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Abstract  

The main objective of this thesis was to determine the impact of crop management 

practices on the grain quality of rice grown in Australia's southern rice growing region to 

help reduce the variability found within the industry. Nutritional management, irrigation 

protocols and planting density are controlled farming practices that impact grain quality with 

effects specific to variety. 

 

Analysis of grain quality under various pre-permanent water (PW) and panicle 

initiation (PI) nitrogen (N) rates revealed increasing the rate of N applied pre-PW 

significantly increased whole grain yield (WGY; the proportion of unbroken grain expressed 

as a percentage of harvested grain) in all tested varieties, however, the effect of splitting the 

same total N rate into two applications on WGY was variety specific. The results in this 

thesis revealed N applied at PI altered protein composition affecting WGY and pasting 

properties.  

 

Comparison of the water saving technique delayed permanent water (DPW) with 

conventional irrigation methods revealed at N rates above 60 kg ha-1, WGY was higher in 

DPW compared to plants grown with conventional irrigation methods. DPW reduced grain 

filling duration while prolonging the grain ripening phase due to a slower in-field grain 

drying, which had a positive effect on WGY (Reiziq, r = 0.32; Sherpa, r = 0.29; Langi, r = 

0.67; Topaz, r = 0.52; p < 0.05). When analysing cooking parameters, RVA peak viscosity 

was lower in the water saving irrigation method compared to permanent flood which 

increased RVA setback for all varieties despite no differences in amylose and total protein 

content. DPW altered the grain protein composition improving WGY and affected the pasting 

properties of rice.  
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Analysis of grain quality under various sowing and N rates revealed changes in plant 

architecture. The differing densities that resulted from varying the sowing rate significantly 

affected grain weight and milling quality and the response differed between varieties. 

Decreasing sowing rate increased the number of grains per panicle, reduced grain 

dimensions, the thousand grain weight (TGW) and slightly increased WGY in the medium 

grain variety. In the short grain variety, decreased sowing rate increased TGW and reduced 

WGY in one season. There was a negative correlation between protein content and TGW (r = 

-0.58, p < 0.001) but a positive relationship between protein content and WGY in both 

varieties (r = 0.52, p < 0.001). 

 

Analysis of grain quality of Reiziq grown with increasing rates of Zn fertilisation 

demonstrated the Zn content of paddy and milled grain increases with increasing Zn fertiliser 

rate. However, Zn fertiliser rate did not affect protein content and WGY. Results in this study 

also demonstrate that RVA trough viscosity was increased by Zn fertiliser, possibly due to 

increased water absorption and increased starch granule swelling or a change in the amino 

acid profile. However, the impact on the overall RVA curve was minor. These results 

indicate that increasing the Zn content of the grain through fertilisation will not affect grain 

quality but may improve the Zn level delivered to consumers. 

  

This study demonstrated progress in understanding the effect of crop management on 

rice grain quality. Results in this thesis also demonstrated the importance of protein 

composition on grain quality parameters. A significant challenge for rice growers in Australia 

and globally is to reduce water usage without impacting crop yield and grain quality. This 

thesis demonstrated that grain quality is improved when rice is grown using water saving 

methods, increasing farmer profit per megalitre of water used in crop production. 
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CHAPTER 1 

 

Literature Review: The impact of crop management of rice grain quality 

 

1.1 Introduction to this review  

Rice (Oryza sativa L.) is an important global commodity that provides close to one-

quarter of the world’s daily calorie intake (Fageria and Baligar 2003). Estimates indicate that 

by 2030 global rice production will need to increase by 40% to feed the growing population 

(Alexandratos and Bruinsma 2012; Khush 2005). Increasing yield is a fundamental aspect of 

crop production and future food security, although it should not come at a cost to grain 

quality as quality dictates the value and market acceptance of rice. Rice grain quality research 

is primarily focused on the identification of genes which control particular traits. Specific 

genes control many rice quality parameters (Fitzgerald et al. 2009), which breeding programs 

can utilise. However, breeding programs typically assume grain quality characteristics are 

independent of other factors (Borrell et al. 1999). Environmental factors and grower 

management practices play a significant role in influencing grain quality, yet research 

regarding the effect of crop management practices on grain quality is fragmented and 

generally lacks an Australian focus. This knowledge gap is in stark contrast with American 

rice research, one of Australia’s main competitors for rice exports, which accounts for more 
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than half of the studies covered in this review that assess the effect of crop management on 

grain quality parameters. 

 

Australia contributes a relatively small portion to global rice production, however, 

remains competitive by producing high quality grain targeted to premium markets (Lisle et 

al. 2000; Martin and Fitzgerald 2002). To ensure growers continually produce high quality 

grain the Australian rice industry issues penalties to producers who do not meet high quality 

standards. Consequently, even with high yields, grower’s returns are negatively impacted by 

poor grain quality. Despite these financial consequences, the quality of Australian grown rice 

is highly variable and, unfortunately, the underlying causes are poorly understood. This 

review outlines the current state of knowledge of the role of crop management practices on 

rice grain quality.  

 

1.2. Importance of grain quality to the Australian rice industry  

 

Australian rice yields are the highest in the world at around 10 tonnes per hectare and of the 

grain produced, approximately 85% is exported (Department of Agriculture and Water 

Resources 2018). Although producing high yields, Australia contributes a relatively small 

portion of global rice production and accounts for 0.1% of global rice trade (Workman 2019). 

As Australia cannot compete in terms of quantity with other rice exporters, it remains 

competitive by producing high quality grain targeted to premium markets (Kaosa-Ard and 

Juliano 1991; Kealey and Clampett 2005; Lisle et al. 2000; Martin and Fitzgerald 2002). 

Australian rice undergoes stringent quality testing before being traded as these niche markets 

have narrow specifications for each quality parameter (Griffith and Mullen 2001; Kealey et 

al. 2005; Lisle et al. 2000). For example, sushi grains exported into the Japanese market have 
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strict specifications surrounding protein levels and will pay above commodity prices for low 

protein high quality grain.  

 

1.2.1. Effect of whole grain yield on profit margins  

 

Whole grain yield (WGY), the portion of grain that remains whole or at least 75% 

original length as a mass percentage of paddy, is the primary method used in assessing grain 

quality for the rice industry. Internationally, WGY is referred to as head rice yield or head 

rice recovery (Siebenmorgen et al. 2007; Tabien et al. 2009) and it is perhaps the most 

important grain quality parameter as it influences the marketability of rice. In 2013, the 

Australian rice industry incurred more than $30 million in additional milling and product 

downgrade costs from low WGY (Lawson 2014). To ensure high quality standards are met, 

WGY is now incorporated into grower payments (Section 2.3; NSW Department of Primary 

Industries 2016). For a particular variety in a specific growing region, the average WGY is 

determined. No alterations to grower payments occur if their WGY falls within 2.5% of the 

season average. However, for every one percentage point, either side of the ‘safe zone’, a $2 

deduction or premium is applied to the price per tonne of rice (Figure 1.1; NSW Department 

of Primary Industries 2016). However, despite the significant effect WGY has on growers’ 

profit margins there is still a lot of variability in WGY found in the rice industry.  
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Figure 1.1. Cost margin affected by whole grain yield of a 50 hectare Reiziq crop producing 
11 tonnes of Reiziq per hectare grown in the Murrumbidgee Irrigation Area (MIA) in 2017. 
Data sourced from	NSW Department of Primary Industries (2016).  
 
 
 
1.2.2.  Effect of harvest grain moisture on whole grain yield 

 

Grain moisture at harvest is a critical factor that can significantly affect WGY 

(Siebenmorgen et al. 2007; Siebenmorgen et al. 1992). Siebenmorgen et al. (2007) 

determined optimal WGY for long grains is achieved between 19-22% and for medium 

grains is 22-24% moisture. Siebenmorgen et al. (1992) reported significant losses in WGY 

occur when grain moisture falls outside the range of 15 to 22%. There is a reduction in profit 

from costs associated with grain drying when grain moisture is above 22% (Lu et al. 1995; 

Nalley et al. 2016). Thus, industry recommended grain moisture at harvest for optimal WGY 

is between 18 and 22% (NSW Department of Primary Industries 2016). However, harvesting 

within the optimal range does not always ensure a high WGY.  
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1.2.3. Australian rice industry quality appraisal data 

 

Quality appraisal data obtained from the Australian rice industry (SunRice) 

demonstrates the variability in WGY found within the industry (Figure 1.2). Above average 

WGY was still achieved with harvest grain moistures below 18% (green box). Whereas, 

below average WGY occurred within the optimal grain moisture (red box). Furthermore, a 

high yielding crop did not always equate to a high WGY and vice versa (Figure 1.3). Data in 

Figure 1.2 and Figure 1.3 are of the same variety, season and growing region and thus crop 

management being the only differing factor.  

 

 

 
 
Figure 1.2. Whole grain yield vs grain moisture at delivery from SunRice 2016-2017 quality 
appraisals. Data shown is from variety Reiziq grown in the MIA. The average WGY was 
56.1% and indicated by the yellow line. 
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Figure 1.3. Whole grain yield vs Crop yield from SunRice 2016-2017 appraisal results.  
Data shown is from variety Reiziq grown in the MIA.  
 

1.3.  Overview of grain quality traits  

 

Grain quality is a multifaceted trait that encompasses the physical appearance and the 

cooking and eating qualities of rice (Fitzgerald et al. 2009). Quality traits are dependent upon 

the particular end use and can vary according to local cuisine and culture. Grain harvested 

from a rice crop is referred to as rough rice or paddy and consists of a protective covering 

(hull) and the edible rice caryopsis (Juliano 2004). Brown rice is obtained after de-hulling 

and comprised of a cuticular and aleurone layer, known as bran, that surrounds the inner 

endosperm and embryo (Bechtel and Pomeranz 1977). White or polished rice is the 

remaining starchy or inner endosperm (Juliano 2004).  

 

Unlike other cereals, rice is consumed as a wholegrain and thus, texture and 

appearance cannot be compromised. The physical appearance of rice includes grain 

dimensions, WGY, grain colour and chalk. The presence of chalk, the opaque regions in the 
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grain’s endosperm, increases the likelihood of grain breakage during milling, thus reducing 

WGY. Factors such as amylose content, protein content, gelatinisation temperature and paste 

viscosity will affect the cooking and sensory properties of rice. Milled rice is composed of 

starch (up to 95% dry weight), protein (5-7%) and lipids (0.5-1%; Fitzgerald et al. 2009). The 

composition of each rice component is presented in Table 1.1. 

 

Table 1.1. Nutrient composition of brown rice, milled rice and rice bran 
Nutrients  Brown rice White rice (milled) Rice bran 
Protein (g/100 g) 7.1-8.3 6.3-7.1 11.3-14.9 
Crude fat (g/100 g) 1.6-2.8 0.3-0.5 15.0-19.7 
Available carbohydrates (g/100 g) 73-76 77-78 34-62 
Crude fibre (g/100 g) 0.6-1.0 0.2-0.5 7.0-11.4 
Crude ash (g/100 g) 1.0-1.5 0.3-0.8 6.6-9.9 

Source: Saleh et al., 2019 
 

 

There are two types cultivated Oryza sativa subspecies, indica and japonica (Kealey 

and Clampett 2005). Indica is primarily grown in tropical regions while temperate areas grow 

japonica. Indica varieties tend to produce a firm cooked grain compared to japonica varieties 

which produce a softer cooked grain. Australian varieties are mostly japonica type with some 

lines having an indica parentage (Kealey and Clampett 2005).  

 

1.3.1. The effect of starch on quality parameters  

 

Starch is the main source of energy in the rice grain and influences quality (Copeland 

et al. 2009), specifically cooked rice texture (Champagne et al. 2007). Amylopectin (70-

100%) and amylose (0-30%) are the macromolecules that form starch (Fitzgerald 2004) and it 

is the relative proportion of the two that affects the physicochemical properties of starch 

(Ahmed et al. 2015).  
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Amylose is essentially a linear unbranched glucose polymer containing a-1,4 

linkages, compared to the highly branched amylopectin, which is composed of a-1,4 linked 

glucose segments connected by a-1,6 linked branch points (Buleon et al. 1998; Copeland et 

al. 2009; Whistler and BeMiller 2008). The individual branches of amylopectin vary in chain 

length and are grouped into particular categories. A-chains are unbranched, B-chains branch 

with other chains (A and B chains) and there is a single C-chain that carries the reducing 

glucose (Hizukuri, 1986).  

 

Amylopectin and amylose exist as semi-crystalline aggregates known as starch 

granules and, in rice, these granules cluster together to form compound starch granules 

(Copeland et al. 2009). Amylose influences the packing and organisation of amylopectin 

within granules, which is important for quality traits associated with water uptake (Copeland 

et al. 2009). Additionally, the ratio of long to short chains of amylopectin will affect its 

shape, which influences their packing into granules (Jane 2007). 

 

In rice, gelatinisation temperature, cooking and pasting properties are attributed to 

amylopectin structure, while texture and stickiness are ascribed to amylose (Champagne et al. 

2009; Tran et al. 2001). Rice grains are classified according to amylose content which is 

considered an important predictor of sensory quality (Fitzgerald et al. 2009; Juliano and 

Perez 1983). Grains of high amylose (>25%) become firm and dry when cooked, whereas, 

grains of intermediate (16-22%) to low amylose content (<2%) have a softer and stickier 

texture (Juliano 1979).  

 

Starch swelling power, viscosity, gelatinisation and retrogradation are the 

measurements used to evaluate starch functionality (Liu 2005). During the cooking process of 
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isolated starch in an excessive amount of water, the crystalline structure of starch is damaged 

and the granules absorb water and swell (Copeland et al. 2009). The temperature at which 

this occurs is known as the gelatinisation temperature. Amylose leaches from the starch 

granules during this process and once the rice is cooled the leached amylose chains 

recrystallise to form a gel/paste (Copeland et al. 2009; Tester and Morrison 1990). This 

process is called retrogradation and stickiness, water absorption ability and digestibility of 

rice are affected by this phenomenon (Copeland et al. 2009). However, this process does not 

occur for rice grains as they are not cooked in excessive water and the starch structure 

restricts the leaching of amylose.   

 

A Rapid Visco Analyser (RVA) is the most useful tool for evaluating cooking 

properties of rice and is used to estimate the gelatinisation behaviour and pasting parameters 

(Copeland et al. 2009; Martin and Fitzgerald 2002). During the test, white rice flour and 

water are heated then cooled while stirred continuously. The resistance of the sample to 

stirring is measured as viscosity and is exhibited as a curve. As the sample is heated and the 

starch granules absorb water, viscosity increases to a maximum (peak viscosity), followed by 

a decrease to a minimum (trough viscosity) as the granules rupture. The temperature is then 

decreased and the viscosity begins to increase from its minimum to a final value (final 

viscosity; Copeland et al. 2009). The difference between the final and peak viscosity 

(setback) correlates with amylose content in rice (Juliano et al. 1964). A positive setback 

indicates a higher amylose content and firmer gel/paste, whereas a negative setback indicates 

a softer gel/paste and lower amylose content (Lisle et al. 2000).  

 

Starch, being the main component of rice, has received considerable attention in 

regards to its role in determining the sensory properties of rice. However, starch does not 
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account for all variability found in rice quality. Champagne et al. (1999) reported varieties of 

similar amylose content varied greatly in their pasting and thermal properties, suggesting that 

other factors may contribute to the variation. 

 

1.3.2.  The role of protein on grain quality  

 

Protein is a major factor responsible for the textural, pasting and eating qualities of 

milled rice (Ning et al. 2010). Proteins found in rice are classified according to their 

solubility; albumins are soluble in water, globulins are salt-soluble, prolamins are alcohol-

soluble and glutelins dissolve in dilute acid or alkali solutions (Lookhart et al. 1987). Rice 

proteins are mostly found as protein bodies (PB) which are storage organelles (Amagliani et 

al. 2017). There are two types of PB in the rice endosperm referred to as type-I (PB-I) and 

type-II (PB-II). PB-I is rich in prolamin and spherical in shape, whereas PB-II has a 

crystalline structure with an irregular shape and is rich in glutelin and globulin (Tanaka et al. 

1980). Previous studies have reported that albumin, globulin, prolamin and glutelin account 

for 5-10, 7-17, 3-6 and 75-81%, respectively, of total protein in brown rice (Agboola et al. 

2005; Cao et al. 2009; Ju et al. 2001; Zhao et al. 2012).  

 

The percentage of each protein fraction found in brown rice is different from the 

profile found in milled rice. Albumin and globulin are more abundant in the outer regions of 

the grain (Cagampang et al. 1966; Houston et al. 1968) and their percentage of total protein is 

reduced post milling (Amagliani et al. 2017; Tran et al. 2018). Prolamin is distributed evenly 

across the endosperm of the grain while glutelin increases in proportion towards the centre of 

the endosperm (Cagampang et al. 1966; Houston et al. 1968).  

 



  Chapter 1 
 

 13 

The synthesis of rice protein fractions occurs at different times during seed 

development (Yamagata et al. 1982). Yamagata et al. (1982) reported the two polypeptide 

groups of glutelin appeared five days after flowering, as well as the globulin component. The 

polypeptide groups responsible for prolamin appeared ten days after flowering, while 

albumin components were consistent throughout seed development (Yamagata et al. 1982). 

Yamagata et al. (1982) also noted that the development of PB-II (glutelin and globulin) 

formed faster than PB-I (prolamin) in the starchy endosperm. 

 

Martin and Fitzgerald (2002) suggested protein influences cooked rice texture by 

limiting the amount of water starch can absorb during the early stages of cooking. They 

found that as protein content increased the overall RVA viscosity curve decreased (Martin 

and Fitzgerald 2002). Protein content is negatively correlated with the stickiness of cooked 

rice, while hardness is positively correlated (Derycke et al. 2005). Previous research has also 

identified that individual protein fractions have opposing effects on the textural properties of 

rice (Baxter et al. 2004; 2014; Baxter et al. 2010; Furukawa et al. 2003).  

 

Balindong et al. (2018a) demonstrated that protein fractions were correlated with 

RVA parameters while Baxter et al. (2014) reported that the effect on the pasting and textural 

properties were dependent upon the relative concentrations of all protein fractions. 

Furthermore, Furukawa et al. (2003) suggested that rice variety may have a significant effect 

on the composition and distribution of individual protein fractions within the rice endosperm. 

Indeed, Balindong et al. (2018a) found that medium and long grain types differed in their 

protein faction concentrations. They reported two distinct protein faction profiles for both the 

medium and long grain varieties tested (Balindong et al. 2018a).  
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Leesawatwong et al. (2005) suggested that while glutelin and prolamin may have little 

influence on grain breakage, albumin and globulin could reduce breakage as they are more 

abundant in the peripheral regions of the rice grain. Balindong et al. (2018b) did observe 

WGY increased as globulin concentration increased, however, prolamin also showed a 

positive correlation. 

 

Protein content and composition also affects the nutritional quality of rice. Glutelin is 

rich in lysine, an essential amino acid, therefore increasing its concentration will improve the 

nutritional quality of rice (Cagampang et al. 1966). Albumin has the highest lysine 

concentration of all protein fractions and therefore the highest nutritional value (Padhye and 

Salunkhe 1979). Globulin has the highest content of the sulphur containing amino acids 

cysteine and methionine, while prolamin has the lowest (Young and Pellett 1994). As 

albumin and globulin are more highly concentrated in rice bran (Amagliani et al. 2017), 

removal of bran through milling lowers the nutritional value of rice.   

 

1.3.3. The effect of lipids on grain quality  

 

Despite accounting for only ~1% of rice, lipids have a significant impact on grain 

quality. Predominately found in the outer layers (bran and aleurone) of the grain, the majority 

of lipids are removed during the milling process (Wu et al. 2016). The extent to which these 

layers are removed from polished grain is defined as the degree of milling (Wu et al. 2016) 

and will differ between varieties milled for the same duration (Siebenmorgen et al. 2006). 

Siebenmorgen et al. (2006) reported after 60 seconds of milling there is a surface lipid 

content of or below 0.5% remaining, depending on the variety and cropping year. Wu et al. 

(2016) reported that removal of the cuticular layer (rice caryopsis outer layer) was enough to 
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mimic the cooking properties of white rice, however, the textual properties and peak viscosity 

significantly differed, influenced by the presence of the aleurone layer (Wu et al. 2016). 

 

Lipids are also located within the endosperm and embryo forming cross-linked helical 

structures with amylose, affecting the swelling ability of starch granules (Choudhury and 

Juliano 1980; Liang et al. 2002). Amylose-lipid complexes form during both grain 

development and the cooking process (Tufvesson et al. 2003) with the complexed amylose 

unable to contribute to the recrystallisation of leached amylose that affects gel consistency 

(Liang et al. 2002; Miles et al. 1985). Philpot et al. (2006) reported that the removal of lipids 

from rice flour significantly increased the firmness of recrystallised gels. 

 

1.3.4. The impact of grain chalkiness on grain quality 

 

Chalk refers to opaque regions in the endosperm and disruption of starch synthesis is 

thought to result in increased chalkiness (Lisle et al. 2000). Chalky grains have significantly 

lower amylose content than translucent grains (Kim et al. 2000; Patindol and Wang 2003; 

Singh et al. 2003) and have sizeable air pockets between granules, while in translucent grain, 

granules are larger and more densely packed with fewer air pockets (Lisle et al. 2000; 

Yamakawa et al. 2007). It is these air pockets that alter the light refraction of grain resulting 

in a chalky appearance (Chun et al. 2009).  

 

White-core (WC) and white-belly (WB), are two major types of chalky grain with 

opaque sections found in the centre and peripheral area of grain, respectively (Qiao et al. 

2011). Using scanning electron microscopy, Qiao et al. (2011) revealed that WC grains 

contain no visible PB whereas, WB grains have no PB surrounding starch granules. 
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Management factors that change grain composition (protein and amylose content) reduce the 

occurrence of chalk (Ahmad et al. 2009; Grigg et al. 2016; Nangju and De Datta 1970; Perez 

et al. 1996; Qiao et al. 2011; Zhou et al. 2015). However, the end use functionality is also 

affected by changing the thermal and pasting properties (Chun et al. 2009; Grigg et al. 2016; 

Lisle et al. 2000; Martin and Fitzgerald 2002). Decreasing the prevalence of chalkiness also 

reduces the frequency of cracked or broken grain that occurs during milling (Ahmad et al. 

2009; Grigg et al. 2016; Nangju and De Datta 1970; Perez et al. 1996). 

 

1.3.5. Factors affecting grain breakage 

 

Grain breakage during milling significantly reduces the market value of rice as 

consumers prefer intact, whole grains (Fitzgerald et al. 2009). Broken grain is defined as 

grain 75% of its original length and occurs mainly due to fine fissures or cracks that form in 

the endosperm (Lan and Kunze 1996). Fine fissures can develop in the field from 

environmental conditions and cause grain to break during milling or cracks can appear post 

milling from handling and storage conditions.  

 

The grains moisture percentage, or change in moisture, is an important determinant in 

the development of cracks. Internal or surface cracks occur from moisture loss or 

reabsorption which causes a change in the physical state between the surface and centre of 

the grain (Kunze 2001). This difference in the physical state will impose stress or pressure 

within the grain resulting in the formation of cracks (Kunze 2001). When moisture is 

absorbed the starch granules in the surface layers will swell. This swelling will generate 

compressive stresses which are met by equal but opposite tensile stresses at the grains’ centre 

(Kunze 2001). When the compressive stresses exceed the tensile strength at the centre, 
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internal cracks will develop (Kunze 2001). As the grain loses moisture, the opposite trend 

will occur and surface fissures will form. This drying re-wetting cycle can happen in the field 

from high day-time temperatures and a high night-time relative humidity or rapid drying 

during storage which produces a steep moisture gradient in the grain. 

 

Soaking grains in water can produce another type of crack known as 'Hanasaki’. 

Soaking rice is a common practice used in food processing such as parboiling, retorting and 

puffing and is also popular during sushi making (Oil et al. 2014; Thakur and Gupta 2006). 

Upon soaking, grains with pre-existing cracks will form more Hanasaki cracks than intact 

rice (Koide et al. 2001). Moreover, grains with surface fissures produce more Hanasaki 

cracks then grains with internal fissures (Koide et al. 2001). An increase in grain breakage 

during soaking or cooking will cause an increase in amylose leaching altering the texture of 

cooked rice (Koide 2010). 

 

1.4. Management practices affecting grain quality 

 

1.4.1. Effect of nitrogen fertiliser management on grain quality  

 

Nitrogen (N) fertiliser is an important farm management practice that not only 

improves yield but also impacts grain quality (Ning et al. 2009). By measuring the in season 

plant N status, particular grain quality parameters can be predicted (Ata-Ul-Karim et al. 

2017). Several studies report that increasing the N rate increases protein content (Ahmad et 

al. 2009; Borrell et al. 1999; Champagne et al. 2009; Ghosh et al. 2004; Grigg et al. 2016; 

Nangju and De Datta 1970; Perez et al. 1996), improves WGY (Ahmad et al. 2009; 

Champagne et al. 2009; Ghosh et al. 2004; Grigg et al. 2016; Nangju and De Datta 1970; 
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Perez et al. 1996) and decreases grain chalkiness (Ahmad et al. 2009; Grigg et al. 2016; 

Nangju and De Datta 1970; Perez et al. 1996; Qiao et al. 2011; Zhou et al. 2015). The 

additional protein bodies through N application improves the structural integrity of grain 

(Dilday 1988; Grigg et al. 2016) by occupying the space between the loosely packed starch 

granules reducing, cracks, grain breakage and an opaque appearance improving WGY 

(Dilday 1988; Grigg et al. 2016; Leesawatwong et al. 2005; Qiao et al. 2011; Zakaria et al. 

2000). Indeed, Balindong et al. (2018b) observed a higher protein content in unbroken grains 

compared to broken or incomplete grains.  

 

N application can have varying effects on individual protein fractions and also 

amylose content. Ning et al. (2010) demonstrated that albumin and globulin were unaffected 

by N application, while prolamin and glutelin were significantly affected. There are 

contradictory reports on the effect of N application on amylose content as some studies found 

a reduction (Champagne et al. 2009; Gunaratne et al. 2011; Perez et al. 1996), while others 

observed no significant impact (Champagne et al. 2007; Tamaki et al. 1989). Prakash et al. 

(2002) and Ata-Ul-Karim et al. (2017) noted that increasing protein content concurrently 

reduced amylose content. 

 

Increasing applied N also alters starch structure. Zhu et al. (2017) reported that starch 

granules became uneven and decreased in size with increasing applied N. These authors also 

reported increased gelatinisation enthalpy and starch swelling power and solubility under 

high N rates while peak viscosity and gelatinisation temperature decreased. Furthermore, 

Grigg et al. (2016) observed a decrease in final and peak viscosity from increased N, 

subsequently affecting the cooked rice texture. Gunaratne et al. (2011) investigated the 

effects of N on rice flour and discovered swelling power and amylose leaching increased 
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while peak viscosity and granular breakdown decreased. They attributed the change in 

cooking parameters to possible structural changes of amylose and amylopectin from 

increased protein content. Tamaki et al. (1989) found no change in lipid content in response 

to N but did note that texture and palatability of cooked rice were affected, likely due to the 

change in protein content and starch morphology. 

 

1.4.1.1. The impact of application timing of nitrogen fertiliser  

 

There is no appropriate soil nitrogen test for rice so paddock history is used to 

estimate the basal nitrogen rate applied (Russell et al. 2006). N is the most limiting nutrient in 

crop production (Fageria et al. 2011b) and applying lower than required rates will affect crop 

growth and yield. Conversely, applying higher than required rates of N will cause excessive 

vegetative growth and lodging (falling over) resulting in yield losses through harvest 

complications. Plant recoveries of N fertiliser range from 48-68% when applied in a single 

basal application (Dillon et al. 2012; Dunn et al. 2016; Harrell et al. 2011). To reduce loses, 

the required N rate is often divided into multiple applications supplied at critical growth 

stages. 

 

 In south eastern Australia, the total N rate is often split into two applications to 

reduce the risk of sterility induced by cold temperatures (Whitworth et al. 2000). Under high 

N, applied at the beginning of the season, increased tillering and spikelet number per plant 

reduces the amount of viable pollen per anther leading to an increase in sterile grain under 

low temperatures (Gunawardena et al. 2003). The split N strategy involves applying two-

thirds of the required N rate as the basal application and the remaining one-third at panicle 

initiation (PI; NSW DPI 2012).  
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While split N application increases crop yield (Dunn et al. 2016), data related to the 

impact on grain quality is limited. Perez et al. (1996) examined the effect of N application on 

grain quality over a range of different rates and timings and found that protein content, WGY 

and translucency were higher with late (flowering) N application. However, they also 

reported in one season no difference in WGY between the control (0N) and the treatment 

(150 kg N ha-1) where N application occurred at the beginning of the season (100 kg N ha-1) 

and PI (50 kg N ha-1; Perez et al. 1996). Similarly, Dilday (1988) reported there was a 

significant decrease in WGY for both varieties tested in a single season when total N was 

split rather than applied as a single basal application. Perez et al. (1996) also noted that late N 

application had a greater effect on the grain protein content than the total N rate. Increased 

grain protein content improves the structural integrity of the grain increasing WGY, however, 

a reduction or no change in WGY by splitting N application found in both the Dilday (1988) 

and Perez et al. (1996) studies indicate that factors other than total protein are influencing 

grain breakage during milling. 

 

Several studies have demonstrated the timing of N application can have differing 

effects on individual protein fractions (Islam et al. 1996; Ning et al. 2010; Souza et al. 1999). 

Souza et al. (1999) reported that while albumin and globulin significantly increased when N 

was applied post flowering, prolamin was unaffected. Islam et al. (1996) found N application 

at flowering and 20 days post-flowering had the greatest effect on glutelin and prolamin, 

respectively. Ning et al. (2010) noted that prolamin and glutelin content was higher when a 

greater proportion of N was applied at PI (50:50) compared to an 80:20 split. A change in 

grain protein composition may have caused the reduction in WGY found in the Dilday (1988) 

study and as protein synthesis is a major sink for N application, it would be reasonable to 
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conclude that the timing of N application may increase particular protein fractions while 

others remain unaffected. 

 

Nitrogen application during grain development also impacts starch content and its 

composition. Xiong et al. (2008) reported that increased N fertiliser during grain 

development decreased the total starch and amylose contents, but amylopectin remained 

unchanged. While it is important to produce rice with high WGY, changes to the 

physicochemical composition of the grain will affect the end use functionality and this should 

be taken into consideration when selecting N rates and application timing. Conversely, Ning 

et al. (2010) proposed that through targeted breeding programs and agronomic practices it 

may be possible to produce rice with desired levels of particular pasting and textural 

properties. 

 

1.4.2. The impact of irrigation management on quality parameters    

 

Drought and climate change projections have seen a reduction in the availability of 

water for irrigated rice production in south eastern Australia (Dunn and Gaydon 2011). As a 

result, farmers are beginning to adopt water saving strategies (Dunn and Gaydon 2011). 

Historically, aerial sowing, using pre-germinated seed released from an aircraft to a flooded 

field was the most popular sowing method for Australian rice growers (Dunn et al. 2014; 

Dunn et al. 2016). However, aerial sowing uses almost 15 ML ha-1 compared to drill sowing 

which can provide a 13% water saving. Hence, rice growers are now shifting from aerial to 

drill sowing (Dunn, 2018; Dunn, Dunn, & Orchard, 2016).  
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Once seeds are drill sown, the field is intermittently irrigated until the introduction of 

permanent water (PW) to the crop which occurs at around the 3-4 leaf stage. Delaying the 

addition of PW (delayed permanent water or DPW) until just before panicle initiation (PI) 

can provide an additional 19% reduction in water usage per hectare compared to conventional 

drill sown rice (Dunn, 2018). Removing PW post flowering and applying intermittent 

irrigation until maturity, known as delayed permanent water with post flower flushing 

(DPW+PFF), can potentially provide further water savings. A similar irrigation regime to 

DPW+PFF used in tropical climates is referred to as alternate wetting and drying (AWD; 

Bouman and Tuong 2001). In AWD, there is no period of prolonged flooding, instead the 

field is intermittently irrigated throughout the crops life cycle (Lampayan et al. 2015). A 

period of flooding during the reproductive stage is required to protect the crop from 

temperature fluctuations found in temperate climates including southern Australia (Dunn and 

Dunn 2018; Williams and Angus 1994). DPW has proven to have no significant effects on 

grain yield (Grigg et al. 2000; Heenan and Thompson 1984), however, studies investigating 

its impact on grain quality are limited. 

 

Grigg et al. (2000) reported that DPW did not affect WGY, although the results 

obtained were from only one season and the grain physicochemical properties were not 

measured. Carracelas et al. (2019) also found no difference in WGY of rice grown with 

conventional drill irrigation and a water saving strategy (WSS) similar to DPW, although, 

they did observe the impact of irrigation method on WGY was dependent on the growing 

region. Graham-Acquaah et al. (2019) noted a significant increase in grain chalkiness in rice 

grown using AWD compared to conventional drill irrigation, however, the change in 

chalkiness did not affect WGY. They also reported a lower RVA setback viscosity in rice 
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grown using AWD and attributed the difference in setback and grain chalkiness to a possible 

change in amylose content. 

 

Cheng et al. (2003) observed an improvement in quality traits of rice grown using 

water saving strategies (WSS) when compared to conventional flooded irrigation in China. 

Using alternate wetting and drying irrigation (AWD), where they applied a 2 cm flood at 

early tillering, spike differentiation and anthesis (flowering) stages, Cheng et al. (2003) 

observed an increase in WGY, amylose and protein content. Dunn et al. (2014) reported a 

higher nitrogen use efficiency (NUE) of plants grown using DPW compared to previous 

studies which applied PW at the standard four-leaf stage (Beecher et al. 1994; Dillon et al. 

2012). An increase in nitrogen uptake of rice grown using WSS could be responsible for the 

increased grain protein content. 

 

Changes in water management will affect soil properties which are likely to affect 

nutrient solubility and plant availability (Rehman et al. 2012). Gao et al. (2006) indicated that 

interaction between drought stress and zinc deficiency is highly likely due to a reduction in 

zinc transport towards the plant roots from reduced water availability. Furthermore, they 

suggested that reduced water availability may also affect the movement of zinc within the 

plant. Indeed, Haldar and Mandal (1979) observed a decrease in the concentration of 

available zinc in soils with frequent water saturation, found when using AWD. DPW and 

DPW+PFF are management practices developed for temperate grown rice and currently, 

there is limited data on its effect on the micronutrient concentration and availability in 

regards to zinc. 
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1.4.3. The effect of zinc fertiliser on grain quality   

 

Zinc (Zn) deficiency is considered one of the most widespread micronutrient issues in 

lowland rice soils (Fageria et al. 2002a; White and Zasoski 1999) and reduces productivity 

(Guo et al. 2016). Zn fertiliser is used to overcome this issue and has proven to increase crop 

yield and WGY (Fageria et al. 2011a; Guo et al. 2016; Mollah et al. 2009). Zn fertiliser 

increases the availability of Zn to plants, thus increasing Zn uptake (Ghasal et al. 2016) and 

increases N absorption and grain crude protein content (Cakmak 2008; Guo et al. 2016; Shi et 

al. 2010). Furthermore, Zn fertiliser increases WGY (Ghasal et al. 2016; Gomaa et al. 2015), 

water absorption during cooking (Hasnain and Ali 2013) and 1000-grain weight (Guo et al. 

2016). Increasing the Zn rate increased amylose content for Hasnain and Ali (2013), 

however, Ghasal et al. (2016) observed no significant impact. 

 

Zn fertilisation can increase the Zn content of paddy (Fageria et al. 2011a; Mollah et 

al. 2009) and milled rice (Ghasal et al. 2016). Zn deficiency in humans is prevalent in many 

regions where Zn deficient soils are common (Cakmak 2008). Increasing the Zn content of 

rice is essential for reducing Zn deficiency in humans, particularly in Asian countries where 

rice forms the staple diet (Shivay et al. 2008). Many Asian countries are expected to shift 

from self-sufficient producers of rice to net importers to sustain the growing population 

(Zhou et al. 2002). This shift may create a market opportunity for growers producing rice of 

high Zn content. Rehman et al. (2012) stated that there is a need for the examination of Zn 

fertiliser efficiency under different rice production systems and irrigation regimes and there is 

currently limited published data on the impact of Zn fertilisation on grain quality using the 

current Australian rice varieties. 

 



  Chapter 1 
 

 25 

1.4.4. The effect of plant density on grain quality   

 

It is well established that plant densities between ~40 to 400 plants m-2 has no 

significant effect on rice yield (Ahmad et al. 2009; Basavaraja et al. 2010; Bond et al. 2005; 

Dunn 2016; Jones and Snyder 1987; Ottis and Talbert 2005). These studies demonstrate that 

as the number of plants per square metre increases panicle density similarly increases but the 

number of filled grains per panicle decreases. At low densities, tillering increases with a 

higher percentage of filled grain and this compensatory behaviour by the rice plant results in 

no significant change in yield under differing plant densities. Rice grown at higher densities 

will experience greater competition for resources from neighbouring plants compared to 

plants grown at lower densities, however, grain produced at low densities have increased 

competition for resources within the plant compared to grain produced in dense populations. 

However, few studies have investigated the effect planting density has on grain quality. 

 

Janaki and Thiyagarajan (2005) observed that plants grown in dense populations have 

a significantly higher N uptake compared to plants grown at lower densities, however, they 

did not measure the effect on grain quality. Zhou et al. (2018) reported varieties differed in 

their preferred plant density for achieving high grain quality and stated dense populations 

have reduced milling quality. However, the impact on cooking parameters differed between 

varieties. Similarly, Gravois and Helms (1996) investigated the effect of plant density on 

WGY and found the response was variety specific. They reported a negative linear 

relationship between increasing plant density and WGY in two varieties while there was a 

positive linear relationship observed in the other two varieties studied. Soleymani and 

Shahrajabian (2011) reported a significantly lower grain weight (1000-grains) in denser 

populations. However, the plant populations evaluated were considerably lower than the 
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minimum needed to produce a 10 tonne ha-1 crop typically grown in large-scale systems. 

Ahmad et al. (2009) measured the amylose content of rice grown at varying densities and 

reported no significant differences. However, densities assessed were again too low to 

achieve a high yielding crop.  

 

The target plant population density for rice is in the range of 100-300 plants m-2 

(Dunn 2016). The appropriate sowing rate to achieve this density is influenced by factors 

such as sowing method and variety. Moreover, only a proportion of seeds sown (30-60% on 

average) will successfully establish. In the temperate rice growing regions of southern 

Australia, high grain yields are still attained with a plant population of 40 plants m-2 if poor 

establishment occurs (Dunn 2016), however, yields will decline at a density below 40 plants 

m-2. The highest plant densities used in Soleymani and Shahrajabian (2011), Ahmad et al. 

(2009) and Zhou et al. (2018) studies were 25, 48 and ~100 plants m-2, respectively and are 

thus not appropriate for comparisons with large-scale growing systems.  

 

Carbohydrates (starch) produced after heading are responsible for 70% of grain 

yield/weight and photosynthesis after heading is vital for this process (Fageria 2007). 

Changes in grain weight under different plant densities found by Soleymani and Shahrajabian 

(2011) is presumably due to a reduction in photosynthesis due to mutual leaf shading (Ottis 

and Talbert 2005). Starch accounts for the majority of the grain and a difference in grain 

weight could occur due to variations in starch and its components. During grain development 

of two rice lines with similar amylose content at maturity, Cai et al. (2011) reported a 

difference in grain weight coincided with a difference in amylose content between the two 

varieties. They attributed the variation to differences in the development of amylopectin fine 
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structure (Cai et al. 2011). Altering grain formation through crop management could have a 

significant effect on quality parameters in regards to temperature.  

 

1.5.  Impact of temperature on grain quality 

 

Temperature stress during the reproductive growth stages significantly impacts grain 

quality. High temperature during the reproductive period reduces the productivity and 

functionality of enzymes responsible for the transport of carbon/starch to the developing 

grain (Counce et al. 2005; Siebenmorgen et al. 2013; Tashiro and Wardlaw 1991). Jin et al. 

(2005) reported a decline in the activity of key starch synthesising enzymes as temperature 

increased from 20°C to 40°C during grain development. Moreover, numerous studies 

(Aboubacar et al. 2006; Ahmed et al. 2015; Lin et al. 2010; Yamakawa et al. 2007; Zhong et 

al. 2005) reported a significant decrease in amylose content of rice grown at elevated 

temperature, altering gel consistency. 

 

 In a controlled-climate experiment, Zhong et al. (2005) observed a deterioration in 

the cooking and eating qualities of rice exposed to elevated temperatures during grain filling. 

They suggested that the high temperature during grain filling alters the crystalline structure of 

starch (Zhong et al. 2005). Indeed, Aboubacar et al. (2006) reported a higher proportion of 

short-chain amylopectin and a lower proportion of long-chain amylopectin in rice grown in 

the cooler rice growing region of the US, compared to rice grown in the warmer areas. 

Furthermore, during elevated temperatures starch granule formation within the grain’s 

endosperm becomes distorted.  
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Yamakawa et al. (2007) reported that chalky grains, developed at high temperatures, 

have endosperms with large air pockets with loosely packed starch granules. Along with 

chalkiness, elevated temperatures increase the likelihood of grain breakage during milling. 

The high solar radiation during ripening causes grain moisture to decline rapidly. Moreover, 

grains with low moisture dry further during the day and re-wet at night inducing fissuring, 

which causes grain breakage during milling (Kunze 2001). 

 

While increased temperature during reproductive growth decreases amylose content, 

researchers have described the opposite effect on protein. Jin et al. (2005) reported an 

increase in protein content of rice produced under elevated temperatures during grain 

development. Similarly, Lin et al. (2010) and Chen et al. (2017) observed that higher 

temperature during grain filling increased the accumulation of most storage proteins, 

however, noted a decrease in prolamin content.  

 

Increased temperature during reproductive growth has also been found to increase the 

total lipid content of rice (Cooper et al. 2008; Lanning et al. 2012). While higher day 

temperatures significantly impact grain quality, high night-time air temperatures (NTAT) will 

also influence quality. Cooper et al. (2006) analysed weather data over 17 years and found 

that high NTAT during grain filling explained 26% of the variability in WGY. Furthermore, 

using phytotron chambers, Cooper et al. (2008) observed a reduction in WGY as NTAT 

increased, for four out of the six varieties tested. Siebenmorgen et al. (2013) discussed the 

impact of high NTAT on grain quality in further detail. 

 

Colder temperatures during reproductive growth will also alter the physicochemical 

composition of the grain affecting quality. Cold stress reduces the rate and alters the duration 
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of grain filling which increases the frequency of abortive and shrivelled grains (Arshad et al. 

2017). In addition to changes in amylopectin structure as previously mentioned (Aboubacar 

et al. 2006), amylose content is also affected by colder temperatures. Ahmed et al. (2008) 

reported a 20% increase in amylose content of rice exposed to low temperatures during grain 

development, however, observed no significant changes to total starch. 

 

 Cold stress reduces the translocation of carbohydrates to the developing grain, 

however, increases the duration of the ripening stage leading to a greater final carbohydrate 

accumulation within the grain (Lewin et al. 2005). Ahmed et al. (2008) reported that although 

low temperature prolongs the duration of grain filling, final grain weight was unaffected. 

Protein content in rice has been shown to decrease in colder temperatures. Tsai et al. (2001) 

reported a reduction in protein content of delayed sown rice which they associated with lower 

temperatures. 

 

Dong et al. (2011) demonstrated that temperature stress (high) during the initial grain 

filling stage (8-18 days’ post flowering) had a greater effect on grain quality than during the 

mid-filling stage (18-28 days’ post flowering). They observed an increase in chalkiness and a 

decrease in the amylose content of grains exposed to high temperatures during initial grain 

filling. Similarly, Chen et al. (2017) reported that temperature stress during flowering had a 

greater effect on the accumulation and composition of proteins when compared to stress 

during grain filling. These researchers and others (Ahmed et al. 2015; Cooper et al. 2008; 

Laenoi et al. 2017; Zhong et al. 2005) reported that the response of grain quality to 

temperature stress is variety dependent. Lanning et al. (2012) hypothesised that the 

differences between varieties in response to temperature stress were the result of different 

development patterns among varieties. Indeed, Cai et al. (2011) observed differences in 
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developmental patterns of amylose in two varieties of the similar amylose content at 

maturity.  

 

1.5.1. Reproductive timing and duration altered by agronomic practices 

 

Crop management practices change the duration and timing of particular growth 

stages affecting the thermal environment at which they occur. Dunn and Gaydon (2011) 

reported a 12-16 day delay of pollen microspore in rice grown using DPW when compared to 

conventional irrigation. Furthermore, they found that increasing N rate extended the time 

taken for rice to reach flowering and physiological maturity (Dunn and Gaydon 2011). The 

delay in microspore pushes this critical growth stage outside the window of the highest 

probability of safe minimum temperatures, which can cause sterility (Gunawardena and 

Fukai 2005). Whereas, the delay in physiological maturity moves harvest into unfavourable 

conditions, causing delays and further in-field drying and re-wetting inducing grain fissuring 

(Kunze 2001). 

 

Plant population also changes the duration and timing of particular growth stages. 

Gravois and Helms (1996) reported that excessive tillering, found in lower plant densities, 

lengthens the grain filling period, which can indirectly reduce WGY (Jongkaewwattana and 

Geng 2001). Furthermore, grain grown at lower densities will mature faster from increased 

solar radiation due to less mutual leaf shading, which enhances the risk of shattering and 

predation from birds (Lu et al. 1995). The loss of high quality mature grains results in an 

increased proportion of lower quality grain at harvest, reducing WGY (Grigg et al. 2016). 
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Timely sowing ensures optimal plant growth and development during a period of suitable 

temperatures and high levels of solar radiation (Farrell et al. 2006). Sowing outside the 

‘ideal’ planting window will alter the temperature at which critical reproductive growth 

stages occur, affecting grain quality. Ghosh et al. (2004) reported a reduction in WGY and 

amylose content in late sown rice during India’s dry season, due to higher ambient 

temperatures occurring during grain development. During the wet season, Kaur et al. (2016) 

found a greater accumulation of amylose in delayed sown rice which they attributed to lower 

night air temperatures during starch synthesis. 

 

Australia’s growing season is characterised by long days and high levels of solar 

radiation with low temperatures at the beginning and end of the season (Farrell et al. 2003). 

Sowing too early will not only affect plant establishment from colder temperatures at the start 

of the season, but grain quality will also be affected by warmer temperatures during grain 

filling. Late sowing will impact crop yield and grain quality from cooler temperatures at 

microspore and grain filling, respectively. 

 

1.6.  Interaction between genotype, environment and agronomic management 

 

Understanding the physiological behaviour of each variety is important for predicting 

grain quality. Tabien et al. (2009) reported that the rate of flowering and number of days 

between heading and maturity had a significant effect on WGY. Varieties that reached the 

heading stage earlier had a shorter flowering duration and varieties with a shorter flowering 

duration had a higher WGY. Furthermore, as the number of days between heading and 

maturity increased, WGY increased. Late maturing varieties produce more dry matter from a 

higher rate of solar radiation, which reduces plant N concentration, resulting in a lower grain 
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protein content than found in early maturing varieties (Hillerislambers et al. 1973; Perez et al. 

1996; Tsukaguchi et al. 2016). 

 

Agronomic and environmental factors will influence grain quality differently 

depending on variety. Varieties vary in protein content (Koutroubas and Ntanos 2003; Perez 

et al. 1996) and show substantial differences in protein content response to N management 

(Kaur et al. 2016; Ning et al. 2009; Perez et al. 1996; Tsukaguchi et al. 2016). Moreover, 

Chen et al. (2017) reported the effect of temperature stress on individual protein fractions 

differed between varieties. The effect of N application on amylose content also varies 

between varieties (Kaur et al. 2016). Changes to both protein and amylose content will affect 

the pasting and thermal properties of rice as previously discussed (Kaur et al. 2016). 

 

Cameron et al. (2008) demonstrated that genetics, location and crop year contributed 

to variations in rice chemical and physical properties. They investigated the differences in 

Californian and Arkansas varieties grown separately and in the same region. When grown 

separately, the Arkansas varieties had higher lipid and protein content but lower amylose 

compared to the Californian varieties. However, when all varieties were grown in Arkansas 

the Californian varieties protein content increased by an average of 2.8%, lipid content 

increased by 0.46%, and amylose content decreased by 3.8% reducing the differences in 

quality parameters between the two variety types. 

 

Changes to physical characteristics in response to N management will also vary 

between rice lines. Using different varieties, Grigg et al. (2016) observed a reduction in grain 

length with increased N, whereas Mahajan et al. (2011) found a slight increase in grain 

length. Leesawatwong et al. (2005) and Borrell et al. (1999) also noted that differences in 
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WGY in response to N were variety dependent. Ning et al. (2010) reported that prolamin and 

glutelin were primarily determined by N management while albumin and globulin were 

controlled by genetics. Moreover, Islam et al. (1996) reported a greater response in total 

protein and protein fractions to N from indica varieties compared to japonica. The 

distribution of proteins between brown and milled rice also vary between varieties (Ning et 

al. 2010). 

 

Cheng et al. (2003) reported the impact of water saving measures on grain quality was 

variety dependent. Moreover, Gravois and Helms (1996) observed a significant interaction 

between planting density, WGY and variety. They concluded that WGY response to plant 

population should be assessed on a variety by variety basis. 

 

1.7. Conclusion 

 

Particular genes that control grain quality traits which breeding programs can utilise 

are well researched (Fitzgerald et al. 2009). However, the time taken to release a new variety 

from the initial cross can take up to ten years while environmental conditions and market 

needs can change drastically within a decade. Developing new varieties for the changing 

market and environment is necessary. However, refining management practices for current 

varieties is vital for reducing the variability in grain quality. This review highlights that 

variation in crop management can alter grain quality characteristics. Investigating how 

specific varieties interact with agronomic practices will provide better recommendations to 

rice farmers, reducing the variability in grain quality found within the rice industry. A 

significant challenge for rice growers in Australia and globally is to reduce water usage 
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without impacting crop yield and grain quality. Targeted breeding programs, in combination 

with agronomic research, should be used in conjunction to address this issue. 

 

1.8. Aim, objectives and scope of the study 

 

The general aim of this project was to determine the impact of crop management 

practices (which have been instituted to maximise water use efficiency and grain yield) on 

grain quality parameters of rice grown in Australia's southern rice-growing region. To further 

this investigation, the specific objectives were (a) to investigate the effect of nitrogen rate and 

timing on grain quality parameters, (b) to determine the impact of water saving techniques on 

rice grain quality, (c) to examine the effect of plant density on grain quality parameters and 

(d) to determine whether of zinc fertilisation affects grain quality and composition. Thus, the 

primary scope of this research was to investigate how specific varieties interact with 

agronomic practices to help reduce the variability in grain quality found within the Australian 

rice industry and give better recommendations to rice farmers.  
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CHAPTER 2 

 

Materials and methods 

 

2.1. Plant rearing and sampling  

 

This study utilised samples from pre-existing trials conducted by the NSW DPI. All 

experiments were conducted during the 2017, 2018 and 2019 rice growing season (October-

April) at several locations within the Riverina region of New South Wales, Australia. The 

experimental design of specific trials is covered within each chapter. Unless otherwise stated, 

all plots were planted at 130 kg ha-1 and with a row spacing of 19 cm for the drill sown 

treatments. Grain moisture was monitored during the reproductive stage (March-April), using 

a Cropscan (2000B; Next Instruments) on paddy. All plots of a replicate were hand harvested 

based on industry recommendations once a replicate fell within 18-22% grain moisture. To 

ensure WGY was not influenced by grain moisture within the recommended range, grain was 

sequentially harvested from the same plot at different moisture percentages and milling 

results validated industry recommendations (Supplementary Figure S2.1). Samples were 

machine threshed (Wintersteiger Classic ST) and dried at ambient temperature until reaching 

14% moisture after which they were stored in a climate controlled room (20°C and 56% 

relative humidity) for six weeks for moisture equilibration. 
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2.2. Plant measurements  

 

The number of plants established, N uptake at panicle initiation (PI), vegetative dry 

matter at maturity, harvested grain and tillers per square metre, yield, harvest index, lodging 

score, grain per panicle and per cent sterility were collected and measured by the NSW 

Department of Primary Industries using a modified protocol of Dunn et al. (2016).  

Grain samples harvested for plant measurements were separate from quality samples.  

 

2.3. Economic impact 

 

Economic impact of agronomic practices was calculated using the industry protocol (NSW 

Department of Primary Industries 2016) with the following equation;  

 

Economic	impact		($/ha) = yield	(t/ha)	× FP + $2	×	(WGY= − WGY? ± 2.5  

 

Where; 

FP = fixed price ($/t) for a particular variety in the 2018-19 season 

WGYe = WGY recorded during experiment  

WGYi = Industry average WGY for a particular variety in the 2017-18 season.  

 

If the experimental WGY fell within 2.5% above or below the seasonal average for the 

particular variety no changes to the price t-1 occurred.  
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2.4. Milling, grain dimensions and colour  

 

For each sample, 150 g of paddy were dehulled in a laboratory dehuller (THU, 

Satake, Tokyo, Japan) and the remaining brown rice milled for 60 seconds using a laboratory 

mill (McGill No. 2, RAPSC, Brookshire, TX). Whole and broken grains were separated using 

an indent machine, where the broken grains are collected in a ‘catch’ within a rotating 

indented cylinder. WGY was expressed as the mass percentage that remained whole. The 

degree of milling (DOM), i.e., the weight percentage of rice layers removed by milling, was 

calculated from the weight of rice before and after milling (Marshall and Wadsworth 1994).  

 

Grain dimensions of milled rice were measured using Seedcount (Seedcount 

Australasia Pty Ltd), with a digital image analysis software module for medium grain rice.  

The colour measurement was taken with a spectrophotometer (BYK-Gardner Gmbh, 

Germany). The results were expressed as L*, a*, b*. Where, L* is the measure of brightness 

from black (0) to white (100), a* indicates the degree of redness (+a*) to greenness (-a*) and 

b* is the measure of yellowness (+b*) to blueness (-b*). Rice samples were ground in a 

Cyclotec cyclone mill (Hoganas, Sweden) to pass through a 0.5 mm mesh screen. Ground 

samples were used to determine the protein content and physicochemical properties. 

 

2.5. Cracks produced during soaking ‘hanasaki cracks’ 

 

 Room temperature (~22°C) de-ionised water was added to a petri dish containing 

~100 intact milled rice grains. Following 60 minutes of soaking, images of each sample were 

captured and the percentage of cracks produced during milling or hanasaki cracks was 
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determined using ImageJ analysis software using a customised script (Figure 2.1). Field plots 

were used as replicates (n = 24). 

 

 

 

 

 

 

 

 

 
Figure 2.1. Analysis of cracks produced during soaking (Hanasaki). Yellow grains are intact 
grains and blue grains are cracked. White or un-highlighted grains were not analysed.   
 
 

2.6. Physicochemical properties 

 

2.6.1. Amylose content  

 

Amylose content was determined using the method described in American 

Association of Cereal Chemists (AACC) Method number 61.03.01 (AACC International, 

2011) and a UV5 spectrophotometer (Mettler-Toledo). In a 100 mL volumetric flask, 100 mg 

of rice flour was mixed with 1 mL of 95% ethanol and 9 mL of 1N NaOH and the solution 

was left over night (16 hours). De-ionised water was added to flasks to make solutions to 100 

mL and then vortexed. In duplicate, 1 mL of solution was added to a test tube and 2 mL 0.1N 

citric acid, 1 mL iodine solution (0.2% I2 and 2.0% KI) and 16 mL water were added then 

vortexed and left for 20 minutes. The solutions were measured at 620 nm using a 
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spectrophotometer with a UV5 specification. Rice samples from Yanco Agricultural 

Institute’s (YAI) Quality Evaluation Program (QEP) were used as standards for the curve, 

which contained 0, 19 and 26% amylose.  

 

2.6.2. Protein content  

 

The protein content of milled rice flour was determined using a Near Infra-Red 

Analyser (Bruker FT-NIR) calibrated against commercially tested N using a LECO method 

(model FP-2000) with a N to protein conversion of 5.95.  

 

2.6.3. Pasting parameters  

 

Pasting properties were determined using a Rapid Visco Analyser (Perten RVA 4500, 

Segeltorp, Sweden) following AACC International Method number 61.02 (AACC 

International 2011). Each RVA canister contained 3 g of rice flour and 25 g of de-ionised 

water. Pasting temperature, peak viscosity (PV), trough viscosity (TV), final viscosity (FV), 

breakdown viscosity (BV; PV – TV) and setback viscosity (SV; FV– PV) were recorded. 

After analysis rice gels were covered and left overnight at 20 °C for texture analysis 

 

2.6.4. Texture analysis  

 

Texture parameters were measured using a Perten TVT 6700 texture analyser fitted 

with a 5 kg load cell and 20 mm probe and supported by TexCalc software. Peak force (g) 

was the only parameter used from the texture analyser as there were large variations and 

inconsistencies within treatments and replicates for the other measured parameters.  
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2.7. Rice grain protein composition  

 

Protein fractions were analysed using high-performance liquid chromatography 

(HPLC) following the protocol of Balindong et al. (2016). 

 

2.7.1. Protein extraction  

 

Albumins and prolamins were initially extracted using 60% n-propanol and globulins 

and glutelins were extracted using 5 M acetic acid. However, 5 M acetic acid proved to have 

better accuracy in extracting albumins and prolamins than 60% n-propanol and thus 5 M 

acetic acid was used to extract all protein fractions (Supplementary Table S2.1). A 250 mg 

sample of rice flour was transferred to a 2 mL microfuge tube and 1 mL of 5 M acetic acid 

was added. Samples were vortexed for 1 minute then mixed with tube rotator at room 

temperature for 1.5 hours then centrifuged at 15,000g for 30 minute at 25°C. The supernatant 

was transferred to a Corning Costar Spin-X polypropylene centrifuge tube filter (0.45 µm), 

centrifuged at 12,000 g for 5 minutes at 25°C and then the filtrate was transferred to a 2 mL 

vial for HPLC analysis.  

 

2.7.2. Characterisation of protein composition 

 

HPLC analysis was carried out using a Varian 9012 Solvent Delivery System 

equipped with a Varian ProStar model 325 UV-VIS detector and an Agilent 300SB-C8, 250 x 

4.6 mm column. Column temperature was set at 50°C and absorbance was monitored at 280 

nm. The mobile for HPLC analysis included acetonitrile (ACN) with 0.1% trifluoroacetic 

acid (TFA) and Milli-Q water with 0.1% TFA. The HPLC gradient was as follows; 25% 
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ACN at 0, increased to 35% at 5 minutes, 40% at 10 and 15 minutes, 50% at 25 minutes and 

reached a maximum of 95% at 26 and 27 minutes before returning to 25% between 28 and 33 

minutes. Peaks were analysed using Varian Star Chromatography Workstation Version 6.41 

software. An example of the rice protein extract HPLC profile is presented in Figure 2.2.  

 

 
Figure 2.2. Rice protein extract HPLC profile. Peaks were detected by UV absorbance at 280 
nm. The sample is of the medium-grain Reiziq.  
  
 
 
2.8. Zinc content   

 

A 0.2 g subsample of rice flour was weighed and placed into a 50 mL centrifuge tube 

and digested with nitric acid. Zinc concentrations in the digest solution were quantified using 

inductively coupled plasma mass spectrometry (ICP-MS) and performed by the 

Environmental and Analytical Laboratories (EAL), Charles Sturt University (CSU), Wagga 

Wagga.  
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2.9. Statistical analysis 

 

A general linear model (GLM) with significance (p < 0.05) was used for the analysis 

of variance (ANOVA) using R version 3.5.0 statistical software. Post hoc Tukey’s HSD test 

was used to determine significant differences between means. Two-tailed Pearson's 

correlation test (p < 0.05) was performed for correlation analyses. 
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CHAPTER 3 

 

The effect of nitrogen fertiliser rate and timing on grain quality parameters 

Contributors; Dunn. B.W. and the DPI Rice Agronomy Team performed field trials and provided data 
on plant phenology and parameters, yield components, temperature recorded during experiments and 
assisted in the harvesting and collection of samples. DPI Rice Chemistry Team and Obermeit. D.E. 
assisted in the milling of samples during Year One and Two. Balindong, J.L. carried out HPLC 
analysis on Viand experiments and Talbert, M. carried out the image analyses of the hanasaki cracks. 
 
3.1.  Introduction  

In temperate rice growing regions, total N is often split into two applications to reduce 

the risk of sterility induced by cold temperatures (Whitworth et al. 2000). Under high N, 

applied pre-permanent water (PW), increased tillering and spikelet number per plant reduces 

the amount of viable pollen per anther leading to an increase in sterile grain under low 

temperatures (Gunawardena et al. 2003). Typically, the split N strategy involves two-thirds of 

the required N rate applied as a basal dose at sowing and the remaining one-third at panicle 

initiation (PI; NSW DPI 2012). Increasing yield is a fundamental aspect of crop production, 

although it should not come at a cost to grain quality as quality dictates the value and market 

acceptance of rice. While split N application increases crop yield (Dunn et al. 2016), data 

related to the impact on grain quality is relatively sparse. 

 

Perez et al. (1996) examined the effect of N application on grain quality over a range 

of different rates and timings and found that protein content, WGY and translucency were 

highest with late (flowering) N application. However, their results also show that WGY did 

not differ between the control and the treatment where N application occurred pre-PW and at 
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PI, in one year (Perez et al. 1996). Similarly, Dilday (1988) reported there was a significant 

decrease in WGY when total N was split rather than applied as a single basal application. 

Although increases in N rate generally improves grain strength during milling, the higher 

grain protein content from excessive N rates can reduce the cooking and eating quality 

(Zhang 2007). Rice consumption predominantly occurs as whole intact grains and thus, 

texture cannot be compromised (Anacleto et al. 2018). Moreover, wholegrain appearance is 

also an important quality parameter, and milled grain brightness and yellowness have shown 

to decrease and increase with increasing N rate, respectively (Kaur et al. 2016; Singh et al. 

2011).  

 

Varieties can have distinct composition and distribution of protein fractions within the 

rice endosperm (Furukawa et al. 2003). Balindong et al. (2018a) found that medium and long 

grain types differed in their protein fraction concentrations. Moreover, they reported within 

each grain type two distinct protein fraction profiles (Balindong et al. 2018a). Protein 

synthesis is a major sink for N application and thus varieties will differ in their response to N 

application in regards to protein composition, which will have different effects on quality 

parameters.  

 

Previous studies measuring the effect of split N application on quality parameters 

compared treatments with varying levels of total N. Furthermore, when overall N rate was the 

same between treatments, there was often a decrease in the basal rate. Thus, differences in 

quality parameters may have occurred due to reductions in the total or basal N rates. In this 

study, the effect of N rate applied in a single pre-PW dose and protein content on grain 

quality parameters of different temperate rice varieties was analysed first. Secondly, the 

impact of the split N method on total protein content and grain quality parameters of different 
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varieties, where the split treatment had the same basal and overall N rates as the single dose 

treatments was measured. To investigate the effect of N rate at PI on grain quality parameters 

further, the impact of multiple combinations of pre-PW and PI N rates with the same total N 

rate was analysed using the rice variety Viand. Inconsistencies between the effect of total N 

rate and protein content on grain quality parameters in the N rate and timing experiments led 

to the analysis of protein composition to determine the impact of N treatment on particular 

varieties. 
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3.2. Materials and methods 

 

3.2.1. Field sites and design 

 

During the 2016-17, 2017-18 and 2018-19 rice growing season (October –April) 

multiple field trials were conducted at several locations within the Riverina region of New 

South Wales, Australia. The site locations in Year One were at Yanco Agricultural Institute 

(YAI; 34°36'50"S 146°25'06"E), Rice Research Australia Pty Ltd (RRAPL) experimental 

field site in Finley (35°36'58"S 145°35'24"E) and a field site in Coleambally (34°59'02"S 

145°52'50"E). The locations of Year Two were at Leeton Field Station (LFS; 34°36'18"S, 

146°21'46"E) and at RRAPL in Jerilderie (35°21'10"S 145°31'59"E), and Year Three was at 

YAI. The location, sowing date, varieties used, nitrogen rates and quality analysis used for all 

experiments are presented in Table 3.1. Descriptions of each variety can be found in Troldahl 

et al. (2018).  

 

YAI site 1 and LFS were used for the N rate experiment, and N was applied to dry 

soil before permanent water at the 3-4 leaf stage. The remaining field sites were used for the 

N timing experiment and depending on the paddock history, the N rates slightly differed 

between field sites. Each site received a low (60 to 90) and moderate (120 to 150) N rate 

applied to dry soil before permanent water at the 3-4 leaf stage. A third split N treatment was 

used at each location where the low N rate was applied at the 3-4 leaf stage and a second dose 

was applied within five days of panicle initiation (PI) occurring with the same total N amount 

as the moderate rate for that site (Table 3.1). In each year, additional N rates and timing 

combinations were conducted on Viand.  
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Table 3.1. Location, sowing date, varieties grown and nitrogen rates of experiments 
conducted in Years One to Three.  

*Left number is the rate applied pre-permanent water and right number is the rate applied at panicle initiation. 
†WGY = whole grain yield, PC = protein content; RVA = RVA analysis, texture and amylose content; GD = 
grain dimensions and colour; PFA = protein fraction analysis.  

 

 

 

  

Trial Year Location Sowing date Variety Nitrogen rate* Replicates Quality  
analysis† 

Nitrogen 
Rate 

Year One 
(2016-17) 

YAI site 1 19/10/16 Reiziq, 
Sherpa, 
Topaz, Langi 

0, 60-0, 120-0,  
180-0, 240-0 
 

3 WGY, PC, 
RVA, GD 

YAI site 2 25/11/16 Reiziq, Viand, 
Opus, YRK5 

90-0, 60-60, 
120-0 
 

3 WGY, PC, 
RVA, GD 

Year Two 
(2017-18) 

LFS 30/10/17 
15/11/17 

Reiziq 
Viand, YRK5, 
YDP44 

0, 60-0, 120-0,  
180-0, 240-0, 
300-0 

3 WGY, PC, 
GD 

RRAPL site 1 13/10/17 
07/11/17 

Reiziq, Opus 
Viand, YRK5, 
YDP44 

90-0, 150-0, 
90-60 

3 WGY, PC, 
RVA, GD, 
PFA 

Year 
Three 

(2018-19) 

YAI site 1 20/10/18 Reiziq, 
Sherpa, 
Topaz, Langi 

60-0, 120-0 3 WGY, PC 

Nitrogen 
Timing  

Year One 
(2016-17) 

YAI site 3 25/11/16 Viand 0, 60-0, 90-0, 
120-0, 150-0, 
60-60, 30-90, 
0-120 

3 WGY, PC, 
RVA, GD, 
PFA 

Finley 25/11/16 Viand, YRK5 90-0, 150-0, 
90-60 

3 WGY, PC, 
RVA, GD 

Coleambally 20/11/16 Reiziq, 
Sherpa, 
Viand, YRK5 

90-0, 150-0, 
90-60 

3 WGY, PC, 
RVA, GD 

Year Two 
(2017-18) 

RRAPL site 1 13/10/17 
07/11/17 

Reiziq, Opus 
Viand, YRK5, 
YDP44 

90-0, 150-0, 
90-60 

3 WGY, PC, 
RVA, GD, 
PFA 

RRAPL site 2 01/12/17 Viand 60-0, 120-0, 
60-60, 180-0, 
120-60,  
60-120 

4 WGY, PC, 
RVA, GD, 

RRAPL site 3 01/12/17 YRK5 80-0, 120-0, 
80-40 

4 WGY, PC, 
RVA, GD, 

Year 
Three 

(2018-19 

YAI site 2 10/11/18 Viand 0, 60-0, 90-0, 
120-0, 150-0, 
60-60, 30-90, 
0-120 

3 WGY, PC 
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3.2.2. Temperature during experiment 

 

The cumulative growing degree days (GDD) during Year One was measured and 

found to be similar to the long term average for YAI (Figure 3.1). Year Two was also similar 

to the long term average throughout most of the season, however, the GDD began to increase 

above the long term average towards the end of the season (March-May). Year Three had a 

substantially higher cumulative degree compared to the long term average throughout the 

whole season and further increased following panicle initiation (Mid-January).  

 

 

 

Figure 3.1. Accumulative growing degree days (base 10) of the long term average (20 years) 
and values recorded during each season (10-day average) for Yanco. Temperature in Year 3 
was substantially higher than other experimental years and the long term average.  
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3.3. Results 

 

The effect of N rate and timing of application on plant parameters and grain quality 

was analysed using several varieties grown over the 2016-17, 2017-18 and 2018-19 rice 

growing seasons at multiple locations using numerous pre-PW and PI N rates (Table 3.1). 

The effect of pre-PW N application was first analysed where rice was grown using N rates 

from 0 to 300 N across two locations. The impact of PI N application was analysed using rice 

grown with a low, medium and split N rate, where the split N rate had the same pre-PW N 

rate as the low N treatment, and a PI N rate of the difference between the medium and low N 

rate. In each year, additional N rates and timing combinations were conducted on Viand. 

 

3.3.1. The effect of nitrogen rate on measured parameters 

 

The plant parameters affected by N rate are presented in Table 3.2 and is an average 

of all varieties. N rate significantly affected growth duration, as N increased the number of 

days from sowing to mid-flowering and mid-flowering to harvest increased, increasing the 

total growing period (sowing to harvest). Increasing the N rate increased N uptake at PI, 

vegetative dry matter at maturity, plant height and crop yield and reduced TGW. N uptake at 

PI was positively correlated with protein content in all varieties (Reiziq, r = 0.82; Sherpa, r = 

0.95; Langi, r = 0.85; Topaz, r = 0.90; YRK5, r = 0.90; YDP44, r = 0.92; p < 0.001). 

Increasing the N rate increased the grains per panicle, however, dependent on variety, began 

to decline after a particular N rate. For Reiziq and Langi, the maximum number of grains per 

panicle was achieved at 180-0 N and was 35 and 26 grains higher than 0N, respectively. 

Whereas, the maximum number of grains per panicle for Sherpa and Topaz was achieved at 

120-0 N and was 16 and 30 grains higher than 0N (data not shown). Grains per panicle was 
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negatively correlated with TGW (r = -0.53, p < 0.001) and TGW was negatively correlated 

with protein content (r = -0.40, p < 0.001). Harvest index (HI) decreased with increasing N 

rate. Crop yield and HI in the 300-0 N rate was significantly lower than the 240-0 N rate. 

Increasing the N rate increased whole grain tonne ha-1 and the 240-0 N rate had the highest 

yield.  

 

Increasing the N rate increased WGY in six of the seven varieties and increased 

protein content in all seven varieties (Figure 3.2). Protein content was correlated with WGY 

for all varieties, Reiziq had the lowest correlation value (r = 0.4, p < 0.01) and Topaz the 

highest (r = 0.88, p < 0.001). WGY was positively correlated with N uptake at PI in all 

varieties, excluding Langi (Reiziq, r = 0.74; Sherpa, r = 0.73; Topaz, r = 0.89; YRK5, r = 

0.87; YDP44, r = 0.51; p < 0.05). WGY was correlated with harvest grain moisture for three 

of the seven varieties (Reiziq, r = 0.51; YRK5, r = 0.69; YDP44, r = 0.83; p < 0.05). Harvest 

grain moisture was within an average of 5% for all samples, however, fell below 18% for 

some samples. The lowest average grain moisture at harvest of 17.6% was recorded in the 60-

0 N rate in Viand (data not shown), which was associated with reduced WGY (Figure 3.2e). 
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Table 3.2. Growth duration and plant parameters affected by nitrogen rate* 

Nitrogen 
rate  

(kg ha-1) 

Sowing to 
mid-

flowering 
(days) 

Mid-
flowering 
to harvest 

(days) 

Sowing to 
harvest 
(days) 

Nitrogen 
uptake at 

PI  
(kg N ha-1) 

Vegetative dry 
matter at 

harvest (g/m2) 

Plant 
height 
(cm) 

Grain per 
panicle 

Thousand 
grain weight 

(g) 

Crop Yield 
(t/ha@ 14%) 

Harvest 
index 

Whole 
grain yield 

(t/ha) 

0 90 ± 16 a 44 ± 4 a 134 ± 16 a 35 ± 14 a 1156 ± 369 a 75 ± 4 a 71 ± 15 a 26.1 ± 2.6 c 6.3 ± 2.2 a 0.48 ± 0.0 d 3.5 ± 1.3 a 

60-0 92 ± 14 b 49 ± 6 b 141 ± 19 b 66 ± 17 b 1750 ± 360 b 84 ± 5 b 80 ± 13 a 26.3 ± 2.9 c 9.4 ± 2.5 b 0.47 ± 0.0 cd 5.3 ± 1.7 b 

120-0 94 ± 13 c 50 ± 9 b 144 ± 19 c 101 ± 19 c 2027 ± 289 c 92 ± 4 c 97 ± 12 b 26.0 ± 2.9 c 11.0 ± 2.4 c 0.47 ± 0.1 cd 6.8 ± 1.6 c 

180-0 95 ± 12 d 53 ± 8 c 148 ± 20 d 136 ± 26 d 2252 ± 307 d 96 ± 5 cd 96 ± 14 b 25.4 ± 2.9 b 11.7 ± 2.5 d 0.46 ± 0.1 bc 7.4 ± 1.9 d 

240-0 97 ± 13 d 60 ± 10 d 156 ± 20 e 159 ± 38 e 2380 ± 258 e 97 ± 4 d 88 ± 18 b 24.5 ± 2.7 a 12.0 ± 2.4 d 0.45 ± 0.1 b 7.9 ± 1.6 e 

300-0             162 ± 17 e 2330 ± 374 de         24.7 ± 2.2 a 10.4 ± 2.8 c 0.39 ± 0.1 a 7.3 ± 2.2 d 
Values ± Standard Deviation; *Data is averaged across all varieties and years. Different letters indicate significant differences (p < 0.05). 
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Figure 3.2. Whole grain yield (WGY) and protein content affected by nitrogen rate of A) 
Reiziq, B) Sherpa, C) Langi, D) Topaz, E) Viand, F) YRK5 and G) YDP44. WGY = yellow 
lines and triangle symbols; Protein content = blue lines with circle symbols. Data are 
averaged across 2016-17, 2017-18 and 2018-19 rice growing seasons. Standard error of the 
mean is denoted by caped bars. Different uppercase letters indicate significant differences 
between N rates of WGY and lower case letters indicate significant differences in protein 
content (p < 0.05). Correlation coefficient denoted by r and represents the relationship 
between WGY and protein content (p < 0.05). Note differing axes.  
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Effect of nitrogen rate and protein content on the grain physical characteristics of each 

variety are presented in Supplementary Table S3.1. Reiziq grain length increased as N rate 

increased, however, began to decline following 240-0N. An initial increase in grain length, 

followed by a decrease at a particular N rate was observed in all varieties. N rate had no 

significant impact on the length to width ratio for all seven varieties (data not shown).  

 

As the N rate increased, lightness index (L*) decreased for all varieties excluding 

Topaz. Conversely, yellowness index (b*) increased with increasing N rate for five of the 

seven varieties tested. Furthermore, in Year One a small number of extremely yellow grains 

were observed in 240-0 N rate in Reiziq (Figure 3.3). The ash index (a*) in the 300 N rate 

was more negative than in the control for Reiziq and did not differ between N rates for all 

other varieties. When averaged for all varieties protein content was significantly positively 

correlated with b* (r = 0.45, p < 0.001) and a* (r = 0.34, p < 0.001) values and negatively 

correlated with L* (r = -0.38, p < 0.001). Generally, the DOM reduced as N rate was 

increased and was significant for four of the seven varieties. The DOM was positively 

correlated with TGW for four varieties (Reiziq, r = 0.67; Viand, r = 0.63; YRK5, r = 0.74; 

YDP44, r = 0.51; p < 0.05) and negatively correlated with WGY for six of the seven tested 

varieties (Reiziq, r = -0.71; Sherpa, r = -0.65; Viand, r = -0.58; YRK5, r = -0.77; Topaz, r = -

0.57; YDP44, r = -0.82; p < 0.05).  

 

The impact of nitrogen rate and protein content on the pasting properties of each 

variety are presented in Supplementary Table S3.2. The effect of N rate on amylose content 

significantly differed between the varieties. For Reiziq, the amylose content in the control 

rate was lower compared to the N rates above 180 N. While for YDP44, amylose content in 

the control treatment was higher compared to the 300 N rate.  
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The general trend for all varieties was as N rate increased the overall curve of the 

RVA including peak, trough, breakdown and final viscosity decreased (Figure 3.4), while 

setback viscosity became more positive (Supplementary data; Table S3.2). Peak, trough and 

breakdown viscosities were negatively correlated with protein content and significant for all 

varieties. Breakdown and setback viscosity were negatively and positively correlated with 

protein content, respectively and significant in three of the four varieties. Pasting temperature 

and peak time measured by the RVA and peak force and adhesiveness measured by the 

texture analyser was not significantly affected by N rate (data not shown). The DOM did not 

show consistent or highly significant (p > 0.01) relationships with RVA parameters across the 

varieties. In Year One, the relationship between protein content, as affected by pre-PW N 

nutrition, followed the same trend found in the literature and thus, RVA analysis was not 

performed in the following years.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.3. Discoloured grain produced in the Reiziq high N treatment (240 kg N ha-1) in 
2016-17 rice growing season. 
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Figure 3.4. RVA viscosity curves of A) Reiziq, B) Sherpa, C) Langi and D) Topaz affected 
by N rate in 2016-17.  
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3.3.2.  The effect of split N treatment on measured parameters 

 

Increasing the N rate increased growth duration, the vegetative dry matter at PI, the 

number of grains per panicle and plant height (Supplementary data; Table S3.3). N uptake at 

PI increased with increasing pre-PW N rate and did not differ between the low N (LN) and 

split N (SN) treatments. TGW did not differ between N treatments. Crop yield was highest in 

the SN treatment. Harvest index was highest in the control and lowest in the medium N (MN) 

treatment. Whole grain tonne ha-1 did not differ between the applied N treatments. N uptake 

at PI was positively correlated with grain protein content for YRK5 (r = 0.46, p < 0.01) and 

Sherpa (r = 0.87, p < 0.001).  

 

The impact of the SN treatment on WGY differed between the varieties (p < 0.001). 

In Sherpa and YRK5, WGY in the SN treatment was greater than the LN rate but lower than 

the MN rate (Figure 3.5b and 3.5d). In Opus and Viand (Figure 3.5c and 3.5e), WGY in the 

SN treatment was lower than both the LN and MN rates and also the control for Opus. WGY 

did not significantly differ between N treatments in YDP44 and Reiziq (Figure 3.5a and 3.5f). 

In all varieties, protein content was highest in the MN rate and lowest in the control (Table 

3.3). In Reiziq and YRK5 protein content in the SN treatment was higher than the LN rate 

whereas the protein content in the SN treatment did not differ from either the LN and MN 

rates in the remaining four varieties. Protein content showed a significant positive correlation 

with WGY for all varieties (Table 3.3). When the values from the SN treatment were 

excluded from the analysis, the correlation values increased for all varieties. N uptake at PI 

was positively correlated with WGY for YRK5 (r = 0.72, p < 0.001). Harvest grain moisture 

content was positively correlated with WGY in Sherpa (r = 0.83, p < 0.001), the LN 
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treatment had the lowest moisture of 20.9% and the MN rate had the highest moisture content 

of 22.4% (data not shown).  

 

The Viand SN treatment had significantly brighter grains than both the LN and MN 

rates, despite the split treatment having a similar protein content to the single dose treatments 

(Supplementary data; Table S3.4). Grain redness (a*) had a more positive value in the SN 

treatment compared to the LN and MN treatments in all varieties, excluding YDP44. The 

yellowness index was lower in the SN treatment compared to the MN in all varieties, 

excluding YDP44, and significant in three varieties. The DOM did not differ between the 

applied N treatments (LN, MN, SN) in all varieties, excluding Sherpa. RVA parameters were 

similar between the applied N treatments for all varieties (Supplementary data; Table S3.5). 

Peak force was significantly lower in the split N treatment compared to both single dose 

treatments for YDP44. 
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Figure 3.5. Whole grain yield (WGY) affected by nitrogen treatment of A) Reiziq, B) 
Sherpa, C) Opus, D) YRK5, E) Viand and F) YDP44. Values within each column are protein 
content. Low and medium N treatments receive a single N dose applied at the 3-4 leaf stage; 
Split N treatment receive the low N rate applied at the 3-4 leaf stage and a second N dose 
applied within 5 days of panicle initiation. The medium and split N treatments have the same 
total N rate. Data are averaged across 2016-17, 2017-18 and 2018-19 rice growing seasons. 
Standard error of the mean is denoted by caped bars. Different letters indicate significant 
differences between N rates (p < 0.05). Note differing axes. 
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Table 3.3. Protein content and relationship with whole grain yield (WGY) as affected by 
single and split N application * 

Nitrogen treatment  
  

Medium Grain Short Grain Long Grain Average 
Reiziq Viand Sherpa YRK5 Opus YDP44 

Protein  
content (PC) 

Control 6.92 a 6.42 a 5.62 a 6.87 a 5.74 a   6.40 a 
Low (LN) 6.92 a 6.98 ab 6.17 ab 7.11 ab 5.93 a 7.85 a 6.78 a 
Medium 
(MN) 7.53 b 7.51 b 7.32 c 7.66 c 6.45 b 8.54 a 7.36 c 
Split (SN) 7.47 b 7.34 b 6.61 bc 7.42 c 6.33 ab 8.34 a 7.21 c 
Average 7.24  7.18  6.43  7.26  6.14  8.25  7.02  
CV 9.40   12.67   11.04   12.95   10.91   5.33   13.25   

WGY x PC a 
LN, MN, SN 

r 0.65  0.24  0.75  0.72  0.82  0.77  0.12  

P value <0.001  <0.05  <0.01  
<0.00

1  <0.001  <0.01  0.08  
LN & MN r 0.74  0.40  0.97  0.73  0.91  0.79  0.21  

P value <0.001  <0.01  <0.01  
<0.00

1  <0.001  0.06  <0.05 
*Data is averaged across years. a Control excluded from analysis.  CV = coefficient of variation. Comparisons 
are valid within each variety and different letters within a column indicate significant differences (p < 0.05). 
 

The effect of multiple split N combinations was examined in the variety Viand in 

Year One. Increasing the nitrogen rate applied pre-PW increased WGY (Figure 3.6a) and 

RVA setback (Figure 3.6b). Splitting the same N rate (120kg ha-1) into two applications 

reduced WGY and RVA setback. Both parameters decreased as the rate of the first N dose 

decreased and the second increased. No significant difference in amylose and total protein 

content between N treatments was found, excluding protein in the control. RVA setback was 

more highly correlated with WGY (r = 0.91, p < 0.001) than total protein content (r = 0.53, p 

< 0.01).  

 

The Viand experiment was also used to examine the effect of N rate and timing on the 

percentage of cracks during soaking (hanasaki), as this experiment had the highest number of 

N treatments (8). Of the single dose treatments, the 120-0 and 150-0 N rate had the highest 

percentage of hanasaki cracks (Supplementary data; Figure S3.1). The 120-0 N rate also had 

a higher percentage of hanasaki cracks compared to the split N treatments. Hanasaki cracks 

did not significantly differ between N treatments.  
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Figure 3.6. Viand 2016-17 (A) Whole grain yield (WGY) and (B) RVA setback (Final 
viscosity minus peak viscosity) and protein content (line) as affected by nitrogen fertiliser 
rate and timing. Left number is the rate applied pre-permanent water and right number is the 
rate applied at panicle initiation. Colour represents total nitrogen rate (i.e. green is 120 kg N 
ha-1). Different letters indicate significant differences (p < 0.05). 
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3.3.3. Effect of N rate and timing on grain protein composition  

 

Total protein and amylose content did not account for the differences in WGY and 

RVA viscosity curves observed between N rates in the Viand trial in Year One (YAI Site 3) 

and the two parameters were highly correlated (Figure 3.6). Based on previous studies that 

report N fertiliser can alter protein composition and individual protein fractions can have 

significant effects on WGY and RVA setback, the protein composition of the Viand trial was 

analysed. In Year Two, Opus and YRK5 (RRAPL Site 1) response to the split N treatment 

differed in regards to WGY (Figure 3.5c and 3.5d) and thus both Opus and YRK5 were also 

used for protein analysis. Of the three varieties, Opus and Viand WGY reduced with SN 

treatment and YRK5 improved 

 

Opus and YRK5 were analysed in a different laboratory to Viand and had a higher 

total protein content using the HPLC method. Analysis of protein content using NIR revealed 

Viand had a higher total protein content compared to Opus and YRK5 (data not shown). 

Variations may have occurred due to slight differences in protein fraction extraction, or 

Viand was analysed using an older column compared to Opus and YRK5. Thus, the relative 

concentrations of protein fractions to total protein were used for comparisons between 

varieties. 

 

 Opus and YRK5 have a significantly lower glutelin proportion of total protein 

compared to Viand (Supplementary data; Table S3.6). Albumin relative concentration was 

significantly higher in Viand and Opus compared to YRK5. For prolamin and globulin 

relative concentrations, all varieties differed from one another. YRK5 had the highest 
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globulin relative concentration followed by Opus than Viand, while the opposite trend was 

observed for prolamin.  

 

In Viand, total globulin and prolamin concentrations (area under the curve) differed 

between N rates (Table 3.4). As the pre-PW rate increased total globulin and prolamin 

increased and the 150-0 N rate was higher than 0 N for both fractions. When comparing the 

N rates with a total of 120kg N ha-1, total albumin and prolamin content were highest in the 

0-120 N rate and the split N treatments (60-60, 30-90, 0-120) had higher concentrations of 

both fractions compared to the 120-0 N rate. Increasing the pre-PW N rate also increased 

total glutelin content and was close to significance (p = 0.058). Post hoc analysis using 

Tukey’s HSD test revealed 150-0N was significantly higher than the control (p < 0.05). 

Using Fisher’s least significant difference (LSD) test revealed the control was significantly 

lower than all N rates, excluding 120-0N. There was no difference in glutelin content among 

applied N treatments.  

 

Total concentrations and relative proportions of all protein fractions did not 

significantly differ between N treatments in YRK5 and Opus. Table 3.5 shows the changes in 

fraction levels from the low N rate when extra N was applied either at PI or pre-PW. For both 

varieties, increasing the single dose N rate (90-0 vs 150-0) reduced the albumin proportion of 

total protein while prolamin remained relatively constant. Increasing the single dose rate 

increased the globulin proportion and decreased the glutelin proportion in YRK5 while the 

opposite trend was observed for Opus. Applying N at PI (90-0 vs 90-60) caused the prolamin 

concentration of both varieties to increase, glutelin concentration to increase in Opus and 

decrease in YRK5, albumin concentration to increase and globulin concentration to reduce in 

Opus, while albumin and globulin remained similar in YRK5.  
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Table 3.4. Effect of nitrogen treatment on protein fraction HPLC total area under curve 
(AUC) of Viand. 

CV = coefficient of variation Comparisons are valid within each column and different letters indicate significant 
differences (p < 0.05). 
 

 

 

 

Table 3.5. Change in Opus and YRK5 protein fractions in response to increasing pre-
permanent water or panicle initiation nitrogen rate* 

Protein Applying N at PI 
(90-0 vs. 90-60) 

Increasing the single dose N 
(90-0 vs. 150-0) 

 Opus YRK5 Opus YRK5 
Albumin (%)  « ¯ ¯ 
Prolamin (%)   « « 
Globulin (%) ¯ « «  
Glutelin (%)  ¯  ¯ 

*⬆ indicates an increase; ⬇ a decrease; and ⬌ no change  
 

 

 

 

 

Nitrogen 
Type 

Nitrogen 
Treatment 

Albumin  
(AUC) 

Globulin  
(AUC) 

Glutelin  
(AUC) 

Prolamin  
(AUC) 

Single 
dose 

0 44.80 a 281.07 a 681.67 a 166.27 a 
60-0 42.70 a 315.63 ab 818.97 ab 211.87 ab 
90-0 41.17 a 336.17 bc 843.80 ab 212.77 ab 
120-0 39.90 a 337.30 b 790.87 ab 203.33 ab 
150-0 41.53 a 356.03 c 906.90 ab 230.67 b 

Split dose 60-60 43.57 a 342.37 bc 862.90 ab 223.27 ab 
30-90 44.80 a 328.80 bc 874.53 ab 223.23 ab 
0-120 49.17 a 331.70 bc 854.03 b 224.40 b 
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Correlation analysis of protein concentrations and quality parameters were performed 

on Viand as there were a greater number of samples and the total protein content measured 

by HPLC was highly correlated with protein content measured by NIR (r = 0.84, p < 0.001). 

Total albumin was negatively correlated with N uptake at PI, WGY and RVA setback and 

positively correlated with the PI N rate, grain length, DOM, peak viscosity and breakdown 

viscosity (Table 3.4). Globulin was positively correlated with N uptake at PI, WGY, RVA 

setback, grain yellowness and negatively correlated with grain width and brightness, peak, 

breakdown and final viscosity. Prolamin and glutelin were also negatively correlated with 

grain width, peak, breakdown and final viscosity. Glutelin was positively correlated with N 

uptake at PI. Total prolamin content was negatively correlated with the relative proportion of 

globulin. Protein content, measured by NIR, was positively correlated with total prolamin, 

globulin and glutelin. Hanasaki cracks showed a positive and negative correlation with 

relative albumin concentration (r = -0.37, p = 0.07) and total globulin content (r = 0.38, p = 

0.07), respectively. Total globulin was also positively correlated with WGY in YRK5 (r = 

0.84, p < 0.05) and Opus (r = 0.53, p = 0.27).  

 

 
3.3.4. Economic analysis of N treatments  

 

Profit margins of each variety as affected by N rate and timing are presented in Table 

3.7. In the N timing trial, the SN treatment produced a higher return in Opus and Viand 

compared to the other N treatments. For Reiziq, Sherpa and YDP44 the profit margin in the 

MN rate was higher than all other N treatments. For most varieties in the N rate trial, the 

highest returns were achieved at 240N, while Sherpa’s highest profit was achieved at 180N 

and Viand at 300N.  
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Table 3.6. Relationship between Viand quality parameters and protein fractions. 

Numbers represent the r value of significant interactions at p < 0.05. Empty cells did not have a significant 
interaction. n=24 
 

 

 

Table 3.7. Profit margin ($/ha) affected by N rate and timing* 
Trial Nitrogen rate/type Reiziq Sherpa Viand YRK5a YDP44b Langi Topaz Opus 
Rate 0kg N ha-1 $2528 $5245 $2569 $2297 $2334 $4230 $4254  

 60kg N ha-1 $3112 $3300 $4220 $4118 $2812 $3131 $2864  
 120kg N ha-1 $3979 $3579 $5385 $4967 $3592 $3450 $3248  
 180kg N ha-1 $6743 $7784 $5841 $5590 $3598 $6928 $6362  
 240kg N ha-1 $7089 $7258 $6283 $6000 $3730 $7231 $6474  
 300kg N ha-1 $6970  $6299 $5662 $3482    
          

Timing control  $4513 $4535 $4883 $3720    $4640 
 low $6073 $6468 $6144 $5517 $4437   $6016 
 medium $6532 $6841 $6167 $5120 $4955   $6380 

 split $6482 $6696 $6560 $6005 $4792   $6554 
*Profit margins were calculated using the fixed price for yield in the 2018-19 season ± the discount/premium for 
WGY. The average WGY± 2.5% in 2017-18 season was used for each variety. If the experimental WGY was 
with ± 2.5% of the seasonal average no changes to the price t-1 was made. Urea was $520AUD t-1. No other 
variable costs were included. a Price for Koshihikari was used for calculations. b Price for Doongara and the 
average WGY from experiments was used for calculations. Bold numbers are the highest profit ha-1 for each 
variety within each trial and underlined numbers is the highest profit between both trials.  
 

 Albumin 
(AUC) 

Globulin 
(AUC) 

Glutelin 
(AUC) 

Prolamin 
(AUC) 

N uptake at PI (kg ha-1) -0.64 0.57 0.43  
PI N rate (kg ha-1) 0.47    
WGY (%) -0.62 0.58   
Grain length (mm) 0.54    
Grain Width (mm)  -0.54 -0.45 -0.46 
DOM (%) 0.53    
Yellowness (b*)   0.49   
Brightness (L*)  -0.57   
Total Protein (%) 0.89 0.77 0.84 
Peak Viscosity (cP) 0.42 -0.76 -0.51 -0.49 
Breakdown Viscosity (cP) 0.41 -0.82 -0.54 -0.55 
Final Viscosity (cP) -0.6 -0.57 -0.54 
Setback Viscosity (cP) -0.51 0.67   
Albumin (%) 0.72 -0.69 -0.69 -0.72 
Globulin (%)   -0.75 -0.66 
Glutelin (%)   0.74 0.46 
Prolamin (%)   0.70 
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3.4. Discussion  

 

Effective use of N fertiliser is vital for the sustainability of global rice production. N 

is the most limiting nutrient in crop production and increases yield significantly. However, 

applying high rates of N can also reduce yield from excessive vegetative growth and lodging. 

In temperate regions, cold temperatures during the reproductive stage can induce grain 

sterility under high N rates (Gunawardena et al. 2003). As there is no appropriate soil 

nitrogen test for rice (Russell et al. 2006), to reduce the risk of sterility and lodging the total 

N rate is often split into two applications, referred to as the split N method. While split N 

application increases crop yield (Dunn et al. 2016), data related to the impact on grain quality 

is relatively sparse. Previous studies measuring the effect of split N application on quality 

parameters had compared treatments with varying levels of total N and when overall N rate 

was the same between treatments, there was often a decrease in the basal rate.  

 

The effect of N rate on grain quality parameters was consistent with results from 

published literature. The results here confirmed previous findings that as N rate increases 

grain protein increases which has a positive effect on WGY (Figure 3.2) and decreases the 

overall pasting profile produced by the RVA (Figure 3.4; Ahmad et al. 2009; Borrell et al. 

1999; Champagne et al. 2009; Derycke et al. 2005; Ghosh et al. 2004; Grigg et al. 2016; 

Martin and Fitzgerald 2002; Nangju and De Datta 1970; Perez et al. 1996). The change in 

protein content in response to N management and its effect on quality parameters is highly 

dependent on variety. Grain colour and weight, WGY, protein and amylose content all 

showed a significant interaction with N rate and variety. When comparing the two N 

experiments, one with upfront N rates and the other a combination of upfront and split N, the 

influence of protein content, manipulated by N rate, on the grain quality parameters were 
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mostly consistent. However, grain colour and WGY did not respond as expected. 

Furthermore, the effect of nitrogen treatment on WGY significantly differed between 

varieties (p < 0.001). Analysis of protein fractions revealed the differences in WGY between 

particular varieties was due to changes in protein composition from applied N.  

 

Effect of N type on protein and WGY 

Grain protein content was positively correlated with WGY in all varieties in the pre-

PW N experiment (Figure 3.2), consistent with previous reports (Ahmad et al. 2009; Borrell 

et al. 1999; Champagne et al. 2009; Ghosh et al. 2004; Grigg et al. 2016; Nangju and De 

Datta 1970; Perez et al. 1996). Protein content also correlated with N uptake at PI in all 

varieties and N uptake at PI showed positive associations with WGY (Section 3.3.1). These 

results suggest WGY could also be predicted by measuring N uptake at PI. Indeed, Ata-Ul-

Karim et al. (2017) demonstrated that in-season N status could be used to predict grain 

protein content. However, applying N at PI will affect protein predictions.   

 

The effect of pre-PW N application on protein content and WGY was similar between 

varieties, however, the effect N application at PI on WGY differed between varieties. 

Furthermore, the relationship between WGY and protein content in the N timing trial did not 

follow the same trend as in the N rate trial for some varieties. WGY increased with increasing 

protein content irrespective of N application method (single or split) for the rice lines YRK5 

and Sherpa (excluding 0N), while there were no significant differences in WGY between N 

treatments for the varieties YDP44 and Reiziq (Figure 3.5). For Opus and Viand, WGY in the 

split treatment was lower than both the low and medium N rates and the control for Opus, 

despite a similar protein content in the split and medium N treatments. Protein content 

showed a significant positive correlation with WGY for all varieties (Table 3.3). However, 
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when the values from the split N (SN) treatment were excluded from the analysis, the 

correlation values increased for all varieties and was close to double for Viand. In the 

separate Viand trial, as the pre-PW N rate reduced and the N rate at PI increased WGY 

decreased (Figure 3.6a). These results showed the same relationship with RVA setback 

(Figure 3.6b) which was highly correlated with WGY, despite no significant difference in 

protein content between N treatments, excluding the 0 N treatment. These results indicate that 

N application at PI significantly influences the effect of protein content on WGY in all 

varieties and setback in Viand, and the response is dependent on variety.  

 

Increased grain protein content improves the structural integrity of the grain 

increasing WGY. Increasing N application increases the number of protein bodies which 

occupy the space between the loosely packed starch granules reducing cracks and grain 

breakage improving WGY (Dilday 1988; Grigg et al. 2016; Leesawatwong et al. 2005; Qiao 

et al. 2011; Zakaria et al. 2000). Perez et al. (1996) reported that protein content and WGY 

were greatest with late (flowering) N application, however, their results also reveal that in 

one year there was no difference in WGY between the control (0N) and the treatment (150 kg 

ha-1 total N) where N application occurred at the beginning of the season (100 kg ha-1) and PI 

(50 kg ha-1; Perez et al. 1996). Similarly, Dilday (1988) reported a significant decrease in 

WGY when the total N rate was split rather than applied as a single basal application. These 

results imply factors other than total protein are influencing grain breakage during milling 

and may have also caused the differences in quality parameters presented here.  
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Effect of temperature on quality 

The environment can have a significant impact on grain quality and higher 

temperatures during Year Three could have influenced grain quality parameters. Year Three 

had a substantially higher GDD compared to Year One and Two and the long term average 

for Yanco (Figure 3.1). High temperatures during reproductive growth have shown to 

increase protein content reduce and milling quality, possibly due to increased chalkiness (Jin 

et al. 2005; Yamakawa et al. 2007). However, there was no difference between WGY and 

protein content between years. Elevated temperatures during grain fill have previously shown 

to affect protein composition and could have also influenced the results in this study (Chen et 

al. 2017; Lin et al. 2010). 

 

Effect of N type on protein fractions  

Analysis of protein fractions under multiple split N treatments (Viand experiment) 

revealed that N treatment significantly influenced prolamin and globulin concentration (Table 

3.4). In the single dose treatments, as the pre-PW rate increased total globulin and prolamin 

increased. When comparing the N treatments with the same total N rate (120-0, 60-60, 30-90, 

0-120), total albumin and prolamin content were highest in the 0-120 N rate and the split N 

treatments had higher concentrations of both fractions compared to the single dose treatment. 

Several studies have demonstrated that the timing of N application can have differing effects 

on individual protein fractions (Islam et al. 1996; Ning et al. 2010; Souza et al. 1999). 

Moreover, individual protein fractions influence and have opposing effects on quality 

parameters (Balindong et al. 2018a; Balindong et al. 2018b; Baxter et al. 2004; 2014; Baxter 

et al. 2010; Furukawa et al. 2003). The results in this chapter differed from Ning et al. (2010) 

who reported that prolamin and glutelin were primarily determined by N management while 

genetics controlled albumin and globulin. Although similar to the results in this chapter, Ning 
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et al. (2010) did find a higher prolamin content in N treatments that had a higher N top-

dressing rate and lower basal rate (50:50) compared to an 80:20 split. Synthesis of the 

different protein fractions, albumin, globulin, glutelin and prolamin, occurs at different times 

during seed development, so N application at PI compared to a single at sowing N application 

may change protein composition (Yamagata et al. 1982).  

 

Protein synthesis is a major sink for N application and the higher prolamin and 

albumin concentrations found in the split N treatments likely occurred due to the additional N 

at PI increasing their synthesis. Yamagata et al. (1982) reported the two polypeptide groups 

of glutelin appeared five days after flowering, as well as the globulin component. The 

polypeptide groups responsible for prolamin appeared ten days after flowering, while 

albumin components were consistent throughout seed development (Yamagata et al. 1982). 

Yamagata et al. (1982) also noted that the development in the starchy endosperm of PB-II 

(glutelin and globulin) formed faster than PB-I (prolamin). Similarly, Ashida et al. (2011) 

noted that the prolamin-total protein ratio increased in the later stages of seed development. 

Globulin and glutelin develop in the grain first (Yamagata et al. 1982) and both fractions 

showed positive relationships with N uptake at PI, which indicates that N applied pre-PW is 

important to globulin and glutelin synthesis. Albumin did not differ between N treatments but 

was negatively correlated with N uptake at PI and positively correlated with PI N rate likely 

due to the synthesis of other protein fractions. The results in this chapter suggest PI N is 

important for prolamin and albumin synthesis, as prolamin occurs last and albumin is 

consistent throughout seed development. Changes in protein composition may have also 

affected milled grain colour.  
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Effect of N type on grain colour  

In all varieties, the N rate had a negative relationship with grain brightness (L*) and 

the severity of the decrease was dependent on variety (Supplementary data; Table S3.1). 

Grain yellowness (b*) exhibited the opposite trend to L* and as N rate increased the b* value 

increased. Protein content was also negatively and positively correlated with L* and b* 

values, respectively, suggesting increasing N increases protein content which is manifested in 

a colour change due to reduced brightness and more yellowness. These results are consistent 

with previous findings (Kaur et al. 2016; Singh et al. 2011), however, in the timing trial, 

protein content did not correlate with L* for six of the seven varieties (Supplementary data; 

Table S3.4). Furthermore, three of the four varieties that had a significant relationship 

between protein content and b* in the N rate trial did not show the same relationship in the 

timing trial. Perez et al. (1996) analysed grain quality under varying N rates and timings and 

reported late N application increased grain translucency but reduced grain whiteness, as 

measured using a Kett whiteness meter which corresponded to both the L* and b* values. 

However, when comparing late N application with the same total rate applied in a single 

basal dose, there was no difference in both translucency and whiteness. These results indicate 

that N application at PI differs from N application in a single pre-PW dose in terms of its 

impact on grain colour parameters. 

 

Effect of protein fractions on grain colour  

Using multiple N rates applied both pre-PW and at PI in Viand revealed that globulin 

concentration had a positive and negative relationship with b* and L*, respectively. Tran et 

al. (2018) analysed the colour parameters and composition of milling by products 

(predominantly bran) at different DOM. By products in the 1st pass (low DOM) had the 

highest b* value and by products in the 3rd pass (high DOM) had the highest L* value. The 



  Chapter 3 

 72 

difference in globulin content from the first and third pass was ~4% and hence could have 

contributed to the colour differences between passes. A change in globulin concentration and 

relative proportion of total protein content by N application at PI could have caused the 

inconsistent results between N experiments (rate vs timing) in regards to total protein and L* 

and b* values. Changes in globulin concentration may have also affected WGY and RVA 

setback.  

 

Effect of protein fractions on pasting parameters  

Globulin content showed a positive correlation with WGY and RVA setback and a 

negative correlation with peak, breakdown and final viscosity in the separate Viand 

experiment (Table 3.6). Opposing globulin, albumin concentration had a negative correlation 

with WGY and RVA setback, although, there were only minor changes in albumin content 

between N treatments (Table 3.4). Albumin content also showed a positive relationship with 

peak and breakdown viscosity while prolamin and glutelin were negatively correlated with 

peak, breakdown and final viscosity. These results suggest that each protein fraction interacts 

with the starch granule to restrict their swelling, or for albumin accelerate swelling (Baxter et 

al. 2004; 2014; Baxter et al. 2010). 

 

Previous studies (Balindong et al. 2018a; Balindong et al. 2018b) have also shown 

that globulin has a positive relationship with WGY and in particular varieties RVA setback 

(MG-Profile 2). Baxter et al. (2010) stated although albumin is the least abundant of all 

protein fractions, relatively small changes could have a large impact on the pasting and 

textural parameters of rice flour and by extension whole grains. Leesawatwong et al. (2005) 

suggested that albumin and globulin could reduce breakage as they are more abundant in the 

peripheral regions of the rice grain. Baxter et al. (2010) found an increase in all RVA 
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parameters of pure rice starch with added extracted albumin, which also caused a slight 

increase in setback. Albumin is water-soluble (Lookhart et al. 1987) and influences water 

access to the starch granule, limiting starch granule swelling in the initial stages of cooking 

(Baxter et al. 2010). However, in the later stages, the water uptake is accelerated, leading to a 

higher breakdown viscosity from the rupturing of the swollen starch granules (Han and 

Hamaker 2001). These results demonstrate the importance of globulin and albumin 

concentration in regards to WGY and RVA parameters.  

 

Difference between of protein fraction change between varieties 

Subtle changes in protein composition matched the differences in WGY between 

Opus and YRK5, two sushi grain varieties, and were consistent with the Viand experiment 

(Table 3.5). In both sushi varieties, increasing the pre-PW N rate (low N vs medium N) 

decreased the proportion of albumin which corresponded to an increase in WGY (Figure 3.5). 

In Opus, applying N at PI (low N vs split N) increased the total protein proportion of albumin 

and decreased the proportion of globulin which corresponded with a decrease in WGY 

(Figure 3.5c). In YRK5, applying N at PI increased WGY, however, globulin and albumin 

content was relatively similar between N treatments. The results in this chapter also showed 

an increase in the relative prolamin content in YRK5 with PI N application which was 

previously shown to be associated with WGY (Balindong et al. 2018b). Balindong et al. 

(2018b) suggested globulin and prolamin could influence grain breakage, as each fraction is a 

component of both types of rice protein bodies and thus in direct physical content with starch 

granules affecting protein-starch interaction.  

 

In Viand prolamin content did not correlate with WGY, however, total prolamin 

content did have a negative relationship with relative globulin concentration, which would 
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have impacted WGY (Table 3.6). These results indicate that total prolamin and globulin 

content and their relative concentrations of total protein are important for grain strength 

during milling. Ashida et al. (2011) examined the protein composition of mutant rice lines 

and found a higher prolamin content resulted in more PB-I structures rather than an increase 

in size whereas the absence of globulin induced the collapse of PB-II. Grains with a higher 

prolamin concentration due to N application may have more PB-I structures which could 

occupy the spaces between starch granules and increase grain strength while the reduction in 

globulin may alter the PB-II structure causing space between starch granules aiding in grain 

breakage.   

 

Effect of N type on varietal end use  

Viand WGY reduced under the split N method, however, setback became more 

negative, which is an indication of better cooking quality. Viand is a medium grain used in 

processes such as parboiling, retorting and puffing, which requires grains to be soaked (Oil et 

al. 2014; Thakur and Gupta 2006). Upon soaking, grains with pre-existing cracks will form 

more cracks than intact rice (Koide et al. 2001). Preliminary tests using the ‘hanasaki’ 

soaking method revealed grains produced in the split N method had fewer cracks during 

soaking, as measured with the hanasaki value, than the 120-0 and 150-0 N rates 

(Supplementary data; Figure S3.1) and the hanasaki value had a positive and negative 

relationship with globulin and albumin, respectively. This relationship between albumin and 

globulin and cracks produced during soaking contrasted with the relationship between 

albumin and globulin and cracks produced during milling which was negative with globulin 

and positive with albumin.  
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Albumin concentration showed a negative relationship with cracks during soaking. In 

contrast, Hamada (1997) noted that albumins are readily soluble in water and suggested they 

would dissolve when grains are soaked, producing cracks. Globulins are salt soluble, and the 

positive association with hanasaki cracks and globulin content may result from dissolved 

albumin and other water-soluble minerals increasing globulin solubility (Villareal and Juliano 

1981), creating cracks when grains were soaked. Thus, the combination of albumin and 

globulin may be important for cracks produced during soaking. These preliminary results 

provide greater insight into the role of proteins and N management during soaking of whole 

grains and would be beneficial for food manufacturers. 

 

The effect of individual protein fractions on grain quality parameters is clear (Baxter 

et al. 2004; 2014; Baxter et al. 2010). However, the effect of all protein fractions and their 

relative proportions of total protein on quality parameters of whole grains seems to be more 

complicated. Baxter et al. (2014) stated when low combinations of globulin and glutelin were 

added to rice starch the effects of albumin and prolamin on pasting parameters were more 

dominant, whereas higher concentrations of globulin and glutelin superseded the impact of 

other two fractions. When analysing the role of protein fractions on grain breakage, 

Balindong et al. (2018b) found glutelin concentration had the most variation between broken 

and unbroken grain, but the prolamin and globulin concentrations were more closely related 

to whole grains. These findings (Balindong et al. 2018b; Baxter et al. 2004; 2014; Baxter et 

al. 2010) and results presented here demonstrate the effect of protein fraction composition on 

grain quality is quite complex. 
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Effect of N type on grain weight  

Although increasing the N rate increased yield, increasing N decreased thousand grain 

weight (TGW) significantly (Table 3.2). Protein content was also negatively correlated with 

TGW in all varieties in the N rate trial (data not shown) and four of six varieties in the N 

timing trial (Supplementary data; Table S3.4). Grigg et al. (2016) observed a reduction in 

grain length with increased N, whereas Mahajan et al. (2011) found a slight increase in grain 

length. Yoshida (1981) reported that grain weight and size are genetically constant 

irrespective of N application. Fageria et al. (2011c) also described a decrease in TGW with 

increasing N rate, however, the reduction occurred after an initial increase. Similarly, an 

initial increase in grain length, followed by a decrease at a particular N rate occurred in all 

varieties of this study and revealed a negative relationship with the number of grains per 

panicle and TGW. However, consistent with previous studies (Fageria 2007), the number of 

grains per panicle increased as N rate increased which compensated for the smaller grain size 

in high yielding plots. The reduction in TGW under high N may have occurred due to 

increased competition between individual grains for mobilised assimilates due to a higher 

number of grains per panicle. Differences in TGW due to a change in the number of grains 

per panicle in plants of differing N rates could have impacted the amount of starch/amylose 

content within grains.  

 

Effect of N type on amylose and the difference between varieties 

For the varieties Topaz, Viand (N timing), YRK5 and YDP44, amylose content was 

negatively correlated with protein content and decreased with increasing N rate. Amylose 

content did not differ between N rates in any other varieties. The effect of N rate on amylose 

content is reported to be variety dependent, with studies demonstrating a decline or no change 

with increasing N rate (Champagne et al. 2009; Gunaratne et al. 2011; Perez et al. 1996; 
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Tamaki et al. 1989). Prakash et al. (2002) and Ata-Ul-Karim et al. (2017) reported that 

increasing protein content was associated with reduced amylose content. Indeed, the 

relationship between amylose and protein content for the variety YDP44 was almost one-to-

one (r = -0.95, p < 0.001). Increasing N rate from 60 to 300 N did not affect YDP44 crop 

yield (data not shown) while increasing N from 0 to 300 N increased grain protein content 

from 5.7% to 10.3% (Figure 3.2g). These data imply that YDP44 has a poor sink-source 

balance which results in higher grain protein content and low crop yield (Wei et al. 2018) and 

the increase in protein reduces amylose content. 

 

YDP44 is a long grain variety with a high amylose content which has been bred for its 

low glycaemic index (GI). Low GI is associated with high amylose content so changes to its 

composition by applied N could potentially alter its GI. Lin et al. (2018) reported a 

significant difference in the digestibility of rice starches with the same genetic background 

but differing amylose contents. Furthermore, Ye et al. (2018) demonstrated that starch 

digestibility increased after the removal of proteins and lipids from rice flour. However, Ye et 

al. (2018) may have also removed or modified other factors affecting digestibility (Toutounji 

et al. 2019). The impact of applied N on amylose content and GI warrants further 

investigation. Changes in the physiochemical composition by N will also affect pasting 

parameters which relate to cooked rice texture.   

 

Low GI varieties tend to have a hard texture (Anacleto et al. 2018). Indeed, YDP44 

had the highest setback viscosity compared to all other varieties (Supplementary data; Table 

S3.5). RVA setback is an important quality parameter used as a predictor of final cooked rice 

texture and the greater the setback, the firmer the rice texture (Gravois and Webb 1997). A 

positive setback is related to higher amylose content (Lisle et al. 2000), as found in YDP44. 
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Increases in protein content from N application can also increase the hardness of rice 

(Champagne et al. 2009). Peak force measured by the texture analyser also indicates the 

hardness of cooked rice. The results in this chapter revealed that peak force was lower in the 

split N treatment compared to single dose treatments in YDP44 (Supplementary data; Table 

S3.5). Furthermore, the medium and split N treatments had the same amylose and protein 

content (Table 3.3 and Supplementary Table S3.5). These results indicate that the split N 

method may lower cooked rice hardness in YDP44, which is often an issue for low GI rice. 

Cooked rice texture may have also been affected by other factors such as amylopectin fine 

structure.  

 

N application at PI could have altered YDP44 starch structure and subsequently rice 

texture. Li et al. (2016) and others (Ong and Blanshard 1995; Ramesh et al. 1999) 

demonstrate the importance of amylopectin fine structure on cooked rice texture. Gunaratne 

et al. (2011) investigated the effects of N on rice flour and attributed the change in cooking 

parameters to possible structural changes of amylose and amylopectin from increased in 

protein content. Tamaki et al. (1989) noted that the texture and palatability of cooked rice 

were affected by N application and suggested the cause was likely due to a change in protein 

content and starch structure. Xiong et al. (2008) reported that increased N fertiliser during 

grain development decreased the total starch and amylose contents, but amylopectin 

remained unchanged. Amylopectin fine structure also plays an important role in starch 

digestion (Toutounji et al. 2019) and the split N method could have potentially altered the GI 

of YDP44. 

 

In contrast to YDP44, the amylose content of variety Reiziq had a positive 

relationship with N rate and protein content. Reiziq is a highly N efficient variety (Dunn et al. 
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2016) and had the most considerable increase in vegetative growth and crop yield from 0 to 

300 N (data not shown). Whereas, the increase in grain protein from 0 to 300 N was the 

lowest compared to all other varieties (Figure 3.2a). The increase in the number of Reiziq 

grains per panicle was also highest compared to all other varieties tested in Year One. 

Maqsood et al. (2013) noted an increase in amylose content due to increasing N rate and 

suggested this was due to the rise in assimilates and metabolites from higher plant growth and 

solar radiation of the increased leaf area. Wei et al. (2018) reported differences in the source-

sink ability of different rice varieties and these results to indicate Reiziq has a greater sink-

source balance compared to YDP44 and increased N supply leads to higher vegetative growth 

and additional grain rather than protein within the grain. 

 

Effect of N type on economic return  

Opus, Viand and YRK5 are all premium varieties known for their high quality. These 

three varieties also benefit from the split N method as under high pre-PW N rates Viand and 

YRK5 can lodge, while floret sterility can occur in Opus (Troldahl et al. 2018). Opus and 

YRK5 are short grain varieties used for sushi and hence need to resist breakage during 

milling and soaking. While the split N method is beneficial for resistance to grain breakage in 

YRK5, WGY was reduced in Opus and Viand which negatively impacts grower returns. 

 

Analysis of profit ha-1 revealed a higher return was produced in the split N treatment 

for Opus and Viand compared to the other N treatments, despite the reduction in WGY 

(Table 3.7). The profit ha-1 for Viand was also greater in the split N treatment in both trials.  

These data indicate the financial benefit from increased yield when using the split N method 

outweighs the deduction from a reduced WGY for Opus and Viand. For YRK5, the positive 

effect of the split N method on both yield and WGY increases the profit margin by $885 ha-1 
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compared to the same total rate applied in a single dose. Furthermore, low protein content is 

favoured in sushi grain varieties and protein content was lower in the split N treatment 

compared to the medium N rate in both Opus and YRK5. These results demonstrate the 

importance of tailoring agronomic packages for each variety to produce not only high yields 

but also high grain quality optimised for its particular end use.  
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CHAPTER 4 

 

Impact of irrigation methods on grain development and quality 

Contributors; Dunn. B.W. and the DPI Rice Agronomy Team performed field trials and provided data 
on plant phenology and parameters, yield components, the temperature recorded during experiments 
and assisted in the tagging, harvesting and collection of samples. DPI Rice Chemistry Team and 
Obermeit. D.E. assisted in the milling of samples during Year One and Two. Talbert, M. performed 
and carried out the image analyses of cracks in dry grains 
 
4.1. Introduction 

Rice production in south eastern Australia is entirely dependent on irrigation (Dunn et 

al. 2014) and drought and competition from the environment, cotton and nut crops have seen 

a reduction in the availability of irrigated water for rice production within this region (Dunn 

and Gaydon 2011). Irrigation allocations for the 2018-19 rice growing season were at 

historically low levels (Murrumbidgee-Irrigation 2018) and water trading prices in Australia 

were the highest for a decade (BOM 2018). Thus, the adoption of water saving technologies 

is needed for continued sustainable rice production 

 

AWD is a water-saving (WS) technique developed in tropical environments (Bouman 

and Tuong 2001), however, AWD is not suitable for all climates, particularly in regions 

where temperature fluctuations occur during the reproductive stage. In south-eastern 

Australia and temperate environments, a period of flooding during the reproductive phase is 

required to protect the crop from temperature fluctuations (Dunn and Dunn 2018; Williams 

and Angus 1994). Delayed permanent water (DPW; Figure 4.1) is a WS technique similar to 

AWD developed for the temperate environment and has no significant impact on crop yield 
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and improves nitrogen use efficiency (NUE; Dunn et al. 2014; Grigg et al. 2000; Heenan and 

Thompson, 1984). However, there are limited data on the effect of DPW on grain quality. 

 

Several studies have assessed the effect of drought on rice grain quality parameters 

(Haider et al. 2015; Liu et al. 2010; Pandey et al. 2014). However, plants grown using DPW 

and other WS techniques are likely not drought stressed because they do not receive a soil 

water potential below -40 kPa (Grigg et al. 2000; Kumar et al. 2017). The water potential 

threshold, which starts to affect rice growth negatively and thus, becomes drought stressed, is 

between -46kpa to -56kpa (dos Santos et al., 2018). Grigg et al. (2000) and Graham-Acquaah 

et al. (2019) reported that AWD did not affect WGY, although both studies were from only 

one season and the grain physicochemical properties were not measured. Carracelas et al. 

(2019) also found that WGY did not significantly differ between rice grown with 

conventional drill irrigation and a WS technique similar to DPW. Although they did observe 

the impact of irrigation method on WGY was dependent on the growing region. Cheng et al. 

(2003) observed an increase in WGY, amylose and protein content in rice grown using AWD 

in China, however, noted the response was variety dependent and quality decreased in some 

varieties.  

 

Graham-Acquaah et al. (2019) noted a lower RVA setback viscosity and a higher 

percentage of grain chalkiness in rice grown using AWD and attributed the variation to a 

possible change in amylose content due to water stress. However, high temperatures during 

the reproductive period can also cause increased grain chalkiness and reduced amylose 

(Aboubacar et al. 2006; Ahmed et al. 2015; Lin et al. 2010; Yamakawa et al. 2007; Zhong et 

al. 2005). DPW causes a 12-16 day delay of pollen microspore compared to conventional 

irrigation (Dunn and Gaydon 2011) and thus, rice in the AWD treatment may have 
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experienced higher temperatures during the reproductive stage compared to the conventional 

irrigation treatments, altering grain quality (Graham-Acquaah et al. 2019). Furthermore, high 

temperatures during the pollen microspore stage can cause floret sterility and reduce the grain 

number per plant impacting grain size and quality (Kealey and Clampett 2005).  

 

Temperature, growing region and variety play a significant role in influencing grain 

quality and hence, it is important to measure the effect of irrigation methods over multiple 

years using multiple varieties. The objective of this study, therefore, was to measure the 

impact of WS techniques, as practised by the Australian rice growing industry, on all 

measures of rice grain quality of different rice varieties.  
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4.2. Materials and methods 

 

4.2.1.  Field site and design 

 

Three field trials were conducted over the 2016-17, 2017-18, 2018-19 rice growing 

seasons (October-April) at two locations within the Murrumbidgee Irrigation Area of New 

South Wales, Australia. The field site of Year One and Three was at Yanco Agricultural 

Institute (YAI; 34°36'50"S 146°25'06"E) and Year Two location was at Leeton Field Station 

(LFS; 34°36'18"S, 146°21'46"E) and were 5.2 km from each other. 

 

In Year One, the medium grain semi-dwarf varieties Reiziq and Sherpa and the long 

grain semi-dwarf varieties Langi and Topaz were grown (Troldahl et al. 2018). Varieties 

were grown using five N rates in triplicate in two adjacent bays, a total of 60 plots (7 m x 6 

m) in each bay. Bay one received conventional drill sown full flood (DFF), where permanent 

water (PW) was applied to drill sown rice at the 3-4 leaf stage (Figure 4.1b). Bay two was 

grown using delayed permanent water with a post flower flush (DPW+PFF), where drill 

sowed rice is intermittently irrigated during the vegetative phase and permanent water is not 

applied until just before the plant reaches the reproductive stage, then permanent water is 

removed post flowering and the crop is intermittently flushed until maturity (Figure 4.1d). 

 

Sowing occurred on the same day for both treatments (19/10/16). PW was applied on 

1/12/16 for the DFF treatment and PW was applied on 22/12/16 and removed on 24/02/17 for 

DPW+PFF with six flush irrigations until 31/03/17. Soil moisture potential was monitored 

during post-flower flushing to ensure the crop was not moisture stressed and the cumulative 

evapotranspiration (ETo) between irrigations did not exceed 40 mm. 
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In Year Two, Reiziq and Sherpa were grown in sixteen adjacent bays with four 

different irrigation treatments and two N rates, a total of 64 plots (12.5 m x 3.6 m). The four 

irrigation treatments were: aerial sown full flood (AFF), where rice was added directly to 

ponded water and therefore fully flooded throughout the entire growing period; drill sown 

full flood; delayed permanent water (DPW), where drill sowed rice is intermittently irrigated 

during the vegetative phase and permanent water is not applied until just before the plant 

reaches the reproductive stage; and DPW+PFF (Figure 4.1). Due to bird damage, two bays of 

the AFF treatment were abandoned. 

 

In Year One mid-flowering occurred an average of eight days earlier in the DFF 

treatment compared to DPW+PFF. Thus, the reproductive period did not align between the 

irrigation treatments and this period coincided with temperature spikes above 38°C. 

Therefore, any differences observed in grain quality between the irrigation treatments could 

have occurred due to temperature differences during grain filling. Moreover, the length of the 

reproductive period (mid-flowering to harvest) also differed between irrigation treatments. To 

align the reproductive periods, sowing date differed between irrigation treatments in the 

following seasons. 

 

Year Two sowing occurred on 13/10/2017 for the DPW and DPW+PFF treatment and 

PW on 29/12/2017. The DFF treatment was sown on 24/10/2017 with PW on 30/11/2017 and 

the AFF treatment was sown and received PW on 10/11/2017. DPW+PFF plots were first 

drained post flowering on 10/02/18 and received nine flush irrigations until 29/03/18. A 

summary of location, irrigation treatment, varieties grown and nitrogen rates for each year is 

presented in Table 4.1. 
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Figure 4.1. Different irrigation methods used in south eastern Australia.  
Aerial full flood irrigation (A); Drill sown irrigation (B); Delayed permanent water (C); 
Delayed permanent water with post flower flushing (D). Image adapted from NSW 
Department of Primary Industries (2016). 
 
 
 

In Year Three, Reiziq, Sherpa, Langi and Topaz were grown in two adjacent bays 

with two N rates in triplicate, total 24 plots (12 m x 2 m) in each bay. Bay one was planted 

using DFF sown on the 20/10/18 and PW on the 03/12/18 and bay two was grown using 

DPW sown on the 10/10/18 and PW on the 24/12/18. 
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Table 4.1 Location, irrigation treatment, varieties grown and nitrogen rates of experiments 
conducted in Years One to Three. 

AFF = aerial sown full flooding; DFF = drill sown full flooding; DPW+PFF = delayed permanent water with 
post flower flushing; DPW = delayed permanent water 
 

 

4.2.2. Temperature during experiment 

 

The cumulative growing degree days (GDD) were calculated using an average of the 

daily minimum and maximum temperatures minus ten (base10) for each season along with 

the long term (20 years) average for YAI. The GDD during year one was similar to the long 

term average for YAI (Figure 4.2). Year Two was also similar to the long term average 

throughout most of the season. However, the GDD began to increase above the long term 

average towards the end of the season (March-May). Year Three had a substantially higher 

GDD compared to the long term average throughout the whole season and further increased 

following panicle initiation (Mid-January). 

 

4.2.3. Monitoring grain development 

 

In Year One the length of the reproductive period (mid-flowering to harvest) also 

differed between irrigation treatments. Grain development was monitored in Year Two to 

determine if the difference in the reproductive period was due to variation in grain filling or 

grain drying. Grain weight and moisture of the irrigation treatments DFF, DPW and 

Year Year One 
(2016-17) 

Year Two 
(2017-18) 

Year Three 
(2018-19) 

Location YAI LFS YAI 

Irrigation treatment DFF, DPW+PFF  AFF, DFF, DPW, 
DPW+PFF 

DFF, DPW 

Variety Reiziq, Sherpa, 
Topaz, Langi Reiziq, Sherpa  Reiziq, Sherpa, 

Topaz, Langi 
Nitrogen rate 0, 60, 120, 180, 240 120, 180 60, 120 
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DPW+PFF of Sherpa in 180 kg N ha-1, were monitored during grain development. Water 

seepage occurred between some of the adjacent bays. Thus plots from two bays of each 

irrigation treatment (six in total) were used, instead of four, where the seepage was lowest. 

 

Panicles were tagged when 50% of their anthers were exposed (mid-flowering). 

Tagging occurred on the same day for the DPW and DPW+PFF treatments (31/01/2018) and 

the following day for DFF (01/02/2018). Tagged panicles (25-30) were consecutively 

harvested every seven days after flowering (DAF) for eight weeks. Once collected, the 

panicles were hand stripped and aspirated to eliminate empty florets. Filled and partially 

filled grains were measured for moisture, counted and dried to determine the thousand grain 

weight (TGW). Dried grains were dehulled using a laboratory dehuller (THU, Satake, Tokyo, 

Japan) and the remaining brown rice milled for 90 seconds using a laboratory brush mill 

(Precision Machine Co., Inc., Lincoln NE). 

 

 

Figure 4.2. Accumulative growing degree days (base 10) of the long term average (20 years) 
and values recorded during each season (10-day average) for Yanco. 
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4.3. Results 

 

To analyse the impact of WS irrigation practices on grain development and grain 

quality, rice was grown using DPW and DPW+PFF and compared with the conventional 

irrigation practices of DFF and AFF. In Year One and Three, the varieties Reiziq, Sherpa, 

Topaz and Langi were grown in two adjacent bays with multiple N rates between 0 and 240 

kg N ha-1. One bay was grown using DFF and the other a WS method, either DPW+PFF 

(Year One) or DPW (Year Three). In Year Two the varieties Reiziq and Sherpa were grown 

in sixteen adjacent bays using the irrigation methods AFF, DFF, DPW and DPW+PFF, and 

120 and 180kg N ha-1. To determine the impact of the WS irrigation methods on grain 

development, grain weight and moisture of Sherpa 180 N grain in the irrigation treatments 

DFF, DPW and DPW+PFF were also monitored in Year Two. 

 

4.3.1. Impact of irrigation treatment on plant phenology 

 

The temperature differences within each season influenced growth duration and each 

year was significantly different from the other. Year One had the lowest GDD and the highest 

number of days from sowing to harvest. Year Three had greater GDD compared to Year 

Two. However, it was Year Two that had the fewest days from sowing to harvest between 

Year Two and Three. The WS treatments had a significantly longer growth duration (sowing 

to harvest and sowing to mid flowering) compared to AFF and DFF treatments (Table 4.2). In 

Year One sowing occurred on the same day and consequently, mid-flowering occurred an 

average of eight days earlier in the DFF treatment compared to DPW+PFF. In Year Two and 

Three sowing dates differed between irrigation treatments and mid-flowering occurred within 

four days between all treatments (Table 4.2). 
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4.3.2.  Effect of irrigation treatment on plant parameters 

 

Plants grown in the WS treatments had significantly higher plant nitrogen content at 

panicle initiation (PI) compared to AFF and DFF plants (Table 4.2). The vegetative dry 

matter produced at PI was highest in DFF, lowest in DPW and with AFF and DPW+PFF 

displaying intermediate values. AFF had the lowest N uptake (kg ha-1) at PI (Plant N x dry 

matter/10) with the DFF and WS treatments not significantly different from each other. The 

DFF and DPW treatments had the highest vegetative dry matter at maturity and were 

significantly different from AFF and DPW+PFF. Crop yield and grain per panicle were 

highest in the DPW treatment and were significantly different from the other treatments. DFF 

had the second highest crop yield and was significantly different from both AFF and 

DPW+PFF while DPW+PFF had the second largest grains per panicle and was significantly 

different from DFF and AFF. 

 

Table 4.2. Plant parameters affected by irrigation treatments* 

*Data are averaged across variety, nitrogen rate and rice growing season. Different letters in each row indicate 
significant differences at p < 0.05. AFF = aerial sown full flooding; DFF = drill sown full flooding; DPW+PFF 
= delayed permanent water with post flower flushing; DPW = delayed permanent water. 

Irrigation treatment AFF DFF DPW+PFF DPW 
Sowing to mid-flowering 81 a 103 b 112 d 107 c 
Sowing to harvest 130 a 157 b 166 c 165 c 
Mid-flowering to harvest          
   Year One   57 b 54 a    

Mid-flowering date:   (31/01/17)          (08/02/17)   
   Year Two 49 a 47 a 55 b 59 c 

Mid-flowering date:           (29/01/18)             (01/02/18)        (30/01/18)   (28/01/18) 

   Year Three   54 a   56 a 
Mid-flowering date:                 (28/01/19)      (24/01/19) 

   Mean  49 a 55 c 54 b 57 d 
Plant N content at PI (%) 1.29 a 1.95 b 2.27 c 2.55 d 
Dry matter at PI (g/m2) 484 b 579 c 477 b 405 a 
N uptake at PI (kg ha-1) 63 a 117 b 113 b 103 b 
Dry matter at maturity (g/m2) 2042 a 2210 b 2063 a 2217 b 
Yield (t/ha) 11.12 a 12.02 ab 10.91 a 13.14 b 
Number of grains per panicle 83 a 87 a 96 b 112 c 
Plant height (cm) 79 a 89 c 87 b 86 b 
Grain sterility (%) 17.7 a 21.1 b 24.9 c 26.0 c 
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4.3.3. Grain development as affected by irrigation treatment  

 

In Year One the number of days from mid-flowering to grain maturity differed 

between the irrigation treatments. Previous research (Tabien et al. 2009) has demonstrated 

the length of the reproductive stage can affect WGY. Therefore, in Year Two, grain weight 

and moisture were monitored during grain filling to determine if the rate of grain filling or 

grain drying differed between irrigation treatments. 

 

4.3.3.1. Grain weight 

 

Between 7 to 28 DAF and at 56 DAF, there was no significant difference in TGW 

between DPW and DPW+PFF irrigation treatments (Figure 4.3a). Between 35 and 49 DAF, 

the TGW of the DFF treatment was significantly higher compared to both water saving 

treatments. For each irrigation treatment, TGW was significantly higher than the previous 

sample until 28 DAF. Rate of grain weight increase plateaued following 28 DAF in both 

DPW and DPW+PFF treatments (Table 4.3). The weights measured at 56 DAF for each 

irrigation treatment did not significantly differ from the final TGW, measured using all 12 

plots at maturity. 

 

4.3.3.2.  Grain moisture 

 

There was no difference in grain moisture between all irrigation treatments at 14, 21 

and 56 DAF (Figure 4.3b). Between 28 and 49 DAF, rice grown with DFF had significantly 

lower grain moisture compared to rice grown using DPW. The DPW+PFF treatment 

significantly differed from the DFF treatment at 35, 42 and 49 DAF, and from DPW at 42 
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and 49 DAF. Grain moisture significantly decreased from the previous sample until 28 DAF 

for all irrigation treatments (Table 4.3). Grain moisture in DFF continued to decline 

significantly from the last sample until 56 DAF. Grain moisture did not vary between 35 and 

42 DAF and 49 and 56 DAF for DPW+PFF. Grain moisture in the DPW treatment did not 

differ between 28 and 42 DAF. 

 

 

Figure 4.3. Dynamic changes in thousand grain weight (A) and grain moisture (B) during 
maturation of Sherpa (180 N) in Year Two with different irrigation treatments; vertical bars 
represent standard deviations (n=12). 
 

Table 4.3. Dynamic changes in thousand grain weight and grain moisture during grain 
maturation of Sherpa (180 N) in Year Two with different irrigation treatments. 

Values are mean ± SD. Different letters in each row indicated significant differences at p < 0.05. DFF = drill 
sown full flood; DPW+PFF = delayed permanent water with post flower flushing; DPW = delayed permanent 
water. 
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flowering 

Thousand grain weight (g) Grain moisture (%) 
DFF DPW+PFF  DPW DFF DPW+PFF DPW 

7 6.43 ± 1.1 a 7.89 ± 0.6 a 7.63 ± 0.3 a NA NA NA 
14 12.33 ± 0.5 b 12.04 ± 0.1 b 12.57 ± 0.6 b 50.5 ± 0.1 a 47.6 ± 0.1 a  49.0 ± 1.4 a 
21 17.61 ± 0.8 c 17.00 ± 0.5 c 16.26 ± 0.5 c 38.5 ± 0.5 b 37.9 ± 0.2 b 38.1 ± 1.4 b 
28 21.44 ± 0.7 d 20.76 ± 0.7 d 20.53 ± 0.2 d 27.1 ± 1.3 c 29.1 ± 1.6 c 29.3 ± 0.1 c 
35 23.08 ± 0.3 e 21.09 ± 1.2 d  20.79 ± 0.4 d 22.5 ± 1.7 d 26.7 ± 1.3 d 28.2 ± 0.5 c 
42 24.00 ± 0.5 e 21.67 ± 0.3 d 21.73 ± 0.0 e 19.6 ± 0.7 e 26.2 ± 1.2 d  28.2 ± 0.2 c 
49 24.63 ± 1.0 e 21.69 ± 0.6 d 21.63 ± 0.2 de 16.0 ± 0.3 f 22.0 ± 0.7 e 25.5 ± 0.2 d 
56 24.69 ± 0.0 e 22.53 ± 1.0 d 22.69 ± 0.5 e 15.0 ± 0.0 f 20.1 ± 1.3 e 20.7 ± 0.8 e 



  Chapter 4 

 93 

4.3.4. Impact of irrigation treatment on milling quality  

 

WGY was affected by irrigation treatment, N rate, crop year and variety. Significant 

interactions were also observed for; N rate x irrigation treatment; variety x irrigation 

treatment; N rate x variety; and irrigation treatment x N rate x variety. When analysed solely 

on irrigation treatment, DPW had a significantly higher WGY compared to the DPW+PFF 

and DFF treatments. Under medium and high N (120, 180, 240 kg N ha-1), WGY was higher 

in the WS treatments compared to DFF. Under low N (0 and 60 kg N ha-1), WGY in the DFF 

treatment was higher in DFF compared to the WS treatments and was significant in 0 N for 

the medium grains (Figure 4.4 a-d). The AFF treatment had the lowest WGY within each N 

rate compared to the other irrigation treatments. 

 

Langi and Topaz had the lowest average WGY and were significantly different from 

both medium grains. Sherpa had a significantly higher WGY compared to Reiziq. For all 

varieties, WGY showed significant positive correlations with N uptake at PI (Reiziq, r = 0.66; 

Sherpa, r = 0.61; Langi, r = 0.71; Topaz, r = 0.79; p < 0.05), plant N content at PI (Reiziq, r = 

0.88; Sherpa, r = 0.71; Langi,  r = 0.79; Topaz, r = 0.85; p < 0.05) and the number of days 

from flowering to harvest (Reiziq, r = 0.32; Sherpa, r = 0.29; Langi, r = 0.67; Topaz, r = 0.52; 

p < 0.05) and a negative correlation with TGW (Reiziq, r = -0.61; Sherpa, r = -0.53; Langi, r 

= -0.62; Topaz, r = -0.53; p < 0.05). WGY in Year Two was significantly higher than Year 

One and Three, likely due to the higher and lower temperatures found in Year One and 

Three, respectively. 
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Figure 4.4. Whole grain yield (a-d) and protein content (e-h) affected by irrigation treatment 
and N rate. DFF indicated by black bars; WS indicated by grey bars and is an average of 
DPW+PFF and DPW; AFF indicated by white bars. Varieties are Langi (a + e), Topaz (b + 
f), Sherpa (c + g), Reiziq (d + h). Data are averaged across 2016-17, 2017-18, 2018-19 rice 
growing seasons. Standard error of the mean is denoted by a capped bar at the top of each 
column. Comparisons are valid within a variety and columns with different letters are 
significantly different (p < 0.05). 
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4.3.5. Grain protein content affected by irrigation treatment 

 

Milled grain protein content followed the same trend as WGY (Figure 4.4 e-f) and for 

all varieties grain protein content showed significant positive correlations with N uptake at PI 

(Reiziq, r = 0.54; Sherpa, r = 0.73; Langi, r = 0.88; Topaz, r = 0.91; p < 0.001) and plant N 

content at PI (Reiziq, r = 0.72; Sherpa, r = 0.82; Langi, r = 0.90; Topaz, r = 0.90; p < 0.001). 

In the low N rates, DFF had a slightly higher protein content than the WS treatment, but as N 

increased grain protein content in the WS treatments became slightly higher than DFF. Grain 

protein content in AFF was significantly lower than the WS treatments at each N rate for both 

medium grains. However, there was no significant difference in protein content between the 

DFF and WS treatments at each N rate for each variety. As N rate increased the grain protein 

content significantly increased and each N rate was significant from the other. In all varieties 

protein content showed significant positive correlations with WGY (Reiziq, r = 0.55; Sherpa, 

r = 0.61; Langi, r = 0.65; Topaz, r = 0.51; p < 0.001), N uptake at PI (Reiziq, r = 0.54; 

Sherpa, r = 0.72; Langi, r = 0.88; Topaz, r = 0.91; p < 0.001) and number of grains per 

panicle (Reiziq, r = 0.51; Sherpa, r = 0.50; Langi, r = 0.65; Topaz, r = 0.70; p < 0.001). The 

average protein content in Year Three was significantly higher than both Year One and Two. 

 

4.3.6. Effect of irrigation treatment on grain physical characteristics  

 

TGW was significantly lower in the WS treatments compared to DFF for both 

medium grains but did not differ between irrigation treatments for both long grains (Table 

4.4). For all varieties TGW was negatively correlated with grain number per panicle (Reiziq, 

r = -0.57; Sherpa, r = -0.72; Langi, r = -0.52; Topaz, r = -0.60; p < 0.001) and grain protein 

content (Reiziq, r = -0.70; Sherpa, r = -0.65; Langi, r = -0.84; Topaz, r = -0.86; p < 0.001). 
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Grain dimensions were lower in the WS treatments compared to DFF and AFF in all 

varieties. The length to width ratio did not significantly differ between irrigation treatments 

for all varieties, excluding Reiziq. 

 

 DFF grain of Reiziq, Langi and Topaz were significantly higher DOM compared to 

the WS and AFF treatments (Table 4.4). Generally, as N rate increased the DOM decreased, 

although the DOM was lowest in the 180 N rate. However, the DOM did not differ between 

irrigation treatments within each N rate for all varieties. Excluding Langi, the DOM for all 

varieties showed a significant positive correlation with grain length (Reiziq, r = 0.49; Sherpa, 

r = 0.42; Topaz, r = 0.54; p < 0.05) and width (Reiziq, r = 0.65; Sherpa, r = 0.34; Topaz, r = 

0.54; p < 0.05). The DOM also showed a significant negative correlation with WGY for all 

varieties excluding Langi (Reiziq, r = -0.47; Sherpa, r = -0.44; Topaz, r = -0.67; p < 0.05). 

 

In all varieties, grain brightness (L*) was significantly lower in the WS treatments 

compared to DFF in all grains and AFF in the medium grains (Table 4.4). The opposite trend 

was observed for grain yellowness (b*). Grain redness/greenness (a*) did not significantly 

differ between irrigation treatments for the medium grains. In the long grains, a* in the WS 

treatments had a more negative value compared to DFF. In all varieties the DOM showed 

significant positive correlations with L* (Reiziq, r = 0.79; Sherpa, r = 0.59; Langi, r = 0.54; 

Topaz, r = 0.66; p < 0.05) and a* (Reiziq, r = 0.41; Sherpa, r = 0.39; Langi, r = 0.53; Topaz, r 

= 0.54; p < 0.05) and a negative correlation with b* for all varieties, excluding Langi (Reiziq, 

r = -0.63; Sherpa, r = -0.35; Topaz, r = -0.58; p < 0.05). In all varieties excluding Topaz, 

protein was negatively correlated with L* values (Reiziq, r = -0.64; Sherpa, r = -0.55; Langi, 

r = -0.66; p < 0.001) and positively correlated with b* value for Reiziq (r = 0.55, p < 0.001) 

and Topaz (r = 0.40, p < 0.05). 
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Table 4.4. Grain physical characteristics affected by irrigation treatments* 
  AFF DFF WSS Average CV 
Reiziq TGW 29.54 a 29.37 a 28.37 b 28.85 3.50 

 Grain length (mm) 6.15 a 6.19 a 6.01 b 6.09 1.80 
 Grain width (mm) 2.98 a 2.97 a 2.92 b 2.94 1.68 
 Grain thickness (mm) 2.20 ab 2.22 a 2.16 b 2.19 2.99 
 Length to width ratio 2.06 ab 2.09 a 2.06 b 2.07 1.53 
 L* 72.33 a 72.21 a 71.02 b 71.58 1.55 
 b* 13.09 a 13.40 a 13.73 b 13.55 4.18 
 a* -1.82 a -1.62 a -1.63 a -1.64 -10.76 
 DOM 10.84 ab 11.03 a 10.66 b 10.82 5.26 

Sherpa TGW 25.40 ab 24.80 a 24.05 b 24.44 5.04 
 Grain length (mm) 5.58 a 5.69 a 5.47 b 5.57 3.58 
 Grain width (mm) 2.94 a 2.93 a 2.90 a 2.92 3.93 
 Grain thickness (mm) 2.22 a 2.25 a 2.22 a 2.23 3.12 
 Length to width ratio 1.90 a 1.96 a 1.89 a 1.91 8.91 
 L* 72.66 a 72.36 a 71.52 b 71.93 1.69 
 b* 14.35 a 14.69 a 14.96 a 14.81 5.44 
 a* -1.78 a -1.77 a -1.85 a -1.81 -11.01 
 DOM 10.40 a 10.78 a 10.54 a 10.64 5.83 

Langi TGW   23.71 a 23.76 a 23.74 2.98 
 Grain length (mm)   6.76 a 6.81 a 6.79 2.97 
 Grain width (mm)   2.29 a 2.21 a 2.25 6.59 
 Grain thickness (mm)   2.07 a 1.98 b 2.02 3.61 
 Length to width ratio   2.98 a 3.08 a 3.03 7.16 
 L*   74.87 a 73.75 b 74.31 1.27 
 b*   12.77 a 13.01 a 12.89 3.14 
 a*   -1.42 a -1.60 b -1.51 -7.78 
 DOM   13.22 a 12.34 b 12.78 8.50 

Topaz TGW   21.67 a 21.76 a 21.71 3.76 
 Grain length (mm)   6.72 a 6.65 b 6.68 1.32 
 Grain width (mm)   2.25 a 2.21 b 2.23 1.65 
 Grain thickness (mm)   2.07 a 1.94 b 2.01 4.28 
 Length to width ratio   2.99 a 3.01 a 3.00 1.54 
 L*   73.49 a 71.61 b 72.55 1.47 
 b*   13.79 a 14.52 b 14.16 3.92 
 a*   -1.52 a -1.69 b -1.60 -7.94 
 DOM   12.40 a 11.80 b 12.10 5.73 

*Data are averaged across nitrogen rate and rice growing season. Different letters in each row indicate 
significant differences at p < 0.05. AFF = aerial sown full flooding; DFF = drill sown full flooding; WSS = 
delayed permanent water with post flower flushing and/or delayed permanent water. 
 

 

4.3.7. Impact of irrigation treatment on pasting and texture properties  

 

Irrigation treatment had a significant influence on the pasting profile of rice flour. In 

Year One, the overall RVA curve was lower in DPW+PFF treatment compared to DFF in 

each N rate for each variety, as represented in Figure 4.5a. In Year Two RVA curves were 

highest in AFF, lowest in DPW+PFF and DPW and DFF curves were in the middle, as 
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represented in Figure 4.5b. Pasting profiles were not analysed in Year Three. Peak time 

occurred earlier in the DPW+PFF method compared to the other treatments (Table 4.5). In 

Year One, the lower RVA curve in the DPW+PFF treatment occurred irrespective of the total 

protein content, which was often the same as the DFF treatment or in some occasions lower 

than DFF. In Year Two the AFF treatment had the lowest protein content and the highest 

RVA curve in both varieties. For Reiziq in Year Two, the DPW and DFF treatments had a 

similar RVA curve despite differing in total protein content by 0.9% (Figure 4.5b). Whereas 

DPW and DPW+PFF differed in total protein content by 0.1% and DPW had a higher RVA 

curve. For Sherpa, the RVA curves of DFF and both WS treatments were the same despite 

differing by 0.9% in total protein content. These data differ from the results found in Chapter 

3 where the RVA curve decreased as grain protein content increased. 

 

The DPW treatment had the highest setback, followed by the AFF and DPW+PFF 

treatments and DFF had the most negative setback (Table 4.5). Setback was affected by 

irrigation treatment, N rate, crop year and variety. Significant interactions were also observed 

for; N rate x irrigation treatment; N rate x variety; and crop year x irrigation treatment. The 

textural properties (peak force, adhesiveness and stickiness) did not differ between treatments 

for all varieties, excluding Topaz. Topaz amylose content also differed between irrigation 

treatments, while there was no difference in the other varieties. Amylose content was 

positively correlated with peak force, peak and breakdown viscosity and negatively 

correlated with setback viscosity in Topaz (PF, r = 0.51; PV, r = 0.50; BV, r = 0.55; SV, r = -

0.54; p < 0.01) and Sherpa (PV, r = 0.35; BV, r = 0.50; SV, r = -0.43; p < 0.001). There was 

no relationship between amylose content and RVA parameters in Langi and Reiziq. 
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Total protein content showed significant relationships with all RVA parameters in all 

varieties (Supplementary data; Table S4.1). Correlation analysis also revealed significant 

relationships between the RVA parameters and DOM for all varieties. However, total protein 

content was not significantly correlated with DOM for all varieties, excluding Reiziq, which 

showed a weak (r = -0.31, p < 0.01) negative relationship. RVA setback was significantly 

positively correlated with WGY in all varieties (Reiziq, r = 0.71; Sherpa, r = 0.56; Langi, r = 

0.58; Topaz, r = 0.77; p < 0.001). Chapter 3 found the same relationship between setback and 

WGY, which was associated with differences in protein composition. Therefore, the protein 

composition was analysed between irrigation treatments. 
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Figure 4.5. Viscosity curves of Reiziq 180 kg N ha-1 in 2017 (A) and 2018 (B) grown with 
different irrigation treatments. AFF = aerial sown full flooding; DFF = drill sown full 
flooding; DPW+PFF = delayed permanent water with post flower flushing; DPW = delayed 
permanent water. Values next to curves are measured protein content. Figure A is a 
representative the overall RVA curve found in each N rate for all varieties in 2017. 
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Table 4.5. Pasting and texture parameters of medium and long grain varieties affected by 
irrigation treatment*  

  AFF DPW DPW+PFF DFF Average CV 
Reiziq Amylose Content (%) 20.15 a 19.56 a 19.64 a 19.87 a 19.76 3.02 

 Peak Viscosity (cP) 3194 ab 3061 a 3112 a 3320 b 3193 9.0 
 Trough Viscosity (cP) 2035 b 1998 b 1847 a 2011 b 1946 7.3 
 Breakdown Viscosity (cP) 1160 a 1063 a 1265 a 1309 a 1247 18.4 
 Final Viscosity (cP) 3146 b 3102 b 2982 a 3121 b 3065 4.1 
 Setback Viscosity (cP) -48 bc 41 c -130 b -200 a -129 -171 
 Pasting Temperature (°C) 68.63 a 68.27 a 68.64 a 68.72 a 68.62 1.11 
 Peak Time (min) 6.32 b 6.43 c 6.17 a 6.33 b 6.28 2.63 
 Peak Force (g) 68.8 a 78.1 a 77.6 a 79.2 a 77.7 15.1 
 Adhesiveness 127 a 166 a 172 a 164 a 165 22.5 
 Stickiness -16.5 a -20.4 a -19.6 a -19.7 a -19.5 -16.0 

Sherpa Amylose Content (%) 21.37 a 20.98 a 21.37 a 21.41 a 21.33 2.61 
 Peak Viscosity (cP) 3113 b 2860 a 2916 a 3131 b 3007 7.9 
 Trough Viscosity (cP) 1967 a 1831 b 1713 c 1877 ab 1812 7.0 
 Breakdown Viscosity (cP) 1146 b 1029 c 1204 b 1254 a 1196 16.3 
 Final Viscosity (cP) 3192 a 3052 bc 2988 c 3118 ab 3062 3.9 
 Setback Viscosity (cP) 80 b 193 c 71 b -13 a 55 317 
 Pasting Temperature (°C) 68.84 a 68.56 a 68.38 a 68.66 a 68.55 0.78 
 Peak Time (min) 6.37 bc 6.37 c 6.15 a 6.29 b 6.25 2.30 
 Peak Force (g) 106.5 a 97.3 a 94.3 a 96.5 a 96.4 9.5 
 Adhesiveness 202 a 148 a 202 a 171 a 182 23.3 
 Stickiness -23.3 a -21.0 a -23.3 a -22.0 a -22.5 -12.9 

Langi Amylose Content (%)     21.21 a 20.81 a 21.01 2.93 
 Peak Viscosity (cP)     3348 a 3646 b 3497 7.0 
 Trough Viscosity (cP)     1519 a 1611 b 1565 5.2 
 Breakdown Viscosity (cP)     1829 a 2035 b 1932 9.3 
 Final Viscosity (cP)     2862 a 2933 b 2897 2.7 
 Setback Viscosity (cP)     -486 a -713 b -600 -32 
 Pasting Temperature (°C)     76.81 a 77.61 b 77.21 0.89 
 Peak Time (min)     5.69 a 5.70 a 5.69 0.85 
 Peak Force (g)     83.8 a 85.5 a 84.6 11.4 
 Adhesiveness     191 a 170 a 180 17.3 
 Stickiness     -21.5 a -19.8 a -20.7 -12.7 

Topaz Amylose Content (%)     20.26 a 21.04 b 20.65 3.23 
 Peak Viscosity (cP)     3075 a 3358 b 3217 6.7 
 Trough Viscosity (cP)     1617 a 1696 b 1656 4.8 
 Breakdown Viscosity (cP)     1458 a 1662 b 1560 9.7 
 Final Viscosity (cP)     2940 a 3007 b 2973 2.7 
 Setback Viscosity (cP)     -135 a -351 b -243 -69 
 Pasting Temperature (°C)     69.06 a 68.06 b 68.56 0.97 
 Peak Time (min)     5.98 a 5.99 a 5.98 0.96 
 Peak Force (g)     75.9 a 95.0 b 85.4 13.9 
 Adhesiveness     186 a 195 a 191 12.6 
 Stickiness     -20.2 a -22.0 b -21.1 -9.5 

*Data are averaged across nitrogen rate and rice growing season. Different letters in each row indicate 
significant differences at p < 0.05. AFF = aerial sown full flooding; DFF = drill sown full flooding; WSS = 
delayed permanent water with post flower flushing and/or delayed permanent water. 
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4.3.8.  Protein composition affected by irrigation treatment and N rate 

 

Total protein and amylose content did not account for all the differences in RVA 

viscosity curves observed between irrigation treatments. Based on previous reports and the 

results in Chapter 3, the protein composition of grain derived from the irrigation treatments 

was analysed in order to ascertain if protein composition differences explained more of the 

variation in RVA. In Year One under low N, WGY in the DPW+PFF treatment was lower for 

Reiziq and higher for Topaz while the RVA curve was lower in the DPW+PFF compared to 

DFF in both varieties and was consistent across N rates. Therefore, the protein composition 

of Reiziq and Topaz in 0 and 120 N rate were analysed in Year One. In Year Two the protein 

composition of Sherpa AFF, DFF, DPW and DPW+PFF (120 N) and Reiziq DFF, DPW and 

DPW+PFF (120 and 180 N) were analysed. 

 

Total albumin content reduced and the other fractions increased with increasing N rate 

(Figure 4.6). The impact of increasing N rate on protein fractions and irrigation treatment was 

the same for both varieties and all fractions excluding albumin. Albumin content was higher 

in the DFF method compared to DPW+PFF at both N rates in Topaz and 120 N in Reiziq 

while in the Reiziq 0 N rate albumin was higher in DPW+PFF. Albumin content was 

negatively correlated with WGY for both varieties (Reiziq, r = -0.85; Topaz, r = -0.74, p < 

0.01). 
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Figure 4.6. Protein composition of Reiziq and Topaz affected by irrigation treatment and 
nitrogen rate in 2017. DFF indicated by black bars; DPW+PFF indicated by grey bars. 
Standard error of the mean is denoted by a capped bar at the top of each column. 
Comparisons are valid within a variety and columns with different letters are significantly 
different (p < 0.05). 
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When averaged across N rate and cropping year, total albumin content did not differ 

between irrigation treatments for both medium grain varieties Reiziq and Sherpa (Table 4.6). 

Topaz albumin was higher in the DFF treatment compared to DPW+PFF. Prolamin content 

was higher in the DPW+PFF treatment compared to DFF for both medium grains and AFF in 

Sherpa and was significant in Reiziq. Prolamin content was also significantly higher in the 

DPW treatment compared to DFF and DPW+PFF methods in Reiziq. Globulin concentration 

was higher in the WS treatments compared to DFF in all varieties and AFF in Sherpa and was 

significant in Reiziq. In Reiziq, total glutelin content was significantly higher in the WS 

treatments compared to DFF. In Sherpa, total glutelin content was significantly higher in the 

DPW+PFF treatment compared the AFF method. Glutelin content was higher in the DFF 

treatment compared to DPW+PFF in Topaz. Reiziq had the highest average protein content 

measured by NIR of the samples used for protein composition analysis and was 7.60%, 

followed by Topaz at 6.5% and Sherpa had the lowest average protein content of 5.89%. 

Total protein measured by HPLC was positively correlated with total protein content 

measured by the NIR (r = 0.85, p < 0.001). 
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Table 4.6. Protein composition affected by irrigation treatment of medium and long grains.  

*Data are averaged across nitrogen rate and rice growing season. Different letters in each row indicate 
significant differences at p < 0.05. AFF = aerial sown full flooding; DFF = drill sown full flooding; DPW = 
delayed permanent water; DPW+PFF = delayed permanent water with post flower flushing. 
 
 
 
4.3.9. Protein composition effect on grain quality parameters 

 

Correlation analysis was performed on the Reiziq measured parameters to determine 

the effect of protein composition on grain quality traits (Table 4.7). Total globulin, glutelin 

and prolamin concentration all showed positive correlations with WGY. However, the 

proportion of globulin to total protein had an inverse relationship with WGY. Total albumin 

and its ratio of total protein were both negatively correlated with WGY. The correlation 

values of the fraction totals were higher than the correlation values for total protein and DOM 

for the relationship with WGY. 

 

Globulin, glutelin and prolamin were negatively correlated with the RVA parameters, 

PV, TV, BV and FV and positively correlated with SV. Total albumin was positively 

Storage protein Variety  AFF DFF DPW+PFF DPW 
Albumin Reiziq   41 a 45 a 33 a 
 Sherpa 49 a 39 a 47 a 49 a 
 Topaz   35 b 30 a   
 Mean 49 a 39 a 42 a 38 a 
          
Prolamin Reiziq   1099 a 1220 b 1421 c 
 Sherpa 464 a 466 a 532 a 420 a 
 Topaz   471 a 340 a   
 Mean  464 a 853 b 886 bc 1087 c 
          
Globulin Reiziq   2533 a 2682 b 2973 c 
 Sherpa 1197 a 1113 a 1348 a 1280 a 
 Topaz   937 a 999 a   
 Mean  1197 a 1939 ab 2039 ab 2409 b 
          
Glutelin Reiziq   5708 a 6330 b 6835 c 
 Sherpa 1232 a 1306 a 1827 b 1518 ab 
 Topaz   1958 a 1794 a   
 Mean 1232 a 4127 ab 4445 b 5063 b 
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correlated with PV and BV and negatively correlated with SV. Total protein content had a 

higher correlation value for the RVA parameters TV and FV compared to all protein fractions 

while globulin and glutelin had higher correlation values for PV, BV and SV compared to 

total protein. 

 

 Fraction totals were also correlated with grain colour. Total protein, globulin, glutelin 

and prolamin were all negatively correlated with L* and positively correlated with b*. Total 

albumin was positively correlated with the L* and a* values and DOM, and DOM negatively 

correlated with all other protein fractions. 
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Table 4.7. Significant correlations of quality parameters of Reiziq with protein composition.  

 
Numbers represent the r value of significant interactions (p < 0.05). Empty cells did not have a significant interaction. 
 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 Albumin	(%)
2 Globulin	(%)
3 Glutelin	(%) -0.32 -0.35
4 Prolamin	(%) -0.67 -0.44
5 Albumin	(AUC) 0.93
6 Globulin	(AUC) -0.74 -0.53 0.5 -0.48
7 Glutelin	(AUC) -0.69 -0.72 0.35 0.5 -0.42 0.96
8 Prolamin	(AUC) -0.53 -0.79 0.82 0.86 0.9
9 WGY	(%) -0.81 -0.33 0.37 -0.6 0.84 0.79 0.61
10 PC	(%) -0.36 -0.61 0.61 0.82 0.83 0.86 0.54
11 AC	(%) -0.33
12 PV	(cP) -0.69 0.38 0.47 -0.87 -0.83 -0.68 -0.8 -0.66
13 TV	(cP) 0.37 -0.45 -0.48 -0.49 -0.37 -0.55 0.67
14 BV	(cP) 0.79 -0.35 0.58 -0.87 -0.81 -0.6 -0.82 -0.54 0.91
15 FV	(cP) 0.49 -0.42 -0.52 -0.56 -0.61 -0.36 -0.65 0.69 0.96 0.36
16 SV	(cP) -0.79 0.37 -0.6 0.85 0.78 0.56 0.85 0.49 -0.92 -0.36 -0.98 -0.36
17 TGW 0.53 0.45 -0.82 -0.81 -0.67 -0.63 -0.76 0.71 0.33 0.74 0.42 -0.7
18 Grain	length	(mm) -0.47 -0.33 0.55
19 Grain	width	(mm) 0.51 -0.4 -0.47 -0.55 0.36 0.41 0.42 0.66
20 Grain	thickness(mm) 0.47 0.43
21 L* 0.63 0.43 -0.83 -0.77 -0.62 -0.71 -0.68 0.86 0.55 0.8 0.56 0.81 0.72 0.49 0.46
22 a* 0.64 -0.5 0.56 -0.42 -0.39 -0.62 -0.34 0.54 0.65 -0.69 0.38
23 b* -0.45 0.38 0.56 0.58 0.58 0.64 -0.46 -0.55 -0.4 -0.48 -0.55 0.42 -0.61 -0.41 -0.41 -0.55
24 DOM 0.59 0.37 0.39 -0.79 -0.75 -0.68 -0.62 -0.61 0.82 0.54 0.75 0.57 -0.75 0.66 0.43 0.41 0.81 0.43 -0.58
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4.4. Discussion 

 

Rice production in south eastern Australia is entirely dependent on irrigation and 

drought and competition from the environment, cotton and nut crops have seen a reduction in 

the availability of irrigated water for rice production within this region (Dunn et al. 2014; 

Dunn and Gaydon 2011). The temperate rice growing area of south eastern Australia is not 

suitable for AWD and thus other water saving techniques such as DPW were developed. 

DPW improves rice nitrogen and water use efficiency without a substantial reduction in grain 

yield. Although yield is important in rice production, grain quality dictates market acceptance 

and poor milling quality can cause significant losses to the rice industry (Lyman et al. 2013), 

yet the impact of DPW and DPW+PFF on grain quality of rice grown in south eastern 

Australia is poorly understood. This study compared the grain quality traits of rice grown 

with conventional irrigation methods and water saving techniques over three seasons. 

 

WGY was associated with water stress, N rate, total protein content and growth 

duration and each parameter was influenced by irrigation treatment. Irrigation treatment also 

affected the RVA profile of each variety and these changes occurred irrespective of N rate 

and total protein content. Analysis of protein composition revealed water stress during the 

vegetative stage altered grain protein composition affecting quality, which had significant 

interactions with N rate and variety. 

 

Rice that was water stressed during the vegetative stage (DPW and DPW+PFF) had a 

higher WGY compared to conventional irrigation practices (AFF and DFF) and was 

associated with protein content. Grain protein content was correlated with WGY in all 

varieties and protein content increased as N rate increased in all irrigation treatments, 
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consistent with results from Chapter 3 and previous reports (Ahmad et al. 2009; Borrell et al. 

1999; Champagne et al. 2009; Ghosh et al. 2004; Grigg et al. 2016; Nangju and De Datta 

1970; Perez et al. 1996). However, grain protein content differed between irrigation 

treatments within N rates, which likely caused the differences in WGY. These results are 

similar to the results of others (Carracelas et al. 2019; Cheng et al. 2003; Dunn and Gaydon 

2011) who found plants grown with WS techniques had a higher WGY compared to 

conventional irrigation practices. Although, these studies did not investigate the interaction 

between N rate and irrigation treatment on protein content and WGY. Irrigation treatment has 

previously shown to affect the N uptake in plants, which will affect grain protein content 

impacting WGY.  

 

Plants in the WS treatments had a higher N content at PI compared to the DFF and 

AFF treatments (Table 4.2) and plant N content at PI was positively correlated with grain 

protein content and WGY. The AFF treatment had a lower protein content compared to the 

other irrigation treatments and was likely due to a lower N uptake and plant N content, and 

this may be a possible explanation of the reduced WGY in these samples. However, and in 

contrast, protein content did not significantly differ between the DFF and WS irrigation 

treatments within each N rate for all varieties (Figure 4.4e-f). These results confirm Ata-Ul-

Karim et al. (2017) findings that grain protein content can be predicted by measuring plant N 

status during growth. These data are also consistent with previous reports where continuously 

flooded rice had a 42-45% recovery of N from urea (Ye et al. 2013) compared to a N 

recovery of 53-71% in drill sown rice (Beecher et al. 1994; Dillon et al. 2012) and 72% in 

DPW grown rice (Dunn et al. 2014). In the AFF treatment urea is drilled into the soil (~7 cm) 

before PW while N is spread on to dry soil just before PW in the DFF and WS treatments. 

The floodwater moves the urea down through the soil profile, which minimises losses via 
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ammonia volatilisation and nitrification-denitrification (Norman et al. 2009). However, at 

PW, plants in the DFF and WS treatments have established and thus N can be rapidly 

absorbed by the roots and can move through the plant while in the AFF treatment rice is at 

the seedling stage and the roots may not be large enough to access the N, resulting in a lower 

N uptake at PI (Dunn et al. 2014). The results in this chapter show significant differences in 

WGY between the DFF and WS treatments within N rates and thus, these results imply 

factors other than total protein were influencing WGY such as differences in growth 

durations. 

 

Irrigation treatment significantly altered the growth duration of each variety (Table 

4.2) and a longer ripening phase (mid-flowering to maturity), as affected by irrigation 

treatment, had a positive effect on WGY. However, the difference between irrigation 

treatments in timing and length of the reproductive stages in Year One meant temperatures 

above 38°C coincided with different growth stages in each of the treatments; the high 

temperatures occurred during early grain filling for DFF and the vegetative stage for 

DPW+PFF. Higher temperatures during the initial grain filling stage in the DFF treatment 

could have negatively impacted WGY results in Year One. Dong et al. (2011) demonstrated 

that high temperature stress during the initial grain filling stage (8-18 days post-flowering) 

had a greater effect on grain quality than during the mid-filling phase (18-28 days post-

flowering). It follows then that the impact of irrigation treatment on plant development makes 

it challenging to determine the impact of any one treatment on grain quality in a single year, 

highlighting the need for multi-season analysis. 

 

The sowing dates in the following seasons differed between irrigation treatments to 

ensure pollen microspore was aligned to allow for more accurate comparisons. In Year Two 
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and Three, the WS treatments had a higher number of days from mid-flowering to harvest 

compared to DFF and AFF. The difference in the number of days from mid-flowering to 

maturity could have also influenced WGY results. The results in this chapter showed a 

positive correlation between the number of days from mid-flowering to maturity and WGY in 

all varieties. Similarly, Tabien et al. (2009) reported a positive relationship between the 

length of the grain ripening period and WGY. Grain development was monitored in Year 

Two to determine if the positive effect of ripening duration on WGY between irrigation 

treatments was caused by a difference in grain filling or grain maturation. 

 

During grain development in Year Two, the TGW of panicles which flowered on the 

same day were similar between irrigation treatments until 28 DAF (Figure 4.3a). Following 

28 DAF, TGW continued to increase until 56 DAF in DFF treatment, whereas the TGW in 

the water stressed treatments plateaued following 28 DAF (Table 4.3). These results indicate 

that water stress during the vegetative stage reduces grain filling duration. Previous studies 

have also reported subjecting plants to water stress during the mid-flowering stage increases 

grain filling rate and decreases grain filling duration (Fernandez-Figares et al. 2000; Yang et 

al. 2001). Although grain filling occurred at a faster rate in the WS treatments, the grain 

moisture decline in the WS occurred at a slower rate compared to DFF (Figure 4.3b) which 

resulted in a greater number of days from mid-flowering to maturity in the WS treatments 

compared to DFF and AFF. 

 

Grain moisture is a key driver of WGY and low grain moisture is associated with 

lower WGY. A higher plant transpiration rate in the AFF and DFF treatments could have 

resulted in a faster grain moisture decline compared to the WS treatments and this may have 

explained the difference in WGY. Plants grown using DPW and DPW+PFF received mild 
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drought stress during the vegetative stage and drought stress is also known to reduce the 

transpiration of plants by inducing stomatal closure regulated by abscisic acid (ABA; Ahmad 

et al. 2014; Christmann et al. 2007) and ABA has also been shown to shorten the grain filling 

period (Xu et al. 2007). Mild drought stress during the vegetative stage in the water stressed 

treatments would have triggered many of biochemical pathways to reduce plant transpiration, 

which shortened the grain filling period and may have also slowed grain drying increasing 

the grain maturation phase. 

 

There were significantly fewer days between flowering and maturity in the AFF and 

DFF treatments compared to the water stressed treatments in Year Two. The time taken to 

reach grain maturity from mid-flowering in DFF was nine and sixteen days earlier than 

DPW+PFF and DPW, respectively (Table 4.2), a result that was likely due to the faster grain 

moisture decline observed in the DFF. Although the number of days from mid-flowering to 

maturity was higher in the water stressed treatments, grain filling occurred at a faster rate 

compared to DFF, thus, indicating that water stress during the vegetative stage reduces grain 

filling duration but extends the grain ripening period, which has a positive effect on WGY. 

 

Fast grain drying creates a steep moisture gradient that causes the surface and interior 

of grains to expand and contract when moisture is lost or reabsorbed at night (Kunze 2001). 

These opposing forces create surface fissures or internal cracks (Kunze 2001) in the 

endosperm, which contribute to grain breakage during milling (Lan and Kunze 1996). In 

Year One, image analysis of milled grains revealed a higher prevalence of dry cracks in 

grains of the DFF method compared to the DPW+PFF treatment in the long grain varieties 

(data not shown). The faster grain moisture decline observed in the DFF treatment may have 

created internal or surface fissures, increasing grain breakage during milling and lowering 
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WGY. Differences in grain development have shown to impact grain size, which will 

influence WGY.  

  

The DFF treatment had a longer grain filling duration and larger grain size compared 

to the WS treatments, and larger grain size was associated with low WGY (Table 4.4). The 

WS treatments had a significantly higher number of grains per panicle compared to DFF and 

AFF. The number of grains per panicle had a negative correlation with TGW, and TGW was 

negatively correlated with WGY. Previous studies have reported that a longer grain filling 

duration is associated with larger grain size (Fujita et al. 1984). Ye et al. (2013) also reported 

a reduction in TGW in plants grown with a WS method (AWD) compared to conventional 

irrigation. They suggested the lower grain weight was due to a decrease in nutrient supply to 

each grain due to an increased number of grains per panicle competing for a fixed amount of 

nutrient. Jongkaewwattana and Geng (2001) demonstrated grain filling could have an indirect 

influence on milling quality by altering grain size and weight, and the negative correlation 

found between TGW and WGY in this chapter confirms their findings. Grain size also alters 

the DOM, which negatively impacts milling quality.  

 

Plants in the WS treatments produced a smaller grain which lowered the DOM, and a 

low DOM is associated with higher WGY. However, within each N rate, the DOM did not 

differ between irrigation treatments. Furthermore, in the low N rates where WGY was higher 

in the DFF treatment, the DOM was also greater in DFF compared to the WS treatment. 

There was also considerable variation in WGY between samples of different irrigation 

treatment that had the same DOM (Supplementary data; Table S4.2), thus, the difference in 

WGY between irrigation treatments was not due to a difference in the DOM. 
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Grain colour differed between irrigation treatments. The DFF treatment had a higher 

grain brightness (L*) and red/greenness (a*) value and a lower and grain yellowness (b*) 

value compared to the WS treatments. Lamberts et al. (2007) reported as DOM increases, L* 

increases and b* and a* decreases. Comparisons of samples with the same DOM from 

different irrigation treatments found there was no difference in colour values (Supplementary 

data; Table S4.2). These results indicate differences in colour parameters observed between 

irrigation treatments within the same N rate were due to a difference in DOM from variation 

in grain size and not due to irrigation treatment per se. 

 

Irrigation treatment had a significant influence on RVA properties and was not 

associated with amylose content. Within each N rate and for each variety, RVA peak 

viscosity occurred earlier, the overall curve was lower and setback higher in DPW+PFF 

compared to DFF (Figure 4.5a). In contrast, Graham-Acquaah et al. (2019) reported that 

RVA setback viscosity was lower in rice grown with AWD and attributed the variation to a 

possible change in amylose content due to water stress. Amylose content is known to affect 

RVA setback in rice and a positive setback is associated with a higher amylose content 

(Juliano et al. 1964; Lisle et al. 2000). However, amylose content did not differ between 

irrigation treatments in three of the four varieties. Furthermore, amylose content did not 

correlate with any RVA parameters in Langi and Reiziq, a long and medium grain, 

respectively. 

 

Protein content also influences the shape of the RVA viscosity curve and may have 

caused the differences in the RVA curves observed between irrigation treatments. Martin and 

Fitzgerald (2002) and others (Chapter 3; Derycke et al. 2005) demonstrated that increasing 

the protein content of rice flour reduces the overall RVA profile. However, the lower curve in 
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DPW+PFF was unrelated to total protein. In Year Two, the curves of the DFF and DPW 

treatments were almost the same despite a difference in protein content of 0.9% which 

contrasted with the difference in 0.9% protein content that altered the peak viscosity of 

Reiziq by 115 RVU in Chapter 3. The difference in peak viscosity between DPW+PFF and 

DFF in 2017 (Figure 4.5a) and between DPW and DPW+PFF in 2018 was 364 RVU and 194 

RVU, respectively (Figure 4.5b). However, the difference in total protein content between the 

two comparisons was only 0.1%, indicating amylose and total protein content were not the 

main drivers of the different pasting profiles between irrigation treatments. 

 

The DOM influences the pasting properties of rice with Perdon et al. (2001) reporting 

peak viscosity increased with increasing DOM. The higher the DOM, the greater the extent to 

which proteins and lipids are removed increasing starch percentage and DOM will differ 

between varieties and grains milled for the same duration (Siebenmorgen et al. 2006; Wu et 

al. 2016). All samples in this study were milled for 60 seconds which previous studies 

(Perdon et al. 2001; Siebenmorgen et al. 2006) demonstrate leaves a surface lipid content 

(SLC) of or below ~0.5%, depending on the variety and cropping year. In the Perdon et al. 

(2001) study, samples with SLC below 0.5% had the same the peak viscosity and the effect 

of DOM did not affect final viscosity. The data presented here revealed significant 

relationships with DOM and RVA parameters. However, at a milling time of 60 seconds and 

based on data of Perdon et al. (2001) and Siebenmorgen et al. (2006), the variation in SLC 

would not have been sufficient to alter the RVA curves found between irrigation treatments 

significantly. Furthermore, the entire RVA curve, including the final viscosity differed 

between irrigation treatment indicating DOM was not influencing the RVA results. Results 

did show a significant interaction between irrigation treatment, N rate and RVA setback, 
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which likely influenced the overall RVA curve. The interaction between irrigation treatment 

and N rate on RVA setback also occurred in WGY. 

 

The DFF treatment had a greater WGY in the low (60 N) and zero N rate compared to 

the higher rates, however, the WS treatments had greater WGY at N rates above 120 N 

compared to the lower rates (Figure 4.4a-d). WGY of the long grain variety Topaz was higher 

in the WS treatment compared to DFF at all N rates (Figure 4.4b). The same relationship 

between irrigation method, N rate and WGY was also observed for RVA setback (data not 

shown), and SV and WGY were highly correlated in all varieties. Chapter 3 also identified a 

significant correlation between WGY and RVA setback, which was related to protein 

composition. The protein composition of rice grown using different irrigation treatments and 

N rates were therefore analysed. 

 

The difference in WGY between Reiziq and Topaz in Year One was related to 

changes in albumin concentration. Albumin concentration was higher and WGY lower in the 

Topaz DFF treatment compared to DPW+PFF in both N rates, whereas the albumin content 

of Reiziq DFF was lower and WGY higher in the 0 N rate compared to DPW+PFF, while the 

opposite trend was observed in the 120 N rate (Figure 4.6). These results indicate that 

vegetative water stress at 0N altered the albumin concentration affecting WGY, which varied 

between varieties. In Reiziq, the application of N reduced the albumin content of both 

irrigation treatments, however, the reduction was greater in the DPW+PFF treatment, which 

corresponded to a higher WGY compared to the DFF treatment. Results of Chapter 3 

revealed that albumin content was negatively correlated with WGY and results presented 

here support those findings. 
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The Reiziq protein fraction concentrations had significant relationships with grain 

colour. Total protein, globulin, glutelin and prolamin were all negatively and positively 

correlated with the L* and b* values, respectively. Previous research (Chapter 3 (Kaur et al. 

2016; Singh et al. 2011) has also demonstrated that total protein content is correlated 

negatively and positively with L* and b* values, respectively. Globulin, glutelin and 

prolamin all increased with increasing N rate (Figure 4.6). Hence the relationships between 

protein fractions and grain colour may be related to increased total protein content from 

applied N. 

 

Albumin and globulin are more abundant in the outer regions of the grain and their 

percentage of total protein is reduced by milling which will also affect bran colour 

(Amagliani et al. 2017; Cagampang et al. 1966; Houston et al. 1968; Tran et al. 2018). The 

data in this chapter revealed a negative correlation between DOM and globulin, glutelin and 

prolamin content. However, there was a positive relationship between DOM and albumin 

content, and as albumin concentration should reduce with increasing DOM, these results 

indicate differences in albumin concentrations between irrigation treatments and N rates was 

not due to differences in DOM but due to irrigation management. 

 

Plants grown in the WS treatments also had a higher globulin and glutelin 

concentration compared to the DFF in both medium grains and AFF in Sherpa (Table 4.6). 

Globulin concentration had a positive relationship with WGY, consistent with results from 

Chapter 3 and others (Balindong et al. 2018b). The analysis of protein fractions and quality 

parameters revealed total globulin had a stronger correlation with WGY and RVA pasting 

parameters compared to the other protein fractions (Table 4.7). Furthermore, globulin content 

and also glutelin content had stronger correlations with PV, BV and SV compared to total 
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protein. When comparing the proportion of each fraction of total protein between irrigation 

treatments of Reiziq 180 N in Year Two, the DPW and DFF treatments had a lower 

proportion of glutelin and a higher globulin compared to DPW+PFF. As previously stated, 

the DPW and DFF had similar RVA curves but a large difference in total protein content. 

Whereas the WS treatments had a similar protein content, DPW+PFF had a lower curve. 

These results indicate differences in grain quality parameters observed between irrigation 

treatments at the same N rate was not due to differences in total protein content but 

associated with changes in protein composition. 

 

 Previous research has identified that protein fractions individually and in 

combination, can significantly influence RVA parameters (Baxter et al. 2004; 2014; Baxter et 

al. 2010; Furukawa et al. 2003). Balindong et al. (2018a) reported prolamins and the 

prolamin: glutelin + prolamin ratio were the more closely related to RVA parameters 

compared to total protein in Australian germplasm. Moreover, prolamin and globulin content 

had a positive association with WGY (Balindong et al. 2018b). Indeed, prolamin was 

significantly higher in the WS treatments compared to DFF in Reiziq. Baxter et al. (2014) 

reported higher concentrations of globulins and glutelin would supersede the effects of the 

other two fractions, prolamin and albumin. Furthermore, the impact of protein fractions on 

pasting properties was dependent upon the relative concentrations of all protein fractions 

(Baxter et al. 2014). The results in this chapter suggest water stress during the vegetative 

stage and at the flowering phase, alter the relative ratios of protein fractions which have 

differing effects on the pasting parameters of rice. These effects could be mediated through 

changes in growth duration influencing protein synthesis and or temperatures experienced 

during grain development. 
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The synthesis of rice protein fractions occurs at different times during seed 

development (Yamagata et al. 1982). Yamagata et al. (1982) reported the two polypeptide 

groups of glutelin as well, as the globulin component appeared five days after flowering. The 

polypeptide groups responsible for prolamin appeared ten days after flowering, while 

albumin components were consistent throughout seed development (Yamagata et al. 1982). 

Changes in growth duration by irrigation treatment, including a faster grain filling rate in the 

WS treatments, may have affected the synthesis and concentrations of particular protein 

fractions. Indeed, globulin and glutelin concentrations were greater in the WS treatments 

compared to AFF and DFF and globulin and glutelin are synthesised in the grain first. The 

removal of PW post flowering could have also altered protein composition by increasing the 

temperature in the canopy. 

 

 Previous studies observed higher temperatures during grain filling increased the 

accumulation of most storage proteins, however, noted a decrease in prolamin content (Chen 

et al. 2017; Lin et al. 2010). During flooding, deep water acts a buffer from fluctuating 

temperatures, both hot and cold (Dunn and Dunn 2018; Williams and Angus 1994). In the 

DPW+PFF treatment, PW is removed post flowering and thus the temperature in the canopy 

would be higher compared to the other irrigation treatments and this may have caused the 

higher glutelin proportion compared to the DPW and DFF treatments. 

 

The mild drought stress imposed on plants in the WS treatments may have increased 

ABA concentration (Ahmad et al. 2014; Christmann et al. 2007; Li et al. 2011; Pandey and 

Shukla 2015; Wang et al. 2005). ABA is a major phytohormone involved in reducing plant 

transpiration (Basu et al. 2016; Xiong and Zhu 2002) and synthesised by the roots and 

translocated to leaves under water stress (Wilkinson and Davies 2010). ABA controls signals 
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in plant cells that are exposed to abiotic stresses (Ashraf and Foolad 2007) which trigger the 

expression of stress related genes responsible for the synthesis of solutes in dividing cells 

when the water potential reduces (Kishor et al. 2005). Proline is an important solute that 

accumulates in the leaves of rice plants under water deficient conditions (Hsu et al. 2003). As 

the name suggests, the storage protein prolamin is rich in proline (Shewry and Halford 2002). 

Fernandez-Figares et al. (2000) observed a significant increase in proline concentration in 

plants treated with potassium iodide, which mimics the effect of severe drought stress. An 

increase in proline accumulation within the leaves of water stressed plants in this study could 

have increased the prolamin concentration in the grain. The results in this chapter show 

higher prolamin concentration in the WS treatments compared to the DFF treatment in 

Reiziq, however, the increase in prolamin in the WS treatments did not occur in all varieties. 

Globulin also contains high levels of proline (Amagliani et al. 2017) and the higher globulin 

concentration in the WS treatments compared to DFF and AFF which was consistent across 

varieties may possibly be explained by increased plant proline concentration in response to 

water stress. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  Chapter 5 

 121 

 

 

CHAPTER 5 

 

Effect of sowing rate on plant architecture and grain quality traits 

Contributors; Dunn. B.W. and the DPI Rice Agronomy Team performed field trials and provided data 
on plant phenology and parameters, yield components, the temperature recorded during experiments 
and assisted in harvesting and collection of samples. DPI Rice Chemistry Team and Obermeit. D.E. 
assisted in the milling of samples. 
 
5.1. Introduction 

Sowing rate and nitrogen (N) fertiliser rate are crop management practices which can 

influence grain quality (Zhou et al. 2018). Several studies report on the effect of N fertiliser 

on grain quality parameters, however, research regarding the impact of sowing rate on grain 

quality is limited. Previous studies have demonstrated that sowing rate has no effect on crop 

yield due to the growing behaviour of rice because as the number of plants per square metre 

increases, the panicle density also increases but the number of filled grains per panicle 

decreases (Ahmad et al. 2009; Basavaraja et al. 2010; Ottis and Talbert 2005). In addition, at 

low densities tillering per plant increases with a higher percentage of filled grain. These 

compensatory behaviours by the rice plant contribute to an insignificant change to yield 

under differing plant densities. Rice grown in higher densities will experience greater 

competition for resources from neighbouring plants compared to plants grown in lower 

densities. However, grain produced in low densities will have increased competition for 

resources within the plant compared to grain produced in dense populations. Reports 

assessing the effect of sowing rate on grain quality is relatively sparse in comparison to its 

impact on crop yield. 
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Previous studies that have measured the impact of sowing rate on grain quality have 

compared data of plant densities considerably lower than the minimum needed to produce a 

10 tonne ha-1 crop typically grown in large-scale systems. The target plant population density 

for rice is in the range of 100-300 plants m-2 (Dunn 2016). The appropriate sowing rate to 

achieve this density is influenced by factors such as sowing method and variety, and only a 

proportion of seeds sown (30-60% on average) will successfully establish. In the temperate 

rice growing regions of southern Australia, high grain yields are still attained with a plant 

population of 40 plants m-2 if poor establishment occurs (Dunn 2016), however, yields will 

decline at densities below 40 plants m-2. The highest plant density used in previous studies 

assessing the impact of sowing rate on grain quality was ~100 (Ahmad et al. 2009; 

Soleymani and Shahrajabian 2011; Zhou et al. 2018) and thus, are not appropriate for 

comparisons with large-scale growing systems as plants in large-scale systems grow in 

thicker densities between 100-300 plants m-2. At 100-300 plants m-2, there would be greater 

competition for resources for plants and individual grains within each plant than found in the 

previous studies (Ahmad et al. 2009; Soleymani and Shahrajabian 2011; Zhou et al. 2018). 

 

The varieties tested in previous studies (Ahmad et al. 2009; Gravois and Helms 1996; 

Soleymani and Shahrajabian 2011) were all long grain. Zhou et al. (2018) examined the 

difference between Chinese inbred and hybrid varieties, however, the grain type of these 

varieties is unclear. Thus, a multiyear field study was conducted to determine the impact of 

sowing rate and N fertiliser management and their potential interaction, on plant architecture, 

the physicochemical components, cooking and textural properties and milling quality on two 

rice varieties of different grain types. 
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5.2. Materials and methods 

 

5.2.1. Field Sites and design 

 

Two field trials were conducted over the 2016-17 and 2017-18 rice growing seasons 

(October-April) at two locations within the Riverina region of New South Wales, Australia. 

The location of Year One was at Rice Research Australia Pty Ltd (RRAPL) experimental 

field site in Finley, NSW, Australia (35°36'58"S 145°35'24"E). Year Two’s site was located 

at RRAPL, Jerilderie NSW, Australia (35°18'33"S 145°31'45"E). Both field sites are in the 

Murray Valley Irrigation Area.  

 

The semi-dwarf medium grain rice variety Viand and the semi-dwarf short grain 

variety YRK5 (Troldahl et al. 2018), were grown using a low and recommended sowing rate 

(Dunn 2016) and three N treatments. The sowing and N rates slightly differed between years. 

In Year One, the sowing rates were 50 and 150 kg ha-1, and the N treatments were 90-0, 150-

0 and 90-60 kg ha-1 where the first value is the N rate applied to dry soil prior to permanent 

water at the 3-4 leaf stage and the second value is the rate applied within 5 days of panicle 

initiation (PI) occurring. In Year Two, the sowing rates for both varieties were 70 and 130 kg 

ha-1, and the N rates for Viand were 60-0, 120-0 and 60-60 kg ha-1, and the N rates for YRK5 

were 80-0, 120-0 and 80-40 kg ha-1. In Year Two the sowing rate of 25 kg ha-1 at 120-0 kg N 

ha-1 was also included for a comparison of extremes.  

 

All experiments were grown using a randomised complete block design with three 

replications in Year One (36 total plots sown on 25/11/16) and four replications in Year Two 
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(56 total plots sown on 01/12/17). All plots were drill sown using a single cone seeder with a 

20 cm row spacing and a plot size of 12 x 2.4 m in Year One and 15 x 2.4 m in Year Two.  

 

5.2.2. Temperature during experiment  

 

Long-term (10 years) mean maximum and minimum temperatures for Tocumwal 

(Year One) and Deniliquin (Year Two) together with values recorded during the experiment 

at each site location (averaged over approximately ten day periods), are presented in Figure 

5.1. The experiment sites in Year One and Year Two were located 22 km and 59 km from 

Tocumwal and Deniliquin, respectively. Total rainfall was 149.7 mm in Year One and 104.5 

mm in Year Two and was recorded closer to the experimental sites (within 20 km). The 

cumulative growing degree days (GDD) were calculated using an average of the daily 

minimum and maximum temperatures minus ten (base10). Year Two had a greater GDD 

compared to Year One (data not shown).  

 

The temperature during the 2016-17 season was similar to the long term average of 

Tocumwal and Deniliquin (Figure 5.1). The minimum temperature during mid-January and 

mid to late February fell below 15°C, which occurred during and directly after the estimated 

microspore phase (mid-Jan) for both varieties. During the grain ripening stage (March – 

April), the experimental mean and maximum was below the long term average. The colder 

temperatures, along with high precipitation, during grain ripening slowed grain drying for 

both varieties which did not reach the grain moisture range of 19-22% until mid-May. 

 

The temperature during the 2017-18 season followed closely to the long term average 

of Tocumwal and Deniliquin (Figure 5.1). Above average minimum temperatures occurred 
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during December and January and above average maximum temperatures occurred during 

late March to early May. Early May received 11 mm of rainfall on 04/05/18 and 9.6 mm on 

10/05/18. Year Two had a greater overall cumulative degree compared to Year One which 

caused a significant difference in growth durations (data not shown). 

 

 

 

 

Figure 5.1. Long term mean (10 years) minimum and maximum temperature for Tocumwal 
and Deniliquin and values recorded during Year One at Finely (A) and Year Two at Jerilderie 
(B) experiments (10-day average) with rainfall (mm). E = early, first 10 days of the month; M 
= mid, days 10-20 of the month; L = late, day 20+ of the month.   
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5.3. Results  

 

To determine the effect of sowing rate and N fertiliser management and their potential 

interaction on plant architecture and quality traits, two field trials were conducted during the 

2016-17 and 2017-18 rice growing season. The varieties Viand and YRK5 were grown using 

a low and recommended sowing rate and a low, high and split N treatment. The sowing rate 

of 25 kg ha-1 was added to the high N treatment in the second year to examine quality 

parameters under conditions of an extremely low sowing rate.   

 

5.3.1. Growth duration affected by sowing rate  

 

Year Two had a greater overall cumulative degree days compared to Year One which 

caused a significant difference in growth duration. Year Two had a significantly fewer 

number of days from sowing to mid-flowering, sowing to harvest and mid-flowering to 

harvest compared to Year One (Table 5.1). The greatest difference between years was the 

number of days between mid-flowering and harvest. From mid-flowering, plants in Year Two 

reached maturity (19-22% grain moisture) 14 days earlier than the plants in Year One. The 

timing of mid-flowering also occurred nine days earlier, from sowing, in Year Two compared 

to Year One. Sowing rate and variety had no significant impact on the growing period. 

However, the N rate significantly impacted the growth stages. Plants grown in the high N 

(HN) treatment took longer to reach mid-flowering from sowing compared to the low N (LN) 

and split N (SN) treatments in both years. In Year One, the LN and SN treatments had a 

significantly higher number of days from mid-flowering to harvest compared to the HN 

treatment, which resulted in the same total growing period (sowing to harvest). Whereas in 
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Year Two, the LN rate had a significantly lower number of days from mid-flowering to 

harvest and sowing to harvest compared to the SN and HN treatments.  

 

Table 5.1. Growth duration affected by nitrogen rate and year* 

*Data is an average of variety and sowing rate. Values ± Standard Deviation; Different Letters indicate 
significant differences (p < 0.05) and comparisons are valid within each column for each year. 
 

 
5.3.2. Impact of sowing rate on plant parameters    

 

To determine if changes to plant architecture in response to sowing rate influenced 

quality parameters, the plant parameters were measured and presented in Table 5.2. The 

number of plants established and N uptake at PI were significantly lower at the low sowing 

rate compared to the standard rate for both varieties. There was no difference in the dry 

matter at harvest between sowing rates. Plant N content at PI, crop yield and harvest index 

(HI) were significantly higher at the low sowing rate compared to the standard in YRK5. For 

both varieties the number of grains per panicle was higher in the low sowing rate compared 

to the standard rate and the difference between sowing rates was 6 and 22 grains per panicle 

for YRK5 and Viand, respectively. There was a significant interaction between variety and 

sowing rate for the number of grains per panicle. The TGW did not significantly differ 

between sowing rates for both varieties when averaged across years and N rates (Table 5.2). 

Year N rate Sowing date to 
mid-flowering (days) 

Mid-flowering to  
harvest (days) 

Sowing date to  
harvest (days) 

2016-17 Low 98 ± 3 a 73 ± 4 a 170 ± 2 a 
 Split 98 ± 2 a 73 ± 2 a 170 ± 2 a 
 High 101 ±  2 b 69 ± 2 b 170 ± 2 a 
2017-18 Low  89 ± 2 a 52 ± 2 a 140 ± 4 a 
 Split 89 ± 2 a 59 ± 4 b 147 ± 4 b 
 High 90 ± 2 b 60 ± 5 b 151 ± 7 b 
Difference 
between years < 0.001  < 0.001  < 0.001  
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TGW showed a significant relationship between variety and sowing rate. TGW was higher in 

the low and standard sowing rate for YRK5 and Viand, respectively.   

 

The effect of year, sowing and N rate on plant parameters are presented in 

Supplementary Table S5.1. N uptake and plant N content at PI were significantly higher in 

the HN treatment compared to the LN and SN (Year One only) treatments for both varieties. 

Harvested tillers per square metre did not differ between by N treatment. The standard 

sowing rate had significantly more tillers at harvest compared to the low rate in YRK5 in 

Year One and Viand in Year Two. Sowing and N rate showed a significant interaction with 

harvest tillers in YRK5 in Year One. The low sowing rate had a significantly lower number 

of harvest tillers compared to the standard rate in the SN treatment, while no difference 

between sowing rates was observed in the single dose N treatments (LN and HN). The 

number of established plants, the dry matter at harvest, N uptake at PI and harvest tillers were 

all significantly higher in Year One compared to Year Two. 

 

Grain and crop yield per square metre were significantly higher at the low sowing rate 

compared to the standard rate in YRK5 in Year One, no other significant differences between 

sowing and N rates for both parameters were observed. YRK5 in Year One had a 

significantly lower grain per square metre and crop yield in the HN treatment compared to 

the LN and SN treatments. HI was significantly higher in the LN and SN treatments 

compared to the HN treatment in YRK5 in both years and Viand in Year Two. HI had a 

significant relationship between sowing and N rate in Viand in Year Two, where HI was 

higher in the low sowing rate compared to the standard rate in both the SN and HN 

treatments. Whereas, no difference was observed between sowing rates in the LN treatment. 

In both varieties and year, the HI in the standard sowing rate and HN treatment was the 
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lowest. The HI was also significantly higher in Year Two compared to Year One for both 

varieties.  

 

The occurrence of lodging (plant falling) was significantly higher in the standard 

sowing rate compared to the low sowing rate in YRK5 in both years and Viand in Year One. 

The HN treatment had significantly more lodging than the LN treatment in YRK5 in both 

years. Both varieties had a significantly higher lodging in Year One compared to Year Two.  

 

Nitrogen rate had no impact on grains per panicle in both varieties and year. There 

was a significant relationship with N and sowing rate in Year Two for Viand where the 

number of grains per panicle was significantly higher at the low sowing rate in the LN and 

SN treatments while there was no difference between sowing rates in the HN treatment.  

 

The percentage of empty grains or sterility was significantly lower at the low sowing 

rate compared to the standard rate in YRK5 in Year One and Viand in Year Two. YRK5 in 

Year Two had significantly lower per cent sterility in the SN treatment compared to the LN 

and HN treatments. Year One had significantly higher per cent sterility compared to Year 

Two in both varieties. 

 

The comparisons of plant parameters between the three sowing rates at the HN 

treatment in Year Two are presented in Supplementary Table S5.2. The dry matter at harvest, 

grain per square metre, crop yield and the number of grains per panicle did not differ 

significantly between the sowing rates. The number of plants established was significantly 

lower in the 25 kg ha-1 compared to 70 and 130 kg ha-1 sowing rates in both varieties. N 

uptake at PI was significantly higher in the 130 kg ha-1 sowing rate compared to 25 kg ha-1 in 
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both varieties. HI was significantly lower in the 130 kg ha-1 sow rate compared to 25 and 70 

kg ha-1 in Viand. TGW was highest and lowest in the 25 kg ha-1 sowing rate in YRK5 and 

Viand, respectively. There were no significant interactions between the sowing rate and 

variety on plant parameters. Both varieties had a positive correlation between N uptake at PI 

and grain sterility (YRK5, r = 0.55; Viand, r = 0.48; p < 0.05). 

 

Table 5.2. Effect of sowing rate on the plant parameters of different grain types† 

Values ± Standard Deviation; †Data is an average of nitrogen rate and cropping year; Different Letters indicate 
significant differences (p < 0.05) comparisons are valid within columns for each parameter; statistical 
differences indicated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001).  

 

5.3.3.  Grain physical characteristics as affected by sowing rate  

 

The physical characteristics of both varieties are presented in Table 5.3. When averaged 

across all N treatments, the standard sowing rate had a significantly greater WGY then the 

low rate in YRK5 in Year Two. WGY was greater in the low sowing rate compared to the 

standard rate in Viand. The HN treatment had a significantly higher and lower WGY 

Parameter Sow Rate (S) Variety (V) V x S 
YRK5 Viand 

Establishment 
(plants/m2) 

Low 76 ± 27 a  59 ± 22 a   
Standard 150 ± 77 b  142 ± 69 b    

N uptake at PI 
(kg N/ha) 

Low 111 ± 24 a  106 ± 38 a   
Standard 121 ± 25 b  125 ± 38 b   

Plant N content 
at PI (%) 

Low 2.93 ± 0.37 b 2.82 ± 0.43 a  
Standard 2.68 ± 0.40 a 2.79 ± 0.53 a  

Dry Matter at Harvest 
(g/m2) 

Low 2167 ± 259 a 2159 ± 290 a  
Standard 2173 ± 236 a 2154 ± 222 a  

Crop Yield 
(t/ha@ 14%) 

Low 10.49 ± 1.29 b 11.33 ± 1.28 a  
Standard 9.47 ± 1.46 a 10.85 ± 1.14 a  

Harvest Index Low 0.43 ± 0.06 b 0.47 ± 0.05 a  
Standard 0.39 ± 0.07 a 0.45 ± 0.07 a  

Grain per panicle Low 85 ± 9 a  120 ± 13 a  *** 
Standard 79 ± 8 b  98 ± 11 b   

TGW Low 23.33 ± 0.91 a 23.61 ± 1.04 a * 
Standard 22.88 ± 0.97 a 24.10 ± 1.34 a  
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compared to the SN treatment in Viand in Year One and Year Two, respectively. Both 

varieties had a greater WGY in Year One compared to Year Two. 

 

Grain dimensions were not significantly affected by sowing rate in YRK5 in both years 

but were influenced by N treatment. Grain length was significantly longer in the LN 

treatment compared to the SN and HN treatments in Year One. Grain width was also 

significantly wider in the LN and SN treatments compared to HN. Grain dimensions were not 

affected by sowing or N rate in Viand in Year One. While in Year Two, the low sowing rate 

had a significantly smaller overall grain size (width, length and thickness), when averaged 

across N treatments, compared to the standard rate. The HN treatment also had a significantly 

smaller grain length and width compared to the SN and LN treatments. Grain length was 

significantly affected by year for both varieties and also grain width in YRK5.   

 

WGY in Viand was highest in 25 kg ha-1 sowing rate, while WGY was significantly 

lower in 25 kg ha-1 compared to the 70 and 130 kg ha-1 sowing rates in YRK5 (Figure 5.2). In 

Viand, grain length was significantly smaller in the 25 kg ha-1 sowing rate compared to 70 

and 130 kg ha-1 (data not shown).  

 

 

 

 

 

 

 

 



  Chapter 5 

 132 

 

 

Table 5.3. Effect of sowing and nitrogen rate on the physical characteristics of different grain 
types in 2016-17 and 2017-18 rice growing season.  

Values ± Standard Deviation; different letters indicate significant differences (p < 0.05) and comparisons are 
valid within parameter and growing treatment; statistical differences of interactions indicated as * (p < 0.05), ** 
(p < 0.01), *** (p < 0.001), ns (not significant). 
 

Growing Factor WGY (%) Grain Length 
(mm) Grain Width (mm) 

Grain 
Thickness 

(mm) 
YRK5  
2016-17                

Sow rate Low 70.86 ± 1.00 a 4.86 ± 0.07 a 3.17 ± 0.05 a 2.26 ± 0.03 a 
 Standard 70.16 ± 1.37 a 4.87 ± 0.04 a 3.16 ± 0.05 a 2.24 ± 0.03 a 
                  
N rate Low 70.31 ± 1.68 a 4.92 ± 0.05 a 3.21 ± 0.04 a 2.25 ± 0.03 a 
 Split 70.31 ± 1.22 a 4.85 ± 0.04 b 3.18 ± 0.01 a 2.24 ± 0.03 a 
 High 70.91 ± 0.65 a 4.82 ± 0.04 b 3.12 ± 0.03 b 2.26 ± 0.02 a 
Interaction N x S ns ns ns ns 
2017-18                  
Sow rate Low 63.67 ± 2.15 a 4.97 ± 0.04 a 3.12 ± 0.03 a 2.35 ± 0.29 a 
 Standard 66.20 ± 1.55 b 4.99 ± 0.05 a 3.12 ± 0.04 a 2.41 ± 0.36 a 
                  
N rate Low 63.21 ± 1.87 a 4.99 ± 0.05 a 3.15 ± 0.03 a 2.46 ± 0.40 a 
 Split 65.08 ± 2.36 b 4.97 ± 0.04 a 3.13 ± 0.02 a 2.39 ± 0.33 a 
 High 66.51 ± 1.08 b 4.96 ± 0.04 a 3.09 ± 0.03 b 2.30 ± 0.24 a 
Interaction N x S ns ns ns  ns 
 Year *** *** *** ns 
Viand 
2016-17                 

Sow rate Low 71.31 ± 0.91 a 5.61 ± 0.06 a 2.88 ± 0.04 a 2.23 ± 0.04 a 
 Standard 69.96 ± 3.06 a 5.66 ± 0.10 a 2.90 ± 0.05 a 2.21 ± 0.05 a 
                  
N rate Low 70.55 ± 0.88 ab 5.68 ± 0.07 a 2.90 ± 0.05 a 2.22 ± 0.05 a 
 Split 68.77 ± 2.80 a 5.64 ± 0.10 a 2.89 ± 0.05 a 2.23 ± 0.06 a 
 High 72.58 ± 0.78 b 5.57 ± 0.04 a 2.89 ± 0.04 a 2.20 ± 0.02 a 
Interaction N x S ns ns ns ns 
2017-18                 
Sow rate Low 65.06 ± 6.02 a 5.76 ± 0.05 a 2.90 ± 0.02 a 2.21 ± 0.03 a 
 Standard 64.91 ± 5.81 a 5.87 ± 0.07 b 2.91 ± 0.02 b 2.25 ± 0.04 b 
                  
N rate Low 68.95 ± 0.95 a 5.85 ± 0.07 a 2.91 ± 0.01 a 2.23 ± 0.04 a 
 Split 67.86 ± 1.45 a 5.84 ± 0.09 a 2.92 ± 0.02 a 2.23 ± 0.05 a 
 High 58.16 ± 5.13 b 5.76 ± 0.05 b 2.88 ± 0.01 b 2.24 ± 0.04 a 
Interaction N x S ns ns ns ns 
 Year *** *** ns ns 
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Figure 5.2. Whole grain yield percentage of YRK5 (A) and Viand (B) affected by sowing 
rate under high nitrogen (120 kg N ha-1) in 2017-18. Different letters indicate significant 
differences (p < 0.05). Note differing axes.  
 

 

5.3.4. Impact of sowing rate on physiochemical and pasting properties  

 

The physiochemical and cooking parameters for both varieties are presented in Table 

5.4. The grain protein content for both varieties was significantly higher in Year One 

compared to Year Two. Protein content did not significantly differ between sowing rates in 

YRK5 and Viand in Year One. The protein content of Viand in Year Two was significantly 

lower in the low sow rate compared to the standard rate. Amylose content was not affected by 

sowing or N rate. The amylose content of Viand was significantly higher in Year Two 

compared to one.  

 

The RVA parameters trough viscosity (TV) and final viscosity (FV) were not affected 

by sowing rate in both varieties in both years. However, breakdown viscosity (BV; peak - 

trough) was significantly lower in the standard sow rate compared to the low rate in YRK5 in 

Year Two. When comparing the standard sow rate to low, setback viscosity (SV; final - peak) 

was significantly higher and lower in YRK5 and Viand in Year Two, respectively. The RVA 
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parameters were not affected by N treatment in Year One for both varieties. In Year Two, PV 

in the HN treatment was significantly lower than the LN and SN treatment in YRK5 and 

Viand, respectively. BV in the HN treatment was also significantly lower than the other N 

treatments in both varieties in Year Two. Viand in Year Two had a significantly higher SV in 

the LN treatment compared to the other N treatments.  

 

The timing of PV (peak time) occurred earlier in the low sowing rate compared to the 

standard rate in YRK5 in Year One; there were no other significant observations. YRK5 in 

Year One had a significantly higher pasting temperature (PT) in the low sowing rate 

compared to the standard rate. YRK5 in both years also had a significantly higher PT in the 

LN treatment compared to the HN treatment. Viand in Year Two had a significantly higher 

PT in the SN treatment compared to the HN treatment. All RVA parameters significantly 

differed between years in Viand. Whereas, only PV, BV, SV and the PT differed between 

years in YRK5. 

 

     The protein content was highest in the 25 kg ha-1 sowing rate in Viand and the 130 kg 

ha-1 rate in YRK5, though not significant (Table 5.4). Amylose content did not differ between 

sowing rates for both varieties. No significant differences between RVA parameters and 

sowing rate were observed in Viand, excluding SV which was significantly lower in the 130 

kg ha-1 sow rate compared to 25 kg ha-1 rate. YRK5 had a significantly lower PV and PT in 

the 130 kg ha-1 sow rate compared to 25 kg ha-1 rate.  
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 Table 5.4. Effect of sowing and nitrogen rate on the physiochemical and cooking parameters of different grain types in 2016-17 and 2017-18 
rice growing season. 

 Values ± Standard Deviation; different letters indicate significant differences (p < 0.05); statistical differences of interactions indicated as * (p < 0.05), ** (p < 0.01),  
*** (p < 0.001), ns (not significant).

Year Parameter Protein (%) Amylose (%) Peak 
Viscosity (cP) 

Trough Viscosity 
(cP) 

Breakdown 
Viscosity (cP) 

Final Viscosity 
(cP) 

Setback Viscosity 
(cP) 

Peak Time 
(min) 

Pasting 
Temperature 

(°C) 
2016-17 YRK5                                      

 Sow rate Low 8.82 ± 0.97 a 18.98 ± 0.66 a 2882 ± 187 a 1484 ± 94 a 1398 ± 99 a 2670 ± 120 a -212 ± 83 a 5.99 ± 0.04 a 67.97 ± 0.26 a 
  Standard 8.62 ± 0.72 a 19.03 ± 1.02 a 2982 ± 140 a 1545 ± 70 a 1437 ± 82 a 2742 ± 73 a -240 ± 80 a 6.07 ± 0.05 b 67.58 ± 0.40 b 
                                       

 N rate Low 8.20 ± 0.84 a 19.02 ± 1.07 a 3002 ± 175 a 1527 ± 88 a 1475 ± 93 a 2727 ± 101 a -275 ± 77 a 6.01 ± 0.07 a 68.03 ± 0.05 a 
  Split 8.64 ± 0.86 a 19.31 ± 0.92 a 2936 ± 142 a 1517 ± 87 a 1419 ± 58 a 2699 ± 118 a -237 ± 33 a 6.03 ± 0.06 a 67.77 ± 0.42 ab 
  High 9.32 ± 0.42 a 18.68 ± 0.34 a 2859 ± 182 a 1500 ± 99 a 1359 ± 89 a 2692 ± 105 a -168 ± 88 a 6.04 ± 0.05 a 67.53 ± 0.40 b 

Interaction N x S ns ns ns ns ns ns ns ns ns 
2017-18 Sow rate Low 6.94 ± 0.50 a 19.39 ± 0.26 a 2769 ± 70 a 1494 ± 94 a 1275 ± 78 a 2650 ± 103 a -119 ± 74 a 6.03 ± 0.11 a 67.00 ± 0.50 a 

  Standard 6.95 ± 0.54 a 19.37 ± 0.48 a 2703 ± 148 a 1512 ± 133 a 1191 ± 95 b 2655 ± 146 a -48 ± 80 b 6.09 ± 0.12 a 66.79 ± 0.64 a 
                                       

 N rate Low 6.72 ± 0.42 a     2782 ± 74 a 1554 ± 90 a 1229 ± 85 a 2719 ± 94 a -64 ± 74 a 6.09 ± 0.12 a 67.14 ± 0.69 a 
  Split 6.90 ± 0.63 a     2768 ± 138 ab 1546 ± 109 a 1222 ± 126 a 2691 ± 116 a -77 ± 105 a 6.10 ± 0.12 a 67.08 ± 0.36 ab 
  High 7.22 ± 0.38 a 19.38 ± 0.36 a 2658 ± 103 b 1409 ± 84 b 1249 ± 79 a 2549 ± 95 b -109 ± 73 a 5.98 ± 0.09 a 66.47 ± 0.42 b 

Interaction N x S ns ns ns ns ns ns ns ns ns 
 Year *** ns *** ns *** ns *** ns *** 

2016-17 Viand                                      
 Sow rate Low 8.46 ± 0.72 a 21.81 ± 0.79 a 2378 ± 136 a 1408 ± 73 a 970 ± 71 a 2772 ± 104 a 395 ± 47 a 5.99 ± 0.04 a 66.82 ± 0.56 a 
  Standard 8.38 ± 1.22 a 21.88 ± 0.69 a 2312 ± 248 a 1381 ± 131 a 931 ± 123 a 2742 ± 182 a 430 ± 79 a 5.95 ± 0.10 a 66.81 ± 0.73 a 
                                       

 N rate Low 8.24 ± 1.30 a 21.82 ± 0.81 a 2355 ± 254 a 1416 ± 141 a 940 ± 116 a 2782 ± 196 a 426 ± 67 a 5.97 ± 0.08 a 66.88 ± 0.47 a 
  Split 8.31 ± 0.97 a 21.89 ± 0.86 a 2385 ± 186 a 1405 ± 92 a 981 ± 99 a 2764 ± 136 a 379 ± 62 a 5.98 ± 0.09 a 67.13 ± 0.65 a 
  High 8.72 ± 0.66 a 21.82 ± 0.59 a 2294 ± 165 a 1364 ± 83 a 930 ± 91 a 2726 ± 110 a 432 ± 65 a 5.96 ± 0.07 a 66.44 ± 0.66 a 

Interaction N x S ns ns ns ns ns ns ns ns ns 
2017-18 Sow rate Low 6.29 ± 0.35 a 22.97 ± 0.91 a 2027 ± 100 a 1308 ± 70 a 719 ± 36 a 2489 ± 92 a 462 ± 25 a 6.19 ± 0.07 a 66.40 ± 0.42 a 

  Standard 6.69 ± 0.27 b 22.98 ± 0.51 a 2006 ± 98 a 1279 ± 71 a 727 ± 36 a 2450 ± 103 a 444 ± 26 b 6.17 ± 0.07 a 66.22 ± 0.60 a 
                                       

 N rate Low 6.36 ± 0.46 a     2034 ± 104 ab 1311 ± 70 ab 723 ± 37 a 2508 ± 93 a 474 ± 25 a 6.18 ± 0.07 a 66.34 ± 0.28 ab 
  Split 6.50 ± 0.41 a     2073 ± 77 a 1332 ± 57 a 741 ± 32 a 2520 ± 73 a 447 ± 16 b 6.21 ± 0.06 a 66.64 ± 0.56 a 
  High 6.61 ± 0.14 a 22.98 ± 0.68 a 1942 ± 62 b 1237 ± 50 b 705 ± 33 a 2380 ± 61 b 438 ± 26 b 6.16 ± 0.07 a 65.94 ± 0.43 b 

Interaction N x S ns ns ns ns ns ns ns ns ns 
  Year *** *** *** *** *** *** ** *** ** 

2017-18 YRK5 25 kg ha-1 7.13 ± 0.63 a 19.23 ± 0.57 a 2795 ± 27 a 1581 ± 115 a 1213 ± 130 a 2724 ± 109 a -70 ± 120 a 6.13 ± 0.14 a 67.69 ± 0.42 a 
(120 kg N ha-1)  70  kg ha-1 7.35 ± 0.38 a 19.39 ± 0.26 a 2722 ± 41 ab 1415 ± 7 a 1308 ± 36 a 2563 ± 31 a -159 ± 32 a 5.95 ± 0.03 a 66.69 ± 0.38 b 

  130  kg ha-1 7.08 ± 0.39 a 19.37 ± 0.48 a 2594 ± 110 b 1404 ± 128 a 1190 ± 64 a 2535 ± 141 a -59 ± 68 a 6.02 ± 0.13 a 66.25 ± 0.37 b 
 Viand 25 kg ha-1 6.80 ± 0.23 a 23.34 ± 1.26 a 1983 ± 105 a 1278 ± 113 a 705 ± 16 a 2448 ± 99 a 465 ± 16 a 6.17 ± 0.16 a 66.61 ± 0.83 a 
  70  kg ha-1 6.51 ± 0.13 a 22.97 ± 0.91 a 1952 ± 78 a 1262 ± 54 a 689 ± 26 a 2406 ± 67 a 454 ± 16 ab 6.20 ± 0.05 a 66.06 ± 0.45 a 
  130  kg ha-1 6.71 ± 0.03 a 22.98 ± 0.51 a 1933 ± 52 a 1212 ± 36 a 721 ± 34 a 2354 ± 50 a 421 ± 24 b 6.12 ± 0.06 a 65.81 ± 0.43 a 

Interaction V x S ns ns ns ns ns ns ns ns ns 
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5.3.5. Relationships between plant parameters and quality traits 

 

To understand and determine relationships between all measured parameters, 

correlation analysis was performed. In both varieties, the TGW for was positively correlated 

with crop yield (r = 0.50, p < 0.001), HI (r = 0.67, p < 0.001) and grain length (r = 0.46, p < 

0.001), and was negatively correlated with the number of plants at establishment (r = -0.28, p 

< 0.01), N uptake at PI (r = -0.42, p < 0.001), harvested tillers (r = -0.42, p < 0.001), sterility 

(r = -0.33, p < 0.01), protein content (r = -0.58, p < 0.001) and growing length (sowing to 

harvest; r = -0.33, p < 0.01).  

 

TGW for YRK5 was also positively and negatively correlated with amylose content (r 

= 0.49, p < 0.05) and WGY (r = -0.34, p < 0.05), respectively. In YRK5, WGY was 

negatively correlated with grain length (r = -0.57, p < 0.05) and HI (r = -0.60, p < 0.05), and 

positively correlated with N uptake at PI (r = 0.65, p < 0.05) and the number of days from 

flowering to harvest (r = 0.80, p < 0.01). Protein content was negatively correlated with TV (r 

= -0.33, p < 0.05) and SV (r = -0.34, p < 0.05), and positively correlated with BV (r = 0.35, p 

< 0.05) 

 

In Viand, WGY was negatively correlated with amylose content (r = -0.59, p < 0.05). 

Protein content was positively correlated with PV (r = 0.32, p < 0.05), BV (r = 0.48, p < 0.05) 

and FV (r = 0.36, p < 0.05). Both varieties showed a significant negative correlation between 

protein and amylose content (YRK5, r = -0.56; Viand, r = -0.55; p < 0.05).  
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5.4. Discussion  

 

The identification of genetic markers for specific traits largely dominates rice grain 

quality research, while research regarding the effect of crop management practices on grain 

quality is relatively sparse. Sowing and N fertiliser rate are easily controlled crop 

management practices which can influence grain quality (Zhou et al. 2018). There is a 

plethora of work quantifying the role of N management on grain quality, however, the effect 

of sowing rate on grain quality is lacking. Although studies have investigated the effect of 

plant density on grain quality, only long grain varieties were evaluated and the plant densities 

were too low for comparisons with large-scale commercial systems with yields above 10 

tonne ha-1. The multiyear field study in this chapter investigated the effect of sowing rate and 

N fertiliser management and the potential interaction, on grain quality traits of a medium and 

short grain rice variety. 

 

Sowing and N rate affected the plant parameters of both varieties, however, changes 

in these parameters did not affect crop yield. N rate affected the grain size, milling quality 

and cooking parameters of both varieties in both years, and in Year Two plant density 

significantly affected YRK5 WGY and grain dimensions and TGW of Viand. The effect of 

sowing rate on TGW differed between varieties. YRK5 sowing rate affected the RVA peak 

time and pasting temperature in Year One and breakdown and setback viscosity in Year Two. 

Viand sowing rate did not affect the physicochemical properties and RVA parameters of 

Viand in Year One, whereas in Year Two, protein content and setback viscosity were 

affected by sowing rate. The lowest sowing rate of 25 kg ha-1 revealed significant differences 

in WGY, peak viscosity and pasting temperature for YRK5, and grain length and setback 

viscosity for Viand.   
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The average WGY of both varieties differed between years with Year One ~6% 

higher than Year Two (Table 5.3). Protein content also significantly differed between years 

for both varieties and was an average of 1.8 % higher in Year One compared to Year Two 

(Table 5.4). Year One had higher N uptake at PI than Year Two for both varieties (Table 5.2), 

which may have occurred due to higher soil N increasing the grain protein content, however, 

there is no appropriate soil N test for growing rice to confirm this notion (Russell et al. 2006). 

Higher temperatures can decrease WGY, which may have caused the difference in WGY 

between years. 

 

Above average maximum temperatures occurred during the reproductive period in 

Year Two (Figure 5.1) and high temperatures during reproductive growth are known to 

reduce milling quality, possibly due to increased chalkiness (Yamakawa et al. 2007). High 

temperatures during reproductive growth can also increase protein content (Jin et al. 2005), 

however, results of this chapter did not show an increased protein content or chalkiness in 

Year Two (data not shown). Year Two had a higher GDD causing a shorter growing duration 

compared to Year One. The number of days from sowing to mid-flowering had a significant 

positive correlation with N uptake at PI, protein content and WGY for both varieties, thus 

indicating longer periods of solar radiation and substrate accumulation during the early stages 

of growth is important for WGY.  

 

Results in this chapter confirmed crop yield is not significantly affected by sowing 

rate due to the compensatory behaviour of rice, consistent with previous reports (Ahmad et 

al. 2009; Basavaraja et al. 2010; Ottis and Talbert 2005). The reduction in plant number and 

harvested tillers, found in the lower sowing rate, did not alter the above ground biomass or 

grain produced per square metre (Table 5.2) thus demonstrating that low density plantings 
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compensate for the void in the canopy by producing more reproductive tillers per plant 

compared to dense populations (Ottis and Talbert 2005).  

 

Similar to previous reports (Ahmad et al. 2009; Basavaraja et al. 2010; Ottis and 

Talbert 2005) that show an increase in the number of filled grains per panicle at low 

densities, the number of grains per panicle at the lower sowing rate was higher for Viand in 

both years and YRK5 in Year One compared to the standard sowing rate. In Year Two, the 

analysis revealed a significant interaction between the N treatment and sowing rate 

concerning the number of grains per panicle in Viand. The number of grains per panicle was 

similar between sowing rates in the HN treatment (low =110 grains, standard = 104 grains), 

while plants at the low sowing rate had 16 and 38 more grains per panicle compared to the 

standard rate in LN and SN treatments, respectively (data not shown). The short grain variety 

YRK5 had a significantly lower crop yield at the standard sowing rate in Year One, however, 

this coincided with a significantly higher occurrence of lodging and grain sterility.  

 

Plants at the standard sowing rate had a higher N uptake at PI, consistent with 

previous studies (Janaki and Thiyagarajan 2005). Both varieties showed a significant 

negative correlation between N uptake at PI and grain sterility. The higher N uptake and rate 

of sterility would have reduced the crop yield in the standard sowing rate for YRK5 in Year 

One because temperatures below 18°C at pollen microspore stage induce sterility (Lewin et 

al., 2005) and the minimum temperature during the estimated microspore stage (mid-Jan) fell 

below 15 °C in Year One (Figure 5.1). Gunawardena et al. (2003) reported high rates of 

applied N amplify the effect of low temperatures during the very early stages of microspore 

development in reducing pollen production, increasing the degree of sterile grains. Indeed, 
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the results in this chapter revealed a higher rate of sterility in Year One compared to Year 

Two, likely due to a higher N uptake and lower temperature during microspore (Table 5.2). 

 

Sowing rate had a different effect on TGW for both varieties (Table 5.2). Reducing 

the sowing rate decreased TGW in Viand, whereas the TGW of YRK5 increased with 

decreasing sowing rate, consistent with the results of Soleymani and Shahrajabian (2011). In 

addition, the grain dimensions of Viand were significantly affected by sowing rate in Year 

Two (Table 5.3) with decreasing sowing rate reducing grain length, width and thickness. 

Grain length at the 25 kg ha-1 sowing rate was also significantly smaller compared to the low 

and standard rates (data not shown). In Year Two, increasing the nitrogen rate also 

significantly reduced grain length and width in Viand and reduced TGW in both varieties, 

consistent with previous studies (Grigg et al. 2016; Zhu et al. 2017). Sowing rate did not 

affect the grain dimensions of YRK5, indicating a better grain filling ability at low densities 

compared to Viand. 

 

Despite no change in grain dimensions in YRK5, TGW differed between sowing 

rates. More than 85% of the rice grain is composed of carbohydrates/starch, thus a major 

contributor to grain weight and yield (Fageria 2007). Carbohydrates produced after flowering 

are responsible for 70% of grain yield/weight (Fageria 2007). Ottis and Talbert (2005) 

suggested that plants at lower densities can intercept photosynthetically active radiation 

(PAR) more effectively than in dense populations due to a reduction in mutual leaf shading, 

which allows more efficient photosynthate production. Wells and Faw (1978) reported 

reduced light interception and CO2 production limited yield in dense populations. Indeed, 

results showed a higher plant N content at PI in plants grown in the low sowing rate (Table 

5.2), which is an indication of greater PAR absorption (Ladha et al. 2005). These results 
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suggest that the increase in TGW in YRK5 under lower densities occurred due to an increase 

in photosynthetic capacity from greater light interception.  

 

In contrast to YRK5, plant N content at PI did not differ between sowing rates in 

Viand, however, TGW was lesser in the lower sowing rate. Viand had significantly more 

grains per panicle at the low sowing rate compared to the standard rate and the variance 

between sowing rates was much higher than in YRK5 (Table 5.2). Previous reports (Kato 

2004; Kobata et al. 2013; You et al. 2016) have shown the removal of superior florets of 

large-panicle varieties improved grain filling, suggesting that the grain filling of inferior 

florets restricts the supply of assimilated carbon (Okamura et al. 2018). Although plants 

grown in the low sowing rate would have had a more efficient photosynthate production from 

greater light interception, Viand plants would also have had more severe competition for 

mobilising assimilates among grains compared to the standard sowing rate, lowering the 

TGW. Planting density also had contrasting effects on WGY between the two varieties.  

 

When comparing the extreme differences in sowing rates, as plant density decreased 

WGY increased in Viand but decreased in YRK5 (Figure 5.2). When comparing the low and 

standard sowing rates across years (Table 5.3), WGY was slightly higher in the low sowing 

rate compared to the standard rate in Viand while in YRK5 in Year Two, WGY was 

significantly lower in the low sowing rate compared to the standard rate. Excessive tillering 

at low planting densities will alter the grain filling duration influencing milling quality. 

Gravois and Helms (1996) found that low plant densities were associated with increased 

WGY in two of four varieties and reduced WGY in the remaining two varieties. They 

suggested the reduction in WGY at lower planting densities occurs due to excessive tillering, 

which lengthens the grain filling period leading to mixtures of mature and immature grains. 
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Immature grains break more easily during milling and dry grains can reabsorb moisture from 

immature grains during harvest which can further reduce WGY (Siebenmorgen and Jindal 

1986). Although the growth durations did not differ between sowing rates (data not shown), 

mixtures of mature and immature grains could still have been present in the low density 

samples. 

 

Jongkaewwattana and Geng (2001) analysed the interrelationships amongst grain 

characteristics and grain filling parameters and found grain size influenced the rate of grain 

filling which determines the duration of grain fill, indirectly affecting milling quality. Indeed, 

the results in this chapter found a negative correlation of grain length with WGY in YRK5 

(Section 5.3.5). Although the number of days from flowering to maturity did not differ 

between sowing rates in both varieties, grain filling duration was not monitored and could 

have impacted milling quality. The results in Chapter 4 demonstrated a longer grain filling 

duration was negatively associated with WGY. The reduction in grain quality from mixtures 

of mature and immature grains at the low sowing rate could explain the reduction in WGY 

for YRK5. However, despite these negative WGY aspects of lower planting densities, WGY 

increased in Viand.  

 

The increase in milling quality in Viand at lower planting densities was associated 

with an increase in protein content. The results in this chapter showed a significant positive 

correlation between WGY and protein content, which is well established (Ahmad et al. 2009; 

Champagne et al. 2009; Ghosh et al. 2004; Grigg et al. 2016; Perez et al. 1996). Protein 

content was also negatively correlated with TGW in both varieties and TGW was lower in the 

lower density in Viand. Hence, plants in the low density in Viand had a lower TGW and 

higher protein content and thus a greater WGY.  
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Changes in plant architecture as a result of changing density affected grain weight and 

milling quality and the response differed between varieties (Section 5.3.5). A possible 

explanation for these differences is illustrated by the model in Figure 5.3. In this model the 

reduction in sowing rate significantly increased the number of grains per panicle for Viand, 

while the number of grains remained similar for YRK5. The TGW of YRK5 increased with 

decreasing sowing rate, likely due to a greater photosynthate production from increased light 

interception and less mutual leaf shading. However, the TGW decreased in Viand with 

decreasing sowing rate likely due to greater competition for mobilising assimilates from the 

higher number of grains per panicle. A negative correlation occurred between TGW and 

protein content, and protein content showed a positive relationship with WGY for both 

varieties, thus, indicating plant density had an indirect effect on milling quality. Further 

demonstrating the relationship between plant architecture and milling quality, in Year Two in 

the HN treatment, the difference between the number of grains per panicle was similar 

between the sowing rates (four grains) and the variance of WGY between sowing rates was 

also low (1%; data not shown). Zhou et al. (2018) and Fagade and Ojo (1977) suggested that 

in dense populations, reduced photosynthesis rate and greater competition for nutrients may 

lead to insufficient nutrient supply to the developing endosperm reducing milling quality.  

 

The response of WGY to N treatment also differed between varieties. As N rate 

increased, WGY increased in YRK5 and Viand in Year One. However, increasing N rate 

reduced WGY in Year Two in Viand but not YRK5 (Table 5.3). The difference in WGY 

between varieties in response to increasing N may have occurred due to differences in harvest 

date. All YRK5 samples were harvested by late April in Year Two, while samples in the HN 

treatment of Viand were collected on the 8/05/18 which occurred four days after 11 mm of 

rainfall. During ripening, grain moisture of 25.2% was recorded on 17/04/18 in the HN 
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treatment of Viand. Generally, grains lose moisture at an average of 0.4% per day and thus 

grains in the HN treatment would have been around 18% on 04/05/18 when the rainfall event 

occurred. However, above average maximum temperatures also occurred during late April 

and early May, which could have dried the grain further to below 18% (Figure 5.1).  

 

 

 

Figure 5.3. Factors influencing WGY in the low sowing rate for YRK5 (Blue) and Viand 
(Brown). Solid lines represent a positive relationship and dashed lines represent a negative 
relationship.  
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Siebenmorgen and Jindal (1986) reported a significant reduction in WGY when grains 

that dried to 13% moisture reabsorbed moisture. When low moisture grains reabsorb moisture 

through the surface of the grain, starch cells expand and produce compressive stresses which 

encounter the tensile stresses from the grains centre creating fissures (Kunze 2001). These 

fissured grains typically break during milling, which will lower WGY (Kunze 2001). Low 

WGY found in the HN treatment compared to the other N rates in Viand may have occurred 

due to the reabsorption of moisture from already dry grains. Whereas all YRK5 plots were 

harvested before the 04/05/18 and the effect of N rate on WGY followed the typical trend.  

 

In the Year One trial, the SN treatment of Viand had a significantly lower WGY 

compared to the same N rate applied in a single dose (HN). These results are consistent with 

Chapter 3, which demonstrated the timing of N application alters protein composition 

negatively impacting WGY. However, in Year Two, the SN treatment was significantly 

higher than the HN rate though this result was likely due to moisture reabsorption of dry 

grains in the HN treatment lowering WGY. WGY was higher in the LN treatment compared 

to the SN in Year Two for Viand, further demonstrating the negative effect of split N 

treatment on WGY.  

 

The cooking and textual parameters were affected by N treatment but not greatly 

influenced by sowing rate (Table 5.4). Although RVA parameters for both varieties differed 

between sowing rates, these differences were minimal and not consistent between both years. 

Comparisons between the three sowing rates in the HN treatment in Year Two also revealed 

no substantial differences between RVA parameters (Table 5.4). It is interesting to note that 

PV in YRK5 was significantly lower in the standard sowing rate compared to the extremely 

low rate despite the standard rate having a lower grain protein content. Martin and Fitzgerald 
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(2002) demonstrated that as grain protein content increases the overall RVA curve decreases 

and previous research has also shown individual protein fractions can have opposing effects 

on RVA parameters (Baxter et al. 2004; 2014; Baxter et al. 2010; Furukawa et al. 2003). 

Furthermore, Balindong et al. (2018a) demonstrated that protein fractions had more 

significant correlations with RVA parameters than total protein or amylose content, while 

Baxter et al. (2014) reported that the effect on the pasting and textural properties were 

dependent upon the relative concentrations of all protein fractions. Changes to the RVA 

properties may have occurred due to a differing suite of protein fractions being generated by 

each sowing rate.  

 

This was the first to analyse the grain quality parameters of varieties of different grain 

types under varying sowing rates found in large-scale systems. Decreasing sowing rate did 

not significantly affect crop yield for both varieties tested. However, changes in plant 

architecture as a result of changing density affected grain weight and milling quality 

significantly, and the response differed between varieties. The reduction in sowing rate 

significantly increased the number of grains per panicle for Viand while the number of grains 

remained similar in YRK5. The TGW of YRK5, increased with decreasing sowing rate, 

likely due to a greater photosynthate production from increased light interception and less 

mutual leaf shading. However, decreasing sowing rate decreased TGW in Viand, likely due 

to greater competition for mobilising assimilates from the higher number of grains per 

panicle. There was a negative correlation between protein content and TGW and a positive 

correlation between protein content and WGY for both varieties, indicating plant density had 

an indirect effect on WGY. The physicochemical components and cooking properties were 

more affected by N rate than sowing rate. 
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CHAPTER 6 

 

The impact of zinc fertilisation on grain quality 

Contributors; Troldahl, D. and the DPI Rice Agronomy Team performed field trials and 
assisted in the harvesting and collection of samples. Troldahl, D. provided data on grain components 
(paddy), the DPI Rice Chemistry Team assisted in the milling of samples and EAL of CSU carried out 
zinc content analysis of milled rice flour. 
 
6.1.  Introduction 

Zinc (Zn) is an essential micronutrient that plays an important role in many biological 

processes (Frassinetti et al., 2006). Rice is naturally low in Zn, particularly in plants grown in 

Zn deficient soils (Gao et al., 2016). In many regions where Zn deficient soils are common, 

Zn deficiency is also an issue in humans (Cakmak, 2008), especially for people living in 

developing counties where rice is the dominant food source (Mathpal et al., 2015). Zinc 

deficiency is also considered one of the most critical plant nutritional stresses, limiting rice 

productivity globally (Fageria et al., 2002; Gao et al., 2016; Rehman et al., 2012; White and 

Zasoski, 1999). Plant breeding and agronomic strategies are used for the bio-fortification of 

rice to increase the zinc content. While genetic bio-fortification (breeding) would be the most 

sustainable and cost effective, it is a long process that requires substantial effort and 

resources (Cakmak, 2008). Furthermore, the genetic approach is still dependent on the Zn 

pools within the soil (Cakmak, 2008).  

 

The use of Zn fertiliser offers a faster solution to increase rice zinc content and has 

proven to increase crop yield and grain zinc content, although these studies measured zinc 

content of paddy or brown grain. (Fageria et al., 2011a; Ghasal et al., 2016; Guo et al., 2016; 
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Mollah et al., 2009; Wei et al., 2012). Consuming rice most commonly occurs as a milled or 

polished grain, particularly in developing countries. Ghasal et al. (2016) reported that Zn 

content of milled rice was 11.5% of the total Zn content found in brown rice. Thus, 

increasing the Zn content of milled rice is essential to increasing Zn intake of rice consumers. 

However, evaluating the effect of Zn fertiliser on grain quality traits is essential for the 

market acceptance of high Zn rice.  

 

The current nutritional target of breeding programs of Zn content in polished rice is 

28 ppm (Neeraja et al., 2018). Australia already produces rice of high Zn content with an 

average of 17.1 ppm (Rahman et al., 2014) and could be increased further by Zn fertiliser. 

Many Asian countries are expected to shift from self-sufficient producers of rice to net 

importers to sustain the growing population (Zhou et al., 2002). This shift could create a 

market opportunity for Australian growers producing rice with high Zn content.  

 

Australia contributes a relatively small portion of global rice production, however, 

remains competitive by producing high quality grain targeted to premium markets (Lisle et 

al., 2000; Martin and Fitzgerald, 2002). Currently, there is limited published data on the 

effect of Zn fertilisation on grain quality using the current Australian rice varieties. 

Furthermore, previous studies evaluating the impact of Zn fertiliser on quality parameters did 

not measure pasting properties. This chapter evaluates the impact of Zn fertilisation on the 

grain quality components of a commercially available Australian rice variety. 
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6.2.  Materials and methods 

 

6.2.1. Field site and design  

 

The field experiment was performed at Leeton Field Station (LFS - 34°36’’18’’S, 

146°21’46’’E) using the medium grain, semi-dwarf variety rice variety Reiziq (Troldahl et 

al., 2018) during the 2016-2017 rice growing season (October-April). Reiziq accounts for a 

large proportion of the rice currently grown in south-eastern Australia (Dunn et al. 2016). 

Twenty plots (12.5 x 3.6m) were sown on 31/10/16 and permanent water on 02/12/16 in a 

randomised complete block design using four treatments. A control (0 L/ha in 200 L 

water/ha), standard rate (SR; 3 L/ha in 200 L water/ha), double rate (DR; 6 L/ha in 200 L 

water/ha) and quadruple rate (QR; 12 L/ha in 200 L water/ha) of follicular zinc fertiliser was 

applied at two-thirds flowering (21/02/17). All plots received 150 kg N ha-1 applied to dry 

soil prior to permanent water at the 3-4 leaf stage. Plots were harvested on the 11/05/17 at 

average grain moisture of ~15%.  

 

6.3.  Results  

 

To evaluate the effect of Zn fertiliser on the grain quality components, the medium 

grain variety Reiziq was grown with three Zn fertiliser rates applied at two-thirds flowering 

and compared to a control.  
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6.3.1. Impact of Zn fertiliser on grain nutrient content  

 

Increasing the Zn rate increased zinc content of paddy; QR had the highest Zn content 

and the control the lowest (Table 6.1). No other differences in paddy micronutrients were 

observed (Table 6.1). Milled grain protein content did not increase with increasing Zn rate 

(Table 6.1). Zn content decreased by 80% from paddy to milled grain in the QR, 75% in the 

DR, 69% in the SR and 66% in the control (Figure 6.1). Paddy Zn was positively correlated 

with milled grain Zn (r = 0.55, p < 0.05). The highest recorded value for paddy Zn content 

was 55 ppm and 12.05 ppm for milled grain Zn content. Milled grain amylose content (data 

not shown) and grain protein content did not differ between Zn rates (Table 6.1). 

 

6.3.2. Quality parameters as affected by Zn fertiliser  

 

WGY did not differ between Zn rates (Figure 6.2). WGY had a positive correlation 

with milled grain protein content (Figure 6.3; r = 0.74, p < 0.001). Grain brightness (L*) was 

positively correlated with DOM (r = 0.63, p < 0.01). RVA trough viscosity was higher in QR 

compared to the control (Table 6.2). QR had a slightly higher RVA curve compared to all 

other treatments and the control had the lowest (Figure 6.4). No other significant differences 

between quality parameters were observed (Table 6.2). Milled grain Zn content was 

negatively correlated with grain brightness L* (r = -0.46, p < 0.05). 
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Table 6.1. Elements of paddy and milled grain as affected by Zn fertiliser rate. 

Values are mean ± SD. Different letters in each row indicated significant differences at p < 0.05.  
 
 
 
 
 
 
 
 
 

 
Figure 6.1. Zinc content as affected by Zn fertiliser rate in paddy (green) and milled grain 
(yellow).  
 

0

10

20

30

40

50

Control 2/3 flower DR 2/3 flower QR 2/3 flower
Grain Type

Zi
nc

 C
on

te
nt

 (p
pm

)

type
paddy

milled

Control Standard	Rate Double	Rate Quadruple	Rate
Zinc	Fertiliser	Rate	

Grain Type Nutrient Control Standard Rate Double Rate Quadruple Rate 
Paddy Calcium (%)  0.03 ± 0.01a 0.03 ± 0.01a 0.03 ± 0.00a 0.03 ± 0.00a 
 Copper (ppm) 0.96 ± 0.44a 1.92 ± 0.64a 0.98 ± 0.55a 1.35 ± 0.70a 
 Magnesium (%) 0.10 ± 0.01a 0.10 ± 0.01a 0.11 ± 0.01a 0.09 ± 0.02a 
 Manganese (ppm) 128 ± 24a 133 ± 36a 132 ± 20a 134 ± 44a 
 Boron (ppm) 2.2 ± 0.45a 2.2 ± 0.45a 1.8 ± 0.45a 1.8 ± 0.45a 
 Iron (ppm) 41.4 ± 14.8a 33.4 ± 3.3a 36.2 ± 3.5a 34.6 ± 3.6a 
 Sodium (%) 0.50 ± 0.00a 0.50 ± 0.00a 0.50 ± 0.00a 0.50 ± 0.00a 
 Sulphur (%) 0.09 ± 0.01a 0.09 ± 0.01a 0.09 ± 0.01a 0.10 ± 0.01a 
 Phosphorus (%) 0.21 ± 0.01a 0.21 ± 0.03a 0.23 ± 0.02a 0.21 ± 0.03a 
 Potassium (%) 0.22 ± 0.02a 0.22 ± 0.03a 0.24 ± 0.02a 0.22 ± 0.03a 
 Zinc (ppm)  20.0 ± 1.6 a 26.6  ± 3.1 a 35.4 ±   2.9 b 48.0 ± 5.9 c 
              

Milled  Zinc (ppm) 6.78 ± 0.47 a 8.17 ± 1.05 ab 8.97 ± 0.24 b 9.40 ± 1.72 b 
 Protein (%) 6.90 ± 0.25 a 6.74 ± 0.33 a 6.91 ± 0.30 a 6.96 ± 0.25 a 
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Figure 6.2. Whole grain yield (%) affected by zinc fertiliser rate.  
 

 

Table 6.2. Quality parameters as affected by zinc fertiliser.  
Quality parameter  Control Standard rate Double rate Quadruple rate 
Broken grain (g) 24.76 ± 0.80a 25.45 ± 5.87a 25.75 ± 6.71a 24.65 ± 5.41a 
DOM (%) 11.42 ± 0.46a 11.27 ± 0.52a 11.32 ± 0.37a 11.14 ± 0.31a 
Grain length (mm) 6.160 ± 0.02a 6.152 ± 0.04a 6.146 ± 0.04a 6.140 ± 0.04a 
Grain width (mm) 2.994 ± 0.03a 3.00 ± 0.02a 3.00 ± 0.03a 3.00 ± 0.02a 
Grain thickness (mm) 2.24 ± 0.03a 2.23 ± 0.06a 2.23 ± 0.03a 2.23 ± 0.02a 
Grain lightness (L*) 72.96 ± 0.46a 72.77 ± 0.43a 72.68 ± 0.27a 72.60 ± 0.40a 
Grain yellowness (b*) 12.23 ± 0.27a 12.34 ± 0.35a 12.32 ± 0.36a 12.32 ± 0.39a 
Grain redness (a*) -1.41 ± 0.16a -1.41 ± 0.15a -1.37 ± 0.06a -1.44 ± 0.13a 
Peak viscosity (cP) 3354 ± 25a 3383 ± 83a 3378 ± 67a 3400 ± 79a 
Trough viscosity (cP) 1913 ± 19a 1936 ± 66ab 1938 ± 50ab 2003 ± 42b 
Breakdown viscosity (cP) 1441 ± 15a 1447 ± 79a 1440 ± 46a 1397 ± 62a 
Final viscosity (cP) 3206 ± 25a 3245 ± 88a 3239 ± 45a 3320 ± 69a 
Setback viscosity (cP) -140 ± 24a -141 ± 86a -128 ± 50a -80 ± 74a 
Peak time (min) 6.12 ± 0.03a 6.11 ± 0.06a 6.15 ± 0.03a 6.16 ± 0.06a 
Pasting Temperature 69.46 ± 0.37a 69.10 ± 0.48a 69.41 ± 0.37a 69.66 ± 0.56a 
Peak force (g) 80.80 ± 7.12a 79.80 ± 8.29a 80.80 ± 3.63a 74.60 ± 1.67a 
Values are mean ± SD. Different letters in each row indicated significant differences at p < 0.05 
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Figure 6.3. Regression analysis of WGY and protein content. Control rate = triangle; 
standard rate = circle; double rate = square; quadruple rate = cross.    
 

 

Figure 6.4. Viscosity curves of rice grown with and without Zinc fertiliser. 
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6.4.  Discussion  

 

Zn is an important micronutrient that is involved in many biological processes and Zn 

deficiency in humans can cause significant health problems (Cakmak, 2008; Frassinetti et al., 

2006; White and Broadley, 2011). Rice is naturally low in Zn and for people living in 

developing counties where rice is the dominant food source, Zn deficiency is a widespread 

problem (Guo et al., 2016; Mathpal et al., 2015). Plant breeding and agronomic strategies are 

used for the bio-fortification to increase the Zn content of milled rice to 28 ppm (Neeraja et 

al., 2018). Australia already produces rice of high Zn content with an average of 17.1 ppm 

compared to Bangladesh and Indian varieties that contain 13 ppm (Rahman et al., 2014) and 

thus, Zn content of Australian varieties could be further increased by Zn fertiliser. Asian 

countries are expected to move from self-sufficient producers of rice to net importers (Zhou 

et al., 2002) and this shift could create a market opportunity for Australian growers producing 

rice with high Zn content. Australia contributes a relatively small portion of global rice 

production, however, remains competitive by providing high quality grain targeted to 

premium markets (Lisle et al., 2000; Martin and Fitzgerald, 2002). Evaluating the effect of 

Zn fertiliser on grain quality traits is essential for the market acceptance of high Zn rice. 

 

Results in this chapter revealed that paddy and milled grain Zn content significantly 

increased with increasing Zn fertiliser rate (Table 6.1). There were no other significant 

differences in paddy micronutrients (Table 6.1). Milled grain Zn content was negatively 

correlated with grain brightness (L*). WGY and the grain physical characteristics were not 

affected by Zn rate (Figure 6.2 and Table 6.2). RVA trough viscosity was higher in the QR 

compared to the control (Table 6.2 and Figure 6.4). Paddy Zn content showed positive 

associations with trough, final and setback viscosity.   
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Increasing the Zn fertiliser increased the paddy and milled rice Zn content, consistent 

with previous reports (Fageria et al., 2011a; Ghasal et al., 2016; Mollah et al., 2009). QR 

paddy Zn content was 48 ppm and was more than double the Zn content of the control, while 

milled grain Zn content in the QR was 38% greater than the control (Table 6.1). Although the 

Zn content of paddy increased substantially, Zn content decreased from paddy to milled grain 

on average by 72% (Figure 6.1). Ghasal et al. (2018) reported that uptake of Zn from 

fertilisation was greatest in the hulls, followed by the bran and milled grain. Additionally, 

Ghasal et al. (2016) reported that Zn content of milled rice was 11.5% of the total Zn content 

found in brown rice. Biswas et al. (2018) found that Zn content of brown rice decreased by 

2.6-5.84 ppm when milled to a DOM of 9-10%, which was a 23% average reduction in Zn 

content. Lu et al. (2013) reported Zn content of unfortified rice was most concentrated in the 

bran, which is three times greater than hulls and endosperm. Zn is found predominately in the 

peripheral regions of the grain (Walter et al., 2008) and thus milling will reduce its 

concentration (Biswas et al., 2018; Oghbaei and Prakash, 2016; Prom-u-thai et al., 2010).  

 

The highest recorded value of milled grain Zn content in this study was 12.05 ppm, 

which is well below the nutritional target of 28 ppm (Neeraja et al., 2018). Reiziq was the 

only variety evaluated in this chapter and had a Zn content of 6.8 ppm at zero Zn (Table 6.1), 

which is considerably lower than the Australian average of 17.5 ppm (Rahman et al., 2014). 

The evaluation of other varieties with naturally higher Zn content may reveal varieties with 

levels above 28 ppm.  

 

Biswas et al. (2018) demonstrated that parboiling could also improve the Zn content 

of milled rice. Parboiling is a hydrothermal treatment where paddy grains are soaked before 

dehulling and milling (Oli et al., 2016). Biswas et al. (2018) found a greater decrease in Zn 
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content from paddy to the milled grain in non-parboiled samples compared to parboiled 

samples.  However, Biswas et al. (2018) did not report on the Zn content of paddy and it is 

unclear how effective parboiling is in retaining the Zn content of the whole grain, including 

hulls. Results in this chapter demonstrate that Zn fertiliser can double the Zn content of 

paddy and perhaps Zn content of milled rice could also increase by the use of parboiling.  

 

 Results in this chapter revealed Zn fertiliser rate did not affect WGY (Figure 6.2), 

contradicting previous reports which found a positive relationship between Zn fertiliser rate 

and WGY (Ghasal et al., 2016; Gomaa et al., 2015). These studies and others (Cakmak, 2008; 

Guo et al., 2016; Shi et al., 2010; Wei et al., 2012) have also demonstrated a positive 

relationship between Zn fertiliser rate and grain protein content. It is suggested that protein 

content is a sink for Zn in the grain (Cakmak et al., 2010; Ghasal et al., 2016; Kutman et al., 

2010). WGY strongly correlates with grain protein content (Chapter 3) and Zn fertiliser rate 

is associated with increases in grain protein content. Therefore, the positive relationship 

between Zn fertiliser rate and WGY found by Ghasal et al. (2016) and Gomaa et al. (2015) 

would have likely occurred due to increased protein content. Although the results in this 

chapter show a positive correlation between WGY and protein content (Figure 6.3), protein 

content did not differ between the Zn rates and thus this may have contributed to the lack of 

change in WGY between the Zn rates. 

 

Grain brightness was negatively correlated with milled Zn content. L* also showed a 

positive correlation with DOM. As the DOM increases L* increases (Lamberts et al., 2007) 

and Zn concentration decreases (Biswas et al., 2018; Oghbaei and Prakash, 2016; Prom-u-

thai et al., 2010), which likely explains the relationship observed between milled Zn content 

and L*. Furthermore, the DOM had a higher correlation value with L* compared to milled 
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grain Zn content. Although there was a significant relationship between DOM and L*, both 

parameters did not differ between treatments and thus likely not affected by Zn fertiliser rate 

(Table 6.2). 

 

Increasing the Zn fertiliser rate increased RVA trough viscosity (Table 6.2). Hasnain 

and Ali (2013) reported that increasing Zn rate increased water absorption during cooking. 

An increased water absorption would increase starch granule swelling (Baxter et al. 2014; 

Copeland et al. 2009) and could be a possible explanation for a higher trough viscosity in the 

QR compared to the control. Increased water absorption would also result in an increase in 

peak and breakdown viscosities (Baxter et al., 2014). However, there was no difference in 

peak or breakdown viscosity between samples. Previous studies have demonstrated that 

amylose and protein contents control RVA parameters (Derycke et al., 2005; Juliano et al., 

1964; Lisle et al., 2000; Martin and Fitzgerald, 2002). However, the results of this chapter 

revealed no difference in amylose or protein content between the Zn fertiliser rates. Ghasal et 

al. (2016) also reported that amylose content was not affected by Zn fertiliser. 

 

 Jiang et al. (2007) noted that Zn content was positively correlated with several amino 

acids. Changes in the amino acid profile by increasing grain Zn content through fertilisation 

could have altered the protein composition, which would have affected the RVA trough 

viscosity. Although RVA trough viscosity was affected by Zn fertiliser, the change was only 

minor and no other changes to the RVA curve occurred (Table 6.1 and Figure 6.4).  The 

results in this chapter indicate that milled grain Zn content can be increased through Zn 

fertiliser without significant effects on milling or instrumental measures of cooking quality.
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CHAPTER 7 

 

7.1. Final Discussion 

 

In 2013, poor grain quality cost the Australian rice industry more than $30 million in 

additional milling and product downgrade costs from a high prevalence of broken grain 

(Lawson 2014). Australia cannot compete in terms of quantity with other rice exporters 

(Workman, 2019) and thus remains competitive by producing high quality grain targeted to 

premium markets (Lisle et al., 2000; Martin and Fitzgerald, 2002). To ensure growers 

continually provide high quality grain and the industry does not incur additional milling and 

product downgrade costs, penalties are issued to producers who do not meet high quality 

standards. Despite these financial consequences, the quality of Australian grown rice is 

highly variable and unfortunately, the underlying causes are poorly understood.  

 

Based on previous research (Siebenmorgen et al. 2007; Siebenmorgen et al. 1992), 

industry recommended grain moisture at harvest for optimal WGY is between 18 and 22% 

(NSW Department of Primary Industries 2016). However, harvesting within the optimal 

range does not always ensure a high WGY (Figure 1.2). Large variations in WGY occur 

within each growing region and for each variety, demonstrating that the issue surrounding 

grain quality variability is not controlled by genetics or environment alone and highlights the 

need for evaluating the impact of crop management on grain quality. This thesis has 

contributed to the understanding of the role crop management has on rice grain quality by 
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studying the effect of different agronomic practices on quality traits. This study has 

demonstrated that particular agronomic practices can alter grain quality and the impact can 

vary between varieties.  

 

Previously, the effect of split N application (Pre-PW and PI) on grain quality was 

unknown in Australian varieties. The data presented in Chapter 3 demonstrated that altering 

the nutritional management of rice can change the physicochemical composition of grain and 

the change differed between varieties causing differing effects on quality parameters. The 

changes in quality parameters through pre-PW N fertilisation were closely associated with 

increases in total protein content. However, when N was applied mid-season at panicle 

initiation, total protein content did not show the same relationships with quality parameters as 

the single dose treatments. Analysis of protein composition revealed N rate and timing 

affected protein composition, which significantly impacted quality parameters with effects 

specific to variety. Increasing the pre-PW N rate increased the synthesis of globulin and 

glutelin, resulting in a decrease in albumin content. Increased globulin and reduced albumin 

through pre-PW N application increased WGY and RVA setback. Applying or increasing the 

N rate at PI increased the synthesis of prolamin in all varieties and the relative albumin 

content in Viand and Opus. Increased albumin content was associated with decreased WGY 

in Viand and Opus, and increased prolamin content by PI N was associated with increased 

WGY in YRK5. 

 

Ning et al. (2010) suggested that rice with desired levels of particular pasting and 

textural characteristics could be achieved through targeted breeding programs and agronomic 

practices and the results in Chapter 3 demonstrate that this notion is entirely possible. A 

common theme throughout this study was that the effect of crop management on protein 
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composition was not consistent across all varieties.  This thesis and previous reports 

demonstrate the importance of protein composition in effecting grain quality parameters and 

hence should be considered in current breeding programs. Protein fraction analysis can be a 

long and tedious process which may be unsuitable for high throughput evaluation programs. 

However, Chen et al. (2008) demonstrated the potential for protein composition to be 

analysed using NIR, which is a method already widely used in breeding and agronomy. This 

study also revealed that the N treatments with the highest economic return did not always 

match the highest WGY. Furthermore, the N treatments with the highest profit ha-1 also had 

higher total protein content, which will increase the hardness of cooked rice lowering eating 

quality. Thus, if Australia wishes to continue to produce high quality grain and remain in 

premium markets, the rice industry should place more emphasis on incentivising enhanced 

grain quality parameters. Placing higher premiums on grain with improved quality 

parameters, such as low protein content, could aid in reducing excessive use of N fertiliser.  

 

In the current climate, sustainable rice growing systems are needed for the longevity 

of the industry. A significant challenge for rice growers in Australia and globally is to reduce 

water usage without impacting crop yield and grain quality. The need to reduce water use is 

more important than ever with NSW currently in a state of drought and the future of water 

allocations for agriculture uncertain. The results in Chapter 4 demonstrated growing rice with 

reduced irrigation water significantly increased WGY. At N rates above 60 kg N ha-1, WGY 

was higher in plants grown with a water saving irrigation method compared to plants grown 

with drill and aerial sown full flood irrigation. Water stress during the vegetative stage also 

reduced the grain filling duration while prolonging the grain ripening phase due to a slower 

in-field grain dying, and as the number of days from mid-flowering to maturity (19-22% 

grain moisture) increased WGY increased. Irrigation method altered the grain protein 
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composition and their relative proportions, which impacted the pasting profile of rice. Mild 

drought stress induces many biochemical pathways that aid in plant survival and these 

reactions could have beneficial effects on grain quality. Delaying permanent water reduces 

water usage and costs, increases nitrogen-use efficiency, has no adverse impact to crop yield 

and improves whole grain yield, and ultimately a farmers’ profit ML-1. These results are 

important to rice producers who are facing drought and increases in water prices and receive 

financial penalties for poor quality grain. Furthermore, these results demonstrate that aerial 

sowing produces a lower WGY compared to drill and WS irrigation methods at the same N 

rate and thus growers should be discouraged from aerial sowing.   

 

 Another significant challenge for growers is the decision on when to drain. Early 

draining could cause moisture stress in grains before they are physiologically mature 

affecting the physiochemical components and could also reduce WGY from lower harvest 

moisture (Champagne et al., 2005). Late draining potentially results in the optimum harvest 

window, in terms of grain moisture, occurring when the soil is saturated and the field is not 

trafficable, resulting in a reduced WGY (Beecher et al., 2005). The results in Chapter 4 

demonstrated that grains in the WS treatments loose grain moisture at a slower rate compared 

to the conventional irrigation methods. A slower rate of grain moisture loss found in the WS 

treatments would benefit growers who may have drained too late, while a faster grain filling 

rate would benefit growers who have drained too early. All samples in this study were 

harvested at 18-22% grain moisture to remove moisture as an influencing factor regardless of 

the soil saturation status. The impact of drainage time in combination with other crop 

management practices on grain moisture decline and WGY could be a possible direction for 

future studies.   
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The use of water saving irrigation methods can also reduce the impact of growing rice 

on climate change. Rice contributes to 10% of global anthropogenic methane emissions 

(FAOSTAT, 2014) due to the anaerobic breakdown of organic matter when rice is flooded 

(Wassmann and Aulakh, 2000). DPW and DPW+PFF reduce the time the crop is flooded and 

previous research has demonstrated growing rice with water saving irrigation methods can 

reduce methane emissions (Yang et al., 2017). Yang et al. (2017) also reported that arsenic 

accumulation was reduced in plants grown with water saving irrigation methods. Changes in 

water management will affect soil properties which are likely to affect nutrient solubility and 

plant availability (Rehman et al. 2012). Rice is used in various food processing applications 

such as baby food where low levels of arsenic is required (Perdon et al., 2001). A future 

research focus could compare the grain arsenic levels and other minerals such as Zn, of plants 

grown using water saving and conventional irrigation practices.  

 

Few studies have investigated the effects of sowing rate on grain quality parameters 

and studies that have reported on the impact on grain quality have assessed plant densities too 

low for comparisons with large scale systems yielding 10 tonne ha-1 or more. Data presented 

in Chapter 5 revealed decreasing sowing rate did not significantly affect crop yield for both 

varieties tested. However, changes in plant architecture as a result of changing density 

affected grain weight and milling quality significantly and the response differed between 

varieties. Comparisons between the low and standard sowing rate revealed no difference in 

WGY and these results are important to farmers and demonstrate a reduction in plant density 

due to poor establishment, environmental or bird damage does not affect crop yield or grain 

quality. Furthermore, there is speculation within the industry that sushi varieties such as 

YRK5 have higher grain quality under lower densities but results of Chapter 5 don’t support 

this theory. 
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Data presented in Chapter 6 demonstrated Zn content of paddy and milled grain 

increases with increasing Zn fertiliser rate. Compared to the zero Zn treatment, Zn content of 

paddy and milled grain was 58% and 38% higher in the QR, respectively. The reduction of 

Zn content from paddy to milled grain was an average of 72% and as paddy Zn content 

increased, the greater the difference in Zn content between grain types. Zn fertiliser rate did 

not affect WGY or grain protein content. Results in Chapter 6 also demonstrated that RVA 

trough viscosity was affected by Zn fertiliser rate, however, the impact on the overall RVA 

curve was minor. These results indicate that increasing the Zn content of the grain through 

fertilisation will not affect grain quality.  

 

The biofortification of rice through N and Zn fertiliser use has the potential to 

increase the nutritional quality of rice and can be manipulated by the grower on the farm. 

Changes to the nutritional quality of rice would be beneficial for malnourished persons living 

in developing countries where rice accounts for 50% of their daily caloric needs. Many Asian 

countries are expected to shift from self-sufficient producers of rice to net importers to 

sustain the growing population and this shift could create a market opportunity for Australian 

growers producing rice with high Zn content. However, the highest recorded value of milled 

grain Zn content in Chapter 6 was 12.05 ppm, which is well below the nutritional target of 28 

ppm (Neeraja et al., 2018). Comparing the effectiveness of Zn fertiliser on different varieties 

with a naturally higher Zn content than Reiziq could reveal varieties with higher milled rice 

zinc contents. Furthermore, previous research has demonstrated that parboiling increases Zn 

content in milled grain, Zn fertiliser doubled paddy rice Zn content and perhaps milled rice 

Zn content could also be increased through parboiling. Evaluating the effectiveness of 

parboiling on paddy rice of high Zn content could be a possible direction for future studies. 
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Altering quality parameters through crop management is faster and has a lower 

economic cost compared to breeding. Furthermore, the time taken to release a new variety 

from the initial cross can take up to ten years while environmental conditions and market 

needs can change drastically within a decade. Developing new varieties for the changing 

market and environment is necessary. However, refining management practices for current 

varieties is vital for reducing the variability in grain quality. Thus breeding alone cannot 

provide the solution to reducing the grain quality variability and careful management of the 

growing environment is needed, which needs to be tailored to each variety. Results in this 

thesis can be used to provide recommendations to rice farmers and aid in reducing the 

variability found within the industry. 

 

Results obtained during this study could be used for the development of variety 

specific agronomic packages which are currently limited to plant characteristics that 

influence crop yield (NSW Department of Primary Industries 2016; Troldahl et al. 2018). A 

common result found throughout each location and season was that the split N application 

reduced Viand WGY, however, these results contradict industry recommendations for high 

yields (Troldahl et al. 2018) making it problematic to recommend agronomy packages based 

on quality alone. In contrast, the highest WGY (Chapter 3) and crop yield (Chapter 3; 

Troldahl et al. 2018) for YRK5 are achieved using the split N method and thus, should be 

reported to growers. Furthermore, within each year, rice grown using a WS method with N 

above 60 kg ha-1 did not produce a lower WGY than the drill treatment and is an important 

result that also needs to be communicated to growers and industry. 

 

The Australian rice industry is relatively small compared to other annual crops, 

however, are passionate about research and have recently doubled their research, 
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development and extension levy. The industry holds regular meetings throughout the season 

and also have monthly newsletters presenting the latest results and recommendations which 

can be utilised to communicate results of this thesis to growers. 

 

7.2. Conclusion and recommendation 

 

 This study highlights the need for evaluating the impact of crop management on grain 

quality on a variety basis and should be a direction for future studies. However, the addition 

of grain quality samples from variety x agronomy management trials would significantly 

increase the workload of the current Quality Evaluation Program of the NSW DPI. The 

variety x agronomy management program currently measures paddy protein content and this 

study has demonstrated that protein content is an influential factor for grain quality. 

Furthermore, N uptake at PI was highly correlated to milled rice protein content and in some 

occasions, WGY. Thus, the development of a statistical model incorporating N uptake at PI 

and or paddy protein content tailored for each variety could be useful in predicting WGY and 

other quality parameters and be used to assess the effect of crop management. This type of 

prediction model was used in Ata-Ul-Karim et al. (2017) study. Other possible future studies 

are listed below; 

 

- Although the sowing rate had no effect on grain quality between 50-150 kg ha-1, only 

two varieties were tested, which are both new shorter seasons rice lines. Further 

studies could test other varieties to validate or contradict findings.  

- As previously mentioned, the Zn content of Reiziq is naturally lower than the 

Australian average and comparing the effectiveness of Zn fertiliser on different 

varieties could further increase Zn content to above 28 ppm.  
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- Plants in the WS treatment maintained grain moisture for a more extended period 

compared to plants in the conventional irrigation methods, which had a positive 

association with WGY. A study assessing the physiology and possible genetic 

variations of plants grown in WS methods could be beneficial in understanding this 

relationship further.  

- Analysing grain quality of more varieties grown using WS methods would also be 

beneficial for validating results.  

- Analysis of protein fraction composition revealed varieties differed in the changes to 

composition when grown using WS methods. Comparison of the amino acid 

composition of grain grown with different irrigation methods could determine if 

proline or other amino acids increase in grains of WS plants. 

- The effect of irrigation management was conducted over multiple seasons, however, 

within the same area (MIA) which could have impacted results. Furthermore, the 

effect of soil type may also influence results. Future studies should focus on different 

rice growing regions and soil types. 

- Analysis of amylose and protein content within the grain was measured using flour. 

The use of scanning electron microscopy could give greater insight into the 

interactions of protein and starch in grains under various crop management 

conditions.  
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CHAPTER 2  

 

Chapter 2 – Supplementary Figure S2.1. Whole grain yield of Langi (A), Sherpa (B) and 
Topaz (C) as affected by grain moisture at harvest. VLM = very low moisture 
below 15%; LM = low moisture between 16-18%; OM = optimum moisture 
between 18-22%; HM = high moisture above 23%. Different letters indicate 
significant differences (P < 0.05) and comparisons are valid within each variety. 

 
 
Chapter 2 – Supplementary Table S2.1. Comparison of extraction method on HPLC total 
area under the curve (AUC) of albumin and prolamin fractions    
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Sample 
Number Fraction Extraction method Difference 

60% n-propanol 5 M acetic acid AUC Percent 

Sample 1 Albumin 36.8 42.1 5.3 13% 
Prolamin 585.6 918.8 333.2 36% 

Sample 2 Albumin 40.5 49.0 8.5 17% 
Prolamin 404.0 803.6 399.6 50% 

Sample 3 Albumin 53.2 57.4 4.2 7% 
Prolamin 554.6 931.0 376.3 40% 

Sample 4 Albumin 36.6 56.3 19.7 35% 
Prolamin 478.9 935.8 456.9 49% 

Sample 5 Albumin 38.4 63.3 24.9 39% 
Prolamin 498.9 931.0 432.1 46% 

Sample 6 Albumin 39.8 51.9 12.1 23% 
Prolamin 514.7 1031.4 516.7 50% 

Sample 7 Albumin 37.8 60.5 22.7 38% 
Prolamin 572.9 1100.5 527.6 48% 

Sample 8 Albumin 40.8 63.8 23.0 36% 
Prolamin 403.9 813.1 409.2 50% 

Sample 9 Albumin 38.9 48.6 9.7 20% 
Prolamin 265.7 945.9 680.2 72% 

Sample 10 Albumin 30.7 58.5 27.9 48% 
Prolamin 865.0 1041.4 176.4 17% 
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CHAPTER 3 
 
Chapter 3 - Supplementary Table S3.1. Effect of nitrogen rate and protein content on the 
grain physical characteristics of different varieties† 

Parameter (P) Nitrogen (N) 
Rate (k/ha) 

        Variety (V)        V x P 
x N Reiziq Sherpa Viand YRK5 Topaz Langi YDP Average 

Grain length 
(mm) 

0 5.98 a 5.69 a 5.73 a 4.94 a 6.75 a 6.82 a 5.26 a 5.90 a  
60-0 6.07 ab 5.72 a 5.89 a 5.05 a 6.70 a 6.90 a 5.31 a 5.96 a  

120-0 6.12 b 5.71 a 5.82 a 5.08 a 6.74 a 6.81 a 5.30 a 5.96 a  
180-0 6.10 ab 5.71 a 5.75 a 5.03 a 6.74 a 6.85 a 5.28 a 5.94 a  
240-0 6.12 b 5.96 a 5.73 a 4.99 a 6.70 a 6.44 a 5.29 a 5.92 a  
300-0 5.96 a   5.71 a 5.05 a     5.28  5.50 a  

 Average 6.07  5.76  5.77  5.03  6.72  6.76  5.29  5.90  
* 
 

 CV 1.16  2.01  1.21  0.99  0.35  2.73  0.34  3.06  
r value ( x protein)     0.68 *** ns -0.49 * ns ns ns ns ns 

Grain width 
(mm) 

0 2.91 a 3.01 a 2.84 a 3.10 a 2.27 a 2.25 a 2.79 a 2.76 a  
60-0 2.93 a 3.03 a 2.93 a 3.15 a 2.26 a 2.24 a 2.80 a 2.78 a  

120-0 2.94 a 2.99 a 2.91 a 3.16 a 2.27 a 2.23 a 2.79 a 2.78 a  
180-0 2.93 a 2.98 a 2.89 a 3.15 a 2.23 a 2.24 a 2.78 a 2.77 a  
240-0 2.92 a 2.65 a 2.85 a 3.15 a 2.22 a 2.48 a 2.77 a 2.75 a  
300-0 2.86 a   2.82 a 3.14 a     2.78  2.90 a  

Average 2.92  2.93  2.88  3.14  2.25  2.29  2.79  2.78  
ns CV 0.93  5.42  1.47  0.61  1.00  4.72  0.43  2.04  

r value ( x protein)     0.37 * ns   ns   ns   ns   ns   ns -0.25 **  
Grain thickness 
(mm) 

0 2.18 a 2.34 a 2.08 a 2.17 a 2.06 a 2.01 a 2.22 a 2.15 a  
60-0 2.16 a 2.27 a 2.19 a 2.14 a 2.05 a 2.02 a 2.23 a 2.15 a  

120-0 2.14 a 2.28 a 2.14 a 2.16 a 2.10 a 2.09 a 2.26 a 2.16 a  
180-0 2.14 a 2.29 a 2.15 a 2.14 a 2.08 a 2.08 a 2.24 a 2.16 a  
240-0 2.25 a 2.20 a 2.17 a 2.32 a 2.05 a 2.13 a 2.27 a 2.20 a  
300-0 2.17 a   2.19 a 2.19 a     2.32 a 2.22 a  

Average 2.17  2.27  2.15  2.19  2.07  2.07  2.26  2.17  
ns CV 1.88  2.15  1.93  3.08  1.10  2.30  1.59  1.31  

r value ( x protein)     0.66 ***   ns   ns   ns   ns   ns 0.52 * 0.24 **  
Brightness (L*) 0 73.49 a 73.99 a 73.39 a 73.31 a 73.87 a 75.72 a 73.88 a 73.89 a  

60-0 72.87 a 73.79 a 73.31 a 73.38 a 73.89 a 75.19 a 72.74 ab 73.50 ab  
120-0 72.50 ab 73.13 ab 72.68 ab 72.01 ab 73.32 a 75.01 ab 71.73 bc 72.86 bc  
180-0 71.74 b 72.77 ab 71.87 bc 71.05 bc 73.29 a 74.80 ab 71.90 bc 72.39 cd  
240-0 71.43 bc 72.41 b 71.37 bc 69.23 d 73.06 a 73.64 b 70.80 cd 71.67 de  
300-0 70.11 c   71.09 c 69.35 cd     69.55 d 70.03 e  

Average 72.20  73.22  72.29  71.39  73.49  74.87  71.77  72.61  
ns CV 1.66  0.91  1.36  2.58  0.51  1.03  2.09  1.93  

r value ( x protein)       ns -0.86 *** -0.89 *** -0.95 *** -0.63 ** -0.87 *** -0.91 *** -0.38 ***  
Redness (a*) 0 -1.53 a -1.78 a -1.68 a -1.54 a -1.51 a -1.45 a -1.10 a -1.52 a  

60-0 -1.58 ab -1.59 a -1.63 a -1.62 a -1.57 a -1.38 a -0.94 a -1.49 a  
120-0 -1.70 ab -1.62 a -1.64 a -1.67 a -1.52 a -1.42 a -0.84 a -1.51 a  
180-0 -1.65 ab -1.67 a -1.70 a -1.72 a -1.48 a -1.42 a -1.08 a -1.54 a  
240-0 -1.63 ab -1.50 a -1.84 a -1.54 a -1.50 a -1.43 a -1.08 a -1.52 a  
300-0 -1.76 b   -1.99 a -1.69 a     -1.06 a -1.63 a  

Average -1.63  -1.63  -1.75  -1.63  -1.52  -1.42  -1.02  -1.53  
*** CV -5.08  -6.42  -8.18  -4.67  -2.25  -1.87  -10.28  -3.18  

r value ( x protein)     0.38 *   ns -0.73 *** -0.26 ns   ns   ns   ns 0.34 ***  
Yellowness (b*) 0 12.63 a 14.33 a 11.64 a 13.24 a 13.87 a 12.59 ab 12.88 a 12.98 a  

60-0 12.42 a 13.97 a 11.93 ab 13.81 ab 13.40 a 12.44 a 13.13 a 12.94 a  
120-0 12.87 ab 14.34 a 12.19 ab 14.81 bc 13.93 a 12.57 ab 13.18 a 13.34 a  
180-0 13.01 ab 14.33 a 13.13 bc 15.62 cd 13.71 a 12.91 ab 13.85 ab 13.69 ab  
240-0 13.54 b 13.87 a 14.23 c 16.14 d 14.05 a 13.34 b 14.68 bc 14.18 b  
300-0 14.79 c   14.25 c 16.46 d     16.08 c 15.40 c  

Average 13.07  14.17  12.89  15.01  13.79  12.77  13.97  13.61  
ns CV 6.60  1.61  8.97  8.61  1.83  2.85  8.75  6.82  

r value ( x protein)     0.69 ***   ns 0.93 *** 0.92 ***   ns 0.71 ** 0.92 *** 0.45 ***  
Degree of 
milling (%) 

0 11.54 a 11.24 a 10.00 a 10.23 a 12.94 a 12.66 a 11.52 ab 11.46 a  
60-0 11.35 a 11.32 a 9.77 ab 9.89 a 12.60 a 13.51 a 12.58 a 11.55 a  

120-0 11.10 ab 11.01 a 9.53 abc 9.60 ab 11.89 a 13.24 a 12.00 ab 11.18 a  
180-0 10.84 bc 11.04 a 9.19 bc 8.76 b 12.40 a 12.82 a 11.65 ab 10.94 a  
240-0 10.36 c 11.49 a 8.91 c 8.79 b 12.19 a 12.86 a 10.82 b 10.72 ab  
300-0 9.53 d   9.34 abc 8.62 b     10.83 b 9.58 b  

Average 10.90  11.22  9.46  9.31  12.41  13.02  11.57  11.03  
ns 
 

CV 6.82   1.80   4.17   7.33   3.22   2.68   5.89   6.53   
r value ( x protein)  ns  ns  ns -0.81 ***  ns  ns -0.65 *** 0.23 * 

†Data are averaged across 2016-17 and 2017-18 rice growing seasons. CV = coefficient of variation 
Comparisons are valid within each variety and different letters within a column indicate significant differences 
(p < 0.05). Statistical differences of interactions indicated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and ns 
(not significant). 
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Chapter 3 - Supplementary Table S3.2. Effect of nitrogen rate and protein content on the 
pasting properties of different rice varieties† 
 

Parameter (P) Nitrogen (N) 
Rate (k/ha) 

   Variety (V)   V x P 
x N Reiziq Sherpa Viand YRK5 Topaz Langi YDP Average 

Amyloseb (%) 0 19.01 a 21.67 a 22.36 a 19.81 a 21.28 a 21.00 a 30.47 a 21.83 a  
60-0 19.92 ab 21.52 a     21.28 a 21.03 a   20.94 a  

120-0 19.78 ab 21.85 a 22.57 a 20.70 a 21.07 a 20.69 a 29.76 ab 22.03 a  
180-0 20.43 b 21.75 a     21.06 a 20.59 a   20.96 a  
240-0 20.51 b 20.86 a     20.52 a 20.72 a   20.65 a  
300-0 20.05 b   22.04 a 19.76 a     26.66 b 22.13 a  

 Average 19.81  21.53  22.32  20.09  21.04  20.81  28.96  21.55  
***  CV 2.72  1.84  1.19  2.63  1.49  0.95  6.98  2.99  

r value ( x protein)     0.64 *** ns ns ns -0.63 * ns -0.96 *** ns  
Peak  
Viscosity (cP) 

0 3694 ab 3397 a     3511 b 3880 b   3620 c  
60-0 3707 b 3462 a     3527 b 3755 b   3613 c  

120-0 3442 ab 3306 a     3310 ab 3723 b   3445 b  
180-0 3465 ab 3263 a     3292 ab 3554 ab   3394 b  
240-0 3276 a 3093 a     3150 a 3317 a   3209 a  

 Average 3517  3304      3358  3646    3456  
ns  CV 5.20  4.27          4.75  5.96     4.94  

r value ( x protein)     -0.77 *** -0.71 ***     -0.72 *** -0.91 ***   -0.34 **  
Trough  
Viscosity (cP) 

0 2139 b 1895 a     1739 b 1666 b   1860 a  
60-0 2118 b 2018 a     1736 b 1696 b   1892 a  

120-0 2026 b 1918 a     1713 ab 1579 ab   1809 a  
180-0 2054 ab 1859 a     1647 ab 1614 ab   1794 a  
240-0 1850 a 1765 a     1642 a 1498 a   1689 a  

Average 2038  1891      1696  1611    1809  
ns  CV 5.61  4.86          2.82  4.82     4.30  

r value ( x protein)     -0.80 *** -0.56 *     -0.51 *** -0.74 ***   -0.29 *  
Breakdown 
Viscosity (cP) 

0 1555 a 1502 a     1771 b 2214 b   1760 a  
60-0 1589 a 1444 a     1791 ab 2059 ab   1721 a  

120-0 1415 a 1388 a     1596 b 2144 b   1636 a  
180-0 1412 a 1403 a     1645 ab 1940 ab   1600 a  
240-0 1426 a 1328 a     1508 a 1819 a   1520 a  

 Average 1479  1413      1662  2035    1647  
ns  CV 5.78  4.58          7.16  7.77     5.81  

r value ( x protein)     -0.59 * -0.65 ***     -0.69 *** -0.86 ***   ns  
Final  
Viscosity (cP) 

0 3192 b 3167 a     3032 ab 2973 ab   3091 b  
60-0 3251 b 3271 a     3038 a 3005 b   3141 b  

120-0 3129 b 3179 a     3017 ab 2902 ab   3057 b  
180-0 3189 b 3091 a     2956 ab 2965 ab   3050 b  
240-0 2983 a 2971 a     2991 b 2819 b   2941 a  

 Average 3149  3136      3007  2933    3056  
ns  CV 3.25  3.57          1.12  2.51      2.41  

r value ( x protein)     -0.81 *** -0.68 ***     ns -0.64 ***   -0.49 ***  
Setback  
Viscosity (cP) 

0 -501 a -230 a     -479 a -907 a   -529 a  
60-0 -456 a -191 a     -489 a -751 abc   -472 a  

120-0 -312 a -126 a     -292 a -822 a   -388 a  
180-0 -276 a -172 a     -336 a -589 bc   -343 a  
240-0 -293 a -122 a     -160 a -498 c   -268 a  

 Average -368  -168      -351  -713    -400  
ns  CV -28  -27          -39  -24      -26  

r value ( x protein)     0.58 * 0.48 ns     0.65 *** 0.87 ***   ns  
†Data are from 2016-17 rice growing season; b Data are averaged across 2016-17 and 2017-18 rice growing 
seasons. CV = coefficient of variation Comparisons are valid within each variety and different letters within a 
column indicate significant differences (p < 0.05). Statistical differences of interactions indicated as * (p < 
0.05), ** (p < 0.01), *** (p < 0.001) and ns (not significant). 
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Chapter 3 - Supplementary Table S3.3. Effect of nitrogen timing on growth duration and 
plant parameters* 
 
Nitrogen treatment  Control Low Medium Split 
Sowing to mid-flowering (days) 84 ± 7 a  94 ± 11 b  96 ± 11 b  94 ± 11 b  
Mid-flowering to harvest (days) 52 ± 3 a  55 ± 9 b  59 ± 8 c  60 ± 8 c  
Sowing to harvest (days) 136 ± 5 a  149 ± 12 b  156 ± 11 b  153 ± 13 b  
Nitrogen uptake at PI (kg N ha-1) 29 ± 6 a  90 ± 19 b  137 ± 20 c  95 ± 17 b  
Vegetative dry matter at harvest (g/m2) 195 ± 43 a  453 ± 87 b  532 ± 95 c  489 ± 86 b  
Plant height (cm) 67 ± 4 a  83 ± 9 b  88 ± 11 c  84 ± 10 b c 
Grain per panicle 66 ± 13 a  77 ± 13 b  81 ± 16 b  81 ± 15 b  
Thousand grain weight (g) 26.1 ± 2.2 a 25.3 ± 2.1 a 24.4 ± 2.0 a 25.0 ± 2.2 a 
Crop Yield (t/ha@ 14%) 6.88 ± 1.28 a 10.49 ± 1.30 b 10.69 ± 1.62 bc 11.12 ± 1.23 c 
Harvest index 0.48 ± 0.04 b 0.46 ± 0.05 ab 0.43 ± 0.06 a 0.47 ± 0.05 b 
Whole grain yield (t/ha) 4.66 ± 1.22 a 7.03 ± 1.20 b 7.28 ± 1.30 b 7.52 ± 1.00 b 
Values ± Standard Deviation; *Data is averaged across all varieties and years. Different letters indicate 
significant differences (p < 0.05). 
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Chapter 3 - Supplementary Table S3.4. Effect of nitrogen timing and protein content on 
the grain physical characteristics of different varieties† 
 
 Parameter Nitrogen 

Treatment 
Medium Grain Short Grain Long Grain Average 

Reiziq  Viand  Sherpa  Opus  YRK5  YDP  
Thousand-grain 
weight (g) 
  

control 28.86 a 27.32 a 24.70 a 22.76 a 26.77 a   26.08 a 
low 28.28 a 26.40 b 24.21 ab 22.95 a 25.54 b 24.79 a 25.36 a 
medium 27.88 b 25.58 c 23.14 b 22.68 a 24.42 c 24.59 a 24.71 a 
split 28.55 a 26.04 b 23.89 ab 22.77 a 25.22 bc 24.42 a 25.15 a 

Average  28.39  26.34  23.99  22.79  25.49  24.60  25.27  
CV 1.47  2.80  2.73  0.49  3.83  0.75  2.01  

r value ( x protein)     -0.70 *** -0.60 *** -0.84 *** ns  -0.77 *** ns  ns  
Grain length 
(mm) 
  

control 6.15 a 5.95 a 5.66 a 4.97 a 5.13 a    5.57 a 
low 6.18 a 5.93 ab 5.61 a 4.98 a 5.07 bc 5.39 a 5.53 a 
medium 6.15 a 5.86 b 5.66 a 4.99 a 5.03 c 5.40 a 5.51 a 
split 6.18 a 5.91 a 5.67 a 5.02 a 5.09 ab 5.34 a 5.54 a 

Average  6.17  5.91  5.65  4.99  5.08  5.38  5.53  
CV 0.32  0.67  0.49  0.43  0.81  0.58  0.55  

r value ( x protein)     ns  ns  ns  0.66 *** -0.58 *** ns  0.16 * 
Grain width (mm) 
  

control 2.90 a 2.95 a 2.93 a 3.08 a 3.23 a    3.02 a 
low 2.91 a 2.93 a 2.92 a 3.09 a 3.24 a 2.89 a 3.00 a 
medium 2.91 a 2.91 a 2.91 a 3.07 a 3.17 b 2.87 a 2.97 a 
split 2.90 a 2.92 a 2.91 a 3.08 a 3.24 a 2.84 a 2.98 a 

Average  2.90  2.93  2.92  3.08  3.22  2.87  2.99  
CV 0.22  0.60  0.27  0.27  1.02  0.77  0.53  

r value ( x protein)     -0.42 * ns  ns  ns  -0.45 ** ns  -0.16 * 
Grain thickness 
(mm) 
  

control 2.14 a 2.19 a 2.19 a 2.24 a 2.21 a   2.19 a 
low 2.14 a 2.18 a 2.23 a 2.21 a 2.24 a 2.23 a 2.20 a 
medium 2.15 a 2.20 a 2.21 a 2.21 a 2.24 a 2.21 a 2.20 a 
split 2.14 a 2.16 a 2.19 a 2.21 a 2.25 a 2.22 a 2.19 a 

Average  2.14  2.18  2.20  2.22  2.23  2.22  2.20  
CV 0.31  0.85  0.87  0.66  0.65  0.31  0.61  

r value ( x protein)     ns  0.29 * ns  ns  ns  ns  0.15 * 
Length to width 
ratio 

control 2.02 a 1.93 ab 2.02 a 1.61 a 1.59 a   1.86 a 
low 2.02 a 1.92 ab 2.02 a 1.61 a 1.56 b 1.87 a 1.85 a 
medium 2.02 a 1.94 b 2.01 a 1.63 a 1.59 a 1.88 a 1.85 a 
split 2.04 a 1.95 a 2.02 a 1.63 a 1.57 a 1.88 a 1.85 a 

Average  2.02  1.94  2.02  1.62  1.58  1.88  1.85  
CV 0.51  0.59  0.25  0.52  0.71  0.44  0.33  

r value ( x protein)     0.66 *** ns  ns  0.72 *** -0.40 ** ns  0.17 * 
Brightness (L*) 
  

control 71.59 a 73.46 a 71.52 ab 71.24 a 72.79 a   72.12 a 
low 70.86 ab 72.48 b 72.31 a 71.01 a 70.69 b 70.69 a 71.34 b 
medium 70.55 b 72.00 b 71.14 b 70.32 b 70.00 b 70.04 a 70.68 b 
split 70.67 b 72.95 a 71.92 ab 70.96 a 70.37 b 70.03 a 71.15 b 

Average  70.92  72.72  71.73  70.88  70.96  70.25  71.24  
CV 0.65  0.86  0.70  0.55  1.77  0.53  0.84  

R value ( x protein)     ns  ns  ns  ns  -0.48 ** ns  ns  
Redness (a*) 
  

control -1.63 a -1.53 a -1.64 ab -1.47 a -1.33 a   -1.52 ab 
low -1.78 ab -1.71 b -1.71 ab -1.54 ab -1.42 a -0.88 a -1.51 ab 
medium -1.80 b -1.68 b -1.94 b -1.64 b -1.44 a -1.10 a -1.60 b 
split -1.66 a -1.59 a -1.62 a -1.49 a -1.40 a -0.99 a -1.46 a 

Average  -1.72  -1.62  -1.73  -1.54  -1.40  -0.99  -1.50  
CV -4.94  -5.11  -8.53  -5.03  -3.32  -10.79  -6.29  

r value ( x protein)     0.38 * ns  ns  ns  0.48 ** ns  0.25 ** 
Yellowness (b*) 
  

control 12.55 a 11.87 a 13.17 a 14.29 a 13.84 a   13.14 a 
low 13.35 b 12.69 bc 13.38 a 14.87 ab 15.18 b 14.81 a 14.05 b 
medium 13.80 b 13.11 c 15.29 b 15.19 b 15.82 c 14.92 a 14.69 b 
split 13.46 b 12.57 b 13.92 a 14.94 b 15.21 b 15.15 a 14.21 b 

Average  13.29  12.58  13.94  14.82  15.01  14.96  14.10  
CV 3.98  4.10  6.83  2.55  5.56  1.16  4.03  

r value ( x protein)     ns  0.40 ** 0.90 *** -0.49 ** ns  ns  ns  
Degree of milling 
(%) 

control 11.31 a 10.85 a 10.76 a 8.92 a 10.61 a    10.49 a 
low 10.51 b 10.99 a 10.35 b 8.55 ab 9.44 b 9.73 a 9.93 ab 
medium 10.22 b 10.37 a 10.35 b 8.36 b 9.25 b 9.44 a 9.66 b 
split 10.27 b 10.53 a 10.77 a 8.34 b 9.38 b 9.46 a 9.79 b 

Average  10.58  10.69  10.56  8.54  9.67  9.54  9.97  
CV 4.74   2.66   2.27   3.15   6.52   1.71  3.64  

r value ( x protein)     0.39 * 0.26 * ns  0.49 ** ns  -0.68 * 0.31 *** 
†Data are averaged across 2016-17 and 2017-18 rice growing seasons. CV = coefficient of variation 
Comparisons are valid within each variety and different letters within a column indicate significant differences 
(p < 0.05). Statistical differences of interactions indicated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and ns 
(not significant). 
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Chapter 3 - Supplementary Table S3.5. Effect of nitrogen timing and protein content on 
the pasting parameters of different varieties† 

 

Parameter  Nitrogen 
treatment 

Medium Grain Short Grain Long Grain Average 
Reiziq Viand Sherpa* OPUS YRK5 YDP* 

Amylose (%) 
 
 

control 20.74 a 22.73 a 22.59 a 22.25 a 21.00 a     21.86 a 
low 20.92 a 22.30 a 22.70 a 21.72 a 20.12 ab     21.55 a 
medium 20.48 a 22.39 a 22.15 a 21.81 a 19.67 b 28.69 a 22.53 a 
split 20.76 a 22.51 a 22.26 a 21.49 a 19.81 b 28.23 a 22.51 a 

 Average 20.70   22.45   22.42   21.78   19.99   28.46   23   
 CV 0.9  0.8  1.2  1.5  3.0  1.2  1.5  

r value ( x protein)     ns  -0.50 * ns  ns  -0.50 ** ns  ns  
Peak Viscosity (cP) control 3345 a 3250 a 3184 a 3364 a 3392 a     3307 a 

low 3081 b 2888 b 3029 b 3123 b 3168 b 2131 a 2903 b 
medium 2962 c 2773 b 2745 c 3015 b 3115 b 2101 a 2785 b 
split 2989 bc 2880 b 2916 b 3038 b 3127 b 2090 a 2840 b 

 Average 3071   2948   2968   3114   3201   2107   2902   
 CV 5.7  7.1  6.2  5.1  4.1  1.0  4.9  

r value ( x protein)     ns  -0.44 *** -0.94 *** ns  ns  ns  -0.35 *** 
Trough Viscosity (cP) control 1968 a 1765 a 1846 a 1717 a 1808 a     1821 a 

low 1900 ab 1644 bc 1821 ab 1687 ab 1700 b 1913 a 1778 b 
medium 1835 b 1594 c 1654 b 1610 c 1671 b 1900 a 1711 b 
split 1856 b 1659 b 1712 ab 1624 bc 1673 b 1855 a 1730 b 

 Average 1890   1665   1758   1660   1713   1889   1763   
 CV 3.1  4.3  5.2  3.1  3.8  1.6  3.5  

r value ( x protein)     -0.69 *** -0.79 *** -0.90 *** -0.48 ** -0.77 *** ns  -0.35 *** 
Breakdown Viscosity 
(cP) 

control 1377 a 1486 a 1338 a 1647 a 1585 a     1487 a 
low 1181 b 1244 b 1207 b 1435 b 1468 b 218 a 1125 b 
medium 1126 b 1179 c 1091 b 1405 b 1444 b 201 a 1074 b 
split 1133 b 1221 bc 1204 b 1414 b 1454 b 235 a 1110 b 

 Average 1189   1282   1210   1460   1488   218   1141   
 CV 9.9  10.8  8.4  7.9  4.4  7.6  8.2  

r value ( x protein)     0.46 ** 0.46 ** -0.76 ** 0.46 ** ns  ns  -0.20 ** 
Final Viscosity (cP) control 3214 a 3145 a 3232 a 2999 a 2991 a     3116 a 

low 3126 b 3007 b 3196 a 2909 ab 2855 b 2885 a 2996 b 
medium 3047 c 2946 b 2999 b 2826 b 2802 b 2948 a 2928 b 
split 3071 bc 3006 b 3076 ab 2827 b 2808 b 2928 a 2953 b 

 Average 3106   3026   3126   2880   2864   2920   2987   
 CV 2.4  2.8  3.4  2.9  3.1  1.1  2.6  

r value ( x protein)     -0.44 * -0.77 *** -0.91 *** ns  -0.60 *** ns  -0.35 *** 
Setback Viscosity (cP) control -131 a -106 a 48 a -365 a -402 a     -191 a 

low 46 b 120 b 167 b -213 b -313 b 754 a 93 b 
medium 86 b 173 b 254 b -189 b -313 b 846 a 143 b 
split 82 b 126 b 160 b -211 b -320 ab 838 a 113 b 

 Average 34   78   157   -234   -337   813   85   
 CV 298.7  159.4  53.8  -34.6  -12.9  6.3  78  

r value ( x protein)     -0.42 * ns  0.75 ** -0.44 * ns  0.92 *** 0.18 ** 
Pasting temperature 
(°C) 

control 68.94 a 68.80 a 68.80 a 68.83 a 69.08 a     69 a 
low 67.95 b 67.95 b 68.52 a 68.58 ab 68.81 ab 65.63 a 68 b 
medium 67.59 b 68.08 b 68.33 a 67.98 b 68.45 b 65.93 a 68 b 
split 67.87 b 68.09 b 68.08 a 68.13 b 68.49 b 65.65 a 68 b 

 Average 68.01   68.23   68.43   68.34   68.71   65.74   68   
 CV 0.9  0.6  0.4  0.6  0.4  0.3  0.5  

r value ( x protein)     ns  ns  ns  ns  -0.42 ** ns  -0.31 *** 
Peak force (g) control 83 a 132 a 117 a 111 a 86 a     106 a 

low 95 b 135 a 125 a 124 b 98 a 534 a 185 a 
medium 94 b 144 a 115 a 125 b 97 a 524 a 183 a 
split 94 b 143 a 115 a 126 b 94 a 433 b 167 a 

 Average 92   139   118   122   94   497   177   
 CV 6.3  4.0  4.0  5.6  5.9  11.2  6.2  

r value ( x protein)     ns  ns  ns  -0.50 ** 0.44 ** ns  0.23 *** 
Adhesiveness control 173 a 254 a 212 a 206 a 165 a     202 a 

low 202 a 219 a 270 a 205 a 185 a 363 a 241 a 
medium 177 a 256 a 245 a 225 a 183 a 409 a 249 a 
split 186 a 241 a 201 a 215 a 166 a 318 a 221 a 

 Average 186   242   232   213   175   363   235   
 CV 6.9  6.9  13.6  4.3  6.2  12.4  8.4  

r value ( x protein)     ns  0.46 *** ns  ns  0.50 *** ns  0.30 *** 
†Data are averaged across 2016-17 and 2017-18 rice growing season. CV = coefficient of variation Comparisons 
are valid within each variety and different letters within a column indicate significant differences (p < 0.05). 
Statistical differences of interactions indicated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and ns (not 
significant). 
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Chapter 3- Supplementary Figure S3.1. Cracks in Viand grain produced during soaking 
(Hanasaki) as affected by N treatment. Left number is the rate applied pre-permanent water 
and right number is the rate applied at panicle initiation. Standard error of mean is denoted by 
a capped bar at the top of each column.  
 
 
 
 
 
Chapter 3 - Supplementary Table S3.6. Difference in protein fractions between varieties* 
 Albumin (%) Prolamin (%) Globulin (%) Glutelin (%) 
Opus 2.65 b 12.55 b 36.86 b 47.94 a 
YRK5 1.41 a 11.10 a 38.99 c 48.51 a 
Viand 3.11 b 14.97 c 23.33 a 58.60 b 
Mean 2.6  13.6  29.6  54.2  
CV 35.8  13.2  25.8  10.4  

*Data are average across nitrogen rates. Comparisons are valid within each fraction and different letters within a 
column indicate significant differences (p < 0.05) 
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CHAPTER 4 

Chapter 4- Supplementary Table S4.1. Significant correlations of RVA parameters with 
protein content and the DOM for medium and long grains.  

RVA parameters Peak Viscosity 
(cP) 

Trough Viscosity 
(cP) 

Breakdown 
Viscosity (cP) 

Final Viscosity 
(cP) 

Setback 
Viscosity (cP) 

Protein content  
(%) 

Langi -0.72 -0.59 -0.72 -0.52 0.71 
Topaz -0.7 -0.72 -0.62 -0.54 0.64 
Reiziq -0.56 -0.52 -0.39 -0.64 0.37 
Sherpa -0.47 -0.39 -0.35 -0.52 0.28 

DOM (%) 
Langi 0.48 0.53 0.43 0.44 -0.45 
Topaz 0.78 0.71 0.74 0.57 -0.73 
Reiziq 0.79 0.47 0.71 0.53 -0.74 
 Sherpa 0.62 0.39 0.49 0.34 -0.6 

Numbers represent the r value of significant interactions (p < 0.05).  
 

 

 

Chapter 4- Supplementary Table S4.2. Quality measurements of samples of different 
irrigation treatments with the same degree of milling.  
Variety Nitrogen Rate 

(kg ha-1) 
Irrigation 
method* 

Protein 
content (%) DOM (%) WGY (%) L* b* a* 

Langi 
180 DFF 7.6 12.8 56.4 74.8 12.9 -1.4 

0 WS 6.0 12.8 46.6 74.3 13.2 -1.6 

Reiziq 
180 DFF 7.7 10.6 66.3 71.4 13.6 -1.7 
240 WS 8.2 10.5 70.5 70.7 13.8 -1.6 

Sherpa 
120 DFF 6.1 10.5 66.9 72.2 14.9 -1.8 

0 WS 4.9 10.7 52.7 73.2 14.9 -1.9 

Topaz 
240 DFF 7.9 12.2 60.7 73.1 14.1 -1.5 

0 WS 6.7 12.2 54.8 71.8 14.0 -1.7 
*DFF = drill full flood; WS = water saving method. 
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CHAPTER 5  
Chapter 5 - Supplementary Table S5.1. Effect of sowing and nitrogen rate on the plant parameters of different grain types in 2016-17 and 
2017-18 rice growing seasons 

Values ± Standard Deviation; Different Letters indicate significant differences (p < 0.05) and comparisons are valid within parameter and growing treatment; statistical  
differences of interactions indicated as * (p < 0.05), ** (p < 0.01), *** (p < 0.001), ns (not significant).  

Year Growing Treatment Establishment 
(plants no/m2) 

N uptake at 
PI (kg N/ha) 

Plant N at 
PI (%) 

Dry Matter at 
Harvest (g/m2) 

Harvested 
tillers (No/m2) 

Harvested 
grain (g/m2) 

Crop Yield 
(t/ha@ 14%) Harvest Index Lodging Score 

(1-10, 10 = flat) 
Grain per 

panicle 
Sterility 

(%) 

2016-17 YRK5                                        
 Sow rate Low 98 ± 27 a 122 ± 22 a 2.9 ± 0.4 a 2355 ± 151 a 621 ± 50 a 917 ± 140 a 10.3 ± 1.6 a 0.39 ± 0.06 a 7  ± 3 a  89 ± 9 a 23 ± 8  a 
   Standard 231 ± 38 b 130 ± 27 a 2.6 ± 0.4 b 2362 ± 140 a 713 ± 91 b 771 ± 164 b 8.7 ± 1.8 b 0.32 ± 0.06 b 10 ± 0 b  75 ± 4 b 31 ± 6  b 
                                   

 N rate Low 143 ± 70 a 104 ± 11 a 2.5 ± 0.3 a 2362 ± 132 a 654 ± 81 a 957 ± 114 a 10.8 ± 1.3 a 0.41 ± 0.05 a 8 ± 3 a  83 ± 9 a 23 ± 6  a 
   Split 171 ± 75 a 119 ± 10 a 2.5 ± 0.3 a 2412 ± 173 a 700 ± 124 a 903 ±  88  a 10.2 ± 1.0 a 0.38 ± 0.05 a 9 ± 2 a 82 ± 14 a 26 ±10 a 
   High 178 ± 90 a 155 ± 12 b 3.2 ± 0.1 b 2303 ± 114 a 645 ± 31 a 671 ± 131 b 7.6 ± 1.5 b 0.29 ± 0.05 b 9 ± 2 b 81 ± 7 a 33 ± 5  a 
 Interaction N x S ns ns ns ns ns ns ns ns * ns ns 
2017-18 Sow rate Low 60 ± 13 a 99 ± 20 a 3.0 ± 0.4 a 2026 ±234 a 618 ± 76 a 941 ± 96 a 10.6 ± 1.1 a 0.47 ± 0.02 a 4 ± 1 a 81 ± 8 a 14 ± 4 a 
   Standard 89 ± 21 b 112 ± 21 a 2.8 ± 0.4 a 2031 ± 189 a 608 ± 77 a 892 ± 62 a 10.1 ± 0.7 a 0.44 ± 0.03 b 5 ± 2 b 83 ± 8 a 14 ± 3 a 
                                    

 N rate Low 74 ± 20 a 90 ± 10 a 2.6 ± 0.3 a 1954 ± 152 a 611 ± 91 a 901 ± 80 a 10.2 ± 0.9 a 0.46 ± 0.01 a 3 ± 1 a 79 ± 9 a 16 ± 4 a 
   Split 76 ± 29 a       1996 ± 226 a 582 ± 53 a 931 ± 95 a 10.5 ± 1.1 a 0.47 ± 0.03 a   4 ± 2 ab  82 ± 10 a 12 ±21b 
   High 74 ± 22 a 121 ± 17 b 3.1 ±0.3 b 2137 ± 217 a 645 ± 71 a 917 ± 82 a 10.3 ± 0.9 a 0.43 ± 0.04 b 5 ± 1 b 85 ± 3 a 15 ± 3 a 
 Interaction N x S ns ns ns ns ns ns ns ns ns ns ns 
   Year *** * ns *** * ns ns *** * ns *** 
2016-17 VIAND                                  
 Sow rate Low 83 ± 10 a 123 ± 40 a 3.0 ± 0.4 a 2405 ±124 a 605 ± 84 a 1010 ± 125 a 11.4 ± 1.4 a 0.42 ± 0.05 a 3 ± 3 a 121 ± 12 a 40 ± 8 a 
   Standard 216 ± 32 b 142 ± 40 a 2.9 ±0.4 a 2364 ±  76 a 676 ± 49 a 927  ± 128 a 10.5 ± 1.4 a 0.39 ± 0.06 a 8 ± 3 b 98 ± 9 b 40 ± 11a 
                                    

 N rate Low 159 ± 84 a 121 ± 26 a 2.8 ± 0.3 a 2389 ±  92 a 652 ± 87 a 1024 ±  154 a 11.6 ± 1.7 a 0.43 ± 0.07 a 4 ± 4 a 106 ± 13 a 40 ± 13a 
   Split 152 ± 79 a 100 ±   9 a 2.7 ± 0.2 a 2373 ± 155 a 611 ± 70 a 985  ± 121 a 11.1 ± 1.4 a 0.42 ± 0.04 a 5 ± 4 a 115 ± 12 a 36 ± 7 a 
   High 136 ± 64 a 176 ± 32 b 3.4 ± 0.2 b 2392 ±  52 a 657 ± 77 a 897  ±   96 a 10.1 ± 1.1 a 0.38 ± 0.04 a 6 ± 4 a 108 ± 22 a 44 ± 5 a 
 Interaction N x S ns ns ns ns ns ns ns ns ns ns ns 
2017-18 Sow rate Low 42 ± 6 a 86 ± 25 a 2.6 ± 0.4 a 1974 ± 234 a 477 ± 62 a 1000 ± 109 a 11.3 ± 1.2 a 0.51 ± 0.02 a 2 ± 1 a 119 ± 13 a 20 ± 4 a 
   Standard 87 ± 15 b 103 ± 29 b 2.7 ± 0.7 a 2016 ± 137 a 571 ± 50 b 1002 ±   52 a 11.1 ± 0.8 a 0.50 ± 0.03 a 3 ± 2 a 99 ± 13 b 23 ± 3 b 
                                   

 N rate Low 65 ± 28 a 75 ± 13 a 2.2 ± 0.2 a 1963 ± 154 a 525 ± 68 a 1006 ±   84 a 11.4 ± 0.9 a 0.51 ± 0.01 a 2 ± 3 a 104 ± 13 a 20 ± 5 a 
   Split 64 ± 31 a       1953 ± 261 a 510 ± 105 a 1002 ± 117 a 11.3 ± 1.3 a 0.51 ± 0.01 a 1 ± 0 a 114 ± 24 a 22 ± 4 a 
   High 65 ± 22 a 116 ± 22 b 3.1 ± 0.3 b 2076 ± 120 a 536 ± 39 a 994  ±  46 a 11.0 ± 0.8 a 0.49 ± 0.02 b 3 ± 1 a 108 ± 9 a 22 ± 3 a 
 Interaction N x S ns ns ns ns ns ns ns * ns * ns 
   Year *** ** ns *** *** ns ns *** ** ns *** 
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Chapter 5 - Supplementary Table S5.2. Effect of very low sowing rate on the plant 
parameters of different grain types in 2017-18 rice growing season 
 

Variety Sow Rate Establishment 
(plants no/m2) 

N uptake at 
PI 

(kg N/ha) 

Dry Matter 
at Harvest 

(g/m2) 

Plant 
Height 
(cm) 

Harvested 
grain 
(g/m2) 

Crop Yield 
(t/ha@ 14%) 

Harvest 
Index 

Grain per 
panicle TGW (g ) 

YRK5 25 kg ha-1 21 ± 13 a 72 ± 33 a 1819 ± 337 a 83 ± 6 a 824 ± 251 a 9.3 ± 2.8 a 0.44 ± 0.07 a 91 ± 7 a 23.69 ± 1.05 a 
 70  kg ha-1 57 ± 12 b 114 ± 14 ab 2134 ± 248 a 95 ± 2 b 948 ± 91 a 10.7 ± 1.0 a 0.45 ± 0.01 a 84 ± 3 a 22.54 ± 0.26 a 
 130 kg ha-1 90 ± 15 c 128 ± 18 b 2140 ± 219 a 99 ± 5 b 886 ± 68 a 10.0 ± 0.8 a 0.42 ± 0.03 a 86 ± 2 a 22.51 ± 0.84 a 
                                   

Viand 25 kg ha-1 18 ± 8 a 62 ± 32 a 1990 ± 322 a 82 ± 8 a 991 ± 160 a 11.2 ± 1.8 a 0.50 ± 0.02 a 123 ± 15 a 23.36 ± 0.84 a 
 70  kg ha-1 48 ± 5 b 105 ± 22 ab 2015 ± 117 a 86 ± 3 a 996 ± 58 a 11.2 ± 0.6 a 0.50 ± 0.01 a 111 ± 8 a 23.90 ± 0.37 a 
 130 kg ha-1 82 ± 17 c 131 ± 14 b 2157 ± 75 a 89 ± 1 a 992 ± 35 a 10.7 ± 0.9 a 0.46 ± 0.02 b 104 ± 9 a 23.55 ± 0.39 a 

Values ± Standard Deviation; Different Letters indicate significant differences (p < 0.05) and comparisons are 
valid within parameter and variety. 
 
 
 
 
 
 
 

 


