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Summary

Breeding for improved productivity has been tremendously successful in the last half-century, but
needs to be even more efficient in the future. Hope based on contributions from molecular biology for
improved yield potential seems to depend upon an improved knowledge of yield physiology. This
knowledge may assist breeding either directly, recommending selection criteria, or indirectly identifying
simpler traits that could be reliably mapped and selected for through marker-assisted selection.
Physiological traits associated with improved performance under water-limited conditions, include
phenology (that allows the crop to escape stresses) and those associated with improved water use,
water use efficiency and partitioning. Undoubtedly, earliness has been the predominant trait improved
for under Mediterranean conditions, and may not be a prospective trait for future breeding. Different
traits that may confer the ability to the crop for capturing more water, such as deeper root systems or
osmotic adjustment, may be unworkable in terms of their direct use in selection and surrogates would
be needed. For instance, canopy temperature depression and discrimination against '*C may be used to
assess improved ability to capture water (in these cases yield is positively related to discrimination
against ¥C in grains). Early vigour, which allows faster ground coverage, also increases the amount of
water actually transpired by the canopy by reducing direct evaporation and presents substantial intra-
specific variation, and selection for this trait may be successfully carried out either directly or through
the use of vegetation indexes. Improved water use efficiency based on transpiration efficiency is largely
restricted to conditions where additional water is not available. A constitutively low stomatal conductance
or a high stomatal sensitivity may optimise the transpiration efficiency. In this context, discrimination
against *C is also a simple and reliable measure of water use efficiency, and in cases in which no
major differences in capturing water is possible discrimination against *C correlates negatively with
yield. Substantial further improvements in partitioning may be limited in most cereals.
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Introduction

Cereal breeding has been extremely successful in
the second half of the 20" century, releasing cultivars
with a genetic gain in yield of approximately 0.5%
year ! (see reviews by Calderini e al., 1999 for wheat
and Abeledo et al., 2002 for barley). Although
estimations of breeding contributions to total yield
gains (actually observed on-farm) are mostly due to
breeding x management interaction (e.g. Evans &
Fischer, 1999), in general terms breeding was
considered to have been responsible for half of the
total gains in yield, as discussed before by Slafer &
Andrade (1991) and other sources quoted therein.
The other half of the yield gains observed during
the last 50 years or so was brought about by
management improvements, particularly by
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increases in N fertilisation (Bell ef al., 1995; Austin,
1999).

Future breeding needs to be ever more efficient to
meet the continuously growing demands of a
burgeoning population in a context where, unless
we are prepared to pay an enormous cost in terms of
environmental degradation, more cropping area
seems unlikely to be available. Moreover, the use of
agronomic inputs (including water) seems likely to
increase at a much slower pace than in the past (and
in many areas not at all), while few, if any,
opportunities exist for expanding irrigated areas
(Cassman, 1999). In addition, and despite the past
successes, the rate of increase of food crop
production has been noticeably decreasing in recent
years (Conway & Toennissen 1999; Slafer &
Peltonen-Sainio, 2001).



62 GUSTAVO A SLAFER ET AL.

This general statement is even reinforced with
regard to breeding small grain cereals to improve
their productivity in Mediterranean conditions. The
expected rate of breeding success is directly related
to the environmental background due to the higher
heritability of traits in non-limiting environments:
that is, the better the environmental conditions where
the released cultivars are to be grown the easier it
has been to achieve genetic gains in yield (Richards,
1996; Araus et al., 2002b).

To improve its efficiency, future cereal breeding
may exploit physiology and molecular biology to
facilitate the identification, characterisation and
manipulation of genetic variation to complement the
more traditional approaches based on selection for
yield per se (Sorrells & Wilson, 1997; Slafer et al.,
1999; Araus et al., 2002b). In this context, it is
relevant to note that in general (with exceptions
recognised for targeted environments extremely poor
in yield; Ceccarelli & Grando, 1996; Araus et al.,
2002b) improvements in actual yields in
Mediterranean conditions (as well as in other,
stressful environments) may well depend upon
further increases in yield potential, despite the fact
that there is a large gap between them. Two facts
support this statement: there has been no increase in
actual yields obtained by farmers until there was a
consistent increase in potential yield of cultivars
released by breeders (c. by mid-20th century) and
trends in actual and potential yields tend to be parallel
(see Abeledo et al. (2003) for an example in barley;
Evans (1993) for examples on soybean and maize
and Slafer & Calderini (2005) for examples in wheat,
and also see Cassman (1999) for a more general view
on the issue). It therefore seems that the contention
that selection under favourable conditions usually
leads to higher yields in less favourable
environments (Richards, 2000; Araus ef al., 2002b)
is supported by the empirical evidence. Calderini &
Slafer (1999) illustrated this issue showing that
modern cultivars have consistently outyielded their
older counterparts even in the lowest-yielding
conditions in each of the countries analysed, and as
pointed out by Richards ef al. (2001) it may be
expected that future genetic progress in favourable
environments should continue contributing to yield
in less favourable environments.

However, further raising potential yields is not a
simple task. Despite breeding having quite
successfully achieved this objective in the second
half of the 20th century, breeders currently start with
a crop that has already undergone an intensive
process of selection for increased yields. We believe
that further improvements need the integration of
new tools/strategies to complement traditional
breeding approaches.

Do we Need Physiological Traits?

Promising advancements produced in the last
decade or so have occurred through progress in
molecular biology. There is little doubt that marker-
assisted selection (MAS, selection based on the
presence of few genes or quantitative trait loci,
QTLs) would increase efficiency in breeding
programmes aimed at introgressing particular traits
into an adapted genetic background by pyramiding
useful genes, which are difficult or expensive to
select for directly by phenotypic observation. In
addition, selection may be faster and made in early
generations. The usefulness of these advancements
for simple traits can be acknowledged (i)
academically from examples in the literature actually
introgressing alien genes, affecting phenotype as
predicted in the genome in which it was introgressed,
and (ii) empirically by the simple awareness of the
number of transgenic crop cultivars commercially
used in several agricultural regions of the globe.

As the recent literature offers a wide range of
papers reporting on QTLs for yield, we could
possibly operate in the same way as for simple traits,
with regard to introgressing yield QTLs. In other
words, if we do know the QTLs for yield and
associated markers we could directly introgress them
(for instance by backcrossing and selecting by the
presence of the marker associated to the QTL for
yield) and eliminating the cumbersome, time-
consuming and sometimes difficult phenotyping of
physiological traits.

However, application of MAS for complex
quantitative traits, such as those related to increased
productivity in a particular population of
environments, remains challenging (Slafer, 2003).
QTLs for complex traits like yield can easily be
identified in specific mapping populations, and the
identification of QTLs for yield is widespread in the
literature. However, expression may be dependent
upon the genetic background (Stuber et al., 1999);
this dependence being one of the reasons to believe
that there is an intrinsic complexity in identifying
trustworthy QTLs for yield. The approach by
Thomas (2003) comparing QTLs for yield in a
number of mapping populations serves to illustrate
the problem of the strong dependence on the specific
mapping population (and QTLs being of no use for
other populations such as that of the elite germplasm
from where new cultivars would come from). Other
major problems with QTLs for yield commonly
reported in the literature are that they commonly
possess a low resolution; frequently have a small
individual effect on yield; and are normally strongly
dependent on the GxE interaction (e.g. Kjaer &
Jensen, 1996; Romagosa et al., 1996; Yin et al.,
1999).

Consequently, the evidence of reported QTLs for
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yield to improve performance of a different genetic
background to that of the mapping population and
also in a wide range of environments (those in which
a successful cultivar will be released, including
different sites, different managements and different
years), has still to be demonstrated. On the other
hand, examples of failures have been reported in the
literature. For instance, Reyna & Sneller (2001)
attempted to evaluate to what degree they might
breed for higher yields in their soybean programme
by introgressing QTLs for yield, identified in a
mapping population, through successive
backcrosses. A few years earlier, Orf et al. (1999)
had identified a number of QTLs for yield in a
mapping population in which the soybean cv. Archer
contributed the QTLs associated with improved
performance in the studies conducted with this
mapping population. Reyna & Sneller (2001)
decided to build up near-isogenic lines for each QTL
for yield identified in Archer; they used four genetic
backgrounds for each of the isogenic lines. Later
they compared performance of the lines with the
“wild” genome with those with the QTL for yield
introgressed in that background in field experiments
in six different environments. There were no
significant interactions between marker genotype
and NIL set or between QTL and environment (the
effect of the QTL could be averaged across near
isogenic lines and environments, Fig. 1). It has been
clear from the experience illustrated in Fig. 1 that
the value assigned to a QTL for yield in a particular
mapping population and set of environments in
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Fig. 1. Yield of soybean near-isogenic lines with the
same genetic background (that adapted to the region
in which breeding was taking place) but with either
the genes corresponding to the adapted germplasm
(“wild”) or those of the three QTLs for yield (Satt144,
Satt002 and Sct 33/SOYHspl176) identified in cv.
Archer in a previous study (Orf et al., 1999). Each
value is the average of four different NILs and for the
six environments in which these NILs were field-
trialled (interactions marker genotype x NIL set and
QTL x environment were non-significant). Figure was
built up with data taken from Reyna & Sneller (2001).

which these QTLs are identified/quantified may be
quite distinct from the value added produced by their
introgression in different genetic backgrounds (e.g.
that of the elite germplasm of a real breeding
programme) and environmental conditions (e.g.
those in which the eventually released cultivar has
to be grown).

In this context, it seems that the usefulness of the
powerful tools provided by the advances in
molecular biology to improve complex traits would
depend upon prior knowledge about their
physiological determinants (see also Araus et al.,
2003a), and that this improved knowledge may be
critical for transforming the idea that biotechnology
may be essential to raise yield ceilings (Conway &
Toennissen, 1999) from a speculation into a reality
(for more details on this issue, see the illustrative
review of Sinclair et al., 2004). Then we could either
(1) identify such simple traits putatively related to
yield, which can be further mapped and transferred
from one population to another, or (ii) when a QTL
for yield is identified, understand its physiological
determinants and the way in which those traits
interact with the targeted environments before
selecting with MAS for that QTL. In other words,
with regard to yield (and other complex traits)
molecular biology progress has increased, rather than
eliminated, the need to understand better the
physiology of yield determination. In addition, this
better understanding may help traditional breeding
programmes in the identification of appropriate
parents and efficient selection of progeny (Austin,
1993; Slafer et al., 1999) either using the traits
themselves or identifying cost-effective surrogate
traits (e.g. Araus, 1996; Araus et al., 2001). In
summary, breeding to improve cereal yields (either
by traditional or biotechnological means) could
increase its efficiency if based on attributes at the
crop level of organization putatively maximising
yields (Araus, 1996; Richards, 1996; Slafer & Araus,
1998; Slafer et al., 1999). For this to be realised,
knowledge of the crop-physiological attributes
determining yield of cereals has to be improved
considerably (Araus et al., 2004).

Promising Eco-Physiological Traits

Water deficit is the main environmental constraint
limiting cereal yield worldwide, and particularly
within the Mediterranean Basin, a problem likely to
become even worse in the future. Cereal plants
respond to drought through morphological,
physiological, and metabolic modifications
occurring in all plant organs and therefore traits
associated with improved performance under water-
limited conditions, or improved survival to
extremely low water availability, are diverse. In this
paper we will only refer to those associated with
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improved performance, which are the most useful
under field conditions (Passioura, 1996; Slafer &
Araus, 1998; Richards, 2000). These traits deal more
with the economy of dry matter acquisition and
partitioning under water-limited situations than with
the mechanisms allowing survival under extremely
dry conditions, in which agriculture can be hardly
practiced. In addition, these traits must be directly
related to crop yield under field conditions rather
than focused on levels of organisation much lower
than the crop canopy, frequently poorly and
inconsistently related to yield in the field (Araus,
1996; Richards, 1996; Slafer ef al., 1999; Araus et
al., 2001).

Traits putatively related to yield must positively
affect water use, water use efficiency (WUE) or
biomass partitioning towards reproductive organs
(Passioura, 1977, 1996; Richards, 1996, 2000; Araus
et al., 2002b). Doubtless the single most important
attribute of the crop conferring the ability to perform
better under stressful conditions is its phenological
development (Passioura, 1996, 2002; Richards,
1996; Gonzalez et al., 1999; Villegas et al., 2000;
Araus et al., 2002b). Changes in phenological
development allow the crop to escape stresses, either
actually avoiding stress during the crop cycle or,
most frequently, by avoiding the coincidence of the
most sensitive phases with the most likely
occurrence of the stress. Once developmental pattern
is fitted, traits associated with improved water use
are relevant when crops do not completely use the
water potentially available for growth, while traits
related to WUE and partitioning become more
important when available water is already depleted.
This issue may result in some differences between
strategies being suggested (e.g. selecting either for
a higher or lower WUE) for regions with
Mediterranean climate (Richards et al., 2002; Araus
et al., 2003a).

Phenology

As stressed above, the single most important
attribute determining performance under water stress
is that related to the rate of crop development
determining the phenology of the genoptype in a
particular population of environments. The most
largely recognised impact of phenological
development on performance under Mediterranean
conditions is related to the escape from water stress,
due to the benefits of tailoring a developmental
pattern that matches the pattern of rainfall. As
Mediterranean conditions are characterised by
exposing cereal growth to drought developing
increasingly throughout the late reproductive and
grain-filling phases (Loss & Siddique, 1994), the
natural outcome of breeding for adaptation has been
the selection for earliness. For example, comparing
the outcome of breeding for yield per se during the

last century or so, in terms of developmental patterns
in regions characterised by wheat being grown under
stressful environments but with different timings of
this stress, illustrates this point. Whereas, in regions
with stresses not necessarily occurring late in the
season (like in Canada or Argentina) breeding has
not tended to consistently change the timing of
anthesis (e.g. Hucl & Baker, 1987; Slafer & Andrade,
1989), in Mediterranean regions (like in Western
Australia or Spain) time to anthesis has tended to be
reduced systematically as new cultivars have been
released (e.g. Siddique et al., 19894; Ramdani,
2004). Selection for earliness has two important
consequences on the physiology of cereal yields:
firstly it increases the likelihood to escape droughts
that are expected to be terminal, and secondly it
improves the partitioning of the total water used by
the crop actually absorbed and transpired after
anthesis. There is a curvilinear, hyperbolic
relationship between harvest index (and yield) and
the amount of post-anthesis transpiration as a
percentage of the total amount of water used
(Siddique et al., 1990; Sadras & Connor, 1991; Slafer
et al., 1994).

Breeding for earliness of flowering is relatively
simple, as major genes responsible for sensitivity/
insensitivity to photoperiod and vernalisation are
well known and relatively easily manipulated,
enabling crop duration to flowering to be
manipulated (e.g. Hay & Ellis, 1998; Snape, 1996;
Slafer & Whitechurch, 2001) (although genes for
intrinsic earliness (or earliness per se; Slafer, 1996),
may allow fine-tuning developmental rates for small
changes in phenology exist, they are not as well
known (Snape et al., 2001) and may also interact
with temperature (Slafer and Rawson, 1995;
Appendino and Slafer, 2003) making them
impractical for traditional breeding). However, in
most Mediterranean regions where cereal breeding
has been carried out for decades, selection for
earliness has already taken place and there may be
only marginal scope for further raising yield due to
selecting for even earlier flowering crops (still
avoiding frost risks and yield penalty). Thus earliness
may not be very relevant as a major prospective trait
for future breeding.

Another indirect effect of developmental patterns
influencing performance, more recently proposed
and consequently less discussed than earliness,
relates to the partitioning of a particular crop cycle
into different proportions of vegetative and
reproductive phases (Fig. 2). As recently
hypothesised (e.g. Slafer et al., 2001), extending the
duration of stem elongation would raise the number
of grains per spike and the harvest index (Miralles
et al.,2000; Gonzélez et al., 2003), without altering
the amount of water used by the crop. This may be
particularly relevant in cases when the crop actually
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Fig. 2. Schematic diagram of a hypothesised avenue for cereal yield improvement through manipulating the proportion
of developmental time allocated to the stem elongation phase, describing some reported relationships supporting the

hypothesis.

uses all the water available in the soil, and therefore
crop improvements would not be expected from a
higher root:shoot ratio, associated with a longer
vegetative phase. However, this developmental
pattern may be only achieved if deliberately selected
for as empirical breeding has not tended to produce
these sort of changes when directly selecting for
yield per se (e.g. Slafer et al., 1994), though
exceptional cases may be found (Abeledo et al.,
2003).

An extended stem elongation period can be
achieved by selecting either for higher sensitivity to
photoperiod or for differences in intrinsic earliness
during the stem elongation phase. It has been
reported that the stem elongation phase of cereals is
sensitive to photoperiod and that extending this
phase (by exposure to short photoperiod) does result
in an increased number of fertile florets and grains
produced by the crop (Slafer et al., 2001), and
therefore a higher yield. This sensitivity of stem
elongation to photoperiod seems to be independent
of that of previous phases (Slafer & Rawson, 1994;
Gonzalez et al., 2002), though we must learn much
more on the genetic bases determining sensitivity
to photoperiod during stem elongation before this
information may be useful for practical breeding.
So far we have only a partial understanding of the
important genes (Whitechurch & Slafer, 2001, 2002),
since we only know (and have worked with) a few

major genes for photoperiod sensitivity, whilst many
others are expected to exist (Snape et al., 2001).
Alternative approaches, that have just started to be
analysed, include (i) determining what genes are
down- or up-regulated when responses to
photoperiod take place during different phases
(before and after the onset of stem elongation), and
(i1) identifying genes/QTLs for differences in length
of different phases (and/or for responsiveness to
photoperiod in these phases) within mapping
populations.

Water use

There are different traits that may confer the ability
to the crop canopy for capturing more water. Some
of the most widely recognised are deeper root
systems, osmotic adjustment and early vigour. The
former two would actually increase the amount of
water evapotranspired by the crop, while the latter
increases the proportion of the total
evapotranspiration that is actually transpired by the
canopy and then directly linked to crop productivity.

Deeper root systems allow the crop access to water
in deeper soil layers that might otherwise be
unavailable. An option to improve this trait may be
to identify genotypes with faster-growing crop roots;
a trait presenting large genetic variation (Watt et al.,
2001). Cereals with fast-growing roots may also
reduce the accumulation of bacteria that can limit
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shoot growth (Watt et al., 2003), and then they may
have an improved access to resources down the soil
profile later in the growing season. Besides
absorbing more water, deeper root systems may help
prevent groundwater contamination from nitrate
leaching. A major problem with rooting depth as
candidate trait is that it is intrinsically difficult to
measure and therefore surrogates must be identified.

Osmotic adjustment (accumulation of solutes
during water stress decreasing osmotic potential and
maintaining water absorption) is an important
adaptive mechanism of drought tolerance in major
crops (e.g. Morgan, 1983; Ludlow & Muchow, 1990;
Chimenti & Hall, 2002). In turn, greater osmotic
adjustment may result in more root growth and then
an increased ability to extract additional soil water
under drought if water is available at deeper layers.
Although the genetic basis of this mechanism has
been identified in wheat and barley (e.g. Morgan,
1991; Morgan & Tan, 1996; Teulat et al., 1998,
2001), its direct use in selection seems unworkable.
Although some methods of selection for this trait
have been reported (e.g. Morgan, 2000), there is not
conclusive evidence that crop yields benefit by
increased osmolyte accumulation (Serraj & Sinclair,
2002).

Two surrogates that offer promise for estimating
which genotypes extract more water than others are
canopy temperature depression and discrimination
against the heaviest stable isotope of carbon (*C).

Canopy temperature depression (the magnitude of
the difference between the temperature of the canopy
and that of the air surrounding it) is a candidate
surrogate, as genotypes having lower canopy
temperature at midday have relatively better water
status (Blum et al., 1982; Garrity & O’Toole, 1995).
A positive relationship has been generally found
between canopy temperature depression and yield
for different genotypes (Blum, 1988; Blum et al.,
1990; Reynolds ef al., 1994, 1998; Amani et al.,
1996; Fischer et al., 1998; Reynolds & Pfeiffer,
2000), though sometimes it did not work well (e.g.
Villegas et al., 2000; Royo et al., 2002). Infrared
thermal sensing of canopy temperatures has been
proposed as a tool for easy and rapid screening
(Blum et al., 1982; Reynolds et al., 1998; Araus et
al.,2001), as it can determine the surface temperature
of a field plot within a few seconds (Royo et al.,
2003).

Carbon isotope discrimination (8"*C) is a
promising trait for assessing genetic variation in
water extracted by different genotypes. It measures
the ratio of stable carbon isotopes (*C/'2C) in the
plant dry matter compared to the value of the same
ratio in the atmosphere (Farquhar & Richards, 1984).
d"13C is associated with different attributes of the soil-
plant-atmosphere system, but it is dominated by the
discrimination of Rubisco (ribulose-1,5-

bisphosphate carboxylase/oxygenase) against the
heavier isotope, in turn related to the intracellular
concentration of CO, (C)) relative to that in air (C))
(Farquhar et al., 1982, 1989). This indicates that the
level of *C discrimination by Rubisco would
decrease as leaf internal CO, concentration
decreases, then the value of A correlates negatively
with transpiration efficiency (here considered as the
ratio of net assimilation to transpiration). However
as 8"3C usually also correlates positively with
stomatal conductance associated with transpiration,
813C also reflects the water status of the plant.
Therefore a stronger 6"°C becomes an indirect
indicator of better water status (Araus et al., 2002a,
2003b) and then, under restricted water availability,
of improved ability to access water unreachable for
other genotypes.

Early vigour is a complex trait related to a number
of seedling characteristics (Liang & Richards, 1994;
Lopez-Castaneda & Richards, 1994a; Lopez-
Castafieda et al., 1995) which allows faster ground
coverage, thus increasing the amount of water
actually transpired by the canopy by reducing direct
evaporation. This may be especially relevant in
Mediterranean regions, where rainfall occurs during
early growth stages and evaporation from the
uncovered soil may be important, with vigorous
genotypes yielding more than less vigorous types
(Richards et al., 2002). There is substantial intra-
specific variation in characteristics conferring early
vigour and breeding for them may be successfully
carried out (Rebetzke et al., 1996). Early vigour may
be directly selected for through visual scores of early
differences in ground coverage or through the use
of vegetation indexes that may be calibrated to
estimate the proportion of soil actually covered by
green tissues in a plot (Araus ef al., 2001).

Water use efficiency

Where additional water is not available, higher
WUE based on transpiration efficiency (increasing
the efficiency for producing dry matter per unit of
transpired water) appears to be an alternative strategy
to improve crop yield (Condon et al., 2002; Richards
et al., 2002). This strategy, we think, would only be
preferred over improving water use in regions where
virtually all water attainable by a crop canopy is
actually being used by modern cultivars. To define
this situation may be important as for some attributes
water-saving plants may be those more efficient but
less productive.

High stomata sensitivity is a trait that optimises
the balance between carbon gains and water losses,
by minimising the latter through only allowing gas
interchange under low water vapour deficits.
Alternatively a constitutively (i.e. already expressed
in absence of stress) low stomatal conductance may
also optimise the transpiration efficiency. In this
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context, 8'3C is again a reasonably simple and
reliable measure of WUE for cereals and other C3
plants, but in contrast to the situation with improved
water use, the relationship between yield and 6'3C
is negative (lines producing higher yields due to
superior WUE tend to have lower 8*C; Farquhar &
Richards, 1984; Hubick & Farquhar, 1989; Condon
etal., 1990). Therefore, screening for low 8'*C could
be instrumental in breeding for higher WUE
(Farquhar & Richards, 1984; Farquhar et al., 1989;
Hall et al., 1994) and this has been the criterion used
for producing the first two commercial cereal
(wheat) cvs —Drysdale and Rees— with 6'3C as an
indirect breeding trait (Rebetzke et al., 2002;
Richards et al., 2002; http://www.csiro.au/rees).
However, it remains critical to guarantee that there
are no major genotypic differences in the ability to
use more water in the targeted environments where
selection for lower 6'°C is going to be made. In the
case illustrated for Australia (Rebetzke ef al., 2002)
it has been clear that the advantage of selecting for
lower 8'3C is only expected to take place for the
lowest range of rainfall in their environments, with
no apparent advantages for regions with more than
350 mm of rainfall during the whole season.

Partitioning

Harvest index is the final level of dry matter
partitioning to grains among crop organs. Breeding
has been effective in improving harvest index in
bread wheat (Calderini ez al., 1999), barley (Abeledo
et al., 2002) and other cereals (e.g. Peltonen-Sainio,
1994; Ramdani et al., 2003; Garcia del Moral et al.,
2005). Thus, this trait has already been subjected to
an intense breeding effort in the past, and scope for
further improvement may be more limited. One of
the main attributes modified to increase harvest
index has been plant height, which has been
systematically reduced. In wheat (Slafer et al., 1994;
Calderini et al., 1999), barley and other small-
grained cereals (Abeledo et al., 2002) breeding has
always resulted in shorted-stature culms, at least until
the cultivars reached a plant height optimising yield.
As the relationship between height and yield is
parabolic, reducing height beyond the value
maximising yields will be disadvantageous and most
modern cultivars possess plant heights within the
optimum range (of between 70 and 100 cm; Fischer
& Quail, 1990; Richards, 1992; Miralles & Slafer,
1995; Flintham et al., 1997). It is therefore unlikely
that further increases will be achieved by altering
plant height.

Therefore, although opportunities to improve
harvest index in Mediterranean conditions still
remain, they are not extremely promising. Yield in
these conditions is strongly reduced by the terminal
drought typical of the Mediterranean environments
(drought evolves during crop growth and becomes

severe during grain filling). Thus, phenological traits
increasing the relative amount of water used during
grain filling, or adjusting the crop cycle to the
seasonal pattern of rainfall, may be useful, providing
the advancement of flowering does not increase the
risk of frost damages substantially.

An alternative may be increasing the contribution
of vegetative stem reserves to grain filling to raise
yields under terminal stresses that severely inhibit
actual photosynthesis (otherwise source limitation
is unlikely; Slafer & Savin, 1994; Richards, 1996;
Borras et al., 2004). In these cases, augmenting the
contribution of carbohydrate reserves accumulated
during vegetative growth to grain filling may be
worthwhile for improving harvest index (Loss &
Siddique, 1994). Genetic variation seems large in
both capacity to accumulate reserves in vegetative
organs and in remobilization efficiency (e.g. Lopez-
Castafieda & Richards, 1994b; Richards et al., 2002).

Acknowledgements

This paper originates from an accompanying
measure OPTIMISE (Optimisation Of Water Use By
Plants In TheMediterranean) Contract Number:
ICA3-CT-2002-50005 from European Commission
programme INCO2: INCO-MED. Participation of
GAS in this study was supported by the research
project AGL2003-06978 from the Spanish Ministry
of Science and Technology while that of JLA, CR
and LFGM in this study was supported in part by
the research project AGL2002-04285 from the
Spanish Ministry of Science and Technology and
the European Union project IDuWUE (ICA3-CT-
2002-10028).

References

Abeledo L G, Calderini D F, Slafer G A. 2002. Physiological
changes associated with breeding progress. In Barley Science:
Recent Advances from Molecular Biology to Agronomy of
Yield and Quality, pp. 361-386. Eds G A Slafer, J L Molina-
Cano, R Savin, J L Araus and I Romagosa. New York: Food
Product Press.

Abeledo L G, Calderini D F, Slafer G A. 2003. Genetic
improvement of barley yield potential and its physiological
determinants in Argentina (1944-1998). Euphytica 130:325—
334.

Amani I, Fischer R A, Reynolds M P. 1996. Canopy
temperature depression association with yield of irrigated
spring wheat cultivars in hot climate. Journal of Agronomy
and Crop Science 176:119-129.

Appendino M L, Slafer G A. 2003. Earliness per se and its
dependence upon temperature in diploid wheat lines differing
in the allelic constitution of a major gene (Eps- A™1). Journal
of Agricultural Science, Cambridge 141:149—154.

Araus J L. 1996. Integrative physiological criteria associated
with yield potential. In Increasing Yield Potential in Wheat:
Breaking the Barriers. pp. 150-167. Eds M P Reynolds, S
Rajaram and A McNab. México, DF: CIMMYT.

Araus J L, Casadesus J, Bort J. 2001. Recent tools for the
screening of physiological traits determining yield. In
Application of Physiology in Wheat Breeding, pp. 59-77. Eds



68 GUSTAVO A SLAFER ET AL.

M P Reynolds, J I Ortiz-Monasterio and A McNab. México,
DF: CIMMYT.

Araus J L, Casadesus J, Asbati A, Nachit M M. 2002a. Basis
of the relationship between ash content in the flag leaf and
carbon isotope discrimination in kernels of durum wheat.
Photosynthetica 39:591-596.

Araus J L, Slafer G A, Reynolds M P, Royo C. 20025. Plant
breeding and water relations in C3 cereals: what to breed
for? Annals of Botany 89:925-940.

Araus J L, Bort J, Steduto P, Villegas D, Royo C. 2003a.
Breeding cereals for Mediterranean conditions:
ecophysiological clues for biotechnology application. Annals
of Applied Biology 142:129-141.

Araus J L, Villegas D, Aparicio N, Garcia Del Moral L F, El
Hani S, Rharrabti Y, Ferrio J P, Royo C 20035.
Environmental factors determining carbon isotope
discrimination and yield in durum wheat under Mediterranean
conditions. Crop Science 43:170—180.

Araus J L, Slafer G A, Reynolds M P, Royo C. 2004.
Physiology of yield and adaptation in wheat and barley
breeding. In Physiology and Biotechnology Integration for
Plant Breeding. pp. 1-49. Eds A Blum and H Nguyen. New
York: Marcel Dekker Inc.

Austin R B. 1993. Augmenting yield-based selection. In Plant
Breeding: Principles and Prospects, pp. 391-405. Eds M D
Hayward, N O Bosemark and I Romagosa. London: Chapman
& Hall.

Austin R B. 1999. Yield of wheat in the United Kingdom: recent
advances and prospects. Crop Science 39:1604—-1610.

Bell M A, Fischer R A, Byerlee D, Sayre K. 1995. Genetic
and agronomic contributions to yield gains: A case study for
wheat. Field Crops Research 44:55—65.

Blum A. 1988. Plant Breeding for Stress Environments. Boca
Raton: CRC Press.

Blum A, Mayer J, Golan G. 1982. Infrared thermal sensing of
plant canopies as a screening technique for dehydration
avoidance in wheat. Field Crops Research 5:137-146.

Blum A, Shpiler L, Golan G, Mayer J. 1990. Yield stability
and canopy temperature of wheat genotypes under drought
stress. Field Crops Research 22:289-296.

Borras L, Slafer G A, Otegui M E. 2004. Seed dry weight
response to source-sink manipulations in wheat, maize and
soybean. A quantitative reappraisal. Field Crops Research
86:131-146.

Calderini D F, Slafer G A. 1999. Has yield stability changed
with genetic improvement of wheat yield? Euphytica
107:453-460.

Calderini D F, Reynolds M P, Slafer G A. 1999. Genetic gains
in wheat yield and main physiological changes associated
with them during the 20" century. In Wheat: Ecology and
Physiology of Yield Determination, pp. 351-377. Eds E H
Satorre and G A Slafer. New York: Food Product Press.

Cassman K G. 1999. Ecological intensification of cereal
production systems: yield potential, soil quality, and precision
agriculture. Proceedings of the National Academy of Sciences
US4 96:5952-5959.

Ceccarelli S, Grando S. 1996. Drought as a challenge for the
plant breeder. Plant Growth Regulation 20:149—155.

Chimenti C A, Hall A J. 2002. Osmotic adjustment and yield
maintenance under drought in sunflower. Field Crops
Research 75:235-246.

Condon A G, Farquhar G D, Richards R A. 1990. Genotypic
variation in carbon isotope discrimination and transpiration
efficiency in wheat. Leaf gas exchange and whole plant
studies. Australian Journal of Plant Physiology 17:9-22.

Condon A G, Richards R A, Rebetzke G J, Farquhar G D.
2002. Improving intrinsic water-use efficiency and crop yield.
Crop Science 42:122—-131.

Conway G, Toenniessen G. 1999. Feeding the world in the
twenty-first century. Nature 402, Suppl: C55-58.

Dreccer M F, Schapendonk A H C M, Slafer G A, Rabbinge
R. 2000. Comparative response of wheat and oilseed rape to

nitrogen supply: absorption and utilitarian efficiency of
radiation and nitrogen during the reproductive stages
determining yield. Plant and Soil 220:189-205.

Egli D B. 1998. Seed Biology and the Yield of Grain Crops.
UK: CAB International.

Evans L T. 1993. Crop Evolution, Adaptation and Yield.
Cambridge, UK: Cambridge University Press.

Evans L T, Fischer R A. 1999. Yield potential: its definition,
measurement and significance. Crop Science 39:1544-1551.

Farquhar G D, Richards R A. 1984. Isotopic composition of
plant carbon correlates with water-use-efficiency of wheat
genotypes. Australian Journal of Plant Physiology 11:539—
552.

Farquhar G D, Ball M C, von Caemmerer S, Roksandic Z.
1982. Effects of salinity and humidity on *C value of
halophytes — evidence for diffusional isotope fractionation
determined by the ratio of intracellular/atmospheric partial
pressure of CO, under different environmental conditions.
Oecologia 52:121-124.

Farquhar G D, Ehleringer J R, Hubick K T. 1989. Carbon
isotope discrimination and photosynthesis. Annual Review
of Plant Physiology and Plant Molecular Biology 40:503—
537.

Fischer R A. 1985. Number of kernels in wheat crops and the
influence of solar radiation and temperature. Journal of
Agricultural Science, Cambridge 105:447-461.

Fischer R A. 1993. Irrigated spring wheat and timing and
amount of nitrogen fertilizer. II. Physiology of grain yield
response. Field Crops Research 33:57-80.

Fischer R A, Quail K J. 1990. The effect of major dwarfing
genes on yield potential in spring wheats. Euphytica 46:51—
56.

Fischer R A, Rees D, Sayre K D, Lu Z-M, Condon A G,
Larqué-Saavedra A. 1998. Wheat yield progress associated
with higher stomatal conductance and photosynthetic rate,
and cooler canopies. Crop Science 38:1467-1475.

Flintham J E, Borner A, Worland A J, Gale M D. 1997.
Optimizing wheat grain yield: Effects of Rht (gibberellin-
insensitive) dwarfing genes. Journal of Agricultural Science,
Cambridge 128:11-25.

Frederick J R, Bauer P J. 1999. Physiological and numerical
components of wheat yield. In Wheat: Ecology and
Physiology of Yield Determination, pp. 45-65. Eds E H
Satorre and G A Slafer. New York: Food Product Press.

Garcia del Moral L F, Royo C, Slafer G A. 2005. Genetic
improvement effects on durum wheat yield physiology. In
Durum Wheat Breeding: Current Approaches and Future
Strategies. Eds C Royo, M N Nachit, N Di Fonzo, J L Araus,
W H Pfeiffer, G A Slafer. New York: Food Product Press (In
Press).

Garrity D P, O’Toole J C A. 1995. Selection for reproductive
stage drought avoidance in rice, using infrared thermometry.
Agronomy Journal 87:773-779.

Gonzalez A, Martin I, Ayerbe L. 1999. Barley yield in water
stress conditions. The influence of precocity, osmotic
adjustment and stomatal conductance. Field Crops Research
62:23-34.

Gonzailez F G, Slafer G A, Miralles D F. 2002. Vernalization
and photoperiod responses in wheat reproductive phases.
Field Crops Research 74:183-195.

Gonzalez F G, Slafer G A, Miralles D J. 2003. Grain and floret
number in response to photoperiod during stem elongation
in fully and slightly vernalised wheats. Field Crops Research
81:17-27.

Hall AE, Richards R A, Condon A G, Wright G C, Farquhar
G D. 1994. Carbon isotope discrimination and plant breeding.
Plant Breeding Reviews 12:81-113.

Hay R KM, Ellis R P. 1998. The control of flowering in wheat
and barley: what recent advances in molecular genetics can
reveal. Annals of Botany 82:541-554.

Hubick K T, Farquhar G D. 1989. Carbon isotope
discrimination and the ratio of carbon gained to water lost in



Traits for yield improvement in Mediterranean environments 69

barley cultivars. Plant, Cell and Environment 12:795-804.

Hucl R, Baker R J. 1987. A study of ancestral and modern
Canadian spring wheats. Canadian Journal of Plant Science
67:87-91.

Kernich G C, Halloran G M, Flood R G. 1997. Variation in
duration of pre-anthesis phases of development in barley
(Hordeum vulgare). Australian Journal of Agricultural
Research 48:59-66.

Kjaer B, Jensen J. 1996. Quantitative trait loci for grain yield
and yield components in a cross between a 6-rowed and a 2-
rowed barley. Euphytica 90:39-48.

Liang Y L, Richards R A. 1994. Coleoptile tiller development
is associated with fast early vigour in wheat. Euphytica
80:119-124.

Lopez-Castaiieda C, Richards R A. 19944. Variation in
temperate cereals in rainfed environments. I. Grain yield,
biomass and agronomic characteristics. Field Crops Research
37:51-62.

Lopez-Castaiieda C, Richards R A. 1994b. Variation in
temperate cereals in rainfed environments. II. Phasic
development and growth. Field Crops Research 37:63-75.

Loépez-Castafieda C, Richards R A, Farquhar G D. 1995.
Variation in early vigour between barley and wheat. Crop
Science 35:472-479.

Loss S P, Siddique K H M. 1994. Morphological and
physiological traits associated with wheat yield increases in
Mediterranean environments. Advances in Agronomy 52:229—
276.

Ludlow M M, Muchow R C. 1990. A critical evaluation of
traits for improving crop yield in water-limited environments.
Advances in Agronomy 43:107-153.

Miralles D J, Slafer G A. 1995. Individual grain weight
responses to genetic reduction in culm length in wheat as
affected by source-sink manipulation. Field Crops Research
43:55-66.

Miralles D F, Richards R A, Slafer G A. 2000. Duration of
the stem elongation period influences the number of fertile
florets in wheat and barley. Australian Journal of Plant
Physiology 27:931-940.

Miralles D F, Katz S D, Colloca A, Slafer G A. 1998. Floret
development in near isogenic wheat lines differing in plant
height. Field Crops Research 59:21-30.

Morgan J M. 1983. Osmoregulation as a selection criterion
for drought tolerance in wheat. Australian Journal of
Agricultural Research 34:607-614.

Morgan J M. 1991. A gene controlling differences in
osmoregulation in wheat. Australian Journal of Plant
Physiology 18:248-257.

Morgan J M. 2000. Increases in grain yield of wheat by
breeding for an osmoregulation gene: relationship to water
supply and evaporative demand. Australian Journal of
Agricultural Research 51:971-978.

Morgan J M, Tan M K. 1996. Chromosomal location of a
wheat osmoregulation gene using RFLP analysis. Australian
Journal of Plant Physiology 23:803-806.

Orf J H, Chase K, Adler F R, Mansur L M, Lark K G. 1999.
Genetics of soybean agronomic traits. Il interactions between
yield quantitative trait loci in soybean. Crop Science 39:1652—
1657.

Passioura J B. 1977. Grain yield, harvest index and water use
of wheat. Journal of the Australian Institute for Agricultural
Science 43:117-120.

Passioura J B. 1996. Drought and drought tolerance. Plant
Growth Regulation 20:79-83.

Passioura J B. 2002. Environmental biology and crop
improvement. Functional Plant Biology 29:537-546.

Peltonen-Sainio P. 1994. Productivity of oats: Genetic gains
and associated physiological changes. In Genetic
Improvement of Field Crops, pp. 69—94. Ed. G A Slafer. New
York: Marcel Dekker Inc.

Prystupa P, Savin R, Slafer G A. 2004. Grain number and its
relationship with dry matter, N and P in the spikes at heading

in response to NxP fertilization in barley. Field Crops
Research 90:245-254.

Ramdani A. 2004. /mpact of Spanish and Italian Breeding
Activities on Durum Wheat Yield and Associated
Morphological-Physiological and Quality Traits Throughout
the 20th Century. Ph.D. Thesis, University of Lleida.

Ramdani A, Martos V, Villegas D, Garcia del Moral L F,
Rharrabti Y, Royo C. 2003. Changes on some agronomic
and physiological traits of durum wheat cultivars released in
Italy and Spain throughout the 20" century. In Proceedings
of the 10™ International Wheat Genetics Symposium, pp. 163—
166. Eds N E Pogna, M Romano, E A Pogna and G Salterio.
Roma: SIMIL

Rebetzke G J, Condon A G, Richards R A. 1996. Rapid
screening of leaf conductance in segregating wheat
populations. In Proceedings of the Eighth Assembly of the
Wheat Breeding Society of Australia, pp. 130-134. Eds R A
Richards, C W Wrigley, H M Rawson, J L Davidson and R I
S Brettell. Canberra: Wheat Breeding Society of Australia.

Rebetzke G J, Condon A G, Richards R A, Farquhar G D.
2002. Selection for reduced carbon isotope discrimination
increases aerial biomass and crop yield of rainfed bread wheat.
Crop Science 42:739-745.

Reyna N, Sneller H. 2001. Evaluation of marker-assisted
introgression of yield QTL alleles into adapted soybean. Crop
Science 41:1317-1321.

Reynolds M P, Pfeiffer W H. 2000. Applying physiological
strategies to improve yield potential. Options
Mediterranéennes 40:95-103.

Reynolds M P, Balota M, Delgado M I B, Amani I, Fischer
R A. 1994. Physiological and morphological traits associated
with spring wheat yield under hot, irrigated conditions.
Australian Journal of Plant Physiology 21:717-730.

Reynolds M P, Singh R P, Ibrahim A, Ageeb O A, Larqué-
Saavedra A, Quick J S. 1998. Evaluating physiological traits
to compliment empirical selection for wheat in warm
environments. Euphytica 100:85-94.

Richards R A. 1992. The effect of dwarfing genes in spring
wheat in dry environments I. Agronomic characteristics.
Australian Journal of Agricultural Research 43:517-522.

Richards R A. 1996. Increasing yield potential in wheat - source
and sink limitations. In Increasing Yield Potential in Wheat:
Breaking the Barriers, pp. 134-149. Eds M P Reynolds, S
Rajaram and A McNab. México, DF: CIMMYT.

Richards R A. 2000. Selectable traits to increase crop
photosynthesis and yield of grain crops. Journal of
Experimental Botany 51:447-458.

Richards R A, Condon A C, Rebetzke G J. 2001. Traits to
improve yield in dry environments. In Application of
Physiology in Wheat Breeding, pp. 88—100. Eds M P
Reynolds, J I Ortiz-Monasterio and A McNab. México, DF:
CIMMYT.

Richards R A, Rebetzke G J, Condon A G, van Herwaarden
AF. 2002. Breeding opportunities for increasing the efficiency
of water use and crop yield in temperate cereals. Crop Science
42:111-121.

Romagosa I, Ullrich S E, Han F, Hayes P M. 1996. Use of the
additive main effects and multiplicative interaction model in
QTL mapping for adaptation in barley. Theoretical and
Applied Genetics 93:30-37.

Royo R, Villegas D, Garcia del Moral L F, E1 Hani S, Aparicio
N, Rharrabti Y, Araus J L. 2002. Comparative performance
of carbon isotope discrimination and canopy temperature
depression as predictors of genotype differences in durum
wheat yield in Spain. Australian Journal of Agricultural
Research 53:1-9.

Royo C, Aparicio N, Villegas D, Casadesis J, Monneveux P,
Araus J L. 2003. Usefulness of spectral reflectance indices
as durum wheat yield predictors under contrasting
Mediterranean environments. International Journal of
Remote Sensing 24:4403—44109.

Sadras V O, Connor D J. 1991. Physiological basis of the



70 GUSTAVO A SLAFER ET AL.

response of harvest index to the fraction of water transpired
after anthesis: A simple model to estimate harvest index for
determinate species. Field Crops Research 26:227-239.

Sayre K D, Rajaram S, Fischer R A. 1997. Yield potential
progress in short bread wheats in northwest Mexico. Crop
Science 37:36-42.

Serraj R. Sinclair T R. 2002. Osmolyte accumulation: can it
really help increase crop yield under drought conditions?
Plant, Cell and Environment 25:333-341.

Siddique K HM, Belford R K, Perry M W, Tennant D. 1989a.
Growth, development and light interception of old and
modern wheat cultivars in a Mediterranean environment.
Australian Journal of Agricultural Research 40:473-487.

Siddique K H M, Kirby E J M, Perry M W. 19895. Ear-to-
stem ratio in old and modern wheats; relationship with
improvement in number of grains per ear and yield. Field
Crops Research 21:59-78.

Siddique K HM, Tennant D, Perry M W, Belford R K. 1990.
Water-use and water use efficiency of old and modern wheat
cultivars in a Mediterranean environment. Australian Journal
of Agricultural Research 41:431-447.

Sinclair T R, Purcell L C, Sneller C H. 2004. Crop
transformation and the challenge to increase yield potential.
Trends in Plant Science 9:70-75.

Slafer G A. 1996. Differences in phasic development rate
amongst wheat cultivars independent of responses to
photoperiod and vernalization. A viewpoint of the intrinsic
earliness hypothesis. Journal of Agricultural Science,
Cambridge 126:403—419.

Slafer G A. 2003. Genetic basis of yield as viewed from a crop
physiologist’s perspective. Annals of Applied Biology
142:117-128.

Slafer G A, Andrade F H. 1989. Genetic improvement in bread
wheat (Triticum aestivum) yield in Argentina. Field Crops
Research 21:289-296.

Slafer G A, Andrade F H. 1991. Changes in physiological
attributes of the dry matter economy of bread wheat (7riticum
aestivum) through genetic improvement of grain yield
potential at different regions of the world. A review. Euphytica
58:37-49.

Slafer G A, Andrade F H. 1993. Physiological attributes related
to the generation of grain yield in bread wheat cultivars
released at different eras. Field Crops Research 31:351-367.

Slafer G A, Araus J L. 1998. Improving wheat responses to
abiotic stresses. In Proceedings of the 9" International Wheat
Genetics Symposium, Vol. 1. Ed. A E Slinkard. Saskatoon:
University of Saskatchewan Extension Press.

Slafer G A, Calderini D F. 2005. Importance of breeding for
further improving durum wheat yield. In Durum wheat
breeding: current approaches and future strategies. Eds C
Royo, M N Nachit, N Di Fonzo, J L Araus, W H Pfeiffer and
G A Slafer. New York: The Haworth Press, Inc (In Press).

Slafer G A, Peltonen-Sainio P. 2001. Yield trends of temperate
cereals in high latitude countries from 1940 to 1998.
Agricultural and Food Science in Finland 10:121-131.

Slafer G A, Rawson H M. 1994. Sensitivity of wheat phasic
development to major environmental factors: a re-
examination of some assumptions made by physiologists and
modellers. Australian Journal of Plant Physiology 21:393—
426.

Slafer G A, Rawson H M. 1995. Intrinsic earliness and basic
development rate assessed for their response to temperature
in wheat. Euphytica 83:175-183.

Slafer G A, Savin R. 1994. Source-sink relationship and grain
mass at different positions within the spike in wheat. Field
Crops Research 37:39—49.

Slafer G A, Whitechurch E M. 2001. Manipulating wheat
development to improve adaptation and to search for
alternative opportunities to increase yield potential. In
Application of Physiology in Wheat Breeding, pp. 160—170.
Eds M P Reynolds, J I Ortiz-Monasterio and A McNab.
México, DF: CIMMYT.

Slafer G A, Araus J L, Richards R A. 1999. Promising traits
for future breeding to increase wheat yield. In Wheat: Ecology
and Physiology of Yield Determination. pp. 379—415. Eds E
H Satorre and G A Slafer. New York: Food Product Press.

Slafer G A, Satorre E H, Andrade F H. 1994. Increases in
grain yield in bread wheat from breeding and associated
physiological changes. In Genetic Improvement of Field
Crops, pp. 1-68. Ed. G A Slafer. New York: Marcel Dekker Inc.

Slafer G A, Abeledo L G, Miralles D J, Gonzalez F G,
Whitechurch E M. 2001. Photoperiod sensitivity during stem
elongation as an avenue to rise potential yield in wheat.
Euphytica 119:191-197.

Snape J W. 1996. The contribution of new biotechnologies to
wheat breeding. In Increasing Yield Potential in Wheat:
Breaking the Barriers. pp. 167-180. Eds M P Reynolds, S
Rajaram and A McNab. México, DF: CIMMYT.

Snape J W, Sarma R, Quarrie S A, Fish L, Galiba G, Sutka
J.2001. Mapping genes for flowering time and frost tolerance
in cereals using precise genetic stocks. Euphytica 120:309-315.

Sorrells M E, Wilson W A. 1997. Direct classification and
selection of superior alleles for crop improvement. Crop
Science 37:691-197.

Stuber C W, Polacco M, Lynn Senior M. 1999. Synergy of
empirical breeding, marker-assisted selection, and genomics
to increase crop yield potential. Crop Science 39:1571-1583.

Teulat B, Borries C, This D. 2001. New QTLs identified for
plant water status, water-soluble carbohydrate and osmotic
adjustment in a barley population grown in a growth-chamber
under two water regimes. Theoretical and Applied Genetics
103:161-170.

Teulat B, This D, Khairallah M, Borries C, Ragot C,
Sourdille P, Leroy P, Monneveux P, Charrier A. 1998.
Several QTLs involved in osmotic-adjustment trait variation
in barley (Hordeum vulgare L.). Theoretical and Applied
Genetics 96:688—698.

Thomas W T B. 2003. Prospects for molecular breeding of
barley. Annals of Applied Biology 142:1-12.

Villegas D, Aparicio N, Nachit M M, Araus J L, Royo C A.
2000. Photosynthetic and developmental traits associated with
genotypic differences in durum wheat yield across the
Mediterranean basin. Australian Journal of Agricultural
Research 51:891-901.

Watt M, Kirkegaard J A, Simpfendorfer S, Rebetzke G J,
McCully M E. 2001. Variation in wheat genotypes to no-till
farming — responses to soil biology and structure. In
Proceedings 6th International Society of Root Research
(ISRR) Symposium, pp. 424-425. Nagoya: International
Society of Root Research.

Watt M, McCully, M E, Kirkegaard J A. 2003. Soil strength
and rate of root elongation alter the accumulation of
Pseudomonas spp. and other bacteria in the rhizosphere of
wheat. Functional Plant Biology 30:483—491.

Whitechurch E M, Slafer G A. 2001. Responses to photoperiod
before and after jointing in wheat substitution lines. Euphytica
118:47-51.

Whitechurch E M, Slafer G A. 2002. Contrasting Ppd genes
in wheat affect sensitivity to photoperiod in different phases.
Field Crops Research 73:95-105.

Whitechurch E M, Slafer G A, Miralles D J. 2003. Spike
growth phase: does it exist genetic variation in its duration?
In Proceedings of the International Seminar on Strategies
and Methodology for Wheat Breeding, pp. 305-306. Eds M
M Kohli, M D de Ackermann and M Castro. Colonia,
Uruguay: CIMMYT-Latin America. (in Spanish).

Yin X, Stam P, Dourleijn C J, Kropff M J. 1999. AFLP
mapping of quantitative trait loci for yield-determining
physiological characters in spring barley. Theoretical and
Applied Genetics 99:244-253.

(Revised version accepted 7 December; Received
8 April 2004)



