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Abstract 
Waterlogging is a major constraint to wheat yields in Australia. There is genetic diversity for waterlogging 
tolerance in wheat and there is a need to improve wheat yields on waterlogging prone soils through 
identification of more tolerant varieties. This study aimed to (i) assess the usefulness of redox potential (Eh) 
and canopy temperature (Tc) to explain wheat responses to waterlogging and; (ii) determine whether there is 
sufficient variability in current, commercially available wheat varieties to justify trials on local, waterlogging 
prone soils. Ten varieties were examined, with control and waterlogged treatments imposed at two sites. 
Waterlogging was imposed at anthesis, with water ponded on plots for 14 days. Measurement of Eh allowed 
differences in the responses of varieties to waterlogging at the two sites to be understood. Canopy 
temperature was also useful at showing differences between the varieties. There were clear differences in the 
responses of currently recommended wheat varieties to both soil type and to waterlogging. Local trials on 
waterlogging prone soils are needed to allow wheat growers to select the best varieties for their soils. 
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Introduction 
Waterlogging prone areas occupy 15 to 25% of all wheat growing land in Australia and potential losses in 
wheat due to waterlogging are estimated at $300 million per year (Dennis et al., 2000). Waterlogging occurs 
when irrigation or rainfall exceeds evaporation and soil water storage, and internal and surface drainage rates 
are too slow to remove excess of water. When soils become saturated, diffusion of oxygen into the root zone 
falls markedly and microbial and plant respiration consumes soil oxygen faster than it can be replaced. If this 
continues, soil oxygen is depleted to the point where plant growth is affected. 
 
For wheat, different varieties exhibit different degrees of damage due to waterlogging events. Given the 
genetic diversity for waterlogging tolerance in wheat (Setter et al., 2009) and the difficulty and cost of 
ameliorating problem soils, there is a clear path to improve wheat yields on waterlogging prone soils through 
identification of more tolerant varieties. What is needed, however, is a trial methodology that allows yield 
responses to be correlated with the timing, duration and severity of waterlogging so that differences in 
varietal responses between sites can be understood. 
 
Periods of low soil oxygen reduce photosynthesis, stomatal conductance and transpiration in wheat (Zheng et 
al., 2009). This reduces leaf area development and can reduce grain yield (Tan et al., 2003). Crop response 
to waterlogging is therefore not related to soil saturation per se, but rather to the length of time the soil is 
anoxic (North, 2012). Anoxia can be assessed by measuring soil redox potential (Eh), with plant growth 
limited by low molecular oxygen levels in soils with an Eh < 350 mV (Setter and Waters, 2003). 
Additionally, waterlogging causes stomates to close and this in turn prevents normal transpirational cooling 
(Sojka and Stolzy, 1980). Consequently, canopy temperature (Tc) may be useful for assessing wheat response 
to anoxic conditions. 
 
The objectives of this study were (i) to assess the usefulness of Eh and Tc for explaining crop responses to 
waterlogging and; (ii) determine whether there is sufficient variability in current, commercially available 
wheat varieties to justify trials on local, waterlogging prone soils. 
 
Methods 
Experimental sites and treatments 
The study was conducted at two sites in surface irrigated basin layouts on two soils typically used to grow 
rice in southern NSW. The experiments were located on a brown chromosol (Isbell, 1996) near Moulamein, 
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NSW (35.08o S; 143.87o E) and an episodic crusty grey vertosol (Isbell, 1996) near Jerilderie, NSW (35.33o 
S; 143.52o E). Each soil was sampled and chemical and physical analysis undertaken (Table 1). 
 
Table 1. Selected chemical and physical properties of the soils at the trial sites. 

    Chromosol ‐ Moulamein  Vertosol ‐ Jerilderie 
    0‐10 cm  10‐20 cm  0‐10 cm  10‐20 cm 

pH (1:5 CaCl2)    6.4  4.9  7.2  6.7 

Electrical Conductivity  dS/m  0.1  0.14  0.18  0.15 

CEC ‐ incl. Al  cmol(+)/kg  15.5  11.9  24.4  22.5 

Organic Matter  %  0.93  1.7  0.67  1.4 

Al (KCl) % of Cations  %  <1  3.4  <1  <1 

Ca/Mg Ratio    0.96  1  0.62  0.77 

ESP ‐ incl. Al  %  5.4  3.4  12  7.7 

Dispersion Index    9  2  13  10 

Slaking 2 Hours    Partial  Partial  Considerable  Partial 

Sand; Silt; Clay  %  31; 28; 41  35; 26; 39  31; 15; 54  32; 16; 51 

Texture    Silty Clay  Silty Clay Loam  Clay  Clay 

 
Nine high yielding irrigated wheat varieties with a range of maturities were selected for assessment: Dart and 
CondoA (early season); Corack, Cobra and SceptreA (early-mid); SuntopA and Elmore (mid-season); and 
GregoryA and Trojan (mid-late). CharaA (mid season) was included as a standard “check” line. Plots were 
sown on 17th May 2016 at Moulamein and 20th May at Jerilderie at a rate for each variety to achieve a target 
plant density of 175 plant/m2 with 70% establishment (i.e. 90-115 kg/ha depending on seed weight). 125 
kg/ha of DAP was applied at sowing and the plots were top-dressed with 300 kg/ha of urea applied in two 
applications: 23 July and 18 August at Moulamein; 20 July and 11 August at Jerilderie. 
 
Waterlogging treatments were applied in spring, with treatment plots subjected to a single, prolonged period 
of waterlogging timed to coincide with anthesis. Water was ponded on treatment plots for 14 days, 
commencing on 6 and 11 October at Jerilderie and Moulamein respectively. Leaf chlorosis was observed in 
waterlogged plots at Jerilderie prior to them being drained, but not at Moulamein. Control plots at both sites 
were irrigated on the 18-19 October to avoid water stress and optimise growth. All plots were irrigated again 
on 9-10 November to ensure both treatment and control plots had good moisture for grain filling. All 
irrigations were timed to occur when soil matric potential (ψm) at 30 cm depth reached -60 kPa. 
 
Soil and plant measurements 
Redox potential (Eh) sensors (Paleo Terra) were installed in pairs at depths of 5, 15 and 30 cm in both a 
control and a waterlogged block at each site. Soil matric potential (ψm) was measured at the same times using 
Watermark™ sensors (Irrometer Company Inc.) placed within 10 cm of the Eh sensors. 
 
Thermal images were acquired from an UAV platform (Inspire 1, DJI, X) shortly after water was ponded on 
treatment plots (11 October and 13 October at Jerilderie and Moulamein respectively) and again at the end of 
the ponding period (20 October and 25 October at Jerilderie and Moulamein respectively) using a Tau 2-640 
camera (FLIR) equipped with ThermalCapture hardware (Teax technology). Raw data was transformed into 
images during post-processing using the Thermoviewer software and averaged Tc of individual plots was 
obtained using the FLIR tools software.  
 
Yield components were assessed from quadrats (1 m2) cut from each plot on 5-6 December and plot grain 
yields from header strips taken on the 19 and 22 December at Moulamein and Jerilderie respectively. 
 
Results and discussion 
The Eh measurements showed there were marked differences in the response of the two soils. The surface 
horizon of the chromosol (Moulamein) was drier than the drained upper limit (DUL ψm = -10 kPa) on 11 
October and the soil under all plots was aerobic (Eh ≈ 800 mV; Figure 1). Ponding saturated the soil (ψm > -
10 kPa) in the waterlogged treatment and caused Eh to fall. After 6 days of ponding, the chromosol became 
anoxic and remained so until plots were drained, at which point air entered the soil and Eh rose. In total, the 
soil under the waterlogged treatment at Moulamein was anoxic for 10 days. The irrigation on the 10 
November saturated the soil for 4 days, but this only caused a slight fall in Eh in both treatments (Figure 1). 
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In contrast, the surface horizon of the vertosol (Jerilderie) was wetter than the DUL on 6 October and the soil 
under all plots was anoxic (Eh < 350 mV; Figure 1). Eh was also falling when ponding commenced on the 
treatment plots on 6 October. The control plots dried shortly after and Eh rose to aerobic levels. Eh in the 
treatment plots continued to fall to very low levels (-100 mV) for another 7 days after plots were drained on 
the 20 October. This is because the soil remained saturated (ψm > -10 kPa) during this period, even though 
water had been drained off the treatment plots. This slow internal drainage was observed again after the 
irrigation on the 8 November (Figure 1), with Eh falling to anoxic levels in both the control and waterlogged 
plots and not commencing to rise in the waterlogged treatment plots until 8 days after the irrigation. 
 
In total for the measurement period, Eh of the surface soils was < 350 mV for 0 and 8 days in the control 
plots, and for 10 and 34 days in the waterlogged plots at Moulamein (chromosol) and Jerilderie (vertosol) 
respectively. The vertosol at Jerilderie was anoxic for a longer period and had a slower recovery to aerobic 
conditions compared to the chromosol at Moulamein. This is attributed to dispersion, fine pores and poor 
internal drainage in the heavy clay, sodic vertosol at Jerilderie compared to the lighter texture and non-sodic 
nature of the chromosol at Moulamein (Table 1). 

 
Figure 1. Soil matric potential (top) and redox potential (bottom) at 5 cm depth in the chromosol at Moulamein 
(left) and the sodic vertosol at Jerilderie (right). The blue shading indicates the period water was ponded on 
treatment plots; DUL = drained upper limit; AT = aerobic threshold. 
 
Average header grain yields from the two sites (Figure 2) showed: 

 At Moulamein, there was a non-significant reduction in the yield of all varieties in the waterlogged 
plots. The soil at Moulamein was anoxic for only 10 days, and it is presumed the crops in the 
waterlogged plots were able to recover, particularly as they were not waterlogged again by the 
November irrigation. (Note – Cobra in one waterlogged plot was affected by poor establishment) 

 At Jerilderie, yields in the control plots were lower than those at Moulamein, indicating the effect of 
the sodic, heavy clay at this site. This effect was greatest in CondoA, which fell from the third highest 
yield in the control at Moulamein to the lowest yield in the control at Jerilderie.  

 At Jerilderie, waterlogging significantly reduced the yields of all varieties except SuntopA, Cobra, 
Dart, and CondoA. Proportionate losses were highest in the better yielding varieties (Trojan and 
SceptreA) whilst CharaA, which is considered waterlogging tolerant (Setter and Waters, 2003), was 
the most affected by waterlogging at this site. 

 
There was no significant difference between Tc of control and treatment plots at both sites at the start of the 
waterlogging period and at Moulamein at the end of the treatment period. There was a significant difference 
(P=0.001) at Jerilderie at the end of the treatment period (20 Oct), with Tc of the waterlogged plots warmer 
than the control plots by 1oC on average. Variety average Tc of the control plots was 5.5 to 6.0oC warmer 
than air temperature (Ta) for all varieties except CondoA, which was 8oC warmer, indicating that the drop in 
Eh caused by the irrigation on the 19 October (Figure 1) caused stomata to close and that Condo was 
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particularly affected. There was a negative correlation between variety average yield and Tc - Ta in the 
waterlogged plots, with yield decreasing by 1 t/ha for each 1oC increase in Tc - Ta (R2 = 55%). In contrast, Tc 
was cooler than Ta at Moulamein by 2.2 to 3.2oC at the end of the treatment period (25 Oct) in both control 
and waterlogged plots and there was no correlation between yield and Tc - Ta in either treatment. 

     
Figure 2. Mean plot grain yield (12% moisture) for each variety in the control and waterlogged treatments at 
Moulamein (left) and Jerilderie (right). The SE mean for the waterlog × variety interaction is shown (59 df). 
 
Conclusion 
Measurement of Eh allows the severity of waterlogging to be observed and when and for how long the soil is 
anoxic and thus limiting to crop growth. Changes in Eh occur in response to soil saturation, so measurement 
of ψm helps to explain these changes. Monitoring of Eh and ψm allows differences in the soil response to 
waterlogging to be identified and helps explains differences in crop response to imposed treatments. This 
was clearly demonstrated here, as the yield responses to the waterlogging treatments were explained by the 
different effects of waterlogging on soil redox (and by inference, soil oxygen) in the two soils.  
 
Measurement of Tc showed the effect of waterlogging on the plants, as well as showing up differences in the 
response of varieties such as CondoA. However, the drone was not able to provide enough readings to allow 
diurnal fluctuations or the daily course of responses to be measured. Continuous monitoring of Tc using low-
cost IR sensors and loggers may be a better alternative if it allowed plant response (Tc) to be correlated with 
soil oxygen status (Eh). This might provide a better understanding of yield results from variety trials. 
 
The use of relatively low-cost loggers with Eh and ψm sensors helps explain differences in crop responses to 
periods of waterlogging and allows the results from trials on different soils to be understood. This 
experiment was only a pilot to test a methodology, and therefore limited in its power to make variety 
recommendations. However, there are clear differences in the responses of currently recommended wheat 
varieties to both soil type and to waterlogging. Using Eh (to measure the degree of stress) and ψm (to assess 
the drivers of that stress) in variety trials would provide greater information to guide the selection of higher 
yielding varieties best suited to wheat growers’ soils and irrigation systems. 
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