooting (cf. Hard, 1974).In the Mediterranean climate, the soil surface remains damp for most of the 

winler period arnd 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 
water 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 groN 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 laver 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 resistance in the seminal 
roots and the subcrown internode. We also discuss opportunities for and 
consequences of modifying root length densities with depth. Finally, we 
discuss opportunities for modifying aluminim tolerance, penetration into 
compact soil layers, and cereal cyst nematode resistance. 

INTRODUCTION 

There are 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: (I) 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 selecting 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 cf 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. Theseminal root system consists of a radicle and up to five roots associated with
the scutellar and epiblast nodes. The xylem of a seminal root isdominated by
a single large metaxylem 
 vessel in the center of the stele. This metaxylemvessel 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 depthwhen a coleoptilar tiller develops (Klepper et al., 1983). The number ofadventitious roots depends on the extent of tillering (Klepper, 1986)adventitious roots do not develop 
but 

into continuously dry soil (Passioura,1974). There are several metaxylem vessels about cqual in diameter and some
smaller vessels in the xylem of adventitious roots.The crown usually developF 20-40 mm below the soil surface (Chambers,1963), but crown depth is somewhat affected by cultivar and temperature
(Hunt et al., 1983).

The main axis between the seminal root attachments and the crown is thesubcrown internode. Xylem in the subcrown internode consists of seven to tengroups of vessels, each usually containing two large (12-25 pm) and several
smaller vessels (Cornish, 1981). Because seminal root location is fixed byseeding depth, and crown depth usually occurs 20-40 mm below the soilsurface, 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 3ubject 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 opportunities 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 

Ap-= 8qlrr j (1) 

where 

AP = pressure drop (pascals) along a tube of length I (m) 
q = rate of flow (m 3/s) 
,q= viscosity of water (1.1 X 10- P/sec at 16'C) 
r = radius of the tube (m). 

It will be noted that a unit decrease in radius of the tube will ilicrease 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 Mi!thorpe, 1968; Kramer, 1969); however, 
Passioura (1974) calculated that a pressure 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 severe drought were likely 
and (2) when much water was contained below one 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 second 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-sense heritability using
regression of F3 progeny means on F2 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, 
1981 b). 

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 arc large because of genetic
influences on vessel diameter. They estimated that vessel diameter should be 
less than 60 /im 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 
ill seniinal roots is preferable to breeding for decreased leaf area in regions
that rely predominantly or, stored soil water. His reasoning was that, during
good rainfall 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,) i jlaxia! resistances, other attributes of seminal roots are 
important in d-ought resistance. These attributes are root elongation rate, 
rooting depth, anl rooting density. Rapid root elongation 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 deeper with time. Elongation rate of the seminal roots must be 
rapid enough for Rsubstantial 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 in. a nutrient solution. There were major differences among
the various entries. Hurc (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 ratcs of root penetration and in rooting depth. Kpke et al. 
(1982) found a close correlation between 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 
genetic 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 wa:er uptake by wheat 
root systems can be described by the equation 

U = L2,. Rj~m (2) 
R 

where 

U = rate of change of soil water storage (m3 -,O/m 3 soil/day) 
L, = root length density (m roots/m3 soil) 
I = soil water potential (m) 

I/x(,,li,) = time-averaged xylem potential at which water inflow into the r;oot 
:Ezero (i) 

R effective resistance (day/ni) 

They iound that the wheat plants in their study produced more roots than 
were necessary for efficient water uptake. In their study, actual/potential 
evapotranspiration was about 1.0-1.2 at anthesis when their plants had 
2.4 >' 104 i roots/m2 land area (Gregory el al., 1978). In contrast, Proffitt et 
al. (1985) found that actual/potential evporation was maintai-ed at 1.0 with 
3.5 x 10 in roots/m2 soil, oi 15 per cent of the rooting intensity foand by 
McGowan and Tzimas (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 Kbpke et al. 
(1082) support the values of Proffitt et al. (1985). These differences in rooting 
are large enough 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 exudqtion rates. For these and many other reasons, it seems impera
tive that we define, with much greater precision than has beer 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 decreases 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 hydroponic system using polystyrene foam 
and transparent tubes has proven to be an excellent and standard system for 
evaluating rooting density at depth. One should be extremely careful in 
pursuing a breeding programme to increase rooting deph 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 front Proffitt et al., 1985. Reproduced by
permission ofAgronomy Journal and the authors) 



OPPORTUNITIES FOR MANIPULATING ROOT SYSTEMS 291 

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 seeding 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 even though planted several centimeters deep (Chambers, 1963; 
Sunderman, 1964). These deep 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 

4r.. r)11 (3) 

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 genetic lines and planting depths. 

In the situation where the plants are easily established, but have a limited 
water supply in the soil profile and a terminal drought 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 arc idle because of 
some type nf 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 

http:0.07-0.08
http:0.05-0.15
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Table 1. Subcrown internode length and mean vessel effective radii of the largestseminal 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 internodeDepth root root internode length(mrm) Genotype (jm) (nm) (pin) (mm) 

45 AVS16871 32 bc 30 bc 31 bc 39 cCook 29 c 36 cd 30 bc 19 d16871/Cook 28 c 34 c 20 bc 20 dKite 36 ab 42 ab 29 cd 24 dKalyansona 37 a 45 a 39 a 19 d90 AVS16871 32 bc 38 bc 26 d 79 a
Cook 29 c 35 cd 30 bc 54 b16871/Cook 30 c 34 c 28 cd 59 b
Kite 35 ab 44 a 31 be 50 b
Kalyansona 37 a 45 a 33 b 41 c 

Means within columns sharing a common supcrscript do not differ according to Duncan's 
Range Test (P _-0.05). 

acidity, the potential acidity of a soil is held as Al 3 , hydroxy-aluminium ions
such as AI(OH) -' or AI(OH)2', or as charged hydroxy-aluminium complexes
(Coleman and Thomas, 1967). One hydrolysis reaction in soil is 

Al 3 ' + 2 F2O w::Al(OI) 24 + 2 H' (4) 
When the soil system becomes more acid, the H concentration increases and
the reaction moves toward the left, or AIl increases. Any increase in Al'3
 

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 tolerance aluminium ionstheir to 

(Campbell and Lefever, 1977). Cultivars developed in regions with strongly

acid soils often possess high levels of aluminium tolerance, whilc those 
developed in other regions seldom possess this trait. Selection for
aluminium-tolerant cultivars began Brazil inin 1919, although the specific
cause of the toxicity 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 disease [Ophiobolus grarninis (Sacc.) Sacc.] (Silva,
1977). In addition, it is very difficult to change the subsoil aluminium activity
with additions of lime. The direct toxicity of Al3l 'ns 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 2t and Fe2 . Tolerance to A13' does not 

necessarily infer tolerance to other toxic ions. For example, 'Atlas 66' cultivar 
of wheat is more tolerant to excess AI 3

, but 'Monon'than 'Mo-,on,' tolerates 
excess Mn2' better than 'Atlas 66' (Foy et al., 1973). The genetic variation in 
responses to Al, Mn, and Fe hold exciting promise for improved wheat yields, 
on soils with low p1i. In addition, new plant genetic engineering techniques,
including in vitro tissue culture selection, are potentially useful and efficient in 
selection for improving toY,:rance 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 aluminiun in 
drought-prone 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 et 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 "14 salt-tolerant and 30 salt
sensitive se!ections 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 et al. (1980) found strains that outperformed Kharchia. They con
cluded that further selection 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 thc 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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Figure 3. Survivai of 34 salt-tolerant and 30
salt-sensitive selections of wheat grown in media 
salinized to per50 cent of the salinity of seawater. (Redrawn from Epstein et il., 1980.
Reproduced by permission of AAAS. Copyright 

© 1980.) 

In many wheat-growing areas, high-strength layers form readily, especiallyimmediately below the depth of ploughing in sandy soils. Because roots musteither grow through existing voids o.must push aside the soil particles (Taylor
and Klepper, 1978), some researchers have suggested that one should selectplants with small-diameter root tips so the roots could more readily grow
through soil voids. Williams et al. (1982. 1983) compared the ability of largeversus small roots of tall fescue (Fes:uca arundinacea Schreb.) to penetrate

compact soil. Although 
 subject to more lance nematode (Hopoloaimus
galeatus [Cobb] Sher.) damage, the !arge-dianeter roots penetrated the soil
better than small-diameter ones (Elkins et al., 1977). A. T. P. Bennie (per
sonal communication, 1985) suggests that one should screen 
 plants for highroot 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 growthrough 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 tocereal 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 seems to have been made as a result of observations on 
top growth and yield. 
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Vesicular-arbusculhr (VA) mycorrhizae increase the absorption, per unit 
of root length, of phosphorus (Khan, 1975), zinc (Swarninathan and Verma, 
1979), bromine and chlorine (Buwalda et 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 i, VA effectiveness in 
increasing ion uptake to allow us to recommend or ,eject a research pro
gramme based on selecting cultivars for enhanced uptake of ions under field 
situations. It seems 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 effectiveness. There is opportunity to select cultivars that reduce 
the effect of each adverse soil condition, at least within certain ranges. 
Selection of resistant cultivars is only one approach and it may be economi
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 thisaccounts for differences in estimates of water uptake efficiency?(2) 	 Do nodal roots grow as deep as to be effective in extracting water fyom deep

layers as seminal root 

H. M. Taylor
(1) 	The evidence is contradictory. Sonic experiments in the literature have beeninterpreted as showing that VA mycorrhiza affect water uptake, especially forsurvival, while other experiments do not show any water uptake benefits frommycorrhiza. In view of my belief that root length densitiesefficiencies 	 and root uptakeare inversely related in many instances, I will not spend my time onexperiments to show that VA mycorrhiza are important to field-grown annualplants 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 and are aseffective 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 :he revival occurs as a result of new root growth. 
However, the reviva! 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 wheat belt shows that tillers which do not develop 
crown roots have poor seminal piospects. 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!or 
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 dry 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 siessed 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 et al., this volume). 

Breeding for cereal improvement under such conditions is therefore 
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. 

303 
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(2) Some traits which help improve the performance of a plant understress conditions are constitutive (always present) while others are adaptive, 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, atarget 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 understressful environments. The first arid most widely used approach relies ongrain yield as the main selection criterion, since this parameter integrates allthe components in a stressful environment. The second, and most recentlyintroduced for areas where streises are of high intensity, is the 'analytical'approach. The latter relies theon adaptation mechanisms of a plant in astressful environment, with the possibility that breeding and selection forthese adaptations will contribute to growth and yield under stress. Theanalytical approacti links plant and crop physiology with breeding efforts so asto hasten the otherwise usually slow pace of plant improvement in highlystressed environments (Richards 1982, and this volume, Marshall, this volume). In fact both approaches are complementary.

The key component of the analytical approach is to identify the individualtraits conferring stress resistance, which could be separated for furtherrecombination to produce plants with resistance at various stages of growth.To do this an environment (or a set of similar environments) must be firstdefined in view of the complexity of the stress syndrome. Assuming that thephysiological response within the plant to a specific stress is known, a simpleplant parameter that correlates with the plant response to the stress must alsobe found. It should then be proved that genetic variability within a population
exists to warrant plant selection. Finally, selection for the trait(s) and their
recombination 
 with other characters must be feasible, without any negativeeffects on such characters as yield, disease resistance, or quality of the final 
product (Simpson, 1981).

For this study, two Mediterranean environments differing in their longterm rainfall (about 300 and 200 mm) were selected in northern Syria. A widerange of genotypes were fully characterised, to identify specific parameters orattributes representing significant traits conferring survival and productivity ateach stage of the life cycle. Since water stress is of major concern in theregion, a set of plant attributes was derived based on the conceptual model ofPassioura (1977) and Fischer and Turner (1978). The model suggests thatyield under water stress may be viewed as the product of transpiration (T),transpiration efficiency (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 environments. 

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 three 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 area 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: 
I. 	Morphological 

1. 	Short and narrow leaves, with high specific weight (Nobel, 1980, 
1983) to maximize the mesophyll area over the leaf area (A .le/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 
energy 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. 
3. 	 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). 
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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 dtirum 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-yield 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 5 m 
long. The sowing rate was adjusted to 250 plants/m2 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 P2O/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 each 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 1 5 
Plant wilting 1 5 
Leaf rolling 1 5 
Plant senescence 1 5 

Growth habit: 1, erect; 2, intermediate; 3, prostrate. 
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Figure 1. Climodiagrams for Tel Hadya and Bouider. A range of
rainfall from planting to maturity is given at each site covering the 
range in maturity type of tie 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 'T), and stomatal conductance. Net 
photosynthesis was measured with a portable IRGA and related parameters
included substomatal CO, concentration (calculated) and stomnatal 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 conflitions 

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. 

-4.5 0 0 Boulder 

-4.0 

-3.5 

-

-

Tel Hadya 
Barley 

Wheat 

0 

/ 

-3.0 -

o -2.5 
a./ 

-2.0 
// 

c~-1.5i.LSD L 0.05/ 
o!/ 

.0 

-0.5 0--... 

-0.50 1 I I I A"zl I I I I I 

0 10 20 30 40 50 60 70 80 90 100 

Days after emergence 

Figure 2. Predawn water potential (luring 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 (IB), eight genotypes;
and barley landraces (LB), four genotNpes. TIel ttadya, 38 
days after emergence. Zadoks stages 12--13. (b) Daily
course of shoot water potential. Wheat, four genotypes;
and barley, eight genotypes. Tel I-ladya, 55 days after 
emergence. Zadoks stages 22-24. The bars indicate twice 

the standard error of the means 
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Wate7* relations 

Figure 2 shows generalized curves of predawn leaf water potential through
the growing season 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 (Rich,-ds and Passioura 1981 a, 1981 b; 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 shoot water potential of wheat, improved barley
genotypes and barley landraces niasured 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 btmol/n 2/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 i' 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 wheal genotypes at the same site even after nodal root 
devz!cPmier' 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 wheatcompared to and the increased 
resistance to liquid water flow in the plants in the orderwas 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 at., 1979; Pearson et al., this volume; Morgan, 1983; 



311 

C 

ASSESSING CROP AND PLANT AMITRIBUTES FOR CEREAL IMPROVENIENT 

0.6 

I I x I I Tel Hadya 

(if 
....0.5 .
 

U 
 LSD 0.05 Boudert-N = x x 

0.4 I IF 

0.1 

- 0.0 

WhEt Bre W 
ull ex0.2an e . .iasur ments ak n a T arly 

LSD 0.05 
xxx x x l xx 
xxa x * 
x x , 

... x 

0.3 x x 

0.0 . x . .x.. 

Wheat Barley Wheat Barley
 
Figure 4. Sto0.tl
fully expanded conductanceleaf. Measurementsin wheat andtaken at barleyTel of t e lastHfadya andBouider, 62-63 day~s after emergence. Tile accuniula'ted rainfallfrom planting was 2 12 nun at Tel Iladya and 14 1 mm at Boulder 

1.0 l 

0.9
 

0.7 

o0.5 

0.5
 

0.40. 
r0 Wheat
 

03 0Improved barleys
 

0.2 ,<Landrac barleys LSD 0.05 

0 -0.4 -0.8 -1.2 -1.6 -2.0 -2.4 -2.8 -3.2 -3.6 -4.0 -4.8 -5.2 

J" (MPa)

Figure 5. 
 Average moisture release curves for wheat, improved barleys,and barley landraccs. Bouider, 72 days after planting, Zadoks stage 51. 

Samples taken on the flat leaf-2 

0.1 



312 DROUGH'F rOLERANCE IN WINTER CEREALS 

1.0 

0.8 
r 

0 

0.6 

~0.4 

ERAom0.2 
A S BON J8 

0 1 j I I I I I I 

-0.4 -1.2 -2.0 -- 2.8 -3.6 -- 4.4 -4.6 

(MPa) 

- 1.8 
(b) 

- Boulder 

A Tel Hadva 

- 1.2 

-- 0.8 

- 0.2 

-0 

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

RWC 

Figure 6. (a) Leaf moisture release curves of contrasting 
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and Bouider. The curves were drawn by hand. (b) Moisture 
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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 ii: predawn samples taken around anthesis were determined for 
selected 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 I 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 mesorhyll cell size and increased A s/A,
which may be associated with an increased photosynthetic rate under stress. 
The trend in substomatal CO, concentratio:i (Figure 7b) seems to indicate 
this. The substomatal CO2 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 cuTve 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 reease 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
baley genotypes seemed to adjust their stomata and kept a higher photosyn
thesis rate. Thc mean substomatal CO,concentration was lower in barley as 
compared t, 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
net photosynthesis per unit leaf conductance as well as per unit substomatal 
CO2 varied significantly (P < 0.001) for similar leaf conductances at the dry
site. This finding may have relevance in terms of transpiration efficiency
differenc,"-between genotypes. The ranges in Table 2 also indicate that there 
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Table 2. Net photosynthesis (NP), stomatal conductancesubstornatal CO, concentration (Int CO,) 
(CWV) and calculated 

in barley (72 genotypes) and wheatgenotypes). Measurements taken (40at the flag leaf-I at Zadoks stage 50-59 (ear 
emergence) 

Barley Wheat
 
Variable 
 Tel Hadva Bouider Tel Iladya Bouider 
NP X 14.4 5.4(utool CO, 17.7 2.8m2/s) range (19.6-8.4) (15.6-0.8) (21.4-11.6) (7.7-0.2)CWV x 0.39 0.17(mol/m2/s) 0.60 0.07range (0.75-0.21) (0.47-0.03) (0.79-0.48) (0.12-0.03) 
fnt CO, X 199 227(W/l) 212 229range (241-153) (300--154) (232-195) (305-153) 

Tabl 3. Barley physiology nursery at Bouider (174-195 mam). Correlation betweenplant and crop attributes and yield (72 genotypes) 

Correlation 
Crop 

Mean coefficientStandard coefficient
attribute Score (range) error BioY GY 
Ground cover (0-10) 1.9 0.04 0.38t -0.21"(10-40 days) (0.2-5.5)Ground cover (0-10) 7.7 0.09 0.34t - 0.16tanthesis (4.0-10)Wilting (I R-5S) 2.5 0.07 -0.33t -0.32tanthesis (1-5)Leaf rolling (I L-514) 1.1 0.02 0.31t 0.20t(21 days) (0-2.0)Leaf rolling (IL-5H 2.1 0.03 -0.11 -0.03anthesis ..5-3)Senescence (I L-5H) 2.6 0.07 -0.32t -0.29t(grain tilling) (1-5)Peduncle (Measured) 7.2 0.16 0.28t 0.40tlength (2.7-15.9)Plant height (Measured) 40.7 0.60 0.43f 0.29t 

(24.0-73.0)
Days to 
 (50%) 88 0.29 -0.26t -0.23theading 
 (80-115)
Days tomaturity (50%) 115(I106-126) 0.32 -0.20t -0.23t 

*P < 0.05.
 _.p< 0.01. 
N =211.
 
R = resistance; S = susceptible; L 
= low; H-= high. 

http:0.12-0.03
http:0.79-0.48
http:0.47-0.03
http:0.75-0.21
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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 between 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) 

Crop 
Attribute Score 

Ground cover (0-10) 
(30 (lays) 

Ground cover (0-10) 
anthesis 

Wilting (I R-5S) 
anthesis 

Leaf rolling (IL-511) 
(30 days) 

Leaf rolling (1 L-5H) 
anthesis 

Senescence (IL-5H-) 
(grain filling) 

Peduncle (Measured) 
length 

Plant height (Measured) 

Days to (50%) 
heading 

Days to (501%) 
maturity 

"P < 0.05. 
tP <0.01. 
N =21i. 
R - resistance- S = susceptible; L = 

Mean 
(range) 

1.6 

(0.3-5.5)
 

7.0 
(1.5-9.5) 

1.0 
t 1.0- .0) 

1.6 
(0.5-5.0) 

2.4 

(1.5-3.6)
 

1.1 
(1.0-2.5) 

16.4 
(5.3-28.9) 

78.7 
(57.0-11 0.0)

92 
(85-105) 

120 
(114-133) 

low; I- = high. 

Standard 
error 

0.07 

0.10 

0.00 

0.03 

0.03 

0.02 

0.28 

0.62 

0.25 

0.25 

Correlation 
coefficient 

BioY GY 

0.39t 0.31 t 

0.4 It 0.3 It 

- -

0.04 0.11 

0.08 0.05 

-0.24t -0.15* 

0.24t 0.34t 

0.271 0.20t 

-0.20t -0.35t 

0.03 -0.14* 
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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
ef 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 notexperiencing drought stress and hence it may be a constitutive trait. The same
trait at anthesis, however, was negatively correlated with yield at the dry siteand 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 both 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, early ground cover is a desirable crop attribute, dhen thegrowth habit of the plant may play an important role. Fable 5 shows that
ground cover between 30 and 50 days (tillering stage) is highly and positively
associated to a prostrate habit. Plants becon erect after shoot extension (70
days), and this is associated with ground cover (score: I 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 atthe 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 'if at anthesis
(flag leaf - 1). At Tel Hadva, the most important variables groundwere 

Table 5. Barley physiology nursery at Tel
Itad a, 1985-6. Simple correlations between 

ground cover (GC) and growth habit (Git) 

GCI GC2 GC3 

Gil1I -0.01)2 -(1.iO12 0.049 
GI-12 0.165 0.244t ().178* 
GH3 0.0179 0.232t 0.216t
GH4 -0.258 - 0.340t -t0.492t 

*P < 0.05. 
f < 0.1.
 
N = 210.
 
Gil score: 1, erect; 2, medi.ui; 3, prostrate.
 

I,10 days after emergence
 
2, 30 (lays after emergence
 
3, 50 days after energence
 
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 ccnservative 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 werc 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 early 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 senescence during grain filling was partt'ularly detrimental 
at the dry site, both in total biological yield and grain yield. 

(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 rc ling during early growth (10-30 D) was significantly corre
lated with biological and grain yield, 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 erect habit with relatively 
vertical leaves is highly correlated with biological and grain yield. 

(10) Sufficient variability within barley genotypes exists in the above
mentioned attributes to explore them as selection tools. 
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DISCUSSION 

M. 	S. Mekni 
Early ground cover might lead ti faster depletion of soil moisture if evaporation 
was small. If that is so. during tho 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 usefulness of rapid ground cover? 

E. 	 Acevedo 
The value of fast initial ground cover is to favour the transpiration component of 
evapotranspiration, i.e. decrease direct soil evaporation. The crop is also intercept
ing more solar radiation per unit area 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 anthcsis 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. 

NI. S. Mekni 
Would you care to comment on how important you consider the kernel number in a 
selection index you would devise for dry areas? 

E. 	Acevedo 
Tn dry areas with terminal drought, kernel number and kernel weight are negatively 
related. On the other hand, spike number per unit area seems to be highly correlated 
with yield. 
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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 
varieties with greater yield potential. By contrast, in regions of the world 
where water is a dominant limiting factor, little increase in yield has been 
achieved. In this paper, we argue that there is scope for increasing yie:lds in 
such areas, but that improvements in cultural conditions and a tuch greater 
effort in breeding are required to achieve this. 

To improve the efficiency of cereal-breeding progiammes in dry areas, we 
suggest that research be undertaken to establish the importance for yield and 
water use of component characteristics for which selection could easily be 
practsed. This approach has been followed at the Plznt Breeding Institute, 
Cambi;dge, where experiments have been carried oat on winter wheat to 
study rre 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 (Rht I or Rht2) lines 
were siightly more adversely affected by drought than tall ones, that early 
flowering lines yielded more grain than later flowering ones, and that a high
capacity of the leaves to accumulate abseisic 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 
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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 thewater available to the crop permit such increased yield, i.e. could water-use 
efficiency be increased? Simple theory, based on the resistance analogue for
cabon dioxide and water vapour fluxes into and out of individual leaves
exposcd 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 I ). For crop
canopies the rate of photosynthesis at which water-use efficiency is maximum
is influentced 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 assimilation, and rniay 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. 

It 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 a mechanismand that 
operates to maintain C,, the CO, concentration in the air spaces within the
leaf, relatively invariant. This mechanism involves direct regulation ofstonatal behaviour by C,. Also, in crop canopies, and over a diurnal cycle, not 
all the leaves are light saturated, so photochemical steps will be limiting attimes. 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
given site and 

a 
over a limited range (if crop yield there is a strong correlation 

between the dry-matter production of a crop and water use (de Wit, 1958:
Day el al., 1978). To increase water-use efficiency and crop yields in
drought-prone areas breeders can expect to manipulate the crop characteris
tics, which individually are of 'second-order' importance, easily thanmore 
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
moisture-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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Figure 1. (a) Water-use efliciency as a function of assimilation 
rate. (b) Rate of transpiration (T) as a function of rate of 
assimilation (A). Assumptions: stomatal resistance, r, equal to 
1.0 s/cm. where A = 1.0 mg/m 2!s and T = 250 g/m 2/s. Cuticu
lar resistance to water vapour transport equal to 20 s/cm. 
Mesophyll resistance, r, equal to 5 s/cm. A is proportional to 

I /(rs + r ) 7' is proportional to the reciprocal of IPr, + Ilr c 
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efficiency by genetically modifying the regulation of stomatal aperture. Genetic increases in the photosynthetic capacity of individual leaves (equivalent todecreasing the r, in Figure 1) would also increase water-use efficiency
provided that there were no compensating pleiotropic effects. So far there islittle 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 byusing more fertilizer. During the time that the crop is intercepting most of theincoming radiation, there should not be an increase in the water use of thecrop. 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 notnormally experience serious drought, wheat yields have doubled since 1950and are at present 6-7 t/ha. About half of the increase in yield has beenattributed to improved varieties and half to improved cultural conditions(Silvey, 1979)). Cultural factors, preeminently the increased use of fertilizernitrogen, have increased the total amount of dry matter produced per unit area. As there has not been a systematic increase in annual rainfall over theperiod, nor, as asfar is known, an increase in evapotranspiration commensurate with the increase in grain or total dry-matter yield, it follows that thewater-use efficiency of the crop, either 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 compared inthe same experiment and the complications of differential lodging and diseaseincidence avoided, it has been found for hoth 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 varieties are only slightly,
if at all, greater than those of their predecessors (Austin et al., 1980, Riggs elal., 1981 ). Of course, past experience is not an infallible guide as to what mayhappen in the future, but at least it can be concluded that genetic improve

ments in total dry-matter yield are likely to be much more 
difficult to achieve
than improvements in grain/straw ratios. 

A logical approach to breeding cereals for dry areas 
Crop simulation models are not yet sufficiently rcfined to be able to predictwith 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 ofsignificance (Table I), only experiments can measure the actual effect of any 
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given feature. Direct comparisons of a 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 appropiiate procedure is to make crosses between cohtrasting 
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 yield, water-use efficiency, etc. 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 characteristics studied at Cambridge using this 
approach have included tillering capacity, mature plant height, flowering date, 
and the capacity of droughted leaves to accumnlatc abscisic acid. The results 
of the experiments are reviewed below briefly but have been published in 
more detail elsewhere. 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 a,, directly applicable to the ICARDA region, but 
are described to illustrate lhe approach being advocated. 

EXPERIMENTS AND RESULTS 

Tillering capaciiy 

The number of ears produced by a crop is a yield component and, if it could 
be increased genetically without compensating decreases in the other coinpo
nents, there would be a benefit to yield. To investigate this, crosses were made 
between three pairs of winter wheat varieties. One member of each pair had a 
low (L) and the other a higher (H-) number of ears at maturity. Selection for 
number of ears was citrried out in the F, F3 , and F4 generations and by the F5 
there wert consistent, heritable differences between H and L lines in each 
cross. Four II and four 1, lines from each cross (24 lines in all) were grown in 
field experiments iin 1978--9 and 1t79-80. Also in 1979-80, the eight lines of 
the cross contrasting the most in ear number were compared in a trial which 
was sheltered from rain and was irrigated to produce three regimes: fully 
irrigated (Il); eirly drought (ED), in which iriigatin was withheld for the 35 
days between I May and; anthesis; and late drought (LD), in which irrigation 
was withheld for the 6 i days from a hesis to harvest. 



Table 1. Attributes which may be associatcd with drought tolerance in barley, correlated attributes, and their probable consequential
effects. (Adapted from Austin, 1977) 

Attribute 

Pattern of response to 
photoperiod and temperaturewhich reduces duration of 

life cycleReduced leaf and tiller 

development 


Low stomatal frequency 

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 

Beneficial effects in 

Mediterranean environment 

Early maturity, reduced 

water use. Improved vield 

Reduced plant size and water 
use. Wasteful use of water in 
growth of tillers destined to 
die is avoided. Improved yieldIncreased stomatal diffusion 
resistance and decreased 
transpiration 

Reduced transpiration when 
piants stressed. Yield may 

be increased, due to 

increased 
water-use efficiencyIndicates that plant is not 
stressed 

Stomatal closure, reduced 
transpiration. Water-use 

efficiency and yield may
 
be increased
Reduced transpiration and 
resistance to desiccation 

Correlated attributes and/or 


consequential effect 


Reduced plant size, 
ear 

size, and number
 
s 

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 or by re-radiationMay indicate small plant size 
and so conservation of 

available soil water resourcesReduced photosynthesis, leaf 
expansion, and ear size 

None known 

Effect of correlated attribute/ 

consequential effect 

Reduced potential yield (i.e. 

yield when water is non-

Reduced potential size 

Decreased stomatal diffusion
 
resistance and increased
 
transpiration. Increased
 

transpiration and photosynthesis 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 
water from !ower 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-layer 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 

Decreased availabilty of 
assimilate for growth of 
shoots, including ears 

Unknown, but water 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) concentrat~on 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 yield (t/ha) 8.33 7.68 0.20 1.13Nun - of ear, per m2 556 445 13 1.25Tiller :drviv'al (%) 45.3 45.0 1.1 1.01Harvest index (%) 47.4 46.1 0.3 1.03 

The results (Tables 2 and 3) show that when fully irrigated the H lines had20 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 inthe L lines, and the surviving ears of the H selections had less 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 persquare metre, and so there remained a yield advantage of the H over the Llines (6 per cent, as compared to 11 per cent in the fully irrigated treatment ofthe same experim-ent). Of particular relevance to the Mediterranean areaswas 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 thesoil below a depth of 0.9 m than the L lines during the early drought.The results from these experiments have been described more fully by
Innes et al. (1981). 

Table 3. Grain yield and related characters for high (H) and low (L) 
ear -,umber selections, 1979-80 

Grain yield Ears per Water usec
(t/ha) m2 (mm) 

(a) Sheltered trial*

Fully irrigated H 
 7.41 448 372 

L 6.68 396 353Early drought H 5.96 365 325 
L 6.45 373 317Late drought H 7.24 455 280 
L 6.84 370 265SE 0.23 23 7 

(b) Irrigated trialt 
H 6.21 -
L 5.66

SE 0.19 

Selections fron one cross.
 
"Selections from three crosses.
 
tMay--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 to 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 two 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 
Rhtl 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 effects 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 FI, 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 Lall 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 yield, harvest index and water use for ,emi-dwarf (Rhtl 
and Rht2), dwarf (Rht3), and tall (rlit) isogenic lines in an experiment in 

1984 which was sheltered from rain 

Semi-dwarf Dwarf Tall 
isolines isolines isolines 

(a) Grain yield (t/ha) 
Fl 9.20 8.43 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) 
Fl 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) 

Rht I 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 29per cent and the tails by 26 per cent; and late drought reduced the yields by 10and 7 per cent, respectively. Whichever way these figures are considered, thesemi-dwarf lines always yielded more grain than the tails in a given environment, though their yield advantage was somewhat reduced by drought.Therefore, these results do not support the view that the Rhtl or Rht2 genesare disadvantageous, at least thein kinds of drought experienced in thisexperiment. For any given treatment the total dry-matter yield of the semi
dwarf lines was similar to that of the tall 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 tothe wind than the dwarf ones. As expected, the Rht3 liles yielded less than 
the Rhtl and Rht2 lines.
 

These results 
 were obtained by my colleagues Dr P. Innes ax, R. D.Blackwell and the isolin-s were made available by Dr M. D. Gale of the Plant 
Breeding Institute. 

Flowering date 

Modern English varieties of winter wheat reach the stage of ear emergencemore than two weeks sooner than the very old varieties which were grown inthe nineteenth century. There has been a consistent trend to earlier floweringin wheat varieties since the last century. Early flowering is strongly correlatedwith reduced height but it is not known whether reduced height, in anymeasure, causes earlier flowering. Experiments have riot 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 investigateto whetherearlier flowering would benefit yield among modern wheat varieties. Sheselected for early and late flowering from the progeny of a cross between 
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Table 6. Mean grain yields and other characters of early and 
late flowering lines in irrigated, drilled trials in 1982-3 

Early Late SE 

Grain yicld (t/ha) 
Day to ear emergence 

8.62 
152 

8.15 
159 

0.06 
0.2 

(Julian days) 
Number of ears per m2 516 517 11 
Mean grain weight (kg) 50.0 47.2 0.6 
No. of grains p'r ear 34.7 35.3 0.6 
Harvest index (%) 48.4 46.4 0.5 

Norman and an early flowering French wheat variety, Talent. The F. lines 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 early selections yielded more gra;n than the late 
ones and had heavier grains. Presumably this difference in grain weight 

Table 7. Grain yield, harvest index, and water usc of early and late 
flowering lines in sheltered experiment, 1982-3 

Treatment and Grain yield Harvest index Water use* 
genotype (t/ha) (%) (mim) 

Fully irrigated 
Early 9.48 39.8 285 
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 early selections partially escaped the effects of drought.
This conclusion is borne out by the results of the sheltered experiment where,
in the late drought treatment, early selections yielded almost I t/ha more
grain than the late ones. When not droughted, or droughted prior to anthesis,
yields of early selections were only slightly more than those of tile 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 selections
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 experiejictd
in England, earlier flowering, which does not reduce yield potential, would 
benefit yield when there was a terminal drought. These results have been 
described in detail by hines et 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 episodes 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 fiid out whether there was genetic variation in the capacity of wheat to
accumulate ABA, .my colleague, Dr S. A. Quarrie, developed an assay system
in which leaves, grown in standardized conditions and of fixeda age and
position on the plant, were rapidly desiccated then incubatedand 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 varieties (Quarrie, 1981 ). Subsequently this has
also been found for rice, pearl millet, maize, and barley (Henson, 1983;
Henson et al., 1981; Pekic and Ouarrie, personal communication, 1986;
Arachchi, 1985). Two spring wheat genotypes adapted to UK conditions but
contrasting in DIAA were crossed and the prugny selected in the F, and later
generations for high and DIAA.low 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 treatments, however, and in
irrigated and unirrigated drilled trials, the water-use efficiency for grain yield
was greater for H than for L lines by 0.11 t/ha/1 00 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 lines 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 
1-I 6.39 13,99 2.96 
L 6.02 13.62 2.74 

SE 0.0 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 selecting for 
higher DIAA, further improvements in water-use efficiency could be 
achieved. 

Further information on these experiments is given by Innes et al. (1984). 

CONCLUSIONS 

High-yielding varieties of wheat and barley remove more nitrogen from the 
soil than low-yielding ones (Austin et al., 1980) and so it is unlikely that there 
will be a sustainable yield 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 varieties grown in the dry areas of the Mediter
ranean region (Gregory et 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 



334 

[)ROUG ITrOLFIAANCE IN WINTI CEREALS 

questionable whether breeding for reduced height would give an increasedharvest index or yield. Furthermore, with terminal droughts which varytheir time of onset, severity, and duration, varieties with 
in 

high grain/strawratios may be less stable in yield than traditional types.If this is so, improvements in grain yield through breeding will dependincreased total ondry-matter production. Experience in western Europe suggests that this will be difficult to achieve. It may be especially difficult at lowyield levels, where full canopy closure, if it occurs, lasts only for a shortperiod, because under these conditions biomass is likely to be proportional towater use. Some crop characteristics which may confer the capacity toproduce increased dry-matter yields are listed in Table 1.
There may be scope for modifying the timing of the life cycle 
 to achievegreater grain yields. Earlier flowering would permit grain filling to occur incooler conditions when the crop is to lesslikely be water stressed. Thereduced potential yield \,hich may be associated with earlier flowering mightbe avoided if co-selection for early vigour was practised.
it may be possible to increase water-use efficiency by selecting for highcapacity to accumulate the hormone abscisic acid. In addition, more efficientphotosynthesis, i.e. greater quantum yield and increased light saturated rateof photosynthesis per unit leaf area, would confer increased water-use efficiency. Variation in these measures of photosynthesis is known among wheatspecies (Evans and Dunstone, 1970) and among wild diploid forms of H.spontanejm (unpublished data), and it may be possible to transfer thefeatures to cultivated barley and hexaploid wheat, so achieving increases inwater-use efficiency and yield.

Evidence from studies in other environments and predictions from cropmodels are not a substitute for the systematic evaluation of the significance ofindividual plant characteristics for water use and yield. Four examples 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 issuggested that character evaluation is the only satisfactory way provideto
breeders with definitive crop ideotypes.

Finally, perhaps because planners and scientists pe, ,!ive that most progresscan be made in improving yield in favourable enviro..ments, relatively littleeffort has been devoted to crop improvement for dry areas. Yet, because ofthe greater variability of the environment in dry areas, the heritability of yieldis certain to be lower than in more favourable environments. As a consequence, for a given percentage improvement of yield to be achieved by empirical selection, more effort is needed in dry than in wetter areas. If this wererecognized and more resources committed to breeding and the relevantscience, 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 spikcs 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-fillingperiod 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 harvestindex, as you rightly say. If an increase in the rate of photosynthesis is achieved, howwould the additional dry matter, in terms of yield component, be effectiveincreasing yield? Where do you 	 in

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 croplevel in terms of more rapid growth, would benefit yield only if there were suitableadjustments in crop morphology and phenology. Exploited in this way, it should
increase yield and water-use efficiency. 

N. C. Turner 
Have your high and low anscisic lines been tested in low-input Mediterranean 
environ ments'? 

R. 	 B. Austin 
No, we have recently sent grain samples to Canberra for testing. However, they areEnglish 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 ofearly varieties is common experience in our dry regions. In these areas the timing oflate drought is not predictable and not controlled as in your trials. Do you wish tocomment on the next steps to be taken in ordcr to increase yields and improve
stability of performance? 

R. 	B. Austin 
I agree that our finding is consistent with common experience. I gave my example toillustrate the approach which needs to be followed to determine the optimumflowering date for a given locality (zone). Of course, the optimum will vary withyear, so trials over several years will be needed to determine the best compromise. 
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Use of Water Balance Terms in Breeding 
for Drought Resistance- The Upland Rice 
Case* 

R. N. REYNIERS 
La Zolad, Batinent 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, etc. It is important to examine the results and the problems encoun
tered and to propose 'research for the medium term'. 

For varietal improvement, selection is made either 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 
elaboration processes of yield adapted to periods of drought. 

Direct seiection compares varieties at several similar phenological stages 
during drought. This has enabled IRAT to select and create varieties adapted 
to drought conditions itp West Africa. The results of multilocation trials 
organized in networks make it possible to select tolerant varieties. At present, 
direct selection is still the most efficient method. 

Indirect selection involves the identification of tolerance factors, screening
for the variability for the traits, and incorporation of those traits in a single 
genotype. 

'Full text not 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 area, stomatic
regulation, tillering dynamics, distribution of photosynthates, and growth
cycle length are the characteristics determining yield and the effect of
droughts. Some factors !inked to the developmental processes of the repro
ductive organs and to mincral nutrition in poor 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. Hlowever, little information is avail
able on screening of segregating generations. These factors are difficult to 
screen for large populations. 

The final stage of accumulation of factors has not really been carried out. It 
poses practical and thCOuiLCal 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 t'iese 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, growth 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 ,arying 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 satisfaction of water requirements for the whole 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. 



Drought Tolerance in Winter Cereals
 
Edicd by J. P. Srivaslava, E.PorCeddu, E.Acevedi and S. Varma
 
© 1987 ICARDA
 
Published by John Wilev,& Sons Ltd
 

27 
Maize in the Mediterranean Cropping 
System-Modifying Its Growth to Combat 
Drought 

R. KENT CROOKSTON* and SAID OUATTARt 
t Agronomy Departnent, University of Minnesota, St Pati, Minnesota 55108, 
USA; tlnstitut Agronoinique et Veterinaire Hassan I1,BP 6202, Rabat,
 
Morocco
 

ABSTRACT 
Rainfed maize geown in Mediterranean climates suffers from water stress as
rainfall ceases and soil moisture reserves are drawn down during grain tilling.Researchers have hypothesized that a reduction of early vegetatixc growth
might save soil moisturc for maize that would alleviate the effects of thelate-season drought. We conducted two studies to test this hypothesis. Inboth studies, maize was c,..ipletely defoliated at an early growth stage to
reduce itsvegetative growtu and final production of leaf area. In one study
(conducted ill the United State,;), the amount of water provided to the plants
wv~is controlled. In the other (conducted in Morocco). ie crop relied on the
natural rainfall pattern characteristic of the Mediterranean area. Earlydefoliation helped in soil moisture conservation which benefited grain yield in 
severe inoisture-stress conditions. We do not reconitird defoliation as a 
production practice, but suggest that restricted early vegetative growth beinvestigated further as a mcans 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 smal
grain crops, especially when a 'clean-up' crop is needed because of weeds. 
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Unlike sma~l grain crops, maize is sown at the end rather than at the
begining of the iainy 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, grow:h conditions (luring the warm early season 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 Flicks (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 early defoliation reduced grain yields (Crockett and
Crookston, 1980; Crookston and Hicks, 1978; Ferris, 1979; Jeppson and
Crookston, 1986; Johnson, 1978). Crookston and Hicks (1981, 1986)
reasoned that early defoliation and the resulting reduction of upper plant 
mass led to an early saving of soil moisture that proved to be advantageous
when water stress occurred during grain filling. The same reduction of early
plant mass appeared to be a disadvantage in years when plenty of moisture 
was available during grain filling. They hypotesized that early defoliation of 
maize might be a profitable production practice in areas 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 anat 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 Mediterranean climate. The two studies 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 tt -siometers positioned in the buckets 
prior to planting, one each 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 



341 MAIZE IN TIlE MEI)I' RRANEAN CROPIN(; SYST'EM 

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 second set were provided with sufficient water to 
maintain the soil in their buckets at or above -0.3 bars up until just after 
pollination. They were then placed on their regime. '[le non-defoliated plants 
were again given the same amount of water as the defoliated plants. There 
were four replications of each treatment set. The k'xperimental 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 moi:sture 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 magnitude that growth was reduced or arrested. The defoliated plants thus
'caught up' with the non-defoliated plants, in terms of growth and water 

0.2 * Regime No. 1 
POLLEN 0 Regime No. 2 

, 0.1 DEFOLIArION SHED 

0 0o 
L 0 -- -
C0 0O 0Oo 00• 

-0.1 
0 

Z 
3-0.2 

Do0 

00 
00 

0a 
10 )0 000 

0 00D 0 0 0011 

0 0 

L-05, aa 01"10 

6 16 20 3o 40 50 60 70 8b 90 100 
DAYS AFTER DEFOLIATION 

Figure 1. Difference in water potential (ip= bars) of soil in which defoliated andnon-defoliated maize plants were growing. Both plants were provided with the same
soil 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 camponents of defoliated and non-defoliated maize plants
grown in plastic buckets on limited amounts of water. The water was limited to 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) 

Yield o! 

Treatment 

Water 
regime 
started 

Grain Stover 
(g/plant) 

Harvest 
index 

Kernel 
number 

Kernel 
weight 

(mg/kernel) 
Defoliation 5LS 83 bc 170 b 0.49 ab 381 a 218 ns 
Non-defoliation 51.S 72 c 154 b 0.47 b 356 b 274 ns 
Defoliation P 109 a 199 a 0.55 a 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 colu',i 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 both defoliated 
and non-defoliated plants were using equal amounts of water. The brief 
period of stress experienced by the non-defoliated plants results in asignificant reduction of kernel number per plant (Table I ). 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 under 
the non-defoliated plants began to decline immediately (Figure 1), and within 
15 days it was approximately 0.3 bars lower than that under 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 a 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. treatment a and secondThe first was check the 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, each 7 in long, spaced 75 cm apart. The four 
centre rows were saved for yield (grain and stover) determinations. In 1982,
soil moiqture was determined gravimetrically at 20 cm intervals to a depth of 
I m uncdl 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. Evapotranspiration was calculated from soil water measurements and rainfall data using theclassical water balance over each coiisidered period. Water drainage andrunoff 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 reducedthe final leaf area index by an average of 30 per cent (Figure 3). This is inagreement wi'th the results of others (Crockett and Crookston, 1980; Hsu andYeh, 1978; J.ohnson, 1978), who found that early defoliation of maize
reduced the final leaf area by 21 to 42 per cent.


There was a close association (r 2 = 
0.67, P < 0.01) between the leaf areaindex and evapotranspiration. As leaves grew and evapotranspiration
increased, soil vater reserves beneath control plants were drawn down at a 
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Figure 3. The effect of early defoliation on the leaf 
area development of the two maize cultivars in 1982 
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Figure 4. Soil-moisture profiles under control and defoliated 
maize sampled three times during the 1982 season (environ

ment B) 

Fable 2. Effecl of early defoliation on grain yield, biomass, and harvest index of 
maize grown under rainfed conditions at Settat, Morocco, in 1982 and 1983. See 

text and Figure 2 for explanation of environments 

Environment Cultivar 

A Berrechid 

DRA 400 

B Berrechid 

DRA 400 

C Berrechid 

DRA 400 

Treatment 

Control 
Defoliation 
Control 
Defoliation 

Control 
Defoliation 
Control 
Defoliation 

Control 
Defoliation 
Control 
Defoliation 

Yield of 

Grain Biomass Harvest 
(kg/ha) index 

91 590 0.17 
12 1 470 0.25 
210 610 0.29 
183 480 0.36 

33 340 0.10 
63* 400 0.16 
57 380 0.15 
114* 410 0.28* 

4.Y 560 0.09 
94* 530 0.18 

141 640 0.22 
153 540 0.28 

*Indicates significant difference between control and defoliation (0.05 level of probability). 
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faster rate than beneath defoliated plants. By silking in 1983, 	defoliated plotscontained an average of 18 mm more soil water than the control plots (Figure4). 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/hafor control plots). That any grain yield was obtained at all might be regarded
as remarkable considering the low amount of rainfall received at the researchsite during these two years. In I J,;2,the total rainfall was 161 mm (84 mmafter 	defoliation). In the rainfall1983, total was 145 mm mm(12 after 
defoliation).


The effect of defoliation on yield was
grain highly dependent on thecircumstances. When control yields were below the study mean of 109 kg/ha,
defoliation increased yields 	by an average of 70 per cent (changes usuallysignificant, Table 2). When control yields were above the study mean of109 kg/ha, defoliation decreased yields by an average of 4 per cent (changesnon-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 observed by Crookston and Hicks (1986),even though the average control yield of their study was 770 kg/ha. Defoliation reduced biomass yield by an average of 9 per cent, but in no case was theeffect of defoliation on biomass yield significant (Table 2).

With grain yields increased or unchanged and with biomass yields slightlyreduced, 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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defoliation. 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, 1979; Jeppson and Crookston, 1986)
that early 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 Mediterranean climate areas of Australia. 
Passioura (1976), Islam and Scdglcy (1981), and Richards ( 1983) demon
strated that wheat made more efficient use of water and yielded better when 
vegetative growth and/or early vater use were reduced. 

CONCLUSIONS 

We conclude, from our two studies, that early defo!iation 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 early vegetative growth be investigated
further as a means of improving grain yields of corn grown in Mediterranean 
environments. Mechanical defoliation aprovides 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 areas, 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 search for optimum growth modification and improved
yields in semi-arid zones where maize will continue to be an important 
component of the cropping system. 
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DISCUSSION 

A. 	Hadjichristodoulou
You showed that under stress conditions defoliation at early growth stages increasesgrain yield of corn. In fihe Mediterranean countries barley and wheat are grazed atthe tillering stage and then harvested for grain. Our studies and those of others showa reduction in grain yield of winter cereals after grazing. I have a feeling that thiseffect will be more drastic in winter cereals under moisture stress than under morefavourable conditions. The experience, thus, with winter cereals is in disagreementwith your findings in corn. I)o you have any comment on this? 

R. 	 K. Crookston 
I agree with your 'guess' that small yields would be hurt by early defoliationfollowed by stress during grain filling. Perhaps the most relevant difference betweencorn and small grain is that corn cannot compensate by producing more or fewertillers. The within-the-main-sten 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 waterdeficits during vegetative growth, decrease the production of tillers, stem, and leafmaterial but do not affect the growth of reproductive organs, so that the harvest
index and often yields are increased. 
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Drought Resistance in Crop Plants: A 
Critical Physiological and Biochemical 
Assessment 
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A BSTRACT 
This review attempts to define drought and drought resistance, analysis of 
yield of crops, and the effects of water deficit on growth and yield. Several
plant processes which occur in time scales ranging frot seCOdLts to minutes,
hours, days, and montis culniinate in crop yieId Under tield conditions in a
competitive environmcnt. While the importance of short-term responses
cannot be denied, their correlation with yield is diffliclt to expect. It is for this 
reason that many indivi dual tests h.ave not been found of wider application in
selection for drought resistance. A wholistic view of plant growth develop
1niel and yield comlponents in relation to environment, partictlarly water 
availabilitv. is discussed. 

The following criteria arc suggested for selectin g phy siotlogica Ily superior
genotypes to conform to the wholistic approach: ( I) sccdling vigour in kharif 
(rainy season) and slow acrial seedling growth in rabi (winter season); (2) 
canopy temperature lower than tile atnbient temperature when crop canopy
is formed is desirable: (3) assessment of total dry-matter production in
relation to soil moisture lcpleti(n and (4) Illeditenm capacity of yield conIpo
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 
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accentuate its effects, leading to reduced crop yields. Consequently, breeding
for drought resistance is a major objective of many research programmes in
international and national institutions. This has been so for tile past several
decades. However, to our disappointment, there has not been any identifiable
and measurable success in these programmes, when we compare them with
such objectives as 'breeding for yield', 'breeding for disease resistance', and
'breeding for quality'. In fact, this disappointment wa.4 sadly expressed by
Arnon (1980) when he stated, 'Breeding for drought resistance has been a
consistent theme for as long as I remember and probably the greatest source
of wasted breeding effort in the whole field of plant breeding.' However, the
fact remains that we do hear of drought-resistant varieties in many crops. For
example, C306 in wheat, Lalnakanda in rice, and M35-1 in sorghum are some 
of the better-known examples in India. It is also claimed that a large number
of cultures among the Assam Rice Coloection 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 area. 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 varieties: 

Questionnaire 

Name of crop; variety or varieties identified/recognized as drought resistant;
duration of these varieties (seedling to maturity) in comparison with other
popular high-yielding varieties; 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 varieties; was the variety
specifically bred for drought resist-ince or was it a selection from the existing
types'?; is there any variety 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 varieties of wheat, barley, sorghum, oats, and rice are recog
nized as dr. ught resistant. 

(2) Most varieties are of medium or long duration. In sorghum, the
hybrid CSH-6 is of short duration, but it escapes the drought period. It is
not successful in rabi (wintei' season, below),see when the crop actually
experiences drought. Under such conditions an average yielding variety
M35-1 is most stable, and hence is considered drought resistant. 

(3) In good rainfall years, the varieties recognized as drought resistantdo 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 varieties, such as Olympia in Australia, have early
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 varieties use as much as or more water than
susceptible types, such as Olympia and C306 in wheat and Lalnakanda in 
rice. 

(6) Most of these varieties a;i local ;elections, or se!ections from other
breeding programmes, which were not meant for 'drought resistance'. 

(7) No one claimed to know any variety produced through a hybridiza
tion programme on breeding for drought resistance. It 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 definitio,i. 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 eighteenth 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,
agronomist, or a 

an 
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 et 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 seasons)
and range of these salient environmental factors are extremely location
specific.' Thus it is being increasingly realized that 'drought' from the point of
viev of a crop is the state when an adequate amount of water, in qu, ntity and
distribti,,c n, is not available to allow the crop to express it.; 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 rainfall 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 early September, the concept of 
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drought is different for kharif (monsoon season) and rabi (winter season) 
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 tht basis of the past 30-50 years of meteorological data no
individual year could be classed as a 'normal' year. These records, however, 
may hell in defining the nature of drought at different locations. Thus, a
working definition of drought would be water availability, including precipita
tion and soil moist ure capacity, in quantity and distribution during the life
cycle of the crop, inadequate for realization of its fall yield potential.

An important approach to assessing the drought resistance of a variety is by
determining the stability index following the methods of Finlay and Wilkinson 
(1963) and Eberhart and Russell (1966). In these methods a large niumber of
varieties are grown in a range of environments differing in water availability. 
- he variety that shows maximum stability is considered drought resistant, the

criterion of stability being the grain yield. Sinha et al (1986) estimated the
stability index of seventeen cultures, which included some well-known var
ieties, belonging to Triticutm aeslhvim, 7. durum, and triticale. Among T.
aestivum, C306 exhibited better stability and was followed by H-D2009 as
against Moti, which had the poorest stability (Figu.,es I and 2). Thus, at the 
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Figure 2. Relationship of ctillivar mean grain yield with the 
environmental index in wheat cullivars 

field level, the stability index could be Cquated 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 (Tortula ruralis and Tortula filicintutn) which were 
categorized as drought resistant and susceptible. Quick recovery in protein 
synthesis because of conservation 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 et al. (! 984), 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, irrespective of the source of stress, such as the lack of water, salinity, alkalinity, or 
temperature. 

Scientists belonging to different disciplines, therefore, have different perceptions of drought resistance and hence might define it accordingly, as stated 
below: 

Molecular biologist: Drought resistance as survival of individual cells or 
unicellular organisms assuch E. coli, through
osmoregulation in saline or PEG-i iduced water 
stressBiochemist: The tolerance of important biochemical reactions 
such as protein synthesis, conservation of
messenger-RNA, etc., to water deficit in an organ
ismPhysiologist: Maintenance of growth during water stress and its 
accelerated resumption on termination of water 
stress


Agronomist: Stability in yield performance 6f a crop or a variety 
in a water-deficient environment 

It is this perception of an individual that becomes the basis of the search fora criterion of drought resistance. However, these perceptions refer to different time scales in the life of a plant which culminate in producing an economicyield. Thus, an integration of events in different time scales is essential forassessing drought resistance in an agronomic sense, which is the ultimateobjective of agricultural programmes. It might be useful to define droughtresistance as the mechanism/s causing the minimum loss of yield in a waterdeficient environment relative to the maximum yield in a water-constraintfree management of the crop. This definition of drought resistance includes
the concepts of the relative amounts of water and the relative yield. Therefore, an understanding 
 of the basis of yield is essential to describe theperformance 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 throughdifferent growth phases, starting from tosowing maturity, to culminate ineconomic yield. It is the differentiation along with growth, which results in thedevelopment of economically important structures, such as spikes, inflorescence, tubers, etc., in different crops. Growth basically results in accumulationof 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, i983, 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 crop sown in mid-Novembera is and receives adequate
irrr!ation. The duration of these phases changes at different latitudes, leading 
to changes in crop duration and yield (Sinha et al., 1986). The process of yield
realization actually starts after ear or spike initiation. How does the growth
achieved earlier or leaf area at this stage determine the yield? From pas! 
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) Preanthesis assimilates be amino tocould mostly acids 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 
pow 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 henc(
carbon assimilation. However, these processes are delayed, if the number o
developing grains is low. Thus, the present evidence suggests that eventuall)the 'sink' disrupts the 'source' or rather shortens the leaf area duration. Ii h,
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 processe,
have different time scales in their responses to water deficit or drought (Table
I). Changes in leaf water potential, turgor pressure, and stomatal resistance occur within seconds and minutes while the cell growth, accumulation ofproline and betaine, degradation of proteins and polysaccharides are effected 
in hours. 

Observable effects on leaf expansion, shoot and root growth might takedays, but the influence on reproductive biology and grain yield is seen in days
and months. Thus, plant physiologists and biochemists who seek a criterion ofdrought resistance which often responds in minutes or hours have an unenvi
able task of relating it with the fi:ial 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 beforepanicle emergence or during the period of grain/seed development (Mat
sushima, 1962). There is now evidence that the genotypes which areidentified 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 

Yield 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 are a major
,sink'. When a plant experiences water stress, it shows senescence of the 
leaves, but the metabolites are 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 enter', the 
reproductive phase it mobilizes metabolites 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 senescence 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-like 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 unguiculata). The seedlings of normal and sterile male plants of 
sorghum and wheat had a similar response, but during the reproductive phase
the normal plants appeared 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 
all had a linear 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. Howeer, 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 2 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 2 

could be produced. Therefore, the yield components and phenology of the 
p! it should conform to these requirements. The crop should be able to 
produce 800 g/m 2 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. otherIn 
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 early growth of the plant
should be slow but, by anthesis, should reach approximately 500 g/m 2 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 boots per 
square metre. Such an ideotype would have to be provided with adequate
nutrient supply. For example, a crop producing 1000 g/m 2 of dry matter and 
400 g/m 2 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 early growth, reaching approximately 500 g/n2 by anthesis 
(3) Adequate leaf area at anthesis produceto 300 g/m 2 more after 

anthesis 
(4) 250-300 shoots/i 2 

(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, etc. 

Thus, depending upon the estimated water availability and a particular 
crop, a suitable location-specific ideotype could be proposed. In many
instances it might be necessary to estimate the final yields based on water
 
availability, to assess whether the upper limit 
was achieved. 

SINGLE TRAIT AND DROUGHT RESISTANCE 

Several 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 (Singh et at., 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 et 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 evidence in 
support of using betaine accumulation as a criterion for drought resistance is 
very limited, and r.iat again have importance in cellular functions rather than 
the whole plant syst-t, . Accumulation of ABA as a criterion of drought
resistance has not been stablishcd either (Quarrie, 1981).

Recently, osiuoregulat on both in microbes and higher plants has b.een 
advocated its a mechanism causing drought tolerance (Le Rudulier et al.,
1984; Morgan, 1984). In E. coli this evaluation was based in response to
salinity stress, and osmoregulation 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 osmoegulation
is achieved by accumulation of sugars and inorganic ions (Munns et 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 osmoregulation would become important factor inan 
determining yield. This could assume even greater significance if water stress 
developed at the time of grain development. Therefore, it should not be 
surprising that osmoregulating cultures of wheat had a maximum yield of
1-1.5 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 
culninate in crop yield tinder field 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 selection 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 ability of roots.
 
In view of the abov-, the following attributes are suggested:
 

(1) In a situation of intermittent rainfall, the 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 numbei of tillers. By anthesis the crop should attain 
500-600 g!m 2 of dry matter, and leave 8-10 cm of water in the soil profile 
for maintaining adequate photoasimilation 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 early stages of growth, the performance of genotypes can be 
appropriately judged. In kharif this is possible because the crop is usually 
sown after an 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 the water availability, it may be mentioned that the following 
criteria might prove useful in selecting physiologically superior genotypes to 
conform to the above-mentioned wholistic approach: 

(1) Seedling vigour in kharifand 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 Mediterranean area of West Asia, North Atrica, and South Europe ischaracterized by a highly variable environment, both spatiaVv and temporally. Most of the presentations in this conference stressed this feature of theregion. Whereas the moisture stress diie to insufficient and/or inapt,;priatedistribution of rainfall was said to be i, major factor constraining produc
tion, other associated yield retardants identified by the speakers for winter areas were: (1) low-temperature stress, early in the season; high(2)temperature stress, late in the season; (3) poor soil fertility; and (4) presenceof soil salinity and alkalinity in some areas. 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 s.ressed, 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 agronomic 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 
directions provided by this review. Having agreed this,on 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 enormous 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 presented an interesting account of the efforts to 
characterize the agroecological zones in West Asia and the Mediterranean 
region using 30-year 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 emphasis 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 agroecological 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 agroecologists 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 Hai ris and A. M. Castrignano et 
al. For crop modelling, however, information will be neede-d the cropon 
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 useful 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 areas. 

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 idcotypes for different
 
agroecological conditio'-s. Attempts to define characters for an 
ideotype for
 
some specific situations were presented by several speal 
 rs from Italy (A. M.
 
Castrignano et al., A. M. Stanca el al., and 
B. Borghi et al.). A. Hadjichris
todoulou and M. Duwayri also described the types suitable for the environ
mnents 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. N1.
 
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. 

wereAs expected, there different opinions on the desirability of a given
character for the dry areas, 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 fora need 
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 
generate 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. J 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 evaluating 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 i. 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 adapting a cereal genotype to droughty environ
ments included the following: 

(1) Morphological traits. Emergence and establishment of seedlings in 
low soil moisture cottent; 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) Physiologicaltraits. Stomatal resistance to 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 ,r!.its. 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 poih.ted 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, biochemistry, 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. ttsiao, would onelead to
conclude that there is little possibility of increasing photosynthesis in the 
winter cereals in a moisture stress environment, unless the biotechnological
approaches are used to make substantial modifications in their genetic
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 seems to 
be possibl only 1,y 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 'yield cost' that one may have to pay to achieve a certain measure of yield
stability. Physiologists have role play in providinga to 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 segregating populations for reducing the numbers of eventual field
testing. Such methods as canopy temperature measurement through infrared
 
thermometry, membrane 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 considecrations 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 et 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 insevere or partial stress and non-stress envi
ronments by the current breeding methods. Whereas there was an indication 
of growing realization among breeders 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 F2s 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 bi'eeders 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' methcd or 'modified bt.'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 conditiorv
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. 
In conclusion, the meeting provided an excellent opportunity for a multi

parts of the world to comedisciplinary group of scientists from different 

together and discuss the problems of improving productivity and yield stabil

ity of cereals in stress-prone environments 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 countries 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 
programines 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 
environmcnts, the unequivocal 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 early 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-effective 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. 

4. 	 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 varieties 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 pio
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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Crop productivity simulation models, see
 

ACROM productivity model;
 
Simulation models
 

Cyprus
 
barley grown in, 67
 
wheat grown in, 68
 
yield stability trials in, 192-8
 

Defoliation studies
 
maize plants, 340-7
 
wheat plants, 126
 

Desiccants, carbohydrate transfer trials,
 
186, 213, 214
 

Determinate tillering, 60
 
yield affected by, 144-5
 

Developing countries, moisture
 
environment data for wheat area, (9,
 
152-3, 152
 

Direct-selection strategy, 102
 
advantage over
 

favourable-environment selection,
 
104-9, 166
 

Jordanian results, 165, 166
 
rice breeding, 337
 
see also Favourable-environment
 

selection strategy; Shuttle
 
breeding technique
 



378 

INDEX 

Disease resistance as source of drought-resistant stock, 92breeding for, 83-4, 197 sowing time, effects of, 59, 60desired characteristic for, 60 yield data in Cyprus, 192)rought, definitions of, 153, 351-2 see also Wheat
 
Drought resistance
 

agronomist's definitiom of, 352, 354 
 Earliness
approaches, to improvement of, 172 drought resistaice affected by, 24biochemical traits for, 359-6) stability of, 194-5biochemist's definition of, 353, 354 sunflower oil yield affected by, 268-9,breeding for, 157-9, 350 269,270, 271chara'.teristics required. 158-9 wheat yields affected by, 46, 47, 51,CIMN. :'T breeding programme for, 59, 61

154-9 yield affected by, 194-5definitions of, 153, 351, 352-4 Early-growth vigouridentification of, 150-7 Australian light soils. 209-10mechanisms listed, 153, 173 correlation with dry-matter yield, 209,metabolic indicators for, 237-8 
molecular biologist's dclinition of, 353, 

210 
moisture stress effects on, 105354 visual scoring of, 2(19morpholphysioilogical traits for, 173, East Asia, moisture environment data for174, 175 wheat areas, 69, 152, 153
 

physiological research into, 153 
 Egyptphysiologist's definition of, 351, 354 agroclimatological classification of, 5, 6questionnaire on, 350- 1 barley grown in, 67
)rought shock proteins, 117, 118, 137, 
 whealt grown in
247 area harvested, 68)rought tolerance yield data, 68, 74attributes in barley, 326-7 Elastic modulus. 224measurement of, 218 turgor adaptability related to, 224yield price paid for, 252, 369 value quoted for durum wheat, 223Dry-matter yield Empirical approach (to breeding), 76, 81,grailn yield affected by in (feel) sandy 94-5, 102

soils, 2(16, 207 disadvantages of, 1(13-4water availability effect in wheat Environmental factorsgenotypes, 357, 358 characterization of, 3-13, 37-43,l)SI (drought susceptibility index), 106, 66-75, 366-7
116 genetic correiation between yieldscorrelation with grain yield, 107, 107, affected by, 104-5352 yields affected for specific varieties,I)SN ()rought Screening Nursery), 157, 72-5 
159 
 Ethiopia

lDurum wheat barley grown in, 67cultivars, see Wheat, cultivars wheat grown in, 68
excised-leaf water-retention 
 Evapotranspiration
measurements, 176-83 soil-water extraction increased, 136-ICARI)A studies, 1(19, 111, 112 surfacc water evaporation decreased,moisture availability effects on, 57, 59 137-8 

new varieties, 71, 71 sunflower plants, 269physiological characteristics of, 217-24 Evapotranspiration potential

physiological traits of, 256-61 
 ACROM model use of, 19, 19preferred growing zones for, 67 Mediterranean region, 8 



379 INDEX 


relationship with rainfall, 8-9 
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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, '2
 
Soil characteristics
 

in ACROM model, 17-18
 
in Australia, 205, 207
 
in Syria, 276
 

Soil depth
 
definition of, 52
 
sunflower seed yields 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
 



384 

NDEX 

Southwest Asia Sweet corn, see Maize
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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 seedlings, 117, 118 


Waxiness, 149, 184 

see also Glaucousness 


Weed control, yields affected by, 59 

West Africa 
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