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Abstract 
Experiments on a limed site show that levels of soil Al that commonly occur in Western Australia can 
suppress canola yields by more than 50%, similar to the level of suppression of an Al sensitive wheat 
genotype. We observed significant genotype by lime interactions in yield in three seasons, indicating genetic 
variation in Al tolerance, however cultivar rankings for tolerance varied from season to season. We also 
observed large growth reductions in the presence of soil Al in the glasshouse, and highly significant 
genotype by lime interactions, but again cultivar rankings varied from those in the field. This raises a number 
of questions: what criteria should we use to judge Al tolerance, how does environment interact with Al 
tolerance, is Al tolerance better screened in the field or in the glasshouse, and what is the optimum level of 
soil Al to screen for tolerance. 
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Introduction 
Canola production in Western Australia has approximately doubled over the past decade (DPIRD 2018). The 
expansion has been even more dramatic in low rainfall (<350 mm annual rainfall) areas (GRDC 2015). The 
increase has mainly been on sandy soils since these have more favourable water relations under dry 
conditions than heavy soils. Many sandy soils in Western Australia are acid and crop growth can be 
restricted by high levels of aluminium in the soil solution (Slattery et al. 1999, Ryan 2018). 
Although debate continues about the relative sensitivity of canola to soil Al in relation to other crops, there is 
consensus that canola productivity is reduced by extractable soil Al (GRDC 2015, Ryan 2018). Recent 
calculations estimate that improved Al tolerance in canola could raise production in Western Australia by 
~15%, and by ~6% nationally. 
There is limited knowledge of the genetics of Al tolerance in canola in Australia (Ryan 2018), although a 
QTL for tolerance to Mn, another toxic cation in some acid soils, had been identified (Raman et al. 2017). 
Ryan (2018) identified three possible approaches to improving canola Al tolerance. The first was by 
exploiting existing variation in the canola gene pool by conventional means. The extent of this variation is 
not known but it could be quite narrow considering that canola is a recent species formed by the 
hybridisation of three different Brassica species, and has been subject to intense selection for oil quality in 
the past 50 years that would have further narrowed the gene pool. The second approach was by introgressing 
genetic variation from more tolerant related species such as Raphanus sativus and Brassica campestris. The 
third approach was by introducing known genes for Al tolerance from unrelated crop species using genetic 
engineering methods. 
We have been exploring the first and third approaches in collaboration with CSIRO. Ryan et al. (2018) 
described progress with the GM approach, while this paper describes our exploration of variation in Al 
tolerance between current Australian canola cultivars. 
 
Methods 
Field trials 
We evaluated canola response to soil Al at Merredin in Western Australia from 2015 to 2018 on an earthy 
sand with a naturally acid profile on which lime had been spread in 3 × 20 m wide strips separated by 20 m 
wide untreated strips in 2008. Lime was reapplied to the same strips in 2012. This gave contrasting pH and 
soil Al profiles (Figure 1). From 33 – 36 canola genotypes were tested in a split plot design with 3 replicates 
with lime in main plots in 2015 and 2016, and in a strip plot design with 3 replicates with genotypes in main 
plots spanning adjacent lime treatment strips in 2017 and 2018. From 2016 onwards Al sensitive/tolerant 
wheat isolines ES8 and ET8 were grown at one end of the trial. Growing season (May-October) rainfall at 
Merredin was close to average in 2015 and 2016, drier and average in 2017 and slightly wetter in 2018 
(Table 1). There were important differences in rainfall distribution, though. May rainfall was well below 
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average in all years but 2016, and June was also very dry in 2017, and the growing season finished wetter 
than average in 2017 and 2018. 

 
Figure 1.  Boxplots of pH (A) and Al in 1:5 soil extracts in 0.01M CaCl2 (B) of soil profiles in limed and unlimed 
plots on the site used for canola Al tolerance screening at Merredin. 15 profiles were sampled in each treatment 
in 2016. 
 
Table 1. Monthly rainfall (mm) at Merredin, WA, during the growing season 2015-2018 compared to the long-
term average. 

 May June July August September October Total 
2015 12.8 35.4 104.4 43 5.4 10.4 211.4
2016 37.6 55.4 41.4 45.4 18.2 12 210 
2017 14.4 5.2 43.8 45.2 42.4 37 188 
2018 11.6 41.4 58.8 68.8 4.4 44.4 229.4
Average 37.5 48.6 47.4 37.5 23.5 16.8 211.3 

 
Glasshouse experiment 
In 2018 25 canola genotypes were grown in a temperature-controlled glasshouse in soil collected near the 
field site and either amended with 1.5 g limesand/kg soil or left unamended. Plants were harvested after 12 
weeks and top dry weights, root dry weight, and root length recorded. pH of the soil solution collected during 
the experiment was 6.48 and 4.19 respectively for limed and unlimed soil, and soil solution [Al] was 203 and 
0.4 µM. 
 
Results 
Field trials 
Canola yielded 78%, 56%, and 35% as much seed on unlimed soil as limed soil respectively in 2015, 2016, 
and 2018 (P<0.001 in each year) (Figure 2). No yield data were obtained in 2017 due to dry conditions in 
May and June resulting in very patchy establishment that meant reliable yield comparisons were not 
possible. We are confident Al toxicity plays a role in this reduction because the two wheat isolines yielded 
0.8 and 2.2 t/ha respectively for ES8 and ET8 on unlimed strips in 2016. ET8 yielded 3.6 t/ha and ES8 1.7 
t/ha on limed strips so Al toxicity is still a constraint after liming on this soil. The widely grown wheat 
cultivar Mace produced very similar yields to ET8. In each season there was a statistically significant 
genotype × lime interaction. To assess Al tolerance of individual genotypes we tried two approaches. The 
first was the ratio of yields in unlimed to limed treatments, which ranged from about 1 to only 16%. This was 
unsatisfactory because the lowest yielding genotypes tended to have the highest ratios with the 
counterintuitive implication that the most Al tolerant genotypes produced lowest yields in the presence of 
toxic Al. The second approach was to express Al tolerance as the deviation of a genotype from the regression 
of yield in unlimed soil on yield in limed soil (Figure 3). This assumes that Al tolerance is uncorrelated with 
yield potential. In 2018 the most Al tolerant genotype using this criterion was BASF Invigor R3520. The 
most commonly grown cultivar in WA, ATR Bonito, was below average, indicating the potential to improve 
canola production in WA by improving Al tolerance.  
Rankings of Al tolerance measured this way were essentially uncorrelated between years. There were 18 
common genotypes in the 2016 and 2018 trials, and the correlation between their ranks in the two years was 
0.156 (P=0.88). The correlation between rankings based on yield ratio was similarly low. This may be partly 
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due to intra-site variability in soil Al content (Figure 1) but is also likely due to environmental effects on the 
Al response. One difference between trials was that canola in 2018 benefitted from higher than average 
rainfall in October (Table 1). So in 2016 canola yield declined by 31 kg/ha for each day delay in flowering, 
whereas in 2018 it only declined by 12 kg/ha and 7 kg/ha for each day delay respectively in limed and 
unlimed treatments. Al tolerance estimated as deviations from regression was negatively correlated with 
flowering date, significantly in 2016. 

  
Figure 2.  Grain yields of 33 canola genotypes grown on limed and unlimed soil at Merredin, WA, in 2018. LSD 
(P=0.05) between lime levels within the same genotype is 246 kg/ha. 
 

 
Figure 3.  Relationship of seed yield of 33 canola genotypes frown on limed and unlimed soil at Merredin, WA, in 
2018. 
 
Glasshouse experiment 
Canola tops biomass was 52% (P<0.001) on average in unlimed soil of that in limed soil (Figure 4), and root 
biomass was 47% (P<0.001). There was a highly significant genotype by lime interaction indicating 
differences in sensitivity to soil Al. However the ranking of genotypes for Al tolerance based on deviations 
from regression were not correlated with rankings derived from the 2018 field experiment. However, Bonito 
was ranked below average in both experiments. There were only 8 common genotypes between the 
glasshouse experiment and the 2016 field trial so we could not calculate meaningful correlations between 
these two experiments. Nutrient analyses of tops show that all treatments had adequate levels of Mn, Cu, Zn 
and other nutrients so the observed differences were not due to nutrient deficiencies.  
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Figure 4.  Tops biomass of canola grown in limed and unlimed soil in glasshouse in 2018. LSD (P=0.05) is 0.405 
g/pot. 
 
Conclusion 
Canola growth and yield is very sensitive to levels of soil Al present in acid soils in WA agricultural areas, 
causing more than 50% yield loss in some cultivars. We have found strong evidence of genotypic variation 
in Al tolerance by consistently observing significant lime by genotype interactions, but have been unable to 
unequivocally rank cultivars for Al tolerance given inconsistent results between trials. Field screening is 
complicated by environmental variation between seasons, and intra-site variation in soil Al that means some 
areas in limed plots might be seeing as high Al contents as some areas in unlimed plots. There were still 
significant levels of soil Al in the subsoil at this site and yield of a known Al sensitive wheat genotype was 
suppressed compared to a tolerant genotype even 8 years after liming so the limed treatments in these 
experiments do not give an indication of yield potential in the absence of soil Al. We achieved much more 
uniform Al levels between experimental units in the glasshouse, and did achieve negligible Al levels in the 
limed treatment so glasshouse screening will probably give a more reliable indication of cultivar Al 
tolerance. It is questionable, though, whether the very high levels of soil Al in our control treatment would 
suppress plant growth so severely that it masked potentially useful moderate levels of Al tolerance, and the 
optimum level of soil Al for tolerance screening still needs exploring. 
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