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Abstract: 

Carbon isotope discrimination (∆) is a surrogate measure of transpiration efficiency or water use efficiency.  
It has been proposed as an indirect selection method to improve the grain yield of cereals growing in water 
limited Mediterranean environments.  In this study, ∆ was measured on the grain of two-row barley grown in 
Western Australia.  Genotypic variation in ∆ was measured on barley lines from various countries of origin 
and when sown at a range of seeding dates, soil types and locations.  ∆ was then related to the grain yield of 
barley grown in field plots where the barley lines either had the same genetic background (VB9104/Dash and 
Mundah/Sloop mapping populations) or different genetic backgrounds (ie Stirling, Schooner, Harrington, 
Gairdner, Flagship).  Significant genotypic variation in ∆ was measured.  Genotypic variation of up to 2.6 ‰ 
was measured at individual sites in lines of both similar and different genetic backgrounds.  In lines that 
could be commercially grown in Western Australia, genotypic differences of up to 2 ‰ were measured.  
Phenotypic differences due to date of seeding were up to 2 ‰ at a site, soil type up to 0.6 ‰ at the same 
location and across site variation up to 4 ‰. 
 
Despite the presence of genotypic variation, no strong relationships were noted between ∆ and the grain 
yield of barley lines grown at the same site with either a similar genetic or differing genetic background.  
Whilst sites with a higher grain yield potential had higher ∆ values than sites with a lower grain yield, 
selection for barley lines with a high transpiration efficiency is not likely to result in large yield gains in the 
Western Australian environment where barley is predominantly grown on within season rainfall.  Selection 
for improved stem stored carbohydrates may result in the development of more robust barley cultivars for 
this environment. 
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Introduction: 

Increasing the water use efficiency of cereals is seen as a key factor to improving the grain yield potential in 
water-limited, Mediterranean type environments (5,10).  Western Australia is an example of such a water 
limited environment (7).   
 
Transpiration efficiency or yield per unit of water transpired is an important feature of water use efficiency, 
especially in environments where stored soil moisture is a major component of crop water use.  Transpiration 
efficiency can be assessed by measuring carbon isotope discrimination (∆).  ∆ is a measure of the ratio of 
stable isotopes of carbon (13C/12C) in plant material relative to their ratio in the air.  ∆ is recognised as a good 
measure of intrinsic water use efficiency and has been proposed as an indirect selection trait for cereals in 
water-limited environments (1, 4, 13, 14, 15, 20).   
 
Positive correlations between ∆ and grain yield in wheat have been demonstrated in wheat grown in 
Australia (5, 15).  These studies have resulted in a breeding program releasing wheat cultivars with improved 
levels of water use efficiency and higher grain yield in low rainfall years or environments (16, 17).   
 
A number of overseas studies (Spain, France, Germany and Syria) have shown positive correlations between 
∆ and grain yield in barley (1, 6, 8, 9, 18, 19, 20), but there have been no published studies with barley in 
Australia.  The question is, is their potential to exploit the use of ∆ to improve the yield of barley in low 
rainfall environments in Western Australia or even Australia? 
 
The aim of this paper was to assess the genotypic variation in ∆ in Australian and overseas two-row barley 
lines and determine whether or not there was any relationship between ∆ and the grain yield of two-row 
barley grown in field plots in Western Australia. 



Methods: 

Research trials in Western Australia 
Genotypic variation in carbon isotope discrimination (∆) was evaluated on 92 two-row barley lines (number 
in parentheses is number from each origin) from Australia (49), Canada (4), China (12), Europe (3), Japan 
(6), Mexico (5), South America (3), South Africa (3) and USA (4).  The lines chosen for this study from 
international origins vary in their grain plumpness.  Hill plots were sown at Northam, Western Australia on 
19th May 2003, sowing 10 seeds per hill plot in 2 replicates with 50 cm spacing between hill plots.  Plots 
were evaluated for duration to awn emergence (Z49, awns 1 cm emerged from boot) and harvested after 
physiological maturity and measured for average grain weight (mg, db) and carbon isotope analysis (‰).  
Duration to Z49 is presented relative to the duration to Z49 of the cultivar Stirling. 
 
Twenty two-row lines (Baudin, Cowabbie, Flagship, Franklin, Gairdner, Hamelin, Harrington, Milby, 
Mundah, Onslow, Sloop, Stirling, Unicorn, VB0021, VB0105, WABAR2109, WABAR2147, WABAR2175, 
WI3396, WI3586-1747) were sown in hill plots next door to the genotypic screening trial at five dates of 
seeding in 2 replicates with 50 cm spacing between hill plots.  The plots were sown on 22nd April, 5th May, 
19th May, 10th June and 1st July.  Plots were evaluated for duration to awn emergence and harvested after 
physiological maturity for carbon isotope analysis. 
 
The VB9104/Dash national molecular marker mapping population of 177 lines was sown at 2 locations in 
2001 (Kendenup and Esperance) and 2 locations in 2002 (Kendenup and Katanning) (11).  They were sown 
in single replicate, randomised designs with parental cultivars as duplicate random controls.  An additional 
nine duplicate controls were also sown at each site.  Each line was planted in a 5 m long by 5 row wide plot 
with a precision seeder.  The middle 3 m of each plot were harvested with an experimental harvester and 
weighed for grain yield determination.  The whole plot sample was retained for physical grain quality and 
carbon isotope analysis. 
 
The Mundah/Sloop molecular marker mapping population of 64 lines was sown at 1 location in 2002 
(Wongan Hills).  They were sown in a single replicate, randomised design with parental cultivars as 
quadruple random controls.  An additional six duplicate controls were also sown at each site.  Each line was 
planted in a 5 m long by 5 row wide plot with a precision seeder.  The middle 3 m of each plot were 
harvested with an experimental harvester and weighed for grain yield determination.  The whole plot sample 
was retained for physical grain quality and carbon isotope analysis. 
 
In 2003, 62 two-row barley lines were sown at 3 locations around Western Australia.  They were sown on 
the 30th May (Wilgoyne), 3rd June (Merredin) and 4th June (Lake King).  Each line was planted in a 5 m long 
by 5 row wide plot with a precision seeder. Plots were evaluated for duration to awn emergence.  The middle 
3 m of each plot were harvested with an experimental harvester and weighed for grain yield determination.  
The whole plot sample was retained for physical grain quality and carbon isotope analysis. 
 
In 2004, 13 two-row barley lines (Baudin, Cowabbie, Flagship, Gairdner, Hamelin, Schooner, Stirling, 
VB0021, VB0105, WABAR2175, WI3416-1572, WI3586-1747) were sown at 6 locations around Western 
Australia (Calingiri, Cadoux, Brookton, Corrigin, Arthur River and Badgebup).  Each un-named line was 
being considered for potential release as a malting barley at the time of evaluation.  At each location trials 
were sown on two different soil types at two dates of seeding usually three weeks apart.  Seeding dates were: 
Calingiri – 27th May and 17th June; Cadoux – 27th May and 16th June; Brookton – 3rd June and 23rd June; 
Corrigin – 3rd June and 23rd June; Arthur River – 27th May and 15th June; and Badgebup – 9th June and 22nd 
June.  Each line was sown in a 20 m long by 8 row wide plot on 18 cm row spacing with a small plot air-
seeder.  The whole plot were harvested with an experimental harvester and weighed for grain yield 
determination. A sub-sample of the plot was retained for physical grain quality and carbon isotope analysis. 
 
Carbon isotope analysis 
The harvested samples from all trials were cleaned and de-awned through a Pfeuffer Sample Cleaner Model 
SLN3 with a 1.5mm cleaning screen.  Average grain weight was determined on a 1000 grain sample that had 
been oven dried for 3 days at 60oC.  After cleaning, sub-samples for carbon isotope analysis were oven dried 
for 3 days at 60oC and ground to a fine powder in a Foss Cyclotec 1093 mill with a 0.4mm mesh sieve.  
13C/12C ratios were determined by mass spectrometry at the Australian National University, Canberra, 
Australia.  Results were expressed as δ13C values, where  



 
δ13C(‰) = [(Rsample/Rstandard)-1] x 1000 

 
and R is the 13C/12C ratio.  δ13C is stated relative to the standard V-PBD, which is a synthetic carbonate 
matching the isotopic composition of the original belemnites from the Pee Dee formation.  Carbon isotope 
discrimination (∆) was then calculated as 
 
 ∆ (‰) = (δair – δgrain) / (1 + δgrain) 
 
where the value of δ13C for the air was assumed to be –7.60 ‰. 
 
Table 1. Genotypic variation for duration to awn emergence (Z49 relative to Stirling), average grain 
weight (mg, db) and carbon isotope discrimination (‰) for barley lines separated on country of origin. 

Country of origin Number of lines Average days to Z49 
relative to Stirling 

Average grain weight 
(mg, db) 

Average carbon isotope 
discrimination (‰) 

Australia 49 +8 41.0 16.94 
Non-Australian 43 +4 41.4 17.13 

Canada 4 +8 41.3 16.87 
China 12 +7 39.6 17.06 
Europe 6 +12 38.0 17.10 
Japan 6 -8 43.4 17.46 

Mexico 5 -5 40.9 17.38 
South America 3 +7 45.7 16.79 
South Africa 3 +5 46.0 17.29 

USA 4 +2 42.6 16.99 
 
Results and Discussion: 

Genotypic variation in carbon isotope discrimination 
A broad range of carbon isotope discrimination (∆) values were recorded for the 92 two-row barley lines of 
various countries of origin when grown at Northam, Western Australia (Table 1). The ∆ range was 2.1 ‰ 
and varied from 15.8 ‰ to 17.9 ‰, with an average value of 17.0 ± 0.1 ‰.  The lowest values for ∆ were 
found with Stirling, Schooner and WADH11805 (Chariot x long seasoned crossbred) and the highest values 
in Haruna Nijo, Nasu Nijo and Scarlett.  In general there was little effect of country of origin on ∆ values, 
although the Japanese and Mexican material assessed were generally earlier flowering and had a higher 
average ∆ than other origins.   
 
Lines flowering at least 5 days earlier than Stirling had higher average grain weights and the highest ∆ values 
(Table 2), but in general there was no correlation between average grain weight or flowering date and ∆.  
Other studies with barley have also suggested that higher ∆ lines may flower earlier than lower ∆ lines (1, 6) 
and this may influence relationships between ∆ and grain yield in some environments.  In the study of 
Acevedo (1), a relationship between ∆ and grain yield was found even when there was little variation in 
flowering date. 
 
Table 2. Genotypic variation for duration to awn emergence (Z49), average grain weight (mg, db) and 
carbon isotope discrimination (‰) for barley lines separated on duration to awn emergence (Z49). 

Flowering date group 
relative to Stirling 

Number of lines Average days to Z49 
relative to Stirling 

Average grain weight 
(mg, db) 

Average carbon isotope 
discrimination (‰) 

≥ -5 days earlier 10 -11 44.2 17.48 
-4 to +4 days 31 +1 41.8 17.04 
≥ +5 days later 51 +12 40.2 16.93 

 
For the 20 barley lines sown at 5 dates of seeding, the genotypic range in ∆ varied between 1.2 ‰ to 2.0 ‰ 
(Table 3).  Baudin and Cowabbie consistently had higher ∆ values than Stirling and Franklin (Figure 1) and 
∆ was not correlated to flowering date.  Even within lines adapted to Western Australia, there was still some 
variation in ∆, but it was less than that achieved when lines from different countries of origin were included 
(up to 2.0 ‰ versus up to 2.6 ‰).  The ∆ values measured as seeding was delayed match a typical time of 
sowing grain yield response observed in Western Australia where the earliest sown crop is not always the 



highest yielding due to the effects of frost, disease and inadequate growth (2).  In the hill plot trial, ∆ rose 
from 16.6 ‰ to 17.4 ‰ from the first to the second date of seeding before falling to 15.5 ‰ at the last.  
There was little change in the variance with changes in seeding date.  The change in ∆ was in the order of 2 
‰ just due to seeding date. 

Figure 1. PCA analysis ranking carbon isotope 
discrimination values (∆) recorded for 20 
barley lines when sown at 5 dates of seeding. 

 

 

Table 3. Carbon isotope discrimination values (‰) 
for 20 barley lines sown at five dates of seeding. 

 22 April 5 May 19 May 10 June 1 July 
Min 15.89 16.51 16.35 15.59 14.65 
Max 17.42 17.90 17.56 17.54 16.30 

Average 16.58 17.38 16.94 16.29 15.54 
s.e. 0.08 0.08 0.09 0.12 0.09 

Range 1.53 1.39 1.21 1.95 1.65 
 
 
 
 
 
 
 
 

In 2004, thirteen barley lines being considered for release or currently released in Western Australia were 
sown across 6 locations at two dates of seeding and on two soil types at each location.  The genotypic 
variation in ∆ across those 13 lines ranged between 0.4 ‰ to 1.7 ‰, with an average variation of 0.8 ‰ 
across sites, soil types and dates of seeding.  Schooner consistently had the lowest ∆ values at both dates of 
seeding whilst Baudin, Cowabbie and VB0021 had the highest ∆ values (Figure 2).  ∆ was not correlated to 
flowering date.  As observed at Northam in 2003 (Figure 1), VB0105 had low ∆ values (Figure 2), but was 
one of the highest yielding lines in this set of elite barley lines (data not shown).  At these locations a three 
week delay in seeding date reduced grain yield by just over 500 kg/ha and decreased ∆ by 0.6 ‰.  The 
average difference in grain yield from changing soil type in the same paddock was 800 kg/ha with a change 
in ∆ of 0.6 ‰.  The site variation in ∆ was close to 4 ‰ at both the first and the second seeding opportunity. 

 
Figure 2. PCA analysis ranking carbon isotope discrimination values (∆) recorded for 13 barley lines 
when sown at 6 locations on 2 soil types in the same paddock in 2004 at a) TOS1 and b) TOS2. 
 
Carbon isotope and grain yield of lines with the same genetic background 
Two mapping populations were evaluated for a relationship between ∆ and grain yield with the view of 
developing molecular markers for water use efficiency.  Paynter et al. (11) found quantitative trait loci for 
grain yield on chromosome 5H and to a lesser extent on chromosome 6H of the VB9104/Dash mapping 
population.  Numerous QTLs were common to several locations.  The marker Bmag0337 on chromosome 5H 
was highly associated with grain yield.  
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Figure 3. Relationship between carbon isotope discrimination (‰) and grain yield (kg/ha) of 177 lines 
of the VB9104/Dash mapping population when sown at a) Kendenup in 2001, b) Esperance in 2001, c) 
Kendenup in 2002 and d) Katanning in 2002. 

In the VB9104/Dash mapping population, no relationship between ∆ and grain yield was observed at any of 
the four sites at which the population was grown out despite the variation in ∆ and grain yield observed 
(Figure 3). The genotypic variation in ∆ ranged between 2.1 ‰ to 2.6 ‰, whilst the grain yield variation 
ranged from 867 kg/ha to 1,719 kg/ha.  A combined site analysis however demonstrated that higher grain 
yields were associated with higher ∆ values (Figure 4).  Like with the VB9104/Dash study, a single site 
analysis found no relationship between ∆ and grain yield in the Mundah/Sloop population (Figure 5).  The 
genotypic variation in this population however was much smaller than that of the VB9104/Dash population 
and was 1.3 ‰ and 408 kg/ha.  These results suggest that a useful marker would not be developed for 
transpiration efficiency from those two mapping populations for use in a breeding program. 
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Figure 4. Relationship between carbon isotope 
discrimination (‰) and grain yield (kg/ha) of 
177 lines of the VB9104/Dash mapping 
population across all four locations. 
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Figure 5. Relationship between carbon isotope 
discrimination (‰) and grain yield (kg/ha) of 
64 lines of the Mundah/Sloop mapping 
population sown at Wongan Hills in 2002. 

 



Carbon isotope and grain yield of lines with different genetic backgrounds 
Sixty two of the ninety two lines of barley sown in the hill plot trial at Northam in 2003 were sown in field 
plots at three locations in 2003 and harvested for grain yield.  The lines dropped included lines from China, 
Australia, Europe and Japan lines.  The range of country of origins were (numbers in parentheses indicate 
number of lines) Australia (41), Canada (3), Europe (3), Japan (1), Mexico (4), South America (3), South 
Africa (2) and USA (4).  Despite the variation in ∆ and grain yield, no relationship between those parameters 
was observed at a single site (Figure 6).  The variation in ∆ ranged between 1.3 ‰ to 1.7 ‰ and grain yield 
from 1,452 kg/ha to 2,126 kg/ha.  Unlike the genotypic study in Table 2, there was no relationship between 
flowering date and ∆ values recorded (Table 4).  When the sites were combined there was a weak 
relationship suggesting that high ∆ was associated with higher grain yields across sites (Figure 6). 
 
Table 4. Genotypic variation for duration to awn emergence (Z49), grain yield (kg/ha) and carbon 
isotope discrimination (‰) for barley lines separated on duration to awn emergence relative to Stirling 
at three locations. 

Flowering date group 
relative to Stirling 

Number 
of lines 

Average 
no. days

Grain yield 
(kg/ha) 

Carbon isotope discrimination  
(‰) 

   Merredin Lake King Wilgoyne Merredin Lake King Wilgoyne 
≥ -4 days 5 -6 2,668 2,575 2,089 16.29 16.23 15.43 

.-3 to +3 days 19 +2 2,773 2,696 2,106 16.20 16.41 15.47 
≥ +4 days 38 +10 2,617 2,846 2,096 16.16 16.36 15.59 
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Figure 6. Relationship between carbon isotope discrimination (‰) and grain yield (kg/ha) of 62 barley 
lines when sown in 2003 at a) Merredin, b) Lake King, c) Wilgoyne and d) across all three sites. 

Thirteen barley lines were sown across 6 locations at two dates of seeding and on two soil types at each 
location.  Like with the data presented in Figures 3, 5 and 6, there was no relationship between ∆ and grain 
yield despite the variation in ∆ of the lines sown (Figures 2 and 7).  Only one relationship between ∆ and 
grain yield had a r2 above 0.25 and that was at Calingiri on the second soil type in that paddock.  On that soil 
type the r2 was close to 0.40 for both dates of seeding.  As with the VB9104/Dash mapping population and 
the 62 lines sown in the eastern wheatbelt, high grain yield across sites was generally associated with high ∆ 
values and lower grain yields with lower ∆ values (Figure 8).  
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Figure 7. Relationship between carbon isotope discrimination (‰) and grain yield (kg/ha) of 13 barley 
lines when sown in 2004 at six locations at a) TOS1, b) TOS1 on a different soil in the same paddock, 
c) TOS2 and d) TOS2 on a different soil type in the same paddock. 

Conclusions: 

Despite finding genotypic variation in the expression of carbon isotope discrimination (∆), no relationship 
was observed between ∆ and grain yield in studies with either lines of similar genetic background or lines 
with different genetic background.  Condon et al. (5) found that the effect of improving transpiration 
efficiency in wheat through selection for ∆ was larger in eastern Australia than it was in western Australia.  
The lack of effect in this environment is most likely related to the fact that genetic improvements in 
transpiration efficiency are most effective where the crop is growing on stored soil moisture.  In Western 
Australia, crops grow almost entirely on moisture received during the grain filling period (7).  This would 
also explain why positive correlations have been found in other Mediterranean type environments like Spain, 
where stored soil moisture is critical to the success of the majority of their cropping programs. 
 
The lack of correlation between ∆ and grain yield suggests that selection for improved transpiration 
efficiency is unlikely to result in significant yield improvements in breeding barley for Western Australia.  
As with wheat however, barley cultivars with improved transpiration efficiency may do well in environments 
that rely on stored soil moisture for crop production such as Queensland and New South Wales.   
 
Selection for improvement in the storage of water soluble carbohydrates is one physiological based breeding 
method that may have a greater impact on the ability of cultivars to produce reliable grain yields in years of 
lower rainfall in Western Australia.  Work with wheat in Western Australia has already demonstrated that 
stem stored carbohydrates are an important physiological trait for yield improvement in wheat whether 
growing under terminal drought or well-watered conditions (3).  That is, in water supply conditions most 
likely to be experienced in Western Australia.  Research is currently being conducted by the Department of 
Agriculture and Food (Western Australia) to develop wheat breeding lines with improved levels of stem 
stored carbohydrates (Tim Setter, pers. comm.).  Once this technology has been proven, opportunities will 
then exist to exploit genetic variation that exists in stem stored carbohydrates in barley.  Paynter and Young 



(12) have already shown that genotypic variation exists and that there is a correlation with the grain yield of 
barley grown in Western Australia. 
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Figure 8. Combined site relationship between carbon isotope discrimination (‰) and grain yield 
(kg/ha) of 13 barley lines when sown in 2004 at six locations at a) TOS1 and b) TOS2. 
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