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Abstract 31 

Agronomic research in oats has been inhibited due to limited acreage and higher 32 

interest in other cereal crops, but recent recognition of the dietary health benefits of 33 

oats have led to a rekindled interest in the crop. This study presents the findings of a 34 

four-year research project into the agronomic and genetic factors affecting the 35 

production of milling oats under Irish conditions. This study aims to identify and 36 

quantify crop responses to agronomic inputs both in grain yield and grain milling 37 

quality, while also investigating the potential to breed and select disease resistant 38 

cultivars. 39 

The key agronomic parameters of cultivar, seed rate, applied N fertilizer rate and 40 

application of plant growth regulators were investigated in factorial trials with grain 41 

yield, yield components and grain quality effects recorded in winter and spring oats. In 42 

a separate set of factorial trials, the effects of N rate and application timing were 43 

investigated on spring and winter oats. Cultivar selection was of importance in the 44 

attainment of high grain yield due to genetic yield potential, with seed rate and applied 45 

N rate increasing yield through increases in grain number. Application of N during early 46 

developmental periods resulted in increased grain yield due to increases in panicle 47 

number and grains/panicle, with late application of N resulting in increased grain 48 

protein. Significant lodging at higher input levels justifies the inclusion of PGR 49 

application as a management tool, with significant yield responses observed. Cultivar 50 

choice was shown to be a key contributor to grain quality in line with previous reports, 51 

with the agronomic effects of PGR application and seed rate of minor importance. 52 

Applied N had significant effects on grain hullability due to reductions in kernel size, 53 

while grain protein also increased. Groat percentage was predominantly determined 54 

genetically, with climatic conditions during grain-fill of greater importance than any 55 

agronomic factor.  56 

A diallel cross was completed to determine the genetic nature of powdery mildew 57 

resistance in selected cultivars. These diverse cultivars were assembled and grown 58 

under Irish conditions with powdery mildew resistance successfully identified and 59 

transferred. Combining ability analysis indicated the importance of specific combining 60 

ability for powdery mildew resistance in the cultivars selected. These crosses were 61 

examined for segregation of resistance genes in the F2 generation, with crosses 62 



 

xv 
 

between resistant and susceptible genotypes resulting in inheritance patterns 63 

indicative of dominant gene action. Crosses between resistant genotypes resulted in 64 

distributions with no susceptible phenotypes, indicating the genes controlling the 65 

exhibition of resistance in these cultivars are inherited separately. 66 

This study has two key focus areas, Agronomy and Genetics. The significance if the 67 

agronomic study lies in the key responses to applied N rate, N application timing and 68 

cultivar selection over a large number of experiments while highlighting that the 69 

agronomic issues of lodging and climatic conditions have not yet been genetically 70 

mitigated. The significance of the genetic study is the successful identification of R 71 

genes in relevant cultivars and the potential to develop oat varieties with lower 72 

chemical input requirements. 73 

.   74 
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Common oat (Avena sativa L.) is a cereal grown globally for both livestock feed and 1 

human consumption and the crop ranks sixth in global cereal production (Zwer, 2004; 2 

Strychar, 2011). The domestic oat market in Ireland is consistent at approximately 3 

160,000 tonnes per year (DAFM, 2014) and is based around the horse feed and milling 4 

markets (Burke et al., 2001). There is also substantial domestic and international 5 

growth in oat-based breakfast cereals and oat-based products as well as increased 6 

inclusion of oats into coeliac diets as consumer preferences for health food increases. 7 

The official recognition of the health benefits of oat-based products by EU regulators 8 

has contributed to an increase in demand (Marshall et al., 2013). Despite this trend in 9 

consumption and market demand the production of oats in the EU is in decline 10 

(European Commission, 2019).  There has been substantial recent growth into the 11 

production of high-value gluten free oats. Contract-based production systems have 12 

been implemented, such as in Ireland and Canada with a large increase observed in 13 

the production of high-quality oats (Strychar, 2011). This production chain in a gluten-14 

free environment commands a premium over the price of wheat and can be a very 15 

attractive crop to grow from a profitability and rotational viewpoint. The specialised 16 

production of milling oats needs to service this high-value market as well as the more 17 

traditional markets from a crop that is well-adapted to more marginal environmental 18 

conditions.  19 

The key challenge in oat production is producing high grain yield with acceptable grain 20 

quality parameters. To address this need, new methods have been developed to 21 

measure the milling quality parameters of groat percentage and hullability and 22 

establishing key agronomic effects on these parameters that can increase both the 23 

value and efficiency of oat processing. The production of high-yielding quality oats is 24 

associated with a high number of well-filled individual grain sites. Further to this, the 25 

unique plasticity of the oat panicle to alter grain number based on assimilate 26 

availability during grain fill, can have an impact on grain quality due to different 27 

processing characteristics of primary and secondary grains (Browne et al., 2003). 28 

Agronomic factors such as N use levels, sowing date, seeding rate, cultivar choice, 29 

the use of plant growth regulators and disease control measures, are all likely to 30 

influence and interact to determine the grain quality of a crop.  31 

Set against these agronomic factors is the anticipation that crop production systems 32 

will come under increased regulation as EU agricultural policy moves towards lower 33 



 

2 
 

inputs in measures such as the Nitrates Directive and the Sustainable Use Directive. 34 

There is also rising consumer awareness of production systems and increased 35 

demand for sustainably produced products.  36 

Given the above framework, the overriding objective of this PhD study was to clarify 37 

the role of agronomic practices on yield components, grain fill procedures and grain 38 

quality on modern high yield potential cultivars. The dynamics of how the key 39 

agronomic practices and genetic factors function to produce quality oats for premium 40 

milling markets was investigated, as well as studying the influence of the key 41 

agronomic practices on crop development. The practices investigated included cultivar 42 

selection, seed rate and applied N rate and timing on both spring and winter sown oats 43 

with the application of a plant growth regulator included as a factor in the spring sown 44 

crops. Within this, the clarification of genetic differences in grain filling procedures and 45 

grain yield potential formed an important part of this study leading to an assessment 46 

of the potential value of re-establishing a focused, compact oat breeding program for 47 

disease resistance. 48 

As highlighted throughout the literature review, there are a considerable number of 49 

knowledge gaps that currently exist in respect of optimising oat agronomy for an 50 

expanding market demand for high quality grain.  It is in this context and to address 51 

these issues, that the current study was undertaken. 52 

  53 
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2.1 Introduction  1 

There is some debate as to where Avena sativa originated, with indications that 2 

separate domestications occurred independently in different locations (Boczkowska et 3 

al., 2016). Schrickel (1986), suggests that oats had their origins in the Middle East, 4 

particularly in the areas around the Mediterranean Sea. Historically, oats may have 5 

been regarded as a weed in production systems where wheat and barley 6 

predominated (Murphy & Hoffman, 1992). However, as agriculture moved into cooler, 7 

more temperate climates, oats began to thrive in these environments and 8 

domestication began at that point, far from its centre of origin (Boczkowska et al., 9 

2016). Interestingly, Neolithic people, while putting selection pressure on primary 10 

wheat and barley crops, inadvertently put selection pressure onto weedy grasses such 11 

as rye and oats (Murphy & Hoffman, 1992), which were transported along with these 12 

crops as they moved into northern Europe. There is a wide variety within the Avena 13 

spp, with a range of relatives across different ploidy levels. Avena sativa, and Avena 14 

fatua, commonly known as the wild oat, are hexaploid, and are the most 15 

geographically adapted species within the Avena genus. Globally, oat production 16 

totals 22.5 million tonnes from a cropped area of 9.7 million hectares (Ha) (USDA, 17 

2016). Oats are often grown as a dual-purpose crop with hay or grazing often its 18 

intended use, adding value to the crop. Production is focused in the cool growing 19 

conditions of the northern hemisphere, with Canada, the European Union and Russia 20 

the major production centres (USDA,2016). Oat production has recently found a stable 21 

global production level between 9.3-9.7 million hectares per year on average (USDA, 22 

2016). Schrickel (1986) estimated that 78% of global oat production was used for 23 

livestock feed, 18% used for human consumption and the remaining 4% was used for 24 

industrial uses or seed. Production and use levels from the European Commission 25 

Agri C 4 report, (2016) confirm these figures are still accurate. 26 

In Ireland oat production totalled 22,000 ha in 2019 split between spring and winter 27 

sown crops with production totalling 122,000 tonnes in 2018 (Anon. 2019). The cool 28 

climate, high precipitation levels and relatively long growing season give Ireland very 29 

high oat yield potential, with Arendt and Zannini (2013) noting that Ireland had the 30 

highest global oat yield at 7.1t/ha, three times the global average. The area dedicated 31 

to oat production in Ireland has fallen in the past two centuries from a high of 650k 32 

hectares (ha) in 1847 (Central Statistics Office, 1997) to its current level of 22-25K 33 
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hectares (Anon, 2019). This was due to a decline in the use of workhorses and the 34 

adaptation of mechanisation on farms, as well as a focus on producing higher energy 35 

and protein yields per hectare, (Hoffman, 1995). Oats have always had an affinity with 36 

Ireland, making up a major proportion of human diets historically. In fact, most of the 37 

grain that was exported out of Ireland during the Great Famine was oat grain, 38 

compounding the situation faced by people during this time, (Murphy & Hoffman, 39 

1992). Monk, (2011) reported that cultivated oats were discovered at archaeological 40 

sites from early medieval times across Ireland, with charred oatcake remains 41 

discovered at sites dating from the 7th century. It has proven difficult to identify if these 42 

7th century oats represent cultivated or wild oats, but there is strong evidence to 43 

suggest that cultivated oats were grown in medieval Ireland, prior to the arrival of 44 

Scottish planters in the 17th Century who were previously thought to have introduced 45 

the crop to Ireland.  46 

2.2 Physiology of grain yield in oats 47 

The major challenge in producing high yielding cereal crops is to intercept high 48 

amounts of solar radiation and efficiently convert this intercepted radiation into crop 49 

yield. Solar radiation interception has a key role in driving cereal grain yield. Gallagher 50 

& Biscoe, (1978) reported that for winter wheat cultivars similar to Maris Huntsman 51 

and winter barley varieties similar to Proctor, a leaf area index (LAI) of 5 is needed to 52 

intercept 90% of the available sunlight. The same authors also reported that final crop 53 

weight was closely related to the level of solar radiation intercepted by the crop 54 

(Gallagher & Biscoe, 1978). Maximisation of solar radiation interception by a crop is 55 

therefore a key factor in determining yield potential. Work carried out by Hipps et al., 56 

(1983) and Thorne (1988) report that the optimum LAI for cereal crops lies between 57 

3-5, depending on the leaf orientation, a genetically predetermined factor. The flag leaf 58 

and the penultimate leaf are highly important for grain growth in oats with removal 59 

causing a significant reduction in grain yield (Frey 1962; Klinck and Sim, 1976). 60 

Oats are a unique cereal crop, with the most defining difference being their panicle-61 

type inflorescence. This panicle inflorescence contributes highly to photosynthate 62 

production during grain fill, as its unique, scattered green area intercepts more solar 63 

radiation than the typical spike type inflorescence associated with wheat and barley 64 

plants (Peltonen-Sainio, 1999). Jennings & Shibles, (1968) demonstrated the 65 
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photosynthetic capabilities of the oat panicle through an experiment where through 66 

shading and leaf removal, the glumes of a large-glumed cultivar of the was shown to 67 

contribute more photosynthate to grain fill (63%) than the combined contribution of the 68 

leaf area (22%). Varietal differences in photosythentic capacity below the flag leaf 69 

were related to differential light penetration or differences in leaf senescence, but 70 

photosynthesis was more efficent in the panicles of both cultivars than in the tissues 71 

of other organs.  72 

The ability of plants to convert intercepted light energy into dry matter for growth is 73 

referred to as the Radiation Use Efficency (RUE). RUE within crops differs between 74 

the pre and post-anthesis phases in wheat and barley (Gregory et al., 1992) with RUE 75 

values typically higher during the pre-anthesis phase than during the post anthesis 76 

phase. Muurinen and Peltonen-Sainio (2006) reported differences in RUE in cereals 77 

in response to applied N rates and season, and also reported that post anthesis RUE 78 

was higher than pre-anthesis RUE in cereals under northern conditions. Calderini et 79 

al., (1997) suggests that differences between post anthesis RUE levels in wheat 80 

cultivars are dictated by the demand for photosynthate from potential grain sites in the 81 

plant which is referred to as sink demand. The capacity of the crop to produce 82 

photosynthate is referred to as source capacity. Muurinen and Peltonen-Sainio, (2006) 83 

attribute the reduction in RUE in modern oat cultivars to increased assimilate allocation 84 

to potential grain sites rather than increased biomass. This would suggest that the 85 

capacity of modern oat cultivars to allocate assimilates to grains has improved in 86 

tandem with increased grain number per panicle attributable to modern plant breeding, 87 

(Peltonen-Sainio et al., 2007). The adaptation of dwarfing genes in cereal breeding 88 

programmes has led to increased yield potenial by enabling higher input produciton 89 

systems (Borlaug, 1968) although the benefits of these genes in oats have not yet 90 

been realised due an association with poor agronomic traits (Howarth et al., 2020). 91 

Crop growth rate is linked to the total level of intercepted radiation and refers to the 92 

increase in total dry matter within the crop (Gallagher and Biscoe, 1978). Crop growth 93 

rate is highly correlated with grain yield, with crop growth rate a factor of growth rate x 94 

growth period duration. Total crop yield of any cereal crop can therefore be limited by 95 

growth rate or growth duration (Takeda et al., 1980). Research carried out by Lynch 96 

and Frey, (1993) highlighted that between 1914-1987, oat breeding did not have any 97 

effect on the growth rate of cultivars, instead increasing the harvest index of oat 98 
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cultivars. The harvest index refers to the proportion of total crop biomass which is 99 

removed as yield (Donald & Hamblin, 1976), referred to as economic yield/biological 100 

yield. The potential yield can therefore be expressed as crop growth rate X growth 101 

duration X harvest index (Takeda et al., 1980). Reynolds et al., (2005) state that crop 102 

yield potential can be expressed as a product of light interception, radiation use 103 

efficiency, and the partitioning of biomass to grain yield, or harvest index. Harvest 104 

index in oats has been demonstrated to be largely affected by cultivar (Lynch and 105 

Frey, 1993; Peltonen-Sainio et al., 2008) which is attributable to the genetic gains 106 

made in this area. Takeda & Frey (1987) and Peltoneon-sainio et al., (2008) reported 107 

that harvest index levels in oats are likely to be close to the optimum already between 108 

0.50-0.60, with further breeding efforts required to increase total crop growth rate 109 

rather than continued increases in harvest index. According to Peltonen-Sainio and 110 

Peltonen (1995), 88% and 79% of oat florets are aborted in low and high productivity 111 

glasshouse scenarios respectively. The potential yield of oats, therefore, has been 112 

estimated at two to three times the record oat yield (Gilland, 1985) and four to six times 113 

the mean yield of the highest oat yielding countries in Western Europe, (FAO, 1994). 114 

The fact that this high number of potential grain sites are aborted shows that there is 115 

huge potential to increase grain yield through increased levels of grain fill and reduced 116 

levels of grain abortion. This large amount of floret abortion indicates that grain yield 117 

in oats was essentially source limited in this particular study. Understanding how 118 

agronomic practices can help to reduce the levels of grain abortion and ultimately 119 

increase grain yield is therefore of key importance. 120 

Peltonen-Sainio (1999) reported that the internal structure of the panicle has a key 121 

role to play in grain fill in addition to post anthesis growing conditions, influencing the 122 

ability of the plant to synthesise key grain components such as starch, lipid and protein.  123 

Results from Lesar and Peterson (1981), and Jenner (1984) are in agreement, 124 

suggesting that it is the ability of the plants translocation system to support sucrose 125 

transport, rather than sucrose availability that limits grain growth in oats. This would 126 

suggest that grain yield in oats is neither sink nor source limited. Peltonen-Sainio 127 

(1999) suggests that spikelet number per panicle and total weight of grains per panicle 128 

are positively correlated with vascular bundle traits in the peduncle, therefore a cultivar 129 

characterized by a high spikelet number with just primary and secondary grains is 130 

likely to have a high filling rate. This ties in with the idea that a large ‘sink’ size leads 131 
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to a higher grain filling rate in oats. Pecio and Bichonski., (2010) summarise that total 132 

panicle number is controlled by agronomic measures, such as N applications and 133 

seeding dates and rates,while grain number/panicle and grain weight are both results 134 

of genotype x environment interactions during grain fill.  135 

2.2.1 Yield components and grain population structure in oats 136 

Grain yield in oats is a product of 3 components: Panicles per unit area, Grains/Panicle 137 

and individual grain weight (Grafius, 1956). These 3 interrelated components of sink 138 

capacity in oats mutually interact to determine the yield potential of the crop. Key crop 139 

husbandry decisions have been widely shown to affect these components (Leitch and 140 

Hayes. 1990; Browne et al., 2006), as have environmental effects (Frey. 1959c). The 141 

plasticity of yield formation is key to yield stability across environments in cereal crops 142 

(Kumar et al., 2017) and refers to the amount by which a physiological attribute of a 143 

genotype can be modified by environmental factors (Bradshaw, 1965). Mahadevan et 144 

al., (2016) and Finnan et al., (2019a) reported that the hierarchy of plasticity in oats 145 

was different to other cereals with the following order suggested; Tiller number > 146 

Grains per panicle> Panicle number > Seed size. Seed weight is therefore the most 147 

stable trait contributing to yield. Sadras and Slafer (2012) report that lower plasticity 148 

can be expected from yield components determined later in the season, with the 149 

remobilisation of pre-anthesis assimilate during grain fill also contributing to the 150 

stability of grain weight (Gallagher et al., 1975). Despite this reported stability of grain 151 

weight there is a strong negative association frequently observed in oats between 152 

grain number and grain weight (Finnan and Spink, 2017). Grain weight is frequently 153 

presented as the thousand grain weight (TGW) and consists of a range of individual 154 

weights due to natural variation in oat grain size. Grain weight can vary based on tiller 155 

order (Darwinkel, 1980), floret type (Doehlert et al., 2002) and location on the panicle 156 

(White and Finnan, 2017).  157 

Panicle number/m2 and grains/panicle are combined as one component associated 158 

with grain density, or total grain number/m2 (Gales, 1983). Grains/m2 is the most 159 

important factor in determining final grain yield with grain weight the other key factor 160 

(Peltonen-Sainio et al., 2007; Finnan and Spink, 2017). Grain yield is therefore a factor 161 

of grains per unit area x single grain weight (Grafius, 1956). It is suggested by Finnan 162 

and Spink, (2017) that grain number and TGW are determined during two distinct plant 163 

phenophases. Grain number is determined prior to anthesis with spikelet formation on 164 
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the panicle and tiller development of key importance, with TGW determined by grain 165 

filling conditions post-anthesis, particularly leaf area duration. Total grain number 166 

reflects the maximum attainable yield or total sink size while grain weight reflects the 167 

suitability of post-anthesis conditions and the capacity of spikelets to adequately fill 168 

grain sites. Peltonen-Sainio et al., (2007) reported that over 30 years of experiments 169 

across Finland, grain number rather than grain weight was the key driver of oat grain 170 

yield. It was also noted, however, that as yield levels increased, the dominance of 171 

grain number over grain weight decreased.  172 

Peltonen-Sainio and Jarvinen, (1995) identified the contribution of tillers to final grain 173 

yield of oat, contributing 18-27% depending on cultivar type at 200 seeds/m2 with no 174 

contribution to yield observed above 400 seeds/m2 with mainstems dominant. This is 175 

due to the increased capacity for tiller production in low plant populations (Kirby and 176 

Faris. 1972). Tillers have been shown to have smaller grains than mainstems in winter 177 

wheat (McLaren, 1981) and have also been shown to have lower grains/inflorescence 178 

than mainstems (Cannell, 1969, Destro et al., 2001). It has also been reported that at 179 

medium and high seed rates few secondary tillers survive to produce panicles (Jones 180 

& Hayes. 1967). Tiller production provides plants the opportunity to produce additional 181 

grain sites if agronomic conditions are favourable and allow inflorescenece number to 182 

compensate for low plant number in low establishment scenarios. The effect of 183 

agronomic practices on tiller production can therefore exert a strong influence on the 184 

components of yield and may have implications for end-use quality characteristics. 185 

The production of tillers may even be regarded as a negative by some producers due 186 

agronomic factors such as uneven ripening (Peltonen-sainio and Jarvinen. 1995) and 187 

negative quality factors related to smaller individual grains and associated increases 188 

in grain screenings. Tillers can act as temporary stores of excess assimilates produced 189 

prior to anthesis (Palta et al., 1994) and the remobilisation of these assimilates may 190 

reduce spikelet and floret death during the pre-anthesis phase much like stem and leaf 191 

reserves of N and carbohydrates are remobilised into the grain as the plant matures 192 

(Peterson et al., 1975). Identification of an optimum relationship between plant 193 

population and ear number regarding potential kernel size and grain filling patterns is 194 

a key target of this research.  195 

Oats have very distinct differentiation of grain produced in primary, secondary and 196 

tertiary florets (Fig.1) within each spikelet due to the multi-floret nature of the oat 197 
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spikelet (White, 1995; Doehlert et al., 2004). These florets are assigned as primary, 198 

secondary and tertiary based on position within the spikelet (Doehlert et al., 2005) with 199 

a sample spikelet presented in Figure 1. Doehlert et al., (2004) and White & Watson 200 

(2010) indicated that a bimodal distribution in kernel size between primary and 201 

secondary grains is present. Primary grains are the largest with kernel size reduced 202 

as the order increases (Youngs and Shands, 1974; Doehlert et al., 2005). Tertiary 203 

grains are generally small and contribute to grain screenings. The formation of tertiary 204 

grain sites has been suggested as a mechanism by which the oat panicle can increase 205 

sink capacity where excess assimilates become available (Takeda and Frey, 1980) 206 

although poor functionality as a small grain reflects a poor use of assimilates. This 207 

variation in kernel size presents challenges for end users of oats, particularly the oat 208 

milling sector (Symons and Fulcher, 1988). Oat plants also possess the ability to abort 209 

potential grain sites to redistribute assimilates during grain fill if conditions are 210 

unfavourable (Doehlert et al., 2002; Browne et al., 2006). White (1995) states that 211 

tertiary grains can be aborted to result in a two-grain spikelet, and both tertiary and 212 

secondary grains can be aborted to leave single grained spikelets.  213 
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 214 

Figure 1. Diagram of oat spikelet. 215 

(Jarman et al., 1992) 216 

Variations in agronomic treatments have been shown to influence spikelet numbers 217 

on each panicle, (Peltonen-Sainio, 1997b; Browne et al., 2006) but the effect of 218 

agronomic practices on spikelet structure regarding grain site formation is not as clear 219 

and requires further investigation. Efficient production should aim to minimise the 220 

production of tertiary grain and maximise the assimilate allocated to primary and 221 

secondary grain spikelets as tertiary grains are usually small and may result in a higher 222 

level of grain screenings and reduced groat percentage (Palagyi, 1983). The influence 223 

of agronomic factors on post-anthesis assimilate availability in relation to total grain 224 

number will be of key importance in this current study. The presence or absence of 225 

tertiary or aborted grains may therefore indicate if the crop in question has been sink 226 

or source limited during grain fill. Peterson, (1983) stated that grain fill in oats is source 227 

limited and strongly influenced by intra-panicle competition for assimilate.  Establishing 228 

whether this opinion is still valid regarding high yielding modern cultivars is a target of 229 

this study.  230 
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2.3 Sowing date effects on oat production in Ireland 231 

Of all the agronomic factors affecting cereal crop yield, seeding date is the most 232 

subject to variation mainly due to the differences in weather during planting between 233 

seasons, (Hay and Walker, 1989). The area dedicated to oat production in Ireland is 234 

relatively consistent at 22,000 ha, but the proportion planted as winter or spring-sown 235 

oats will fluctuate based on climatic conditions during the favoured autumn planting 236 

period. 237 

The growing of spring cereals in Ireland is challenging relative to other European 238 

countries due to changeable weather conditions during the ripening period in early-239 

mid autumn (Spillane and McGovern, 1966). Excess or deficient moisture can delay 240 

planting until conditions become favourable, with excess moisture and cold soils 241 

commonly preventing early sowing of cereals during the spring planting season in 242 

Ireland (Conry, 1995, Potterton and McCabe, 2018). Sunlight hours are typically 243 

around 30% of the optimum in June due to cloud cover with crop maturity delayed as 244 

a result. Harvesting may then occur in mid-September or mid-October during periods 245 

when weather conditions are poorer and grain quality deteriorates as a result (Spillane 246 

and Corr, 1968). Ireland has an advantage over other European countries for the 247 

cultivation of autumn drilled spring cultivars due to mild climatic conditions during the 248 

November-February period (Spillane. 1968) and it is common in Ireland for growers to 249 

plant spring cultivars in the autumn due to the absence of snow cover and the rarity of 250 

severe frosts. Spring wheat cultivars sown in the winter were shown to yield 251 

significantly more than spring sown plots in work conducted by Spillane, (1968) under 252 

Irish conditions and Russell et al., (1982) with spring and winter sown barley under 253 

Scottish conditions. Ellis and Russell (1984) observed that increases in grain yield in 254 

winter sown crops were attributable to a higher survival level of spikelet primordia and 255 

tiller buds, with increases in kernel size attributable to a longer, cooler grain fill period. 256 

In contrast, Austenson, (1971) reported that winter sown spring cereals yielded 257 

significantly less than spring sown crops under Canadian conditions due to high levels 258 

of winter kill. The mean January temperature at this site was -17°C. Ireland is not prone 259 

to such extreme conditions, therefore the sowing of spring oat cultivars in the winter is 260 

widely practiced. This not only results in increased grain yield potential and quality as 261 

reported by Spillane, (1968) but also allows crop harvesting to take place earlier during 262 

more favourable climatic conditions. If weather conditions are favourable for planting 263 
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in the autumn/winter period, there is a general tendency amongst oat producers to 264 

plant in this period rather than waiting for favourable soil conditions in the spring. 265 

Marshall et al., (2013) note that this practice leads to high spring oat yield potential 266 

under Irish conditions. 267 

Biscoe and Gallagher (1978) and Halley & Soffe (1988) note that high levels of solar 268 

radiation interception are required for a cereal crop to achieve high growth rates and 269 

ultimately high yield potential. Earlier sown crops will intercept more radiation and thus 270 

they are expected to have higher yield potential (Hay and Walker, 1989). It is on these 271 

two principles that oat producers will plant in the autumn or as early as possible in the 272 

spring under Irish conditions. The speed of crop development increases as daylength 273 

increases in the spring (Colville & Frey, 1986; Halley & Soffe, 1988). Later sown crops 274 

will develop faster which will have a negative effect on yield formation processes such 275 

as spikelet formation which occur early in plant development, (Hay and Walker, 1989). 276 

Cereals planted at different dates will develop at different rates and under changeable 277 

climatic conditions. Variations in climatic conditions at these developmental stages will 278 

ultimately have an impact on final grain yield, and in certain cases, later sown crops 279 

may out yield their earlier sown counterparts. Spring-sown oats are generally planted 280 

as soon as soil conditions permit in Ireland, and over the course of this study spring 281 

planting date was dictated by this methodology. 282 

Frey (1959a) and Colville and Frey, (1986), reported significant decreases in oat grain 283 

yield in the Mid-West region of the US as spring sowing date was delayed. One cultivar 284 

(Cv. Andrew) was noted to be more suited to later sowing, with the author noting that 285 

the yield penalty was relatively smaller than in the other cultivars tested (Frey, 1959a). 286 

This was due to the ability of Cv Andrew to produce more seeds/ear under later sown 287 

conditions than under early sown conditions in this study. Ciha, (1983) reported yield 288 

decreased across 3 oat cultivars in response to delayed sowing date, although 289 

reported a positive effect of delayed spring sowing date on oat yield in 1980. May et 290 

al., (2004) reported negative responses in oat grain yield and grain weight to delayed 291 

spring sowing, with lodging and rust levels increasing as sowing was delayed further. 292 

May et al., (2004) also reported a significant decrease in grain number/panicle in one 293 

cultivar to delayed spring sowing date but this effect was not repeated across varieties. 294 

Total grain number reduced significantly in one cultivar, and insignificantly in another 295 

in response to delayed planting. 296 
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Ellis and Russell (1984) reported increases in ears/m2 and grain yield when spring 297 

barley genotypes were planted in the autumn. Crampton et al., (1997) reported 298 

significant increases in spikelets/panicle in autumn-sown crops when compared to 299 

spring-sown crops. Grains/spikelet were lower on autumn-sown panicles but an 300 

increased total number of spikelets conferred a yield advantage over spring-sown 301 

plots. The maximum potential number of spikelets/panicle is determined during early 302 

development prior to the onset of stem extension (Hay,1986), and this increase in 303 

winter sown oats is associated with a higher rate and longer duration of spikelet 304 

initiation due to the shortening of daylength and reduction in temperature during the 305 

winter period (Wall & Cartwright, 1976). This slows down crop development and leads 306 

to an increase in spikelet primordia development and an increase in yield potential 307 

(Kirby & Appleyard, 1984).  308 

Crampton et al., (1997) also investigated the effects of autumn and spring sowing on 309 

grain population structures and reported a primary grain ratio of 2.13:1 for autumn 310 

sown oats, compared with a value of 1.8:1 for spring sowing. This result is explained 311 

by Browne et al., (2006) who comments on the ability of oat spikelets to prioritise 312 

consistent levels of individual grain fill over total number of grains set by the plant. This 313 

involves increased levels of secondary grain abortion to ensure consistent primary 314 

grain filling. With an increased level of spikelets/panicle and increased levels of floret 315 

abortion associated with autumn sowing (Crampton et al., 1997) oat panicles will 316 

favour the production of single grained spikelets. The increased survival of spikelets 317 

and maximum number of spikelet primordia observed in autumn sown spring barley 318 

genotypes by Ellis and Russell, (1984) reinforces this point. Lower spikelet 319 

numbers/panicle in spring sown oats would result in a lower level of demand from 320 

potential grain sites and a reduction in the dominance of primary florets due to a higher 321 

level of assimilates going into secondary florets. 322 

In the current research programme, the effects on crop responses to agronomic 323 

practices of winter and spring sowing of spring oat genotypes on grain population 324 

structures is studied. Elucidating the effects of factors such as applied N rate and seed 325 

rate on grain yield and grain site formation is of key value to oat producers. This will 326 

help identify key differences in yield forming phases between winter and spring sown 327 

oats which may be targeted for grain yield and quality improvement. 328 
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2.4 Cultivar effects on grain density and grain population structure of oats 329 

Genetic improvement of oat from a yield perspective is mainly driven by increases in 330 

grain number (Feil, 1992; Peltonen-Sainio et al., 2007) with improvements in grain 331 

quality and agronomic characteristics also of key importance (Fehr, 1991). Wych and 332 

Stuthmann (1983) reported that higher grain weights may also contribute to yield 333 

progress in oats. Historically, breeding in oats has been based around improving 334 

harvest index and reducing crop height (Lynch and Frey, 1993) although this approach 335 

is now deemed to have reached an optimum level with future breeding efforts required 336 

in order to increase the growth rate of oats. Yield in oats has been determined as being 337 

limited by source capacity (Peterson et al., 2005) with grain weight remaining in a 338 

consistent range due to equal allocation of assimilate to each spikelet. This is due to 339 

an increased grain filling rate which is associated with varieties characterised by a high 340 

spikelet number (Peltonen-Sainio, 1999). Calderini et al., (1997) suggests that modern 341 

cultivars have an ability to maintain grain weights within an acceptable range as grain 342 

number increases. Establishing the step change in yield potential and the impact of 343 

this increase on grain quality between a widely grown cultivar and a modern high yield 344 

potential cultivar is a key target of this research.  345 

Final crop yield is a function of a genotype X environment interaction (Fehr. 1991) with 346 

the optimisation of environmental conditions key to allowing maximum genotype 347 

performance. Scott et al., (1994) commented that climatic conditions frequently 348 

interact with individual cultivars and these interactions may not always be reflected in 349 

recommended yield trials due to general rather than tailored crop management. The 350 

potential for interactions between cultivar and environment on individual yield 351 

components was also stated by Fielder (1988). Doehlert et al., (2001) reported highly 352 

significant genotype x environment interactions for grain yield between 10 cultivars 353 

across 12 sites. May et al., (2004) investigated the effects of 2 cultivars on the yield 354 

components of oats and reported significant differences in panicles/plant, 355 

grains/panicle and grain weight between these 2 cultivars. Buerstmeyer et al., (2007) 356 

investigated the performance of 120 cultivars under central European conditions and 357 

reported wide variation in single grain weight between cultivars. Chai et al., (2012) 358 

investigated the yield component formation of 10 oat cultivars, and reported significant 359 

differences in spikelet number, grain weight and grain number/panicle between these 360 

cultivars. 361 
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The yield potential of any cereal plant is therefore dependent on the genetic potential 362 

of the cultivar chosen and on the environmental conditions in which the cultivar is 363 

placed. Yield increases in modern varieties are linked to higher grain numbers 364 

(Miralles and Slafer. 2007: Peltonen-sainio et al., 2007). Modern cultivars 365 

characterised by a high grain number have also shown individual grain weights are 366 

consistent within a normal range (Calderini et al., 1997), indicating that increases in 367 

grain number have been associated with increases in the grain filling capacity of the 368 

plant. Identifying if these modern varieties are more exposed to periods of assimilate 369 

shortfall during grain fill due to higher grain numbers is a target area of this research. 370 

It is important to remember that grain number is the key driver of grain yield in oat 371 

crops, (Peltonen-Sainio et al., 2007), and modern cultivars with higher yield potential 372 

will be investigated as part of this study. Identification of the key yield development 373 

phases affecting different oat cultivars and the potential to manipulate plant 374 

development to increase yield potential is a target of this current research. 375 

Cultivar choice will influence grain set within individual spikelets. Griffiths (2010) 376 

reported significant differences between cultivars and the proportion of primary: 377 

secondary grain within individual spikelets. Tardis was found to have a primary grain 378 

number ratio of <0.50, indicating that there was a greater number of secondary and 379 

tertiary grain than primary grain within this cultivar. A higher proportion of primary grain 380 

weight had a negative relationship with yield in this study, indicating that a higher 381 

proportion of secondary grain was linked to higher grain yield (Griffiths, 2010). Tibelius 382 

and Klinck, (1986) reported a wide variation in the primary grain weight ratio between 383 

selected cultivars. Differences in primary and secondary grain site abortion between 384 

cultivars as reported by Browne et al., (2006) and Doehlert et al., (2001) indicate that 385 

cultivars will respond differently to climatic and agronomic conditions during grain fill. 386 

Takeda and Frey, (1980) studied tertiary grain set in a range of cultivars and reported 387 

that control of tertiary grain set was mainly controlled by genotype, but later planting 388 

was noted to have a lower level of tertiary grain set. These findings were consistent 389 

with Doehlert et al., (2008) and Palagyi (1983) where significant differences in tertiary 390 

grain set between cultivars were reported.  391 

The determination of the effects of agronomic practices on modern, high yield potential 392 

cultivars is a key target of this research. The comparison of grain site abortion and 393 

tertiary grain site formation between a widely adapted cultivar and a new high yield 394 
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potential cultivar will also provide interesting insights into assimilate management of 395 

oat panicles at high grain numbers. 396 

2.5 Role of seeding rate in physiological development. 397 

The plasticity of yield components in cereals is evident when cereal plants are grown 398 

at different plant densities (Finnan et al., 2019a) with stability evident in grain number, 399 

grain weight and grain yield across varying plant densities. This is attributable to the 400 

inverse relationship between panicle number and grains per panicle. The main impact 401 

of increased seeding rate is the key positive influence on plant population density 402 

(Gooding et al., 2002). Holliday, (1960) reports that the influence of plant population 403 

density on crop dry matter yield generally increases to a plateau value at moderate 404 

plant densities, with the level of this plateau depending on other external factors such 405 

as disease or pest pressure. Finnan et al., (2018) reported that radiation interception 406 

at GS30, GS31, GS32 and GS55 was significantly increased as seed rate increased 407 

from 100-300 seeds/m2 with no differences observed as seed rates increased beyond 408 

this point with values similar between all seed rates at GS65. The primary effect of 409 

increasing plant population density on physiological development is the increase in 410 

competition between plants, resulting in the shading of plant tissues. This shading 411 

effect has a positive influence on gibberellin levels within the plant, accelerating crop 412 

growth and encouraging rapid canopy development (Kirby and Faris, 1970). This rapid 413 

growth effect is short lived, as later leaves are smaller and the number of days to 414 

maturity are shortened (Gooding et al., 2002). Increases in panicle number within a 415 

crop will also result in a decrease in grain number/panicle due to increased intra-416 

panicle competition for assimilate.  417 

Work carried out by Guitard et al., (1961) found that under Canadian conditions, 418 

panicles/m2 were positively correlated with increased seeding rates with negative 419 

relationships observed on panicles/plant and grains/panicle. Peltonen-Sainio & 420 

Jarvinen (1995) and Peltonen-Sainio (1997b) also found these responses under high 421 

latitude, Scandinavian conditions. Browne et al., (2006) and Finnan et al., (2019a) 422 

reported increases in panicle numbers and reductions in grains/panicle as seed rate 423 

increased under Irish conditions. Ahmadi et al., (1988) reported that grain yield 424 

increases in response to seeding rate increases were attributable to increases in 425 

panicles/square foot. These studies were all in agreement with Hay & Walker (1989) 426 
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who suggested that increases in plant population density are invariably associated 427 

with increases in ear population up to a point where the crop will contain only 428 

mainstems. At high plant densities, panicle number/plant falls due to reduced tillering 429 

and increased tiller death will occur due to competition for resources (Hay and Walker, 430 

1989). Peltonen-Sainio and Jarvinen (1995) also noted that individual panicle weights 431 

were negatively correlated with increased seeding rate, citing increased competition 432 

for space and resources at these increased seeding densities. Increases in grain 433 

number in response to increased seed rate are due to increases in panicle number 434 

with negative influences observed on grain number/panicle. Hay and Walker, (1989), 435 

conclude that cereal yield is buffered through the mutual compensatory effects 436 

between grains/panicle and panicles/m2, explaining the small variations in yield often 437 

reported between different seed rates.  438 

Guitard et al., (1961) reported no relationship between seeding rate and TGW of oats 439 

under Canadian conditions. Peltonen-Sainio and Jarvinen (1995) reported a 440 

significant negative relationship between increased seeding rate and individual grain 441 

weight over range of seed rates from 200-900 seeds/m2. Peltonen and Peltonen-442 

Sainio, (1997) reported significant decreases in grain weight from main stems and 443 

tillers across 5 cultivars in response to an increase in seed rate. Browne et al., (2006) 444 

reported no significant effect of seeding rate on the TGW of two cultivars with two 445 

closely related seed rates, 200 and 300 seeds/m2 used in this experiment. Finnan et 446 

al., (2019) also reported that seed rate had no effect on grain weight across a range 447 

of seed rates under Irish conditions with the author commenting that grain weight is 448 

relatively unresponsive to changes in seed rate due to the plasticity of earlier formed 449 

components. In a moderate range, seed rate appears to have a limited effect on grain 450 

weight. 451 

Finnan et al., (2019) reported that increases in seed rate had no effect on the ratio of 452 

primary to secondary grain number with Browne et al., (2006) reporting inconsistent 453 

effects of seed rate on the relative grain proportions. This suggests that while 454 

increases in seeding rate may reduce spikelet number per panicle, the internal 455 

structures of these spikelelets will remain the same and assimilates will be equally 456 

distributed between the two potential grain sites. The dominance of mainstems at 457 

higher seed rates will lead to mainstem grain sites benefiting from the remobilsation 458 

of assimilates resulting from tiller death, (Palta et al., 1994). The proportion of 459 
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mainstems in crops with a high plant population will increase, with the afforementioned 460 

phenomen potentially leading to a lower level of grain site abortion due to apical 461 

dominance. The effect of increased seeding rate on the number of aborted primary 462 

and secondary grains was also investigated by Browne et al., (2006) with inconclusive 463 

results reported. Aborted grains reduced at two experimental sites in response to 464 

increased seed rate with no effect observed in the other two experiments. 465 

Unfortunately the effects of change in seed rate on grain site formation in oats are not 466 

widely reported on in the literature. Grain number/panicle has been widely shown to 467 

be responsive to changes in seed rate, but the differentiation of these grains into 468 

primary and secondary grains has not yet been determined. The relationships between 469 

seed rates, N rates, cultivar and climatic conditions regarding the grain population 470 

structures will have implications for grain yield and quality and this warrants further 471 

conclusive investigation in both spring and winter sown experiments. 472 

Boyd, (1952) indicated that the optimum seed rate for oat crops was between 4-5 473 

bushels/acre (276-336 kg/ha) under UK growing conditions and suggested that seed 474 

rates could be dropped by approximately 1bu/acre (67 kg/ha) in many cases and have 475 

no impact on yield. Guitard et al., (1961), reported that under Canadian conditions 2.5 476 

bu/acre (168kg/ha) was the optimum seed rate across all locations. Jones and Hayes, 477 

(1967) reported significant decreases in crop yield at a low seed rate (75kg/ha), with 478 

the medium (153kg/ha) and high (230kg/ha) yielding similarly across 3 seasons in 479 

Wales. Ahmadi et al., (1988) reported that the highest oat yields were achieved at 480 

seeding rates between 110 and 140kg/ha. Boyd (1952) commented that there were 481 

several factors to consider when defining the optimum seed rate of a crop, including 482 

weed suppression, susceptibility to lodging and variable fertilizer responses. Forsberg 483 

and Reeves, (1995) comment that there is seldom one optimum seed rate as oat 484 

plants will adjust tillering and growth patterns depending on plant density. Finnan et 485 

al., (2018) reported that increasing seed rate had no effect on profitability as increases 486 

in yield did not outweigh the increase in seed cost. Identifying a seed rate which offers 487 

a relatively consistent pattern of yield formation for optimum yield and quality under 488 

Irish conditions is a key target of this research. 489 
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2.6 The role of N in yield formation. 490 

Nitrogen (N) is one of the key drivers of crop production, playing a central role in plant 491 

metabolic processes and is of high importance in the achievement of high yields 492 

(Delogu et al., 1998). The production of high levels of crop dry matter in cereal crops 493 

grown under appropriate environmental conditions is closely linked to the availability 494 

and uptake of N (Bisoce and Gallagher, 1978; Isfan, 1993; Dordas, 2009). Erisman et 495 

al., (2008) comments that modern society would not exist without the synthetic 496 

creation of reactive N to ensure food security for a growing global population. 497 

However, there is rising concern about the side-effects of N fertiliser use, with the total 498 

annual damage of N ranging between 70-320 billion in the EU-27 (Brink and van 499 

Grinsven, 2011). Developing data on optimum response levels for grain yield and crop 500 

development in oat crops is of high importance in order to avoid the negative effects 501 

of overfertilisation on both profitability and the environment.  502 

Oats are generally grown on low to medium fertility sites due to an ability to forage for 503 

nutrients (Hareland, 2003) and a susceptibility to lodging. Sites with a high potential 504 

for the mineralisation of soil N are avoided, and therefore the level of applied N is a 505 

key determinant of yield potential. Current nitrogen application advice on oat crops in 506 

Ireland is based around the soil index system devised by Wall and Plunkett, (2016). 507 

This report outlines the maximum applied N fertiliser levels allowed in a single growing 508 

season in accordance with the EU Nitrates Directive. Maximum levels of 145kg N/ha 509 

for winter-sown oats and 110kg N/ha for spring cultivation are set out in this document, 510 

with an additional 20kg N/ha per tonne of expected grain yield allowed if yield records 511 

are available.  512 

Nitrogen has three key interrelated influences on physiological process in cereals, 513 

(Hay and Walker, 1989). Nitrogen increases both leaf size and duration, increasing 514 

dry matter production by the crop by increasing leaf length and width (Biscoe & 515 

Gallagher, 1978). Nitrogen has no effect on photosynthetic rate within these leaves, 516 

with increases in dry matter production tied to increased leaf net area rather than 517 

increased photosynthetic rate per unit leaf area (Hay and Walker, 1989). Increases in 518 

applied N rate have been shown to increase RUE within oat plants (Muurinen and 519 

Peltonen-sainio, 2006) increasing the rate at which intercepted light can be ultimately 520 

converted into yield. Ensuring the crop has adequate levels of available N during 521 
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canopy development and grain fill is therefore crucial to ensure high yield potential. 522 

The timing of fertilizer N application has also been shown to influence crop 523 

development, with timing of applied N having a major effect on ear population at 524 

harvest and canopy duration in winter wheat (Ellen and Sprietz, 1980) and spring 525 

barley (Baethgen et al., 1995). Grain quality is also related to grain nitrogen content in 526 

milling wheat (Batey and Reynish, 1976) and malting barley (Potterton and McCabe, 527 

2018).  528 

The total amount of N available to a crop has been expressed through available soil 529 

mineral N and the % recovery of applied N (Spiertz and de Vos, 1983). Soil N becomes 530 

available through the enzymatic and microbial degradation of organic matter in soil 531 

(Robertson and Groffman, 2007). The level of available soil mineral N is affected by 532 

soil type (Herlihy, 1979), cropping history (Rasmussen et al., 1998), temperature 533 

(Herlihy, 1979), soil moisture (Herlihy, 1979), rainfall (van der Paauw, 1962) and soil 534 

organic matter content (Rees et al., 1994; Rasmussen et al., 1998). Previous N 535 

fertilisation, soil tillage and external factors which influence micro-organism activity in 536 

soil were also shown to affect the mineralisation of soil N (Rasmussen et al., 1998; 537 

Rustad et al., 2001; Hay and Porter, 2006). The mineralisation of soil N is expected to 538 

be low on the soil types and crop rotation position of oat experiments conducted in this 539 

current study. Crop N uptake is typically higher than the rate of soil N mineralisation 540 

during key growth periods, (Spiertz and de Vos, 1983) requiring the application of 541 

synthetic N fertiliser to provide adequate levels of plant available N. Synthetic N 542 

fertiliser is applied to cereal crops during key growth periods to meet crop N uptake 543 

demand and maximise yield potential. The influence of applied N fertiliser on the grain 544 

yield of cereal crops has been widely investigated with typical diminishing return 545 

responses frequently observed. Despite this, farmers frequently over-apply N and 546 

environmental concerns around the use of synthetic N fertiliser are increasing (Brink 547 

and van Grinsven, 2011). The optimisation of N fertilisation systems is of high 548 

importance for future crop production (Rutting et al., 2018) and investigation of 549 

response levels on all food crops is validated.  550 

2.6.1 Effects of applied N on yield and quality. 551 

As a key component of cereal crop production, the influence of N on grain yield, yield 552 

components and grain quality in oats has been widely investigated. Chalmers et al., 553 

(1998) showed a linear response in oat grain yield to applied N and reported an 554 
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increase in lodging at higher N levels. May et al., (2004), reported positive responses 555 

in grain yield, grain number/m2 and grains/panicle to applied N under Canadian 556 

conditions, with increased panicles/plant accounting for much of the yield response to 557 

applied N. Browne et al., (2006) reported that both panicle number and grains/ panicle 558 

had a positive linear response to applied N with incremenental yield gains reduced 559 

while lodging risk was greatly increased at higher N input levels. May et al., (2004) 560 

reported that grains/panicle had a quadratic response to increased levels of applied 561 

N, with grain number always increasing with higher levels of applied N.  562 

Applied N has been shown to reduce grain weight in many experiments (Chalmers et 563 

al., 1998; May et al., 2004; Browne et al., 2006; Mohr et al., 2007), but due to the key 564 

role it exerts on grain yield, the small negative effects on individual grain wight are 565 

generally ignored and are commercially insignificant. Browne et al., (2006) observed 566 

an interesting linear increase in grain weight to increased N in one cultivar. It is 567 

hypothesised by the author that this is a result of incomplete exploitation of N by earlier 568 

formed yield components. The yield results from that season back up that hypothesis, 569 

with yield continuing to increase as N rate increased. May et al., (2004), reported that 570 

the effect of N on grain weight varied between cultivars, noting the potential for cultivar 571 

x N interactions and different nitrogen use efficencies between cultivars. This is linked 572 

to the ability of the cultivar to adequately fill individual grains at higher grain numbers 573 

or the inability of the cultivar to increase grain number in response to N fertiliser 574 

application.   575 

There are two N sources available during grain fill including root absorbed N occuring 576 

after anthesis and N translocated from vegetative tissue (Peterson & Rendig, 2001). 577 

Ensuring that sufficent N is available to stimulate a high grain number during the pre-578 

anthesis phase and adequate grain fill during the post anthesis phase is a key factor 579 

in determining the final yield potential of any cereal crop. The primary effect of applied 580 

N on grain yield components is the increase in grain number (Finnan and Spink, 2017). 581 

This increase in grain number will result in an increase in competition for assimilates 582 

during grain fill or an increase in the number of smaller potential size grains (Miralles 583 

and Slafer, 2007). It is of importance to determine if crop management and N fertiliser 584 

programmes can be optimised to ensure high yield potential in line with acceptable 585 

levels of grain fill.The predominant detterent of using high levels of applied N fertiliser 586 

in oats is the increased risk of crop lodging, and modern cultivars with improved 587 
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lodging resistance may facilitate higher applied N rates and foster higher yield potential 588 

as a result. The economic optimum fertiliser level may therefore have shifted upwards. 589 

Identification of the correct level of N fertiliser required for high yielding oat crops and 590 

for acceptable end-use quality is a key target of this research. 591 

Increasing the rate of applied N has been widely shown to increase grain yield in oats 592 

due to increased grain number. These are linked to increases in total panicle number 593 

or increases in grains/ear (Browne et al., 2006; Pecio and Bichonksi. 2010; Finnan et 594 

al., 2019b). This increase in potential grain number may result in a shortfall in 595 

assimilates during grain fill as competition for assimilates from potential grain sites is 596 

heightened. This theory was suggested by Miralles and Slafer, (1995). Increasing the 597 

level of applied N fertiliser reduced the proportion of primary grain by weight and 598 

number at two sites and increased these proportions at another site in the study 599 

conducted by Browne et al., (2006). Tertiary grain number per panicle increased in 600 

response to applied N rate in this study, with the type of response of aborted primary 601 

and secondary grains site specific in nature. Further information on grain site formation 602 

in response to applied N fertilizer is required in order to increase the efficiency of grain 603 

fill and reduce the waste of assimilates through tertiary and aborted grain sites.  604 

  605 
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2.7 Effects of N timing of N application on crop growth 606 

Applying N fertilizer during developmental phases when crop demand and canopy 607 

production is at its peak is the most environmentally and economically sustainable 608 

practice available, ensuring maximum uptake of N, minimum loss to the environment 609 

and maximum grain yield. The critical period for yield determination in oat spans from 610 

GS31 to 10 days after anthesis (Mahadevan et al., 2016) and this coincides with the 611 

key period where N fertilizer is required to maximize grain number. Nitrogen is also 612 

crucially important to promote leaf area production and leaf area duration (Biscoe and 613 

Gallagher, 1978). Thorne and Watson, (1955) observed that the average leaf area 614 

produced over the entire growth period is increased more by early nitrogen application 615 

rather than late application, with final grain yield only linked to leaf area after ear 616 

emergence in spring wheat. Thorne (1962) suggests that assimilate produced in 617 

leaves prior to ear emergence has no contribution to final grain yield. Spiertz et al., 618 

(1982) state that early nitrogen applications usually increase tillering and leaf growth 619 

in cereal crops, while later applications result in increased leaf area duration. They 620 

also link increases in leaf area index in response to early N to increased tiller number, 621 

with increased leaf area per tiller playing a smaller role. Millner et al., (1994) reported 622 

that yield increases associated with N applied just prior to ear emergence in spring 623 

sown wheat were attributable to increased individual grain weight and increased ear 624 

number at harvesting. Application of N at ear emergence has been shown to 625 

encourage the production of late tillers (Thorne, 1962, Millner et al., 1994) which can 626 

be problematic and would be regarded as a negative factor by many producers. 627 

Thorne (1962) reported that yield responses to N applied at ear emergence were 628 

attributable to these late tillers as opposed to any increase in main stem grain number 629 

or weight. Forsberg and Reeves, (1995) comment that yield increases in oats can be 630 

expected from N applied prior to the mid boot stage, with later applications resulting in 631 

increased grain protein but no additional grain yield. However, the photosynthetic 632 

capacity of the panicle has been demonstrated by Jennings and Shibles (1968) and 633 

this photosynthetic organ may be stimulated by an application of N close to ear 634 

emergence. Addressing whether increases in single grain weight, grain quality and 635 

ultimately grain yield in oat can be obtained through a late application of N fertilizer is 636 

a key target of this research.  637 
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In spring-sown cereals, plant development and growth are more rapid than winter-638 

sown crops. The potential to increase panicle number through N application timing is 639 

therefore expected to be limited except in the case of crops sown exceptionally early 640 

(Hay and Walker, 1989). Baethgen (1995) did report increases in inflorescence 641 

number in spring barley in response to N applied in the seedbed and at tillering. 642 

Easson (1984) reported on the effects of N application at ten-day intervals from 643 

emergence on the yield components of spring barley in Northern Ireland and reported 644 

that inflorescence number was relatively unresponsive to early applied N. Individual 645 

grain weight initially decreased in response to delayed N up to fifty days after which it 646 

returned to a base value. Grains/inflorescence increased in response to N, with grain 647 

number peaking when N was applied forty days after emergence. A similar study is 648 

required in oats to deduce the optimum timing of N fertilizer application for yield 649 

formation and quality. Ahmadi et al., (1988) reported responses in oat grain yield in 650 

response to the timing of N application, with jointing, or tillering giving the highest yield 651 

where precipitation levels during grain fill were not limiting. Applications of N later than 652 

GS30 were not investigated as part of this study.  653 

In winter-sown cereals, N requirements over the winter period are typically met by soil 654 

N mineralisation and N recovery from the previous crop, (Ellen & Spiertz, 1980) with 655 

the same amount of N presumably lost by leaching and immobilisation over the winter 656 

in spring cropping scenarios where land has been left fallow. Efretui et al., (2016) does 657 

suggest that a shortage of N during this period may result in the disruption of key yield 658 

determining early phases, such as spikelet set and leaf number determination from 659 

the apex. The application of nitrogen in the autumn is not usually deemed to be 660 

economic (Ellen and Spiertz, 1980). Provided there has been sufficent nutrient 661 

reserves to sustain good tiller development over the winter by early spring, the most 662 

important factor in determining final ear population is tiller mortality wich occurs from  663 

the commencement of stem elongation at GS 31 (Hay & Walker, 1989) and the start 664 

of anthesis (GS61). Maintaining the maximum number of fertile tillers through this 665 

period will result in higher ear number at harvest, therefore ensuring the crop is 666 

adequately fertilised at this stage to prevent high tiller mortality is therefore of key 667 

importance.  668 

It is well established that grain yield in winter and spring- sown cereals is determined 669 

mainly by grain number, and therefore N fertiliser applied prior to or at the 670 
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commencement of stem elongation is key to a high yielding crop in order to increase 671 

grains/panicle and panicles/m2. However, the photosynthetic capacity of the panicle 672 

may result in increased grain fill and grain quality in a situation where late N has been 673 

applied and grain number has been limited by the lack of available N during tillering 674 

and stem elongation. Finnan et al., (2019b) reported an increase in flag leaf chlorophyll 675 

in response to application of N at GS39 (Zadoks et al., 1974) but reported a decrease 676 

in yield at this timing relative to earlier applications. Panicle conformation 677 

measurements were not recorded in this study, and a similar approach may lead to 678 

interesting changes in spikelet structure. While this approach may result in a lower 679 

yield, grain quality and marketability may be increased due to higher individual grain 680 

fill. This validates an investigation into the effect of applied N rate and timing of 681 

application on the panicle conformation and milling qualities of spring and winter-sown 682 

oats.  683 

2.7.1 Effect of timing of N application on grain yield and quality 684 

Much of the yield benefits associated with applied N rate in oat production is accounted 685 

for by increases in grains/panicle (Frey 1959b, Ohm, 1976, Brinkman and Rho, 1984,. 686 

Finnan et al., 2019b), and therefore increased grain number/m2. Panicles/m2 have also 687 

been shown to respond positively to early N application in spring and winter-sown oats, 688 

(Frey, 1959b, Browne et al., 2006) and in wheat (Ellen and Spiertz, 1980). Brinkman 689 

and Rho, (1984) reported no significant association between panicles/m2 and 690 

increased grain yield in response to applied N. Finnan et al., (2018) reported that grain 691 

yield, grains/m2, panicles/m2 and grains/ear values in winter-sown oats were similar 692 

between GS 21, GS 30 and GS32 applications (Zadoks et al., 1974) and only differed 693 

when compared to GS 39 applications. This requires further invesigation as panicle 694 

number was unusually unresponsive to N application timing in this study. Single grain 695 

weight has been widely shown to decrease in response to increases in applied N 696 

irrespective of application timing, (Humphreys et al., 1994, Zhou et al., 1998, Pecio 697 

and Bichonski, 2010). N applied after ear emergence in cereals has been shown to 698 

increase yield through late tillering as opposed to any increase in grains/panicle or 699 

individual grain weight on preformed panicles. Oats have the capacity to increase grain 700 

number through the formation of tertiary grains where conditions are favourable, 701 

(Takeda and Frey, 1980) which may be encouraged by the application of N late in the 702 

season rather than increasing individual grain fill in established spikelets.  The oat 703 
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panicle has also been shown to have high photosynthetic potential, a factor which 704 

could potentially be stimlated by late N application. 705 

In line with increases in panicles/m2 and grains/panicle in repsonse to N application, 706 

spikelet number per panicle has also been shown to increase in response to applied 707 

N (Browne et al., 2006). Due to the unique capability of the oat panicle to abort grain 708 

sites or form tertiary grains in the case of under or over-supply of photosynthate, the 709 

effects that N fertilser applied at different key growth stages may have on the grain 710 

population structure warrants investigation. Peltonen-Sainio, (1997a) attempted to 711 

increase fertile spikelet number and reduce floret abortion through the application of 712 

N fertiliser at the onset of floret abortion. This research indicated that grain site abortion 713 

was higher at lower N levels even though a lower spikelet number/panicle was 714 

reported in lower N plots. A similar field based approach to the cultivation of oats 715 

requires investigation under Irish field conditions. There is no published literature on 716 

the effect of fertiliser N application timing in the field on the grain population structures 717 

of oat.  718 

2.7.2 Optimum N fertilisation of oats 719 

It has been widely demonstrated that applied Nitrogen fertilizer has vast positive 720 

effects on the final grain yield and on the yield components of spring and winter-sown 721 

oat crops (Peltonen-Sainio, 1997a, Chalmers et al., 1998, Browne et al., 2003, Browne 722 

et al., 2006). In the majority of these studies, N was applied at early growth stages to 723 

encourage maximum uptake and the maximum possible yield benefit. Lodging is 724 

highly related to climatic conditions, with several studies, (Gilchrist and Jack, 2003. 725 

Browne et al., 2006) reporting little lodging in response to increased applied N rates 726 

up to 200kg N/ha at experimental sites. Chalmers et al., (1998) demonstrated that 727 

while lodging increased incrementally (10-20% per 40kg N/ha) with increases in 728 

applied N rate up to 240kg N/ha , the severity of lodging differed based on location. 729 

With this in mind, the suitable rate of applied N is therefore highly related to climatic 730 

and site-specific factors within any season. 731 

The application of N has also been shown to exert an influence on the physical and 732 

chemical end use properties of oat grain, particularly grain protein content (Zhou et 733 

al., 1998, Garrido-Lestache et al., 2003) and specific weight. While yield increases are 734 

the most important and economical benefit of N use, the impact of N fertiliser on the 735 
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market value of the grain is also of key importance to growers and users. The timing 736 

of N fertiliser application has been shown to impact both grain yield and grain quality 737 

in cereal crops. Grain protein increased and specific weight was shown to be 738 

unresponsive to N application at GS 39 by Finnan et al., (2019b) but no further quality 739 

parameters were measured in this study. It is of key importance that the focus of N 740 

fertilisation programmes does not discount the importance of grain quality in the 741 

formulation of an optimum N rate.  742 

Due to the percieved susceptibility of oats to lodging, producers in Ireland typically 743 

apply 100-130 kg N/ha on spring planted crops and 120-160kg N/ha on autumn/winter 744 

planted crops. These rates are based on individual producers experiences with the 745 

crop rather than validated field trials and this needs to be formally addressed. Applied 746 

N rate has also been shown to exert a strong influence on grain quality (Chalmers et 747 

al. 1998; Browne et al. 2003; Yan et al. 2017) and cannot be ignored when an optimum 748 

N rate is discussed. There is no recent published work regarding N application on 749 

winter or spring-sown oats under Irish conditions, with limited work completed on 750 

autumn/winter-sown oats. The application of N to oat crops is widely linked to 751 

increased levels of lodging, (Chalmers et al., 1998. White et al., 2003. Browne et al., 752 

2006) and as a result the level of fertiliser N applied to crops requires careful 753 

management and consideration. Bengtsson, (1974) suggested that shorter oat 754 

cultivars more resistant to lodging were more responsive to N. Anderson and McLean, 755 

(1989) found that yield responses to applied N in Western Austrailia depended on soil 756 

N status, rainfall, sowing date, seed rate and cultivar. The use of chlormequat chloride 757 

has also reduced the susceptiility of oat crops to lodging (Leitch and Hayes, 1989. 758 

Browne et al., 2003) and may facilitate the use of higher N levels to increase grain 759 

yield. The idea of an optimum rate of applied N can be regarded as an economic 760 

optimum or a biological optimum, and both are inextricably linked in practice. The 761 

economic optimum rate giving the highest monetary return to the producer is the rate 762 

which returns the highest return on investment in the form of grain yield. The biological 763 

optimum rate is the rate at which the plant can maximise its yield potential without the 764 

risk of lodging. If lodging occurs, the crop will suffer yield loss through harvesting 765 

difficulties reducing profitability.  766 

 767 
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2.8 The role of plant growth regulators in oat management. 768 

Plant growth regulators (PGR’s) are used in high input cereal production systems to 769 

shorten plant stems and reduce the risk of lodging (Rajala, 2004). Rajala, (2004) notes 770 

that there is a limited amount of work carried out with growth regulation in oat crops, 771 

citing falling acreage and reduced interest in the crop. The use of plant growth 772 

regulators has become crucially important for the successful production of agricultural 773 

crops globally, particularly in marginal arable climates such as Ireland. The majority of 774 

plant growth regulators affect the balance of hormones in treated plants, 775 

(Rademacher, 2015) including auxins, gibberelins, cytokinins, abscisic acid and 776 

ethylene which have key roles to play in cell elongation, root/shoot growth and ripening 777 

(Rademacher, 2015). Irish oat crops can receive between 1-3 applications of plant 778 

growth regulator in a single season and this may have implications for both quality and 779 

grain yield. However, concerns around the use of chlormequat are rising due to 780 

detection in food products (Reynolds et al., 2004; Spink et al., 2004) with the re-781 

evaluation of the requirement of PGR in crop production systems required in order to 782 

justify its inclusion. 783 

The requirement for plant growth regulation in oat production has been reported by 784 

Chalmers et al., (1998), May et al., (2004) and Browne et al., (2006), demonstrating 785 

that if moderate applied N rates are used lodging will become a major issue. The 786 

combination of high summer rainfall, high wind and high N rates contibute to a high 787 

lodging risk under Irish conditions. Leitch & Hayes, (1989) reported that chlormequat 788 

(CCC) applications at GS32 significantly reduced stem length by up to 27%. Leitch 789 

and Hayes, (1989) also reported complete control of lodging at 150kg N/ha where 790 

CCC had been applied with severe lodging observed in control plots. White et al. 791 

(2003), also reported a 10% decrease in crop height where CCC was applied. Browne 792 

et al., (2003) and Browne et al., (2006) reported positive yield responses to 793 

chlormequat application under Irish conditions, paticularly evident in years where 794 

lodging was a major issue. Modern cultivars have shown a reduction in crop height 795 

(Lynch and Frey, 1993) and this may have reduced lodging susceptibility in modern 796 

cultivars. Green, (1986) reported on the influence CCC had on cereal crops in the 797 

absence of lodging. It was reported that CCC often increases ear population at harvest 798 

by either promoting tiller production or survival. The number of grains per ear may be 799 

promoted, whether from an abundance of spikelets or of florets. Often, however, 800 
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reduced invidual grain weight compensates and grain yield generally remains 801 

unchanged, (Green,1986). 802 

Trinexapac-ethyl, a gibberellins inhibitor, is also used to mitigate lodging risk on oat 803 

crops. Trinexapac-ethyl (TE) is used at low rates, decreasing internode length while 804 

simultaneously increasing stem diameter in winter wheat, (Zagonel et al., 2002) and 805 

spring wheat, (Wiersma et al., 2011. Zhang et al., 2017). Matysiak, (2006) reported no 806 

effect of TE application on stem diameter, but nonsignificant increases were reported 807 

when TE and CCC were applied together. Wiersma et al., (2011) reported that a TE 808 

formulation of 125g/ha decreased plant height, increased plant erectness and 809 

increased straw strength without causing crop injury, delayed maturity or affecting 810 

yield. Matysiak, (2006) and Zhang et al., (2017) concluded that a combination of TE 811 

and CCC gave the biggest reduction in spring wheat plant height and a significant 812 

increase in crop yield. Unfortunately, there has been no published study on the use of 813 

trinexepac-ethyl based products on oat crops. 814 

2.8.1 Effect of plant growth regulator on growth, yield and quality 815 

Although plant growth regulation is primarily used as a preventative measure against 816 

crop lodging in oats, plant growth regulators may also increase ear density within the 817 

crop, with Zadoks GS 30, (ear at 1cm/end of tillering) (Zadoks et al., 1974) usually 818 

targetted for this purpose. Chlormequat application prior to stem elongation was 819 

shown to increase head bearing tillers in wheat and barley (Humbries et al., 1965; 820 

Naylor and Saleh, 1987; Peltonen and Peltonen-Sainio, 1997) with the same response 821 

noted in oats, (Gendy and Hofner, 1989; Peltonen-Sainio and Rajala, 2001). 822 

Humphries, (1968) carried out a review of the effects of CCC in on all cereal crops, 823 

and noted that increases in ear population in response to PGR applications was due 824 

to increased tiller survival rather than increased tiller production, but it must be noted 825 

that wheat and barley crops were the main focus of this particular review. Rajala, 826 

(2004) carried out a comprehensive review of the effects of plant growth regulation on 827 

oats, and concluded there was no consistent evidence to suggest these promotional 828 

side effects of chloromequat chloride (CCC) on panicle number. The author 829 

commented that there was conflicting reports in the literature, with several authors 830 

(Leitch and Hayes, 1990, Peltonen and Peltonen-sainio,1997, Rajala and Peltonen-831 

Sainio,2002), reporting that CCC had no effect on head bearing tillers in oats. Rajala, 832 

(2004) commented that this variation in response to CCC was attribrutable to varying 833 
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growing conditions and individual cultivar responses to PGR. The effect of CCC 834 

application on spikelet number in oat is similar to the effect it has on ears/m2, with 835 

neutral or positive responses in grain number reported, (Gendy and Hofner,1989, 836 

Peltonen and Peltonen-Sainio, 1997). Leitch and Hayes. (1989) reported increases in 837 

grains/ear at higher applied N rates where CCC was applied. When CCC is applied 838 

pre-stem elongation, this increase in grain number could be due to increased initiation 839 

of spikelets and florets within each stem (Peltonen & Peltonen-Sainio, 1997). At later 840 

growth stages closer to anthesis, increases in grain yield are linked to lower levels of 841 

spikelet and grain abortion, (Ma et al., 1994). Oats produce an excess number of 842 

spikelets, most of which they will fill, (Peltonen-Sainio & Peltonen, 1995). As such, 843 

grain yield increases attributed to CCC application are linked to increases in total grain 844 

number and decreased levels of spikelet abortion rather than increases in total spikelet 845 

numbers. Trinexepac-ethyl (TE) was shown to increase ears/m2 (Zagonel et al., 2002) 846 

and grains/ear (Matysiak, 2006) in winter wheat, although as a relatively new active 847 

there is not as much published information available on its effects on cereal crops. 848 

Chloromequat chloride has been widely shown to have a neutral or slightly negative 849 

effect on grain weight within oats, (Leitch and Hayes, 1990; Peltonen and Peltonen-850 

Sainio, 1997; White et al., 2003; Browne et al., 2006). In severe lodging situations, 851 

however, if CCC keeps the crop standing upright, it facilitates better assimilate flow 852 

into the grains, and as a result, treated crops will have higher grain weights than 853 

untreated crops (Rajala, 2004). While chlormequat chloride may slighly increase total 854 

grain number/m2, the negative effects it has on grain weight usually leads to a neutral 855 

overall effect on final grain yield, (Hay and Walker. 1989). Matysiak, (2006) and 856 

Wiersma et al., (2011) reported no effect of 125g/Ha of TE on grain weight of wheat, 857 

although there was a significant reduction in grain weight at 250g a.i/ ha applied at 858 

GS37 (Wiersma et al., 2011). 859 

It is important to note that increases in grains/m2 in response to PGR application is 860 

usually counter balanced by lower grain weights (Green, 1986). This is also true in 861 

reverse, with higher single grain weights compensating for lower grain number/m2. 862 

Information on the implications that PGR application has on grain fill in individual 863 

spikelets regarding the primary grain ratios is limited. Browne et al., (2006) did report 864 

slight decreases in the proportion of primary grain number in response to CCC 865 

application with inconsistent effects on the level of spikelet abortion. Sterile grains 866 



 

32 
 

were also shown to increase in response to CCC application, (Leitch and Hayes, 1989; 867 

Browne et al., 2006). The effect of the application of plant growth regulator on grain 868 

population structures requires further investigation in order to determine its key effects. 869 

2.8.2 Effect of PGR on lodging resistance of oats 870 

The stem shortening effect of CCC on oat crops has been demonstrated, (Leitch and 871 

Hayes. 1990; White et al., 2003) as have the benefits that shorter stems have with 872 

regard to lodging resistance (Leitch and Hayes, 1989; Leitch and Hayes, 1990). Leitch 873 

and Hayes (1990) also reported that lodging was completely controlled at 150kg N/ha 874 

where chlormequat had been applied whereas plots untreated with CCC lodged 875 

severely. Browne et al., (2003) and White et al., (2003) reported decreases in lodging 876 

in response to chlormequat application under Irish conditions, noted particularly at 877 

higher N rates. Wiersma et al., (2011) reported decreased plant height and lodging in 878 

response to increasing dose rate of TE in winter wheat, as well as increased straw 879 

strength and stem lignin content. Matysiak (2006) and Zhang et al., (2017) reported 880 

that a combined treatment of TE and CCC resulted in the highest reduction in 881 

internode length and the highest increase in internode width.  882 

Lodging has a severe impact on grain yield in cereal crops with reductions in grain 883 

yield of 31-80% in wheat (Stanca & Jenkins, 1979) 28-65% in barley (Jedel and Helm, 884 

1991) and 37% in oats (Pendleton, 1954). Lodging reduces crop yield due to 885 

innefficent carbon assimilation during grain fill and by increased grain losses at 886 

harvest. Plant growth regulators are widely used in oat production due to the perceived 887 

susceptibility of the crop to lodging (White et al., 2003). This is due to the fact that oats 888 

are generally taller than other cereal crops, (Rajala, 2004) and the application of CCC 889 

has been widely shown to reduce both crop height and total crop lodging. However, 890 

Berry et al., (2004) notes that the lodging susceptibility of a crop has a large influence 891 

on the amount that PGR can reduce lodging by and therefore it is unlikely to eliminate 892 

lodging risk in oat. The same authors note that the application of PGR can delay the 893 

onset of crop lodging which can also contribute to reduction in yield loss. Examining 894 

the role and requirement of PGR in Irish oat production systems justifies the inclusion 895 

of PGR application in this set of experiments. 896 
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2.9 Oat quality 897 

Oat crops grown for the milling market must meet certain quality specifications, 898 

including a high hectolitre weight (kg/hl), high groat percentage, good hullability and 899 

have low screenings, (Burke et al., 2001; Doehlert. 2002). Crops should also be free 900 

from contamination, be sweet and sound and have minimum groat blackening, (Burke 901 

et al., 2001). The fundamentals of good harvest management are crucially important 902 

in determining minimum levels of foreign material and contamination and good color, 903 

whereas agronomic factors are key in determining the milling properties and ultimately 904 

the processability value of the grain. 905 

Oat quality testing aside from visual inspection generally consists of specific 906 

weight/test weight and grain screenings (Webster. 1996). However, modern 907 

equipment has been developed to measure groat percentage and grain hullability 908 

which are more accurate measurements of expected processing yield and general oat 909 

processability (Browne et al., 2002). Specific weight and kernel size are 910 

measurements of the physical quality of oat grain, such as bulk density and grain width 911 

within an oat lot. Groat percentage and hullability are more closely linked to the milling 912 

process and when considering milling quality of oats are the most important. Kernel 913 

size has also been shown to have a marked effect on grain hullability (Doehlert and 914 

Wiessenborn. 2007; White and Watson. 2010) with kernel size also of key importance 915 

for specific end use markets which prefer larger or smaller kernel types (Doehlert. 916 

2002). Oat grain has a favourable protein composition relative to other cereals with 917 

higher levels of all the essential amino acids than the Triticeae (Yeoh and Watson. 918 

1981). Determining and reporting the effect of agronomic factors on the protein content 919 

of oats will be of high value to Irish producers and end users as an avenue to add 920 

value to the grain. Establishing the role of agronomic factors on these parameters 921 

forms a fundamental part of this research project.   922 
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2.9.1  Effect of agronomic factors on groat percentage  923 

Oat grain can be divided into two subcomponents, made up of the husk and the interior 924 

caryopsis, also known as the groat. The groat percentage varies widely between 925 

varieties (Griffiths et al., 2014). Griffiths et al., (2014) reported that amongst inbred 926 

lines in a breeding programme, groat percentage varied from 70-75%. Some cultivars, 927 

such as Maestro and Aspen, are reported to have groat percentage values of between 928 

77-78%, (ADHB, 2015). The groat is the valuable proportion of the oat grain, and 929 

requires the dehulling of whole oats to separate the groat from the husk. The husk of 930 

the oat grain constitutes approxmiately 25% of the grain (Browne et al., 2002) and is 931 

of no nutritional value to non-ruminants  (Stuthmann & Granger, 1977).  932 

Groat percentage is a key trait desired by millers, as a higher yield can be expected 933 

from oat lots with higher values (Doehlert. 2002).The husk proportion of oat grains is 934 

formed prior to grain filling, with Browne et al., (2006), reporting that groat percentage 935 

was controlled by the plant through the number of tertiary grains and also by floret 936 

abortion. This process works on the basis of supply and demand, suggesting that if 937 

photosynthate is oversupplied during grain fill, the plant will fill tertiary grains rather 938 

than overfilling primary and secondary grains allowing for a consistent groat 939 

percentage in the grain. When demand outstrips supply, photosynthate is remobilised 940 

from aborted grains to ensure a constant level of individual grain fill, even at the 941 

expense of overall grain yield (Browne et al., 2006). Groat percentage has also been 942 

widely associated with hullability in previous studies (Gamβmann and Vorwerck. 1995: 943 

Doehlert et al., 1999; Browne et al., 2003) indicating that grain fill important for efficent 944 

dehulling.  945 

Browne et al., (2003) investigated the effect of a range of agronomic factors on oat 946 

milling quality and concluded that variation in groat percentage in response to 947 

treatment effects was minimal when compared with varietal differences. Peterson et 948 

al., (2005) reported that genotype accounted for 87.9% of the variation for groat 949 

percentage across 33 cultivars grown over 9  North-American environments. 950 

Buerstmayer et al., (2007) reported on the agronomic performance of a diverse global 951 

oat genotype population under central European conditions, with varietal differences 952 

in groat percentage ranging from a minimum of 59.3% to a maximum of 81%. Doehlert 953 

et al., (2002) and Yan et al., (2017) also reported varietal differences in groat 954 

percentage in Northern America and Canada respectively. This portrays the large 955 
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genotypic variation there is when it comes to caryopsis percentage in oats. Browne et 956 

al., (2006) commented on the unique phenomenon of oat grain formation, with grain 957 

abortion and tertiary grain utilised to ensure consistent levels of grain fill within each 958 

spikelet. The level of groat percentage is therefore an interaction between assimilate 959 

availability during grain fill, potential grain number and the level of groat percentage of 960 

the oat cultivar. Cultivar selection is the key determinant of groat percentage in oat 961 

grains as the maximum attainable value is limited by husk proportion, a genetically 962 

controlled trait.  963 

Peltonen-sainio (1997b) reported neutral and positive effects of increased N rate on 964 

the groat percentage of oats. The positive response was reported in one naked 965 

cultivar, Rhiannon. This may be due to increased grain fill in the absence of a limiting 966 

surrounding husk. Browne et al., (2003) reported inconsistent effects of increased N 967 

rate on groat percentage. Groat percentage was significantly reduced (0.5%) at the 968 

highest level of applied N in 1998, but in 1999 at a different site, one cultivar was 969 

negatively affected by increased N rate (-0.8%) with increases observed in the other 970 

cultivar (1.2%). Yan et al., (2017) reported increases (1-3%) in groat percentage within 971 

a range of cultivars in response to increased N rate under Canadian conditions but 972 

May et al., (2019) reported that site was the only factor which influenced groat 973 

percentage under similar conditions. Lafond et al., (2013) reported that groat yield was 974 

the only measured variable unaffected by increases in the rate of applied nitrogen. 975 

While the negative effects of increased N rate have been widely reported on quality 976 

parameters such as test weight (Chalmers et al., 1998; May et al., 2004; Mohr et al., 977 

2007) and grain screenings (May et al. 2004; Mohr et al., 2007). The effects of 978 

increased N rates on oat groat percentage have not been as widely reported and 979 

requires further investigation under Irish conditions. Identification of the role of applied 980 

N fertiliser in these processes will be of paramount importance. Browne et al., (2003) 981 

reported significant decreases in grain groat percentage in response to chlormequat 982 

chloride application over 2 seasons at one site. Further data on this topic is 983 

unfortunately limited and requires futher investigation.   984 

  985 



 

36 
 

2.9.3 Effect of agronomic factors on specific weight (kg/hl). 986 

Specific weight, also known as test weight is the most universally used quality 987 

measure for oat quality (Doehlert. 2002). It measures the density of a grain sample 988 

per unit of volume (hectolitre), (Doehlert et al., 2001) and is commonly used in oats as 989 

a predictor of expected milling yield. It is assessed using a chondrometer and it is the 990 

most widely used quality parameter quoted when buying oat lots. However, it is not a 991 

direct measure of a processing characteristic and has been shown by Meyer and 992 

Zwingelberg (1981) to be unsuitable for the prediction of milling yield in oat. McGarel 993 

and White (1997) reported that hectolitre weight only accounted for 19% of the 994 

variation in groat percentage across a range of varieties. This research showed that 995 

for any hectolitre weight provided, cultivar A would have a higher groat percentage 996 

than cultivar B, highlighting the failure of hectolitre weight in predicting final milling 997 

yield, (McGarel & White, 1997). Doehlert et al., (2009) commented that while genotypic 998 

rankings of groat percentage and test weight were somewhat consistent, obvious 999 

differences were reported in the factors that influence these parameters, such as groat 1000 

mass, packing proportion and kernel density. While hectolitre weight will indicate 1001 

differences in grain density and kernel mass of a sample, it does not give accurate 1002 

indications of the final milling extract. Despite its limitations, it is likely to remain as the 1003 

key quality parameter of milling oats for the foreseeable future, as equipment to test 1004 

for groat percentage and hullability is not widely available. 1005 

 1006 

Cultivars have been shown to vary greatly regarding specific weights, (Doehlert et al., 1007 

2001; Buerstmeyer et al., 2007) therefore selection of high value varieties is a key 1008 

component of achieving a high specific weight. Specific weight has also been shown 1009 

to be slightly sensitive to changes in seeding rate (Browne et al., 2003). The 1010 

application of plant growth regulators has been shown to have slight negative effects 1011 

on oat test weight (Leitch and Hayes, 1989; Browne et al., 2003; White et al., 2003) 1012 

but these effects are generally commercially insignificant. These reductions in specific 1013 

weight are related to slight increases in screenings and decreases in oat groat 1014 

percentage related to the use of PGR in oats. (Browne et al., 2003). Specific weight in 1015 

oats is also negatively correlated with increased levels of applied N (Chalmers et al., 1016 

1998: Burke et al., 2001; Browne et al., 2003; Finnan et al., 2019b; May et al., 2019) 1017 

with reductions ranging from 1.5-3kg/hl observed in these studies. These effects 1018 

become exasperated if lodging occurs and assimilate flow into the grains is limited. 1019 
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The effect of sprouting on specific weight will also increase at higher levels of lodging, 1020 

particularly if lodging has occurred early in the season. Delayed sowing date in the 1021 

spring was also shown to negatively affect test weight of oats, (Colville and Frey, 1022 

1986). Specific weight is the key initial determinant of oat value with oats rejected 1023 

below an accepted base level, typically around 52kg/hl. Determination of general 1024 

agronomic trends across seasons and variable climatic conditions will clarify how 1025 

husbandry decisions can be optimised to maintain specific weights in high yielding 1026 

modern cultivars. 1027 

2.9.4 Factors affecting kernel size. 1028 

Kernel size is of key importance to oat end users as grains are generally separated by 1029 

size prior to dehulling to ensure maximum mill efficiency (Deane and Commers. 1986; 1030 

Gamβmann and Vorweck. 1995) as kernel size characteristics have a marked effect 1031 

on hullability (White and Watson. 2010). Oat kernel size can be evaluated by mass, 1032 

length, width, depth and volume (Doehlert, 2002). Grains of different size will dehull at 1033 

different rotor speeds (Doehlert and Wiessenborn. 2007) with kernel breakage or 1034 

dehulling inefficiency increasing if conditions are not adjusted to account for this (White 1035 

and Watson. 2010). Doehlert and Wiessenborn. (2007) reported relationships 1036 

between grain width and hullability and reported that if grain width was known the 1037 

dehulling process could be adjusted to increase mill efficiency. In addition to the 1038 

relationships between kernel size and hulling efficiency, larger grains are more 1039 

desirable for end users as larger flakes can be produced which are favoured by 1040 

consumers. This has led to the adaptation of a kernel size value index by certain end 1041 

users, particularly in Germany, which places higher value on grains greater than 1042 

2.5mm (Meyer and Zwingelberg, 1981). Identifying the effect of agronomic practices 1043 

on kernel size which is currently absent from the literature could increase the 1044 

understanding of the biological processes in oats which influence grain milling quality 1045 

and marketability. Factors which reduce individual grain weight such as increased 1046 

applied N fertiliser rate and seed rate will be expected to reduce the proportion of large 1047 

grains within a sample. Kernel size in wheat was reduced as the rate of applied N 1048 

increased (Batey and Reynish, 1976) and spring barley (Grashoff and D’Antuono, 1049 

1997). Cultivar will also be expected to play a key role as kernel size is a genetically 1050 

influenced characteristic.  1051 
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Grain screenings are a mixture of, broken grains, unsound grains, and all other 1052 

materials separated during the cleaning and processing of a cereal grain. Screenings 1053 

are determined by passing a sample over a slotted grain screener, with oat grains less 1054 

than 2.0mm in width referred to as ‘thins’ or screenings (Webster, 1996). Screenings 1055 

can also be presented inversely in the literature as % plump grain, referring to the fact 1056 

that this plump component did not pass through a 2mm screen. They are regarded as 1057 

a by-product by end users of all grains and are regarded as a negative indicator of 1058 

grain quality. Identification of the agronomic practices which increase screenings in 1059 

modern varieties is of value as screenings are removed from the milling process at an 1060 

early stage and reduce the expected kernel yield of an oat lot. Grain screenings by 1061 

nature are highly related to kernel size, therefore any agronomic input shown to reduce 1062 

grain weight and kernel size could be expected to have negative effects on screenings. 1063 

Buerstmeyer et al., (2007) reported wide variation in grains <2.0mm in a study of 120 1064 

cultivars. Humphreys et al., (1994) also reported significant effects of cultivar choice 1065 

on grains <2.0mm. Increasing the rate of applied N is widely shown to increase grain 1066 

screenings (Browne et al., 2003; May et al., 2004; Mohr et al., 2007; May et al., 2019) 1067 

but has been shown to reduce screenings, (Humphreys et al., 1994). This is closely 1068 

related to the positive effect increasing the rate of applied N exerts on grain number/m2 1069 

and grain yield. It is suggested by Slafer et al., (1994) that grain growth in wheat during 1070 

the post-anthesis period is co-limited by both sink size and source availability, resulting 1071 

in less assimilate per grain at high grain numbers. Individual grain fill will be limited 1072 

where a large sink has been created, but N applied at panicle emergence may have a 1073 

positive effect on screenings by increasing source capacity and ultimately individual 1074 

kernel size. The potential to manipulate kernel size and implications that this may have 1075 

on other quality parameters is of key interest in this study. 1076 

The application of PGR has also been shown to increase grain screenings, (Browne 1077 

et al., 2003; White et al., 2003). This is associated with decreases in grain weight 1078 

associated with PGR applications in oats. Increases in sterile grain production 1079 

reported by Browne et al., (2006) in response to PGR application may also account 1080 

for some of this increase, as the empty husks may be detected in a harvested sample. 1081 

Increasing the seed rate of oats was also shown to increase grain screenings in two 1082 

cultivars at 2 sites in both years of investigation, (Browne et al., 2003) linked to poorer 1083 

individual grain fill on each panicle. Grain screenings are a key indicator of oat quality 1084 
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second only in importance to specific weight. Ensuring that crop husbandry decisions 1085 

are tailored to reduce screenings is therefore of key importance even as a move 1086 

towards groat percentage and hullability as key quality parameters becomes more 1087 

widespread.  1088 

2.9.5 Grain hullability 1089 

Hullability refers to the ease of husk removal of an individual oat lot, (Browne et al., 1090 

2002). An oat lot with a high hulling efficiency will lead to a lower rotor speed in 1091 

commercial oat mills and will lead to lower processing cost and less kernel damage 1092 

for the end user. Grains remaining unhulled after commercial dehulling will typically 1093 

dehull at a higher rotor speed, but kernel breakage is higher and total extract yield 1094 

would be reduced (White and Watson, 2010). A standard test for hullability was 1095 

developed by Browne et al., (2002). Prior to this, no standard testing procedure was 1096 

available for the determination of grain hullability. Grain millers and merchants do not 1097 

typically test for hullability, although a leading UK oat breeder does implement a 1098 

mechanical dehulling procedure to evaluate the dehulling behaviour of oats in the 1099 

breeding programme (Valentine et al., 2000). The importance of oat hullability is 1100 

emphasised in the example highlighted by White and Watson, (2010) where a cultivar 1101 

(Mirabel) was commercially unsuccessful despite its progression through the UK 1102 

variety evaluation procedures. This was due to the difficulties associated with 1103 

commercial dehulling of the grain, which is not assessed as part of the variety 1104 

evaluation programme, (White and Watson, 2010). The lack of knowledge around the 1105 

factors which influence hullability is an information gap which needs to be addressed. 1106 

This will be investigated further as part of this study. 1107 

It has been demonstrated that cultivars show marked variation in hullability (Browne 1108 

et al., 2002; Browne et al., 2003). White and Watson, (2010) linked genotypically 1109 

controlled features, such as increased kernel size and roundness to increased grain 1110 

hullability at shorter durations of dehulling. Increased roundness of grains in the 1111 

varieties Barra and Gerald was associated with increases in hullability in 2000 relative 1112 

to other varieties, with greater width of individual grains of Tardis and Mascani 1113 

attributing to greater hullability at shorter durations of dehulling. A large proportion of 1114 

thin and slender grains associated with the varieties Gerald and Tardis had the poorest 1115 

hullability. Doehlert et al., (2004) reported wide variation in kernel size both within 1116 

cultivars and between cultivars which will impacted grain hullability. With kernel size a 1117 
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key determining factor of hulling efficiency (Doehlert and Wiessenborn, 2007; White 1118 

and Watson, 2010), the selection of a cultivar with desirable kernel sizes and good 1119 

hullability characteristics is of crucial importance. The level of individual grain fill is also 1120 

of key importance for grain hullability due to the association between groat percentage 1121 

and hullability with genetically influenced grain fill characteristics a key factor in its 1122 

determination. 1123 

Studies investigating the variation in oat hullability have been predominantly based 1124 

around cultivar choice and kernel size effects on hullability. The relationships between 1125 

kernel size fractions and cultivar selection reported by Doehlert and Wiessenborn. 1126 

(2007) and White and Watson (2010) are interesting as any agronomic variable that 1127 

may influence kernel size may also influence grain hullability. Investigating this 1128 

relationship is a major element of this study. Browne et al., (2003) reported positive 1129 

trends in grain hullability (5% increase) in response to applied N rate under Irish 1130 

conditions with Yan et al., (2017) reporting increases in hullability (2-6%) in response 1131 

to applied N rate under Canadian conditions. The effect of increased N rate on 1132 

hullability was more pronounced in varieties with poorer hullability characteristics, 1133 

although the overall ranking of the cultivars used never changed (Browne et al., 2003). 1134 

Increasing the seed rate was also shown to have a negative effect on hullability in one 1135 

season in this study. Browne et al., (2003) reported a negative effect of chlormeqaut 1136 

chloride on grain hullability in one season, although as with applied N rate and seed 1137 

rate agronomic effects were small in comparison to cultivar selection.  1138 

Browne et al., (2002) reported that primary grains have lower groat percentages and 1139 

lower hullability than secondary grain. Changes in the grain population structure may 1140 

therefore have implications for hullability, as a higher proportion of primary grain in a 1141 

grain lot may lead to lower overall hullability. Symons and Fulcher, (1988) suggest that 1142 

due to this variation in grain processing characteristics, the primary: secondary grain 1143 

ratio could be used as an indicator of grain quality. Prior to dehulling, oat grains are 1144 

typically graded by size into different fractions, (Ganβmann & Vorwerck, 1995) to 1145 

account for this. If a combination of inputs could be identified which could lead to 1146 

optimum kernel size distributions for dehulling this would be of considerable value to 1147 

end users 1148 
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2.9.6 Grain protein content 1149 

Oat grain is recognised as having the highest protein content and quality of all cereal 1150 

grains with a desirable protein quality (Peterson. 1992). Members of the Aveneae 1151 

species have higher levels of all the essential amino acids than the Triticeae which 1152 

includes wheat, rye and triticale (Yeoh and Watson. 1981). Oat grain is particularly 1153 

high in lysine due to high proportion of globulins and a relatively high proportion of 1154 

albumin in the make-up of its protein content (Rasane et al., 2015). Oats are also 1155 

recommended for inclusion in coeliac diets due to the low proportion of prolamin in the 1156 

protein composition of oats. This leads to a protein composition which is unique in 1157 

cereal crops and desired by groups within society.  1158 

Grain protein levels in oats are sensitive to changes in agronomic practices and have 1159 

been shown to be affected by cultivar (Givens et al., 2004, Peterson et al., 2005. Yan 1160 

et al., 2017), seeding rate (Zhou et al., 1998), sowing date (Nass et al., 1975; 1161 

Humphreys et al., 1994; Zhou et al., 1998) and applied N rate (Ohm. 1976, Humphreys 1162 

et al., 1994, Givens et al., 2004. Yan et al., 2017. Finnan et al., 2019b) with the 1163 

application of plant growth regulator generally having no effect on grain protein levels 1164 

(Clark and Fedak. 1975; Oplinger et al., 1975; Pietola et al., 1999). The timing of 1165 

applied N application has a significant effect on grain protein content in barley 1166 

(Baethgen et al., 1995) and oats (Finnan et al., 2019b) although work around the effect 1167 

of N application timing on oat grain quality is limited. Forsberg and Reeves (1995) 1168 

commented that early applications of N fertiliser prior to the mid-booting phase would 1169 

increase the yield of oats with later applications likely to increase grain protein in the 1170 

absence of increases in yield. The agronomic factors which influence grain protein 1171 

levels under Irish conditions in spring and winter-sown oat crops are poorly understood 1172 

and the identification of these factors is a key target of this research. 1173 

  1174 
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2.10  Powdery Mildew Resistance 1175 

2.10.1 Introduction 1176 

Powdery Mildew, caused by Blumeria graminis spp avenae, is the most common 1177 

fungal disease which affects oat production globally and is of critical importance under 1178 

Irish conditions. It is an obligate biotroph in nature, requiring a living host to facilitate 1179 

its own growth. It is of key importance in cooler, humid regions such as maritime 1180 

northwest Europe where the fungus can over-winter on autumn-sown crops and 1181 

volunteers (Clifford, 1995: Valentine et al., 2011). Powdery mildew growth is limited by 1182 

temperatures in excess of 25°C and where free moisture is limiting. The same author 1183 

also notes that in drier areas where spring oats are grown exclusively, powdery mildew 1184 

occurs infrequently (Clifford, 1995). This agrees with McKay, (1957) who reported low 1185 

mildew levels on Irish spring-sown oats, commenting that severe mildew infections are 1186 

generally associated with areas of winter oat production. The adaptation to winter 1187 

planting of oats in Ireland has increased the significance of powdery mildew in 1188 

commercial production. Annual crop losses from mildew infections in cereals globally 1189 

are estimated to range from 5 to 10% up to 40% (Lawes and Hayes, 1965, Jones, 1190 

1977 and Clifford, 1995) depending on severity of infection.  The races of Blumeria 1191 

graminis which attack wheat, barley oats and rye are all highly specialised and each 1192 

race is confined to a cereal species, (McKay, 1957). 1193 

McKay, (1957) reported that fungicidal treatment of the disease was uneconomical 1194 

under Irish conditions where spring oats were cultivated, prior to the adaptation of 1195 

winter-sowing. Laverick (1997) reported on a range of trials in which positive yield 1196 

responses were achieved in response to fungicide treatment. There has been limited 1197 

work conducted around fungicide use on oats, with the principles usually coming from 1198 

other crops. Chemical control of the pathogen is available, but the most cost effective 1199 

and environmentally sustainable control method is genetic resistance, (Feuillet and 1200 

Keller, 1998). The utilisation of genetic resistance needs to be treated with caution, as 1201 

emerging races of the pathogen will lead to the breakdown of genetic resistance, with 1202 

monogenic or major gene sources of resistance the most at risk (Sanchez-Martin et 1203 

al., 2011). Monogenic sources of resistance are of key importance but are destined to 1204 

quickly fail if utilised in the absence of other control methods. Combining major gene 1205 

resistance with quantitative resistance can prolong the lifetime of the major gene whilst 1206 

maintaining good disease control, (Pilet-Nayel et al., 2017). The identification and 1207 

http://www.sciencedirect.com/science/article/pii/S0261219415300053#bib10
http://www.sciencedirect.com/science/article/pii/S0261219415300053#bib10
http://www.sciencedirect.com/science/article/pii/S0261219415300053#bib2
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characterisation of resistance (R) genes as partial or major gene resistance is 1208 

therefore of key importance to ensure breeders and growers of oats can make 1209 

informed decisions.  1210 

2.10.2 Life-cycle of Blumeria graminis sp. avenae 1211 

Blumeria graminis initially infects oat crops through mycelium and cleistothecia on crop 1212 

stubble, oat volunteers and autumn sown crops. Brown mycelial mats are formed on 1213 

the upper surface of new leaves in autumn sown crops and will become crucial for 1214 

fresh infection in the spring when conditions become favourable (Clifford, 1995). When 1215 

this occurs, sporulation will recommence from these areas and conidia will be 1216 

produced, facilitating airborne dispersal of the pathogen. The other mechanism used 1217 

by powdery mildew to re-infect crops involves the production of ascospores. As host 1218 

plants begin to die off towards the end of summer, powdery mildew will begin to move 1219 

into its resting phase by forming cleistothecia (Wolfe, 1984). These cleistothecia 1220 

produce ascospores which will germinate in the autumn, taking advantage of newly 1221 

growing volunteers and autumn sown crops (Wolfe, 1984, Clifford, 1995). The release 1222 

of these ascospores ensures the maximum release of genetic variability of the disease 1223 

maximising the chance of successful reinfection. This ability of Blumeria graminis to 1224 

reproduce both sexually and asexually gives it an ability to develop strains which can 1225 

overcome plant R genes over a relatively short period (4-6 years) (McDonald & Linde, 1226 

2002a). For this reason, durable resistance genes need to be identified in order to 1227 

continue acceptable levels of genetic resistance and maintain the function of major R 1228 

genes into the future. 1229 

Powdery mildew has similar symptoms on all cereal plants even though individual 1230 

races have limited pathogenicity within their grain group (Clifford, 1995). It can first be 1231 

identified during the autumn-winter period by grey-white colonies of fungal mycelia on 1232 

the leaf surface which spread and form a dense mat (McKay, 1957). Following fresh 1233 

infection of new leaf area in the spring, white pustules begin to form on adjoining 1234 

leaves resulting in the production of large numbers of conidia which give powdery 1235 

mildew its white, cobweb like appearance, (McKay, 1957). 1236 
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2.10.3 Infection methods  1237 

Blumeria graminis sp. avenae will reproduce both sexually and asexually, with asexual 1238 

spores the common infection vector. Green et al., (2002) described the germination 1239 

and development of these spores on the leaf.  1240 

A primary germ tube is followed by a secondary germ tube which differentiates into a 1241 

hooked appressorium in the 12 hours following initial infection. A penetration peg then 1242 

emerges beneath the appressorium which attempts to breach the plant epidermal cell 1243 

wall through a combination of physical force and enzymatic degradation (Green et al., 1244 

2002). Virulent effectors are excreted at two stages during the early stages of host cell 1245 

infection: a first wave during host cell entry (12 hours) and a second wave when the 1246 

haustorium is formed at 24 hours (Hacquard et al., 2013). Effectors attempt to increase 1247 

the likelihood of successful infection of the pathogen by interfering with host cell 1248 

metabolism and immunity processes (Bourras et al., 2018). There is a diverse group 1249 

of effectors produced by Blumeria graminis with the success of these effectors key for 1250 

successful colonisation. Host induced gene silencing (Nowara et al., 2010) of key 1251 

effector genes resulted in reductions in haustorium formation of 60-70% (Pliego et al., 1252 

2013), emphasising the key role effectors play in the infection process. Effective host 1253 

cell penetration in barley was also linked to the presence of wild type variants of Mildew 1254 

Locus O genes (Mlo) (Huckelhoven and Panstruga, 2011).  1255 

If the pathogen succeeds in colonising the plant, it enters the cell lumen where cell 1256 

differentiation will lead to the formation of haustoria feeding bodies. These haustoria 1257 

support the growth of secondary hyphae from which subsequent generations of 1258 

haustoria (from 3 days) and conidiophores (from 4 days) can develop, (Green et al., 1259 

2002). A background of the infection processes of Blumeria graminis will help to 1260 

understand the mechanisms of resistance.  1261 

 1262 

  1263 
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2.10.4 Genetic Resistance. 1264 

The effectiveness of resistance genes to any plant pathogen depends on the genetic 1265 

structure and evolutionary potential of the pathogen population. Blumeria graminis is 1266 

a difficult disease to control due to its ability to reproduce both sexually and asexually. 1267 

This allows the potential for new strains to develop as a result of recombination and 1268 

confers the ability for strains which can overcome introduced control methods to 1269 

reproduce rapidly via asexual methods, (McDonald and Linde. 2002b).  1270 

The idea of boom-and-bust cycles describing the introduction of a single resistant gene 1271 

to a population and the subsequent breakdown of this resistance was introduced by 1272 

McDonald and Linde, (2002a). Major gene resistance is characterised by the presence 1273 

of receptors in the plant which detect avirulent effectors produced by the pathogen. 1274 

When these effectors are detected by the plant, a hypersensitive response (Greenberg 1275 

and Yao, 2004) is activated within the plant leading to the death of the infected plant 1276 

cell as well as the death of the infecting pathogen (McDonald and Linde, 2002a). This 1277 

interaction between infecting pathogen effectors and host plant R genes is referred to 1278 

as a gene-for-gene interaction (GFG), (Flor, 1956). Subsequent mutations within the 1279 

pathogen population from avirulent to virulent strains will cause changes in the 1280 

effectors which will cause non-recognition by the receptors in the plant (McDonald and 1281 

Linde, 2002b). This race specific genetic resistance was referred to as ‘vertical’ 1282 

resistance (Robinson, 1971). Mutations from avirulent to virulent strains are rare, but 1283 

when combined with an effective selection event, such as the introduction of a 1284 

resistance gene, the frequency of the resistant mutant strain increases rapidly and can 1285 

cause the resistance gene to lose its effectiveness. If utilised correctly and in tandem 1286 

with other control methods, this major gene resistance provides a relatively simple 1287 

avenue to ensure commercially acceptable levels of disease control.  1288 

Resistance to pathogens in plants can also be due to other types of genetically 1289 

encoded factors, such as phytoalexins, PR-proteins, chitinases and modifiers of host-1290 

defence responses (McDonald and Linde, 2002a). These factors have a different 1291 

mode of action to GFG based major gene resistance and may be controlled by 1292 

polygenes which affect the degree of resistance displayed by the plant (Parlevliet and 1293 

Zadoks, 1977). The individual activity of these genes is expected to be small and 1294 

additive in nature leading to a resistance mechanism that differs in inheritance and 1295 

mode of action from GFG based resistance. These resistance genes are referred to 1296 



 

46 
 

individually as minor genes with the collective mechanism described as quantitative 1297 

resistance. Quantitative resistance rarely provides the hypersensitive level of 1298 

resistance displayed by GFG resistance and is generally a partial-type resistance, but 1299 

is equally effective against all strains of a pathogen population (McDonald and Linde, 1300 

2002b) and as a result are referred to as ‘horizontal’ resistance genes (Robinson, 1301 

1973). It is also less prone to breakdown due to a combination of low selection 1302 

pressure, multi-site activity, contradictory target sites which limit mutations and a 1303 

combination of resistance mechanisms acting at different stages of plant development 1304 

and the pathogen life-cycle (Pilet-Nayel et al., 2017) The ability of these genes to 1305 

confer non-race specific resistance to the plant is a distinct advantage over the boom-1306 

and-bust cycle and effector-specific method associated with major gene resistance. 1307 

Parlevliet and Zadoks (1977) states that there is a need to determine horizontal 1308 

resistance from vertical resistance due to the assumed stability of horizontal resistance 1309 

as opposed to vertical resistance. Nelson (1975) argues that all genes have a vertical 1310 

and a horizontal mode of action, with major genes possessing the ability to resist other 1311 

races of the pathogen in an alternative manner to a hypersensitive reaction. Pelit-1312 

Nayel et al., (2017) state that a combination of qualititative and quanititative resistance 1313 

mechanisms is the best approach to effective, durable disease control.  1314 

  1315 
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2.10.5 Mechanisms of genetic resistance to Blumeria graminis in cereals 1316 

Genetic resistance to Blumeria graminis where the expression of resistance results in 1317 

programmed cell death (pcd) (Greenberg and Yao, 2004) was linked to three key 1318 

specificity levels in barley (Peterhansel et al., 1997). Race specific resistance within 1319 

the plant follows the gene for gene concept as described by Flor (1956). This concept 1320 

is based around dominant resistance genes in the plant corresponding with avirulent 1321 

effector genes in the pathogen. These dominant resistance genes result in the 1322 

presence of surface-localised immune receptors and intracellular immune receptors. 1323 

These receptors will detect the presence of the fungus in the apoplast trigger the plants 1324 

defensive system to prevent infection, resulting in the death of the infected cell and 1325 

the pathogen.  1326 

Race non-specific resistance or broad-spectrum resistance is regulated by Mildew 1327 

Resistance locus o (Mlo) genes and is effective against almost all tested isolates of B. 1328 

graminis on barley plants (Jorgenson, 1977; Lyngkjaer et al., 1995). Mlo based 1329 

resistance was originally detected in an Ethiopian barley landrace and has since been 1330 

integrated into most cultivated plant species through both natural and induced 1331 

mutation, (Kusch & Panstruga, 2017) with the same authors stating that Mlo gene 1332 

resistance is characterized by effective arresting of fungal pathogenesis at early 1333 

stages of infection, with the formation of haustoria and hyphae not observed on Mlo 1334 

genotypes in barley. This pre-penetration resistance is characterised by the formation 1335 

of a relatively larger quantity and diameter of cell-wall appositions and defence related 1336 

compounds such as hydrogen peroxide in comparison to non-mlo genotypes 1337 

(Stolzenberg et al., 1984). These procedures are then followed by cell death in 1338 

mesophyll cells beneath attempted infection points (Piffanelli et al., 2002). Mlo type 1339 

resistance has not been identified in oat to date but is present in other cereals.  1340 

Non-host resistance protects plants from B. graminis strains adapted to alternative 1341 

hosts, with B. graminis strains highly specific to individual species within the 1342 

Gramineae family. The nature of this resistance is not fully understood and is likely 1343 

linked to specialized strains for the infection of each target species (Peterhansel et al., 1344 

1997).  1345 

The mechanisms of quantitative resistance genes are notably different from the 1346 

mechanisms referred to previously and were not referred to by Peterhansel et al., 1347 
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(1997) as leaf cell death is not observed. Quantitative resistance is defined as host 1348 

plant resistance that is partial and conferred by the combined effect of several genes, 1349 

(St Clair, 2010: Niks et al., 2015). Quantitative resistance is also more durable in 1350 

nature and non-race specific as reported by Lagudah. (2011) and (Ellis et al., 2014). 1351 

QTL have been located for mildew resistance in oat (Hagmann et al., 2012) and single 1352 

genes with partial effects can segregate individually and be examined for individual 1353 

effects (Krattinger and Keller 2016). QTL have been identified which confer resistance 1354 

to powdery mildew in wheat with specific combinations of known QTL having a marked 1355 

effect on disease severity (Yang et al., 2017). The same author also notes that by 1356 

identifying and combining multiple loci, near-immunity may be reached. Parlevliet 1357 

(1979) stated that partial resistance results in reductions in the rate of disease 1358 

development through lower infection frequency, an increased latent period, reduced 1359 

spore production and a reduced infectious period. 1360 

Major R genes provide a simple, effective avenue for disease control although there 1361 

is a high risk of resistance breakdown. Quantitative resistance provides a different 1362 

mode of action of resistance which is more durable. When identifying parental 1363 

genotypes, defining the type of genetic resistance present is of high value due to the 1364 

perceived risks and durability of resistance associated with different types of gene 1365 

action.  1366 

2.10.6 Resistance to Blumeria graminis in oats 1367 

Resistance to powdery mildew encoded by major genes or genomic regions has 1368 

traditionally been determined based on the reaction of individual oat cultivars to known 1369 

pathotypes of Blumeria graminis sp.  Avenae and are known as Oat Mildew 1370 

Resistance groups (OMR), (Jones & Jones, 1979). 5 OMR groups have been 1371 

described in oat, (Okon et al., 2014) although only a few commercial cultivars with 1372 

resistance genes associated with these groups have been identified, (Hsam et al., 1373 

1997 ; Okon, 2015). These genes are defined based around a standard set of 1374 

differential genotypes, with OMR grouping decided based on a cultivars response to 1375 

mildew infection with specified races of the pathogen. Resistance or susceptibility to 1376 

these races will lead to classification of the resistance within the appropriate OMR 1377 

group. The application of this procedure as races of the pathogen continue to evolve 1378 

is limited. This approach is based around the identification of specific GFG type 1379 

resistance (Flor, 1971). Hsam et al., (2014) proposed new nomenclature for the 1380 
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description of oat powdery mildew resistance genes based on their chromosomal 1381 

localization. OMR1, associated with the cultivar Bruno, is located on chromosome 10D 1382 

and was assigned as Pm6. The disease response associated with OMR2, present in 1383 

cultivar Jumbo is located on chromosome 1C and was assigned as Pm1. The gene 1384 

encoding resistance on cultivar Mostyn, associated with OMR 3 was located on 1385 

chromosome 17A and was named Pm3 (Hsam & Keller, 1998). Resistance associated 1386 

with OMR group 4 was transferred from wild relatives including Avena Barbata (Aung 1387 

et al., 1977) and Avena eriantha (Hoppe & Kummer, 1991). Ociepa et al., (2019) 1388 

located an R gene in Avena sterilis and assigned it as Pm11.  1389 

Oat cultivars will have a degree of race non-specific resistance reflected in the fact 1390 

that a proportion of attacking fungal spores fail to infect successfully (Vanacker et al., 1391 

1998). Varieties displaying a higher level of resistance to B.graminis infection in the 1392 

study conducted by Vanacker et al., (1998) had a higher level of detected host-cell 1393 

responses (80%) than 20% of cells responding to infection in the susceptible cultivar. 1394 

These responses were linked to increased levels of glutathione, the ratio of oxidised 1395 

glutathione and decreased activities of foliar ascorbate peroxidase, glutathione 1396 

reductase, dehydroascorbate reducatase and monodehydroascorbate reductase.   1397 

  1398 
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2.11 Oat breeding 1399 

2.11.1  Inner structure of oat flower 1400 

Within each individual spikelet on an oat panicle there can be two or three individual 1401 

florets. Each individual floret is surrounded by glumes, within which are located the 1402 

lemma and the palea. The margins of the palea are enclosed in the larger lemma. 1403 

Each individual oat floret contains the female ovary and the male stamens, of which 1404 

there are three (White, 1995). These reproductive organs are enclosed at the base of 1405 

the flower protected by the lemma and the palea.  1406 

2.11.2 Cross pollination 1407 

The artificial crossing of oat varieties has been recognised as a tedious and time-1408 

consuming process (Frey and Caldwell., 1961). The oat flower is described by 1409 

Coffman, (1937) as a flower particularly prone to damage as a result of emasculation, 1410 

as to remove the male parts carefully without damaging the female stigma and ovary 1411 

and rapidly to avoid the flower fatally drying out requires a degree of skill and luck. The 1412 

most widely used technique for crossing oats is the method described by the same 1413 

author and was also used by Brown and Shands, (1956). This initially involves the 1414 

removal of the glumes and the removal of the secondary and tertiary florets within 1415 

each spikelet. Secondary florets are removed as they are unsuitable for cross 1416 

pollination mainly due to their size and slower rate of development. The palea of the 1417 

primary grain is then grasped using forceps and is held at the base of the floret with 1418 

the thumb, exposing the inner floral organs. The male stamens can now be removed 1419 

using the forceps in a process referred to as emasculation. Coffman (1937) notes that 1420 

extreme caution must be observed to not mutilate the required flower parts. The 1421 

emasculated floret, now only containing the female ovary is then covered using a 1422 

preventative barrier to protect against contamination. Emasculated florets can be 1423 

ready for pollination immediately after emasculation if the process has been completed 1424 

just prior to anthesis, but commonly a period of one to two days is required to allow 1425 

the ovary to mature and become receptive to external pollen (Coffman, 1937).  1426 

Pollination involves locating pollen of the desired male parent in the cross and the 1427 

successful transfer and acceptance of this pollen in the emasculated floret. Mature 1428 

stamens are located within spikelets of the desired male parent and are characterised 1429 

as being swollen in shape and size. Anthers typically naturally dehisce between 14:00 1430 
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and 17:00 hrs PM according to Hadden (1952). The lemma and the palea on the 1431 

emasculated floret are parted and a ripe anther held by forceps is gently touched off 1432 

the lemma on the emasculated floret. Suitable anthers should burst and expel a 1433 

shower of pollen over the ovary below. If this occurs there is a reasonable chance 1434 

fertilisation will occur. If a noticeable shower of pollen has not been shed, fertilisation 1435 

results are not promising, (Coffman, 1937). Following pollination, the floret is covered 1436 

to prevent contamination (Frey and Caldwell., 1961). 1437 

2.11.3 Hybridisation in oats 1438 

Oats have long been recognised as a difficult cereal crop to cross, with crossing 1439 

techniques varying based on the individual plant breeder (Coffman, 1937). Natural 1440 

pollination in oats begins in the uppermost spikelets and progresses downwards 1441 

(Hadden. 1952). Low seed set following cross pollination is a major inhibitory factor of 1442 

genetic improvement in oats (Brown and Shands, 1956) and can be influenced by 1443 

cultivar (Brown and Shands, 1956, Nirmalakumari et al., 2013), individual conducting 1444 

cross (Brown and Shands, 1956), temperature at pollination (Coffman, 1937, Brown 1445 

and Shands. 1956, Nirmalakumari et al., 2013), time of day at pollination, (Coffmann, 1446 

1937) and the length of the period between emasculation and pollination, (Brown and 1447 

Shands, 1956). Brown and Shands, (1956) reported that once pollen viability was not 1448 

compromised due to time of day, seed set was not influenced by time of day at 1449 

pollination. Coffman (1937) reported that natural anthesis of oats will typically occur 1450 

between 3 and 4 p.m. in Idaho, highlighting this period as the time where pollen 1451 

availability and viability will be at its highest. If viable pollen is available, time of day at 1452 

pollination should not be an issue. High temperatures at emasculation, pollination and 1453 

during the intervening period were all reported to be negatively correlated with seed 1454 

set from cross pollinations by both Coffmann (1937) and Brown and Shands, (1956). 1455 

Coffman (1937) reports that oat pollen and inner floral parts could dry out so quickly 1456 

at temperatures greater than 95° F that pollinations should be suspended, also 1457 

reporting that seed set on cross pollinated flowers was much higher during cooler 1458 

temperatures at the time of pollination. Brown and Shands, (1956) also reported that 1459 

an interval of 2 days between emasculation and pollination resulted in the highest seed 1460 

set percentage over a 3-year study. 1461 
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2.12 Nature of gene action and implications for plant breeding 1462 

Plant phenotypes are determined by interactions between genotype and 1463 

environmental conditions (Fehr. 1991) with the expression of hereditary traits 1464 

determined by the interaction between two alleles at individual loci. Plant breeding 1465 

ultimately attempts to maximise the presence of superior alleles controlling key 1466 

characters of interest, such as yield and resistance to environmental stresses (Borrelli 1467 

et al., 2015). 1468 

The genetic nature of alleles is of key importance in plant breeding. Alleles at any 1469 

locus can be dominant, recessive, or intermediate in nature which will affect gene 1470 

expression in the progeny. If there is dominance exhibited between alleles controlling 1471 

the quantitative character of interest the genotypic value of the heterozygote progeny 1472 

will be closer to the dominant parent (Fehr. 1991). Complete dominance is exhibited 1473 

when heterozygote performance is equal to the performance of either parent. There is 1474 

also potential that epistasis between loci and heterosis at individual loci will affect the 1475 

phenotypic expression of the character of interest. An understanding of these 1476 

principles is key to understanding genotypic and phenotypic expression of disease 1477 

resistance in plants.  1478 

Quantitative phenotypes such as crop yield are the result of a multitude of interactive 1479 

effects between loci at a genetic level and these characters are strongly impacted by 1480 

environmental conditions. Qualitative characters are controlled by one or several 1481 

genes and gene expression is not affected by environmental conditions. Resistance 1482 

to fungal diseases in plants can be attributed to both qualitative and quantitative 1483 

characters. Quantitative disease resistance is polygenic in nature and requires several 1484 

alleles working in combination (Pelit-Nayal et al., 2017). These alleles may segregate 1485 

independently during meiosis and exhibit minor phenotypic effects. Disease resistance 1486 

is defined as qualitative when it is controlled by a single gene and resistant and 1487 

susceptible plants can be clearly identified (Fehr. 1991)  1488 

The characterisation of the mildew resistance observed in elite oat varieties as 1489 

qualitative or quantitative is of high value to breeding programmes. Monogenic R 1490 

genes are frequently associated with breakdown due to the race-specific nature of the 1491 

resistance they confer, with quantitative resistance of higher value to plant breeders 1492 

due to the perceived durability of the resistance. The inclusion and use of qualitative 1493 
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R genes is a simpler process as only one allele is required for full phenotypic 1494 

expression of resistance compared to several in the case of quantitative resistance.  1495 

2.13 Diallel cross method 1496 

A diallel cross consists of all potential crosses between any number of varieties, 1497 

(Gilbert, 1958). It consists of fitting additive genetic effects and interactions with 1498 

individual parents within the progeny of each cross (Gilbert, 1958). For analysis, the 1499 

contribution of male and female parents is assumed to be of equal importance. Diallel 1500 

analysis provides breeders with information on both general (GCA) and specific 1501 

combining ability (SCA) as well as information on the nature of gene action 1502 

conditioning the measured trait (Abate & McKendry, 2010). GCA and SCA are 1503 

important in plant breeding as they give an estimate of the additive value of the parents 1504 

in breeding programmes for the variable of interest. Crossing a line to several others 1505 

provides the mean performance of the line in all crosses which when expressed as a 1506 

deviation from the mean of all crosses is referred to as the GCA. Individual crosses 1507 

may deviate from this expected value, with these deviations referred to as the SCA of 1508 

the two lines in question (Olfati et al., 2012). From a statistical viewpoint GCA is the 1509 

main effect of each individual cultivar and the SCA is the interactive effect between 1510 

two varieties of interest (Olfati et al., 2012). 1511 

Varieties with high GCA for the variable of interest are desirable as they are usually 1512 

linked to high adaptability, high heritability and lower environmental effects and are 1513 

regarded as good potential parents for future hybridisation (Fasahat et al., 2016). High 1514 

SCA values between varieties with high GCA are linked to additive X additive gene 1515 

action, with high SCA values between varieties with high and low GCA linked to 1516 

additive effects of the high GCA cultivar and epistatic effects of the cultivar with poor 1517 

GCA. High SCA effects resulting from a cross of two varieties with poor GCA may be 1518 

linked to dominance X dominance type of gene interaction producing overdominance 1519 

(Fasahat et al., 2016). The determination of GCA and SCA from a diallel cross 1520 

provides a crucial insight into the value of varieties as potential parents for 1521 

hybridization. It also facilitates the identification of the genetic nature of the allele 1522 

controlling the parameter of interest as recessive or dominant  1523 

There has been no published diallel cross experiment specific to mildew resistance in 1524 

oats, mainly due to the difficulties associated with crossing and achieving enough 1525 
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seeds. Diallel crosses have been completed conferring powdery mildew resistance in 1526 

wheat (Das and Griffey, 1994) and partial powdery mildew resistance in Spring Barley 1527 

(Heun, 1987: Balkema-Boomstra & Mastebroek, 1993). Heun (1987) and Balkema-1528 

Boomstra and Mastebrook (1993) reported that GCA effects were important at all 1529 

growth stages with specific combining ability of minor importance. Investigating the 1530 

importance of GCA and SCA for mildew resistance in varieties suited to Irish 1531 

conditions is a key target of this research in order to continue cost-effective disease 1532 

control for an environmentally conscious end user market.1533 
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3.1 Agronomic Experiments 1 

It has been determined from the literature review that grain yield in oats is 2 

predominantly determined by grain number (Peltonen-sainio et al., 2007; Finnan and 3 

Spink, 2017) with grain weight of lesser importance. The response of oats to 4 

environmental conditions is therefore reflected in the plasticity of the key yield 5 

components responsible for the determination of total grain number (Mahadevan et 6 

al., 2016) with the following oat-specific hierarchy suggested- Tiller number > 7 

Grains/panicle> Panicle number> Grain Weight. The hypothesis of this study is to 8 

investigate if this hierarchy also transfers to crop responses to changes in agronomic 9 

practices. Oats also possess a unique ability to alter grain number through grain 10 

abortion and tertiary grain site formation, depending on assimilate availability during 11 

grain-fill. The effects of cultivar, seed rate, applied N rate, N application timing and 12 

PGR application on these processes requires evaluation. With these processes in 13 

mind, the following key objectives were investigated as part of this experiment. 14 

Factorial trials were conducted to investigate the effects of a range of agronomic 15 

factors on the relevant crop components.   16 

i) The determination of yield component responses to agronomic inputs in 17 

high-yield spring and winter sown oats. 18 

ii) To ascertain the agronomic factors influencing grain fill on oat panicles. 19 

iii) To elucidate the agronomic factors influencing tertiary grain formation and 20 

post-anthesis grain site abortion in spring and winter sown oat and the role 21 

of grain site abortion in maximising grain yield 22 

iv) To determine the effect of key N application timings on the grain yield and 23 

yield components of spring and winter-sown oats. 24 

v) To investigate the variation in grain-fill as influenced by applied N rate and 25 

timing of N application.  26 

 27 

The literature review has indicated that grain quality in oats has typically been based 28 

around specific weight and grain screenings, with the former recognised as a poor 29 

indicator of milling quality. While the factors influencing specific weight are well 30 

understood, with applied N rate and cultivar choice of key importance (Chalmers et 31 

al., 1998; Doehlert et al., 2001; White et al., 2003; Browne et al., 2003, Finnan et al., 32 
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2019b), its use as a predictor of groat percentage and milling yield requires further 33 

investigation. The factors influencing the important milling quality parameters of kernel 34 

size, grain hullability and groat percentage are also not well understood and are rarely 35 

reported in the literature. Likewise, the factors effecting grain protein content in oat 36 

genotypes under Irish conditions are unclear and poorly reported in the literature. 37 

Factorial trials were conducted to investigate the role of agronomic factors in the 38 

determination of grain milling quality in oats.  39 

Experiment 2 therefore examined the relationship between test weight and groat 40 

percentage and addressed the knowledge gaps around the agronomic factors 41 

affecting kernel size, hullability, groat percentage and protein content in modern oat 42 

varieties. Specifically, these key targets are outlined below.  43 

vi) To investigate the role and impact of key agronomic factors including 44 

applied N rate, application of plant growth regulators and seed rate on the 45 

production of milling quality oat grain, with special focus on kernel size, groat 46 

percentage and hullability. 47 

vii) To investigate the relationships between quality parameters in oats.  48 

viii) To investigate the factors affecting protein content of oats under Irish 49 

conditions. 50 

ix) To determine the effect of N application timing on the milling quality of oats, 51 

specifically kernel size, groat % and hullability.  52 

 53 

The literature review revealed that oat specific N fertilisation programmes have not 54 

been developed. While the splitting of N application has been widely adapted by Irish 55 

cereal producers in order to maximise grain yield and minimise the risk of N leaching, 56 

the typical split application timings used on oat crops are based on other cereal crops, 57 

mainly wheat and barley, due to a lack of oat-specific research. Previous studies into 58 

the use of applied N fertiliser in oat crops have been based around its general impact 59 

on grain yield without specific reference to the timing of N application. This study aimed 60 

to address this knowledge gap and contribute to the optimisation of N application 61 

strategies on spring and winter-sown oat crops. 62 

Specifically, the key targets of experiment 3 are outlined below.  63 
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x) Investigate the influence of N application timing on yield and yield formation 64 

processes in spring and winter-sown oats. 65 

xi) Investigate the effects of N application timing and rate on panicle 66 

conformation in spring and winter-sown oats.  67 

xii) Investigate the effects of N application timing and rate on grain milling 68 

quality.  69 

3.2 Plant Breeding Experiment. 70 

As reported in the literature review, recent developments in the improvement of 71 

genetic resistance to powdery mildew have focused on identifying R genes and QTL’s 72 

in the genome of oat (Okon, 2015; Hermann & Volker, 2018; Okon and Ociepa, 2018).  73 

However, little attention has been given to the field performance and practicality of 74 

these genes in plant breeding programmes for the selection of genotypes with 75 

improved resistance. The lack of cereal breeding programmes is also a disadvantage, 76 

as varieties are evaluated rather than developed under Irish conditions. This study 77 

aimed to identify and characterise mildew resistance in suitable cultivars for Irish 78 

conditions. Specifically, the objectives are outlined below; 79 

xiii) Estimate the value of selected cultivars as potential parents.  80 

xiv) Conduct a crossing and selection evaluation of oats under Irish conditions. 81 

 82 

xv) Identify the type of powdery mildew resistance present in selected cultivars 83 
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 1 

___________________________________________________________________ 2 

4. Agronomic Field Trials-Materials and Methods 3 

___________________________________________________________________4 
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A comprehensive field trials programme was developed to examine a number of key 1 

areas related to the efficient production of milling quality oats. The individual 2 

agronomic research topics studied are outlined below.  3 

Experiment 1. The impact of agronomic and climatic factors on grain yield, 4 

components and filling procedures of oats (Avena sativa L.) under a range of 5 

agronomic conditions and seasonal (Met Eireann, 2020) conditions in spring and 6 

winter-sown oat cultivars. 7 

Experiment 2. Effects of agronomic factors on key processing quality parameters of 8 

winter and spring-sown oats under maritime conditions. 9 

Experiment 3. The effects of N fertiliser application rate and timing on the grain 10 

yield, yield components, panicle conformation and grain quality of spring and winter-11 

sown oats.  12 

  13 
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4.1  Experimental Site Description 14 

Experiments 1,2 and 3 involved agronomic field trials which were conducted at 15 

individual winter and spring-sown sites in each season. These sites are described in 16 

more detail in Table 1. The soil index system for N (Wall and Plunkett, 2016) is 17 

described in Table 2. Site-specific previous crop information, soil N index level and 18 

annual climatic weather data are described in Table 3.  19 

  20 
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Table 1- Experimental site description 21 

Site  Site 

Code 

Trial 

Year 

Location   Soil Type 

Spring Sowings 

Collegeland, 

Moynalvey,  

Co. Meath 

Site 1(S) 2016 53.4°N, 
-6.7°W 

 Patrickswell Series: 

Limestone derived till 

Newcastle,  

Co. Dublin 

Site 2(S) 

 

 53.3°N, -
6.5°W 

 Straffan Series-Fine 

loamy drift with 

limestone 

Moynalvey. 

Co Meath 

Site 3(S) 2017 53.5°N, 
6.7°W 
 

 Dunboyne Series: 

Limestone and Shale 

drift and Irish Sea drift 

Collegeland, 

Moynalvey,  

Co. Meath 

Site 4(S) 

 

2018 53.5°N, 
6.7°W 
 

 Patrickswell Series: 

Limestone Till 

Winter Sowings 

Backweston, 

Leixlip, 

Co Kildare. 

Site 1(W) 

 

2017 53.°N, -
6.5°W 

 Donaghcumper 

Series: 

Derived from limestone 

and some drift material 

Great Soil Group: 

Grey Brown Podzolic 

Backweston, 

Leixlip,  

Co. Kildare 

Site 2(W) 

 

2018 53.3°N, -6.5°W   

Arodstown, 

Moynalvey, 

Co. Meath 

Site 3(W) 

 

2019 53.5°N, -
6.7°W 
 

 Patrickswell Series: 

Limestone Derived Till 

 22 

  23 
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Table 2. Soil Index System (Wall and Plunkett, 2016) 24 

 Index 1 Index 2 Index 3 Index 4 

Previous Crop Cereals, 
Maize 

Sugar beet, 
Fodder beet, 
Potatoes, 
Mangels, 
Kale, Peas, 
Beans, 
Oilseed 
Rape. Grass-
Leys (1-4 
years) grazed 
or cut and 
grazed 

Swedes 
grazed in situ 

Following long 
(>5 years) 
grass leys 

Previous 
Fertilisation 

(no animal 
manures) 

Any crop 
receiving 
dressings of 
organic 
fertiliser. 
Vegetables 
receiving 
more than 
200 kg N/ha 

  

  25 
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Table 3. Soil Fertility Information 1 

Site Site 1(S) Site 2(S) Site 3(S) Site 4(S) Site 1(W) Site 2(W) Site 3(W) 

Trial Year 2016 2016 2017 2018 2017 2018 2019 

Soil Type Medium-
Heavy 

Medium-
Heavy 

Medium-
Heavy 

Medium-
Heavy 

Medium-
Heavy 

Medium-
Heavy 

Medium-
Heavy 

Previous 
Cropping 

Continous Continous Continous Continous Continous Continous Continous 

2014 Oilseed Rape Winter Barley Potatoes Oilseed Rape Spring Barley Winter Wheat Winter Barley 

2015 Winter Wheat Winter Wheat Spring Oats Winter Wheat Winter Wheat Spring Barley Winter Barley 

2016   Spring Wheat Spring Oats Forage Maize Spring Faba 
Beans 

Winter Barley 

2017    Winter Wheat   Winter Barley 

2018       Winter Barley 

Soil indexa 1 1 1 1 2 2 1 

Estimated 
Soil N supply 

Low Low Low Low Medium Medium Low 

Excess 
Winter rainfall 

       

Uncropped 
period 

444.3mm 311.2mm 190.2mm 322.2mm 10.9mm 40mm 10mm 

a= Wall and Plunkett, (20162 
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Two spring-sown trial sites were conducted in 2016, one in Newcastle, Co.Dublin and 1 

one in Summerhill, Co. Meath. Spring-sown trials were conducted in Summerhill, Co. 2 

Meath in 2017 and 2018. Winter-sown trials were conducted at Backweston, Co. 3 

Kildare in 2017 and 2018, with trials located at Summerhill, Co. Meath in 2019 due to 4 

site unavailability in Backweston. All soil types are regarded as optimal to produce oat 5 

grain and were in continuous arable cropping. Soils with potential for a high level of 6 

soil N mineralisation were avoided based on Wall and Plunkett, (2016).  7 

 8 

4.1.1 Cultural treatments.  9 

Cultivation 10 

Seedbeds were prepared using a reversible mouldboard plough to a depth of 11 

approximately 25cm and a tilth was created using a power harrow at all locations. 12 

Sowing 13 

Sowing dates varied between all years of this research project, mainly due to site and 14 

climatic factors. All experiments were drilled as soon as soil and climatic conditions 15 

were favourable during the desired sowing period. Sowing dates for all spring and 16 

winter-sown experiments are presented in Table 4 Plots were sowed using a 17 

Wintersteiger Xl plot drill that has 10 coulters at 15cm spacings to a depth of 2cm. In 18 

experiments 1 and 2, the cultivars selected are Husky and Keely (Table 5), while the 19 

seed rates investigated were 250, 350 and 450 seeds/m2. Variable seed rates were 20 

achieved by weighing out seed to target weights based on thousand grain weights 21 

(TGW). The cultivar used for experiment 3 was Husky planted at 400 seeds/m2. The 22 

drill was mounted on a tractor customised to match the desired plot widths. Plots sown 23 

with this method were 12m long by 1.5m wide. All trials included in this research project 24 

were sown using this method. All plots were rolled at 90 degrees to the sowing using 25 

a Cambridge ring roller in the days following planting to encourage good soil-seed 26 

contact and reduce the risk of bird damage. 27 

  28 
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Table 4. Sowing dates of experimental sites 29 

Site 1(S) 20th April 2016 

Site 2(S) 15th March 2016 

Site 3(S) 13th April 2017 

Site 4(S) 27th April 2018 

Site 1(W) 25th October 2016 

Site 2(W) 9th November 2017 

Site 3(W) 25th October 2018 

 30 

Cultivar Description 31 

The two cultivars included in the factorial trials conducted as part of experiments one 32 

and two are Husky and Keely. Both are spring-type varieties which are suitable for 33 

winter-sowing under Irish conditions. Husky is noted to be more suitable to severe 34 

winter conditions than other spring types, although data is limited due to the rarity of 35 

severe winters in Ireland. Both are recognised as milling oat cultivars with acceptable 36 

quality traits with good specific weights and low screenings. Husky is a well-37 

established cultivar, with Keely a new variety which was introduced as a step up in 38 

yield and quality. The relative establishment of both cultivars is reflected in the seed 39 

availability in 2019, presented in Table 5. Husky would be regarded as a steady cultivar 40 

with good agronomic characteristics, particularly regarding lodging resistance and 41 

standing ability. Such information on Keely is lacking due to its recent introduction. 42 
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Table 5. Cultivar Information 1 

Cultivar Parentage Origin Year of 
release 

Phenology Relative Yielda Resistance to 
B.graminisa 

% of certified seed 
2019 

Husky Firth x 
Freddy  
 

Denmarkl 2009 Spring 107 6 60 

Keely 06/114 x 
Scorpion  
 

Denmark 2017 Spring 103 5 3 

 2 

aDAFM, (2020) 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 
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Weed Control 1 

All spring and winter-sown experiments were treated with Cameo Max (DuPont Ltd, 2 

UK) containing 250 g/kg tribenuron methyl and 250 g/kg thifensulfuron methyl at a rate 3 

of 60g/Ha and a mecoprop-P based hormonal chemical during early tillering. All 4 

herbicides were applied using a boom sprayer in 200L of water/ha.  5 

Fungal Disease Control 6 

A comprehensive fungicide programme was implemented at all field trial locations to 7 

minimise losses to fungal diseases. Specific fungicide programmes implemented at 8 

each experimental site based on crop conditions and disease pressure are detailed in 9 

Table 6. Infection threshold limits were set at 20% infection on the lowest leaf present. 10 

Fungicides at all experimental sites were applied using a boom sprayer in 200L 11 

water/ha. Talius (200g/L proquinazid), Jenton (100g/L pyraclostrobin and 375g/L 12 

fenpropimorph), Tocata (75 g/L metrafenone, 62.5 g/L epoxiconazole and 200 g/L 13 

fenpropimorph), Opus Team (250 g/L fenpropimorph and 84 g/L epoxiconazole) and 14 

Elatus Era (75 g/L benzovindiflupyr and 150 g/L prothioconazole) were all used due to 15 

differences in infection levels and climatic conditions between seasons.  16 

Table 6. Fungicide application programme at individual sites 17 

 GS 25 GS 33 GS 45 

Site 1(S) - Jenton (2l/ha) Opus Team (1l/ha) 

Site 2(S) - Jenton (2l/ha) Jenton (2l/ha) 

Site 3(S) Talius (0.25l/ha) Jenton (2l/ha) Jenton (2l/ha) 

Site 4(S) Talius (0.25l/ha) Jenton (2l/ha) - 

Site 1(W) Talius (0.25l/ha) Jenton (2l/ha) Jenton (2l/ha) 

Site 2(W) Talius (0.25l/ha) Tocata (2l/ha) Elatus Era (1l/ha) 

Site 3(W) - Tocata (2l/ha) Tocata (2l/ha) 

 18 

Pest Control 19 

Spring-sown oats received an insecticide at GS13 at all locations. The product used 20 

was Karis 10 containing 100g/l Lambda-cyhalothrin at 150ml/ha. Insecticide 21 

application was not deemed necessary in winter-sown experiments.  22 

 23 
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Plant growth regulation 24 

The investigation of plant growth regulation was included as an agronomic factor in 25 

spring-sown experiments conducted as part of experiment 1 and 2. A combination of 26 

Cecece 750 containing 750g/l chlormeqaut chloride (1.2L/ha) and Moddus (0.1L/ha) 27 

containing 250g/l Trinexpac-ethyl was applied at GS30 and GS32/33 (Zadoks et al., 28 

1974) in treated plots. All winter-sown experiments were treated with Ceraide (620g/L 29 

chlormeqaut) at 1.2L/ha and Moddus at 0.1L/ha where PGR application was not 30 

included as a factor in the experimental design.  31 

All trials, winter and spring-sown conducted as part of experiment 2 were treated with 32 

Cecece 750 (1.2l/ha) and Moddus (0.1l/ha) at GS30 and GS32/33. These treatments 33 

were applied using an azo plot sprayer.  34 

Fertilizer 35 

All spring-sown experiments received 340 kg/ha of 14-7-14 in a pre-planting 36 

compound blend. Winter-sown crops received 350kg N/ha of 13-6-17 in early spring 37 

when ground conditions facilitated fieldwork. This supplied the maximum allowed 38 

levels of phosphorous (25kg/ha) and potassium (60kg/ha), with 40kg N/ha in spring-39 

sown oats and 50kg N/ha in winter-sown experiments. In Experiments 1 and 2, the 40 

remaining balance of 0, 30, 60, 90, 120 and 150kg N/ha was applied at growth stage 41 

(GS) 25 (Zadoks et al., 1974) in the form of calcium ammonium nitrate (27.5% N).  42 

In Experiment 3, GS 25, 30 and 50 were selected as the timing variables with the same 43 

rates of applied N utilised (0, 30, 60, 90, 120 and 150kg N/ha). Nitrogen was applied 44 

to individual plots using a manual, land-wheel-driven 1.5m wide Fiona (Fiona 45 

Maskinfabrik A/S, Denmark) plot fertilizer spreader (Fig. 2) 46 

Harvesting 47 

All plots were harvested in good condition at full maturity using a Sampo Rosenlow 48 

2025 plot combine (Pori, Finland). Where lodging was an issue, plots were harvested 49 

in the direction of the lodging at slow speed to facilitate maximum recovery of grain. 50 

Harvest dates are presented in Table 7.  51 

 52 

 53 
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Table 7. Harvest Dates 54 

Site 1(S) 15th September 

Site 2(S) 2nd September 

Site 3(S) 22nd September 

Site 4(S) 10th August 

Site 1(W) 8th August  

Site 2(W 27th July 

Site 3(W) 15th August  

  

 55 

 56 

4.1.2 Experimental Design 57 

Experiment one and two were conducted with a factorial arrangement of treatments 58 

within a randomised complete block. Applied N rates were in a sub-plot arrangement 59 

in the field with the three other factors to facilitate field management practice and 60 

minimise the risk of errors. The trial layout is visually presented in Table 8 with a field-61 

taken pictures presented in Figures 3 and 4. A discard area of 1m was included 62 

between plots to allow for the spreading of N fertiliser. Spring-sown Experiments 63 

conducted as part of experiment 1 and 2 included two cultivars (Husky, Keely), three 64 

seed rates (250, 350, 450 seeds/m2), six levels of applied N (40, 70, 100, 130, 160 65 

and 190kg N/ha) and with/without plant growth regulator. Winter-sown experiments 66 

included the same cultivars and seed rates with five rates of applied N investigated 67 

(80,110,140, 170 and 200kg N/ha). 68 

All trials conducted as part of experiment 3 were randomised complete block designs. 69 

This layout is visually presented in Table 9. A similar discard area was included 70 

between plots to allow for the spreading of N fertilizer.  71 

  72 
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 73 

Figure 2. Land-driven Fiona Fertilizer spreader 74 

 75 
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Table 8. Experiment 1 & 2 Layout 1 

Factor  Row 1 Row 2  Row 3 Row 4 Row 5 Row 6 Row 7  Row 8 Row 9 Row 

10 

Row 

11 

Row 12 

Variety Husky Husky Husky  Husky Husky Husky Keely  Keely  Keely Keely Keely Keely 

Seedrate 250 250 350 350 450 450 250 250 350 350 450 450 

PGR +/- No 

PGR 

+ PGR No 

PGR 

+ PGR No 

PGR 

+ PGR No 

PGR 

+ PGR No 

PGR 

+ PGR No 

PGR 

+ PGR 

  

N Rate N1 N4 N3 N5 N4 N4 N1 N4 N5 N3 N1 N2 

  N2 N3 N5 N3 N1 N3 N2 N3 N3 N1 N6 N3 

  N3 N2 N1 N2 N5 N2 N3 N2 N2 N5 N3 N4 

  N4 N5 N4 N4 N2 N5 N4 N5 N1 N4 N4 N5 

  N5 N6 N6 N1 N6 N6 N5 N6 N4 N6 N5 N1 

  N6 N1 N2 N6 N3 N1 N6 N1 N6 N2 N2 N6 

2 
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Table 9. Experiment 3 Field Layout 1 

     

5 0 
GS25 

60 
GS30 

30 
GS50 

90 
GS30 

4 150 
GS50 

120 
GS25 

60 
GS50 

0 
GS50 

3 60 
GS25 

0 
GS30 

30 
GS25 

90 
GS25 

2 150 
GS30 

90 
GS50 

120 
GS30 

Blank 

1 30 
GS30 

120 
GS50 

150 
GS25 

Blank 

  2 
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 3 

Figure 3. In field layout of seeding rate (Experiments 1 & 2) 4 

 5 

Figure 4. In-field layout of N rate (Experiments 1 & 2) 6 

  7 
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4.1.3 Statistical Analysis. 8 

Experiment 1 and 2 9 

Experiments 1 and 2 were analysed as factorial trials. Bartletts test of homogeneity 10 

was conducted separately on spring and winter-sown oat data sets and it was found 11 

that the data was not homogenous for any variable due to drought conditions in 2018. 12 

Each trial conducted as part of Experiment 1 or 2 was therefore analysed individually 13 

for all variables. Analysis was performed using the PROC MIXED procedure of SAS 14 

9.4. Cultivar, seed rate, applied N rate and PGR application were included as fixed 15 

factors with replication effects included as a random factor.  16 

As it was necessary to analyse the data from each site separately, there are times 17 

when some sites showed significant responses and others did not. Occasionally, sites 18 

had a different positive or negative significant response to the same agronomic factor. 19 

In some cases, responses were observed in either spring-sown or winter-sown 20 

experiments but not in both. This is linked to differences in physiological development 21 

and requires reporting when it emerges.  22 

To rationalise this complexity, a majority or general response strategy will be 23 

implemented. Where responses are similar across winter and spring-sown sites they 24 

will be accepted as highly reliable. If responses are significant at the majority of spring-25 

sown sites but not at winter-sown sites they will be regarded as reliable for spring-26 

sowing, with the same principles applying to winter-sowing. Where individual 27 

responses are observed, these will be treated as inconsistent and are not developed 28 

in the text. The same principle applies to statistical interactions between agronomic 29 

variables. P values and means are presented for all possible main effects of agronomic 30 

factors in tabular form. P values for statistical interactions are given in tabular form 31 

where significant and the interactions are stated in the text. Key site-specific 32 

interactions will be discussed where deemed to be of high relevance and 33 

consequence. Interactions are presented in graphical format in the Appendices at the 34 

end of this thesis.  35 

Experiment 3 36 

Homogeneity was also observed in the datasets obtained from experiment 3, with 37 

these trials also analysed individually for all measured variables due to high variability 38 

in performance across sites and seasons. These trials were analysed using the PROC 39 
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MIXED procedure of SAS 9.4 with the effects of applied N rate and timing of N 40 

application considered fixed effects, and replication effects were considered random. 41 

Due to the key effects of N application rate and N application timing on oat crops the 42 

reporting of interactions between these factors are of high importance. Interactions 43 

between these factors are presented in tabular form in the text where similar, 44 

consistent trends were observed across experimental sites for key variables of 45 

interest. Probability values for the interaction are presented in the tables for each 46 

measured variable at each site. Interactions not presented in the text are graphically 47 

presented in the Appendices. 48 

  49 
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4.1.4 Key Measurements 50 

4.1.4.1 Yield and Components of Yield 51 

Grain yield  52 

Grain yield was determined using an electronic weight cell onboard the combine. Grain 53 

yield is expressed at 15% moisture. 54 

Panicles/m2  55 

Panicle counts were conducted after anthesis with the number of panicle-bearing 56 

stems recorded along a 1 m stick at 3 locations in each plot.   57 

Grains/panicle 58 

Grains/panicle were accurately determined based on the number of grains counted on 59 

dissected panicles (see panicle conformation below). This was an alternative to 60 

calculation from grain number and panicle number. 61 

TGW 62 

Thousand grain weight (TGW) was calculated using a Contador seed counter (Pfeuffer 63 

Gmbh, Kitzingen, Germany). 64 

Grain Number 65 

Grain number was calculated from plot yield and TGW data. 66 

4.1.4.2 Panicle Conformation 67 

Prior to harvest, 15 panicles were selected at random from each individual plot for 68 

dissection of panicle components. After slow oven drying (35°C) to a constant dry 69 

weight, spikelet number per panicle was determined by manual counting. The number 70 

of aborted florets per panicle was also recorded at this point. Primary, secondary and 71 

tertiary grains were identified, weighed and counted after careful hand thrashing of 72 

these panicles (Browne et al., 2006). The relative proportion of total grain weight and 73 

number accounted by primary grains was derived from this, expressing primary grain 74 

weight and number as a percentage of total grain weight and number. Accurate 75 

grain/panicle data was also determined based on total number of grains per panicle. 76 

Sterile florets, blind primary and secondary grains were also counted to determine 77 

grain abortion. Tertiary grain number and all floret and grain abortion data is presented 78 
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as the mean value per fifteen panicles. Panicle conformation assessments were not 79 

conducted at Site 2(S). 80 

4.1.4.3 Grain Quality Determination 81 

Specific Weight 82 

Specific weight was calculated by the use of a calibrated chondometer. 83 

Kernel Size 84 

Kernel size was determined by passing a 100g sample of clean grain through a 85 

Sortimat grain screener (Pfeuffer Gmbh, Kitzingen, Germany). The 3 screens used 86 

included 2.5mm, 2.25mm and 2mm. This gave 4 categories of grain determined by the 87 

weight of grain in each of the following classes: Grains > 2.5mm, 2.25-2.5mm, 2.0-88 

2.25mm and <2mm in size (screenings). 89 

Groat Percentage 90 

The groat percentage of oat grain was determined by taking a clean 25g sample of 91 

husked oat grain from the >2mm sieved fraction. Free kernels, stones and foreign 92 

material were removed by hand at this point, as they would facilitate a false reading. 93 

The 25g sample was then put into a Codema LH 5095 Laboratory oat huller (Fig.5) at 94 

80 psi with the air collar half open for a period of 30 seconds, (Browne et al. 2002). 95 

Following this, any grain still hulled would be removed by hand, and the remaining 96 

weight of dehulled kernels expressed as a percentage of the 25g less the weight of 97 

any removed hulled grain. A dehulled sample is presented in Fig. 6 The formula used 98 

to express groat percentage is: 99 

 100 

 101 

Groat percentage =             
𝐺𝑟𝑜𝑎𝑡𝑠−𝑊ℎ𝑜𝑙𝑒 𝑂𝑎𝑡𝑠 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑈𝑛ℎ𝑢𝑙𝑙𝑒𝑑

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑊ℎ𝑜𝑙𝑒 𝑂𝑎𝑡𝑠 𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑑𝑒ℎ𝑢𝑙𝑙𝑒𝑟
 102 

 103 

Grain Hullability 104 

Hullability refers to the ease at which the oat caryopsis comes free from its husk in 105 

commercial milling scenarios. In this study, hullability is expressed as the % of grains 106 

remaining unhulled following dehulling. A lower value indicates a higher hulling 107 

efficiency. The formula used to express % grains remaining unhulled is : 108 
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% grain remaining unhulled =         
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑔𝑟𝑎𝑖𝑛 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑢𝑛ℎ𝑢𝑙𝑙𝑒𝑑

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑊ℎ𝑜𝑙𝑒 𝑜𝑎𝑡𝑠 𝑝𝑟𝑖𝑜𝑟 𝑡𝑜 𝑑𝑒ℎ𝑢𝑙𝑙𝑖𝑛𝑔
 109 

Grain Protein 110 

Grain protein levels were determined by the use of a Pertens DA 7250 NIR analyser 111 

which was calibrated using a standard determined by the Dumas method on a LECO 112 

auto analyser (LECO Corporation, St. Joseph, MI, USA) and was expressed as protein 113 

on dry basis.  114 

3.2.2.4 Agronomic Performance 115 

Plant Height 116 

Plant height measurements were taken from the middle of the panicle to the base of 117 

the stem using a modified metre stick at 2 points in each plot. 118 

Lodging 119 

Lodging measurements were recorded at harvest using the lodging index method. The 120 

equation used for this calculation is expressed below. This allows for the measurement 121 

of both the angle of lodging and the total area impacted. Then formula used is: 122 

Lodging Index= 𝐴𝑟𝑒𝑎 𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑋 
(90−𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑙𝑜𝑑𝑔𝑖𝑛𝑔)

90
 123 

  124 
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 125 

Figure 5. Codema 5095 Dehuller 126 
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 127 

Figure 6. Groat sample after dehulling 128 

 129 

 130 

 131 
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 1 

___________________________________________________________________ 2 

5. Results 3 

___________________________________________________________________4 
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5.1 Climatic Conditions 1 

Monthly rainfall and mean temperatures for the spring and winter-sown oat 2 

experiments are presented in Fig.7 and Fig 8. The 10-year average component refers 3 

to the period 2005-2015. Rainfall levels were consistent at spring sown sites 1(S), 2(S) 4 

and 3(S) while Site 4(S) experienced moisture stress due to lack of summer 5 

precipitation. High levels of August rainfall led to significant lodging at Sites 1(S), 2(S) 6 

and 3(S). Total rainfall levels were similar between Site 1(W) and Site 2(W), but the 7 

pattern of rainfall varied greatly. Rainfall at Site 1(W) was consistent throughout the 8 

season, with a high level of precipitation recorded during the winter at Site 2(W) with 9 

low levels recorded during the summer months. Site 3(W) was a wet experimental site 10 

with consistently high rainfall levels recorded throughout the season.  11 

Solar radiation data is presented in Figure 9. Lower radiation in July and August at 12 

Site 1(S) contributed to a longer and slower grain-fill period, with high radiation 13 

observed in June at Sites 2(W) and 4(S) which were conducted in 2018. Solar radiation 14 

is typically at its highest in May and decreases from this point forward. 15 
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 1 

 2 

 3 

Figure 7. Monthly rainfall (mm) for spring and winter oat trials 4 

0

50

100

150

200

March April May June July August September

R
ai

n
fa

ll 
(m

m
)

Spring-sown experiments

Site 1(S) Site 2(S) Site 3(S) Site 4(S) 10 year avg.

0

50

100

150

200

R
ai

n
fa

ll 
(m

m
)

Winter-sown experiments

Site 1(W) Site 2(W) Site 3(W) 10 year avg.



 

85 
 

 1 

 2 

 3 

Figure 8. Monthly mean air temperatures (°C) for spring and winter oat trials 4 
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 6 

 7 

Figure 9. Average daily solar radiation at winter and spring oat experiments 8 
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5.2 Crop Phenological Data 1 

Crop development data is presented in Table 10, with the dates the crop reached key 2 

growth stages noted. Sowing dates varied in this study due to variable climatic 3 

conditions during the planting periods. Emergence after sowing was slower where 4 

winter-sown compared with spring-sown crop. Emergence was further delayed at later 5 

sowing dates in the winter with emergence accelerated as sowing date was delayed 6 

in the spring. There is a large difference in the pre stem elongation period between 7 

emergence and GS30 in winter and spring-sown crops. Winter-sown crops had a 8 

period of 168-173 days, with a range of 41-51 observed in spring-sown crops. The 9 

length of the grain-fill period is similar between spring and winter-sown crops, with 10 

flowering (GS62) occurring earlier in the season in winter-sown crops. (Harvest date 11 

was also earlier in winter-sown crops compared with spring-sown. 12 
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Table 10. Crop development at experimental sites 1 

 Sowing 
date 

Emergence Sowing to 
emergence 
(Days) 

GS30 Emergence 
to GS30 
(Days) 

GS45 GS 62 GS 98 Length of 
grain fill 
period 
(days) 

Harvest 
Date 

Site 
1(S) 

20/4/16 2/5/16 13 30/5/16 41 28/6/16 7/7/16 15/9/16 70 22/9/16 

Site 
2(S) 

15/3/16 29/3/16  14 10/5/16 51 16/6/16 22/6/16 27/8/16 60 2/9/16 

Site 
3(S) 

13/4/17 25/3/17 12 23/5/17 41 21/6/16 29/6/17 8/9/17r 70 20/9/17 

Site 
4(S) 

27/4/18 7/5/18 11 30/5/18 42 24/6/18 2/7/18 14/8/18 43 16/8/18 

 

Site 
1(W) 

25/10/16 11/11/16 17 15/4/17 173 25/5/17 2/6/17 6/8/17 67 9/8/17 

Site 
2(W) 

9/11/17 3/12/17 25 19/4/18 168 26/5/18 11/6/18 20/7/18 47 27/7/18 

Site 
3(W) 

25/10/18 10/11/18 16 20/4/19 172 28/5/19 5/6/19 3/8/19 65 8/8/19 

Measurements taken when >50% of plants at growth stage. 2 
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5.3 Experiment 1: The impact of agronomic and climatic factors on grain 1 

yield in spring and winter-sown oat cultivars. 2 

Plant Counts 3 

The effects of agronomic variables on plants/m2 in spring and winter-sown oats are 4 

presented in Table 11. Keely had a significantly higher plant number at Site 1(S) and 5 

Site 1(W), with Husky higher than Keely at Sites 2(S), 2(W) and 3(W), attributable to 6 

an increased cold tolerance in Husky. Plants/m2 increased linearly in response to seed 7 

rate at all experiments. Applied N rate and PGR application effects are infrequent. No 8 

interactions between agronomic variables were observed on plants/m2 in spring or 9 

winter-sown experiments.  10 

Crop Height 11 

The effects of agronomic variables on plant hight are presented in Table 12 (spring-12 

sown oats) and Table 13 (winter-sown oats). Keely was significantly taller than Husky 13 

at Sites 1(S), 4(S) and 1(W) with a reduction in height observed as seed rate increased 14 

at Sites 2(S),3(S), 1(W) and 3(W). Increases in N rate resulted in a linear increase in 15 

plant height in all spring-sown experiments, with increases of 2-10cm observed as N 16 

rate increased from 40-190kg N/ha. In winter-sown oats, these increases were in the 17 

range of 5-16cm. The application of PGR reduced plant height (P<0.001) at all spring-18 

sown sites, with reductions ranging from 4-10cm depending on the experiment.  19 

There was a significant seed rate x PGR application interaction for plant height at Site 20 

1(S) (P<0.05, Appendix 1) where a reduction was observed as seed rate increased in 21 

PGR treated plots, with no effect observed where no PGR was applied. A cultivar x 22 

seed rate interaction was observed at Site 1(W) (P<0.05, Appendix 2). Husky was 23 

significantly taller at 250 seeds/m2 than at 350 and 450 seeds/m2 which were similar. 24 

In Keely, Keely had similar height at 250 and 450 seeds/m2, with 350 seeds/m2 25 

resulting in significantly taller plants. An interaction between all agronomic variables 26 

was observed on plant height at Site 3(S) (P<0.01, Appendix 3). This is complex 27 

interaction and will not be discussed here. These interactions are inconsistent 28 

Lodging 29 

Crop lodging data is presented in Table 12 (spring-sown oats) and Table 13 (winter-30 

sown oats). No lodging was observed at Site 2(W). Keely had significantly higher 31 
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levels of lodging in 3 out of 4 spring-sown experiments and at Site 3(W). Lodging 32 

increased in response to seed rate in spring oats with no effect observed in winter-33 

sown oats. The application of PGR reduced lodging ain ¾ spring-sown experiments, 34 

with reductions of 7.5-20% observed in treated plots/. Lodging increased linearly as 35 

N rate increased in all spring-sown experiments and at the majority of winter-sown 36 

experiments.  37 

Significant interactions were observed at Site 4(S) between cultivar and seed rate 38 

(P<0.001, Appendix 4), seed rate and N rate (P<0.01, Appendix 5), and seed rate 39 

and PGR application (P<0.05, Appendix 6). The cultivar and seed rate interaction is 40 

attributable to an increased susceptibility of Keely to lodging as seed rate increased. 41 

The susceptibility to lodging increased at higher seed rates as the rate of N 42 

increased, with a similar response observed as seed rate increased where no PGR 43 

was applied. 44 
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Table 11. Effect of Agronomic Factors on plants/m2 in spring and winter-sown oats 1 

 df 
Plants/m2 

 Site 1(S) Site 2(S) Site 3(S) Site 4(S)  Site 1(W) Site 2(W) Site 3(W) 

Cultivar 1     Cultivar    
Husky  264.8 332.4 277.7 312.6 Husky 237.0 168.27 292.8 
Keely  249.5 307.1 282.1 311.3 Keely 274.8 148.47 245.9 
SEM  3.50 6.85 5.92 4.70 SEM 10.52 12.03 9.04 
P  <0.0001 <0.01 n.s. n.s. P <0.01 <0.01 <0.0001 

Seed Rate 2     Seed Rate  2  
250 Seeds/m2  206.7 235.4 219.6 232.0 250 Seeds/m2 202.9 127.8 204.7 
350 Seeds/m2  254.9 322.3 287.4 314.8 350 Seeds/m2 266.4 174.4 284.8 
450 Seeds/m2  309.9 401.6 332.7 389.0 450 Seeds/m2 298.3 172.9 318.6 
SEM      SEM    
P  <0.0001 <0.001 <0.0001 <0.0001 P <0.0001 <0.0001 <0.0001 

Applied N 
 (kg N/Ha) 

5 
    

Applied N  
(kg N/ha)  

 
 

40  257.6 331.9 282.0 311.0 80  - 153.0 264.67 
70  262.2 319.6 283.3 311.4 110 245.5 171.5 272.35 
100  255.6 311.6 273.8 313.3 140  264.2 146.8 275.04 
130  254.0 313.9 278.4 316.4 170  254.8 156.0 279.99 
160  259.8 321.5 281.1 305.8 200 259.1 164.5 284.72 
190  253.8 320.1 280.4 313.6 SEM    
SEM     

 
P n.s. <0.05 n.s. 

P  n.s. n.s. n.s. n.s.     

PGR Application 1     

- 
PGR -  257.8 310.0 273.6 310.6 
PGR +  256.4 329.5 286.2 313.2 
LSD      
P  n.s. <0.01 n.s. n.s.     

Interactions   

SR*N 10 n.s. n.s. n.s. n.s. SR*N n.s. n.s. n.s. 

SR*PGR 2 n.s. n.s. n.s. n.s. n/a 
N*PGR 5 n.s. n.s. n.s. n.s. 
SR*N*PGR 10 n.s. n.s. n.s. n.s. 

2 
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Table 12. Effect of agronomic factors on plant height and lodging in spring-1 

sown oats 2 

 3 

  4 

  Crop Height (cm) Lodging 

 D
F 

Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S) 

Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S) 

Cultivar 1         

Husky  107.2 117.0 87.8 75.5 40.6 46.9 48.2 5.9 
Keely  109.9 116.8 87.6 77.7 53.2 43.3 53.4 16.5 
SEM  1.06 0.54 0.62 0.45 2.14 1.32 1.50 0.95 
P  <0.01 n.s. n.s. <0.001 <0.001 n.s. <0.05 <0.001 

Seed Rate 2         

250 
Seeds/m2 

 109.9 119.8 89.9 76.2 
42.5 43.0 40.6 4.0 

350 
Seeds/m2 

 107.7 116.7 88.0 76.8 
45.1 44.4 54.0 10.4 

450 
Seeds/m2 

 108.1 114.0 85.2 76.7 
53.1 47.8 57.8 19.2 

SEM  1.15 0.067 0.068 0.49 2.61 1.62 1.84 1.16 
P  n.s. <0.001 0.01 n.s. <0.05 n.s. <0.001 <0.001 

Applied N  
(kg N/ha) 

5         

40  102.9 114.6 80.3 75.7 10,0 10.1 0.00 4.6 
70  107.8 116.3 86.9 76.2 21.1 27.3 16.7 7.9 
100  108.3 116.1 87.3 76.5 35.2 38.9 53.3 10.8 
130  110.2 117.6 90.0 76.7 63.2 51.3 75.5 12.0 
160  110.5 117.0 91.0 76.5 72.1 67.2 78.9 14.8 
190  111.8 119.5 90.6 77.8 79.7 75.5 80.3 17.0 
SEM  1,44 0.94 1.10 0.60 3.71 2.30 2.60 1.64 

P  <0.001 <0.01 <0.001 <0.001 <0.001 <0.001 <0.001 
.<0.00

1 

PGR 
Application 

1         

PGR -  111.4 121.0 92.2 78.8 51.0 46.1 60.6 14.9 
PGR +  105.8 112.7 83.2 74.4 42.9 43.9 40.9 7.5 
SEM  1.06 0.54 0.64 0.44 2.14 1.32 1.50 0.95 
P  <0.001 <0.001 <0.001 <0.001 <0.01 n.s. <0.001 <0.001 

Cr*SR 2 n.s. n.s. n.s. n.s n.s. n.s. <0.05 <0.001 
CR*N 5 n.s. n.s. n.s. n.s n.s. n.s. <0.05 n.s. 
CR*PGR 1 n.s. n.s. n.s. n.s n.s. n.s. <0.01 n.s. 
SR*N 10 n.s. n.s. <0.01 n.s n.s. n.s. 0.01 <0.01 
SR*PGR 2 <0.05 n.s. <0.05 n.s n.s. n.s. n.s. <0.05 
N*PGR 5 n.s. n.s. <0.01 n.s n.s. n.s. <0.001 n.s. 
Cr*SR*N 10 n.s. n.s. n.s. n.s n.s. n.s. n.s. n.s. 
SR*N*PGR 10 n.s. n.s. <0.05 n.s n.s. n.s. n.s. n.s. 
Cr*N*PGR 5 n.s. n.s. n.s. n.s n.s. n.s. <0.01 n.s. 
Cr*SR*PGR 2 n.s. n.s. n.s. n.s n.s. n.s. n.s. n.s. 
Cr*SR*N*PG
R 

12 n.s. n.s. 
<0.01 

n.s 
n.s. 

n.s. 
<0.05 n.s. 
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Table 13. Effects of agronomic factors on plant height and lodging in winter 5 

oats 6 

 7 

  8 

  Plant Height (cm) Lodging 

 DF Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) 

Cultivar 1       
Husky  105.7 111.2 110.5 12.4 - 0.8 

Keely  100.5 111.5 111.3 10.0 - 2.0 

SEM  1.07 1.06 1.17 2.09 - 0.41 

P  <0.01 n.s. n.s. n.s. - <0.05 

Seed Rate 2     -  
250 Seeds/m2  104.4 111.8 114.3 9.2 - 1.6 

350 Seeds/m2  104.1 111.6 107.6 13.0 - 1.2 

450 Seeds/m2  100.7 110.7 110.7 11.3 - 1.3 

SEM  1.23 1.30 1.43 2.57 - 0.50 

P  <0.05 n.s. <0.01 n.s. - n.s. 

Applied N (kg N/ha) 5     -  
80   - 106.6 101.94 - - 0.1 

110  100.4 110.1 107.61 2.6 - 0.3 

140   102.9 112.3 112.72 11.7 - 0.3 

170   103.4 113.5 114.67 11.5 - 1.9 

200  105.7 114.2 117.53 19.0 - 4.2 

SEM  1.33 1.37 1.85 2.94 - 0.65 

P  <0.05 <0.05 <0.001 <0.01 - <0.001 

      -  

Cr*SR 2 <0.01 n.s. n.s. n.s. - n.s. 

SR*N 8 n.s. n.s. n.s. n.s. - n.s. 

Cr*N 4 n.s. n.s. n.s. n.s. - n.s. 

Cr*SR*N 8 n.s. n.s. n.s. n.s. - n.s. 
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Grain Yield 9 

The effects of agronomic factors on grain yield are presented in Table 14 (spring-sown 10 

oats) and Table 15 (winter-sown oats). Cultivar effects on grain yield were site-specific 11 

and variable with no consistent trends observed. Keely had a significantly higher grain 12 

yield than Husky at Sites 1(S) and 1(W) with Husky yielding significantly higher at Sites 13 

1(W) and 3(S). Significant increases in grain yield in response to seed rate were 14 

observed in all experiments with increases of 0.22-0.45t/ha observed in spring-sown 15 

experiments with yield increases of 0.4-0.8t/ha in winter-sown experiments. Yield 16 

increases were observed in response to increased levels of applied N in all 17 

experiments. In spring-sown experiments the major increases were observed between 18 

40kg N/ha and 100kg N/ha (0.7-1.5 t/ha) with an increase of between 0.1-0.6t/ha 19 

observed as applied N rate increased from 100kg N/ha to 160kg N/ha. The response 20 

in winter-sown oat experiments was 0.5-2.04 t/ha as the rate of applied N increased 21 

from 80kg N/ha to 170kg N/ha. The benefit of additional applied N above 130kg N/ha 22 

in spring-sown oats and 170kg N/ha in winter-sown oats is limited and site specific in 23 

nature. The application of PGR increased grain yield (0.2-0.4 t/ha) in spring-sown 24 

experiments. 25 

There were significant interactions between cultivar and PGR application at Site 1(S) 26 

(P<0,05, Appendix 7), applied N rate and PGR application at Site 2(S) (P<0.05, 27 

Appendix 8) and an interaction between all agronomic variables at Site 3(S) (P<0.05, 28 

Appendix 9). At Site 1(S), Keely had a significantly higher grain yield than Husky where 29 

no PGR was applied, with values similar where PGR was applied. At Site 2(S) the 30 

application of PGR resulted in significantly higher grain yield at applied N rates of 40 31 

and 70kg N/ha with values similar as applied N rate increased. The interaction 32 

observed between all agronomic variables at Site 3(S) is attributable to a negative 33 

response in grain yield as applied N rate increased in Keely at higher seed rates and 34 

in the absence of PGR application. The increased susceptibility of Keely to lodging in 35 

this scenario resulted in lower grain recovery and a negative response compared to 36 

positive responses in Husky and in Keely where PGR was applied. These interactions 37 

were inconsistent across sites and seasons 38 

  39 
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Grains/m2 40 

The main effects of agronomic factors on grain number are presented in Table 14 41 

(spring-sown oats) and Table 15 (winter-sown oats). Keely generally had significantly 42 

higher grains/m2 in spring (800-1400 grains/m2) and winter-sown (1400-1900 43 

grains/m2) experiments with Husky having a higher value at Site 3(S) (1400 grains/m2). 44 

Grains/m2 increased as both seed rate and applied N rate increased in all experiments 45 

in this study. Grains/m2 increased by between 1,000 and 2,000 grains/m2 as seed rate 46 

increased in spring-sown oat experiments with increases of 2,000-2,500 grains/m2 47 

observed in winter-sown oat experiments. Increases in spring-sown oat experiments 48 

from 40kg N/ha to 130kg N/ha were in the range of 3,000-7,000 grains/m2
 with the 49 

additional increases beyond this point site-specific and in the range of 0-1000 50 

grains/m2. A similar range was observed in winter-sown oat experiments with 51 

increases of 3,000 to 5,000 grains/m2 over the range of 80kg N/ha to 200kg N/ha of 52 

applied N. The application of PGR increased grains/m2 in spring-sown experiments 53 

where severe lodging occurred.  54 

There was a significant interaction between all agronomic variables on grains/m2 at 55 

Site 3(S) (P<0.01, Appendix 10) which is linked to lower grain recovery in Keely 56 

relative to Husky where no PGR was applied at higher seed rates and N levels. An 57 

interaction between cultivar and seed rate was observed at Site 1(S) (P<0.05, 58 

Appendix 11). Keely and Husky had similar values at 250 seeds/m2 and 450 seeds/m2 59 

with Keely having a higher value at 350 seeds/m2. There was also an interaction 60 

between cultivar, seed rate and PGR application at Site 2(S) (P<0.05, Appendix 12). 61 

This interaction is attributable to an increase in Keely in response to PGR application 62 

at 350 seeds/m2 with values similar at 250 and 450 seeds/m2. This is linked to 63 

increased lodging and lower grain recovery in Keely at a high seed rate. Increases in 64 

grain number were observed in Husky as seed rate increased in the absence of PGR 65 

application, with values similar across all seed rates where PGR was applied. The 66 

susceptibility of Keely to lodging is responsible for these interactions but this effect 67 

was not consistently observed across experimental sites.  68 

 69 

 70 

 71 
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TGW  72 

The effects of agronomic factors on TGW are presented in Table 14 (spring-sown oats) 73 

and Table 15 (winter-sown oats). Husky generally had higher TGW values in spring 74 

and winter-sown experiments. Increasing the seed rate resulted in a decrease in TGW 75 

in winter-sown experiments with little effect observed in spring-sown experiments. 76 

Increasing the level of applied N had a negative effect on TGW in spring and winter-77 

sown experiments. The application of PGR had a negative effect on TGW in all spring 78 

sown experiments.  79 

There were inconsistent interactions observed on TGW in experiments conducted as 80 

part of this study. A cultivar and seed rate interaction was observed at Site 1(S) 81 

(P<0.05, Appendix 13). Husky and Keely had similar values at 250 and 450 seeds/m2 82 

with a higher value recorded in Husky at 350 seeds/m2.There were cultivar and N rate 83 

interactions observed at Site 4(S) (P<0.01, Appendix 14) and Site 3(W) (P<0.01, 84 

Appendix 15), These interactions are explained by differences between the two 85 

cultivars in response to applied N, with Keely impacted to a higher degree than Husky. 86 

Interactions between seed rate and N rate (P<0.05, Appendix 16) and between seed 87 

rate and PGR application (P<0.05, Appendix 17) were observed at Site 4(S). At 88 

applied N rates of 40kg N/ha and 70kg N/ha TGW values were significantly higher at 89 

350 and 450 seeds/m2 relative to 250 seeds/m2
. At 100kg N/ha of applied N, 350 and 90 

450 seeds/m2 resulted in similar values which were significantly lower than 250 91 

seeds/m2. 250 seeds/m2 and 450 seeds/m2 resulted in similar values at 130kg N/ha 92 

which were significantly lower than 350 seeds/m2. At 160kg N/ha values were similar 93 

between 250 and 350 seeds/m2 and were significantly higher than 450 seeds/m2, with 94 

all values similar at 190kg N/ha. The trends within this interaction are highly 95 

inconsistent. The interaction observed at the same site between seed rate and PGR 96 

application reflects similar TGW values at 350 seeds/m2 between PGR treated and 97 

untreated plots. PGR treated plots were significantly lower than untreated plots at 250 98 

and 450 seeds/m2. An interaction between applied N rate and PGR application was 99 

observed at Site 3(S) (P<0.01, Appendix 18).PGR untreated plots had significantly 100 

higher TGW values than treated plot at all levels of applied N apart from 40kg N/ha, 101 

100kg N/ha and 190kg N/ha where values were similar.  102 
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 Table 14.Effects of agronomic factors on grain yield, grain number and TGW of spring-sown oats 103 

Cra=Cultivar, SRb=Seed Rate, Nc=Applied N Rate.PGRd=Plant growth regulation104 

    Grain Yield (t/ha) Grains/m2 TGW 

  DF Site 1(S) Site 2(S) Site 3(S) Site 4(S) Site 1(S) Site 2(S) Site 3(S) Site 4(S) Site 1(S) Site 2(S) Site 3(S) Site 4(S) 

Cultivar 1             

Husky  8.1 7.12 7.56 4.8 22957 19308 21544 18654 37.5 37.9 35.3 32.5 
Keely  8.45 7.2 6.92 4.72 23772 20794 20101 19626 37.6 36.5 34.6 32.2 
SEM  0.067 0.076 0.056 0.042 347.6 193.5 190.7 238.3 0.3 0.14 0.16 0.2 
P  <0.001 n.s. <0.001 n.s. <0.01 <0.001 <0.001 <0.01 n.s. <0.001 <0.001 n.s. 

Seed Rate 2             

250 Seeds/m2  8.13 6.95 7.07 4.58 22888 19356 20075 18131 37.7 37.1 35.3 32.1 
350 Seeds/m2  8.22 7.2 7.39 4.78 23144 20181 21472 19229 37.7 37.3 34.6 32.8 
450 Seeds/m2  8.48 7.33 7.27 4.92 24062 20616 20921 20061 37.2 37.2 34.9 32.2 
SEM  0.082 0.094 0.068 0.051 380.8 237 233.6 291.9 0.32 0.17 0.19 0.24 
P  <0.05 <0.05 <0.01 <0.001 <0.05 <0.001 <0.001 <0.001 n.s. n.s. <0.05 n.s. 

Applied N (kg N/ha) 5             

40  6.64 6.55 6.62 4.51 18341 16854 18391 18026 39 38.1 36.1 32.5 
70  7.79 7.02 7.26 4.72 21595 19748 20137 18944 38.4 37.2 36.2 32.7 
100  8.35 7.21 7.34 4.74 23389 20868 21674 19071 37.7 37.1 34 32.1 
130  8.9 7.25 7.48 4.8 25225 20924 21623 18355 37.1 36.8 34.7 32.7 
160  8.95 7.58 7.53 4.81 25240 21012 21753 19479 37.3 37.1 34.8 32.3 
190  9.02 7.36 7.24 4.97 26397 20902 21360 20968 35.8 36.8 34 31.7 
SEM  0.116 0.132 0.097 0.072 466.47 335.1 330.3 412.8 0.42 0.24 0.27 0.34 
P  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.01 <0.001 n.s. 

PGR Application 1             

PGR -  8.27 6.99 7.06 4.67 23184 19520 20019 18883 37.9 37.4 35.4 32.7 
PGR +  8.28 7.34 7.42 4.85 23545 20583 21627 19397 37.1 36.9 34.5 32 
SEM  0.067 0.076 0.056 0.042 469.4 193.5 190.7 238.3 0.29 0.14 0.16 0.2 
P  n.s. <0.01 <0.001 <0.01 n.s. 0.0001 <0.001 n.s. <0.05 <0.01 <0.001 <0.05 

Cr*SR 2 n.s. n.s. n.s. n.s. n.s n.s n.s 0.05 <0.05 <0.05 n.s n.s 
CR*N 5 n.s n.s <0.001 n.s n.s n.s <0.001 0.33 n.s n.s n.s <0.01 
CR*PGR 1 n.s n.s 0.17 n.s n.s n.s n.s. n.s. n.s. n.s. n.s. n.s. 
SR*N 10 n.s n.s. n.s. n.s n.s n.s n.s. n.s. n.s. n.s. n.s. <0.05 
SR*PGR 2 n.s n.s. n.s. n.s n.s n.s n.s. n.s. n.s <0.05 n.s <0.05 
N*PGR 5 n.s <0.05 <0.001 n.s n.s n.s n.s. n.s. n.s n.s <0.01 n.s 
Cr*SR*N 10 n.s n.s <0.01 n.s n.s n.s <0.01 n.s n.s. n.s. n.s. n.s 
SR*N*PGR 10 n.s n.s. n.s. n.s. n.s n.s n.s. n.s n.s. n.s. n.s. n.s 
Cr*N*PGR 5 n.s n.s. n.s. n.s. n.s n.s n.s. n.s n.s. n.s. n.s. n.s 
Cr*SR*PGR 2 n.s n.s. n.s. n.s. n.s 0.05 <0.01 n.s n.s n.s <0.05 n.s 
Cr*SR*N*PGR 12 n.s n.s 0.05 n.s. n.s n.s <0.01 n.s n.s. n.s. n.s. n.s. 
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Table 15.Effects of agronomic factors on grain yield, grain number and TGW of winter-sown oats 105 

Cra=Cultivar, SRb=Seed Rate, Nc=Applied N Rate. 106 

  Grain Yield (t/ha) Grains/m2 TGW 

 DF Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) 

Cultivar 1          

Husky  10.26 9.35 8.63 28676 25910 21210 36.4 34.9 40.5 

Keely  10.54 9.20 8.56 30145 27839 21867 35.1 32.3 39.4 

SEM  0.093 0.302 0.109 487.5 318.2 288.4 0.48 0.60 0.21 

P  <0.05 n.s. n.s. <0.01 <0.001 n.s. 0.05 <0.001 0.001 

Seed Rate 2 
         

250 Seeds/m2  10.22 8.86 8.26 28160 25629 20696 36.8 33.5 40.1 

350 Seeds/m2  10.27 9.33 8.55 29315 26869 21250 35.6 34.0 40.2 

450 Seeds/m2  10.71 9.64 8.97 30757 28126 22670 34.8 33.2 39.6 

SEM  0.114 0.312 0.134 538.9 388.7 353.2 0.53 0.63 0.26 

P  <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 n.s.. n.s. n.s. 

Applied N (kg N/ha) 5 
         

80   - 8.56 6.87 - 24365 17730 - 34.2 39.9 

110  10.07 9.07 7.91 28089 25747 19504 35.8 34.3 40.6 

140   10.40 9.36 8.73 29432 27231 21657 35.9 33.5 40.2 

170   10.48 9.65 9.71 30257 28524 23934 35.2 32.8 40.4 

200  10.63 9.75 9.75 29865 28506 24866 36.1 33.1 38.7 

SEM  0.132 0.333 0.173 574.8 500.4 456 0.57 0.67 0.34 

P  <0.05 <0.001 <0.001 0.05 <0.001 <0.001 n.s. <0.05 <0.01 

           

Cr*SR 2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

SR*N 8 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*N 4 n.s. n.s. n.s. n.s. n.s. n.s. n.s n.s 0.01 

Cr*SR*N 8 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
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Grain Yield Components  1 

Spikelets/panicle 2 

The effects of agronomic factors on spikelet number per panicle are presented in Table 3 

16 (spring-sown oats) and Table 17 (winter-sown oats). Keely had a significantly 4 

higher number of spikelets per panicle in winter-sown experiments with no consistent 5 

trends observed in spring-sown experiments. There was a small significant negative 6 

effect of seed rate on spikelet number in spring-sown experiments with no significant 7 

effect of seed rate on spikelet number observed in any winter-sown oat experiment. 8 

No consistent trends were observed on spikelet number per panicle in response to 9 

higher levels of applied N in spring or-winter sown experiments. 10 

At Site 1(S), there was a significant interaction between cultivar and PGR application 11 

(P<0.05, Appendix 19) in which Husky and Keely had similar spikelet numbers per 12 

panicle in the absence of PGR, but Keely was significantly higher when PGR was 13 

applied. Similarly, at this site, there was a significant interaction (P<0.05, Appendix 20) 14 

between applied N rate and PGR application as at the lowest N rate (40+0 kg N/ha) 15 

spikelet number per panicle was significantly higher when PGR was applied but this 16 

response was reversed between applied N levels of 40+60 – 40+120 kg N/ha, with no 17 

differences at the highest level of 40+150 kg N/ha. These interactions were 18 

inconsistent.  19 

Grains/panicle 20 

The effects of agronomic factors on grains per panicle are presented in Table 16 21 

(spring-sown oats) and Table 17 (winter-sown oats). Cultivar had a significant effect 22 

on grains/panicle with Keely having a higher value in the majority of spring and winter-23 

sown experiments. Grains/panicle were also negatively associated with increased 24 

seed rate in the majority of spring and winter-sown experiments. Grains/panicle were 25 

generally unresponsive to applied N rate (spring-and winter sown experiments) and 26 

PGR application in spring-sown experiments. 27 

There were significant interactions observed between cultivar and applied N rate at 28 

Site 1(S) (P<0.05, Appendix 21). Husky had lower grains/panicle than Keely at the 29 

lowest level of applied N (40+0 kg N/ha) but had a higher number at the highest rate 30 

of applied N (40+190kg N/ha). Values were similar between 40+30 – 40+ 120kg N/ha.  31 
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There was also a significant interaction observed between cultivar and seed rate for 32 

grains/panicle at Site 1(W) (P<0.01, Appendix 22). Both cultivars had similar values at 33 

250 seeds/m2, with Keely producing a higher number of grains/panicle at 350 34 

seeds/m2 with a reduction observed as seed rate increased to 450 seeds/m2. 35 

Grains/panicle in Husky were relatively unresponsive to changes in seed rate and 36 

were significantly higher than Keely at 450 seeds/m2. These interactions were site-37 

specific and are inconsistent. 38 

Panicle Number 39 

The effects of agronomic factors on panicle number are presented in Table 16 (spring-40 

sown oats) and Table 17 (winter-sown oats). Increases in winter sown oats were quite 41 

site specific. There were significant interactions observed between seed rate and the 42 

application of PGR at Sites 3(S) (P<0.05, Appendix 23) and 4(S) (P<0.01, Appendix 43 

24). At Site 3(S), panicles/m2 values were similar between PGR treated and untreated 44 

plots at 250 and 350 seeds/m2. Panicles/m2 values were significantly higher at 450 45 

seeds/m2 where no PGR was applied. At Site 4(S), the application of PGR increased 46 

panicles/m2
 at 250 seeds/m2 with values similar between PGR untreated and treated 47 

plots at 350 and 450 seeds/m2. Cultivar and seed rate interactions were observed at 48 

Site 1(W) (P<0.01, Appendix.25) and Site 2(W) (P<0.01, Appendix 26). At Site 1(W), 49 

both cultivars had similar panicles/m2 at 450 seeds/m2. Husky had a higher panicle 50 

number at 250 seeds/m2 with Keely producing a higher panicle number at 350 51 

seeds/m2. At Site 2(W) values were similar between the cultivars at 250 and 450 52 

seeds/m2 with Husky producing a higher panicle number at 350 seeds/m2. There was 53 

also an interaction between cultivar, seed rate and PGR application observed at Site 54 

3(S) (P<0.05, Appendix 27). Panicle number did not increase in Keely as seed rate 55 

increased where no PGR was applied with an increase observed in PGR treated plots. 56 

Panicle number increased in Husky in response to seed rate in PGR treated and 57 

untreated plots. These interactions are not consistent and were highly site-specific in 58 

nature. 59 

 Cultivar had no consistent effects on panicle number in spring or winter-sown 60 

experiments. Panicles/m2 linearly increased with increased seed rate in all 61 

experiments. Increases in spring-sown experiments were in the ranges of 39-72 62 

panicles/m2 with increases of 30-55 panicles/m2 observed in winter-sown experiments. 63 
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Significant increases were noted in response to increased  Panicle number increases 64 

in spring-sown oats were most profound between 40kg N/ha and 130kg N/ha and were 65 

in the range of 60-150 panicles/m2 excluding the site which experienced prolonged 66 

drought. Increasing the rate of applied N from 130kg N/ha to 190kg N/ha resulted in 67 

increases of 21-24 panicles/m2.Increases of 16-35 panicles/m2 were observed as the 68 

rate of applied N increased from 80-140kg N/ha at Sites 1(W) and 2(W) with increases 69 

of 92 panicles/m2 observed as applied N rate increased from 80-200kg N/ha at Site 70 

3(W). The application of PGR had no effect on panicle number in any spring-sown 71 

experiment. 72 
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Table 16. Effects of agronomic factors on spikelets/panicle, grains/panicle and panicles/m2 in spring-sown oats 1 

Cra=Cultivar, SRb=Seed Rate, Nc=Applied N Rate, PGRd=Plant growth regulator2 

 Df Spikelets/panicle Grains/panicle Panicles/m2 

 
 Site 1(S) Site 2(S) Site 3(S) Site 4(S) Site 1(S) Site 2(S) Site 3(S) Site 4(S) Site1(S) Site 2(S) Site 3(S) Site 4(S) 

Cultivar 1             

Husky  36.5 - 28.8 31.0 70.8 - 50.7 57.5 425.8 427.0 530.0 340.0 
Keely  37.9 - 29.2 35.2 72.2 - 56.6 62.3 422.9 425.6 500.0 337.5 
SEM  0.36 - 0.60 0.52 1.31 - 1.03 0.60 7.14 4.73 5.12 2.88 
P  n.s. - n.s <0.001 n.s - <0.001 <0.001 n.s n.s <0.01 n.s 

Seed Rate 2             

250 Seeds/m2  37.7 - 28.8 34.6 72.0 - 57.4 62.8 409.3 398.6 480.6 307.2 
350 Seeds/m2  36.3 - 29.3 33.4 70.7 - 53.8 60.8 415.4 435.1 529.0 329.9 
450 Seeds/m2  37.7 - 28.8 31.3 72.0 - 49.8 56.1 448.3 445.3 535.4 379.1 
SEM  0.44 - 0.67 0.58 1.45 - 1.27 0.73 7.85 5.79 6.15 3.53 
P  <0.05 - n.s <0.001 n.s - <0.001 0.001 <0.001 <0.001 <0.001 <0.001 

Applied N (kg N/ha) 5             

40  36.1 - 29.1 32.4 68.4 - 57.3 58.4 341.8 373.8 411.2 327.1 
70  35.9 - 29.5 32.7 69.8 - 53.4 60.1 388.3 422.7 451.9 331.3 
100  35.9 - 28.3 32.1 69.4 - 52.9 59.1 412.8 433.8 499.0 340.9 
130  37.7 - 29.4 33.3 71.8 - 53.0 59.1 453.3 433.9 560.7 340.2 
160  39.7 - 28.7 33.6 76.8 - 54.0 59.8 472.9 439.6 582.8 342.8 
190  37.9 - 28.9 34.3 73.0 - 51.6 63.0 477.0 454.3 584.4 350.1 
SEM  0.62 - 0.85 0.71 1.80 - 1.80 1.30 9.68 8.16 8.70 4.99 
P  <0.001 - n.s n.s <0.01 - n.s n.s <0.001 <0.001 <0.001 <0.05 

PGR Application 1             

PGR -  37.4 - 28.9 32.8 71.1 - 50.9 59.5 423.4 429.9 510.0 334.8 
PGR +  37.0 - 29.0 33.4 71.9 - 56.5 60.4 425.3 422.7 520.0 342.6 
SEM  0.36 - 0.60 0.52 1.31 - 1.04 0.60 7.14 4.72 5.12 2.88 
P  n.s - n.s n.s n.s - <0.01 n.s n.s n.s n.s n.s 

              

Cr*SR 2 n.s - n.s n.s n.s - n.s n.s n.s n.s n.s n.s 
Cr*N 5 n.s - n.s n.s <0.05 - n.s n.s n.s n.s n.s n.s 
Cr*PGR 1 <0.05 - n.s n.s n.s - n.s n.s n.s n.s n.s n.s 
SR*N 10 n.s - n.s n.s n.s - n.s n.s n.s n.s n.s n.s 
SR*PGR 2 n.s - n.s n.s n.s - n.s n.s n.s n.s <0.05 <0.01 
N*PGR 5 <0.05 - n.s n.s n.s - n.s n.s n.s n.s n.s n.s 
Cr*SR*N 10 n.s - n.s n.s n.s - n.s n.s n.s n.s n.s n.s 
SR*N*PGR 10 n.s - n.s n.s n.s - n.s n.s n.s n.s n.s n.s 
Cr*N*PGR 5 n.s - n.s n.s n.s - n.s n.s n.s n.s n.s n.s 
Cr*SR*PGR 2 n.s  n.s n.s n.s  n.s n.s n.s n.s <0.05 n.s. 
Cr*SR*N*PGR 12 n.s - n.s n.s n.s - n.s n.s n.s n.s n.s n.s 
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Table 17. Effects of agronomic factors on spikelets/panicle, grains/panicle and panicles/m2 of winter-sown oats. 1 

 
 Spikelets/panicle  Grains/ Panicle  Panicles/m2   

 
DF Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) 

Cultivar 1          

Husky  42.1 61.1 66.6 113.4 114.2 117.5 300.7 435.5 334.6 

Keely  42.7 67.5 81.5 119.3 128.8 142.4 299.5 419.4 326.3 

SEM  1.48 2.96 1.64 3.91 8.57 3.33 4.95 7.34 6.316 

P  n.s <0.001 <0.001 n.s <0.01 <0.001 n.s n.s n.s 

Seed Rate 2         

250 Seeds/m2  43.6 66.4 74.0 121.8 127.2 134.8 292.5 402.9 303.6 

350 Seeds/m2  44.5 63.7 73.5 127.4 125.2 112.6 286.1 423.6 328.9 

450 Seeds/m2  39.1 62.7 74.7 99.9 112 124.2 321.6 455.8 358.8 

SEM  1.81 3.03 2.01 4.76 8.69 4.86 5.59 8.99 7.74 

P  n.s n.s n.s <0.001 <0.05 n.s <0.001 <0.001 <0.001 

Applied N (kg N/ha) 4          

80   - 61.3 67.3 - 115.9 112.6 - 392.9 282.5 

110  40.7 62.3 69.6 114.8 117.1 124.2 292.5 420.7 316.5 

140   43.3 66.3 78.0 119.3 123.1 137.9 307.1 437.9 319.5 

170   42.6 66.2 77.3 117.1 126.1 133.3 292.5 443.4 359.3 

200  43.0 65.4 78.2 114.4 125.0 141.5 308.1 442.4 374.3 

SEM  2.07 3.16 2.59 5.48 9.06 5.26 6.05 11.52 9.99 

P  n.s n.s <0.01 n.s n.s <0.001 <0.05 <0.05 <0.001 

           

Cr*SR 2 n.s n.s n.s <0.001 n.s. n.s. <0.01 <0.01 n.s. 

SR*N 8 n.s n.s n.s n.s n.s n.s n.s n.s n.s 

Cr*N 4 n.s n.s n.s n.s n.s n.s n.s n.s n.s 

Cr*SR*N 8 n.s n.s n.s n.s n.s n.s n.s n.s n.s 

Cra=Cultivar, SRb=Seed Rate,Nc=Applied N Rate2 
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Panicle Conformation 1 

Proportion of primary grain: Weight. 2 

The effects of agronomic factors on the proportion of grain weight accounted by 3 

primary grains are presented in Table 18 (spring-sown oats) and Table 19 (winter-4 

sown oats). Keely had a higher proportion of primary grain by weight than Husky in 5 

spring and winter-sown experiments. Seed rate had no consistent effects on the 6 

proportion of grain weight accounted by primary grains in this study. The proportion of 7 

primary grain weight increased as applied N rate increased in all spring-sown 8 

experiments with consistent trends observed in winter-sown experiments. The 9 

application of PGR had no effect on the proportion of primary grain weight by weight 10 

in any spring-sown experiment.  11 

There were interactions between cultivar and PGR application observed at Site 3(S) 12 

(P<0.01, Appendix 28) and seed rate and PGR application at Site 4(S) (P<0.01, 13 

Appendix 29). There was also an interaction between cultivar, applied N rate and PGR 14 

application observed at Site 4(S) (P<0.01, Appendix 30). The proportion of primary 15 

grain weight increased in response to PGR application in Keely with values similar in 16 

treated and untreated Husky at Site 3(S). At Site 4(S) the proportions of primary grain 17 

weight was similar between PGR treated and untreated blocks at 250 seeds/m2, with 18 

a lower level observed in treated blocks at 350 seeds/m2. At 450 seeds/m2 the 19 

proportion of primary grain weight ratio was significantly higher where PGR was 20 

applied. The cultivar, PGR application and applied N rate interaction observed at Site 21 

4(S) is explained by an increase in the proportion of primary grain weight in Husky 22 

where PGR was applied at 130kg N/ha and a reduction where PGR was applied at 23 

160kg N/ha relative to Keely, where a reduction was observed in response to PGR 24 

application at 130kg N/ha. This is a complex and inconsistent interaction.  25 

Interactions were also observed at Site 3(W) between cultivar and seed rate (P<0.05, 26 

Appendix 31), seed rate and applied N rate (P<0.05, Appendix 32) and cultivar and 27 

applied N rate (P<0.001, Appendix 34). Keely had a higher proportion of primary grains 28 

by weight at 250 seeds/m2 and 450 seeds/m2 with values similar between the two 29 

cultivars at 350 seeds/m2
. A seed rate of 250 seeds/m2 resulted  in a significantly lower 30 

primary grain weight proportion than 450 seeds/m2 at all levels of applied N. Seed 31 

rates of 250 seeds/m2 and 350 seeds/m2 were similar at 140kg N/ha but differed at all 32 
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other N input levels. A positive trend in the proportion of primary grain weight was 33 

observed in Keely as applied N rate increased with a negative response observed in 34 

Husky.  35 

Proportion of primary grain sites: Number. 36 

The effects of agronomic factors on the proportion of grain number accounted by 37 

primary grains are presented in Table 18 (spring-sown oats) and Table 19 (winter-38 

sown oats). Primary grain sites accounted for a higher proportion of grains than Husky 39 

in spring-sown experiments with no effect observed in winter-sown experiments. Seed 40 

rate had no consistent effect on the proportion of grain type in spring or winter-sown 41 

experiments. Increasing the rate of applied N resulted in a positive response in the 42 

proportion of primary grains in all spring-sown experiments with no response observed 43 

in winter-sown oats. The application of PGR had no consistent effect on the proportion 44 

of primary grains by number in spring-sown experiments.  45 

Interactions were observed between cultivar and PGR application (P<0.05, Appendix 46 

34) and seed rate and applied N rate at Site 3(S) (P<0.001, Appendix 35), with a seed 47 

rate and PGR application observed at Site 1(S) (P<0.05, Appendix 36). There were 48 

significant interactions between cultivar and seed rate at Site 1(W) (P<0.05, Appendix 49 

37) and Site 3(W) (P<0.01, Appendix 38) and cultivar with applied N rate (P<0.001, 50 

Appendix 39) at Site 3(W). PGR application had no impact on the proportion of primary 51 

grains in Husky at Site 3(S) with an increase observed in Keely in response to PGR 52 

application. At Site 1(S) primary grains accounted for a similar proportions of grains 53 

between PGR treated and untreated blocks at 250 seeds/m2 and 350 seeds/m2 with a 54 

reduction observed where PGR was applied at 450 seeds/m2. Both cultivar and seed 55 

rate interactions can be attributed to a higher proportion of primary grains in Husky at 56 

lower seed rates before a convergence at the higher seed rate. A positive trend in the 57 

proportion of primary grains was observed in Keely as applied N rate increased with a 58 

negative trend observed in Husky at Site 3(W). The interactions observed in spring-59 

sown experiments were inconsistent across seasons. 60 

 61 

  62 
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Tertiary grain number 63 

The effects of agronomic factors on tertiary grain number are presented in Table 18 64 

(spring-sown oats) and Table 19 (winter-sown oats).Significant interactions were 65 

observed between cultivar and PGR application at Sites 1(S) (P<0.05, Appendix 40) 66 

and 4(S) (P<0.05, Appendix 41) with an interaction observed between cultivar, seed 67 

rate and applied N rate at Site 1(S) (P<0.05, Appendix 42). A significant interaction 68 

between seed rate, applied N rate and PGR application was also observed at Site 4(S) 69 

(P<0.001, Appendix 43). Husky had a significantly higher tertiary grain number in the 70 

absence of PGR application, with values similar where PGR was applied at Site 1(S). 71 

PGR application increased the number of tertiary grains observed on Husky at Site 72 

4(S) with Keely unresponsive. The interaction between cultivar, seed rate and applied 73 

N rate at Site 1(S) is highly complex and will not be discussed. At Site 4(S) the 74 

interaction between seed rate, PGR application and applied N rate is attributable to a 75 

general decrease in tertiary grain number in PGR untreated plots as seed rate and 76 

applied N rate increase. Tertiary grain number were relatively consistent across seed 77 

rates and applied N rates in treated plots. These inconsistent interactions occur 78 

sporadically and are inconsistent. 79 

 Tertiary grains were infrequent in winter-sown experiments. Husky had a higher 80 

number of tertiary grains in spring-sown experiments. Tertiary grain number was 81 

generally unresponsive to changes in seed rate, applied N rate and PGR application 82 

with all responses site-specific and inconsistent.  83 
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Table 18. Effects of agronomic factors on panicle conformation in spring-sown oats. 1 

  Proportion of grain weight: Primary grain  Proportion of grain number: Primary grain Tertiary Grain Number 
 Df Site 1(S) Site 3(S) Site 4(S) Site 1(S) Site 3(S) Site 4(S) Site 1(S) Site 3(S) Site 4(S) 

Cultivar 1          
Husky  0.639 0.604 0.638 0.507 0.489 0.502 1.21 3.04 17.2 
Keely  0.649 0.608 0.652 0.511 0.484 0.509 0.87 0.78 7.2 
SEM  0.0022 0.0015 0.0014 0.0022 0.0013 0.0017 0.36 0.44 0.60 
P  <0.001 n.s. <0.001 n.s. <0.05 <0.01 n.s. <0.001 <0.001 

Seed Rate 2          
250 Seeds/m2  0.644 0.609 0.649 0.511 0.488 0.509 1.46 1.96 15.3 
350 Seeds/m2  0.644 0.604 0.642 0.511 0.485 0.503 0.90 1.65 13.0 
450 Seeds/m2  0.644 0.606 0.644 0.504 0.487 0.506 0.77 2.11 8.3 
SEM  0.0027 0.0018 0.0018 0.0027 0.0016 0.0020 0.42 0.44 0.74 
P  n.s. n.s. <0.05 n.s. n.s. n.s. n.s. n.s. <0.001 

Applied N (kg N/ha) 5          
40  0.634 0.602 0.639 0.501 0.483 0.499 1.78 2.38 12.5 
70  0.644 0.602 0.645 0.510 0.480 0.505 0.42 2.14 11.1 
100  0.643 0.604 0.648 0.506 0.486 0.509 1.00 2.55 14.1 
130  0.646 0.612 0.648 0.513 0.491 0.509 0.92 1.32 11.5 
160  0.652 0.607 0.648 0.515 0.489 0.510 1.42 1.90 11.1 
190  0.643 0.610 0.641 0.508 0.490 0.502 0.70 1.17 12.9 
SEM  0.0039 0.0025 0.0025 0.0038 0.0022 0.0029 0.55 0.54 1.05 
P  <0.05 <0.05 <0.05 <0.05 <0.001 <0.05 n.s. n.s. n.s. 

PGR Application 1          
PGR -  0.653 0.604 0.646 0.513 0.485 0.507 0.66 1.85 11.3 
PGR +  0.646 0.608 0.643 0.505 0.488 0.504 1.42 1.97 13.1 
SEM  0.0034 0.0015 0.0014 0.0022 0.0013 0.0017 0.36 0.40 0.61 
P  n.s. n.s. n.s. <0.05 n.s. n.s. n.s. n.s. <0.05 

Cr*SR 2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Cr*N 5 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Cr*PGR 1 n.s <0.01 n.s n.s <0.05 n.s <0.05 n.s <0.05 
SR*N 10 n.s n.s. n.s. n.s <0.001 n.s n.s. n.s. n.s. 
SR*PGR 2 n.s n.s <0.01 <0.05 n.s n.s n.s. n.s. n.s. 
N*PGR 5 n.s n.s n.s. n.s. n.s n.s n.s. n.s. n.s. 
Cr*SR*N 10 n.s n.s n.s. n.s. n.s. n.s <0.05 n.s n.s 
SR*N*PGR 10 n.s n.s n.s. n.s. n.s. n.s. n.s n.s <0.001 
Cr*N*PGR 5 n.s n.s 0.01 n.s. n.s. n.s. n.s. n.s. n.s. 
Cr*SR*PGR 2 n.s n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Cr*SR*N*PGR 12 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr=Cultivar, SR=Seed Rate. N=Applied N Rate, PGR=Plant Growth Regulator  2 
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Table 19. Effects of agronomic factors on panicle conformation in winter-sown oats 3 

  Proportion of grain weight: Primary grain  Proportion of grain number: Primary grain Tertiary Grain Number 

 DF 
Site  
1(W) 

Site  
2(W) 

Site  
3(W) 

Site  
1(W) 

Site  
2(W) 

Site  
3(W) 

Site  
1(W) 

Site  
2(W) 

Site  
3(W) 

Cultivar 1          

Husky  0.645 0.634 0.627 0.511 0.507 0.520 - 0.21 3.5 

Keely  0.641 0.650 0.635 0.499 0.507 0.520 - 0.24 1.4 

SEM  0.0042 0.0071 0.0014 0.0040 0.0621 0.0015 - 0.153 0.8 

P  n.s. <0.001 0.0001 <0.01 n.s. n.s. - n.s. n.s. 

Seed Rate 2          

250 Seeds/m2  0.640 0.643 0.623 0.504 0.513 0.513 - 0.53 3.4 

350 Seeds/m2  0.649 0.641 0.636 0.510 0.507 0.525 - 0.07 1.6 

450 Seeds/m2  0.640 0.642 0.634 0.501 0.502 0.524 - 0.08 2.3 

SEM  0.0051 0.0074 0.0017 0.0044 0.0064 0.0019 - 0.194 0.98 

P  n.s. n.s. <0.001 n.s. n.s. <0.001 - n.s. n.s. 

Applied N Rate (kg N/ha) 4          

80  - 0.644 0.636 - 0.512 0.523 - 0.26 0.8 

110   0.638 0.638 0.631 0.499 0.499 0.52 - 0.50 1.4 

140   0.635 0.648 0.628 0.498 0.511 0.518 - 0.26 0.7 

170  0.654 0.643 0.631 0.515 0.51 0.52 - 0.04 3.2 

200  0.645 0.639 0.630 0.508 0.504 0.521 - 0.06 6.2 

SEM  0.0058 0.0078 0.0022 0.0049 0.0069 0.0024 - 0.250 1.26 

P  n.s. n.s. n.s. <0.05 n.s. n.s. - n.s. <0.01 

           

Cr*SR 2 n.s n.s <0.05 <0.05 n.s <0.01 - n.s. n.s. 

SR*N 8 n.s n.s <0.05 n.s. n.s. n.s. - n.s. n.s. 

Cr*N 4 n.s n.s <0.001 n.s n.s <0.001 - n.s. n.s. 

Cr*SR*N 8 n.s. n.s. n.s. n.s. n.s. n.s. - n.s. n.s. 

aCr=Cultivar, bSR=Seed Rate, cN=Applied N Rate4 
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Aborted grains 1 

The effects of agronomic factors on the level of grain abortion per 15 panicles are 2 

presented in Table 20 (spring-sown oats) and Table 21 (winter-sown oats). Keely had 3 

a higher level of floret abortion at Sites 1(S) and 3(W). Husky had a higher level of 4 

aborted primary grains at Site 2(W) and a higher number of aborted secondary grains 5 

at Site 3(W). The number of aborted florets, primary grains and secondary grains was 6 

reduced as seed rate increased at Site 3(S) with the number of aborted secondary 7 

grains reduced at Site 4(S). There were interesting although insignificant increases in 8 

aborted primary and secondary grains as seed rate increased at Site 3(W). Increasing 9 

the rate of applied N reduced floret abortion at Site 3(S) with an increase observed at 10 

Site 3(W). Increases in applied N rate also reduced the level of primary and secondary 11 

grain abortion at Site 3(W). The application of PGR had no consistent effects but 12 

increased the level of aborted secondary grains at Site 3(S). 13 

There was an interaction observed for between seed rate and the application of PGR 14 

on the number of aborted secondary grains at Site 4(S) (P<0.05, Appendix 44). PGR 15 

untreated plots had a significantly higher number of aborted secondary grains at 250 16 

seeds/m2 and had a significantly lower number than treated plots at 450 seeds/m2. 17 

There were interactions between seed rate, applied N rate and PGR application 18 

observed on the level of spikelet abortion at Sites 1(S) (P<0.05, Appendix 45) and 3(S) 19 

(P<0.01, Appendix 46). At Site 1(S) this interaction is attributable to an increase in 20 

spikelet abortion at lower rates of applied N in high seed rate, PGR treated plots. In 21 

addition, spikelet abortion increased in response to applied N rate where no PGR was 22 

applied in 450 seeds/m2 plots. At Site 3(S) this interaction is attributable to a reduction 23 

in spikelet abortion as applied N rate increased where no PGR was applied to 250 24 

seeds/m2 but with an increase observed where PGR was applied to 250 seeds/m2 25 

plots There were interactions between all agronomic factors on the level of aborted 26 

primary (P<0.01, Appendix 47) and secondary grains (P<0.05, Appendix 48) at Site 27 

1(S).  28 

There were also interactions observed between cultivar and seed rate at Site 1(W) 29 

for aborted primary grains (P<0.05, Appendix 49), cultivar and applied N rate at Site 30 

1(W) (P<0.05, Appendix 50) and between cultivar, seed rate and applied N rate at 31 

Site 2(W) (P<0.05, Appendix 51). Husky had a significantly lower number of aborted 32 

primary grains than Keely at 250 seeds/m2 after which values converged at higher 33 
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seed rates. Husky and Keely had similar levels of aborted primary grains at 110kg 34 

N/ha and 200kg N/ha. Husky had a higher level at 140kg N/ha, with Keely higher at 35 

170kg N/ha.  36 

 37 
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Table 20. Effect of agronomic factors on floret and grain-site abortion in spring-sown oats. 38 
  

Aborted Florets Aborted Primary Grainss Aborted Secondary Grains  
Df Site 1(S) Site 3(S) Site 4(S) Site 1(S) Site 3(S) Site 4(S) Site 1(S) Site 3(S) Site 4(S) 

Cultivar 1          
Husky  0.9 0.6 1.3 3.1 2.2 1.8 6.6 5.5 2.3 
Keely  1.7 0.6 0.9 2.8 2.4 2.0 6.8 4.9 2.4 
SEM  0.28 0.13 0.24 0.21 0.15 0.23 0.41 0.33 0.27 
P  <0.01 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Seed Rate 2          
250 Seeds/m2  1.3 0.9 1.5 2.9 2.7 2.1 6.7 6.2 2.9 
350 Seeds/m2  1.0 0.3 0.7 2.8 2.2 2.0 7.0 5.1 2.1 
450 Seeds/m2  1.5 0.6 1.2 3.1 1.9 1.6 6.4 4.2 2.0 
SEM  0.33 0.16 0.29 0.26 0.19 0.27 0.50 0.40 0.30 
P  n.s. <0.05 n.s. n.s. <0.05 n.s. n.s. <0.01 <0.05 

N Rate (kg N/ha) 5          
40  1.0 1.3 1.2 2.8 2.5 1.9 5.5 5.5 2.2 
70  1.3 0.7 1.3 2.8 1.9 1.9 7.2 5.3 2.5 
100  1.5 0.2 1.4 3.5 2.4 2.2 6.2 6.2 2.9 
130  1.4 0.4 1.4 2.7 2.7 1.8 6.1 5.6 2.1 
160  1.1 0.5 0.4 2.3 1.9 1.4 7.5 4.0 2.0 
190  1.5 0.4 1 3.4 2.3 2.3 7.7 4.5 2.3 
SEM  0.43 0.22 0.41 0.36 0.27 0.35 0.71 0.57 0.39 
P  n.s. <0.05 n.s. <0.01 n.s. n.s. <0.01 n.s. n.s. 

PGR Application 1          
PGR -  1.1 0.5 1.0 3.01 2.19 1.84 6.8 4.6 2.2 
PGR +  1.5 0.7 1.2 2.84 2.41 1.99 6.6 5.7 2.5 
SEM  0.28 0.13 0.24 0.210 0.154 0.239 0.41 0.33 0.27 
P  n.s. n.s. n.s. n.s. n.s. n.s. n.s. <0.05 n.s. 

           

Cr*SR 2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s n.s. 
Cr*N 5 n.s. n.s. n.s. <0.01 n.s n.s n.s. n.s n.s. 
Cr*PGR 1 n.s. n.s. n.s. n.s. n.s n.s <0.05 n.s n.s 
SR*N 10 n.s. n.s. n.s. n.s. n.s n.s n.s. n.s n.s. 
SR*PGR 2 n.s. n.s. n.s. n.s. n.s n.s n.s n.s <0.05 
N*PGR 5 n.s. n.s. n.s. n.s. n.s n.s <0.05 n.s n.s 
Cr*SR*N 10 n.s. n.s. n.s <0.05 n.s n.s <0.05 n.s n.s 
SR*N*PGR 10 <0.05 <0.01 n.s <0.01 n.s n.s <0.05 n.s n.s 
Cr*N*PGR 5 n.s. n.s. n.s <0.001 n.s n.s n.s. n.s n.s 
Cr*SR*PGR 2 n.s. n.s. n.s. n.s. n.s n.s n.s. n.s n.s 
Cr*SR*N*PGR 12 n.s. n.s. n.s. <0.01 n.s n.s 0.05 n.s n.s 

aCr=Cultivar, bSR=Seed Rate, cN=Applied N Rate, dPGR=Plant Growth regulator39 
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Table 21. Effect of agronomic factors on floret and grain-site abortion in winter-sown oats. 40 
  

Aborted Florets Aborted Primary Grains Aborted Secondary Grains 
 

DF Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) 

Cultivar 1          

Husky  - - 9.8 2.1 2.8 26.5 5.6 3.2 47.2 

Keely  - - 14.1 2.7 2.0 29.6 4.3 3.7 43.0 

SEM  - - 1.3 0.32 0.24 2.2 0.43 0.34 2.6 

P  - - <0.05 n.s. <0.05 n.s. <0.05 n.s. n.s. 

Seed Rate 2          

250 Seeds/m2  - - 12.4 2.6 2.1 23.7 5.4 2.9 39.4 

350 Seeds/m2  - - 10.7 2.5 2.5 27.8 4.9 4.2 47.3 

450 Seeds/m2  - - 12.8 2.2 2.6 32.6 4.6 3.3 48.7 

SEM    1.4 0.4 0.3 2.7 0.5 0.4 3.2 

P  - - n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Applied N Rate (kg N/ha) 4          

80   - - 7.6 - 2.1 38.7 - 3.8 58.0 

110   - - 9.3 2.5 2.4 31.6 5.5 3.6 55.2 

140  - - 12.6 2.7 2.3 28.3 5.2 3.4 40.7 

170  - - 12.7 1.8 2.3 21.4 4.6 3.3 36.1 

200   - - 17.4 2.6 2.9 20.2 4.4 3.3 35.6 

SEM    1.8 0.4 0.4 3.4 0.6 0.5 4.1 

P  - - <0.01 n.s. n.s. <0.01 n.s. n.s. <0.001 

           

Cr*SR 2 - - n.s. <0.05 n.s n.s n.s. n.s. n.s. 

SR*N 8 - - n.s. n.s. n.s n.s n.s. n.s. n.s. 

Cr*N 4 - - n.s. <0.05 n.s n.s n.s. n.s. n.s. 

Cr*SR*N 8 - - n.s. n.s. <0.05 n.s n.s. n.s. n.s. 

aCr=Cultivar, bSR=Seed Rate, cN=Applied N Rate 41 

 42 
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Key Correlations 1 

The relative importance of individual yield components to final grain yield are 2 

presented in Table 22. Grain number is the key component associated with grain yield 3 

across all experiments, with panicle number a key contributor at 5/7 experiments. 4 

Grains/panicle were significantly associated with grain yield in 2/7 experiments. 5 

Interestingly, TGW was positively associated with grain yield at Site 2(W), indicating 6 

individual grain fill became a key factor in yield potential during a dry season.  7 

Table 22. Yield component correlations with grain yield 8 
 

Grains/m2 Panicles/m2 Grains/panicle TGW 

Site 1(S) 0.92 

 (P<0.001) 

0.56 

(P<0.001) 

0.24 

(P<0.05) 

-0.37 

(P<0.001) 

Site 2(S) 0.72  

(P<0.001) 

0.24 

(P<0.05) 

n/a -0.06 

Site 3(S) 0.86 

(P<0.001) 

0.02 -0.06 -0.08 

Site 4(S) 0.84 

(P<0.001) 

0.17 

(P<0.05) 

-0.06 -0.12 

(P<0.05) 

Site 1(W) 0.73 

(P<0.001) 

0.28 

(P<0.05) 

-0.12 -0.28 

(P<0.05) 

Site 2(W) 0.73 

(P<0.001) 

-0.40 

(<0.001) 

-0.41 

(P<0.0002) 

0.50 

(P<0.001) 

Site 3(W) 0.93 

(P<0.001) 

0.55 

(<0.001) 

0.31 

(P<0.05) 

-0.08 

Values indicates the Pearson’s coefficient of correlation.  9 

The correlation data presented in Tables 23 and 24 give an insight into the grain filling 10 

procedures of oats across different seasons. No source of aborted grain site (spikelet, 11 

primary or secondary floret) had a significant relationship with yield in spring-sown 12 

oats, indicating that the source-sink balance in these experiments was good. However, 13 

yield in winter-sown oats had key significant relationships with grain site abortion. At 14 

Site 2(W) the positive relationship between aborted primary grain sites and yield 15 

indicated a high level of assimilate remobilisation from primary grains was required to 16 

maintain grain yield through the positive relationship between aborted primary grains 17 
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and TGW. The negative associations between aborted secondary grains and grain 18 

yield at Sites 1(W) and 2(W) indicate a high level of secondary grain fill was linked with 19 

grain yield in these experiments, as low levels of secondary grain abortion indicate 20 

higher levels of grain yield. 21 

  22 
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Table 23. Correlations between key yield components in spring oats 1 
 

Yield % of primary floret weight %of primary floret number. TGW 

Site 1(S) 
    

Grains/m2 0.92 0.19 0.16 -0.70 

TGW -0.37 -0.05 -0.01 - 

Aborted Florets 0.02 -0.09 -0.09 -0.06 

Aborted Primary Grains 0.01 0.03 0.01 -0.14 

Aborted Secondary Grains 0.09 0.13 0.18 -0.14 

Tertiary grain number -0.10 -0.20 -0.04 -0.03 

Site 3(S)     

Grains/m2 0.86 0.11 0.16 -0.36 

TGW -0.08 -0.16 -0.08 - 

Aborted Florets 0.03 0.00 0.05 0.09 

Aborted Primary Grains 0.03 0.03 0.02 0.05 

Aborted Secondary Grains 0.13 0.22 0.25 0.01 

Tertiary grain number 0.11 0.02 0.12 0.02 

Site 4(S)     

Grains/m2 0.84 0.08 0.13 -0.63 

TGW -0.12 -0.12 -0.09 - 

Aborted Florets -0.09 0.07 0.05 -0.10 

Aborted Primary Grains -0.08 -0.04 -0.07 0.10 

Aborted Secondary Grains -0.02 0.10 0.09 -0.01 

Tertiary grain number 0.01 -0.26 -0.17 0.05 
     

Values indicate Pearson’s coefficient of correlation. Values in bold are significant at P<0.05. 2 
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Table 24. Correlations between key yield components in winter oats 1 

Values indicate Pearson’s coefficient of correlation. Values in bold are significant at P<0.05. 2 

 
Yield % of primary floret weight %of primary floret number. TGW 

Site 1(W) 
    

Grains/m2 0.73 -0.01 -0.12 -0.74 

TGW -0.28 -0.12 0.07 - 

Aborted Florets - - - - 

Aborted Primary Grains 0.04 -0.22 -0.28 0.08 

Aborted Secondary Grains -0.41 0.18 0.15 0.15 

Tertiary grain number - - - - 

Site 2(W)     

Grains/m2 0.73 -0.02 -0.10 -0.37 

TGW 0.50 -0.38 -0.01 - 

Aborted Florets - - - - 

Aborted Primary Grains 0.22 -0.22 -0.06 0.23 

Aborted Secondary Grains 0.03 0.17 0.01 -0.10 

Tertiary grain number - - - - 

Site 3(W)     

Grains/m2 0.93 0.00 0.06 -0.33 

TGW -0.08 -0.10 -0.08 - 

Aborted Florets 0.33 0.16 0.17 -0.30 

Aborted Primary Grains 0.11 0.06 0.14 -0.20 

Aborted Secondary Grains -0.27 0.01 0.13 -0.06 

Tertiary grain number 0.23 -0.17 -0.03 0.01 
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5.4 Experiment 2: Effects of agronomic factors on quality of winter and 1 

spring oats. 2 

Specific weight 3 

The effects of agronomic factors on the specific weight are presented in Table 25 4 

(spring sowings) and Table 26 (winter sowings). Where cultivar differences in specific 5 

weight were observed Keely had a higher value than Husky. Specific weight 6 

significantly decreased in response to increased seed rate at Sites 2(S), 3(S) and 1(W) 7 

but significantly increased at Sites 4(S) and 3(W). Specific weight was negatively 8 

associated with increases in applied N rate in spring and winter-sown crops. 9 

Experimental sites where this effect was not observed went through a drought period 10 

during grain fill. Specific weight was significantly reduced by the application of 11 

CCC+TE at Site 2(S) and 4(S).  12 

There were inconsistent interactions observed between cultivar and PGR application 13 

at Site 2(S) (P<0.01, Appendix 52) and between seed rate and PGR application at Site 14 

1(S) (P<0.05, Appendix 53). Keely had a higher value than Husky when no PGR was 15 

applied with values similar where PGR was applied at Site 2(S). Values were similar 16 

between PGR treated and untreated plots at 350 and 450 seeds/m2 with untreated 17 

plots having a significantly higher value at 250 seeds/m2 in the same experiment. 18 

There was also a cultivar and seed rate interaction observed at Site 3(W) (P<0.05, 19 

Appendix 54). where Keely had a higher value at 250 seeds/m2 and 450 seeds/m2 with 20 

a similar value to Husky at 350 seeds/m2. 21 

Grain Protein 22 

The effects of agronomic factors on grain protein are presented in Table 25 (spring 23 

sowings) and Table 26 (winter sowings). Husky had significantly higher protein levels 24 

than Keely at in spring-sown experiments with no consistent differences observed in 25 

winter-sown experiments. Grain protein levels decreased in response to increased 26 

seed rate at Site 2(S) and Site 4(S) with no significant effects observed at any winter 27 

sown experiment. Grain protein demonstrated a positive linear response to applied N 28 

rate at all experimental sites as presented in Tables 25 and 26. The application of 29 

CC+TE reduced grain protein levels (P<0.05) at all spring-sown oat experiments.  30 
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There was an interaction observed for grain protein with cultivar and applied N rate at 31 

Site 3(W) (P<0.05, Appendix 55) where Husky had a higher level of grain protein at 32 

higher levels of applied N. This interaction only occurred at one site and as such is 33 

inconsistent. 34 

  35 
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Table 25. Agronomic effects on specific weight and grain protein content in 36 

spring oats 37 
 

Specific Weight (kg/hl) Grain Protein % 
 

Df Site  

1(S) 

Site  

2(S) 

Site  

3(S) 

Site  

4(S) 

Site  

1(S) 

Site 

2(S) 

Site  

3(S) 

Site  

4(S) 

Cultivar 1 
    

    

Husky  53.8 56.1 56.5 55.7 10.14 9.65 10.85 11.90 

Keely  54.1 56.6 56.6 55.9 9.83 9.44 10.86 11.36 

SEM  0.22 0.09 0.22 0.14 0.071 0.052 0.072 0.037 

P  n.s. <0.01 n.s. n.s. <0.01 <0.01 n.s. <0.001 

Seed Rate 2 
    

    

250 Seeds/m2  54.2 56.6 56.9 55.3 9.96 9.72 10.86 11.82 

350 Seeds/m2  53.9 56.3 56.5 55.8 9.97 9.52 10.91 11.55 

450 Seeds/m2  53.6 56.1 56.3 56.2 10.03 9.39 10.80 11.52 

SEM  0.27 0.11 0.24 0.19 0.086 0.064 0.088 0.044 

  n.s. <0.05 n.s. <0.001 n.s. <0.01 n.s. <0.001 

Applied N Rate (kg N/ha) 5 
    

    

40  55.0 56.6 57.9 56.0 8.86 8.92 9.74 11.16 

70  54.9 56.7 57.4 55.9 9.51 9.12 9.99 11.45 

100  54.4 56.5 56.4 55.8 9.63 9.41 10.58 11.70 

130  53.6 56.5 56.3 55.8 10.41 9.44 11.13 11.84 

160  53.1 56.1 56.0 55.5 10.49 10.04 11.60 11.84 

190  52.5 55.7 55.4 55.8 11.02 10.33 12.10 11.78 

SEM  0.38 0.16 0.29 0.19 0.122 0.090 0.124 0.062 

P  <0.001 <0.001 <0.001 n.s. <0.001 <0.001 <0.001 <0.001 

PGR Application 1 
    

    

PGR -  54.0 56.8 56.6 56.0 10.09 9.65 10.99 11.71 

PGR +  53.8 55.9 56.5 55.6 9.88 9.43 10.73 11.55 

SEM  0.22 0.09 0.22 0.14 0.071 0.052 0.072 0.037 

P  n.s. <0.001 n.s. <0.05 <0.05 <0.01 <0.05 <0.01 

          

Cr*SR 2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*N 5 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*PGR 1 n.s <0.01. n.s n.s n.s. n.s. n.s. n.s. 

SR*N 10 n.s. n.s. n.s n.s n.s. n.s. n.s. n.s. 

SR*PGR 2 <0.05. n.s. n.s n.s n.s. n.s. n.s. n.s. 

N*PGR 5 n.s. n.s. n.s n.s. n.s. n.s. n.s. n.s. 

Cr*SR*N 10 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

SR*N*PGR 10 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*N*PGR 5 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*SR*PGR 7 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*SR*N*PGR 12 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

aCr= Cultivar, bSR= Seed Rate, cN= Applied N Rate, dPGR=Plant Growth Regulation 38 

 39 
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Table 26.Agronomic effects on specific weight and grain protein in winter- oats 40 

 Df Specific Weight (kg/hl) Grain Protein % 

  Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) 

Cultivar 1       

Husky  57.5 55.6 53.2 10.19 9.53 7.69 

Keely  57.3 55.4 53.6 10.15 9.53 7.48 

SEM  0.16 0.20 0.11 0.108 0.087 0.046 

P  n.s. n.s. <0.01 n.s. n.s. <0.05 

Seed Rate 2       

250 Seeds/m2  58.0 55.2 53.1 10.24 9.66 7.69 

350 Seeds/m2  57.3 55.8 53.7 10.12 9.40 7.54 

450 Seeds/m2  57.0 55.5 53.3 10.15 9.54 7.53 

SEM  0.19 0.25 0.14 0.133 0.106 0.057 

P  <0.01 n.s. <0.05 n.s. n.s. n.s. 

Applied N (kg N/ha) 4       

80  - 55.6 53.8 - 9.06 7.03 

110  57.9 55.7 53.7 9.57 9.14 7.30 

140  57.6 55.5 53.5 9.95 9.55 7.59 

170  57.1 55.5 53.2 10.29 9.98 7.89 

200  57.1 55.1 52.8 10.87 9.93 8.13 

SEM  0.22 0.32 0.18 0.152 0.137 0.073 

P  <0.05 n.s. <0.001 <0.001 <0.001 <0.001 

        

Cr*SR 2 n.s n.s <0.05 n.s. n.s. n.s. 

SR*N 3 n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*N 6 n.s. n.s. n.s. n.s n.s <0.05 

Cr*SR*N 6 n.s. n.s. n.s. n.s. n.s. n.s. 

        

aCr= Cultivar, bSR= Seed Rate, cN= Applied N Rate  41 
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Groat percentage 42 

The effects of agronomic factors on the groat percentage of oats are presented in 43 

Table 27 (spring-sown oats) and Table 28 (winter-sown oats). Groat percentage was 44 

significantly higher in Keely than Husky in spring-sown oats and 3(W), while Husky 45 

had significantly higher groat percentage at Site 2(W). Seed rate had no significant 46 

effect on groat percentage in any experiment. Groat percentage significantly increased 47 

in response to applied N rate at Sites 1(S) and 3(S) with no effect observed at any 48 

other experimental site. Groat percentage was significantly reduced by the application 49 

of PGR in spring-sown experiments.  50 

There were interactions observed for groat percentage between cultivar and seed rate 51 

(P<0.01, Appendix 56) and seed rate and applied N rate (P<0.05, Appendix 57) at Site 52 

1(S). Husky and Keely had similar values at 250 seeds/m2 with Keely higher at 350 53 

and 450 seeds/m2. There were also interactions observed between cultivar and PGR 54 

application at Site 2(S) (P<0.001, Appendix 58) and applied N rate and PGR 55 

application at Site 3(S) (P<0.05, Appendix 59). Keely had a higher groat percentage 56 

in the absence of PGR application with values similar in treated plots at Site 2(S). At 57 

Site 3(S) plots untreated with PGR produced a higher groat percentage over the range 58 

of 40kg N/ha to 130kg N/ha, with values similar between treated and untreated plots 59 

at 160 and 190kg N/ha. These interactions were site-specific in nature and were not 60 

consistently observed across sites. 61 

Hullability 62 

The effects of agronomic factors on the % of grains remaining unhulled are presented 63 

in Table 27 (spring-sown oats) and Table 28 (winter-sown oats). Keely had a 64 

significantly lower level of grains remaining unhulled at Sites 2(S), 3(S) and 4(S), while 65 

Husky had a significantly lower level of grains remaining unhulled at Site 2(W). 66 

Hullability was significantly reduced at higher seed rates at Site 4(S) and was 67 

significantly increased at Site 2(W). Hullability significantly increased as applied N rate 68 

increased at Sites 1(S), 2(S) and 3(S) with significant reductions in hullability observed 69 

at Sites 1(W) and 3(W). Hullability was significantly reduced by the application of 70 

CCC+TE at Site 3(S) but this effect was not observed at any other site.  71 

There were significant interactions observed between seed rate and applied N rate at 72 

Site 1(S) (P<0.05, Appendix 60) and Site 3(S) (P<0.001, Appendix 61). At Site 1(S), 73 
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250 seeds/m2 had a significantly more grains remaining unhulled than 450 seeds/m2 74 

at 40kg N/ha with 450 seeds/m2 significantly higher than 250 seeds/m2 at 1000kg 75 

N/ha. At Site 3(S) 250 seeds/m2 resulted in a significantly higher grains remaining 76 

unhulled value relative to 350 and 450 seeds/m2 at 40kg N/ha Values were similar 77 

between 250 and 450 seeds/m2 at 70kg N/ha and significantly higher than 350 78 

seeds/m2, with values similar between all seed rates as applied N rate increased 79 

beyond this point. There was also a cultivar, seed rate and PGR application interaction 80 

observed at Site 1(S) (P<0.05, Appendix 62) and a cultivar, seed rate and applied N 81 

rate interaction observed at Site 3(W) (P<0.05, Appendix 63. At Site 1(S) grains 82 

remaining unhulled were significantly higher in PGR untreated Husky at 250 seeds/m2 83 

than 350 and 450 seeds/m2 with values similar in untreated Keely between 250 and 84 

450 seeds/m2 and significantly higher than 350 seeds/m2. At Site 3(W), similar 85 

responses were observed in Husky and Keely in response to applied N rate increases. 86 

In Husky this response was observed up to 200kg N/ha at 250 and 350 seeds/m2 with 87 

an increase observed in Keely up to 170kg N/ha at 250 seeds/m2. At 350 seeds/m2 an 88 

increase was observed in Keely with an initial reduction at 110 and 140kg N/ha 89 

followed by an increase up to 200kg N/ha. At 450 seeds/m2 there was a consistent 90 

increase in grains remaining unhulled as applied N rate increased up to 200kg N/ha 91 

with an inconsistent trend observed in Keely. These interactions were infrequent and 92 

inconsistent across experimental sites. 93 

 94 

 95 

  96 
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Table 27. Agronomic effects on groat percentage and % unhulled grains of 97 

spring oats 98 
 

 Groat percentage % grains remaining unhulled 

 Df Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S) 

Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S) 

Cultivar 1 
        

Husky  76.94 74.58 76.79 73.17 1.74 5.06 2.29 22.28 

Keely  77.49 75.01 77.66 72.91 1.52 3.71 1.94 20.45 

SEM  0.139 0.123 0.070 0.315 0.094 0.304 0.076 0.380 

P  <0.01 <0.05 <0.001 n.s. n.s. <0.001 <0.01 <0.001 

Seed Rate 2 
        

250 Seeds/m2  77.38 74.94 77.30 72.96 1.84 4.01 2.32 20.96 

350 Seeds/m2  77.04 74.56 77.24 73.08 1.42 4.53 2.03 21.14 

450 Seeds/m2  77.23 74.87 77.13 73.09 1.63 4.62 1.99 22.00 

SEM  0.170 0.150 0.087 0.346 0.115 0.333 0.094 0.420 

  n.s. n.s. n.s. n.s. <0.05 n.s. <0.05 <0.05 

Applied N 
(kg N/ha) 

5 
        

40  76.80 74.50 76.79 73.04 2.28 4.42 2.60 21.16 

70  77.12 74.80 76.98 72.82 1.73 4.11 2.41 20.92 

100  76.95 74.64 77.27 72.95 1.66 5.35 2.11 22.32 

130  77.23 74.79 77.45 73.23 1.52 4.78 2.00 21.32 

160  77.64 75.16 77.56 73.02 1.45 3.81 1.81 21.13 

190  77.57 74.85 77.29 73.21 1.15 3.85 1.75 21.35 

SEM  0.241 0.213 0.123 0.426 0.162 0.408 1.498 0.512 

P  <0.05 n.s. <0.001 n.s. <0.001 <0.05 <0.001 n.s. 

PGR 
Application 

1 
        

PGR -  77.41 75.17 77.52 73.34 1.64 4.36 1.97 21.27 

PGR +  77.03 74.41 76.93 72.75 1.62 4.42 2.25 21.47 

SEM  0.139 0.123 0.071 0.315 0.094 0.304 0.076 0.380 

P  <0.05 <0.001 <0.001 0.02 n.s. n.s. <0.01 n.s. 

          

Cr*SR 2 <0.01 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*N 5 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*PGR 1 n.s. <0.001 n.s. n.s. n.s. n.s. n.s. n.s. 

SR*N 10 <0.05 0.14 n.s. n.s. <0.05 n.s. <0.001 n.s. 

SR*PGR 2 n.s. n.s. n.s. n.s. <0.001 n.s. n.s. n.s. 

N*PGR 5 n.s. n.s. <0.05 n.s. n.s. n.s. n.s. n.s. 

Cr*SR*N 10 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

SR*N*PGR  n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*N*PGR 5 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*SR*PGR 10 n.s. n.s. n.s. n.s. <0.05 n.s. n.s. n.s. 

Cr*SR*N*PGR 12 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Cra= Cultivar, SRb= Seed Rate, Nc= Applied N Rate, PGRd=Plant Growth Regulation 99 

100 
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Table 28. Agronomic effects on groat percentage and % unhulled grains of 101 

winter oats 102 

  Groat percentage  % unhulled grains  

 Df Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) 

Cultivar        

Husky  76.27 73.91 73.84 5.47 11.43 6.08 

Keely  76.04 72.59 74.63 5.45 13.64 6.41 

SEM  0.161 0.288 0.105 0.218 0.514 0.154 

P  n.s. <0.01 <0.001 n.s. <0.01 n.s. 

Seed Rate        

250 Seeds/m2  76.34 73.35 74.33 5.32 13.54 6.60 

350 Seeds/m2  76.34 73.44 74.17 5.24 13.26 6.09 

450 Seeds/m2  75.79 72.97 74.20 5.82 10.81 6.04 

SEM  0.197 0.353 0.125 0.267 0.628 0.189 

P  n.s. n.s. n.s. n.s. <0.01 n.s. 

Applied N (kg N/ha)        

80  - 73.35 73.97 - 11.15 5.79 

110  76.03 72.96 74.42 5.61 11.79 5.52 

140  76.14 73.07 74.37 5.06 12.65 5.88 

170  76.07 73.08 74.30 6.10 13.41 6.80 

200  76.38 73.80 74.11 5.06 13.68 7.24 

SEM  0.226 0.456 0.166 0.306 0.808 0.244 

P  n.s. n.s. n.s. n.s. n.s. <0.001 

        

Cr*SR 2 n.s. n.s. n.s. n.s. n.s. <0.001 

SR*N 3 n.s. n.s. n.s. n.s. n.s. n.s. 

Cr*N 6 n.s. n.s. n.s. n.s. n.s. <0.001 

Cr*SR*N 6 n.s. n.s. n.s. n.s. n.s. <0.05 

aCr= Cultivar, bSR= Seed Rate, cN= Applied N Rate 103 

  104 
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Key Correlations 105 

Key correlations between grain quality parameters are presented in Table 29. Several 106 

key relationships were investigated between agronomic variables in order to evaluate 107 

crop responses to agronomic inputs. Groat percentage was significantly associated 108 

with specific weight in 3 trials (2 spring-sown, 1 winter-sown) with no association 109 

observed in the remaining trials. Interesting relationships were identified between 110 

kernel size and grains remaining unhulled in spring and winter-sown oats. In spring-111 

sown oats, grains remaining unhulled were positively associated (P<0.05) with grains 112 

size fractions >2.5mm (0.14-0.23) and grains >2.25mm, <2.5mm (0.17-0.18) indicating 113 

that larger grains led to a lower hulling efficiency. A negative association was observed 114 

between the grain fractions <2.25mm,>2.0mm (-0.10 to-0.19) indicating that a lower 115 

proportion of grains remained unhulled where a higher proportion of the grain was less 116 

than 2.25mm. In winter-sown experiments grains remaining unhulled were negatively 117 

associated with grains >2.5mm (-0.24 to -0.54) indicating that larger grains dehulled 118 

more efficiently in these scenarios. The relationship between kernel size and specific 119 

weight was also investigated. The consistent positive association between grains 120 

>2.5mm and specific weight is widely observed, with smaller grain proportions 121 

negatively associated with specific weight in all seasons. Reductions in kernel size are 122 

therefore strongly linked to reductions in specific weight. 123 

 124 

 125 

 126 
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 130 

 131 
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Table 29. Pearson’s correlation coefficients between key quality parameters in 134 

spring and winter-sown oats. 135 

 

  

Site 

1(S) Site 2(S) Site 3(S) Site 4(S) Site 1(W) Site 2(W) Site 3(W) 

  Groat percentage 

kg/hl -0.04 0.31 0.062 0.23 -0.02 0.01 0.26 

  

   

  

  

  

  

Site 

1(S) Site 2(S) Site 3(S) Site 4(S) Site 1(W) Site 2(W) Site 3(W) 

  % Grains remaining unhulled 

>2.5mm 0.23 0.01 0.22 0.14 -0.01 -0.54 -0.24 

2.25-2.5mm 0.17 0.02 0.18 0.18 -0.07 -0.18 0.30 

2.0-2.25mm -0.20 0.01 -0.23 -0.17 0.07 0.17 0.08 

<2.0mm -0.10 0.11 -0.15 -0.19 0.11 0.49 0.24 

        

 

Site 

1(S) Site 2(S) Site 3(S) Site 4(S) Site 1(W) Site 2(W) Site 3(W) 

 kg/hl 

>2.5mm -0.08 0.30 0.09 -0.21 0.50 0.24 0.13 

2.25-2.5mm 0.27 -0.29 0.03 0.21 -0.44 -0.11 -0.14 

2.0-2.25mm -0.06 -0.06 -0.14 0.21 -0.27 -0.24 0.09 

<2.0mm -0.41 -0.23 -0.15 -0.05 -0.27 -0.13 -0.09 

Values in bold are significant at P<0.05 136 

 137 

  138 
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Kernel size 139 

P values for the effects of agronomic factors on measured size fractions are presented 140 

in Table 30 and are graphically presented within this section. The effects of cultivar on 141 

kernel size are graphically presented for spring-and winter-sown oats (Fig. 10). Keely 142 

generally had smaller grains than Husky with a significantly lower proportion of grain 143 

>2.5mm at Sites 3(S), 4(S),1(W) and 2(W). Grains >2.25 mm were significantly lower 144 

in Keely at all spring experiments and at Site 2(W). Grains <2.25mm were significantly 145 

higher in Keely than Husky at all experiments included in this study. Keely also had 146 

significantly higher grains <2.0 mm (screenings) at Site 1(S), 2(S), 4(S) and 2(W). The 147 

effects of seed rate on kernel size are presented for spring and winter-sown oats in 148 

Fig. 11. Grains >2.5 mm were significantly reduced as seed rate increased at Site 149 

3(S), 4(S) and 1(W) with significant increases observed at Sites 2(S) and 2(W). Grains 150 

>2.25 mm were significantly reduced as seed rate increased at Sites 1(W) and 3(S). 151 

Grains <2.25 mm significantly increased in response to seed rate at Site 1(S), 3(S) 152 

and 1(W). Grains <2.0 mm significantly increased in response to seed rate at Sites 153 

3(S) and 1(W).  154 

Kernel size was significantly reduced as applied N rate increased at all experimental 155 

sites, with grains >2.5 mm reduced at all sites. These changes in kernel size fractions 156 

in response to applied N rate in spring sown experiments are presented in Fig.12, with 157 

winter sown experiments presented in Fig.13. The effects of PGR application on kernel 158 

size in spring-sown oats are presented in Fig. 14. Grains >2.5 mm were reduced by 159 

the application of CCC+TE at Sites 1(S), 2(S) and 3(S). Grains >2.25 mm were 160 

significantly reduced at Site 2(S) and 3(S). Grains <2.25 mm and <2.0 mm were 161 

significantly increased by the application of CCC+TE at Sites 1(S), 2(S) and 3(S). 162 

  163 
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Table 30. Probability values for the effects of agronomic factors on the kernel 164 

size of oats. 165 

   >2.5mm 2.25-2.5mm 2.0-2.25mm <2.0mm 

S
it

e
 1

(S
) Cultivar n.s. n.s. n.s. <0.001 

Seed Rate n.s. n.s. n.s. n.s. 

Applied N Rate <0.001 <0.001 <0.001 <0.001 

PGR application n.s. n.s. n.s. 0.05 

S
it

e
 2

(S
) Cultivar n.s. n.s. n.s. <0.001 

Seed Rate n.s. n.s. n.s. n.s. 

Applied N Rate <0.001 <0.001 n.s. n.s. 

PGR application <0.001 <0.001 n.s. <0.001 

S
it

e
 3

(S
) Cultivar 0.05 n.s. 0.01 0.05 

Seed Rate 0.01 n.s. 0.01 0.05 

Applied N Rate <0.001 <0.001 <0.001 0.05 

PGR application <0.001 <0.001 <0.001 0.01 

S
it

e
 4

(S
) Cultivar <0.001 0.01 <0.001 <0.001 

Seed Rate 0.05 0.01 n.s. n.s. 

Applied N Rate <0.001 <0.001 <0.001 0.001 

PGR application n.s. n.s. n.s. n.s. 

S
it

e
 3

(W
) Cultivar 0.05 0.05 n.s. n.s. 

Seed Rate 0.05 n.s. n.s. n.s. 

Applied N Rate 0.01 <0.001 <0.001 n.s. 

S
it

e
 2

(W
) Cultivar 0.001 n.s. n.s. <0.001 

Seed Rate n.s. 0.05 n.s. n.s. 

Applied N Rate <0.001 0.01 n.s. 0.001 

S
it

e
 3

(W
) Cultivar n.s. n.s. 0.001 n.s. 

Seed Rate n.s. n.s. n.s. n.s. 

Applied N Rate <0.001 <0.001 0.05 n.s. 

 166 

 167 

 168 

 169 
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Figure 10. Cultivar effects on kernel size in spring and winter oats. 170 

Note: See Table 30 for the associated P values.  171 

 

 

0

20

40

60

80

100

Husky Keely Husky Keely Husky Keely

Site 1(W) Site 2(W) Site 3(W)

%
 o

f 
gr

ai
n

s

Winter-sown oats

>2.5mm 2.25-2.5mm 2.0-2.25mm <2.0mm

0

20

40

60

80

100

Husky Keely Husky Keely Husky Keely Husky Keely

Site 1(S) Site 2(S) Site 3(S) Site 4(S)

%
 o

f 
gr

ai
n

s
Spring-sown oats

>2.5mm 2.25-2.5mm 2.0-2.25mm <2.0mm



 

130 
 

 172 

 

 
Figure 11. Seed rate effects on kernel size in spring and winter oats 173 

Note: See Table 30 for the associated P values 174 
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Figure 12. Effect of N rate on kernel size in spring oats 176 

Note: See Table 30 for the associated P values177 
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Figure 13. Effects of N Rate on kernel size in winter oats 26 

Note: See Table 30 for the associated P values 27 
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 29 

Figure 14. Effects of plant growth regulator on kernel size in spring-sown oats 30 

Note: See Table 30 for the associated P values 31 
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5.5 Experiment 3: The effects of N fertiliser application rate and timing on 33 

grain yield, yield components, quality of spring and winter-sown oats. 34 

 35 

Results 36 

Grain Yield 37 

The effects of N application timing and applied N rate on grain yield are presented in 38 

Table 31. The timing of the main N application had a big effect on grain yield with the 39 

highest yields achieved at the earlier application stages. Grain yield was negatively 40 

associated with later application of N in each of the spring sown experiments, with 41 

significant reductions in grain yield observed at all winter sown experiments and Site 42 

1(S) in response to later application of N. Grain yield increased significantly in 43 

response to applied N at Sites 2(S)(6.62-7.38 t/ha), 3(S)(6.99-7.75 t/ha) and 4(S)(4.42-44 

5.01 t/ha) with linear responses observed at Site 1(S)(6.32- 8.22t/ha), Site 1(W)(8.92-45 

10.52 t/ha), 2(W)(7.13-8.30 t/ha) and 3(W)(5.59-8.56t/ha).  46 

There were significant interactions between applied N rate and timing of N application 47 

observed for grain yield in spring and winter experiments (Fig.15, Fig. 16). Where 48 

interactions were observed for grain yield, GS 25 and GS 30 had higher yield levels 49 

than GS 50 applications at higher levels of applied N. GS 25 and GS 30 application 50 

generally resulted in similar yield levels at higher levels of applied N in spring-sown 51 

experiments, with GS 25 application conferring a slight yield advantage over GS 30 52 

application at higher levels of applied N in winter sown experiments. 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 
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Table 31. Effect of applied N rate and timing on grain yield of spring and winter 61 

oats 62 

Appl. 
Timing 

Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S)  

Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

GS 25 8.47 7.23 7.42 4.96 GS 25 10.02 8.53 7.99 

GS 30 7.26 7.07 7.45 4.73 GS 30 10.11 7.92 7.40 

GS 50 6.30 6.85 6.92 4.62 GS 50 8.96 7.13 6.43 

S.E. 0.100 0.100 0.120 0.060 SEM 0.142 0.129 0.143 

P <0.001 <0.05 <0.05 <0.05 P <0.001 <0.001 <0.001 

Appl. N 
Rate 
(kg N/ha) 

        

40 6.32 6.64 6.99 4.02 50 8.92 7.13 5.59 

70 6.43 6.74 6.96 4.34 80 8.84 7.44 6.22 

100 7.43 7.26 7.76 4.50 110 9.65 7.94 6.75 

130 7.78 7.16 7.32 4.22 140 10.09 8.45 8.11 

160 8.22 7.39 7.49 4.39 170 10.17 7.91 8.39 

1900 7.90 7.10 7.08 4.55 200 10.52 8.30 8.57 

S.E. 0.160 0.150 0.160 0.080 SEM 0.202 0.182 0.202 

P. <0.001 <0.05 <0.05 <0.05 P <0.001 <0.001 <0.001 

Timing*Rat
e <0.05 <0.001 <0.05 <0.05 

 
n.s. <0.001 <0.05 
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 63 

  64 

A) Site 1(S) 

 

B) Site 2(S) 

 

C) Site 3(S) 

 

D) Site 4(S) 

 

Figure 15. Effect of N Rate and timing on grain yield of spring oats 
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  65 

Site 1(W)  

 

Site 2(W)  

 

Site 3(W)  

 

Figure 16.Effect of N rate and timing on grain yield of winter oats 
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Grains/m2 66 

The effects of N application timing and applied N rate on grains/m2 are presented in 67 

Table 32. The grains/m2 value significantly increased in response to applied N rate at 68 

Sites 2(S) and 3(S) with linear (P<0.001) responses observed at all other spring and 69 

winter sown experimental sites. Application of N at earlier growth stages resulted in 70 

higher grain number than later application in each experiment apart from Site 1(W).  71 

Interactions were observed for grains/m2 in all spring-sown experiments (Fig.17a) and 72 

at Site 2(W) with a similar trend observed at Sites 1(W) and 3(W) (Fig.18a). GS 25 73 

and GS 30 applications resulted in higher grains/m2 values than GS 50 applications at 74 

higher levels of applied N with GS 25 and GS30 different at higher applied N rate levels 75 

(>120kg N/ha). 76 

Table 32.Effect of applied N rate and timing on grains/m2 of spring and winter 77 

oats 78 

  
Site  
1(S) 

Site  
2(S) 

Site  
3(S) 

Site  
4(S) 

 Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

Appl. Timing     
    

GS 25 22967 19289 21047 15111 GS 25 26567 25376 19432 

GS 30 19263 19220 21131 14269 GS 30 27079 22887 18537 

GS 50 15973 17462 18672 13067 GS 50 22627 19886 16588 

SEM 355.5 282.6 351.5 191.1 SEM 460.9 453.3 456.9 

P <0.001 <0.001 <0.001 <0.001 P <0.001 <0.001 <0.001 

Rate of Applied 
N (kg N/ha)      

    

40 15547 16598 19071 12579 50 23412 20076 13262 

70 16350 18218 19460 14137 80 23021 21062 15576 

100 19628 18248 21617 14202 110 24871 22611 16781 

130 20909 19150 20846 14210 140 26792 24693 19950 

160 21888 21062 20749 15215 170 26900 23317 21460 

1900 22083 18668 19956 14551 200 27550 24540 22086 

SEM 501.3 399.7 497.2 270.3 SEM 649.3 641 646.2 

P <0.001 <0.001 <0.001 <0.001 P <0.001 <0.001 <0.001 

Timing*Rate <0.001 <0.05 <0.001 <0.001  n.s. <0.001 <0.05 

 79 

 80 

  81 
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TGW 82 

The effects of N application timing and applied N rate on TGW are presented in Table 83 

33. TGW had a negative linear response to applied N rate at Site 1(S) and 2(S) with a 84 

significant negative effect observed at Site 4(S). There was a tendency for a reduction 85 

in TGW at higher applied N rate at Sites 2(W) and 3(W) although differences were not 86 

significant. TGW values were higher where N was applied at GS 50 in each spring 87 

sown experiment and at Sites 1(W) and 2(W).  88 

There were also significant interactions observed for TGW at Sites 2(S), 3(S), 4(S) 89 

(Fig. 17b) 1(W) and 2(W) (Fig.18b). These interactions can be described by stating 90 

that positive and neutral trends were observed with GS 50 application as N rate 91 

increased with negative trends observed where N was applied at GS 25 or GS 30. 92 

Table 33. Effect of applied N rate and timing on TGW of spring and winter oats 93 

  
Site  
1(S) 

Site  
2(S) 

Site  
3(S) 

Site  
4(S) 

 Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

Appl. Timing     
    

GS 25 37.4 38.2 35.5 33.7 GS 25 37.8 33.8 40.7 

GS 30 38.0 37.4 35.3 33.4 GS 30 37.4 34.8 40.3 

GS 50 39.5 39.1 37.0 35.4 GS 50 39.7 35.9 39.6 

SEM 0.39 0.36 0.24 0.29 SEM 0.32 0.34 0.45 

P <0.05 <0.05 <0.05 <0.05 P <0.001 <0.05 n.s. 

Rate of Applied N  
(kg N/ha)   

   
  

  

40 40.5 40.1 36.1 35.4 50 38.1 35.6 41.4 

70 39.5 37.4 35.7 33.2 80 38.5 35.4 40.0 

100 38.0 39.6 36.0 35.0 110 38.9 35.3 40.6 

130 37.4 37.6 35.9 33.3 140 37.9 34.5 40.4 

160 37.9 36.6 36.3 33.7 170 38.0 34.2 39.2 

1900 36.3 38.1 35.6 34.4 200 38.4 34.1 39.6 

SEM 0.55 0.47 0.34 0.41 SEM 0.45 0.5 0.64 

P <0.001 <0.001 n.s. <0.05 P n.s. n.s. n.s. 

Timing*Rate n.s. <0.05 <0.05 <0.001  n.s. <0.05 <0.05 

 94 

  95 
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  96 

Site 1(S) (a)     

 

Site 1(S) (b) 

 

Site 2(S)  

 

Site 2(S)  

 

Site 3(S)  

 

Site 3(S)  

 

Site 4(S)  

 

Site 4(S)  

 

Figure 17. Effect of N Rate and timing on yield components of spring-sown 
oats; (a) grains/m2, (b) thousand grain weight. 
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  97 

Site 1(W)  (a) 

 

Site 1(W) (b) 

 

Site 2(W) 

 

Site 2(W) 

 

Site 3(W) 

 

Site 3(W) 

 

Figure 18.Effect of N Rate and timing on yield components of winter oats; (a) 
grains/m2, (b) thousand grain weight. 
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Spikelets/panicle 98 

The effects of N timing and N rate on spikelet number/panicle are presented in Table 99 

34. Spikelets/panicle were relatively unresponsive to changes in N rate with a 100 

significant increase only observed at Site 4(S). Spikelet number per panicle was 101 

unaffected by timing of N application in each of the spring-sown experiments. In 102 

contrast in each of the winter trials there was significantly lower spikelet number per 103 

panicle at the later N timings compared with earlier timings. 104 

Significant interactions were observed between applied N rate and application timing 105 

Spikelets/panicle were significantly higher as the rate of N applied at GS25 and GS 30 106 

increased relative to GS50 application at Site 1(W) (P<0.05, Appendix 64). At Site 3(S) 107 

GS25 and 30 resulted in significantly higher spikelets/panicle than GS 50 at 130kg 108 

N/ha after which GS50 application resulted in higher values as applied N rate 109 

increased above 160kg N/ha (P<0.05, Appendix 65). At Site 4(S) GS 30 application 110 

resulted in higher spikelets/panicle than GS50 application as applied N rate increased 111 

(P<0.05, Appendix 66). These interactions were not consistent across sites and 112 

seasons.  113 

  114 
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Table 34. Effect of applied N rate and timing on spikelet number of spring and 115 

winter oats 116 

 

Site  
1(S) 

Site  
3(S) 

Site  
4(S) 

 Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

Appl. Timing    
    

GS 25 36.4 27.3 26.2 GS 25 59.5 65.8 60.2 

GS 30 35.0 27.7 27.1 GS 30 54.7 66.4 71.0 

GS 50 36.0 27.6 25.8 GS 50 53.0 59.2 53.9 

SEM 0.60 0.57 0.47 SEM 1.43 1.59 2.60 

P n.s. n.s. n.s. P <0.05 <0.05 <0.05 

Rate of Applied N  
(kg N/ha)    

    

40 35.2 26.5 24.4 50 56.3 60.8 58.5 

70 35.0 27.4 25.4 80 58.4 61.8 60.3 

100 35.4 29.4 26.8 110 55.6 62.7 59.7 

130 36.8 27.1 26.5 140 57.8 64.9 64.3 

160 37.6 28.8 28.3 170 53.6 66.0 65.9 

190 35 26.2 26.9 200 52.8 66.8 61.7 

SEM 0.90 0.81 0.66 SEM 2.02 2.24 3.68 

P n.s. n.s. <0.05 P n.s. n.s. n.s. 

Timing*Rate n.s. <0.05 <0.05  <0.05 n.s. n.s. 

.  117 
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Grains/panicle 118 

The effects of N timing and N rate on grains/panicle are presented in Table 35. 119 

Grains/panicle significantly increased in response to applied N at Site 1(S) but only 120 

with N rates >130kg N/ha, with a reduction observed as N rate increased above 160kg 121 

N/ha. At Site 3(S) higher levels of N resulted in a significant difference relative to where 122 

70kg N/ha, with this value lower than the 40kg N/ha result.  Applied N rate had no 123 

effect on grains/panicle in the winter-sown experiments. Grains/panicle were similar 124 

between GS 25 and GS 50 application timings at all experimental sites. GS 30 125 

application resulted in significantly higher grains/panicle than earlier or later timings at 126 

Sites 3(S) and 2(W). Grains/panicle values were higher at GS 30 than GS 25 at Site 127 

4(S). 128 

At Site 3(S) the number of grains/panicle was significantly higher at GS 30 timing than 129 

GS 25 and GS50 at medium levels of applied N with values converging at higher N 130 

input levels (P<0.05, Appendix 67). At Site 2(W) grains/panicle from the GS30 timing 131 

were significantly higher than GS 50 means at medium-high levels of applied N with 132 

values similar at low levels (P<0.05, Appendix 68). These interactions are not 133 

consistent across sites and seasons.  134 

  135 
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Table 35. Effect of applied N rate and timing on grains/panicle of spring and 136 

winter oats 137 

  
Site  
1(S) 

Site  
3(S) 

Site  
4(S) 

 Site 
 1(W) 

Site  
2(W) 

Site  
3(W) 

Appl. Timing    
    

GS 25 73.1 50.0 47.8 
GS 25 124.3 122.6 105.2 

GS 30 68.6 54.6 52.0 
GS 30 121.5 132.6 125.5 

GS 50 69.8 49.8 48.5 
GS 50 126.4 114.9 84.86 

SEM 1.45 1.10 1.23 SEM 6.53 3.32 5.06 

P n.s. <0.05 <0.05 P n.s. <0.05 <0.001 

    
    

Appl. N Rate 
 (kg N/ha)    

    

40 68.3 50.4 46.3 
50 130.9 124.1 95.5 

70 68.7 47.0 46.3 
80 138.9 116.0 99.7 

100 67.5 52.0 49.8 
110 119.4 117.5 99.7 

130 74.1 53.6 50.9 
140 121.0 126.1 112.3 

160 75.9 54.2 53.0 
170 122.3 124.0 115.5 

190 68.4 51.7 50.0 
200 107.9 132.6 108.4 

SEM 2.05 1.56 1.74 SEM 9.11 4.69 7.16 

P <0.05 <0.05 n.s. P n.s. n.s. n.s. 

Timing*Rate n.s. <0.05 n.s.  n.s. <0.05 n.s. 

 138 

  139 
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Panicle Number 140 

The effects of N timing and N rate on panicle number are presented in Table 36. 141 

Panicles/m2 increased in response to applied N rate in all spring-sown oat experiments 142 

and at Sites 1(W) and 2(W). Panicles/m2 were significantly reduced at the later 143 

application timing at all spring sown sites and at Site 2(W) and 3(W) with the highest 144 

panicle densities achieved at the earlier N timings.  145 

Significant interactions were observed between application timing and N rate within 146 

these experiments. At Site 2(W) GS25 application resulted in higher panicles/m2 than 147 

GS 50 application at all levels of applied N apart from 60kg N/ha. GS25 and GS30 148 

application resulted in similar values at all levels of applied N apart from 120kg N/ha 149 

where GS 25 means were higher (P<0.001, Appendix 69). Similar interactions were 150 

observed at Site 1(S) ((P<0.05, Appendix 70) and Site 3(S) (P<0.05, Appendix 71) 151 

with GS 25 application resulting in higher panicle numbers than GS 50 application at 152 

all levels of applied N. 153 

Table 36. Effect of applied N Rate and timing on panicles/m2 of spring and winter 154 

oats 155 

 
Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S) 

 Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

Appl. Timing         

GS 25 373.4 432.0 508.2 383.2 GS 25 279.4 346.6 395.2 

GS 30 342.8 404.0 465.7 376.8 GS 30 259.8 324.8 345.7 

GS 50 304.9 378.7 386.8 355.0 GS 50 258.1 300.8 295.8 

SEM 8.38 7.47 11.63 5.65 SEM 9.36 5.50 8.97 

P <0.05 <0.001 <0.001 <0.05 P n.s. <0.001 <0.001 

Appl. N Rate 
(kg N/ha)     

    

40 277.0 342.9 397.4 349.6 50 229.4 309.0 315.8 

70 301.1 379.3 410.6 361.8 80 244.1 304.2 359.2 

100 308.1 437.2 469.4 367.2 110 273.4 309.3 347.9 

130 394.4 417.6 477.8 371.2 140 282.7 354.3 354.0 

160 375.9 428.3 490.3 394.1 170 266.1 346.2 335.6 

190 385.9 423.9 475.8 386.2 200 298.7 321.2 361.0 

SEM 11.84 10.57 16.44 8.00 SEM 13.24 7.78 12.68 

P <0.001 <0.001 <0.05 <0.05 P <0.05 <0.001 n.s. 

Timing*Rate <0.05 n.s. <0.05 n.s.  n.s. <0.001 n.s. 

  156 
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Key Correlations 157 

The correlations between yield components and grain yield across the application 158 

timings investigated in this study are presented in Table 37 (spring-sown oats) and 159 

Table 38 (winter-sown oats). Grain number was the key determinant of yield across 160 

all N timings. Panicles/m2 are more widely associated with increases in grain yield in 161 

response to N application at GS 25 and GS30 in spring sown oats, with grains/panicle 162 

of high importance for yield response to N applied at GS30 in winter-sown oats. There 163 

were no significant associations between grain yield and TGW observed at the GS50 164 

applications. Negative associations between grain yield and TGW were observed for 165 

all application timings, indicative of a negative relationship between grain number and 166 

grain weight. 167 

  168 
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Table 37. Correlations between yield components and grain yield in spring 169 

oats; a) All timings, b) GS 25, c) GS 30 and d) GS 50. 170 

 171 

a) All Treatments 
 Grains/m2 Grains/panicle Panicles/m2 TGW 

Site     

1(S) 
0.97 

(P<0.001) 
0.42 

(P<0.05) 

0.67 

(P<0.001) 
-0.60 

(P<0.001) 

2(S) 
0.85 

(P<0.001) 
- 

(n.s.) 
0.60 

(P<0.001) 
-0.27 

(P<0.05) 

3(3) 
0.71 

(P<0.001) 
0.17 
(n.s.) 

0.34 

(P<0.05) 
-0.27 

(P<0.05) 

4(S) 
0.79 

(P<0.001) 
0.26 
(n.s.) 

0.41 

(P<0.05) 
-0.22 
(n.s.) 

b) GS 25 

1(S) 
0.97 

(P<0.001) 
0.62 

(P<0.05) 
0.79 

(P<0.001) 
-0.67 

(P<0.05) 

2(S) 
0.84 

(P<0.001) 
- 

(n.s.) 
0.68 

(P<0.001) 
-0.38 
(n.s.) 

3(3) 
0.77 

(P<0.001) 
0.32 
(n.s.) 

0.27 
(n.s.) 

-0.35 
(n.s.) 

4(S) 
0.83 

(P<0.001) 
0.28 
(n.s.) 

0.49 
(P<0.05) 

-0.34 
(n.s.) 

c) GS 30 

1(S) 
0.94 

(P<0.001) 
-0.01 
(n.s.) 

0.68 
(P<0.05) 

0.55 
(P<0.05) 

2(S) 
0.86 

(P<0.001) 
- 

(n.s.) 
0.69 

(P<0.05) 
-0.23 
(n.s.) 

3(3) 
0.75 

(P<0.001) 
0.17 
(n.s.) 

0.21 
(n.s.) 

0.21 
(n.s.) 

4(S) 
0.59 

(P<0.05) 
0.37 
(n.s.) 

0.08 
(n.s.) 

-0.02 
(n.s.) 

d) GS 50 

1(S) 
0.87 

(P<0.001) 

0.40 
(n.s.) 

-0.06 
(n.s.) 

-0.22 
(n.s.) 

2(S) 
0.84 

(P<0.001) 

- 
(n.s.) 

0.05 
(n.s.) 

0.01 
(n.s.) 

3(3) 
0.52 

(P<0.05) 

-0.15 
(n.s.) 

0.01 
(n.s.) 

-0.29 
(n.s.)  

4(S) 
0.83 

(P<0.001) 

0.36 
(n.s.) 

0.25 
(n.s.) 

0.01 
(n.s.) 

 172 

  173 
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Table 38. Correlations between yield components and grain yield in winter oats 174 

: (a) All timings, b) GS 25, c) GS 30 and d) GS 50 175 

a) All Treatments Grains/m2 Grains/panicle Panicles/m2 TGW 

     

1(W) 
0.95 

(P<0.001) 
-0.28 
(n.s.) 

0.39 
(P<0.05) 

-0.51 
(P<0.001) 

2(W) 
0.95 

(P<0.001) 
0.40 

(P<0.05) 

0.50 
(P<0.001) 

-0.45 
(P<0.001) 

3(W) 
0.94 

(P<0.001) 
0.43 

(P<0.001) 

0.42 
(P<0.05) 

-0.07 
(n.s.) 

b) GS 25     

     

1(W) 
0.91 

(P<0.001) 
-0.41 
(n.s.) 

0.39 
(n.s.) 

-0.20 
(n.s.) 

2(W) 
0.97 

(P<0.001) 
0.40 
(n.s.) 

0.46 
(P<0.05) 

-0.65 
(P<0.05) 

3(W) 
0.94 

(P<0.001) 
0.21 
(n.s.) 

0.18 
(n.s.) 

0.08 
(n.s.) 

c) GS 30     

     

1(W) 
0.94 

(P<0.001) 
-0.23 
(n.s.) 

0.49 
(P<0.05) 

0.08 
(n.s.) 

2(W) 
0.90 

(P<0.001) 
0.49 

(P<0.05) 

0.21 
(n.s.)  

-0.25 
(n.s.) 

3(W) 
0.97 

(P<0.001) 
0.56 

(P<0.05) 

0.35 
(n.s.) 

-0.57 
(P<0.05) 

d) GS 50     

     

1(W) 
0.83 

(P<0.001) 
0.23 
(n.s.) 

0.29 
(n.s.) 

-0.09 
(n.s.) 

2(W) 
0.88 

(P<0.001) 
0.14 
(n.s.) 

0.36 
(n.s.) 

0.16 
(n.s.) 

3(W) 
0.88 

(P<0.001) 
0.17 
(n.s.) 

-0.04 
(n.s.) 

-0.22 
(n.s.) 

Values indicate Pearson’s coefficient of correlation 176 

  177 
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Lodging 178 

Lodging levels had a negative relationship with application timing, with lower levels 179 

observed at later application timings. The severity of lodging at Site 3(S) is presented 180 

in Fig. 20. There were significant interactions observed between application timing and 181 

applied N rate at Sites 1(S), 2(S), 3(S) and 3(W) (Fig.19). Lodging was higher where 182 

moderate to high levels of N were applied at GS25 and GS30 relative to GS50 183 

application.  184 

 185 

  186 

Site 1(S)(P<0.001) 

 

Site 2(S)(P<0.001) 

 

Site 3(S)(P<0.01) 

 

Site 3(W)(P<0.01) 

 

Figure 19.Effect of N Rate and timing on lodging in spring and winter oats. 
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 187 

 188 

Figure 20. Lodging at Site 3(S) 189 

  190 
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Proportion of primary grain: Weight. 191 

The effects of N timing N rate on the proportion of primary grain weight are presented 192 

in Table 39 (spring-sown oats) and Table 40 (winter-sown oats). The proportion of 193 

primary grain weight was significantly reduced as applied N rate increased at Site 4(S) 194 

with a significant increase observed at Site 1(S). The proportion of primary grain 195 

weight significantly increased in response to N rate at Site 2(W) with a reduction 196 

observed at Site 3(W). GS 25 application resulted in a higher proportion of primary 197 

grain weight than later application timings at Site 1(S). There were significant 198 

reductions in the primary grain weight proportion observed at Site 1(W) and 2(W) for 199 

the later N application timings. At Site 3(W) GS25 and GS50 application resulted in 200 

similar values with GS30 application resulting in a significantly higher value.  201 

Interactions were observed between application timing and applied N rate at Site 1(S) 202 

(P<0.001, Appendix 72), Site 4(S) (P<0.001, Appendix 73) and Site 2(W) (P<0.05, 203 

Appendix 74) for the proportion of grain weight accounted by primary grains. At Site 204 

1(S) the proportion of primary grain weight increased as the rate of applied N increased 205 

at GS25 with GS30 and GS50 application resulting in quadratic and constant 206 

responses respectively. At Site 4(S) GS 50 and 25 applications resulted in similar 207 

values up to 153kg N/ha applied and GS25 application resulted in a higher value. GS 208 

30 application resulted in a lower value than GS50 where 130kg N/ha was applied but 209 

was significantly higher where 120kg N/Ha was applied. These interactions can be 210 

summarised by the statement that earlier N application resulted in a higher proportion 211 

of primary grain weight at higher levels of applied N. At Site 2(W) GS 25 application 212 

resulted in a higher proportion of primary grain weight ratio than GS50 application 213 

where 90 kg N/ha and 120kg N/ha were applied. GS 30 and GS 50 application resulted 214 

in similar values at all levels of applied N. These interactions are inconsistent across 215 

sites and seasons.  216 

Proportion of primary grain: Number 217 

The effects of N timing and N rate on the proportion of primary grain number rare 218 

presented in Table 39 (spring-sown oats) and Table 40 (winter-sown oats). Significant 219 

increases were noted in the proportion of primary grain number at Sites 1(S), 1(W) 220 

and 2(W) in response to N rate. In contrast at Site 4(S) the proportion of primary grains 221 

by number decreased in response to increased N rate. GS30 application resulted in a 222 
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significantly lower value than GS25 and GS50 at Site 1(S). At Sites 1(W) and 2(W) 223 

GS25 and GS30 means were similar. GS 50 means were significantly higher at Site 224 

1(W) and significantly lower at Site 2(W). At Site 3(W) GS25 and GS30 means were 225 

similar and significantly higher than at GS5. 226 

Significant inconsistent interactions were observed for the proportion of primary grain 227 

number between N rate and N timing. At Site 2(W) earlier applications of N resulted in 228 

a higher proportion of primary grains as applied N rate increased above 90kg N/ha 229 

(P<0.001, Appendix 75). At Site 1(S) the proportion of primary grains increased as 230 

applied N increased at GS25 application with a reduction observed at GS30 and GS50 231 

application at higher levels of applied N (P<0.001, Appendix 76). At Site 4(S) values 232 

were similar at all application timings where 40, 70, 100 and 190kg N/ha was applied. 233 

Where 130kg N/ha was applied GS30 application resulted in a lower proportion of 234 

primary grains than in GS25 application. This was reversed where 160kg N/ha was 235 

applied with GS25 application resulting in a lower proportion of primary grains than 236 

GS30 and GS50 application which resulted in similar values. (P<0.05, Appendix 77).  237 

 238 

 239 

  240 
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Table 39. Effect of applied N rate and timing of N application on the proportion 241 

of primary grain weight and number in spring-sown oats 242 

 Primary Grain Weight Proportion Primary Grain Number Proportion 

  Site 1(S) Site 3(S) Site 4(S) Site 1(S) Site 3(S) Site 4(S) 

Appl. Timing        

GS 25 0.631 0.612 0.635 0.514 0.492 0.507 

GS 30 0.621 0.615 0.639 0.498 0.493 0.504 

GS 50 0.624 0.618 0.639 0.510 0.497 0.511 

SEM 0.0023 0.0027 0.0024 0.0027 0.0029 0.0031 

P <0.05 n.s. n.s. <0.05 n.s. n.s. 

Appl. N Rate  
(kg N/ha) 

      

40 
0.617 

0.616 0.644 0.502 0.496 0.512 

70 0.616 0.623 0.632 0.500 0.501 0.501 

100 0.632 0.607 0.646 0.511 0.488 0.519 

130 0.629 0.614 0.636 0.509 0.496 0.503 

160 0.630 0.617 0.633 0.514 0.493 0.513 

190 0.626 0.613 0.635 0.505 0.490 0.494 

SEM 0.0033 0.0039 0.0034 0.0037 0.0040 0.0045 

P <0.05 n.s. <0.05 n.s. n.s. <0.05 

Timing*Rate <0.001 n.s. <0.001 <0.001 n.s. <0.05 

 243 

 244 

 245 

 246 
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Table 40. Effect of applied N rate and timing of N application on the proportion 248 

of primary grain weight and number in winter-sown oats 249 

  250 

 Primary Grain Weight Proportion Primary Grain Number Proportion 

 Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) 

Appl. Timing       

GS 25 0.627 0.668 0.615 0.501 0.535 0.499 

GS 30 0.635 0.658 0.627 0.501 0.529 0.509 

GS 50 0.620 0.655 0.613 0.513 0.519 0.489 

SEM 0.0039 0.0028 0.0030 0.0035 0.0030 0.0035 

P <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 

Appl. N Rate 
(kg N/ha) 

      

50 0.619 0.646 0.624 0.492 0.527 0.506 

80 0.628 0.668 0.629 0.498 0.533 0.519 

110 0.619 0.655 0.606 0.511 0.519 0.484 

140 0.629 0.661 0.621 0.502 0.523 0.497 

170 0.629 0.663 0.622 0.509 0.528 0.502 

200 0.638 0.667 0.609 0.517 0.536 0.492 

SEM 0.0055 0.0039 0.0042 0.0050 0.0042 0.0050 

P n.s. <0.05 <0.05 <0.05 n.s. <0.05 

Timing*Rate n.s. <0.05 n.s. n.s. <0.001 n.s. 
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Tertiary Grain Number and Grain Abortion 251 

The effects of N timing and N rate on tertiary grain number and grain abortion are 252 

presented in Table 41 (spring-sown oats) and Table 42 (winter-sown oats). Applied N 253 

rate had no effect primary or secondary grain abortion in any spring-sown experiment. 254 

The number of aborted florets increased at later application timings at Site 1(S) with 255 

GS30 application resulting in a lower level of floret abortion than GS25 and GS50 256 

application at Site 4(S). Tertiary grain numbers varied with season and N timing in the 257 

experiments where they were detected with no significant effects observed in three 258 

experiments, although GS30 application resulted in a lower level of tertiary grains than 259 

GS 25 and GS50 application at Site 1(S). There was a significantly lower number of 260 

tertiary grains at GS 50 application than earlier application timings at Site 3(W).  261 

The number of aborted primary and secondary florets were unaffected by application 262 

timing in each of the spring-sown experiments. The number of aborted florets was 263 

higher at GS25 application than later application timings at Site 3(W) with the number 264 

of aborted primary and secondary grains were significantly higher at GS 30 application 265 

than at earlier and later applications at this site. Aborted primary and secondary florets 266 

increased in response to applied N rate at Site 1(W) with a quadratic response in 267 

secondary floret abortion observed at Site 2(W). The number of aborted primary grains 268 

was reduced at higher levels of applied N at Site 2(W). Grain abortion and tertiary 269 

grain formation were site-specific in nature and depended upon climatic conditions 270 

during grain fill at individual sites.  271 

Significant inconsistent interactions were observed on grain abortion and tertiary grain 272 

number in these experiments. At Site 1(W) the number of aborted primary grain sites 273 

increased as applied N rate increased at GS25 with values consistent at GS30 and 274 

GS50 (P<0.05, Appendix 78). The number of aborted secondary sites increased as N 275 

rate also increased at GS 25 and GS50 application with values consistent across all 276 

N rates at GS30 at Site 1(W) (P<0.05, Appendix 79). At Site 2(W) GS25 application 277 

resulted in a lower number of aborted primary florets than GS30 and GS50 application 278 

at 0kg N/ha and 60kg N/ha with values at 30kg N/ha significantly higher than 279 

alternative application timings (P<0.001, Appendix 80). In addition, at 150kg N/ha 280 

GS50 application resulted in a higher level of primary grain abortion than application 281 

at GS25. The number of tertiary grains increased as the rate of N applied increased 282 
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at GS25 and GS50 at Site 1(S) with GS30 values remaining consistent (P<0.05, 283 

Appendix 81). The absence of differences at spring sown sites whilst differences were 284 

observed at winter sown experiments is of interest.  285 
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Table 41. Effect of applied N rate and timing on tertiary grain number and aborted grain sites in spring oats 1 

 
Tertiary Grain Number No. of Aborted Florets Aborted Primary Grains Aborted Secondary Grains 

 Site 1(S) Site 3(S) Site 4(S) Site 1(S) Site 3(S) Site 4(S) Site 1(S) Site 3(S) Site 4(S) Site 1(S) Site 3(S) Site 4(S) 

Appl. Timing       
      

GS 25 16.1 - 14.1 0.4 2.8 3.2 6.5 2.3 1.8 10.9 3.1 3.2 

GS 30 9.2 - 17.2 0.1 4.0 0.5 5.2 2.3 1.3 9.2 4.0 2.7 

GS 50 14.3 - 15.9 0.9 2.4 3.3 5.0 1.8 1.8 10.7 4.0 2.1 

SEM 1.97 - 1.97 0.24 0.59 0.76 0.61 0.27 0.33 1.16 0.51 0.51 

P <0.05 - n.s. <0.05 n.s. <0.05 n.s. n.s. n.s. n.s. n.s. n.s. 

Appl. N Rate 
(kg N/ha)  

      
      

40 10.4 - 16.7 0.0 2.8 2.1 6.7 2.1 2.0 13.0 3.8 3.1 

70 14.6 - 12.6 0.2 4.9 1.8 6.8 1.7 0.8 11.2 3.7 2.8 

100 8.7 - 16.3 0.6 2.4 2.4 5.1 2.1 1.4 12.0 4.5 1.7 

130 10.4 - 16.0 0.7 2.5 2.0 5.2 2.2 1.6 6.9 3.6 1.4 

160 16.8 - 18.1 1.1 2.5 3.6 5.1 2.2 2.2 9.2 3.3 3.7 

190 18.1 - 14.8 0.1 3.3 2.0 4.6 2.2 1.9 9.3 3.3 3.2 

SEM 2.79 - 2.78 0.34 0.84 1.1 0.87 0.38 0.47 1.64 0.72 0.72 

P n.s. - n.s. n.s. n.s. n. s n.s. n.s. n.s. n. s n.s. n.s. 

Timing*Rate <0.05 - n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

 2 

  3 
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Table 42. Effect of applied N rate and timing of N application on tertiary grain number and grain site abortion in winter oats 4 

 Tertiary Grain Number No. of Aborted Florets  Aborted Primary Grains Aborted Secondary Grains 

 

Site 
1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) Site 1(W) Site 2(W) Site 3(W) 

Appl. Timing             

GS 25 - 0.3 5.4 - 0.2 9.1 3.2 2.0 21.5 8.7 3.6 39.8 

GS 30 - 0.4 7.1 - 0.2 2.4 2.6 2.7 37.0 7.6 4.4 60.5 

GS 50 - 0.4 0.1 - 0.0 4.3 2.9 2.2 23.4 8.9 4.2 43.3 

SEM - 0.21 1.67 - 0.10 1.14 0.29 0.25 4.16 0.50 0.50 4.34 

P - n.s. <0.05 - n.s. <0.05 n.s. n.s. <0.05 n.s. n.s. <0.05 

Appl. N Rate  
(kg N/ha)             

50 - 0.2 0.8 - 0.0 3.8 1.9 2.7 31.5 6.8 3.3 60.1 

80 - 0.0 3.7 - 0.0 1.3 3.1 3.3 24.4 7.4 3.9 47.8 

110 - 0.3 6.6 - 0.0 3.7 2.6 2.4 19.9 7.9 6.0 34.3 

140 - 0.4 1.7 - 0.2 7.2 2.7 1.7 29.9 8.7 3.3 53.8 

170 - 0.6 4.7 - 0.3 6.4 3.7 1.8 33.0 8.8 4.9 52.3 

200 - 0.6 7.8 - 0.1 9.0 3.6 1.9 25.2 11.1 2.9 38.9 
SEM  - 0.29 2.36 - 0.1 1.61 0.41 0.35 5.88 0.70 0.70 6.14 
P - n.s. n.s. - n.s. <0.05 <0.05 <0.05 n.s. <0.05 <0.05 n.s. 

Timing*Rate - n.s. n.s. - n.s. n.s. <0.05 <0.001 n.s. <0.05 n.s. n.s. 

5 
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Grain Quality 1 

Specific weight 2 

The effects of N timing and N rate on the specific weight of oat grain are presented in 3 

Table 43. Specific weight was negatively affected by increased N rate in three of the 4 

spring-drilled experiments; 1(S), 2(S) and 3(S). There was no effect of applied N rate 5 

on specific weight in any winter-sown experiment. Application of N at GS50 increased 6 

specific weight in spring-sown experiments. GS 25 and GS 30 application means were 7 

similar and significantly lower than GS 50 means at Site 1(W), but this trend was 8 

reversed at Site 3(W). 9 

There was a significant interaction between N rate and timing observed for specific 10 

weight at Site 3(S) (P<0.05, Appendix 82). This is attributable to an increase in specific 11 

weight in response to increased N fertilisation at GS 50 applications with reductions 12 

observed as N rate increased at GS 25 and GS 30 applications. The lack of consistent 13 

interactions across experiments for specific weight leads to the prioritisation of main 14 

effects. 15 

  16 
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Table 43. Effect of applied N rate and timing on specific weight of spring and 17 

winter oats 18 

 

Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S) 

 Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

Appl. Timing     
    

GS 25 54.4 55.7 55.8 52.4 GS 25 57.7 54.1 52.3 

GS 30 53.9 54.9 55.2 52.4 GS 30 57.4 54.3 52.0 

GS 50 55.2 55.8 56.5 53.2 GS 50 58.4 54.6 51.3 

SEM 0.36 0.24 0.19 0.12 SEM 0.17 0.30 0.23 

P n.s. <0.05 <0.05 <0.05 P <0.01 n.s. <0.05 

 
Appl. N. Rate 

(kg N/ha) 

        

40 55.5 55.8 56.3 52.6 50 57.7 54.2 52.3 

70 55.0 56.2 56.3 53.1 80 57.8 54.9 52.4 

100 55.3 55.8 55.5 52.6 110 58.0 55.1 52.2 

130 54.2 55.4 55.8 52.7 140 57.9 53.8 51.4 

160 52.6 54.7 55.3 52.5 170 57.6 53.5 51.5 

190 54.5 55.1 55.8 52.5 200 57.9 54.5 51.6 

SEM 0.51 0.33 0.26 0.16 SEM 0.24 0.42 0.32 

P <0.05 <0.05 <0.05 n.s. P n.s. n.s. n.s. 

Timing*Rate n.s. n.s. <0.05 n.s.  n.s. n.s. n.s. 

  19 
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Groat percentage 20 

The effects of N timing and N rate on the groat percentage of oat grain are presented 21 

in Table 44. Groat percentage had a negative response to increased applied N rate at 22 

Site 4(S). In two of the winter sown trials, groat percentage increased in response to 23 

applied N rate at Sites 1(W) and 3(W) but a reduction was observed at Site 2(W). 24 

Groat percentage significantly increased with later applications of N at Site 2(S) and 25 

4(S). GS 25 application resulted in significantly higher groat percentage than GS 30 26 

application at Site 3(S). No effect of application timing was observed in winter-sown 27 

oat experiments. 28 

There was a significant interaction observed at Site 4(S) where a reduction in groat 29 

percentage was observed as applied N rate increased at GS30. Groat percentage was 30 

unresponsive to applied N at GS25 and GS50 application (P<0.05, Appendix 83).  31 

Table 44. Effect of applied N rate and timing on the groat percentage of spring 32 

and winter oats 33 

 34 

 35 

 Site 1(S) Site 2(S) Site 3(S) Site 4(S)  
Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

Appl. 
Timing 

        

GS 25 76.88 73.75 79.07 72.76 GS 25 76.18 71.14 72.79 

GS 30 77.00 74.47 78.09 73.23 GS 30 75.94 70.95 71.96 

GS 50 76.58 74.82 78.34 73.81 GS 50 75.62 71.52 72.42 

SEM 0.483 0.276 0.302 0.289 SEM 0.273 0.273 0.379 

P n.s. <0.05 n.s. <0.05 P n.s. n.s. n.s. 

Appl. N 
Rate 
(kg 

N/ha) 

        

40 76.99 74.72 78.16 73.53 50 75.38 72.18 70.31 

70 76.45 73.82 78.60 73.38 80 75.54 71.79 71.88 

100 76.34 74.42 78.87 74.51 110 75.20 71.06 72.33 

130 77.68 74.86 78.80 73.12 140 76.41 71.11 73.01 

160 77.85 74.10 78.28 72.93 170 76.38 70.87 73.19 

190 75.60 74.19 78.28 72.14 200 76.58 70.20 73.65 

SEM 0.683 0.391 0.427 0.416 SEM 0.386 0.387 0.534 

P n.s. n.s. n.s. <0.05 P <0.05 <0.05 <0.05 

Timing*
Rate n.s. n.s. n.s. <0.05  n.s. n.s. n.s. 
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Grain Hullability 36 

The effects of N timing and N rate on grains remaining unhulled are presented in Table 37 

45. The proportion of grains remaining unhulled decreased as N rate increased at Site 38 

3(S) and Site 1(W), with the proportion of unhulled grains increasing as N rate 39 

increased at Site 2(W). Timing of N application had no effect on hullability in any 40 

experiment. Hullability did significantly increase between GS 25 and GS 50 application 41 

at Site 2(W). 42 

There were significant inconsistent interactions observed between N rate and timing 43 

on grain hullability at Site 3(S), 4(S), 2(W) and 3(W) (Fig. 21). At Sites 3(S) and 2(W) 44 

increasing the rate of N at GS 30 and GS 25 resulted in an increase in grain hullability 45 

with a consistent level observed at GS 50 application. At Site 4(S), increasing the 46 

amount of N applied at GS 50 resulted in an increase in grain hullability but with a 47 

reduction at GS 25. 60kg N/ha and 150kg N/ha applied at GS 30 resulted in a hullability 48 

value which was significantly lower than GS 25 values. The interaction observed at 49 

Site 3(W) is explained by reductions in grain hullability as the rate of applied N 50 

increased at GS 25 and GS 30 applications, with a quadratic response observed as N 51 

rate increased at GS 50 application. Where 90kg N/ha was applied hullability was 52 

lower at GS 50 than GS 25 and GS 30 values with hullability significantly higher at GS 53 

50 relative to GS 25 and GS 30 where 150kg N/ha was applied.  54 

  55 
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Table 45. Effect of applied N rate and timing on grains remaining unhulled in 56 

spring and winter oats 57 

  58 

 

Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S)  

Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

Appl. Timing         

GS 25 2.32 6.60 1.68 26.14 GS 25 6.53 14.25 6.56 

GS 30 1.66 6.81 1.55 25.12 GS 30 5.80 13.74 7.66 

GS 50 2.32 6.31 1.71 25.84 GS 50 6.16 12.28 6.82 

SEM 0.300 0.287 0.150 0.510 SEM 0.253 0.651 0.415 

P n.s. n.s. n.s. n.s. P n.s. n.s. n.s. 

 
        

Appl. N Rate  
(kg N/ha) 

2.47 6.95 2.32 25.66 50 7.54 10.21 6.83 

40 2.32 6.64 2.01 25.44 80 7.14 11.79 6.35 

70 2.44 6.12 1.34 25.22 110 5.17 11.42 7.47 

100 1.44 6.15 1.33 27.10 140 6.11 14.60 7.11 

130 1.96 6.80 1.61 25.63 170 5.38 17.98 6.85 

160 1.98 6.78 1.28 25.17 200 5.65 14.56 7.47 

190 0.353 0.406 0.210 0.733 SEM 0.355 0.920 0.586 

SEM n.s. n.s. <0.05 n.s. P <0.001 <0.001 n.s. 

P n.s. n.s. <0.05 <0.05  n.s. <0.001 <0.05 

Timing*Rate n.s. n.s. <0.05 <0.05  n.s. <0.001 <0.05 
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Site 3(S) (P<0.05) 

 

Site 2(W) (P<0.001) 

 

Site 4(S) (P<0.05) 

 

Site 3(W) (P<0.05) 

 

Figure 21. Effect of timing and rate of N on grains remaining unhulled in spring 59 

and winter oats. 60 
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Grain Protein 62 

The effects of N application timing and applied N rate on grain protein content are 63 

presented in Table 46. Grain protein increased significantly in response to applied N 64 

rate at all experimental sites in this study. Grain protein increased by 1-3% units across 65 

the applied N range of 40-190kg N/ha. GS 50 application resulted in significantly 66 

higher grain protein than GS 25 application at Site 1(S) and Site 2(S). GS 30 means 67 

were also significantly lower than GS 50 means at Site 1(S). GS 25 and GS 30 68 

application resulted in significantly higher grain protein than GS 50 application at Site 69 

3(S). Grain protein increased linearly at later application timings at Site 1(W) and 3(W), 70 

with a decrease in grain protein observed at later application timings at Site 2(W).  71 

There were significant interactions between applied N rate and timing of N application 72 

on grain protein observed in spring (Fig. 22) and winter-sown experiments (Fig. 23). 73 

The interactions at Site 2(S), 1(W) and 3(W) are explained by a higher level of 74 

observed grain protein levels as the rate of N applied at GS 50 increased relative to 75 

protein levels at GS 25 and GS 30 applications. The interactions observed at Site 4(S) 76 

and 2(W) are explained by a lower observed grain protein level as the rate of N applied 77 

at GS 50 increased relative to GS 25 and GS 30 application. A lack of precipitation to 78 

make N available for plant uptake at the GS 50 application timing in mid-summer is 79 

responsible for this effect. 80 

  81 
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Table 46. Effect of applied N rate and timing on the grain protein content (%) of 82 

spring and winter oats 83 

 Site 
1(S) 

Site 
2(S) 

Site 
3(S) 

Site 
4(S) 

 
Site 
1(W) 

Site 
2(W) 

Site 
3(W) 

Appl. Timing         

GS 25 10.09 10.03 11.39 11.41 GS 25 10.03 8.72 7.46 

GS 30 9.95 10.30 11.20 11.37 GS 30 10.53 8.91 8.03 

GS 50 10.71 10.56 10.68 11.40 GS 50 11.14 8.20 8.95 

SEM 0.167 0.105 0.161 0.069 SEM 0.155 0.126 0.079 

P <0.05 <0.05 <0.05 n.s. P <0.001 <0.05 <0.001 

Appl. N Rate 
 (kg N/ha) 

        

40 8.91 8.80 10.41 10.76 50 9.01 7.69 6.74 

70 9.46 10.08 10.50 11.37 80 9.36 8.34 7.43 

100 10.46 10.26 11.35 11.31 110 9.70 8.31 7.58 

130 10.50 10.67 11.36 11.42 140 10.75 8.82 8.41 

160 11.12 10.99 11.31 11.66 170 11.43 9.14 9.06 

190 11.05 10.99 11.59 11.85 200 11.60 9.36 9.65 

SEM 0.233 0.148 0.228 0.09 SEM 0.199 0.178 0.112 

P <0.001 <0.001 <0.05 <0.001 P <0.001 <0.001 <0.001 

Timing*Rate n.s. <0.05 <0.05 n.s.  <0.05 <0.05 <0.001 

  84 
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 85 

Site 1(S) (P<0.50) 

 

Site 2(S) (P<0.05) 

 
Site 3(S) (P<0.05) 

 

Site 4(S) (P<0.20) 

 

Figure 22. Effect of timing and rate of N on grain protein in spring oats. 
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 1 

Site 1(W) (P<0.05) 

 
Site 2(W) (P<0.05) 

 
Site 3(W) (P<0.001) 

 
Figure 23. Effect of timing and rate of N on grain protein in winter oats 2 
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Kernel Size 3 

The effects of applied N rate on kernel size are presented in Tables 47 (>2.5mm, 2.25-4 

2.5mm) and 48 (2.25-2.0mm). The higher applied N rates were observed to reduce 5 

grain size in this study. A negative linear response to applied N rate was observed in 6 

grains >2.5 mm at Sites 1(S), 2(S), 2(W) and 3(W), with significant negative effects 7 

observed at Sites 1(W) and 3(S). The proportion of grains >2.25 mm was negatively 8 

associated with increased levels of applied N rate at Site 1(S), 2(S) and 2(W). Grains 9 

<2.25 mm increased in response to applied N rate at Sites 1(S), 2(S), 3(S), 1(W) and 10 

2(W), with the proportion of grains <2.0 mm significantly reduced at higher levels of 11 

applied N at Sites 2(S) and 2(W). 12 

Table 47. Effect of applied N rate on kernel size (>2.5mm and >2,25mm) in spring 13 

and winter-sown oats 14 

 Site 1(S) Site 2(S) Site 3(S) Site 4(S)  
Site 

1(W) 

Site 

2(W) 

Site 

3(W) 

N Rate 
(kg N/ha) 

>2.5 mm 

40 81.75 75.24 71.66 57.42 50 80.98 60.18 83.33 
70 79.90 68.84 73.33 55.57 80 78.23 50.37 81.89 
100 78.67 72.45 69.99 56.06 110 76.56 52.37 80.97 
130 77.79 69.33 70.51 56.24 140 74.11 41.67 78.89 
160 76.93 65.95 71.82 56.07 170 72.72 37.50 78.71 
190 72.50 68.33 69.36 53.60 200 73.84 36.35 76.69 
SEM 1.19 1.03 0.81 1.47 SEM 1.04 2.28 0.81 
P <0.001 <0.001 <0.001 n.s. P <0.001 <0.001 <0.001 

2.25-2.5mm 

40 96.15 95.40 94.31 90.50 50 96.42 91.06 95.64 
70 95.49 92.61 95.65 89.88 80 95.84 88.89 95.85 
100 95.34 94.92 94.13 90.43 110 95.21 88.93 95.68 
130 94.60 93.57 94.69 90.71 140 94.94 85.91 95.74 
160 94.10 91.92 94.78 89.99 170 94.78 85.10 95.64 
190 93.41 93.41 94.36 88.94 200 95.28 83.02 95.21 
SEM 0.48 0.42 0.38 0.51 SEM 0.29 0.81 0.42 
P <0.05 <0.001 n.s. n.s. P <0.05 <0.001 n.s. 

 15 

  16 
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Table 48. Effect of applied N rate on kernel size (>2.5mm and >2.25mm) in spring 17 

and winter oats 18 

 Site 1(S) Site 2(S) Site 3(S) Site 4(S)   Site 1(W) Site 2(W) Site 3(W) 

2.0-2.25mm 

40 2.9 4.17 5.04 9.42 50 3.51 8.12 2.59 

70 3.87 6.61 4.19 9.86 80 4.13 10.42 2.77 

100 4.15 5.16 5.35 9.61 110 4.67 10.72 3.01 

130 4.99 6.13 5.01 9.22 140 4.82 13.74 3.83 

160 5.33 8.41 4.6 9.84 170 5.05 14.41 4.28 

190 5.75 5.66 5.11 10.77 200 4.65 16.71 4.82 

SEM  0.49 0.38 0.25 0.53 SEM 0.29 0.78 0.3 

P <0.05 <0.001 <0.05 n.s. P <0.05 <0.001 <0.001 

<2.0 mm 

40 0.84 0.85 4.13 2.39 50 0.44 1.33 0.53 

70 0.97 1.24 3.5 2.65 80 0.6 1.79 0.54 

100 1.34 0.94 4.22 2.43 110 0.58 1.92 0.58 

130 1.1 1.26 3.83 2.47 140 0.62 2.82 0.71 

160 1.44 2.31 3.86 2.64 170 0.67 2.98 0.78 

190 1.17 1.24 4.22 2.92 200 0.59 3.49 1.02 

SEM  0.17 0.1 0.25 0.18 SEM 0.05 0.24 0.08 

P n.s. <0.05 n.s. n.s. P <0.05 <0.001 <0.05 

 19 

The effect of N application timing on kernel size are presented in Table 49. GS 50 20 

applications increased the proportion of large grains (>2.5 mm, 2.25-2.5mm) and 21 

reduced the proportion of small grains (2.0-2.25 mm, <2.0 mm) when compared to 22 

earlier applications in both spring and winter sown experiments. Where linear 23 

reductions in grain size components were observed, the earliest application gave the 24 

lowest value of large grains and the highest value of small grains. 25 

There were also interactions observed on grain size parameters at experimental sites 26 

within this study. Spring-sown interactions are presented in Fig. 24 with winter sown 27 

interactions presented in Fig. 25. Grains >2.5 mm were significantly lower when N was 28 

applied at GS 25 and GS 30 relative to GS 50 application as the rate of applied N 29 

increased at Sites 2(S), 3(S) and at all winter sown experiments. Grains 2.0-2.25 mm 30 

were higher at higher levels of applied N where it was applied at GS 25 and 30 31 

compared to GS 50 application at Sites 2(S), 3(S), 1(W) and 2(W). Grains <2.0 mm 32 

were higher as the rate of N applied at GS 25 and GS 30 increased relative to GS 50 33 

applications at Site 3(S), 1(W) and 2(W).  34 
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Table 49. Effect of timing of N on kernel size of spring and winter oats 35 

 
Site 1(S) Site 2(S) Site 3(S) Site 4(S) Site 1(W) Site 2(W) Site 3(W) 

>2.5mm 

GS 25 76.2 68.8 71.0 55.0 72.7 41.9 81.6 

GS 30 78.3 67.9 69.6 53.7 76.0 41.4 78.4 

GS 50 79.3 73.4 72.7 58.7 79.5 55.9 80.3 

SEM 0.84 0.73 0.57 1.04 0.72 1.61 0.57 

P <0.05 <0.001 <0.05 <0.05 <0.001 <0.001 <0.05 

2.25-2.5mm 

GS 25 94.3 93.3 94.6 90.4 94.9 85.3 95.8 

GS 30 94.2 93.8 93.8 89.4 95.4 85.5 95.7 

GS 50 95.8 93.9 95.5 90.4 95.9 90.6 95.4 

SEM 0.34 0.31 0.27 0.36 0.20 0.57 0.30 

P <0.05 n.s. <0.05 n.s. <0.05 <0.001 n.s. 

2.0-2.25mm 

GS 25 5.0 6.5 5.0 9.5 5.0 14.4 2.7 

GS 30 4.9 5.9 5.4 10.5 4.4 13.8 3.8 

GS 50 3.7 5.5 4.3 9.3 4.0 9.0 4.0 

SEM 0.34 0.27 0.18 0.38 0.20 0.55 0.21 

P <0.05 <0.001 <0.05 n.s. <0.05 <0.001 <0.001 

<2.0mm 

GS 25 1.2 1.3 4.1 2.4 0.6 3.0 0.5 

GS 30 1.1 1.1 4.1 2.8 0.6 2.7 0.7 

GS 50 1.1 1.1 3.7 2.5 0.52 1.5 0.9 

SEM 0.12 0.08 0.18 0.13 0.03 0.17 0.06 

P n.s. n.s. n.s. n.s. n.s. <0.001 <0.001 

36 
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Figure 24. Effects of timing and N rate on grain size in spring oats.37 
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Figure 25. Effects of timing and N rate on grain size in winter oats38 
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6.      Discussion1 
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6.1 The impact of agronomic and climatic factors on grain yield in spring and 1 

winter-sown oat cultivars 2 

The results of these experiments show that cultivar choice, seed rate, PGR application 3 

and applied N fertilizer rate influence yield formation in spring and winter sown oat 4 

crops. Crop structure and yield formation processes were predominantly determined 5 

by the cultivar and applied N rate, with seed rate and PGR application also creating 6 

minor responses.  7 

6.1.1 .Yield components 8 

Winter-sown crops yielded higher and more consistently than spring sown crops with 9 

maximum yields of 9-10t/ha relative to 5-9t/ha. Winter sown crops were characterized 10 

by high spikelet and grain numbers per panicle. While a direct comparison is not 11 

possible due to separate experimental sites the higher yield achieved by winter-sown 12 

oats is notable. This was to be expected, particularly as a key determinant of yield 13 

potential in oats is grain number/m2 (Peltonen-sainio et al., 2007) with spikelet number 14 

per panicle in winter-sown oats increased due to the shortening of daylength and 15 

reduction in temperature during the winter period (Wall & Cartwright, 1976). This slows 16 

down plant development, leading to an increase in spikelet primordia development 17 

and yield potential (Kirby & Appleyard, 1984). In contrast spring-sown crops develop 18 

rapidly as daylength and temperature increases in the spring, reducing the duration 19 

and rate of apex development leading to a lower spikelet number per panicle. This 20 

reduction in yield potential is therefore a key contributor to the lower yield response to 21 

applied N in spring-sown crops as there is a lower level of key yield components in 22 

these crops. Keely had higher grains/panicle at four sites with values similar at all other 23 

experimental sites. This difference in grain number per panicle was highly pronounced 24 

with winter sowings and the increased yield potential of Keely was due to a larger 25 

potential grain number relative to Husky. The fact that Husky had a higher TGW value 26 

and lower grain number at similar yield levels to Keely reinforced this. Therefore, this 27 

suggests that selection for increased grain yield in oat varieties should continue to be 28 

based around increasing grains/m2 as it remains the key driver of yield (Peltonen-29 

sainio et al., 2007). The single-site interaction observed between cultivar, seed rate, 30 

N input level and lodging emphasizes the continued need to select varieties with good 31 

lodging resistance at high input levels and the higher grain yield of Husky at one site 32 

is attributable to its high standing power under intense lodging pressure.  33 
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The increase in panicles/m2 and a higher proportion of mainstems in the crop as seed 34 

rate increased is a result of inhibited tiller development due to increased competition 35 

at higher plant population densities for sunlight and accelerated plant development 36 

due to the shading of lower leaves, as reported by other workers (Kirby and Faris. 37 

1970: Kirby & Faris, 1972). Similar responses have been reported by Peltonen-sainio 38 

and Jarvinen (1995) and Finnan et al., (2019a). Grains/m2 increased in response to 39 

increased seed rate in the range of 1,000-2,000 grains/m2 in spring sowings and 2,000-40 

2,500 grains/m2 in winter sowings. These increases were linked to increased 41 

panicles/m2, and as winter sowing of spring cultivars will result in some plant death 42 

these positive effects were amplified. TGW of oats was relatively stable in response 43 

to seed rate when compared with the other key yield determining components in line 44 

with Finnan et al., (2019a). It appears that increasing the seed rate within a narrow 45 

range has a slight positive effect on total sink capacity but has a major effect on the 46 

components of sink capacity, namely panicles/m2 and grains/panicle. As panicles/m2 47 

increase in response to seed rate, grains/panicle decrease. Given that grain weight is 48 

not as elastic and is known to remain consistent within a normal plant population range 49 

(Sadras, 2007; Finnan et al., 2019a) there is little capacity to compensate for these 50 

losses. Yield increases of 0.22-0.45t/ha were observed as seed rate was increased in 51 

spring sowings, with increases of 0.4-0.8t/ha observed for winter sowings. Therefore, 52 

the benefits of using a high seed rate are linked to increases in both panicles/m2 and 53 

increases in the proportion of mainstems in the crop. Furthermore, panicles from tillers 54 

have been shown to have smaller grains and lower grains/panicle than mainstem 55 

panicles (Peltonen-sainio et al., 1995; Finnan et al., 2019), while Apical dominance 56 

will also lead to the mainstem benefiting from the remobilization of assimilates 57 

contained in tillers which are aborted prior to anthesis (Palta et al., 1994).  58 

Interestingly, when N rate was increased, increases in grains/m2, were predominantly 59 

associated with increased panicles/m2 rather than grains/panicle, with grains/panicle 60 

only increasing at 2 sites. This contrasts with previous studies on oats (Browne et al., 61 

2006, Finnan et al., 2019b), where both panicles/m2 and grains/panicle were shown 62 

to increase in response to N rate. Grains/panicle were reported as the yield component 63 

accounting for increases in oat grain yield in response to N fertilizer application in 64 

previous studies (Brinkman and Rho. 1984: Pecio and Bichonski. 2010; Finnan et al., 65 

2019a) but surprisingly this effect was not observed in these experiments with panicle 66 
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number of higher importance for grain yield response to applied N rate. TGW was 67 

generally reduced in response to applied N rate in line with results reported by Browne 68 

et al., (2006) and Pecio and Bichonski, (2010). These observations were also reported 69 

by Chalmers et al., (1998), Browne et al., (2006) and Lafond et al., (2013).  It is 70 

suggested by Hay and Walker. (1989) that grain weight is a factor of a source-sink 71 

relationship, particularly regarding total grain density and environmental stresses 72 

during grain fill, with seasonal variation of key importance. Grain sites will then 73 

compete for assimilates, resulting in lower individual grain weights. There is also a 74 

non-competitive theory (Miralles and Slafer, 2007) that at higher grain numbers 75 

potential grain size is reduced as smaller grain sites are produced within spikelets. In 76 

oats, this would be linked to an increased detection of secondary and tertiary grain 77 

sites. Modern cultivars with higher grain numbers are still producing TGW values in a 78 

consistent range, suggesting that competition for assimilates is unlikely, particularly as 79 

crop growth rates have not improved in modern cultivars (Lynch and Frey. 1983). It is 80 

hypothesized by Calderini et al., (1997) that modern cultivars have a higher ability to 81 

allocate assimilates to grain sites during grain fill. Grain weight reductions at high grain 82 

numbers in oat are therefore linked to both reductions in potential grain size and 83 

competition for assimilates at high grain numbers. Applied N fertilizer has a crucial role 84 

in increasing the grain yield of oats highlighted by the positive effect it has on grain 85 

number. However, the effect of applied N fertilizer on grain weight is an interesting 86 

phenomenon and demonstrates a biological trade-off from a yield formation 87 

perspective. Finnan and Spink (2017) note that a yield maximization approach focused 88 

on the production of high grain numbers in oat will result in a high number of small 89 

grains with limited end-use quality. This statement is confirmed by the results of this 90 

study. 91 

The application of PGR had neutral and positive effects on grain yield and components 92 

of total grain number but had negative effects on grain weight in spring-sown oats in 93 

this study. These results are consistent with reports in the literature (Green. 1986). 94 

PGR application increased yield through increased standing power and grain recovery 95 

where severe lodging and drought conditions emerged. Similar responses were 96 

recorded regarding standing power in oat (Leitch and Hayes. 1990: Chalmers et al., 97 

1998) and water use efficiency in wheat (Robertson & Greenway, 1973). Further, the 98 

benefits of PGR on rooting ability may have contributed to increased water uptake 99 
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during the drought period. Additive effects of PGR application on grain number have 100 

been generally associated with reductions in grain weight to have an ultimately neutral 101 

effect on grain yield (Green. 1986), while positive yield responses to PGR in the 102 

absence of lodging are uncommon but not unusual. Positive effects of PGR on grain 103 

number in this study were inconsistent, but similar reductions in grain weight in oats in 104 

response to PGR application were reported by Leitch and Hayes (1989) and Browne 105 

et al., (2006). This decrease has been linked to increased sink capacity and an 106 

increase in competition between potential grain sites in wheat crops by Lowe & Carter 107 

(1972). Green et al., (1985) noted that chlormeqaut application reduced the rate of 108 

grain growth in the post anthesis period and instead caused redistribution of post 109 

anthesis assimilate into non-reproductive organs. It is probable that the reductions in 110 

grain weight caused by PGR application are a combination of both responses. Where 111 

additional grain sites have not been stimulated by the application of plant growth 112 

regulators it is probable that grain weight is reduced due to assimilate being redirected 113 

from grain sites. The effects of PGR on grain yield and yield formation processes are 114 

therefore likely to be closely-linked to application at sensitive growth stages, climatic 115 

conditions at application, cultivar susceptibility and subtle interactions between these 116 

factors (Rajala, 2004) While the application of PGR can exert positive effects on yield 117 

components, these effects are not as reliable or consistent as other agronomic factors. 118 

The application of PGR is required to reduce the risk of crop lodging under Irish 119 

conditions, but yield enhancing benefits aside from increased grain recovery are site-120 

specific and were not consistent.  121 

6.1.2 Panicle conformation 122 

The elastic nature of grain-fill in oats enables the detection of tertiary grain sites or 123 

aborted florets, both of which can be easily detected on close inspection. This is a very 124 

measurable manifestation of the source-sink balance of oat panicles during grain fill. 125 

Spikelet number was higher in Keely than Husky, as Keely is a modern high yield 126 

potential cultivar with a higher potential grain number. Increasing seed rates resulted 127 

in significantly lower spikelet number/panicle in spring-sown experiments and non-128 

significantly lower in winter-sown experiments. These results are in line with Peltonen-129 

sainio and Jarvinen. (1995), and this negative effect would be further amplified at seed 130 

rates beyond the range included in this study. Surprisingly, increasing the rate of N did 131 

not consistently increase spikelet number per panicle as was observed in previous 132 
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reports (Browne et al., 2006). Spikelet numbers remained unresponsive to applied N 133 

rate while panicle number was generally high indicating that increased applied N 134 

fertilizer applications stimulated increased panicles/m2 rather than increased grains or 135 

spikelets per panicle.  An important observation arising from this set of experiments is 136 

that spikelet number was generally higher in Keely than Husky while the proportion of 137 

primary grain weight was higher in Keely than Husky. Keely appears to prioritize the 138 

allocation of assimilates into primary grains within spikelets as opposed to an equal 139 

distribution of assimilate between primary and secondary grain sites in Husky. The 140 

fact that Keely has a higher grain yield than Husky and has a higher proportion of 141 

primary grain weight is of high importance, as it has been reported that a lower 142 

proportion of primary grain weight is required to attain high grain yield in oats (Griffiths 143 

et al., 2010). The single site cultivar X N rate interactions for the proportion of primary 144 

grain weight and number at Site 3(W) highlights the potential difference in grain filling 145 

characteristics between the two cultivars as grain yield increases. This reaffirms the 146 

idea that high yield potential crops will prioritize primary grain sites to avoid floret 147 

abortion as grain filling progresses. Increasing the level of applied N resulted in an 148 

increase in the proportion of primary grain by weight and number at all spring sown 149 

experiments and an increase in the proportion of primary grains by number at Site 150 

1(W), demonstrating that increases in grains/m2 in response to applied N rate are 151 

associated with an increase in the proportion of primary grain types. Results from 152 

Browne et al., (2006) where spikelet number and grain number increased while the 153 

primary grain number ratio was unaffected add further weight to this argument, as no 154 

additional levels of secondary grain fill were observed in response to applied N.   155 

Tertiary grains were more frequent in Husky than Keely due to a lower total spikelet 156 

number and a smaller sink for assimilate, leading to the formation of additional tertiary 157 

grains in Husky as conditions became favorable for assimilate production during grain 158 

fill. Varietal differences for tertiary grain site formation were previously observed by 159 

Takeda and Frey (1980) and Browne et al., (2006). These results are indicators that 160 

the varieties investigated became sink limited during grain fill and additional grain sites 161 

were required. It is of relevance to note that the presence of grain site abortion in 162 

tandem with tertiary grain site production at these sites is linked to short stress periods 163 

of low assimilate availability during grain fill rather than overall source limitation. 164 

Further to this, intermittent rainfall periods may coincide with flowering periods in 165 
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tertiary florets, increasing tertiary grain site formation with the plant making use of 166 

whatever assimilates become available.  167 

6.1.3 Grain abortion 168 

Oats are unique in that aborted grain sites are easily detectable on the panicle due to 169 

the structure of the spikelet, but little published research is available to compare with 170 

the findings of this study. Keely is a higher yield potential cultivar due to a higher 171 

spikelet number with abortion of a number of these additional grain sites expected 172 

during periods of assimilate shortage during grain fill. As seed rate increased grain site 173 

abortion remained similar or decreased at spring sown sites. This is linked to a lower 174 

number of grains/panicle and a higher proportion of mainstems in high seed rate plots 175 

which can be adequately filled by the plant. Grain sites on tillers are likely be aborted 176 

prior to mainstems as competition for assimilates increases during grain fill. Tillers are 177 

used as a source for assimilates during pre-anthesis (Peltonen-sainio and Jarvinen, 178 

1995) and may be used in a similar fashion during grain fill due to apical dominance 179 

of the mainstem. Surprisingly, the application of PGR had no consistent effects on 180 

grain site abortion.  181 

Interestingly, increasing the rate of applied N resulted in contrasting responses in 182 

spring and winter-sown oats. An increase in aborted primary and secondary grains 183 

was observed in spring-sown experiments with a reduction in aborted primary and 184 

secondary grains in winter-sown experiments. Increases in N rate also resulted in a 185 

reduction in floret abortion at Site 3(S) with floret abortion increasing as the rate of N 186 

increased at Site 3(W). The explanation of these differential responses lies in the 187 

difference in the length of the pre-anthesis phases and sink demand during grain fill. 188 

The increase in floret abortion in winter-sown experiments is due to a higher initial 189 

spikelet/floret number following a longer pre-anthesis phase and an associated 190 

increase in assimilate competition from potential grain sites immediately following 191 

anthesis. The assimilates remobilized from these florets in tandem with higher 192 

assimilate availability due to a high solar radiation in the June/July grain-fill period 193 

contributed to a reduction in primary and secondary grain abortion as grain fill 194 

progressed. Spring-sown oats grow rapidly as daylength increases with a lower 195 

number of spikelets formed as a result. There is therefore lower assimilate demand on 196 

sping-sown panicles during flowering relative to winter-sown oats, with a higher level 197 

of floret abortion expected on winter-sown panicles Solar radiation was lower during 198 
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the grain-fill period of spring oats (July/August), and resulted in lower assimilate 199 

availability and an increase in the number of aborted primary and secondary grains 200 

during the latter stages of this key period. These observations lead to the assumption 201 

that there is a hierarchal process around the abortion of grain sites, depending on the 202 

developmental stage of the crop when assimilate becomes limiting. Development of 203 

the oat panicle proceeds from the uppermost terminal spikelet to the base of the 204 

panicle with pollination proceeding in the same order across a period of 10-11 days 205 

(Rajala and Peltonen-Sainio. 2004). Grains at the uppermost whorl are also typically 206 

bigger than grains from whorls closer to the base (White and Finnan. 2017). This can 207 

lead to a situation where florets at the uppermost panicle have moved through anthesis 208 

with florets at the lowest whorl only commencing anthesis. In crops characterized by 209 

a high spikelet number the demand for assimilates from grains at the uppermost whorl 210 

may trigger the abortion of lower spikelets/florets at this early stage. Once the plant 211 

has determined its total fertile spikelet number it begins the allocation of assimilates 212 

into primary and secondary grains within each spikelet, at which point the elastic grain-213 

fill processes described by Browne et al., (2006) are of key importance. Primary florets 214 

then take precedence, with secondary and tertiary florets of lower order. Finnan and 215 

Spink (2017) note that increases in grain number due to a higher spikelet number per 216 

panicle is not predominantly linked with an increase in the number of secondary grains 217 

per spikelet, noting the potential for a high number of single grained spikelets. 218 

The results of these experiments provide a unique insight into the processes of grain 219 

abortion in the maintenance of grain yield, particularly the correlation data presented 220 

in Tables 21 and 22. Secondary grain abortion was significantly associated with the 221 

proportion of primary grain by weight and number at Sites 1(S) and 2(S) (r=0.13-0.25) 222 

indicating that a high rate of secondary grain abortion occurred within treatments to 223 

maximize primary grain fill. Observations from winter-sown sites also suggest that 224 

grain fill within spikelets is strongly related to assimilate availability during grain fill. At 225 

Site 1(W) which was very high yielding (9.5-11 t/ha), secondary grain abortion was 226 

negatively correlated with grain yield (r=-0.41) with a similar correlation observed at 227 

Site 3(W) (-0.27). These correlations indicate that a higher level of secondary grain fill 228 

was achieved at these higher yield levels. At Site 2(W) aborted primary grain number 229 

was significantly associated with grain yield (r=0.22), the proportion of primary grain 230 

by weight (r=0.22) and TGW (r=0.23). This experiment was characterized by a 231 
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prolonged drought period during grain fill and primary grains were aborted by the plant 232 

in order to ensure a sustainable amount of grain fill within remaining grain sites. At Site 233 

3(S) yield was non-significantly associated (P<0.08) with secondary grain abortion 234 

indicating that remobilization of assimilates occurred from secondary grain sites into 235 

primary grain sites to maintain grain yield and quality. The implications of these 236 

observations are two-fold. Firstly, the relationship between aborted secondary grains 237 

and the proportion of primary grain by weight and number in spring-sown experiments 238 

indicates that assimilate supply was insufficient during grain fill and suggests that yield 239 

was source limited in these experiments. The high level of secondary grain-fill at high 240 

grain yield levels at Sites 1(W) and 3(W) suggests that yield was sink limited in these 241 

experiments. Secondly, this points to a phenomenon within spikelets that primary 242 

grains are prioritized by oat plants during periods of assimilate shortages. A similar 243 

process has been observed in wheat, where a smaller number of big bold grains is 244 

formed as opposed to a high number of smaller grains (Rebetzke et al., 2016), with 245 

this trait likely due to selection for specific weight in breeding programmes.  246 

These results firmly reinforce the theory of elasticity of grain fill proposed by Browne 247 

et al., (2006). The associations between grain yield and secondary grain abortion at 248 

spring sown sites indicate yield is source limited. The winter sown sites are of high 249 

importance in this respect. Where grain yield was at its highest secondary grain 250 

abortion was low and all available grain sites were then filled leading to the high yield 251 

achieved. During the period of moisture stress at Site 2(W) primary grain abortion was 252 

significantly correlated with grain yield, indicating that remobilization of assimilates had 253 

occurred to maintain grain yield. These results also suggest a hierarchy of grain fill 254 

during periods of assimilate shortages with primary grain florets preferred. In order to 255 

achieve maximum yield levels, a consistent level of secondary grain fill is required, 256 

demonstrated by the results from Site 1(W). Griffiths et al., (2010) reported that the 257 

primary grain weight ratio was negatively correlated with grain yield (r= -0.65) noting 258 

that a high degree of secondary grain fill was required to achieve high yields. This is 259 

applicable when climatic and agronomic conditions are at their optimum during grain 260 

fill as all grain sites can be adequately filled, such as Site 1(W). In cases where the 261 

plant lacks the photosynthetic capacity to fill all its grains, grain sites were aborted to 262 

ensure consistent grain fill within a smaller pool of potential grain sites.  263 

  264 
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6.2 Effects of agronomic factors on quality of winter and spring oats 265 

The results of these experiments show that cultivar, seed rate, PGR application and 266 

applied N fertilizer rate all have effects on grain processing quality. The high grain yield 267 

and quality potential of, both winter and spring sown crops under cool maritime 268 

conditions was evident, as was the susceptibility of both crops to prolonged drought 269 

periods. These observations demonstrated that grain quality was predominantly 270 

determined by both agronomic and climatic factors during grain fill and specifically the 271 

extent to which individual grains were filled.  272 

Cultivar choice and applied N rate were key factors in the determination of oat grain 273 

quality in spring sowings, while seed rate and the application of PGR had minor effects. 274 

In contrast, all agronomic parameters had inconsistent effects in the winter sown crops 275 

and were site-specific. This difference can be interpreted as being due to higher 276 

available radiation and cooler climatic conditions during the grain fill period of winter-277 

sown crops leading to a more consistent level of grain fill on individual panicles. In 278 

contrast, spring-sown oats are more responsive to changes in agronomic practices 279 

due to faster development and lower available radiation during the grain-fill period. 280 

This is consistent with the findings of Browne et al., (2003), who reported that while 281 

cultivar choice was a key component of grain quality, other agronomic factors only had 282 

minor effects in comparison. However, the spring-sown results suggest that applied N 283 

fertilizer rate and cultivar are of similar importance in determining grain milling quality, 284 

which is in line with results reported by Yan et al., (2017). The minor role of seed rate 285 

in the determination of grain quality is understandable given previous reports of the 286 

minor impact changes in seeding rate exert on individual grain fill levels (Finnan et al., 287 

2019).  288 

Specific weight of oat grain was affected by cultivar choice in spring-sown experiments 289 

in line with reports by Browne et al., (2003), White et al., (2003) and Buerstmayr et al., 290 

(2007), but this effect was not consistent in winter-sown oats. Furthermore, specific 291 

weight was reduced at higher levels of applied N fertilizer at the majority of spring-292 

sown sites with winter-sown sites relatively unresponsive. This highlights the 293 

susceptibility of grain quality in spring-sown oats and the relative consistent nature of 294 

quality in winter-sown oats. These reductions are linked to increased grain number 295 

and ultimately grain yield in response to increased applied N rate, as smaller individual 296 
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grains will have lower grain density. Similar responses in specific weight to applied N 297 

rate were previously reported by Browne et al., (2003) and Finnan et al., (2019a) under 298 

Irish conditions, and by Mohr et al., (2004) and May et al., (2006) under Canadian 299 

conditions. Doehlert et al., (2009) states that test weight is the product of kernel density 300 

and packing proportion. Within this study, increasing applied N rate has been shown 301 

to reduce TGW and increase the proportion of grains of smaller size, with implications 302 

expected on kernel density and packing proportion as a result. Specific weight 303 

reductions in response to N fertilizer are therefore attributable to decreases in both 304 

kernel density and changes in packing proportion at higher levels of applied N. 305 

Important specific weight responses were identified in response to changes in seed 306 

rate with responses site-specific. Where specific weight declined in response to 307 

increased seed rates it is linked to reduced individual grain fill due to an increase in 308 

total grain number. At Sites 4(S) and 3(W) specific weight increased at the high seed 309 

rate due to the prevalence of well-filled main stem grains. Apical dominance will have 310 

encouraged the allocation of assimilates to larger mainstem grains, with changes in 311 

kernel density accounting for these positive responses. 312 

Kernel size was affected by all agronomic factors in this study. From a cultivar 313 

perspective, it is clearly demonstrated in this study that Husky produced larger grain 314 

than Keely. This may be attributable to a higher number of smaller grains being formed 315 

in Keely as it is a higher yield potential cultivar. The non-competitive theory explained 316 

by Miralles and Slafer (1995) suggests that as grain number increases the kernel size 317 

decreases. It is realistic to assume that when differences between cultivars are 318 

observed a genetic difference exists in kernel size rather than cultivar specific changes 319 

in individual grain fill. The relationship between applied N rate and kernel size is of 320 

high importance, as increases in N rate resulted in reductions in grains >2.5mm and 321 

increased the proportion of grains in the 2.25-2.5mm, 2.0-2.25 mm and <2.0 mm size 322 

fractions. This reduction in kernel size in response to applied N rate is associated with 323 

the negative relationship between kernel size and total grain number. This relationship 324 

has been widely observed and reported (Browne et al., 2006; Peltonen-sainio et al., 325 

2007; Finnan and Spink. 2017) but the effects observed on physical kernel size rather 326 

than individual grain weights are of key interest regarding grain quality. Kernel size 327 

was shown to exert a key influence on grain hullability by Deane and Commers, (1986) 328 
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and White and Watson (2010) and provides a potential agronomic approach which 329 

may be targeted to improve grain processability and value. 330 

Similar to the effects observed on specific weight, increases in seeding rate produced 331 

inconclusive results on kernel size. Grains >2.5mm increased at the high seed rate at 332 

Sites 2(S) and 2(W) but decreased at Sites 3(S), 4(S) and 1(W). This increase is likely 333 

due to a higher prevalence of mainstems in both crops. Grains from mainstems have 334 

been shown to have higher individual grain weights than those from tillers in barley 335 

(Cannell, 1969) which is strongly linked to increased kernel size. The negative effect 336 

demonstrated at the remaining sites is explained by a high panicle population and a 337 

subsequent reduction in the plants ability to optimally fill individual grain sites due to 338 

higher grain numbers as described by Miralles and Slafer (2007). The conclusion 339 

arising from this data is that the use of increased seed rates will increase quality under 340 

stress conditions due to the prevalence of mainstems in the canopy but will reduce 341 

quality under regular conditions due to a higher level of competition for assimilates 342 

when grain fill conditions are optimal. The application of PGR generally reduced the 343 

proportion of large grains and increased the proportion of grain falling into smaller size 344 

categories with similar reductions previously reported by Leitch and Hayes. (1989) and 345 

Browne et al., (2006). It is unlikely in the authors opinion that reductions in kernel size 346 

in response to the application of plant growth regulators are fully attributable to 347 

changes in grain fill levels. Both TGW and grains >2.5mm were significantly lower 348 

where PGR had been applied at Site 1(S). This suggests that kernel size was reduced 349 

at this site. The possibility that the application of plant growth regulator could reduce 350 

the potential kernel size when applied at early development at GS 30 and 31-32 has 351 

not been investigated. The application had no effects on yield components It is realistic 352 

to assume that hormonal changes in PGR treated plants may restrict potential kernel 353 

size in line with the profound reductions in stem height and diameter reported in the 354 

literature. This will require further investigation in order to determine the effect of plant 355 

growth regulation on the developing apex and implications this may have for grain 356 

quality. 357 

Finnan and Spink (2017) acknowledge that a yield maximizing approach to oat 358 

cultivation will ultimately result in small grains with low specific weights, limiting the 359 

marketability and end-use potential of the resulting grain. Yield formation processes 360 

have therefore a key role to play in determining grain quality. It has been demonstrated 361 
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in this study that changes in the traditional grain quality parameters of specific weight, 362 

kernel size and grain screenings in response to changes in agronomic practices can 363 

generally explained through changes in yield formation processes in the plant.  364 

It has been noted that cultivars are the main source of variation in hullability (Browne 365 

et al., 2002; Yan et al., 2017) with the results of this study widely in agreement, 366 

However, the change in cultivar ranking at Site 2(W) is of interest. As grain number is 367 

the key sink for assimilates, spring-sown oat crops are more likely to be sink limited 368 

than source limited regarding potential grain fill due to lower grain numbers (Crampton 369 

et al., 1997). Grain fill is therefore less prone to adverse climatic conditions during 370 

grain fill in spring-sown oats relative to winter-sown oats. Where a large potential grain 371 

number has been produced and is unable to be sufficiently utilized, individual grain fill 372 

is limited. This change of ranking was observed in a season characterized by 373 

prolonged moisture stress with Husky better equipped to fill grains due to a lower level 374 

of demand from potential grain sites. Groat percentage was also higher in Husky than 375 

Keely at this site which is further evidence of this biological trade-off between total 376 

grain number and individual grain fill. This is of key importance as groat percentage 377 

has been linked to hullability in previous studies (Gamβmann and Vorwerck. 1995: 378 

Doehlert et al., 1999: Browne et al., 2002). The implication of this is that well filled 379 

grains will dehull better than poorly filled grains explaining this reversal in ranking.  380 

Hullability generally improved at higher levels of applied N fertilizer in spring sown 381 

experiments while it had a negative or neutral effect at winter sown sites. Positive 382 

effects of applied N rate on hullability were reported by Browne et al., (2003) and Yan 383 

et al., (2017) in spring-sown crops while Browne et al., (2003) reported improvements 384 

in hullability in winter-sown oats in response to increased N rate, but this effect was 385 

not observed in these experiments. Increases in hullability in response to N rate are 386 

related to changes in kernel size which has been shown to have marked effects on the 387 

processability of oat grains in previous studies (Doehlert and Wiessenborn. 2007: 388 

White and Watson. 2010). This increase in spring-sown oats in response to N rate is 389 

an example of an optimum source-sink balance within oat panicles. Applied N rate  390 

increased grain number and reduced kernel size but groat percentage remained 391 

consistent. Individual grain fill has therefore not been hampered by increased grain 392 

number, instead the potential kernel size has been re-adjusted by the plant. These 393 

small grains have dehulled more efficiently within the varieties used in this study and 394 
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explain the increase in hullability to applied N rate within these experiments. The 395 

reduction in grain hullability in winter-sown experiments is linked to the higher number 396 

of grains/panicle in winter-sown crops. These leads to a dilution of available assimilate 397 

at high grain numbers leading to an increase in the number of incompletely filled 398 

kernels. Well filled grains will dehull more readily than poorly filled grains (Browne et 399 

al., 2002) which explains the responses observed in spring and winter-sown oat 400 

experiments in this study. 401 

There were consistent significant correlations between l kernel size fractions and grain 402 

hullability in spring-sown oat experiments with grains remaining unhulled positively 403 

associated with >2.25mm and negatively associated with grains <2.25mm.  A reverse 404 

effect was observed in winter-sown oat experiments where grains remaining unhulled 405 

were negatively associated with grains >2.5mm (r=-0.24-0.54). Grains >2.25mm were 406 

positively associated with grains remaining unhulled at Site 3(W)(r2=0.29) with a 407 

negative association observed at Site 2(W)(r=-0.18). Doehlert and Wiessenborn 408 

(2007) reported that grain width strongly influenced dehulling efficiency, while optimal 409 

widths varied between cultivars. The cultivars used in this study dehull more efficiently 410 

when a higher proportion of grains are <2.25mm in spring-sown oats with a higher 411 

hullability observed in winter-sown oats with a higher proportion of grains >2.5mm. 412 

The reduction in kernel size in response to increased N fertilizer rate is therefore likely 413 

to contribute to the increase in grain hullability observed in response to applied N rate 414 

in spring-sown oat experiments, with the negative effect of applied N rate on hullability 415 

in winter-sown oats linked to a higher number of grains which are not optimally filled. 416 

White and Watson (2010) reported that large grains were harder to dehull than smaller 417 

grains, although grains were sorted by weight and not by size in that study. It is realistic 418 

to assume that size and weight are inextricably linked. Grading of oats by size does 419 

occur prior to commercial dehulling since grains of different size fractions will dehull 420 

more efficiently at different rotor speeds (Gamβmann and Vorwerck. 1995). Increased 421 

breeding and agronomic focus on increasing the proportion of total grains within this 422 

optimum range will result in more economic dehulling at a commercial level and higher 423 

value grain for producers.  424 

Groat percentage was higher in Keely than Husky in spring-sown experiments, 425 

whereas Husky was higher than Keely at Site 2(W). This again follows the general rule 426 

in oats that differences in groat percentage are predominantly controlled by genetics 427 
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(Peterson et al., 2005). Brown et al., (2006) states that the lemma and the palea, the 428 

constituents of the husk proportion of oat grain are fully formed prior to anthesis and 429 

make up approximately 25% of the grain by weight. The maximum potential groat 430 

percentage is therefore genetically restricted based on the proportion of grain weight 431 

made up of the hull, with agronomic practices key to the attainment of this 432 

predetermined maximum. The changing of ranking between Husky and Keely when 433 

comparing winter and spring sowing is of key importance when explaining the 434 

processes of groat percentage determination in oats. Keely had a higher grain number 435 

resulting in much higher levels of intra-panicle competition for assimilates during grain 436 

fill (Miralles and Slafer. 2007). As moisture became limiting during grain fill there was 437 

a greater dilution of available assimilate in the higher grain numbers of Keely than 438 

Husky, explaining the reversal of groat percentage values. Increases in seed rate had 439 

no significant effect on groat percentage in any experiments, linked to the stable nature 440 

of individual grain weight and filling rate in response to changes in seed rate (Finnan 441 

et al., 2019).  Applied N rate had no significant effect on groat percentage in any winter-442 

sown oat experiment with significant increases observed at Sites 1(S) and 3(S). The 443 

unresponsiveness of groat percentage to increases in applied N rate was also reported 444 

by Zhou et al., (1998) and Lafond et al., (2013). Yan et al., (2017) reported increases 445 

in groat percentage within a high number of genotypes to increased applied N rate 446 

under Canadian conditions. It appears the cultivars used in the Canadian study have 447 

a lower groat percentage as the range of values reported (69-74%) is lower than the 448 

range observed in these experiments (72-78%). The potential to influence groat 449 

percentage within the selected varieties in this study is limited as values are close to 450 

the optimum level within each husk. The results of these experiments reaffirm the 451 

phenomenon of kernel abortion suggested by Browne et al., (2003) who stated that 452 

oat crops will maintain consistent groat percentage by aborting surplus grain sites to 453 

ensure good grain fill within a reduced number of potential grain sites. In conclusion, 454 

the level of groat percentage desired by the plant is genetically controlled, with 455 

agronomic decisions and climatic conditions of key importance to ensure that 456 

maximum levels are obtained.  457 

The application of PGR consistently reduced groat percentage in line with results 458 

reported by Browne et al., (2003). This is linked to either of two scenarios. Slight 459 

increases in grain number in response to PGR application may result in a dilution of 460 
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assimilate amongst a higher number of grains resulting in decreased groat 461 

percentage. It is the authors opinion that the potential kernel size is reduced by PGR 462 

application due to decreased potential kernel size as PGR causes redistribution of 463 

assimilates into non-reproductive organs in the plant.  464 

Specific weight was correlated with groat percentage at Site 2(S) (r2=0.22), 4(S) 465 

(r2=0.31) and 3(W) (r2=0.26) but not at any other site, spring or winter sown. Meyer 466 

and Zwingelberg (1981) and Burke et al., (2001) reported that specific weight was a 467 

poor indicator of groat percentage and extract yield. Doehlert et al., (2009) reported 468 

that the relationship was loose and proposes that test weight and groat percentage 469 

are linked through kernel density, with packing proportion likely causing the variation 470 

in the relationship across different environments. This packing proportion would be 471 

determined by grain fill patterns which would vary between environments. The 472 

variation between experimental sites for grain width distribution provides a subtle 473 

insight into the potential for variation in packing proportion. The relationship between 474 

specific weight and groat percentage is therefore expected to be site-specific in nature 475 

in line with what was observed in this study. Webster (1996) reports that specific 476 

weight is an acceptable indicator of milling quality within individual varieties but not 477 

across varieties. Results from this study would suggest that its application to milling 478 

quality is further restricted to specific sites. Further investigation into agronomic factors 479 

aside from cultivar choice which influence kernel density and packing proportion is 480 

required to gain a full insight into this relationship if it continues to be used as a 481 

predictor of milling quality by purchasers of oat grain.  482 

Grain protein was responsive to changes in agronomic factors in this study. Cultivar 483 

differences were commonly observed at spring-sown experiments but were not 484 

consistent in winter sown experiments. Grain protein is also lower in winter-sown oats, 485 

while Husky had higher protein than Keely in spring sown experiments. Both of these 486 

effects are attributable to the fact that at higher yields, grain protein will be reduced 487 

through a dilution effect. Increasing the seed rate had no effect on grain protein at 488 

winter sown experiments with site-specific decreases observed at two spring-sown 489 

experiments. Decreases in grain protein in response to increased seed rate were 490 

previously reported in winter barley under Irish conditions by Conry and Hegarty. 491 

(1992). Conry. (1998) reported no effect of seed rate on grain N% in spring barley 492 

grown under Irish conditions. Increasing the level of applied N fertiliser resulted in a 493 
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linear increase in grain protein at all experimental sites. This is the common trend 494 

observed in previous studies conducted by Humphreys et al., (1994) under Canadian 495 

conditions and Chalmers et al., (1998) under UK conditions. The application of 496 

CCC+TE resulted in a reduction in grain protein at all spring sown experiments. 497 

Previous reports have indicated that the application of plant growth regulators had no 498 

effect on grain protein content (Clark and Fedak, 1975, Oplinger et al., 1975 and 499 

Pietola et al., 1999) therefore this result is of interest. It is likely that the decrease in 500 

grain protein in response to the application of plant growth regulators is linked to the 501 

slight decrease in grain groat percentage as the husk content of oats has been shown 502 

to have a low capacity for protein storage (Hutchinson and Martin, 1995). 503 

 504 

   505 
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6.3 The effects of N fertiliser application rate and timing on grain yield, yield 506 

components, quality of spring and winter-sown oats. 507 

6.3.1 Grain yield and agronomic performance. 508 

The results of these seven trials over four growing seasons in Ireland show that N rate 509 

and timing have a key influence on the crop structure, grain yield and key quality 510 

parameters of spring and winter sown oats. The high grain yield potential for oats in a 511 

cool maritime climate was exhibited at all winter sown sites in this study and at spring 512 

sown sites in the 2016 and 2017 seasons. The late spring and dry, hot summer of 513 

2018 demonstrated the susceptibility of spring-sown oats to moisture and heat stress 514 

resulting in reduced yield potential. 515 

The rate of N fertiliser was the more important agronomic factor affecting grain yield 516 

in these experiments with grain yield responses of 0.50-1.27t/ha and 1.27-2.97t/ha in 517 

spring and winter-sown trials respectively as the rate of applied N increased. As 518 

expected, incremental increases in applied N fertiliser gave higher grain yield 519 

responses when applied at GS 25 and GS 30 than at the later timing.  These findings 520 

are similar to results reported on winter wheat by Thorne, (1962), Stephen et al., 521 

(2005) and Efretui et al., (2016), and on spring barley (Baethgen et al., 1995). Easson, 522 

(1985) reported that grain yield in spring barley was unlikely to be limited if N fertiliser 523 

application was delayed up to GS 23 and that yield responses could be expected up 524 

to application at GS 37, although these responses would be smaller than earlier 525 

applications. This study shows that oat follows a similar trend to other cereals, 526 

although the lack of consistent differences between GS 25 and GS 30 applications 527 

suggests that the requirement for N fertiliser during earlier growth stages is not as 528 

important as for other cereals. 529 

Lodging at harvest was significantly lower at later than earlier applications at spring-530 

sown sites. At earlier application timings, lodging levels increased at high levels of 531 

applied N fertiliser leading to poor grain recovery, lower end use quality and ultimately 532 

an inefficient use of fertiliser N. This is the typical diminishing returns effect of N 533 

fertiliser use on oats. When N fertiliser was applied at GS 50, lodging was not an issue. 534 

Lodging was not encountered at winter-sown sites due to slower plant growth rates 535 

and better root development over the winter period. While the potential of N fertiliser 536 

to increase grain yield is reduced when applied at GS 50, the reduced susceptibility of 537 

the crop to lodging is noteworthy.  538 
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6.3.2 Yield components 539 

The importance of applied N rate on yield formation in oat production has been 540 

demonstrated in studies by Browne et al., (2006) under Irish conditions and Yan et al., 541 

(2017) under Canadian dryland conditions. Panicles/m2 and grains/m2 were positively 542 

associated with increased levels of applied N in both spring and winter-sown 543 

experiments in this study in line with results reported by Ohm et al., (1976) and Browne 544 

et al., (2006). Grains/panicle increased in response to applied N rate in two spring-545 

sown experiments but was only significantly associated with grain yield in one 546 

experiment. No effect of applied N rate was observed on grains/panicle in winter-sown 547 

oats. The results of this set of experiments contrast with findings reported by Pecio 548 

and Bichonski. (2010) and Finnan et al., (2019b) who reported grains/panicle as the 549 

most important yield component in oat, with panicles/m2 the dominant component in 550 

this study. The effects reported by Browne et al., (2006) regarding increases in 551 

grains/panicle in response to applied N rate were not observed in these trials. 552 

Mahadevan et al., (2016) reported grains/panicle as being more plastic than panicle 553 

number. High panicle numbers were produced at experimental sites included in this 554 

study, with grains/panicle reduced as a result. The differences in grain yield and 555 

grains/m2 between GS25 and GS30 applications at Sites 1(S), 2(W) and 3(W) indicate 556 

that an increase in grains/panicle could not compensate for a lower panicle number at 557 

these sites. The plasticity of the relationship between panicle number and 558 

grains/panicle which applies to crops at different plant densities (Finnan et al., 2019a) 559 

is also therefore relevant to a smaller extent when considering oat response to applied 560 

N rate as grains/panicle will be reduced at higher panicle numbers.  561 

The reductions in panicle number as N application timing was delayed can be 562 

attributed to a shortage of available N during tillering and at the onset of stem 563 

elongation, with limited available nitrogen mentioned as a key limiting factor in tiller 564 

production in winter wheat by Masle, (1985) Secondary tillering did occur where N was 565 

applied at GS50 although its contribution to yield was minimal. Grains/panicle 566 

increased in winter and spring oats when N was applied at GS30, and the principles 567 

of Masle (1985) can also explain this relationship as GS30 applied treatments will 568 

experience lower levels of intra-plant competition for N amongst stimulated tillers 569 

relative to GS25 applied treatments, with a lack of available N during the key stem 570 

elongation period limiting grains/panicle in GS50 treatments. Similar increases in grain 571 
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weight in response to N fertiliser applied late have been reported by Martin et al., 572 

(1992) and Millner et al., (1994) in winter wheat. These experiments were 573 

predominantly focused on the value of an additional application of N fertiliser at 574 

booting, rather than applying the main split application at this stage. Although yield 575 

increases were not consistently observed, positive trends in individual grain weight 576 

were observed highlighting the ability of the oat panicle to increase grain fill in 577 

response to a late application of N fertiliser. 578 

Grains/m2 were positively correlated with grain yield (r2= 0.52-0.97) across all 579 

application timings in each experiment. These findings agree with Peltonen-sainio et 580 

al., (2007) who reported that grain number was the dominant yield determinant in high 581 

yield scenarios in oat crops. The theory that TGW may somewhat compensate for 582 

lower grain number when N is applied at panicle emergence is unsubstantiated by the 583 

results of these experiments. Application of N at GS50 results in lower competition for 584 

assimilates likely due to lower levels of panicles/m2, grains/panicle and ultimately 585 

grains/m2 due to a lack of available N during important early developmental phases. 586 

In the absence of a high grain number, application of N at GS 50 resulted in a positive 587 

effect on grain weight. Grain yield levels was significantly lower at this later application 588 

timing, but the photosynthetic capacity of the panicle enabled the crop to convert a 589 

portion of this late-applied N into grain yield. Applications of N at GS25 and GS30 590 

resulted in the formation of additional grain sites with reductions observed in grain 591 

weight in spring-sown oats. It is equally possible that higher grain numbers stimulated 592 

by early applications of N fertiliser have reduced potential grain size. The presence of 593 

the mechanisms of tertiary grain formation and grain abortion suggest that competition 594 

for assimilates is high within oat panicles (Browne et al., 2006) although the reduction 595 

in grain width at higher applied N levels points towards the non-competitive hypothesis 596 

suggested by Miralles and Slafer. (2007). The nature of this relationship is likely a 597 

combination of both theories, with the competitive processes dominant. This is due to 598 

the presence of the mechanisms of tertiary grain formation and grain site abortion 599 

which would not be required if assimilate did not frequently become limiting during 600 

grain fill. The idea of co-limitation in relation to the relationship between grain number 601 

and grain weight in oats was also suggested by Finnan and Spink (2017). 602 
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6.3.3 Panicle conformation 603 

Spikelet number was unaffected by later N timing in spring sown experiments, but 604 

spikelet number was higher where N was applied before or at the onset of stem 605 

elongation in winter sown crops. Hay and Walker, (1989) suggested that there is no 606 

benefit to be gained from splitting of N in spring sown crops due to the rapid nature of 607 

physiological development. Spikelet number is determined relatively early in the 608 

developmental processes of oat plants, and in fast growing spring crops is determined 609 

at a particularly fast rate as daylength and temperature increase (Crauford & 610 

Cartwright, 1989. Winter-sown oat crops have a period of slow growth over the winter, 611 

which enables the development of a high spikelet number (Hay, 1986). Earlier 612 

application of N increased spikelet survival in these scenarios. 613 

The proportion of primary grain weight and number remained generally stable in 614 

response to changes in N fertiliser application timing in spring-sown oat experiments. 615 

It is noteworthy that lower numbers of spikelets are formed in spring-sown oats than 616 

in winter-sown crops (Crampton et al., 1997). In spring-sown experiments plants 617 

appear to fill both grain sites within spikelets consistently regardless of N application 618 

timing. Spikelet number remained unaffected by application timing suggesting that a 619 

good balance exists between grain number and available assimilate during grain fill. 620 

In winter-sown experiments the timing of N fertiliser application significantly impacted 621 

grain fill within spikelets. This is attributable to both climatic factors and the larger 622 

number of spikelets formed in winter-sown crops. Positive trends observed in spikelet 623 

numbers/panicle and primary grain proportions in response to N applied at GS 25 in 624 

winter-sown oat crops is evidence that at higher spikelet numbers, the plant will 625 

prioritise the allocation of assimilates into primary grains in order to retain at least one 626 

grain per spikelet. Crampton et al., (1997) reported a similar response with a reduction 627 

in grains/spikelet occurring in crops characterised by a high spikelet number. At Site 628 

2(W) the reduction in the proportion of primary grain number in response to N applied 629 

at GS 50 is due to increased allocation of assimilates to secondary grain sites where 630 

a lower level of preformed spikelets have been formed, increasing assimilate 631 

availability amongst a reduced number of spikelets. The increase in the proportion of 632 

primary grain by number in response to GS50 application at Site 1(W) is attributable 633 

to the prioritisation of primary grain sites within spikelets where a high spikelet number 634 

was carried into the post-anthesis period.  635 



 

196 
 

Spikelet numbers were generally unresponsive to increases in applied N rate in both 636 

winter and spring crops with positive trends observed in some experiments in line with 637 

results reported by Browne et al., (2006). This is linked to increased retainment of 638 

spikelets rather than stimulation of the apex. In spring-sown crops, the proportion of 639 

primary grain by weight and number generally remained stable in response to 640 

increased N rates. In winter-sown oat experiments, similar increases were observed 641 

in both primary grain proportions in response to applied N rate. This suggests that 642 

primary grains account for a higher proportion of grains within the crop as spikelet 643 

number increases in winter crops. Griffiths (2010) reported that the primary grain 644 

weight ratio was negatively correlated with grain yield. This effect was rarely observed 645 

in this study. Finnan and Spink (2017) reported that increases in grains/m2 were 646 

consistently associated with increases in spikelet number per panicle rather than 647 

increases in the number of secondary and tertiary grains. This suggests that an 648 

increase in single grained spikelets where a high spikelet number has been formed. 649 

The was no effect of N application timing or N rate on the level of aborted primary or 650 

secondary grains in spring sown experiments due to the consistent nature of grain fill 651 

in spring-sown oats. Changes in grain number produced in response to application 652 

timing or applied N rate were maintained through to harvest. The hypothesis resulting 653 

from these experiments is that when high spikelet numbers are produced, assimilates 654 

are allocated to primary grain sites before secondary grain sites within individual 655 

spikelets. Secondary grain fill will then begin when all primary grain sites have been 656 

provided with sufficient assimilates. The absence of large numbers of tertiary grain 657 

and aborted florets at winter-sown experiments also reaffirm the idea that there is a 658 

hierarchy of grain fill within panicles driven by primary grains. In high yield scenarios 659 

or where low spikelet numbers have been formed the level of secondary grain fill will 660 

become a key driver of yield potential in line with Griffiths et al., (2010). 661 

  662 
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6.3.4 Grain Quality 663 

Groat percentage in spring-sown oats was generally unresponsive to changes in N 664 

rate in line with results reported by Zhou et al., (1998) and Lafond et al., (2013). 665 

However, groat percentage in winter-sown oats was responsive to N rate. Browne et 666 

al., (2003) reported that increases in groat percentage in response to N rate were 667 

cultivar specific and noted that differences were quite small. Groat percentage 668 

increased in response to N rate at one winter sown site where grain fill conditions were 669 

ideal with high levels of secondary grain fill, indicating that this particular crop had high 670 

assimilate availability during the post-anthesis period leading to higher levels of 671 

individual grain fill. Yan et al., (2017) reported consistent increases in groat percentage 672 

in response to applied N rate but this effect was not observed in any other experiment 673 

conducted in this study. The reductions observed in groat percentage at experiments 674 

4(S) and 2(W) are side-effects of a high grain number being formed but a lack of 675 

available moisture to sufficiently fill individual grains at higher applied N rates. The 676 

grain fill period of these experiments occurred during a prolonged period of moisture 677 

stress, demonstrated by the low precipitation between May and June in 2018 at both 678 

locations. Application of N at GS 50 resulted in increases in groat percentage at Sites 679 

2(S) and 4(S), indicating the potential for increased individual grain fill. The husk 680 

proportion of oat grain is predetermined before grain fill (Browne et al., 2006) therefore 681 

lower groat percentage could be expected within this preformed husk if grain filling 682 

conditions are unsuitable. In conclusion, it is suggested that groat percentage is a 683 

genetically limited characteristic with the timing and rate of applied N of key importance 684 

to ensure this maximum level can be attained in the highest number of grains. 685 

Hullability generally increased in response to N rate with a reduction observed in one 686 

experiment. Poorly filled kernels at higher applied N rates were responsible for this 687 

negative effect. Positive effects of increased N rate on hullability were also reported 688 

by Browne et al., (2003) and Yan et al., (2017). There are no previous reports of 689 

hullability decreasing in response to N rate in the literature. Hullability improved as N 690 

was applied at GS 50 at Site 2(W) but no effect of application timing was observed in 691 

any spring-sown experiment. Hullability is a factor of groat percentage and grain size 692 

parameters. Well filled kernels come out of the husk more efficiently than poorer filled 693 

kernels and grain size has been shown to impact on the hullability of oat lines (Doehlert 694 

and Wiessenborn. 2009; White and Watson, 2010). Groat percentage has been 695 
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positively associated with hulling efficiency in previous studies (Brown et al., 2002: 696 

Yan et al., 2017) with the reductions observed in groat percentage and hullability at 697 

Site 2(W) attributable to higher numbers of poorly-filled kernels. 698 

Kernel size was highly responsive to changes in both application timing and rate of 699 

applied N fertiliser. Early applications of N resulted in lower numbers of larger grains 700 

(>2.5mm) compared to the GS 50 application. Grain screenings remained similar 701 

irrespective of application timing in spring sown crops, with GS 50 application resulting 702 

in lower screenings in winter-sown experiments. This is due to the large increase in 703 

grains/m2 produced in response to early applications of N. This results in reductions 704 

in both individual grain size and individual grain weight as competition for assimilates 705 

increases (Miralles and Slafer. 2007). This is of key importance as it demonstrates 706 

that while groat percentage may be a genetically predetermined characteristic, grain 707 

width is more elastic. N fertiliser applied at GS 50 promotes grain fill within a lower 708 

grain number. Competition for assimilates was therefore lower with positive trends 709 

observed in the proportion of grains >2.5mm. 710 

As applied N rate increased, the proportion of grains >2.5mm decreased while the 711 

proportion of smaller grains increased. This highlights that along with reductions in 712 

grain weight, increasing the rate of applied N fertiliser also results in reduced grain 713 

size. The fact that grain weight and grain width is reduced at higher levels of applied 714 

N is of key relevance for oat milling due to the effects that grain size has on hullability 715 

(White and Watson, 2010). These results also open up the possibility that the 716 

alternative hypothesis of non-competitiveness between grain number and grain weight 717 

during grain fill suggested by Miralles and Slafer (1995) and Acreche and Slafer (2006) 718 

is relevant in oat development. These studies suggest that the reduction in grain 719 

weight at high grain numbers is due to an increased proportion of grains of lower 720 

potential size being formed within spikelets. It is important to note that changes in grain 721 

size are not directly linked to changes in the proportion of primary and secondary 722 

grains in this study. Primary grains are larger than secondary grains (Doehlert et al., 723 

2004: Griffiths et al., 2010) and an increase in primary grains would therefore result in 724 

more large grains >2.5mm. These proportions remain in a stable range in response to 725 

N application while grain size is highly responsive. This suggests that grain fill 726 

procedures within spikelets are acting independently of grain size determining factors.   727 
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N fertiliser applied at GS 50 generally resulted in improved specific weight and groat 728 

percentage in spring-sown experiments. At winter-sown experimental sites, specific 729 

weight increased or remained similar as N was applied at GS 50. Early application of 730 

N fertiliser has been shown to increase yield through the stimulation of grains/panicle 731 

and panicles/m2 with the negative association between grain number and grain weight 732 

widely accepted (Peltonen-sainio et al., 2007). Increases in grain quality in response 733 

to N fertiliser applied at panicle emergence are therefore linked to increased individual 734 

grain fill. This is a result of a lower number of grains/m2 and an increased allocation of 735 

assimilates into individual grains. The lack of consistent discernible differences 736 

between GS 25 and GS 30 application regarding grain milling quality is also 737 

demonstrated in these experiments. These results are in line with Easson, (1984) who 738 

reported little difference in spring barley yield and quality between early N fertiliser 739 

applications. In summary, grain yield in oats is highly linked to grain number whereas 740 

grain quality traits are more closely associated with good individual grain fill. Finnan 741 

and Spink, (2017) note that an approach to yield maximisation through increasing 742 

grain number without accounting for acceptable levels of grain fill will lead to low grain 743 

quality and limited marketability.  744 

Grain quality parameters of spring and winter-sown oat crops differed in their 745 

responses to the rate of N application in this study. The spring oat growing season is 746 

shorter and the singular approach of increasing yield through targeting grain number 747 

is not easily achievable as grain fill will be limited and grain quality will be reduced. 748 

Consistent reductions were observed in specific weight, and grain width with increases 749 

in screenings in spring-sown oats. Grain quality in winter-sown crops was not as 750 

susceptible to increased applied N rate. Winter-sown crops have slower growth 751 

through all periods of development with more time afforded to key developmental 752 

phases. They also enter the grain-fill period during a period where solar radiation is at 753 

its highest in late-May, early June. This enables increased assimilate production and 754 

distribution, leading to consistent grain quality.755 
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7.  Identification, combining ability and inheritance 1 

of Blumeria graminis sp avenae resistance in elite 2 

Avena sativa cultivars 3 
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7.1 Introduction 1 

Recent developments in the improvement of genetic resistance to powdery mildew 2 

have focused on identifying R genes and QTL’s in the genome of oat (Okon, 2015; 3 

Hermann & Volker, 2018; Okon and Ociepa, 2018).  However, little attention has been 4 

given to the field performance and practicality of these genes in plant breeding 5 

programmes for the selection of genotypes with improved resistance. There is also no 6 

cereal breeding programmes in Ireland and so those cultivars which are grown have 7 

been evaluated rather than developed under Irish conditions, (VICCI, 2019). Although 8 

there is breeding for similar maritime climates, this may still have resulted in the loss 9 

of suitable germplasm due to a lack of a breeding focus specifically for Irish conditions 10 

and agronomic practices. Furthermore, such specifically adapted germplasm may 11 

never be identified in European breeding programmes that are targeting different 12 

growing conditions and farm practices. In these programmes as the performance 13 

potential for use in north western maritime areas may not be apparent in the selection 14 

environments they use.  15 

The purpose of this study was therefore to Identify the level of genetic resistance that could be utilised in 16 

breeding cultivars for Irish conditions and to understand the inheritance of this resistance. This would 17 

help determine the likely probability of producing improved cultivars and how likely 18 

they would be in  retaining their resistance if commercialised.   19 

The key objectives of this study were to: 20 

xvi) Estimate the value of selected cultivars as potential parents.  21 

xvii) Conduct a crossing and selection evaluation of oats under Irish conditions. 22 

xviii) Identify the type of powdery mildew resistance present in selected cultivars  23 

 24 

 25 

 26 

 27 

 28 

 29 
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7.2 Materials and Methods 30 

7.2.1 Tussock Observation Block 31 

In the spring of 2016, a collection of 220 lines including established cultivars and 32 

experimental crosses from New Zealand, Canada, UK and central Europe was 33 

obtained. Multiple lines are included from several crosses to investigate if quantitative 34 

segregations in disease resistance were present. The aim of this research was to 35 

identify and investigate disease resistance which may be present globally and to 36 

evaluate this resistance under Irish conditions and against local strains of B.graminis. 37 

A tussock-type or hill plot observation trial (Fig.26) as described by Frey (1965) was 38 

conducted to evaluate these lines for resistance to B. graminis sp avenae. This trial 39 

was conducted as a single plot observation block with no replication due to limited 40 

seed stock. The hill plot design was chosen as the only character of interest was the 41 

phenotypic expression of disease resistance. The experimental lines selected are 42 

detailed in Table 50. 43 

 44 

Figure 26. Tussock trial layout 45 



 

203 
 

Table 50. Varieties and parental genotypes included for investigation for resistance to B.graminis. 1 

Variety/Cross Name Origin Cultivar description 

Montrose Sweden 
High yielding milling oat with high 

powdery mildew resistance. 

Harmony Germany High yield, good quality milling type 

WBP Elyann 
Germany High kernel content, widely desired 

cultivar 

WBP Isobel 
Germany High yield, good quality adapted to 

Ireland 

Yukon Germany Highly disease resistant, feed variety. 

Harmony Germany 
High yielding milling oat with high 

powdery mildew resistance. 

Firth United Kingdom 
Highly desired, moderately yielding 

milling variety 

Canyon Germany 
Highly disease resistant variety suitable 

for feed and milling. 

Husky Germany 
High yielding, moderately resistant 

variety for feed and milling. 

Barra Sweden 
Highly desired milling variety with poor 

disease resistance and agronomic traits. 
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Keely Germany 
High yielding, moderately disease 

resistant cultivar. 

Aspen Germany High yield, moderate grain quality. 

Rozmar Czech Republic 
Moderate yield., moderately disease 

resistant. 

Gerald United Kingdom 
Moderately yielding winter type with 

desirable grain quality. 

Mascani United Kingdom 
Moderately yielding winter type with high 

grain quality. 

Rhapsody United Kingdom 
High yielding winter type with moderate 

grain quality 

Lennon United Kingdom 
Moderately yielding, moderate disease 

resistant naked oat. 

Conway United Kingdom 
Moderately yielding, moderately disease 

resistant milling cultivar. 

Mv Hopehely Hungary Hungarian winter oat. 

Mv Deres Hungary Hungarian winter oat. 
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Drummond New Zealand 
A former NZ milling oat. 
 

Rhiannon UK 
UK naked oat. 
 

Shooting Star New Zealand NZ forage oat. 

Stampede New Zealand White hull forage oat. 

Finlay New Zealand Black hull forage oat 

Coronet New Zealand Short NZ forage oat cultivar 

Hokonui New Zealand Short NZ forage oat cultivar 

Milton New Zealand NZ forage oat 

Baiyan4 China Naked Chinese cultivar. 

Armstrong New Zealand NZ milling oat cultivar 

Stainless Canada Canadian milling oat cultivar 

07P13-CO7AG5: Canada AAFC breeding line 

07P13-DO4AU5 Canada Canadian breeding line 

Jordan Canada 
Jordan an AAFC Winnipeg released 
cultivar 

2 
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Trial Site Description  3 

The hill plot observation trial was located on UCD Lyons Farm, Celbridge, Co. Kildare. 4 

Soils in this area are typical of the Elton soil series as described by An Foras Taluntais 5 

(1970). A soil test showed high levels of Phosphorous (P) (7.54mg/l) and medium 6 

levels of Potassium (K) (57mg/l) in the soil, attributable to the high levels of organic 7 

manure applied and the use of a grass ley in the rotation. The soil was Index 4 (Wall 8 

and Plunkett, 2016) for both these nutrients. No inoculation was required in the field, 9 

with the trial site naturally infected by Blumeria graminis. 10 

Cultural Practices 11 

The observation trial was planted on the 20th March 2016. Ahead of ploughing, 12 

organic manure was applied to increase the level of soil organic matter. The field was 13 

then harrowed using a Kuhn Power Harrow (Kuhn Ltd,). Individual tussocks were 14 

planted by hand, using a standard hand trowel and string to keep a consistent line in 15 

the field. A hole was dug approx. 3cm deep, and a sample of 50-100 seeds were 16 

planted. Approximately 1m2 was allocated to each individual plot within each line, with 17 

approx. 0.5m allowed between each plot in the line. All plots were planted on the same 18 

day. 19 

As this field showed high and acceptable levels of Soil P and K when tested, no 20 

compound fertiliser was applied. 30kg N/ha was applied on the 5th May at GS 25 to 21 

ensure optimum plant growth. This application was applied using Calcium Ammonium 22 

Nitrate (27.5% N) with a calibrated Fiona probe drill. Foliar manganese (Alltech Ltd, 23 

Ireland) was also applied at a rate of 1l/ha at GS 30. 40g/Ha Cameo max (DuPont UK 24 

Ltd) and 2L/ha of Duplosan Kv (NuFarm Uk Ltd) were applied at GS25 to control 25 

weeds. Wild oats were rogued by hand as they appeared throughout the season. 26 

These treatments were applied by the Azo plot sprayer at 2.5 bar pressure at 5km/hour 27 

walking speed. Karis 10 (Headland Agrochemicals Ltd) at a rate of 50ml/ha was 28 

applied at GS25 and GS30 to control Barley Yellow Dwarf Virus (BYDV). An electrified 29 

rabbit fence was also erected after planting to minimise damage from grazing, a noted 30 

problem in this field.  31 

 32 

 33 
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Crop Phenotyping 34 

Phenotyping began at the first sign of disease on the 24th May 2016. Mildew was 35 

present in the trial from this date until harvest. Each cultivar was assessed at selected 36 

growth stages (GS30, 39 and 65) for powdery mildew (Blumeria graminis var avenae). 37 

Lines were assessed based on total leaf area infected by the relevant pathogen. The 38 

scale used was 0% up to 100% leaf infection. Lines were then selected for further 39 

investigation based on the degree of resistance they demonstrated to powdery mildew 40 

in the field. 41 

7.2.2 Glasshouse Trial and Parent Selection 42 

Following the successful identification of resistant and susceptible genotypes in the 43 

hill plot observation trial, a glasshouse trial was conducted to test these genotypes in 44 

a high disease pressure environment (Table 51) in the spring of 2017. A randomised 45 

complete block trial was conducted in the Crop Science glasshouse at UCD Lyons 46 

Research Farm. Four graded seeds (>2.0 mm) were placed into 2 litre plastic pots with 47 

four replications of each cultivar randomized within blocks in the glasshouse. John 48 

Innes No.2 compost was used. The average severity of mildew infection on each plant 49 

in each plot was assessed at three key growth stages (GS 30, GS 39 and GS 65) 50 

(Zadoks et al. 1974). In order to create favourable conditions for powdery mildew, 51 

plants were watered every second day and day and night temperatures were 52 

maintained at 20°C and 14°C respectively. Daylength was set at 16 hours.  53 

7.2.3 Diallel Cross Procedure 54 

Following the field and glasshouse mildew screening trials, superior and susceptible 55 

lines were selected for a diallel cross program and were planted in the Crop Science 56 

glasshouse at UCD Lyons Farm. The first plants in the glasshouse displaying panicles 57 

were selected as male parents as they would be expected to be pollinating during the 58 

same period as emasculated panicles became receptive to pollen. The emasculation 59 

process consists of several key steps and is similar to the method described by Brown 60 

and Shands (1956). The glumes were removed fully from the spikelet, with the 61 

secondary and tertiary grain also removed. The lemma and the palea were then cut 62 

with a scissors approx. 8-10mm from the peduncle, exposing the anthers (Fig 27). 63 

Each anther was subjected to a critical touch test following removal from the flower 64 

(Fig.28). This involves tapping the anther off a fingernail to determine if the anther is 65 

mature and pollen is being readily shed. If this is the case, it indicates the flower has 66 
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been self-pollinated and is unsuitable for hybridisation. If all anthers are immature and 67 

not shedding pollen, the flower can be regarded as unfertilised and is therefore 68 

suitable for hybridisation.  69 

Following emasculation, a short period was observed between emasculation and 70 

subsequent pollination with the desired male parent to allow the ovary (Fig.29) of the 71 

emasculated flower to mature. A period of approx. 18-24 hours resulted in the highest 72 

successful pollinations. The diallel cross consisted of all reciprocal crosses and the 73 

parental genotypes. 74 

Mildew was introduced to the glasshouse from infected plants transplanted from a 75 

commercial oat crop. F1 hybrids and parental genotypes were assessed for the 76 

percentage of leaf area affected by powdery mildew at GS30 (Ear at 1cm), GS39 (flag-77 

leaf emerged) and GS60. General combining ability (GCA), Specific combining ability 78 

(SCA) and reciprocal effects were estimated using Griffings method 1 (Griffings, 1956) 79 

which included all reciprocal crosses and parental genotypes. The model used was: 80 

𝑌 = ɥ + 𝐺𝑖 + 𝐺𝑗 + 𝑆𝑖𝑗 + 𝑅𝑖𝑗 + 𝐸𝑖𝑗𝑘 81 

Where ɥ=Population mean, Gi=GCA of cultivar i, Gj= GCA of cultivar j, Sij=SCA of 82 

Cultivars I and j, Rij= Reciprocal effect of the ij cross and Eijk= Environmental effects.  83 

  84 
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 85 

Figure 27. Emasculation process-Step 1 86 

 87 

Figure 28. Emasculation process-Step 2 88 
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 89 

Figure 29. Ovary of oat floret 90 

  91 
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 92 

7.2.4 Segregation of resistance to Blumeria graminis var avenae in the F2 93 

generation 94 

Following the successful pollination and harvesting of each of the F1’s , seeds from all 95 

replications were bulked and a sample of 50 seeds from each bulk sample were 96 

planted in an F2 family representing the progeny of the initial hybridization. John Innes 97 

No.2 compost containing 7 parts loam, 2 parts peat and 1-part sand was used. 4 seeds 98 

were planted in each 2L plot to account for variable germination with culling of plants 99 

taking place to leave 3 actively growing plants per individual pot. Plants were fertilised 100 

with 3g of Osmocote Start (Containing 11-11-17 NPK and 2MgO + TE) per plant at the 101 

3-leaf stage. Pots were watered every second day and daylength was altered to reflect 102 

optimal field growing conditions. Daytime temperature was maintained at 25-30°C with 103 

night temperatures at 10°C.  104 

Each individual plant within each F2 population was assessed for powdery mildew 105 

infection at key growth stages (GS30, 39 and 65) in order to determine the level of 106 

mildew resistance present. Powdery mildew was introduced to the glasshouse via a 107 

field isolate. The level of basal resistance to Blumeria graminis was determined based 108 

on the total green leaf area infected by the pathogen. Full resistance was 109 

characterised by the lack of any visible powdery mildew infection on the plant. 110 

Moderate resistance is recognised as plants with 10-30% leaf area infected with 111 

powdery mildew. Moderate susceptibility was assigned to plants with 30-60% of leaf 112 

area infected while susceptibility was characterised by powdery mildew infection more 113 

than 60% of total leaf area. Plots of phenotypic distributions within each F2 family were 114 

produced in Microsoft Excel.  115 

Resistant and moderately resistant phenotypic groups were combined for the purpose 116 

of Chi-square testing of observed and expected frequencies in the F2 generation. 117 

Moderately susceptible and susceptible phenotypic groups were combined in a similar 118 

fashion to represent the non-resistant phenotypes in this test. 119 

  120 
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7.3 Results 121 

Tussock observation trial  122 

The distribution of powdery mildew infection observed across all germplasm included 123 

in the hill plot observation trial in 2016 is presented in Table 51. The selected growth 124 

stages at which key observations were taken were GS30, GS45 and GS65 (Zadoks 125 

et al., 1974). Lines displaying resistance to powdery mildew in this experiment were 126 

of European origin and no germplasm of global origin was identified as displaying an 127 

acceptable degree of resistance to powdery mildew in this trial. Canadian and New 128 

Zealand germplasm was particularly susceptible to powdery mildew. The parental 129 

lines for conducting the diallel cross were selected from among this material. The 130 

selection criteria used was based around the exhibition of a high degree of resistance 131 

to powdery mildew as well as likely suitability and relevance to the production of milling 132 

oats. The varieties selected for further investigation are detailed in Table 52.133 
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Table 51: % leaf area infected with B graminis on tussock lines at selected 
growth stages. 
  

GS30 GS39 GS 65 

Barra  2 38 80 

Keely  0.5 10 28 

Husky  1 30 58 

Benny  2 25 45 

WBP Elyann  2 30 50 

WBP Isobel  2 16 32 

Montrose 
 

0 22 86 

Yukon 
 

1 2 0 

Harmony 
 

0 0 0 

Delfin  0 0 0 

Firth.  
 

1 25 50 

Canyon 
 

6 6 25 

Aspen 
 

1 12 66 

Rozmar 
 

1 15 66 

Milton/Stampede X Baiyan4 
 

0 26 66 

Milton/Stampede X Baiyan4 
 

0 25 66 

Milton/Stampede X Baiyan4 
 

1 28 70 

Milton/Stampede X Baiyan4 
 

0 24 72 

Milton/Stampede X Baiyan4 
 

0.5 25 74 

Milton/Stampede X Baiyan4 
 

0 26 65 

Milton/Stampede X Baiyan4 
 

1 30 76 

Milton/Stampede X Baiyan4 
 

0 20 53 

Milton/Stampede X Baiyan4 
 

0 16 58 

Milton/Stampede X Baiyan4 
 

2 18 68 

Milton/Stampede X Baiyan4 
 

0 30 77 

Milton/Stampede X Baiyan4 
 

0.5 24 68 

Milton/Stampede X Baiyan4 
 

0 26 64 

Milton/Stampede X Baiyan4 
 

0 25 67 

Milton/Stampede X Baiyan4 
 

0 20 63 

Milton/Stampede X Baiyan4 
 

1.5 28 86 

Milton/Stampede X Baiyan4 
 

1 28 65 

Milton/Stampede X Baiyan4 
 

1 20 39 

Milton/Stampede X Baiyan4 
 

0 21 68 

Milton/Stampede X Baiyan4 
 

1 25 86 

Milton/Stampede X Baiyan4 
 

0 20 63 

Milton/Stampede X Baiyan4 
 

1 16 67 

Milton/Stampede X Baiyan4 
 

0 24 74 

Milton/Stampede X Baiyan4 
 

1 20 75 

Milton/Stampede X Baiyan4 
 

0 15 53 

Milton/Stampede X Baiyan4 
 

0 25 67 

Milton/Stampede X Baiyan4 
 

0 25 69 
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Milton/Stampede X Baiyan4 
 

3 24 67 

Milton/Stampede X Baiyan4 
 

0 35 73 

Milton/Stampede X Baiyan4 
 

0 28 68 

Milton/Stampede X Baiyan4 
 

0 18 57 

Milton/Stampede X Baiyan4 
 

0 35 96 

Milton/Stampede X Baiyan4 
 

1 18 67 

Milton/Stampede X Baiyan4 
 

0 30 82 

Milton/Stampede X Baiyan4 
 

0 18 75 

Milton/Stampede X Baiyan4 
 

0 15 61 

Milton/Stampede X Baiyan4 
 

0 22 70 

Milton/Stampede X Baiyan4 
 

0 28 63 

Milton/Stampede X Baiyan4 
 

1 20 58 

Milton/Stampede X Baiyan4 
 

1.5 16 62 

Milton/Stampede X Baiyan4 
 

1 22 51 

Milton/Stampede X Baiyan4 
 

1 26 66 

Milton/Stampede X Baiyan4 
 

0 22 78 

Milton/Stampede X Baiyan4 
 

0 18 53 

07P13-CO7AG5 X Stainless 
 

0 26 88 

07P13-DO4AU5 X Hokonui 
 

0.5 30 68 

Hokonui X Jordan 
 

0 25 82 

Hokonui X Jordan 
 

0 36 76 

Hokonui X Jordan 
 

0 30 88 

Hokonui X Jordan 
 

0 35 83 

Hokonui X Jordan 
 

0 42 77 

Hokonui X Jordan 
 

2 44 83 

Hokonui X Jordan 
 

3 40 84 

Hokonui X Jordan 
 

2 33 84 

Hokonui X Jordan 
 

3 38 92 

Hokonui X Jordan 
 

2 35 88 

Hokonui X Jordan 
 

0 25 62 

Hokonui X Jordan 
 

1 50 95 

Hokonui X Jordan 
 

1.5 55 78 

Hokonui X Jordan 
 

2 45 89 

Hokonui X Jordan 
 

4 40 88 

Hokonui X Jordan 
 

0 43 88 

Hokonui X Jordan 
 

0 35 72 

Hokonui X Jordan 
 

0 20 59 

Hokonui X 07P13-CO7AG5 
 

0 22 63 

Hokonui X 07P13-CO7AG6 
 

0 16 48 

Stampede X Coronet 
 

1 20 52 

Stampede X Coronet 
 

0 6 19 

Stampede X Coronet 
 

0 15 51 

Stampede X Coronet 
 

1 20 62 

Stampede X Coronet 
 

2 20 63 
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Stampede X Coronet 
 

0 12 36 

Stampede X Coronet 
 

0.5 12 45 

Stampede X Coronet 
 

0 18 63 

Stampede X Coronet 
 

0 10 41 

Stampede X Coronet 
 

0 12 31 

Hokonui X Coronet 
 

0 35 84 

Hokonui X Coronet 
 

0 30 95 

Hokonui X Coronet 
 

0 22 89 

Hokonui X Coronet 
 

0 28 93 

Hokonui X Coronet 
 

0 32 90 

Hokonui X Coronet 
 

0 28 72 

Hokonui X Coronet 
 

0 26 69 

Hokonui X Coronet 
 

0 20 62 

Hokonui X Coronet 
 

0 33 78 

Hokonui X Coronet 
 

0 33 96 

Milton X Stampede 
 

0 30 58 

Milton X Stampede 
 

0 28 58 

Milton X Stampede 
 

0 16 48 

Milton X Stampede 
 

0 17 47 

Milton X Stampede 
 

0 20 55 

Milton X Stampede 
 

0 20 49 

Milton X Stampede 
 

0 11 45 

Milton X Stampede 
 

0 15 41 

Firth x Gerald 
 

1 15 52 

Firth x Gerald 
 

0 12 34 

Firth x Gerald 
 

0 16 62 

Firth x Gerald 
 

0 12 57 

Firth x Gerald 
 

1 17 56 

Firth x Gerald 
 

0 21 54 

Firth x Gerald 
 

0 22 56 

Firth x Gerald 
 

0 11 36 

Firth x Gerald 
 

0 8 56 

Firth x Gerald 
 

0 10 45 

Firth x Gerald 
 

0 12 56 

Firth x Gerald 
 

0 17 57 

Firth x Gerald 
 

0 15 46 

Firth x Gerald 
 

0 20 56 

Firth x Mascani 
 

0 16 38 

Firth x Mascani 
 

1 9 55 

Firth x Mascani 
 

0 13 56 

Firth x Mascani 
 

0 8 40 

Firth x Mascani 
 

0 10 50 

Firth x Mascani 
 

0 18 40 

Firth x Mascani 
 

0 15 42 
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Firth x Mascani 
 

0 12 40 

Firth x Mascani 
 

0 12 51 

Firth x Mascani 
 

0 22 45 

Firth x Mascani 
 

0 17 48 

Firth x Mascani 
 

0 30 63 

Firth x Mascani 
 

0 10 55 

Firth x Mv Hopehely 
 

0 25 53 

Firth x Mv Hopehely 
 

1 22 61 

Firth x Mv Hopehely 
 

0 30 82 

Firth x Mv Hopehely 
 

1 22 57 

Lennon x Rhapsody 
 

0 5 12 

Lennon x Rhapsody 
 

0 0 5 

Lennon x Rhapsody 
 

1 7 26 

Rhapsody x Gerald 
 

0.5 4 60 

Rhapsody x Gerald 
 

0 5 42 

Rhapsody x Gerald 
 

0 0 4 

Rhapsody x Gerald 
 

0 3 6 

Rhapsody x Gerald 
 

0 2 6 

Rhapsody x Gerald 
 

0 4 35 

Rhapsody x Gerald 
 

0 3 4 

Rhapsody x Gerald 
 

0 12 28 

Rhapsody x Gerald 
 

0 2 4 

Rhapsody x Gerald 
 

0 3 6 

Rhapsody x Gerald 
 

0 9 24 

Rhapsody x Gerald 
 

1 4 7 

Rhapsody x Gerald 
 

0 18 47 

Rhapsody x Gerald 
 

0 8 17 

Rhapsody x Gerald 
 

0 15 30 

Rhapsody x Gerald 
 

0 8 20 

Rhapsody x Gerald 
 

0 7 42 

Rhapsody x Gerald 
 

0 10 49 

Rhapsody x Gerald 
 

0 6 36 

Rhapsody x Gerald 
 

0 3 4 

Rhapsody x Gerald 
 

0 10 32 

Rhapsody x Gerald 
 

0 6 28 

Rhapsody x Gerald 
 

0 8 6 

Rhapsody x Gerald 
 

0 8 21 

Rhapsody x Gerald 
 

0 9 25 

Rhapsody x Gerald 
 

0 9 12 

Gerald x Mascani 
 

0 12 45 

Gerald x Mascani 
 

0 16 46 

Mascani x Mv Deres 
 

0 18 58 

Mascani x Mv Deres 
 

0 10 53 

Mascani x Mv Deres 
 

0 28 63 

Conway x Mv Hopehely 
 

0 25 72 
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Conway x Mv Hopehely 
 

0 8 28 

Conway x Mv Hopehely 
 

5 18 40 

Conway x Mv Hopehely 
 

0 6 64 

Conway x Mv Hopehely 
 

1.5 8 24 

Conway x Mv Hopehely 
 

1 12 45 

Conway x Mv Hopehely 
 

0 25 6 
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Table 52. Cultivars selected from Tussock trial for glasshouse trial 1 

Cultivar Name Breeder name Parentage Country of origin 

Resistance to 
Blumeria graminis 
f. sp. avenae 

Irish recommendation 
status (2020) 

Barra Svalöf Weibull AB Selma X KM1 MS Sweden 
3b 

Recommended 

Husky Nordsaat Saatzuch 
CPBT SOI X 
Freddy 

Germany 
6b 

Recommended 

Canyon Nordsaat Saatzuch 
994/126 X LOCH 
1177 

Germany 
8c 

Not recommended 

Yukon Nordsaat Saatzuch Not known Germany 
8c 

Not recommended 

Keely 
Nordsaat Saatzuch 

06/114 X Scorpion Germany 
5b 

Recommended 

Delfin 
Nordsaat Saatzuch 

07/107 X Canyon Germany 
8b 

Recommended 

WBP Isabel Wiersum LW 03W038-06 x 
Husky 

The Netherlands 7b Recommended 

WBP Elyann Wiersum (Ivory x 
LW00W035-01) x 
LW 97W020-01 

The Netherlands 7c Not Recommended 

Harmony Nordsaat Saatzuch Not known Germany 8c Not Recommended 

Benny Nordsaat Saatzuch Not known Germany 7a Not Recommended 

aNot available 2 

b DAFM, (2020). “ 3 

c ADHB (2019) 4 
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Parent Selection Trial 5 

Mean % total leaf infection of Blumeria graminis f. sp. avenae on the selected Tussock 6 

lines under high pressure glasshouse conditions are presented in Fig. 30. This data 7 

was used to select the parental lines. Cultivars Barra, Husky and Keely which were 8 

identified as having low to moderately low levels of resistance to powdery mildew in 9 

both the Tussock and glasshouse trials, with infection in the range of 45-60%. This 10 

was in line with previous observations in national Recommended List Trials (DAFM, 11 

2020) where varieties were ranked as outlined in Table 52, These varieties are widely 12 

grown in Ireland and were selected as ‘susceptible’ genotypes. A further three cultivars 13 

(Canyon, Yukon and Delfin) were selected as resistant genotypes as there were no 14 

visible powdery mildew symptoms on these plants within the field trial.  Again, these 15 

observations were in line with previous reports from recommended list trials outlined 16 

in Table 52. These varieties fitted the requirement for high and low resistance to 17 

B.graminis that was essential in order to be able to conduct an effective diallel cross. 18 

They were also reported as being the most suitable regarding mildew resistance and 19 

successful cultivation in national Recommended List Trials under Irish conditions. The 20 

selected cultivars are detailed in Table 53. 21 
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 22 

Figure 30. Severity of B. graminis infection of selected lines in a high disease 23 

pressure environment. 24 
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Table 53. Cultivars selected for diallel cross. 25 

Cultivar Name Breeder name Parentage Country of origin 
Irish recommendation 

status 

Barra Svalöf Weibull AB Selma X KM1 MS Sweden Recommended 

Husky Nordsaat Saatzuch CPBT SOI X Freddy Germany Recommended 

Canyon Nordsaat Saatzuch 994/126 X LOCH 1177 Germany Not recommended 

Yukon Nordsaat Saatzuch Not Knowna Germany Not recommended 

Keely Nordsaat Saatzuch 06/114 X Scorpion Germany Recommended 

Delfin Nordsaat Saatzuch 07/107 X Canyon Germany Recommended 

26 
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Combining ability analysis of resistance to Blumeria graminis f. sp. avenae 27 

The diallel table representing the severity of mildew infection of F1 hybrids at GS65 is 28 

presented in Table 54 with the ANOVA of combining ability effects presented in Table 29 

55. GCA, SCA and reciprocal values are presented in Tables 56, 57 and 58 30 

respectively.  31 

Parents with high resistance had a strong influence on mildew infection in the F1 32 

progeny (Table 54). Crosses involving resistant parents as the maternal genotype 33 

resulted in F1’s where no powdery mildew symptoms were detected. Crosses involving 34 

Yukon and Canyon used as a male parent in crosses with Husky and Keely 35 

respectively resulted in F1 progeny with visible powdery mildew symptoms. All Delfin 36 

progeny were infection free by GS65, regardless of whether it was the male or female 37 

parent. Keely increased the level of powdery mildew resistance in the F1 progeny when 38 

involved in a cross with either Barra or Husky.  39 

The GCA and SCA effects observed were of high significance (Table 55). The resistant 40 

parents conferred their full level of mildew resistance in most crosses with the 41 

susceptible parents. The GCA:SCA ratio was 0.3 which highlighted the importance of 42 

non-additive gene action. SCA effects are therefore an appropriate predictor of 43 

progeny performance in these crosses. GCA effects were similar to parental 44 

performance and therefore did not provide a strategy for improving resistance in the 45 

next generation. A negative effect on disease infection indicated that the 46 

corresponding parent contributed resistance, whilst susceptible cultivars contributed 47 

to an increase in detected disease infection (Table 56). ‘Delfin’ had the lowest GCA 48 

value (-11%) as well as the highest level of mildew resistance at 0% infection indicating 49 

that resistance to Blumeria graminis was consistently inherited in crosses with this 50 

parent. The two other resistant parents, ‘Canyon’ and ‘Yukon’ also had significant GCA 51 

values of -9 and -8 respectively.  52 

Significant SCA effects were observed where resistant parents were crossed with 53 

susceptible and moderately susceptible genotypes (Table 57). Crosses between 54 

‘Delfin’, ‘Canyon’ and ‘Yukon’ with ‘Barra’ and ‘Husky’ resulted in a range of SCA 55 

values for mildew infection of -21.9 to -35.7%. The resistant genotypes also increased 56 

the resistance of a moderately susceptible cultivar; ‘Keely’, with SCA values in the 57 

range of -13.2% to -19.9%. Husky x Yukon and Barra x Canyon crosses resulted in an 58 
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increase in disease infection in the progeny of +16.6 and +20.2% respectively. 59 

Crosses between susceptible parents ‘Barra’ and ‘Husky’ had no effect on disease 60 

infection levels, with a reduction observed where Keely was used as the maternal 61 

parent in crosses with Barra (-17.4%) and Husky (-5.5%).  62 

Reciprocal effects were significant as presented in Table 58 and were observed in 5 63 

crosses including Canyon x Barra, Yukon x Husky, Husky x Barra, Keely x Barra and 64 

Keely x Yukon. Reciprocal effects were most prominent in Barra X Canyon and Husky 65 

x Yukon crosses. Yukon and Canyon transferred full resistance when used as the 66 

maternal genotype in the cross with reciprocal effects of +11.7% and +13.7% 67 

observed.  68 

 69 

Table 54. % area infected by Blumeria graminis f. sp. avenae at GS 65 70 
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Paternal Genotype 

 Barra Husky Keely Yukon Canyon Delfin 

       

Barra (S) 76 43 21.6 0 27.3 0 

Husky (S) 22 61.67 22 23 0 0 

Keely (MS) 15 34 40 13.33 0 0 

Yukon (R) 0 0 0 0 0 0 

Canyon (R) 0 0 0 0 0 0 

Delfin (R) 0 0 0 0 0 0 

  71 
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Table 55. ANOVA for combining ability analysis of B. graminis infection of F1 72 

Hybrids from a 6 x 6 Full diallel of oat genotypes at Zadoks GS 65 73 

Source df Mean Squares P 

General Combining Ability 5 1350 <0.001 

Specific Combining Ability 15 339 <0.001 

Reciprocal Effects 15 70 <0.001 

Error 70 3  

 74 

 75 

 76 

Table 56. General combining ability of selected oat genotypes for B. graminis 77 

infection 78 

Cultivar Cultivar Resistance Ranking (0-9) GCA for B. graminis 

infection 

Barra 3 12% 

Canyon 8 -9% 

Delfin 8 -11% 

Husky 5 11% 

Keely 6 4% 

Yukon 8 -8% 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 
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Table 57. SCA Effects on B. graminis infection at GS 65 on F1 progeny 87 

 Paternal Genotype 

M
a

te
rn

a
l 
G

e
n

o
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p
e

 

 Barra Canyon Delfin Husky Keely  Yukon 

Barra 40.3% 20.2% 11.1% -1% -1.6% 5% 

Canyon -22.1% 6.5% 11.1% -33.5% -19.9% 5% 

Delfin -35.7% 6.5% 11.1% -33.5% -19.9% 5% 

Husky -3.2% 6.5% 11.1% 28.1% 8.1% 16.6% 

Keely -17.4% 6.5% 11.1% -5.5% 20.1% 11.6% 

Yukon -35.7% 6.5% 11.1% -21.9% -13.2% 5% 
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Table 58. Reciprocal effects in F1 progeny on B. graminis infection at GS 65  91 

M
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 Paternal Genotype 

 Barra Canyon Delfin Husky Keely Yukon 

Barra 0% 13.7% 0% 10.5% 3.3% 0% 

Canyon -13.7% 0% 0% 0% 0% 0% 

Delfin 0% 0% 0% 0% 0% 0% 

Husky -10.5% 0% 0% 0% -6% 11.7% 

Keely -3.3% 0% 0% 6% 0% 6.7% 

Yukon 0% 0% 0% -11.7% -6.7% 0% 

  92 
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Segregation of resistance to Blumeria graminis f. sp. avenae in the F2 generation 93 

Histograms for the frequency of mildew infection among each F2 family are presented 94 

in Fig. 31. Inheritance patterns indicative of qualitative resistance are characterised by 95 

clear segregation between resistant and susceptible phenotypes, while quantitative 96 

resistance exhibits a continuous distribution of susceptible and resistant phenotypes.  97 

All F2 progeny displayed mildew infection that ranged from resistant to susceptible 98 

(Fig. 31). The three resistant parents included in the diallel cross (Canyon, Delfin, 99 

Yukon) had a strong influence on mildew infection levels in the progeny with obvious 100 

qualitative inheritance patterns observed in the F2 population (c, e, h, i, j, m, n, o, and 101 

z). No susceptible phenotypes were observed in the F2 populations s, t, x, y and ac 102 

derived from the crosses between two resistant parents with the exception of 103 

population ad where a dominant pattern was observed where Canyon was used as 104 

the maternal genotype with Delfin. No susceptible phenotypes were observed in the 105 

F2 population AB derived from a cross where the moderately resistant parent (Keely) 106 

was used as the maternal genotype in a cross with Delfin (resistant). A distribution of 107 

F2 phenotypes apparently indicative of quantitative inheritance was observed in 108 

populations (d, p, r, v, w, aa and ad). These were derived from crosses involving 109 

Canyon x Barra, Barra x Yukon, Keely x Yukon, Husky x Canyon, Keely x Canyon, 110 

Husky x Delfin and Canyon x Delfin respectively. A high level of moderate resistance 111 

was observed in population K derived from a Barra x Keely cross. No resistant 112 

phenotypes were observed in populations Q or U where Yukon was crossed to Husky 113 

and Canyon was crossed to Barra respectively. Populations a, b, f, g and l 114 

demonstrated a high level of susceptible genotypes.  115 

The chi-square testing of observed and expected frequencies which combined 116 

resistance groups as resistant or susceptible resulted in a high detection of dominant 117 

gene action (Table 59). Inheritance patterns that may previously have been indicative 118 

of quantitative gene action due to the inclusion of a moderate level (<30%) of leaf area 119 

infected are now defined as resistant. This leads to the affirmation that resistance in 120 

the crosses of populations d, p, r, v, w and ad is controlled by dominant major genes 121 

as opposed to quantitative genes. The detection of phenotypes with between 10-30% 122 

mildew infection indicates a slight breakdown of the R gene or an increased virulence 123 

of the pathogen population against the gene. Interestingly when Delfin was crossed 124 

with Barra, irrespective of its inclusion as a maternal or paternal genotype, all resultant 125 
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phenotypes displayed resistance. A similar response when Delfin was used as the 126 

paternal genotype in a cross with Keely showed a dominant inheritance pattern in the 127 

reciprocal cross. Chi-square testing revealed that the F2 populations e, o, z and aa 128 

displayed inheritance patterns where resistance is controlled by 2 genes. These 129 

crosses all involved Delfin with a susceptible parent. The cross of Canyon as the 130 

paternal genotype with Husky resulted in a polygenic inheritance pattern, as did the 131 

cross where Keely was the paternal parent with Barra. No resistance was observed in 132 

crosses of Husky with Keely irrespective of the parental combinations where a 133 

dominant susceptible pattern was expected.  134 

Dominant gene action controlling powdery mildew resistance amongst F2 families from 135 

crosses involving Canyon were observed in Canyon x Keely, Keely x Canyon, Canyon 136 

X Barra and Canyon X Husky. A polygenic inheritance pattern was observed in the F2 137 

population of Husky X Canyon, with no resistant phenotypes observed in the F2 138 

population of Barra X Canyon. Important levels of moderate resistance were observed 139 

in crosses Keely x Canyon (0.32), Canyon x Barra (0.26) Husky x Canyon (0.18) and 140 

Canyon x Delfin (0.19). Inheritance patterns indicative of dominant gene action were 141 

also observed in the F2 populations from crosses of Yukon x Husky, Yukon x Keely, 142 

Yukon x Barra and Barra x Yukon. There were no resistant phenotypes observed in 143 

the F2 progeny of Husky x Yukon with a polygenic pattern observed in the Keely X 144 

Yukon derived family. There were relatively high frequencies of moderate resistance 145 

observed in the F2 populations of Yukon x Keely (0.22), Keely x Yukon (0.13) and 146 

Barra x Yukon (0.14). Inheritance patterns indicative of 2 genes controlling the 147 

expression of mildew resistance were observed in F2 populations resulting from the 148 

following crosses; Delfin x Barra, Barra x Delfin, Delfin x Keely and Husky x Delfin. 149 

The chi-square tests indicate that the frequency of resistant and susceptible 150 

phenotypes within these populations are not indicative of typical segregation due to 151 

the low level of susceptible phenotypes observed. An inheritance pattern indicative of 152 

dominant gene action controlling the exhibition of resistance was observed in the F2 153 

population from the Delfin x Husky cross. 154 

No resistance was observed where susceptible genotypes were crossed to one 155 

another except for a polygenic inheritance pattern observed in the F2 population of the 156 

Keely x Barra cross. There was a high frequency of moderate resistance observed in 157 
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the progeny of Barra x Keely (0.46) with all other populations displaying moderate to 158 

high susceptibility to the pathogen.  159 

 160 

Table 59. Disease resistance and segregation ratios under artificial inoculation 161 

conditions in the F2 generation 162 

Cross Resistant Susceptible Total X2 F2 Ratio 

 No. of phenotypes   

A) Husky X Barra 9 37 46 0.90 01:03 

B) Keely X Barra 5 30 35 2.47 01:03 

C) Yukon X Barra 26 11 37 0.35 03:01 

D) Canyon x Barra 26 13 39 1.26 03:01 

E) Delfin X Barra  43 2 45 10.72 2 Genes 

F) Barra X Husky 7 39 46 2.64 01:03 

G) Keely X Husky 1 44 45 13.09 All susceptible 

H) Yukon X Husky 38 6 44 3.63 03:01 

I) Canyon X Husky  31 10 41 0.06 03:01 

J) Delfin X Husky 37 3 40 7.03 2 Genes 

K) Barra X Keely 20 15 35 18.47 Polygenic 

L) Husky X Keely 0 41 41 14.37 All susceptible 

M) Yukon X Keely 38 8 46 1.65 03:01 

M) Canyon X Keely 32 9 41 0.32 03:01 

O) Delfin X Keely 32 15 47 1.04 03:01 

P) Barra X Yukon 30 13 43 0.51 03:01 

Q) Husky X Yukon 0 43 43 127.03 All susceptible 

R) Keely X Yukon 27 17 44 4.03 Polygenic 

S) Canyon X Yukon All Resistant 

T) Delfin X Yukon All Resistant 

U) Barra X Canyon 1 45 46 128.20 All susceptible 

V) Husky X Canyon 18 16 34 8.27 Polygenic 

W) Keely X Canyon 25 8 33 0.07 03:01 

X) Yukon X Canyon All Resistant 

Y) Delfin X Canyon All Resistant 

Z) Barra X Delfin 44 3 47 9.21 2 Genes 

AA) Husky X Delfin 29 11 40 0.1 03:01 

AB) Keely X Delfin 38 0 38 13.36 2 Genes 

AC) Yukon X Delfin All Resistant 

AD) Canyon X Delfin 33 9 42 0.41 03:01 

X2 values in bold significant (P<0.05) 163 

 164 
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Figure 31. Histograms of the proportion of genotypes in each resistance group for the 30 F2 populations  
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7.4 Discussion 

This study successfully implemented an oat crossing programme, identified suitable 

parents and evaluated potential sources of resistance to powdery mildew present in 

these parents and their progeny. 

The rankings of resistance to powdery mildew of the selected cultivars was consistent 

in both the hill plot observation trial and in the glasshouse experiment. The hill plot 

observation block had a large range of powdery mildew infection (0-100%) which 

successfully facilitated the identification of highly resistant and susceptible cultivars. 

The resistant cultivars in this observation block were of central european origin with 

no powdery mildew resistance observed in non-European germplasm. This 

susceptibility may be attributable to the lack of R genes in these genotypes or a race-

specific susceptibility to common strains under Irish conditions. A similar response 

was observed by Maccaferri et al., (2015) when examining global wheat germplasm 

for Puccina striformis resistance across a wide range of ecological conditions in the 

USA. Populations of germplasm from diverse backgrounds differed widely in terms of 

disease resistance in that study. Cultivars developed in New-Zealand may be 

particularly susceptible which is attributable to development in an environment where 

mildew is not an agronomic problem (Smith et al., 1973). 

The glasshouse trial conducted under conditions suited to powdery mildew infection 

resulted in the removal of two resistant cultivars and the identification of varying levels 

of susceptibility in the germplasm for inclusion in a diallel cross. The results of this 

experiment enabled the removal of cultivars not displaying full resistance and highly 

susceptible cultivars under intense pressure. The cultivars Benny and WBP Isabel 

which displayed full resistance in field trials demonstrated breakdown of resistance 

under the glasshouse conditions.  

The dominance of SCA over GCA in this study is attributable to the high degree of 

transfer of resistance to the F1 of crosses involving either two resistant parents or 

resistant x susceptible combinations. Resistant x resistant parents resulted in 

phenotypes identical to the parental means (0% infection). Resistant x susceptible 

crosses resulted in total reductions in mildew infection levels, which can be interpreted 

as being due to dominant R genes being passed on. There was, however, some 

notable deviations from this pattern, such as in Barra X Canyon and Husky X Yukon. 
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Interestingly, there were higher levels of resistance where the resistant parent was 

used as the maternal genotype. A similar effect was observed by Zhang et al., (2001) 

with a higher degree of resistance to Septoria tritici was observed where resistant 

wheat genotypes were used as the maternal genotype in crossing.  

The pattern of inheritance in F2 populations provided an insight into the nature of the 

resistance present in the parental genotypes. Qualitative resistance exhibits a 

mendellian segregation with distinct classes of resistant and susceptible phenotypes 

observed in the F2 (Corwin and Kliebenstein, 2017) with continuous distribution of 

resistant, moderately resistant, moderately susceptible and susceptible phenotypes 

observed in the F2 generation in the case of quantitative resistance. The phenotypic 

ratios of 3:1 (Resistant: Susceptible) were, therefore, indicative of dominant gene 

action controlling the exhibition of resistance. Polygenic resistance is defined as 

resistance which exhibits a continuous segregation of resistant and susceptible 

phenotypes in the F2 generation (Pilet-Nayal et al., 2017). In the case where no 

susceptible genotypes are observed, it is, therefore, probable that 2 or more 

independently segregating genes control the expression of resistance. 

Inheritance patterns indicative of qualitative resistance were observed in the vast 

majority of the F2 populations derived from resistant x susceptible crosses. These 

distributions of disease resistance levels were clearly definable as resistant or 

susceptible and are therefore characteristic of major gene resistance, as defined by 

Corwin and Kliebenstein (2017). The effects observed in crosses including Delfin as a 

parent where no susceptible phenotypes were observed in the F2 populations are of 

high interest. The crosses of interest here are: Delfin x Barra, Barra x Delfin, Delfin x 

Keely and Husky x Delfin. The absence of susceptible genotypes in these populations 

suggests that there may be two or more distinct genes controlling the expression of 

mildew resistance in Delfin, as the susceptible genotypes contributed no detectable 

level of resistance except for Keely. Crosses between resistant parents predominantly 

resulted in F2 populations where all phenotypes displayed resistance to the pathogen, 

except for the F2 population derived from a Canyon x Delfin cross. Assuming the 

alleles controlling disease resistance in the parental genotypes are dominant, this 

distribution of fully resistant phenotypes in the F2 population suggests that the genes 

controlling resistance in the parents are at different locations in the genome and are 

inherited independently.  
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Quantitative inheritance patterns were observed where Husky was used as the 

maternal genotype with Canyon, Keely was used as the maternal parent with Barra 

and where Keely was used as the maternal parent with Yukon. There are several 

possibilities to explain the fact that both quantitative and qualitative inheritance 

patterns were observed in progeny of the resistant parents. Crosses involving resistant 

and susceptible cultivars resulted in quantitative inheritance patterns where a 

qualitative pattern would have been expected in the F2 generation. This suggests that 

in certain combinations the genes controlling resistance are not fully expressed or 

inherited. This was observed in Keely x Yukon and Husky x Canyon. All phenotypes 

in Barra x Canyon and Husky x Yukon were highly susceptible.  

The observation of these patterns where Canyon and Yukon were used as male 

parents and the presence of qualitative patterns where they are included as female 

parents suggests linkage is of key importance. The potential for the inheritance of 

minor genes contributing to quantitative resistance is plausible. The major gene may 

be linked to the maternal chromosome with minor gene resistance present on the 

paternal chromosome. This would explain the detection of qualitative inheritance 

patterns observed where Yukon and Canyon were used as the maternal genotype with 

quantitative patterns observed when they were utilised as the paternal genotype. 

Canyon and Yukon therefore may have quantitative and qualitative mechanisms of 

genetic resistance which are linked to maternal and paternal genotypes respectively. 

The potential for a sudden change in pathogen virulence to these resistance genes 

may also explain the reduction in full resistance observed in the progeny of these 

cultivars. A breakdown in the resistance gene may also be contributing to this effect. 

An accidental self-pollination in the susceptible maternal parent may also be 

contributing to this effect but the detection of resistant phenotypes and a segregation 

of phenotypes suggests it is unlikely to be the case 
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8. General Conclusions 
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This study has developed key novel insights into the agronomic, climatic, and genetic 

factors influencing the physiological development of oat and the associated influences 

these factors exert on grain quality parameters. The optimisation of agronomic practice 

in combination with the adoption of reduced-chemical input production systems may 

contribute to a green, marketable product with a lower chemical use footprint. 

The results of this study agree with the widely accepted theory that grain yield in oats 

is strongly linked to grain number. However, the elasticity of panicle number, as 

opposed to grain number per panicle is of high importance. The application of N during 

tillering consistently resulted in an increase in panicle number which did not always 

translate into a yield advantage over application at the commencement of stem 

elongation. The plasticity of yield components which applies to oats planted at different 

plant densities, therefore, also applies to changes in panicle number in response to 

environmental variation. The components of “sink” capacity in oats, namely 

grains/panicle and panicle number, are highly interactive, with an increase in one likely 

resulting in a decrease of the other to have minor effects on overall crop yield. This 

relationship is of key importance in the maintenance of grain size, the most stable yield 

component. The role of individual grain size in oats is also of key importance due to 

the key relationships which exist between individual grain weight and grain quality 

parameters. Previous authors have stated that grain number is determined during the 

pre-anthesis period, with grain weight exclusively determined during the post-anthesis 

grain fill phases. The results of this study disagree with this hypothesis, instead 

suggesting that grain weight is co-limited by changes in sink demand and assimilate 

availability during grain fill, demonstrated by the negative effect that applied N rate has 

on grain size while the proportion of larger primary grain sites increases.  

The nature of grain abortion is poorly understood in oats, with an awareness of the 

processes involved as opposed to understanding of the processes. This study has 

unveiled a part of the role the elastic nature of grain fill plays in the maintenance and 

maximisation of oat yield and quality. Variation in seasonal weather conditions has 

unveiled the preferential allocation of assimilates to primary florets during stress 

periods and has also unveiled the key role that secondary florets can play to the 

attainment of high grain yield when conditions are suitable. The potential for a 

hierarchy of grain abortion based on the developmental stage of the plant when 

assimilate becomes limiting is also likely based on the results of this study. The 
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potential of oat panicles to preferentially abort spikelets to attain a desired optimum 

level immediately following anthesis is realistic given the large number of potential 

spikelets formed and the anthesis architecture of the panicle which commences 

downward from the uppermost whorl of the panicle. Further research into the area is 

necessary. The identification of the factors triggering the abortion of grain and the 

confirmation of the key developmental periods influencing the level and type of grain 

abortion in oats is necessary. A greater understanding of these processes will 

contribute to the optimisation of crop production systems, the mitigation of plant stress 

during grain fill and will help to bridge the gap between the potential and actual yield 

of oat.  

The non-competitive theory proposed by Acreche and Slafer (2006) (that grain weight 

reductions at high grain numbers are linked to reduced potential grain size as opposed 

to increased competition for assimilates) is relevant to increased grain number 

produced in response to N applied at GS 25 and GS 30. Reductions in grain size and 

weight observed with N applications at GS25 and GS30 would comply with this theory 

as spikelet development may still be altered by applied N fertiliser during these 

developmental phases. Further to this, increases in grain number produced in 

response to N rate and timing were linked with stable trends in the proportion of 

primary grain by number and weight. This indicates that as grain number increased, 

the proportional distribution of primary and secondary grains within the spikelet 

remained consistent. The reductions observed in grain size observed in response to 

early N applications (GS25) are therefore not linked to an increase in the number of 

smaller secondary and tertiary grains. The positive effects of later application (GS50) 

on grain size are linked with assimilate availability and a reduced level of intra-panicle 

competition for assimilates during grain fill. These findings lead to the hypothesis that 

grain weight in oats is co-limited by changes in potential kernel size during early 

developmental periods and assimilate availability during the grain-fill period. 
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The results of this study demonstrate that the milling quality of oat grain is a factor of 

individual grain fill and grain size. Groat percentage, grain hullability and kernel size 

are of high relevance to milling oat production, and the influence of agronomic factors 

on these parameters are predominantly linked to changes in potential grain size and 

assimilate availability during grain fill. Groat percentage is genetically pre-determined 

to a certain degree by the lemma and the palea with assimilate availability and 

competition for assimilates during grain fill of key importance to the attainment of this 

maximum level. Grain hullability is related to the optimum filling of individual grains of 

lower potential size. Cultivar and applied N rate had key effects on grain hullability in 

this study, with variation in kernel size the physical parameter contributing to these 

effects..  

The use of genetic resistance to control plant pathogens is not a new idea, but its 

application to oat production under Irish conditions has been limited due to the 

absence of cereal breeding programmes on the island. The cultivars selected for 

inclusion in the diallel cross conducted as part of this study were of particular relevance 

to Irish production systems, selected based on their susceptibility and resistance to 

local strains of powdery mildew. The results of this study demonstrate that highly 

effective, dominant sources of resistance to powdery mildew exist amongst cultivars 

suitable for cultivation under Irish conditions. This provides an avenue to produce oat 

cultivars with a reduced requirement for chemical inputs. 
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Practical relevance to oat production 

This study involved an intensive agronomic field trial programme to address the 

relative lack of agronomic research conducted on oats in recent times. Oat production 

systems have been based on other cereal crops such as wheat and barley and a 

modern investigation was required. Set against this backdrop, EU agricultural policy is 

determined to move towards reduced input production systems, particularly around 

the use of fertiliser and pesticides.  This study has produced a large amount of relevant 

information regarding key crop management decisions in oats. The influences of 

agronomic factors on the processes involved in the determination of potential grain 

number and capacity for assimilate production during grain-fill are of key importance 

in the optimisation of oat production systems.  

The increased yield potential of winter-sown oats relative to spring-sown crops is 

widely recognised, but the consistent nature of grain-fill on winter-sown crops 

characterised by a high potential grain number has key consequences on grain milling 

quality. This can result in a consistent, reduced level of grain fill across many grains if 

assimilate becomes limiting during grain-fill. Spring-sown crops have a lower potential 

grain number, with competition for assimilates lower during the grain-fill period. While 

grain quality is consistent in response to change in agronomic conditions in winter-

sown crops, it is likely to be lower than spring-sown crops. Increased focus on 

increasing the level of grain-fill in crops characterised by a high grain number in future 

oat research programmes will lead to the optimisation of the processes responsible 

for the determination of grain quality in oats.  The increase in crop yield in response to 

increased seed rate highlights that the plastic processes of yield formation do not 

compensate for reduced yield potential. Increases in grain number observed in 

response to seed rate increases do not come with the negative side-effects on grain 

fill and grain quality, as grain weight is a stable trait.  

The development of N application strategies specific to oats is now possible based on 

the results of this study. There is evidence from this study that yield potential increases 

through the early application of N and the associated increase in panicle number. 

However, the influence of applied N on the negative relationship between grain 

number and grain weight/quality parameters requires careful consideration. Grain 
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number and grain yield increases as N rate increases up to 130kg N/ha (spring-sown 

oats) and 170kg N/ha (winter-sown oats) with the risk of lodging increasing at applied 

N rates beyond these limits. In addition, the negative effects of these application rates 

on grain weight may be reduced by splitting the N application between pre-anthesis 

yield forming phases and the post-anthesis grain fill period. A further body of work is 

required in order to develop optimum N application strategies based on the formative 

results of this study.  

The traditional grain quality parameters of specific weight and grain screenings are 

poor indicators of oat milling quality, with the application of these parameters to the 

determination of the value of oat grain a misleading approach. The parameters of groat 

percentage and grain hullability are far more accurate indicators of expected milling 

yield and grain processability. The ideal combination of methods for the determination 

of grain quality in oats should be based on the intended end use. Whilst the traditional 

parameters are still relevant in the quality determination of feed oats, more precise 

methods are required for grain intended for milling. A move towards the adaptation of 

groat percentage and grain hullability as quality determinants will hone production 

systems on the achievement of these parameters. In the context of this study, groat 

percentage was predominantly controlled by genetic and climatic factors, with the 

stability of grain weight as a parameter in response to changes in agronomic factors 

limiting the elasticity of individual grain fill. Hullability was linked to an increase in the 

proportion of well-filled grains of smaller individual size. This shows that when 

assimilate is sufficient during grain-fill at high grain numbers, reduced individual size 

leads to an increase in hullability. Further research into the relationship between 

potential grain size, grain fill levels and grain quality will lead to increases in the output 

value of oat grain both for producers and end-users.   
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Future Work 

This study comprised a large series of agronomic field trials and a plant breeding 

experiment based on the inheritance of disease resistance in oats. The results and 

conclusions have raised several key research questions which should be addressed 

in future agronomic and genetic-based research programmes.  

The relative contribution of panicle number to grain number in oats was previously 

undervalued, with grain number/panicle understood to be of greater importance. This 

study has revealed that the complementary relationship between panicle number and 

grains per panicle leads to similar yield levels within a normal range. However, the 

influence of this relationship on potential grain size during key pre-anthesis, grain 

forming phases requires further investigation, as grains from mainstem and tiller 

panicles have been shown to differ in size and assimilate priority. Grain weight was 

negatively associated with grain number in this study and many others, and it has been 

suggested that it represents a biological limit for oat yields, as light grains will be of 

poor quality. Establishing whether early agronomic practices exert an influence on the 

developing panicle will enable further insights into this relationship and the potential to 

offset a portion of this negative relationship. 

The increased yield potential of winter-sown crops versus spring-sown crops is of 

interest, particularly as higher grain numbers have been produced and filled in a similar 

grain-fill period to spring-sown crops. The author attributes this to an earlier 

commencement of flowering when solar radiation is at its highest in late-May, early 

June. This presents an interesting trade-off regarding the potential for further yield and 

quality improvements. A longer pre-stem elongation period results in higher spikelet 

numbers, but later commencement of flowering can coincide with periods of lower 

radiation. This presents unique challenges in spring-sown oats in Ireland as sowing 

date can be delayed dramatically depending on weather conditions with the negative 

effects of this reflected in the length of the pre-stem elongation period. In the context 

of milling oats where grain-fill is of paramount importance, the earlier flowering and 

harvesting of winter-sown crops is beneficial. However, winter-sown crops were prone 

to periods of assimilate undersupply reflected in the contribution of grain abortion to 

grain yield, indicating that source limitation is a factor in these crops. These findings 

can be combined and utilised towards developing a milling oat ideotype. In the context 
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of milling, a sink limited variety will produce more consistent quality than a source 

limited variety. Future research into the development of specific milling oat cultivars 

should therefore focus on the selection of good grain-fill characteristics, early 

flowering, and a managed pre-stem elongation period. This is an important area of 

research as a continued focus on grain number increases can be expected to lead to 

reductions in quality when grain-fill conditions are sub-optimal.  

The relative proportion of primary grain by weight and number has been shown to be 

responsive to changes in agronomic practices in this study, as have the implications 

of grain type and size on grain quality, particularly hullability. The importance of grain 

type (primary, secondary, tertiary) on grain quality parameters cannot be understated. 

Despite being of high importance for oat milling, they are not traits which are routinely 

measured in national varietal evaluations, and as a result are poorly understood by 

both millers and growers alike. Knowledge of these varietal attributes will guide 

selection towards consistent types. Further to this, the abortion and tertiary grain 

formation mechanisms present in oats also formed an important part of this research, 

with valuable insights gained into this unique, complex process. Clear varietal and 

sowing date trends were observed in panicle conformation, with a lower formation of 

tertiary grain sites in winter-sown crops. This again feeds into the idea that varietal 

selection is the key area for future improvements in oat milling processes. 

Further research into agronomic practice on the milling quality of oat grain should 

focus on the production of well-filled individual grains and the identification of 

agronomic combinations which produce optimal kernel size distributions for dehulling. 

This study has demonstrated that agronomic factors are secondary to genetic factors 

regarding grain quality, but future research will be required to maintain grain yield and 

quality as production systems move towards lower inputs in the near future.  

The breeding element of this study has identified 3 suitable resistant cultivars with a 

high degree of resistance observed in F1 hybrids with important, but susceptible local 

cultivars. One cultivar, Delfin, is of particular interest due to the observation of F2 

distributions where no susceptible phenotypes were observed when it was used in 

combination with highly susceptible types. This suggests the presence of two 

independently segregating R genes in Delfin which contribute a high level of resistance 

to progeny. Future research should focus on characterising and locating the R genes 
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within Delfin, leading to increased utilisation of these high value genes in breeding 

programmes. Continued research within this sphere is therefore highly justified given 

the forward progress gained by the current study. 

Agricultural production systems are coming under increased environmental scrutiny 

through changes in EU agricultural policy and consumer preferences. Increased 

scrutiny on the use of chemical inputs is therefore expected by regulators and 

consumers of all agricultural goods, as we move into the future. The results of the 

current study have revealed the potential to develop low input, high output oat 

production systems. Optimum input levels have been identified as have the influences 

of key agronomic decisions on critical yield forming phases. These optimum levels are 

unlikely to change into the future as any upward movement in allowed fertiliser or 

chemical inputs will require rigorous justification. The continued improvement of 

production systems should therefore place a high importance on genetic improvement 

in areas including disease resistance, lodging resistance and N use efficiency. 

The global rise in oat consumption has resulted in a demand for quality oat production 

at farm level, while the global rise in consumer awareness of food production systems 

has created a rising demand for sustainable production models. The lack of cereal 

breeding programmes in Ireland is a missed opportunity in this regard as climatic 

conditions in Ireland are highly conducive to the production of high-yielding crops. 

While recognising that the market size for a commercial breeding program is small, a 

publicly funded breeding programme, focused on the development of high quality, 

agronomically suitable cultivars can contribute to a rise in demand for sustainably 

produced Irish oats. In addition, the relatively small farm size and specialised nature 

of crop production in Ireland can facilitate the production of high-value gluten-free 

grain. Ireland is well placed to benefit from a rise in demand for sustainably produced 

oat products, with focused genetic improvement expressed within its high yield 

climate, this goal of high yielding, high value oat crops can be realised. 
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Appendix 1: Interaction plot of the effects of seed and PGR application on 

plant height at Site 1(S). 

 

 

Appendix 2: Interaction plot of the effects of cultivar and seed rate on plant 

height at Site 1(W). 
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Appendix 3. Interaction plot of the effect of cultivar, seed rate, N rate and PGR application on plant height at Site 3(S) 
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Appendix 4. Interaction plot of the effects of cultivar and seed rate on lodging 

at Site 4(S).  

 

 

Appendix 5: Interaction plot of the effects of seed rate and N rate on lodging at 

Site 4(S) 
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Appendix 6; Interaction plot of the effects of seed rate and PGR application on 

lodging at Site 4(S). 
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Appendix 7: Interaction plot of the effect of cultivar and PGR application on grain 

yield at Site 1(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 

 

Appendix 8: Interaction plot of the effects of applied N rate and PGR application 

on grain yield at Site 2(S). 

 

Note. Interaction was not observed in any other spring-sown experiment  
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Appendix 9: Interaction plot of the effects of cultivar, seed rate, applied N rate and PGR application on grain yield at Site 

3(S). 

 

Note. High lodging pressure at Site 3(S) lead to an interaction at this site.
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Appendix 10. Interaction Plot of the effects of Cultivar, Seed Rate, Applied N Rate and PGR application on grains/m2 at Site 

3(S). 

 

Value underneath PGR application represents seed rate. 250=250 Seeds/m2;350=250 Seeds/m2;450=450 seeds/m2.  

Note. High lodging pressure at Site 3(S) lead to an interaction at this site. No similar interactions were observed at other sites. 
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Appendix 11: Interaction plot of the effects of cultivar and seed rate on grains/m2 

at Site 1(S). 

 

Note. Interaction was not observed in any other experiment. 

Appendix 12: Interaction plot of the effects of cultivar, seed rate and PGR 

application on grains/m2 at Site 2(S). 

 

Note. Interaction was not observed in any other experiment. 
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Appendix 13. Interaction plot of the effects of cultivar and seed rate on TGW at 

Site 1(S). 

  

Note. Interaction was not observed in any other experiment and is deemed unreliable 

Appendix 14: Interaction plot of the effects of cultivar and applied N Rate on 

TGW at Site 4(S). 

 

Note. Interaction was not observed in any other spring-sown experiment and is 

deemed unreliable 
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Appendix 15: Interaction plot of the effects of cultivar and applied N rate on TGW 

at Site 3(W). 

 

Note. Interaction was not observed in any other winter-sown experiment  

 

Appendix 16: Interaction plot of the effects of seed rate and applied N rate on 

TGW at Site 4(S). 

 

Note. Interaction lacks consistent trends. 
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Appendix 17. Interaction plot of the effects of seed rate and PGR application on 

TGW at Site 4(S). 

 

Note. PGR application deemed to be a negative effect on TGW regardless of seed 

rate.  

Appendix 18: Interaction plot of the effects of applied N rate and PGR application 

on TGW at Site 3(S). 

 

Note. PGR application deemed to be a negative effect on TGW regardless of N rate  
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Appendix 19: Interaction plot of the effects of cultivar and PGR application on 

the spikelet number per panicle at Site 1(S).  

 

Note. This interaction was not observed in any other experiment. 

Appendix 20: Interaction plot of the effects of applied N rate and PGR application 

on the spikelet number per panicle of oats at Site 1(S).  

 

Note. This interaction was not observed in any other experiment. 
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Appendix 21: Interaction plot of the effects of cultivar and applied N rate on 

grains/panicle at Site 1(S).  

 

Note. This interaction was not observed in any other experiment. 

Appendix 22: Interaction plot of the effects of cultivar and seed rate on 

grains/panicle at Site 1(W).  

 

Note. This interaction was not observed in any other experiment. 
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Appendix 23: Interaction plot of the effects of seed rate and PGR application on 

panicles/m2 at Site 3(S).  

’ 

Appendix 24: Interaction plot of the effects of seed rate and PGR application on 

panicles/m2 at Site 4(S).  

 

Appendix 23 and 24 show conflicting interactions. 
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Appendix 25: Interaction plot of the effects of cultivar and seed rate on 

panicles/m2 at Site 1(W).  

 

 

 

 

Appendix 26: Interaction plot of the effects of cultivar and seed rate on 

panicles/m2 at Site 2(W). 

 

Appendix 25 and 26 show conflicting interactions and are deemed site-specific. 
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Appendix 27: Interaction plot of the effects of cultivar, seed rate and PGR 

application on panicles/m2 at Site 3(S). 

 

Note. This interaction was not observed in any other experiment
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Appendix 28. Interaction plot of the effects of cultivar and PGR application on 

the proportion of primary grain by weight at Site 3(S). . 

 

Note. Interaction was not observed in any other spring-sown experiment. 

Appendix 29. Interaction plot of the effects of seed rate and PGR application on 

the proportion of primary grain by weight at Site 4(S) . 

 

Note. Interaction was not observed in any other spring-sown experiment. 
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Appendix 30. Interaction plot of the effects of cultivar, applied N rate and PGR 

application on the proportion of primary grain by weight at Site 4(S). 

 

Note. Interaction is inconsistent and was not observed in any other spring-sown 

experiment. 

Appendix 31: Interaction plot of the effects of cultivar and seed rate on the 

proportion of primary grain by weight at Site 3(W). 

 

Note. Interaction was not observed in any other winter-sown experiment and is 

deemed unreliable 
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Appendix 32: Interaction plot of the effects of seed rate and applied N rate on 

the proportion of primary grain by weight at Site 3(W). 

 

Note. Interaction was not observed in any other winter-sown experiment and is 

deemed unreliable 

 

Appendix.33. Interaction plot of the effects of cultivar and applied N rate on the 

proportion of primary grain by weight at Site 3(W). 

 

Note. Interaction is of interest but was only observed in one winter-sown experiment 
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Appendix 34: Interaction plot of the effects of cultivar and PGR application on 

the proportion of primary grain number at Site 3(S). . 

 

Note. Interaction was not observed in any other spring-sown experiment and is 

deemed unreliable. 

Appendix 35: Interaction plot of the effects of seed rate and applied N rate on 

the proportion of primary grain number at Site 3(S). 

 

Note. Interaction lacks consistent trends and is regarded as unreliable 
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Appendix 36: Interaction plot of the effects of seed rate and PGR application on 

the proportion of primary grain number at Site 1(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 

Appendix 37: Interaction plot of the effects of cultivar and seed rate on the 

proportion of primary grain number at Site 1(W).  
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Appendix 38: Interaction plot of the effects of cultivar and seed rate on the 

proportion of primary grain number at Site 3(W).  

 

Note. Appendices 37 and 38 show inconsistent trends across 2 seasons and are 

deemed unreliable. 

Appendix 39: Interaction plot of the effects of cultivar and applied N rate on the 

proportion of primary grain number at Site 3(W). 

 

Note. Interaction is of interest but was only observed in one winter-sown experiment 
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Appendix 40: Interaction plot of the effects of cultivar and PGR application on 

tertiary grain number at Site 1(S).  

 

 

Appendix 41: Interaction plot of the effects of cultivar and PGR application on 

tertiary grain number at Site 4(S).  

 

Note. Appendices 40 and 41 show site specific cultivar responsiveness to PGR 

application.  
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Appendix 42: Interaction plot of the effects of cultivar, seed rate and applied N rate on tertiary grain number at Site 1(S).  

 

Note.  Interaction was not observed in any other spring-sown experiment. 
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Appendix 43: Interaction plot of the effects of seed rate, applied N rate and PGR application on tertiary grain number at Site 

4(S).  

 

Note. Interaction was not observed in any other spring-sown experiment. 
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Appendix 44: Interaction plot of the effects of seed rate and PGR application on 

the number of aborted secondary grains at Site 4(S).  

 

Note. Interaction was not observed in any other spring-sown experiment. 
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Appendix 45: Interaction plot of the effects of seed rate, applied N rate and PGR application on the number of aborted florets 

at Site1(S).  
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Appendix 46: Interaction plot of the effects of seed rate, applied N rate and PGR application on the number of aborted florets 

at Site 3(S).  

 

Note. Appendices 45 and 46 show inconsistent site-specific interactions. 
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Appendix 47: Interaction plot of the effects of cultivar, seed rate, applied N rate and PGR application on the number of 

aborted primary grains at Site 1(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 
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Appendix 48: Interaction plot of the effects of cultivar, seed rate, applied N rate and PGR application on the number of 

aborted secondary grains at Site 1(S). . 

 

Note. Interaction was not observed in any other spring-sown experiment. 
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Appendix 49: Interaction plot of the effects of cultivar and seed rate on the 

number of aborted primary grains at Site 1(W).  

 

Note. Interaction was not observed in any other winter-sown experiment. 

Appendix 50: Interaction plot of the effects of cultivar and applied rate on the 

number of aborted primary grains at Site 1(W). 

 

Note. Interaction was not observed in any other winter-sown experiment. 
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Appendix 51: Interaction plot of the effects of cultivar, seed rate and applied N rate on the number of aborted primary grains 1 

at Site 2(W). 2 

 3 

Note. Interaction was not observed in any other winter-sown experiment. 4 
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Appendix 52: Interaction plot of the effects of cultivar and PGR application on 

specific weight at Site 2(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 

Appendix 53: Interaction plot of the effects of seed rate and PGR application on 

the specific weight of oats at Site 1(S). 

 

Note. Interaction was not observed in any other spring-sown experiment  
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Appendix 54: Interaction plot of the effects of cultivar and seed rate on specific 

weight at Site 3(W).  

 

Note. Interaction was not observed in any other winter-sown experiment. 

Appendix 55: Interaction plot of the effects of cultivar and applied N rate on grain 

protein at Site 3(W). 

 

Note. Interaction was not observed in any other spring-sown experiment 
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Appendix 56: Interaction plot of the effects of cultivar and seed rate on groat 

percentage of oats at Site 1(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 

Appendix 57: Interaction plot of the effects of seed rate and applied N rate on 

the groat percentage of oats at Site 1(S). 

 

Note. Interaction lacks consistent trends. 
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Appendix 58: Interaction plot of the effects of cultivar and PGR application on 

the groat percentage of oats at Site 2(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 

 

Appendix 59: Interaction plot of the effects of applied N Rate and PGR 

application on the groat percentage of oats at Site 3(S).  

 

Note. Interaction was not observed in any other spring-sown experiment. PGR 

application deemed to have a stronger effect. 
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Appendix 60. Interaction plot of the effects of seed rate and applied N rate on 

grains remaining unhulled at Site 1(S).  

 

 

Appendix 61: Interaction plot of the effects of seed rate and applied N Rate on 

grains remaining unhulled at Site 3(S).  

 

Note. Appendices 60 and 61 demonstrate that high seed rates lead to higher hullability  
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Appendix 62: Interaction plot of the effects of cultivar, seed rate and PGR 

application on grains remaining unhulled at Site 1(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 

Appendix 63. Interaction plot of the effects of cultivar, seed rate and applied N 

rate on grains remaining unhulled at Site 3(W). 

 

Note. Interaction was not observed in any other spring-sown experiment. 
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Appendix 64: Interaction plot of the effect of application timing and applied N 

rate on spikelet number per panicle at Site 1(W). 

 

Note. Interaction lacks consistent trends. 

Appendix 65: Interaction plot of the effect of application timing and applied N 

rate on spikelet number per panicle at Site 3(S). 

 

Note. Interaction lacks consistent trends. 
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Appendix 66: Interaction plot of the effect of application timing and applied N 

rate on spikelet number per panicle at Site 4(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 

 

Appendix 67: Interaction plot of the effect of application timing and applied N 

rate on grains/panicle at Site 3(S). . 

 

Note. Interaction was not observed in any other spring-sown experiment and is 

deemed unreliable 
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Appendix 68: Interaction plot of the effect of application timing and applied N 

rate on grains/panicle at Site 2(W). 

 

Note. Interaction was not observed in any other winter-sown experiment. 

Appendix 69: Interaction plot of the effect of application timing and applied N 

rate on panicles/m2 at Site 2(W). 
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Appendix 70: Interaction plot of the effect of application timing and applied N 

rate on panicles/m2 at Site 1(S). 

 

 

Appendix 71: Interaction plot of the effect of application timing and applied N 

rate on panicles/m2 at Site 3(S). 

 

Note. Appendices 69,70 and 71 demonstrate clear trends that increased levels of N 

applied at early growth stages increases panicle number. However, these interactions 

were only observed in 2/4 spring-sown and 1/3 winter sown.  
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Appendix 72: Interaction plot of the effect of application timing and applied N 

rate on the proportion of primary grain weight at Site 1(S).  

 

Appendix 73: Interaction plot of the effect of application timing and applied N 

rate on the proportion of primary grain weight at Site 4(S).  

 

Appendices 72 and 73 demonstrate a reduction in the proportion of primary grain 

weight as the rate of applied N increases at GS50, but there are inconsistent trends at 

GS25 and GS30. 
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Appendix 74: Interaction plot of the effect of application timing and applied N 

rate on the proportion of primary grain weight at Site 3(W). 

 

Note. Interaction was not observed in any other winter-sown experiment  

 

Appendix 75: Interaction plot of the effect of application timing and applied N 

rate on the proportion of primary grains at Site 2(W). 

 

Note. Interaction was not observed in any other winter-sown experiment  
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Appendix 76: Interaction plot of the effect of application timing and applied N 

rate on the proportion of primary grains at Site 1(S). 

 

 

Appendix 77: Interaction plot of the effect of application timing and applied N 

rate on the proportion of primary grains at Site 4(S). 

 

Note. Appendices 76 and 77 have no similarities and are inconsistent. 
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Appendix 78. Interaction plot of the effect of application timing and applied N 

rate on the number of aborted primary florets at Site 1(W). 

 

Note. Interaction attributable to a likely outlier. 

 

Appendix 79: Interaction plot of the effect of application timing and applied N 

rate on the number of aborted secondary florets at Site 1(W). 

 

Note. Interaction was not observed in any other winter-sown experiment. 
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Appendix 80: Interaction plot of the effect of application timing and applied N 

rate on the number of aborted primary florets at Site 2(W). 

 

Note. Interaction attributable to a likely outlier. 

 

Appendix 81: Interaction plot of the effect of application timing and applied N 

rate on the number of tertiary grains at Site 1(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 
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Appendix 82: Interaction plot of the effect of application timing and applied N 

rate on the specific weight of oats at Site 3(S).  

 

Note.  Interaction was not observed in any other spring-sown experiment. 

 

 

Appendix 83: Interaction plot of the effects of application timing and applied N 

rate on the groat percentage of oats at Site 4(S). 

 

Note. Interaction was not observed in any other spring-sown experiment. 
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