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Abstract 
Differential carbon allocation between the shoots and the roots has a potential impact on crop yield as well as 
water and nutrient use. A pot experiment in 2-m long tubes was established to monitor the shoot and root 
growth at different stages in wheat until anthesis, and to obtain detailed root distribution data at different soil 
depths. Two Australian cultivars, Suntop and Westonia, and two Indian cultivars, C306 and HI1500 were 
compared. After root washing, the seminal roots were sectioned along the root axis into 20-cm segments to 
measure morphological traits and dry weight. Preliminary results showed that from fully emerged flag leaf to 
heading, root biomass did not increase while the shoot growth was rapid in all four cultivars. Subsequently, 
from heading to anthesis, the roots of the two Indian cultivars grew more rapidly than the two Australian 
ones. The Indian cultivars tended to have smaller root systems than the Australian cultivars. However, the 
Indian cultivar HI1500 tended to grow more roots at depth (below 1 m) by anthesis, compared with other 
cultivars. These preliminary results highlight that the carbon allocation to roots declined markedly during the 
fast stem and ear growth, but variation among cultivars existed in root growth at depth at later growth stages. 
The study provides information on competition for carbon between roots and shoots which may be useful in 
modelling. Genetic variation in root growth may be useful for accessing deep soil water during grain-filling 
and may result in greater yields, especially under terminal drought conditions. 
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Introduction 

Growth of crop root systems in the field largely remains an enigma due to the obvious difficulties of 
measurement and observation. This lack of knowledge impedes an understanding of carbon allocation to 
above- and below-ground for modelling purposes and for crop improvement. An improved understanding of 
root growth may enhance research in understanding of nutrient and water capture by root systems and their 
demand for carbon. 
 
In this study we aimed to examine the dynamics of root and shoot growth in wheat in an experimental system 
where deep root growth is unimpeded. The main growth period of interest was the rapid stem and ear growth 
phase, i.e. the period when grain number and yield is determined (Fischer 2007). The introduction of 
dwarfing genes into wheat and rice during the Green Revolution resulted in greater allocation of carbon to 
ears with less required by the shorter stems. During this phase, rapid growth of stems and ears creates 
competition for newly assimilated carbon between these organs (which determine yield potential) and root 
systems which capture underground resources. Our objective was to examine how root growth is affected 
during this critical period of competition for resources and potential variation among different cultivars. We 
are not aware of data on the dynamics of root growth at depth in wheat in relation to above-ground growth. 
We hypothesised that root growth slows as stem extension and ear growth occur. 
 
Methods 

 
Wheat cultivars 
 
To monitor the shoot and root growth at four key development stages, a pot experiment using 2-m long tubes 
was conducted outdoor in Canberra during 18 July-8 November 2017. Two Australian cultivars, Suntop and 
Westonia, and two Indian cultivars, C 306 and HI 1500 were used. Suntop is a relatively new cultivar which 
is well adapted to the northern wheat belt of Australia where crops are grown on stored soil water. Westonia 
is a semi-dwarf wheat previously grown widely in Western Australia where in-season rainfall is relatively 
more important than stored soil water. C 306 is a tall wheat grown widely in India and has been particularly 
successful in dry conditions reliant on stored soil water. Earlier field studies have shown deep roots in C 306 
and relatively shallow roots in Westonia in SE Australia (Wasson et al., 2012; Rich et al., 2016). HI 1500 is 
an early maturing and drought tolerant genotype from India. 
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2-m long tube experiment 
The experiment contained 16 tubes for each cultivar to allow for destructive sampling of four replicated 
tubes on four occasions: the beginning of stem elongation (Z30; Zadoks et al., 1974), full emergence of flag 
leaf (Z39), heading (ear peep, Z51) and anthesis (Z65), totalling 64 tubes. 
 
The tubes were PVC pipes with inner diameter of 9 cm and fitted with plastic caps with small holes at the 
bottom for drainage. The tubes were filled with 12 L sandy loam soil, which was mixed with adequate 
nutrients. The tube was lined with a 0.3 mm thick high impact polythene film. This allowed extraction of the 
entire root system together with the growth medium from the tube and minimised damage to the root at 
harvest. Tubes were arranged in a randomised complete block design with four blocks and each block of 
tubes held upright and in close proximity in a steel rack forming a mini-canopy with about 75 plants m-2. The 
experiment was surrounded by one row of buffer tubes on four sides, which were sown with the wheat 
cultivar Sundor or Songlen on the same day. Each block including the buffer tubes was wrapped with 
insulation sheeting, the outside of which was reflective to protect the pots from heat due to direct sun 
exposure. Two seeds were sown to each tube at 5 cm depth on 18 July 2017 and thinned to one plant after 
germination. The tubes were watered regularly during plant growth to ensure that water deficit did not limit 
growth throughout the experiment. 
 
Root and shoot measurement 
The Zadoks score of each plant was recorded regularly and the plants were harvested at the target stage. At 
harvest, the shoot was cut at the base of the stem and dried at 70˚C for at least 48 h to determine dry weight 
(DW). The tube was laid flat on a root washer, and the intact soil cylinder with the root system was moved 
out of the tube by gently dragging the plastic liner from the bottom, which helped to keep the broken root to 
<4% of the total root DW. The root was washed out starting from the bottom using tap water. Once the 
deepest roots were uncovered, maximum rooting depth was measured from the soil surface. Root penetration 
rate was calculated from the rooting depth and the duration of the corresponding growing period. The root 
was then separated into seminal and nodal roots, which were further sectioned into 20-cm segments along the 
axile root. All root segments were scanned with a flat-bed scanner. The obtained images were analysed with 
WinRHIZO software (Regent Instruments Inc. Quebec, Canada) for the total root length, after which the 
roots were dried for the biomass same as the shoots. 
 
Results 

In general, root growth was able to keep pace with the fast stem growth (in terms of average daily DW 
increase) before the flag leaf fully emerged (Z00-39) with a growth rate ratio between the shoot and root of 
between 3 and 5 (Fig. 1 and Table 1). In fact, the fastest growth rate for both shoot and root was observed 
between the beginning of stem elongation and fully emerged flag leaf (Z30-39), which was about ten and 
eight times faster than the period prior to the start of stem elongation (Z00-30), respectively (Fig. 1 and 
Table 1). However, during the fast stem and ear growth period (Z39-51), root growth slowed down (i.e. ≤ 5 
mg DW d-1) while the shoot still grew at a rate of about 76-88 mg DW d-1. After the start of heading (Z51), 
roots grew at a relatively slow speed except for HI 1500 which, compared with other cultivars, had a much 
faster root and shoot growth at 33 and 60 mg DW d-1, respectively. 
 
Westonia had a much larger seminal root system at 0-60 cm depth in terms of both root length and DW than 
other cultivars at the start of stem elongation (Z30) (Fig. 2), whereas the two Indian cultivars had generally 
smaller root systems at 0-100 cm particularly in terms of root length until the start of heading (Z51). 
Interestingly at anthesis (Z65), C 306 tended to grow more root biomass at 20-60 cm than other cultivars, 
and HI 1500 tended to grow more roots below 100 cm. There was little additional growth in the length of the 
deepest seminal roots after the emergence of the flag leaf, except for HI 1500. 
 
Discussion 

This data shows some unexpected and interesting differences in root growth. Both Indian cultivars, adapted 
to regions with deep sub-soil moisture, had the ability to grow more roots into middle or deep layers at a later 
stage (heading to anthesis). This would be valuable for extraction of deep stored soil water especially during 
a terminal drought, because it will save the available water stored at depth until late stages when water is 
most efficiently converted to grain yield (Kirkegaard et al., 2007). On the other hand Westonia, a variety best 
adapted to Mediterranean conditions, grew more roots in the top 60 cm of the soil profile. 
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Figure 1. Total root and shoot dry weight of the four tested wheat cultivars measured at four stages: 
stem elongation (Z30), flag leaf (Z39), heading (Z51) and anthesis (Z65). DAS indicates the number of 
days after sowing that was averaged over four replicates for each cultivar at the same target stage. 
Points are means and bars are standard error (n = 4). 
 
Table 1. Shoot and root growth rate (average daily DW increase during each growing period), the 
ratio between the shoot and root growth rate, and root penetration rate (rooting depth/duration of 
each growing period). Mean values were used to calculate the rates during each period (n = 4). 

Zadoks 
score 

Stage Cultivar 
Shoot 

growth rate 
Root 

growth rate 
Ratio 

(shoot rate/root rate) 
Root 

penetration rate 

   (g DW d-1) (g DW d-1) - (cm/day) 

Z00-Z30 Before start of C 306 0.015 0.004 4 1.1 

 stem elongation HI 1500 0.011 0.003 4 1.0 

  Suntop 0.020 0.006 3 1.1 

  Westonia 0.026 0.007 4 1.1 

Z30-39 Stem elongation C 306 0.131 0.027 5 2.0

 to flag leaf HI 1500 0.156 0.038 4 1.7 

  Suntop 0.202 0.039 5 1.6 

  Westonia 0.170 0.034 5 1.7 

Z39-51 Flag leaf to C 306 0.076 0.005 15 -1.0 

 heading HI 1500 0.088 -0.003 -30 0.7

  Suntop 0.082 -0.005 -16 -1.3 

  Westonia 0.076 -0.010 -7 -1.8 

Z51-65 Heading to C 306 0.004 0.010 0 -0.9 

 anthesis HI 1500 0.060 0.033 2 1.9

  Suntop -0.003 0.006 -1 0.4

  Westonia 0.034 0.007 5 1.4 
 
The finding that roots almost stopped growing during the period of fast shoot growth is surprising and shows 
that even under favourable soil moisture conditions the shoots compete strongly for carbon, effectively 
limiting root growth. It is also surprising that there was little further root growth deeper into the subsoil after 
flag leaf emergence which is a relatively early stage in crop development. This is well before anthesis, the 
recognised time that downward root growth ceases (Gregory et al., 1978). In this study, plants were grown in 
a soil with a low bulk density, in confined tubes, and were well-watered, which was far from realistic field 
conditions with terminal drought. Further investigations under more realistic field situations are needed to 
verify such variation in root growth at different soil layers. 



© Proceedings of the 2019 Agronomy Australia Conference, 25 – 29 August 2019, Wagga Wagga, Australia © 2019. 
www.agronomyaustralia.org/conference-proceedings  

4

 
Figure 2. Total length and dry weight of the seminal root sectioned every 20-cm along the axile root for 
the four wheat cultivars at four stages. Points are means and bars are standard error (n = 4). 
 
Conclusion 

This study proved our hypothesis that root growth rates largely slowed during the period of maximum carbon 
demand by the shoots when the stems were elongating and the ear reached its maximum size, although 
further statistical analysis is required to confirm such changes in growth rates were real. Root growth 
commenced again between heading and anthesis albeit at a slow rate and there was little further root descent. 
This data suggests that under favourable water conditions shoots grew at the expense of roots when carbon 
demand from shoots was greatest. There appears to be important genetic variation in root growth based on 
the origin of the germplasm. Further analysis on nodal root data will complete the story and provide more 
information for future studies. 
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