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Is transpiration efficiency a viable plant trait in breeding
for crop improvement?
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Abstract. Increased transpiration efficiency — commonly the ratio of mass accumulation to transpiration — is often
suggested as a critical opportunity for genetic improvement for increased crop yields in water-limited environments.
However, close inspection of transpiration efficiency (7F) shows that it is a complex term that is explicitly dependent upon
both physiological and environmental variables. Physiological variables include leaf photosynthetic capacity, biochemical
composition of the plant productions and possible hydraulic limitation on water flow in the plant. Environmental variables
include atmospheric CO, concentration and atmospheric vapour pressure deficit. To complicate the resolution of
transpiration efficiency, a weighted integration over the daily cycle and over the dates of interest needs to be resolved.
Consequently, it is concluded that transpiration efficiency is not a variable easily resolved for use in many breeding programs.
Instead, component traits contributing to 7E need to be studied to increase the effective use of available water through the
growing season to ultimately maximise growth and yield of the crop.
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Introduction

Developing crop cultivars for water-limited conditions is often
voiced as a major objective for future crop improvement in both
the popular press and in scientific reviews. ‘More crop per drop’ is
a popular phrase heralding the possibilities for increasing crop
yields when water is limiting. From a historical perspective, the
empirical evidence is that crop yields have increased without any
change in the precipitation received by crops, i.e. more yield per
unit water input. It is appealing to conclude that focussed effort
on the ratio of yield to water use will continue the trend for
increasing this ratio.

Assessment of possibilities for future increases in ‘water use
efficiency’ is critical in understanding possibilities for breeding
for crop improvement. When water use efficiency is defined in
terms of'yield per unit of precipitation, then the many genetic and
environmental factors contributing to yield formation confound
the understanding of plant water use. To narrow the focus to plant
processes, Passioura (1996) suggested the conceptual framework
to define crop yield (Y) as a function of crop harvest index (HI,
ratio of grain mass to total plant mass), the amount of transpired
water (7) and crop transpiration efficiency (7E) defined as the
ratio of accumulated plant mass (M) to water transpired.

Y = HI x T x TE. (1)

Equation 1 has become a critical conceptual reference and is
frequently used to highlight the importance of 7E. A common
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conclusion based on Eqn 1 is that identifying genotypes with
increased TE would result directly in yield increase. As
discussed in this paper, the difficulty is that 7E is not a simple
variable readily amenable to genetic selection as is often assumed.
Indeed, TE is a very complex term dependent both on
physiological traits of the plant and on the environment.

Mechanistic expression of transpiration efficiency

A more complete understanding of the dependence of plant
growth on water use than offered by Eqn 1 is to use the
mechanistic expression for daily crop growth (Gg4) obtained by
rearranging equation 4 given by Sinclair ez al. (1984):

Gy = Tgka/(e*a —€)gs (2)
where Ty is daily transpiration rate, k4 is a mechanistic
coefficient discussed below and (e*, — e)q is a daily

atmospheric vapour pressure deficit weighted for the daily
cycle of transpiration rate. Equation 2 can be integrated over
the growing season and multiplied by HI to get yield so that
the resultant expression has a form equivalent to Eqn 1. In
this case, 7E is replaced with an integral of the more explicitly
defined variables kg/(e*, — €)q.

An explicit definition of TE as k4/(e*, — e)q is also
deceptively simple. Each of these terms is complicated by the
fact that they need to be integrated over the day and then even
more challenging integrated over the growing season (Tanner and
Sinclair 1983). The ky4 term was defined by Tanner and Sinclair
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(1983) and is predominantly a physiological term, although it
has environmental components. The variable (e*, — e)q is the
difference between saturated vapour pressure (e*,) and the
actual vapour pressure (e) of the air weighted for transpiration
rate through the daily cycle. Although (e*,—e)q s often calculated
as a simple arithmetic mean over a day, it must be weighted for
the variation in transpiration through the daily cycle. As a result
(e*, — e)q is highly dependent on the environment and the
physiological behaviour of the plant.

Consequently, the definition of TE as ky/(e*, — e)q illustrates
that 7E is not a simple term dependent on single readily
identifiable traits of plants amenable to genetic improvement.
Without knowledge about both the environment and the
specific physiological traits of the plant, it is difficult to
resolve TE for a cultivar. Consequently, the short answer to
the question of the title of this paper is, ‘No, the dependence
of TE on both environmental and physiological variables may
make it too complex as a readily accessible characteristic for
practical breeding efforts’.

Even though the conclusion is discouraging in regards to
using general approaches to increase 7F, more detailed focus
on the component plant traits that directly impact 7F may allow
targeted phenotyping in contributing to development of desirable
genotypes for water-limited environment. In particular, the above
analysis shows that the component traits determining 7F — k4 and
(e*,—e)q—are traits at a lower biological scale that might prove
useful in resolving traits for breeding. Each of the component
terms defining TE is examined to understand their role in crop
water use and to assess the possibility of applying them in
breeding for crop improvement.

Increase ky?

The variable kq as defined by Tanner and Sinclair (1983) actually
represents a collection of variables:

kg = 1.6abcP,Lp/Lr, (3)

where « is the molecular weight ratio between (CH,0) and CO,,
i.e. 0.68, b is the conversion ratio from hexose to plant biomass,
¢ reflects the CO, partial pressure diffusion gradient between
the interior of the leaf and the external atmosphere, (1 — Ci/C,),
P, is the partial pressure of atmospheric CO, and Lp/Ly is
the ratio of leaf area in direct beam radiation to effective
‘transpiring’ leaf area (~1.4/2.2).

The nominal values of k4 based on Eqn 3 are ~5 Pa for high-
energy Cj crops such as soybean (Glycine max (L.) Merr.), 6 Pa
for low-energy C; crops such as wheat (7riticum asetivum L.) and
9-10 Pa for C,4 crops including maize (Zea mays L.) and sorghum
(Sorghum bicolor L.). The two terms in the definition of &4 that
account for much of the difference among species are b and c.
The conversion of hexose to plant mass, i.e. b, depends directly
on the nature of the plant mass being synthesised. Plant mass
that is composed mainly of carbohydrate, e.g. starch and
cellulose, has a large b value compared with plant mass that is
high in protein and lipid content. Therefore, large differences in
b and consequently k4, exist among species and could exist
among genotypes within a species. The difficulty is the
practical utility in increasing b to increase k4. For vegetative
tissue, the main source of variation in b is protein concentration.
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Decreasing protein concentration of vegetative tissue would
increase b but this would likely result in decreased
photosynthetic capacity of leaves and less stored nitrogen for
eventual transfer to growing grains. Increasing b for grain by
decreasing seed protein and lipid concentration is likely possible
by genetic selection. However, the commercial value of grain is
linked in large part to their composition. Although genotypes of
wheat or soybean could be selected for decreased concentrations
of protein and increased b, the marketplace has economic
penalties for low protein concentration grain. Hence, for most
crops increasing b does not seem to be a realistic target for
genetic alteration.

In comparing species, the major difference in c is that (1 — C;/C,)
is high in species with the C, assimilation pathway as
compared with those with only the C3 pathway. The maximum
value of ¢ for those species dependent only on the C;
photosynthetic pathway is ~0.3. Although those species with
the high CO,-affinity C, pathway have maximal values of ~0.7.
Genetic variation within a species for ¢, i.e. (1 — C;/C,) and the
impact on k4 has been studied in only a few cases. Xin et al. (2009)
measured C;/C, of 25 sorghum lines and found transpiration
efficiency normalised for (e*, — e), i.e. kg and found a very
significant (#2=0.904), negative linear relationship between
the two variables, as predicted by Eqn 3. Similarly, the data
reported by Monneveux et al. (2006) for five cultivars of durum
wheat gave the same highly significant (> =0.99) negative linear
relationship between a measure of k4 and C;/C, for data
obtained from both well-watered and rainfed treatments.

Clearly, if commercial cultivars are not exhibiting near
maximal photosynthetic capacity, there is a major opportunity
to increase ky. Wright et al. (1988) concluded from their study
of eight genotypes of peanut (Arachis hypogea L.) that
differences among genotypes in the ratio of accumulated plant
mass to transpired water were a result of differences in
photosynthetic capacity. Unfortunately, no measurements were
presented that allowed direct comparison of ¢ values. Gilbert
et al. (2011) compared the photosynthetic capacity of soybean
and identified genotypic differences that could have a small but
important impact on k.

A few studies have attempted measurements allowing direct
determination of k4. Zur and Jones (1984) used a canopy
enclosure to measure gas exchange in the field of one
soybean cultivar (Williams) under field conditions. The
estimate of ky was independent of the watering regime and
over 5 days kyq was stable at 4 Pa. In rice (Oryza sativa L.),
Haefele et al. (2009) calculated from regression analysis that over
a diversity of experiments that ky ranged from 1.3 to 5.0Pa.
Hammer et al. (1997) determined k4 for 49 sorghum genotypes
representing a range of genetic backgrounds. Although several
genotypes had very low k4, the average for all genotypes
was 8.5kPa and the highest k4 obtained for any genotype was
9.8 Pa. Significantly, a very close correspondence (»=0.98) was
found between accumulated plant dry mass and transpiration.
Therefore, rice and sorghum genotypes were identified with
inferior values for k4, but none exceeded the range of the
anticipated upper values.

Kemanian et al. (2005) provided an extensive assessment
of the value of ky for barley (Hordeum vulgare L.) and wheat.
Based on their field experiments with barley, they estimated &4
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to be 6.2 Pa in one year and 6.9 Pa in the second year. They
also presented values of k4 calculated for eleven published
studies with barley and wheat. The values of k4 ranged from
2.8 to 7.0 Pa with many of the estimates in the range from 4.2 to
6.0 Pa. In further analysis of the data, Kemanian et al. (2005)
concluded that ky decreased with increasing vapour pressure
deficit. Although this is a possibility, their analysis overlooked
the possibility that the estimate of vapour pressure deficit was
potentially a dynamic variable and the evaluation of (e*, — e)q
may need to be adjusted depending on the environment. This
confounding situation is discussed later in the paper.

Overall, the experimental estimates of maximal values of kq
do not differ greatly from the original estimates by Tanner and
Sinclair (1983). Thatis, no species or genotype has been identified
that greatly exceeds the original estimate for k4. Examination of
the two critical variables defining kg, i.e. b and ¢, does not offer
much encouragement for substantial improvement in k4 predicted
for a species. Considering the commercial restrictions on
increasing b and the likely high values already present in ¢ for
current crop cultivars, in most cases it appear that kg4 is a not a
likely target for major alteration to improve TE. It is anticipated
that any crop that has been subjected to substantial breeding
and selection has already been optimised to a large extent for b
and ¢ for commercial production. Of course, if » and ¢ have not
yet been maximised then there could be major reward in
shifting these variables to higher values and increase k4.

Decrease (e*, — €)4?

In the original derivation by Tanner and Sinclair (1983), they
emphasised that vapour pressure for a season had to be weighted
for the changes in transpiration rate and that an ‘average’ vapour
pressure deficit is likely not appropriate. Although they were
applying this argument for estimating seasonal vapour pressure
deficit, the same logic applies over the daily cycle. For each day,
there may be a challenge in quantifying a weighted vapour
pressure deficit through the daily cycle to obtain (e*, — e)q.
Tanner and Sinclair (1983) suggested the following relationship:

(e*a —e)g = 0.75(*max — €*min), (4)

where e* .« is saturated vapour pressure at daily maximum
temperature and e*;, saturated vapour pressure at daily
minimum temperature. Abbate et al. (2004) examined the
appropriateness of Eqn 4 for environments in Argentina. They
found a slightly different coefficient of 0.72 was optimum for
their conditions.

At first glance, (e*, — e)q appears to be a purely physical
term and would not be subject to genetic manipulation.
However, closer examination of (e*, — e)y indicates that
genetic differences might actually have a large influence on
this term. Since (e*, — e)q is to be weighted for transpiration
rate, if plants regulate transpiration so that transpiration rate
may be restricted under some conditions, then the effective
value of (e*, — e)q is altered. There are at least two plant traits
that result in restricted transpiration under high, midday vapour
pressure deficits both resulting from restricted plant hydraulic
conductance. When hydraulic conductance becomes limiting
to water transport, the plant is unable to meet the transpiration
demand at high vapour pressure deficit and this response results
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in decreased stomata conductance to match transpiration rate
to water flux in the plant. For those plants with limited hydraulic
conductance, even under well-watered conditions the possibility
exists for midday stomata closure under high vapour pressure
deficit resulting in a lowered effective (e*, — e)q. Another trait
responding to limited hydraulic conductance is the expression
of decreased stomata conductance with soil drying. The
combination of limited water flux due to soil and plant
conductance can result in a decrease in transpiration to match
hydraulic flux. The expression of the sensitivity to soil drying
would again be midday stomata closure and a decrease in
effective (e*, — e)q.

The existence of genetic variation in the plant hydraulic
conductance limiting transpiration rate under high vapour
pressure deficit conditions has become apparent in recent
studies. Those genotypes expressing this trait under well-
watered conditions have unrestricted transpiration rates at low
(e*, — e), but above a threshold (e*, — e) exhibited little or no
further increases in transpiration rate (Fig. 1). Genetic variation
for this response has been reported for soybean (Fletcher et al.
2007; Sadok and Sinclair 2009), peanut (Devi et al. 2010),
sorghum (Gholipoor et al. 2010), pearl millet (Pennisetum
glaucum (L.) R.Br.) (Kholova et al. 2010b), chickpea (Cicer
arietinum L.) (Zaman-Allah et al 2011) and maize. The
threshold of (e*, — e) for the initiation of the limitation on
transpiration rate is commonly in the range from 1.6 to
2.4kPa. A consequence of the restriction of transpiration rate
at high (e*, — e) during the daily cycle is that daily weighted
(e*, — e)q is decreased. Hence, those genotypes expressing
this limited-transpiration trait would have increased TF under
well-watered conditions.

The basis for the expression of maximum transpiration rate
has been shown to be linked to limited hydraulic conductance
in soybean (e.g. Sinclair et al. 2008). Sadok and Sinclair (2010)
found differences among soybean genotypes in response of
their leaf transpiration rate when fed silver ions, which are
potential inhibitors of aquaporins. Their suggestion was that
those genotypes exhibiting insensitivity to silver likely had a
different population of aquaporins than other genotypes that
caused them to have a lower hydraulic conductance in the
plant. Carpentieri-Pipolo et al. (2012) tracked the silver-
sensitivity trait in soybean to four quantitative trait loci,
indicating a possibility for readily breeding for the restricted
maximum transpiration trait and hence, an increased 7E.

A negative consideration in applying the maximum-
transpiration trait is that partial decrease in stomatal
conductance also results in elevated leaf temperature and a
limitation on photosynthetic rate. The increase in leaf
temperature as a result of the decreases in stomatal
conductance is likely to be very modest. In an analysis of the
possible influence of decreased stomatal conductance on leaf
temperature as a result of elevated CO, concentration, Allen
(1990) predicted leaf temperature increases of only 2°C or less
in soybean as a result of a 41% decrease in stomatal
conductance. Experimental studies under -elevated CO,
resulted in leaf temperature increases in soybean of no more
than 0.7°C even though stomatal conductance decreased by up
to 50% (Allen ef al. 1998). These results do not indicate that
temperature increase is a major problem as a result of partial
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Fig. 1. Plant transpiration rate response of four genotypes of peanut to changes in atmospheric vapour

pressure deficit. Genotypes ICGS 44 and TMV2 exhibited continually increasing transpiration rates
with increasing vapour pressured deficits while genotypes Kopergagon 3 and PI 259747 exhibited an
essentially constant transpiration rate at high vapour pressure deficit. The two sets of symbols in each graph
represent different sets of data, which were combined in the regression analysis (Devi ef al. 2010).

decreases in stomatal conductance under high vapour pressure
deficit conditions.

However, partial stomata closure will clearly result in
decreased growth potential. This problem can be offset by the
benefit of limited transpiration rate, especially early in the
growing season, resulting in soil water conservation that can
contribute to crop development and growth during late-season
dry periods. Simulation studies with sorghum in Australia
(Sinclair et al. 2005) and soybean in USA (Sinclair et al.
2010) have indicated that the dual benefit of decreased
effective (e*, — e)q and conserved soil water could result in
yield gains in 75-85% of the growing seasons for each of
these two crops.

Another possibility for increasing midday stomata closure
and hence, decreased (e*, — e)q, is altered sensitivity of plants
to soil drying. Assuming that the initial response to soil drying
is a decrease in midday stomata conductance as water deficit
develops in the plant, the value of (¢*, — )4 would be decreased.
Hence, those genotypes that are more sensitive to soil drying by
initiating decreased stomatal conductance at higher soil water
content have the possibility of exhibiting a lower (e*, — e)4
and increased TE. Sensitivity of plants to soil drying can be
expressed as a function of the fraction of transpirable soil water
(FTSW) remaining in the soil (Fig. 2). Commonly, limitations
on transpiration rate develop when FTSW decreases to roughly
one third (Sadras and Milroy 1996). However, genetic variability
has been observed for this trait in soybean (Hufstetler et al.
2007), pearl millet (Kholova et al. 2010a), chickpea (Zaman-
Allah et al. 2011), sorghum (Gholipoor et al. 2012) and maize.
For example in peanut, Devi ef al. (2009) found in a comparison
of 19 genotypes that the FTSW threshold for the decrease in

transpiration rate with soil drying ranged from 0.22 to 0.71
(Fig. 2). Further, they found that TE when the plants were
subjected to soil drying was higher for those genotypes with
the higher FTSW thresholds.

Early stomatal closure with soil drying also has the major
benefit of conserving soil water as the crop is entering drought.
Decreases in stomata conductance at high soil water contents
allow initiation of water conservation at an earlier stage in soil
drying. As a result, the imposition of severe water deficit stress
on the plant is delayed. Simulations models with maize
(Sinclair and Muchow 2001) and soybean (Sinclair et al.
2010) have shown this to be a beneficial trait. The combined
benefit of water conservation and increased TE because of
early decreases in stomata conductance was simulated in
soybean to result in a yield increase in more than 80% of the
growing seasons in most regions of the USA.

Further, the early decrease in stomatal conductance with soil
drying is the opposite response proposed for osmotic
adjustment in leaves. If osmotic adjustment sustains gas
exchange to lower soil water content, then the crop is at risk of
severe drought damage before it again receives water. Indeed,
the simulations studies by Sinclair and Muchow (2001) and
Sinclair et al. (2010) have shown yield loss because of the
proposed osmotic adjustment response.

Approaches to identify TE traits

Above, the specific traits leading to increased 7E have been
identified. A major challenge now is to identify genetic variation
within a species for these traits that can them be exploited in
breeding programs. Consequently, rather simple methods
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Normalised plant transpiration rate response of four genotypes of peanut to changes in soil fraction of

transpirable soil water (FTSW). The response is represented by an exponential function (solid line) and a two-
segment linear regression (dashed line) (Devi ef al. 2009). Among these four genotypes the threshold for the
decreased in transpiration based on the linear regression ranged from 0.62 for TAG 24 to 0.22 for ICGV 86388.

for phenotyping for these specific are needed to allow screening of
large numbers of genotypes. Here, extant techniques that have
been applied in the search for genetic variation in TF are reviewed.

A"Pc

Farquhar et al. (1982) derived an expression for determining
the isotope discrimination in photosynthesis of '*CO,. The
discrimination 8'°C reflected a linear dependence on the ratio
of 1*Cy/'*C, The empirical relationship found by Farquhar and
Richards (1984) for wheat was,

ABC = 4.4+ 226"C;/RC,. (5)

Hence, A'*C is intimately linked to the key variable c in the
definition of the variable k4 influencing TE. Low values of
3¢/ C, resulting in low values of A'>C would result in high
¢ and hence, high TE.

A positive correlation between A3C and *Cy"3C, has been
reported in comparing genotypes grown in greenhouses for
peanut (+*=0.64, Hubick et al. 1988) and wheat (*=0.61,
Condon et al. 1990). However, such a relationship has not
always been reported. In a comparison of eight cultivars of
wheat grown in the field under irrigated conditions, Morgan
et al. (1993) found a positive relationship (+*=0.69) in one
growing season and a negative relationship (+*=0.62) in a
second growing season. Monneveux et al. (2006) found no
correlation between A'*C and C;/C, in a comparison of five
durum wheat cultivars grown in the field under irrigated
conditions in Montpellier, France, even though there was
genetic variation in C;/C,. Similarly, in a comparison of four

hard red winter wheat (Arapahoe, Cheyenne, Karl 92 and Scout
66) grown in the field at Lincoln, Nebraska, Xue et al. (2002)
failed to find a correlation between A'’C and measured in
one year and A"*C in the second year.

Variability of A'*C under field conditions appears to place a
limitation on the use of the carbon discrimination technique in
some environments. For example, Hall ef al. (1994) compared
the relative ranking of A'3C obtained for cowpea (Vigna
unguiculata L. Walp.) cultivars grown in four divergent
locations. They found no correlation in genetic ranking of
ABC among locations. Condon ef al. (1990) found no
correlation for A'>C measured in the greenhouse and in the
field for 16 wheat genotypes. It appears that weather
variability in the field, especially in non-arid locations, results
in variability in '*Cy/">C, over time that introduces variability
in A3C. Certainly such factors as water-deficit and vapour
pressure deficit as discussed above can result in decreased
stomatal conductance limiting CO, flux.

Despite the potential limitations of the A'>C technique under
field conditions, it has been successfully applied in Australia to
develop higher yielding wheat cultivars for dryland conditions.
Rebetzke et al. (2002) described screening of plants in the
greenhouse under well-watered conditions for low A'*C. Field
tests of superior A'*C lines from the breeding program and
selection based on A'*C measurements and yield resulted in
the selection of a genotype that had an average yield increase
of ~11%, i.e. 0.11 tha ' at average dryland yields of 1 tha™'. At
greater yield levels, the percentage advantage decreased linearly.
The cultivar ‘Drysdale’ developed in this study has been
released for production in dryland areas.
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TE based on pot studies

A common approach is to grow plants in pots and track their water
use and vegetative growth over a period of time. These studies
are commonly conducted under controlled environments. One
attempt to better represent field conditions is a system set up at
ICRISAT, Hydrabad, India in which large pots (0.2m
diameter x 1.2m tall) are placed in trenches outdoors (Vadez
et al. 2008). Polyethylene beads are put on the soil surface to
greatly restrict water loss by water evapouration from the soil
surface. A rain shelter is moved over the plants in the event of
rain. The pots are weighed periodically to calculate transpiration
rates over short time intervals. Plant harvests at the beginning
and end of the interval of interest gives the increase in mass.
Accumulated plant mass divided by total transpiration is defined
as TE.

Certainly, these pot experiments offer direct measures of
variation in TE. However, the challenge remains to apply these
results in a breeding effort. As the preceding discussions have
indicated, 7F is a consequence of both several physiological traits
and the environment. Hence, the TE measured in pot studies is not
a genetic trait per se, so accurate extrapolation of pot results
depends on several variables. The conditions for expression of
high TE in one situation may result in low 7F in another
environment. To breed for increased TE, it is likely necessary
to examine a specific trait and use variability of the specific trait in
the breeding program. Selection of genotypes for high TE under
well defined or measured environmental conditions can be
employed as a very useful initial screen of a large number of
genotypes. However, those selected lines need to be studied
further to document the specific trait leading to increased TE
under the test conditions.

Comparisons of pot 7E among genotypes if the soil water is
allowed to dry is even more challenging because of possible
genetic differences in the threshold where stomatal conductance
declines in response to drying soil. If no other potentially
confounding factor is involved, 7E on drying soil is likely to
be greater for the genotype with a higher FTSW threshold for
decrease in transpiration rate. For example, little variation in 7E in
peanut has been found when grown under well-watered
conditions, but large genetic variation has been identified
when plants were subjected to water-deficit treatments (Wright
etal. 1994; Devi et al. 2009). Indeed, Devi et al. (2009) found, as
hypothesised, that increased TE was associated with a high
threshold for the decrease in transpiration with soil drying.

The duration of the time in which the plant is exposed to the
drying soil is also important. If the pots are taken to terminal
drought then presumably the genotypes having a high threshold
will be delayed in reaching the end point. Assuming the
environment for the genotypes with the longer drought period
is unchanged, the additional days of low stomatal conductance
will result in increased TE. If the experiment is not taken to
terminal drought, then the results are very difficult to resolve
because the severity of drought and its influence on TFE differs
among the genotypes.

Field benefit of increased TE

The above discussion indicates that options do, in fact, exist for
increasing TE assuming the breeding is focussed on component
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traits. The difficulty is that these options do not offer opportunities
for dramatic increases in 7TE with the exception of
improvements in species with particularly poor intrinsic
photosynthetic capacity. The conclusion that there are limited
chances to increase 7F in a practical situation is consistent with
historical evidence. DeWit (1958) analysed the relationship
between growth and transpiration normalised for pan
evaporation using data collected across North America and
Europe beginning in the early 20th century. He found that
within in a species, regardless of genotype, soil, watering
regime and fertility conditions there was a common 7F among
all the results.

Although the analysis presented here indicates that
improvement in 7E is possible, the impact for increasing crop
yield is limited. Indeed, this analysis supports the original
conclusion by DeWit (1958) that a close relation between
growth and transpiration should be commonly expected.
Although some improvements of 7F can be made for some
crops under certain conditions, the complexity of the traits
contributing to 7E does not make TE a strong candidate as a
breeding objective for increasing crop yield under water-limited
conditions.

Moreover, Blum (2009) made the argument that 7E is only a
concern under water-limited conditions and in that the real
challenge is to increase the effective use of water for
transpiration when water is limiting. In this view then, specific
traits that enhance the effective use of water become critical.
In actuality, the two water-conservation traits discussed above,
i.e. increased sensitivity in stomata conductance to vapour
pressure deficit and in soil drying, both contribute to
increasing effective use of water. Although these traits
enhance 7E, their contributions to soil water conservation may
be more important, allowing plants to remain physiologically
active longer following the onset of soil water-deficit
conditions. Overall, breeding efforts may be more rewarded by
examining specific traits that are likely to allow crops to
be effective in use of water than attempts to resolve increases
in TE.
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