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• Lines with greater penetration ability attained a greater root depth in the field. 
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Abstract 

A significant proportion of arable land in south-western Australia is highly susceptible to 

subsoil compaction, which limits access of roots of wheat to water and nutrients at depth. In 

previous work, the ability of roots to penetrate a compacted layer of soil was simulated 

experimentally by growing plants in soil columns containing a thin paraffin wax-petroleum jelly 

layer. Australian wheat cultivars were shown to differ in penetration ability. The objective of this 

paper was to further examine the dynamics of penetration ability and temporal variation in root 

growth using contrasting cultivars, with and without a thin wax layer, in contrasting water 

regimes, and in the field on two contrasting soil types at Merredin, Western Australia. The 

presence of a wax layer had a significant impact on root DM distribution and root number, which 

were more abundant above the wax layer. Root axes below the wax layer were around 50% 

shorter compared with columns without wax layers, implying there was some cost for root 

penetration. More nodal roots were produced in columns containing wax layers than those 

without and this difference was apparent from an early stage of plant growth, as was the impact 

of water deficit that decreased root DM and nodal root number above the wax layer. Root axes of 

genotypes Bonnie Rock, Castle Rock, Halberd and Spear all penetrated the wax layer, while 

CM18 and Cranbrook had limited or no success, regardless of water regime. The maximum root 

depths in field soils at 75 and 90 DAS were relatively shallow at 35-48 cm, but with a relatively 

small variance.  On a sandy duplex containing a hardpan, CM18 and Cranbrook had shorter roots 

than Bonnie Rock and Halberd at 75 DAS, which was consistent with the poor ability of roots of 

CM18 and Cranbrook to penetrate wax layers. The results are consistent with penetration ability 

providing benefit for root access to deeper soil layers, when soil physical constraints are present. 

 

Key words: water deficit, traffic pan, nodal roots, seminal roots, Triticum aestivum L. 
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1. Introduction 

A rapidly extending cereal root system is considered beneficial for plant growth in 

dryland agricultural systems by increasing the access to soil water and nutrients (Richards, 2008). 

In Western Australia (WA), roots have been recorded in excess of 2 m depth on unstructured 

sands (Hamblin and Tennant, 1987), but typically range from 50 to 100 cm on duplex soils that 

have a lighter-textured loam or sandy loam overlying a heavier and less permeable clay (Hamblin 

and Tennant, 1987; Dracup et al., 1993). Vigorous early crop growth is considered important in 

this environment to take advantage of the winter-dominant rainfall and low vapour-pressure 

deficit (Richards, 1991), which has been shown to increase grain yield (Botwright et al., 2002; 

Asseng et al., 2003). The value of roots at depth to crop growth late in the season is high in 

dryland environments that experience low rainfall, where an additional 1 mm of subsoil water 

late in the season is estimated to contribute as much as 62 kg ha-1 to grain yield (Kirkegaard et al., 

2007).  However, sandy soils in particular are prone to the formation of hardpans or traffic pans 

of dense soil (>1.5 MPa) at depths of 15 to 25 cm (Hamblin et al., 1982) that constrain root 

growth during early crop development (Dracup et al., 1993). Roots are deflected or become 

distorted and thicken radially on encountering mechanical impedance, which make roots more 

resistant to buckling in hard soil (Bengough et al., 1997; Clark et al., 2008a; Clark et al., 2008b; 

Whalley et al., 2008). Management approaches to ameliorating subsoil compaction, such as deep 

ripping during cultivation and the application of gypsum to improve soil structure and aggregate 

stability, have been shown to promote root exploration at depth in the soil profile and to improve 

grain yield (Hamblin and Tennant, 1979; Hamza and Anderson, 2003). Improved genotypes that 

incorporate traits for root penetration through compacted soil layers would complement these 

management approaches. 

The ability of roots to penetrate a compacted layer of soil has been simulated 

experimentally by growing plants in artificially-compacted soil (Clark et al., 2002) or in pots 
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containing a thin paraffin wax-petroleum jelly layer (Kubo et al., 2004; Botwright Acuna and 

Wade, 2005) and in field conditions (Samson et al., 2002; Cairns et al., 2004). Cereals including 

rice (Yu et al., 1995; Babu et al., 2001; Clark et al., 2002), bread (Botwright Acuna et al., 2007; 

Kubo et al., 2008) and durum (Kubo et al., 2004) wheats have all been shown to exhibit 

genotypic variation in root penetration through thin wax layers, although the relationship with 

field performance can[l1] be variable (Clark et al., 2002; Botwright Acuna et al., 2007). Entries 

which penetrated the wax layer generally had deep roots in the field while those that did not were 

generally shallow.  There was evidence, however, of specific adaptation to soil type, and this is 

examined further in a companion paper (Botwright Acuna and Wade, submitted).  Overall, 

genotypic variation between sites was hypothesised to relate to differences in root traits, should 

these confer an ability to penetrate a sudden versus gradual increase in soil hardness or adaptation 

to water deficit (Botwright Acuna et al., 2007). Results for rice have since shown that root 

penetration was improved with a gradual increase in soil strength, which supports this differential 

hypothesis (Clark et al., 2008a). Alternatively, a genotype with a greater root front velocity may 

be able to grow roots to depth before penetration resistance rises on subsequent soil drying. A 

more vigorous genotype may allocate[l2] more dry matter to roots (_____ et al 20__), and this 

may be important where thicker roots were observed to be beneficial for root penetration to 

depth. Such issues can only be resolved by careful study of the dynamics of penetration ability, 

and its consequences for root growth and water extraction through time, in relation to soil 

attributes and crop development. Validation of the responses in the field is essential, so promising 

genotypes can be adopted by growers or used with confidence in crop improvement programs.   

The objectives of this paper were to use the thin wax-layer technique, as validated by 

Botwright Acuna and Wade (2005), to further examine the dynamics of root penetration ability 

for temporal variation in root growth of contrasting wheat genotypes: 1) in soil columns with and 
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without a thin wax layer; 2) in soil columns with a wax layer and grown in contrasting water 

regimes; and 3) in the field on two contrasting soil types at Merredin, Western Australia.  

 

2. Materials and methods 

2.1. Root penetration of thin wax layers under contrasting water regimes in controlled conditions 

Two experiments were undertaken; each had a factorial arrangement of treatments with 

four replicates in a randomised complete block design (RCBD). Our previous results indicated 

that a 35:65 ratio of wax to petroleum jelly (Sigma-Aldrich) would provide sufficient resistance 

(0.45 MPa) to root growth to quantify root penetration ability of wheat (Botwright Acuna and 

Wade, 2005). Experiment 1 evaluated root elongation in columns with or without a wax layer. 

Treatments were well-watered and included two harvest dates (at 21 and 42 DAS), two wax 

layers (nil, present at 25 cm depth) and four wheat genotypes (Halberd, Spear Vs Chuan Mai 18, 

EGA Castle Rock) which differed in their ability to penetrate a wax layer (Botwright Acuna et 

al., 2007). The soil[l3] was a commercial mix of loam, river sand and sawdust (50: 40: 10), pH 5.5 

– 6.5, amended with the appropriate micro- and macronutrients. Wax-layers (WV, 35:65 paraffin 

wax to petroleum jelly, equivalent to a strength of 0.45 MPa), 150 mm in diameter and 3 mm 

thick, were prepared and placed at a depth of 0.25 m in split soil columns, 0.15 m in diameter and 

1.0 m tall. Seeds were soaked 4 °C overnight in a Petri dish lined with moist filter paper, and 

planted at a depth of 20 mm. Plants were grown in a controlled environment chamber at a 21/16 

°C day/night temperature, with a 10-h day length and 70% RH. At harvest, shoots were cut at the 

soil surface and leaf stage and tiller number recorded. Pots were split in half and roots were 

washed from the soil column at depths of 0.0 – 0.25 m above the wax-layer; and below the wax-

layer. The numbers of seminal and nodal root axes were counted in each section. Root and shoot 

dry mass was measured after drying in an oven at 70 °C for 24 hrs. 
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Experiment 2 evaluated change in root penetration through wax layers among wheat 

genotypes over time. Treatments included two water regimes (WD, water deficit applied at 28 

DAS; WW, well-watered) and four wheat genotypes (Halberd, EGA Bonnie Rock Vs Chuan Mai 

18, Cranbrook) which differed in their ability to penetrate a wax layer. Cranbrook replaced EGA 

Castle Rock, because related genetic studies on penetration ability had commenced using the 

Halberd/Cranbrook doubled haploid population (Botwright Acuna et al, submitted).  EGA Bonnie 

Rock replaced Spear as its maturity was closer to the other entries.  Wax-layers (WV, 35:65 

paraffin wax to petroleum jelly as for experiment 1), 100 mm in diameter and 3 mm thick, were 

prepared and placed at a depth of 0.25 m in split soil columns, 0.1 m in diameter and 0.5 m tall, 

as described for experiment 1. Plants were sampled every 7 d from 28 to 57 DAS. Cultural details 

were otherwise the same as those reported for experiment 1. Main effects and interactions of the 

data for each experiment were subjected to analysis of variance using the generalised linear 

model procedure GLM in SAS V9.1 (SAS, 1990), with standard errors derived from those 

analyses used to identify statistically significant differences in the figures. 

 

2.2. Field trial 

Field experiments evaluated root depth during early reproductive growth of wheat 

genotypes grown on contrasting soil types. Trials were conducted at Merredin (31° 29′ S.: 118° 

12′ E.; altitude 315 m above sea level) in Western Australia in 2008 at two sites with contrasting 

soil properties, described here as a loamy sand overlying a mottled sandy clay with ferruginous 

nodules (‘sandy duplex’) that contains a hardpan at a depth of about 0.2 m, and a red sandy loam 

overlying a clay loam to clay (‘red clay’) that did not contain a hardpan but soil strength increases 

with depth. Soil physical and chemical characteristics at the two sites were described in 

Botwright Acuña et al. (2007).  



 8 

Seed of four wheat genotypes (Chuan Mai 18, Cranbrook, EGA Bonnie Rock and 

Halberd) were sown 20 mm apart in 2 m long rows with 0.5 m row spacing on 10 July 2008 at 

the two sites, with two replicates in a RCBD. This system was adopted to evaluate genotype 

potential for maximum root depth expression in contrasting field soils (Botwright Acuna et al 

2007).  Plots were fertilised with 90 kg ha-1 of urea at seeding and top-dressed with 40 kg ha-1 at 

21 and 70 DAS. Plots were kept free of weeds, pests and diseases. Shoots of five plants were 

harvested for each plot at 75 and 90 DAS and root depth was measured by visually examining 

soil cores sampled using a 67 mm diameter dormer auger within the row. Plants were then dried 

at 70 °C for 24 h and above-ground dry weight recorded. Soil strength was measured at around 

anthesis on the red clay and sandy duplex sites using a Rimik Cone Penetrometer to a depth of 

0.6 m. Soil was also sampled at the soil surface and at depths of 0.15-0.25, 0.35 – 0.45 and 0.55 - 

0.65 m in all plots for measurement of gravimetric soil water content at about anthesis. Data for 

site, genotype, depth and their interaction were subjected to analysis of variance using the 

generalised linear model procedure GLM in SAS V9.1 (SAS, 1990), and standard errors derived 

from those analyses used to identify statistically significant differences in the figures. 

 

3. Results 

3.1. Root elongation of wheat genotypes in well-watered pots with and without wax layers 

Between 21 and 42 DAS, tiller number increased from 3.7 to 15.9 pl-1, while above-

ground dry mass and root dry mass increased from 0.51 to 4.60 g pl-1 and 0.21 to 2.05 g pl-1, 

respectively (Table 1).  Halberd and CM18 had 8.7 tillers pl-1 while Castle Rock and Spear had 

10.9 tillers pl-1.  In contrast, above-ground dry mass and root dry mass in Castle Rock was only 

2.08 and 0.85 g pl-1, while Halberd and Spear had 2.56 and 1.14 g pl-1, and CM 18 had 2.93 and 

1.32 g pl-1.  When the wax layer was present, tiller number increased from 8.8 to 10.3 pl-1, but 

above-ground dry mass and root dry mass were not affected (Table 1).   
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Plants on average produced five seminal roots (Fig. 1a), few of which had penetrated the 

wax layer by 21 DAS (Fig. 1b). By 42 DAS, 80% of root axes for genotypes Halberd and Spear 

had penetrated the wax layer, few of Cranbrook, and none of CM18 (P < 0.05, Fig. 1b). The 

number of nodal roots increased around 4-fold between 21 to 48 DAS (Figs. 1c and 1d). 

Genotypes CM18, Castle Rock and Spear produced more nodal roots in pots with a wax layer 

than those without (Fig. 1d). 

 The maximum depth of seminal roots had reached 60 to 80 cm in columns without a wax 

layer by 21 DAS and 80 to 100 cm by 42 DAS, with Spear and CM18 having the deepest roots 

(Fig. 2a). In contrast, the maximum depth of seminal roots in columns containing a wax layer was 

around 20% less at both sampling dates, with little variation among genotypes at 21 DAS (Fig. 

2b). Below the wax layers, seminal roots were short (< 10 cm) at 21 DAS (Fig. 2d). Subsequent 

root growth was faster although roots were 25 to 50% shorter below the wax layer than in 

columns without a wax layer by 42 DAS, especially in Cranbrook (Figs. 2c and 2d). The 

exception was CM18, the roots of which failed to penetrate the wax layer at all (Fig. 2d). 

 Plants had produced relatively little root DM by 21 DAS, most or all of which was 

present in the upper 25 cm of the column or above the wax layer (Fig. 3). Total root DM was the 

same in columns with or without a wax layer (Fig. 3), although root distribution varied. In pots 

without a wax layer, root DM at 42 DAS was generally evenly distributed above and below a 

depth of 25 cm with the exception of Spear, which had around 30% more root DM in the upper 

portion of the pot (Figs. 3a and 3c). In contrast, in columns with a wax layer, most of the entire 

root DM was restricted to soil above the wax layer (Fig. 3d). Genotype CM18 produced the most 

root DM, but none was present below the wax layer (Figs. 3b and 3d).  

 

3.2. Root penetration of wheat genotypes through wax layers over time in contrasting water 

regimes 
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A small number of nodal roots were formed by 28 DAS (Figs. 4a and 4b) at the onset of 

tillering.  The subsequent production of nodal roots was greater under WW than WD conditions 

(Figs. 4a and 4b). Under WW conditions, Bonnie Rock and Halberd produced more nodal roots, 

but in WD, nodal root number was reduced, especially in Halberd and Cranbrook.  [l4]Plants 

produced on average 5 seminal roots (data not shown). Seminal root axes in Bonnie Rock 

penetrated the wax layer more quickly than Halberd (Figs. 4c and 4d). Seminal roots of CM18 

and Cranbrook failed to consistently penetrate the wax layer (Figs. 4c and 4d).  

 Root DM increased steadily in soil above the wax layer in WW conditions, with the 

exception of CM18 that was considerably slower than the other genotypes (Fig. 5a). Under WD, 

the rate of root DM production above the wax layer was initially fastest in Cranbrook, followed 

by Bonnie Rock and Halberd up until 48 DAS when it ceased (Fig. 5b). In contrast, root DM 

production in CM18 above the wax layer under WD slowed from 35 DAS (Fig. 5b). Only 

Halberd and Bonnie Rock produced significant amounts of root DM below the wax layer from 35 

DAS onward (Figs. 5c and 5d), with the rate of root DM production being faster in Halberd than 

in Bonnie Rock (Figs. 5c and 5d). 

 Above-ground DM increased exponentially until two weeks after the start of water deficit, 

which slowed DM production compared with the WW treatment (Fig. 6a). Above-ground DM 

production over time was similar in all genotypes with the exception of CM18, which grew more 

slowly and had around 20% less above-ground DM compared with the other genotypes (Fig. 6b).  

 

3.3. Field trial 

Total rainfall from March to October at Merredin was close to the long term average, 

although May and June were particularly dry and September wet (Table 2). Maximum air 
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temperatures ranged from 32.1 °C in March, to 16.1 °C in June, with July and August 

experiencing the coolest minimum temperatures of around 4 °C.  

Soil strength of the red clay at anthesis increased gradually with depth, reaching a 

maximum of 4 MPa at 0.6 m (Fig. 7). In contrast, soil on the sandy duplex site contained a 

distinctive hardpan of 4 MPa at a depth of around 0.2 m, with a subsequent gradual decline in soil 

strength with increasing depth (Fig. 7). Gravimetric soil water content at anthesis of the sandy 

duplex was around half that of the red clay at all depths (Fig. 7). Soil water availability on both 

soil types was generally sufficient for plant growth (Fig. 7), except for the surface 0.10 m at 90 

DAS, when water content was below the lower limit of 3.8% for the sandy duplex and 5.0% for 

the red clay. There were no consistent differences in gravimetric soil water content among 

genotypes (data not shown).  

Plants were harvested during late reproductive growth and anthesis at 75 and 90 DAS, 

respectively. Plants were taller, produced more tillers (data not shown) and hence above-ground 

DM on the red clay than sandy duplex (Fig. 8a). There was a significant interaction between site 

and genotype (P = 0.05) for plant height, with Halberd being similar at both sites, whereas the 

remaining genotypes were shorter on the sandy duplex (data not shown). There was a significant 

interaction between site and genotype, and sample time and genotype for root depth. On the 

sandy duplex, roots of Bonnie Rock and Halberd attained maximum depths of 48 cm compared 

with only 35 cm for CM18 and Cranbrook, while all genotypes attained a similar maximum root 

depth of 46 cm on the red clay (Fig. 8b). Averaged across soil types, roots of Bonnie Rock and 

Halberd grew deeper from 75 to 90 DAS, while those of CM18 and Cranbrook ceased growth at 

75 DAS (Fig. 8c).   
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4. Discussion 

4.1. The effect of wax layers and water regime  

An analysis of root length with and without wax layers provides some interesting 

observations. Firstly, roots in pots with wax layers were around 20 cm shorter in total length at 21 

DAS than in pots without wax layers. At this early stage of plant growth, only a small proportion 

of root axis length had penetrated the wax layers and there was relatively little difference in root 

DM between pots with and without wax layers. This implies that roots in the pots with wax layers 

were thicker.  These results are consistent with reports that roots become distorted and thicken 

radially on encountering mechanical impedance, which make roots more resistant to buckling in 

hard soil (Bengough et al., 1997; Clark et al., 2008a; Clark et al., 2008b; Whalley et al., 2008). 

By 42 DAS, average total root length was still around 10 cm shorter in pots with a wax layer 

compared with pots without. Roots below the wax layer were around 50% shorter compared with 

pots without wax layers, implying there was some cost for root penetration, which presumably 

then allows access to resources from deeper layers in return.  In further compensation, the 

increase in length of roots that had penetrated the wax layer was faster than those in unimpeded 

pots (Figs.2 c and d). 

Consistent with previous research, water deficit affected shoot and root production to 

result in less above- and below-ground DM (Barraclough et al., 1989; Blum, 1996; Chaves et al., 

2003), with fewer nodal roots (Richards and Passioura, 1989; Botwright Acuna et al., 2007). The 

impact of water deficit on root DM and nodal root number occurred relatively quickly above the 

wax layer (within 7 to 14 d), which is unsurprising given the small volume of soil. In our 

previously published research, an outcome of water deficit was while fewer roots penetrated the 

wax layer, those that did were longer and heavier (Botwright Acuna et al., 2007). This is 

consistent with reports on plasticity of root systems, for example, in response to other 

environmental factors, such as nutrients (Malamy 2005; Kano et al., 2011).  
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The presence of a wax layer alone did not alter total shoot or root DM production, but, 

consistent with previous results (Botwright Acuna et al., 2007; Kubo et al., 2008), the presence of 

a wax layer had a significant impact on root DM distribution, length and root number. The 

number and dry mass of seminal root axes were more abundant above the wax layer, which was 

consistent with field observations by Barraclough and Weir (1988) in soil that contained a 

hardpan. More nodal roots were produced in pots containing wax layers than those without and 

this difference was apparent from an early stage of plant growth. More nodal roots were 

associated with increased tiller number of plants grown in pots with wax layers, both of which are 

initiated from the 2-leaf stage (Klepper et al., 1984). An increase in nodal root number in 

response to increased soil strength may enhance the probability of a root finding a biopore for 

passage to deeper soil layers.  This is an alternative strategy which may be important for 

structured subsoils (White and Kirkegaard, 2010).   

 

4.2. Genotypic variation in root penetration and the effect of water regime 

Genotypic variation in the ability of roots to penetrate wax layers was mostly consistent 

with our previously published research (Botwright Acuna et al., 2007), where root axes of 

genotypes Bonnie Rock, Castle Rock, Halberd and Spear all penetrated the wax layer, while 

CM18 and Cranbrook had limited or no success, regardless of water regime. Genotypic variation 

in root penetration through wax layers has been shown in rice (Yu et al., 1995; Clark et al., 2000; 

Price et al., 2000; Babu et al., 2001; Clark et al., 2002) and durum wheat (Kubo et al., 2004). This 

outcome highlights that researchers can have a high degree of confidence in the consistency of 

results from the screening method, and field validation, as has also been shown with rice (Clark 

et al., 2000; Price et al., 2000; Clark et al., 2002). Temporal variation in root growth revealed 

some interesting trends that should be taken into consideration for breeding programs that target 

root traits. Screening for faster root growth and depth has been proposed to identify genotypes 
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suited to increased root exploration, with a capacity to extract more subsoil water, thus sustaining 

crop growth and improving yield in water-limited environments (Richards, 2008; White and 

Kirkegaard, 2010). While this may be a sensible strategy for some soil environments, results here 

suggest that this is less likely to be successful in situations in which soil strength is high.  

 

4.3. Root depth in the field compared with pots 

Maximum root depths across sites of around 55 cm are consistent with other reports for 

WA soils (Tennant, 1976; Dracup et al., 1992), but shallower than those reported in NSW 

(Kirkegaard and Lilley, 2007). Regardless, measurement of root depth was consistent among 

genotypes and the variance was relatively small. The field trials at Merredin were conducted on 

the same soil types as reported in a previous paper (Botwright Acuna et al., 2007).  Gravimetric 

soil moisture content at the two sites was similar, except that the surface soil was moister at 75 

DAS at the sandy duplex site and drier at 90 DAS on the red clay. The red clay became 

progressively harder with depth, reaching 4 MPa at 0.6 m at a water content of 14.8%, unlike the 

sandy duplex which contained a hardpan of 4 MPa at a depth of approximately 0.2 m at a water 

content of 5.2%.  

Previously, we proposed that genotypic variation between sites may relate to differences 

in root traits, should these confer an ability to penetrate a sudden versus gradual increase in soil 

hardness or adaptation to water deficit (Botwright Acuna et al., 2007). On a sandy duplex 

containing a hardpan, CM18 and Cranbrook had shorter roots than Bonnie Rock and Halberd at 

75 DAS (Fig. 8b), which is consistent with the poor ability of roots of these genotypes to 

penetrate wax layers (e.g. Fig. 5 c, d). Subsequent root growth into less dense yet relatively dry 

(Fig 7) soil beneath the hardpan on the sandy duplex was similar in all genotypes except Bonnie 

Rock, which was shown in pots to produce less root DM below the wax layer under WD 

conditions than Halberd (Fig. 5d). Final rooting depths among genotypes were otherwise 
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consistent with our field trial undertaken on the same soil type in 2005 and other published data 

(Hamblin and Tennant, 1987; Dracup et al., 1993).  We had previously suggested that a genotype 

with a greater root front velocity may be able to grow roots to depth before penetration resistance 

rises on subsequent soil drying, and this may have contributed to the penetration success of Spear 

(Fig. 2 a, d). In hard structured subsoil, the majority of roots have been shown to be restricted to 

pores and cracks that offer less resistance to growth than the bulk soil (Watt et al., 2005; White 

and Kirkegaard, 2010), and here we show evidence of differential increase in nodal root number 

in the presence of a wax layer, with a greater increase in Spear (Fig. 1 c, d). Increasing the root to 

soil contact has been proposed for increasing water extraction from depth, via denser root hairs 

and increased root proliferation in existing pores (White and Kirkegaard, 2010), rather than an 

improved ability to penetrate hard soil per se. The long (Fig. 2a) and deep (Fig. 8b) roots of 

CM18 in unimpeded pots and the red clay at Merredin at 75 DAS, respectively, support this 

theory. When soil strength is high, however, root depths of Bonnie Rock and Halberd were 

significantly deeper than CM18 and Cranbrook (Fig. 8 b, c), as the penetration ability of Bonnie 

Rock and Halberd was greater than CM18 and Cranbrook.  This result suggests hardpan 

penetration ability may provide additional benefits for access to deeper soil layers, when soil 

physical constraints are present.  

 

5. Conclusions  

Lines with greater penetration ability were again able to attain greater root depths in the 

field, which lends further support to our earlier observations (Botwright Acuna et al 2007).  The 

data here suggest that screening for faster root growth alone is unlikely to identify wheat 

genotypes suited to soils with physical constraints.  This soil condition is common, for example, 

with around 40% of soils in WA being moderately susceptible to hardpan formation (pers. comm. 

D. Van Gool, Department of Agriculture and Food Western Australia). Consistent with our 
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previous hypothesis (Botwright Acuna et al., 2007), here we have shown additional evidence that 

genotypic variation in root depth is related to differences in root traits that confer an ability to 

penetrate high soil strength.   This relationship is considered further in a companion paper on G × 

E for root depth, which examined whether different root traits were needed for different soil 

conditions, and evidence for adaptation to soil type (Botwright Acuna and Wade, submitted).   
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Figure captions: 

Fig. 1.  Effect of harvest and genotype on number of: a) seminal roots below a depth of 25 cm 

without a wax layer; b) seminal roots below a wax layer placed at 25 cm; c) nodal roots below a 

depth of 25 cm without a wax layer, and; d) nodal roots below a wax layer at 25 cm. Black 

histograms, 21 DAS; grey histograms, 42 DAS. Bars represent the SE. Abbreviations: CM18, 

Chuan Mai 18; CR, Castle Rock; HAL, Halberd; and SPR, Spear. Data are from experiment 1. 

 

Fig. 2.  Effect of harvest and genotype on: a) total seminal root length without a wax layer; b) 

total seminal root length with a wax layer at 25 cm; c) seminal root length below a depth of 25 

cm without a wax layer, and; d) seminal root length below a wax layer placed at 25 cm in pots. 

Black histograms, 21 DAS; grey histograms, 42 DAS. Bars represent the SE. Abbreviations: 

CM18, Chuan Mai 18; CR, Castle Rock; HAL, Halberd; and SPR, Spear. Data are from 

experiment 1. 

 

Fig. 3.  Effect of harvest and genotype on root DM in pots: a) above 25 cm without a wax layer; 

b) above 25 cm with a wax layer; c) below 25 cm without a wax layer, and d) below 25 cm with a 

wax layer. Black histograms, 21 DAS; grey histograms, 42 DAS.  Bars represent the SE. 

Abbreviations: CM18, Chuan Mai 18; CR, Castle Rock; HAL, Halberd; and SPR, Spear.  Data 

are from experiment 1. 

 

Fig. 4. Effect of harvest and genotype on root number in pots containing a wax layer at a depth of 

25 cm on: a) number of nodal roots above the wax layer in WW conditions; b) number of nodal 

roots above the wax layer in WD conditions; c) number of seminal roots below the wax layer in 

WW conditions; and, d) number of seminal roots below the wax layer in WD conditions. 
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Symbols: , Bonnie Rock; , Cranbrook; , CM18; and, , Halberd. Bars represent the SE. 

Data are from Experiment 2. 

 

Fig. 5. Effect of harvest and genotype on root DM in pots containing a wax layer at a depth of 25 

cm for: a) above the wax layer in WW conditions; b) above the wax layer in WD conditions; c) 

below the wax layer in WW conditions; and, d) below the wax layer in WD conditions. Symbols: 

, Bonnie Rock; , Cranbrook; , CM18; and, , Halberd. Bars represent the SE. Data are 

from Experiment 2. 

 

Fig. 6. Effect of a) water regime and b) genotype on above-ground DM with time. Bars represent 

the SE. Data are from experiment 2. 

 

Fig. 7.  Change in soil hardness and gravimetric soil moisture content with soil depth at 75 DAS 

at Merredin for: , red clay; , sandy duplex. LSDs for gravimetric soil water content are: red 

clay, 1.2%; sandy duplex, 1.0%. LSDs for soil hardness are: red clay, 0.1 MPa; sandy duplex, 

0.08 MPa.  

 

Fig. 8. Effect of field conditions on a) above-ground DM; and interactions for root depth for b) 

soil type and genotype; and, c) sample date and genotype. Abbreviations: BR, Bonnie Rock; 

CM18, Chuan Mai 18; CBK, Cranbrook; and HAL, Halberd.  Bars represent the SE. 
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Fig. 1.  Effect of harvest and genotype on number of: a) seminal roots below a depth of 25 cm without a wax layer; 
b) seminal roots below a wax layer placed at 25 cm; c) nodal roots below a depth of 25 cm without a wax layer, and; 
d) nodal roots below a wax layer at 25 cm. Black histograms, 21 DAS; grey histograms, 42 DAS. Bars represent the 
SE. Abbreviations: CM18, Chuan Mai 18; CR, Castle Rock; HAL, Halberd; and SPR, Spear. Data are from 
experiment 1. 
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Fig. 2.  Effect of harvest and genotype on: a) total seminal root length without a wax layer; b) total seminal root 
length with a wax layer at 25 cm; c) seminal root length below a depth of 25 cm without a wax layer, and; d) seminal 
root length below a wax layer placed at 25 cm in pots. Black histograms, 21 DAS; grey histograms, 42 DAS. Bars 
represent the SE. Abbreviations: CM18, Chuan Mai 18; CR, Castle Rock; HAL, Halberd; and SPR, Spear. Data are 
from experiment 1. 
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Fig. 3.  Effect of harvest and genotype on root DM in pots: a) above 25 cm without a wax layer; b) above 25 cm with 
a wax layer; c) below 25 cm without a wax layer, and d) below 25 cm with a wax layer. Black histograms, 21 DAS; 
grey histograms, 42 DAS.  Bars represent the SE. Abbreviations: CM18, Chuan Mai 18; CR, Castle Rock; HAL, 
Halberd; and SPR, Spear.  Data are from experiment 1. 
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Fig. 4. Effect of harvest and genotype on root number in pots containing a wax layer at a depth of 25 cm on: a) 
number of nodal roots above the wax layer in WW conditions; b) number of nodal roots above the wax layer in WD 
conditions; c) number of seminal roots below the wax layer in WW conditions; and, d) number[l5] of seminal roots 
below the wax layer in WD conditions. Symbols: , Bonnie Rock; , Cranbrook; , CM18; and, , Halberd. Bars 
represent the SE. Data are from Experiment 2. 
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Fig. 5. Effect of harvest and genotype on root DM in pots containing a wax layer at a depth of 25 cm for: a) above 
the wax layer in WW conditions; b) above the wax layer in WD conditions; c) below the wax layer in WW 
conditions; and, d) below the wax layer in WD conditions. Symbols: , Bonnie Rock; , Cranbrook; , CM18; 
and, , Halberd. Bars represent the SE. Data are from Experiment 2. 
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Fig. 6. Effect of a) water regime and b) genotype on above-ground DM with time. Bars represent the SE. Data are 
from experiment 2. 
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Fig. 7. Change[l6] in soil hardness and gravimetric soil moisture content with soil depth at 75 DAS at Merredin for: 
, red clay; , sandy duplex. LSDs for gravimetric soil water content are: red clay, 1.2%; sandy duplex, 1.0%. 
LSDs for soil hardness are: red clay, 0.1 MPa; sandy duplex, 0.08 MPa. 
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Fig. 8.  Effect of field conditions on a) above-ground DM; and interactions for root depth with: b) soil type and 
genotype; and, c[l7]) sample date and genotype. Abbreviations: BR, Bonnie Rock; CM18, Chuan Mai 18; CBK, 
Cranbrook; and HAL, Halberd.  Bars represent the SE. 
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